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ABSTRACT

Aims. To estimate the total contribution of the absorption processes ελ +H+2 (X2Σ+g )⇒ H(1s)+H+ and ελ +H(1s)+H+ ⇒ H+ +H(1s)
to the opacity of Solar atmosphere in UV and VUV region, and compare it with the contribution of other relevant radiative processes
included in standard models.
Methods. The strict quantum-mechanical method was used for the determination of the average cross-section for the photo-
dissociation of the molecular ion H+2 (X2Σ+g ); the previously developed quasi-static method was used for determination of the cor-
responding spectral coefficient which characterizes the absorption charge exchange in H(1s) + H+ collisions.
Results. Spectral absorption coefficients characterizing the considered processes were calculated for the solar photosphere and lower
chromosphere, within the 90 nm ≤ λ ≤ 370 nm spectral range; the total contribution of the considered processes to the solar opacity
was estimated and compared to relevant radiative processes included in standard Solar models.
Conclusions. In comparison with other absorption processes included in standard Solar models, the contribution of the considered
processes in the UV and VUV regions is so important that they have to be taken into account in modeling the Solar photosphere and
the lower chromosphere.
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1. Introduction

Opacities of the solar and other stellar atmospheres are naturally
caused by a large number of radiative processes. Within devel-
opment of more sophisticated stellar atmosphere models, we can
further investigate known processes and include all processes not
considered before.

The Mihajlov & Dimitrijević (1986) were considered ab-
sorption processes

ελ + H+2 =⇒ H + H+, (1a)

ελ + H + H+ =⇒ H+ + H, (1b)

were considered, where H = H(1s), H+2 is the molecular ion in
the electronic ground state X2Σ+g , and ελ – energy of a pho-
ton with wavelength λ. The aim of this paper is to deter-
mine the relative importance of the processes of absorption
charge exchange (1b), which were not taken into account be-
fore, with respect to the photo-dissociation processes (1a), which
were already treated in the literature (Mihalas 1978). It was
demonstrated that the absorption processes (1) in the optical part
of spectra should be considered in the Solar photosphere and the
lower chromosphere together, since in this case their influences
on the opacity are similar. In subsequent papers (Mihajlov et al.
1993, 1994a), the absorption processes (1) were investigated in
more detail and their contributions to the solar opacity were de-
termined by using standard Solar atmosphere models (Vernazza
et al. 1981; Maltby et al. 1986). Then, these contributions

were compared with the contributions of other relevant radiative
processes, namely

ελ +

{
H−
H + e′ =⇒ H + e′′, (2a)

ελ +

{
H∗(n)
H+ + e′ =⇒ H + e′′, (2b)

where H− is a stable negative hydrogen ion, H∗(n) – an excited
hydrogen atom in a state with the principal quantum number
n > 1, and e′ and e′′ – a free electron with the corresponding
energy.

In Mihajlov et al. (1993, 1994a) the part of the optical re-
gion 365 nm ≤ λ ≤ 820 nm was taken into account. It was
found that in this region the processes (1) give a contribution
of 10–12% in comparison with processes (2). This fact alone
demonstrated that considered ion-atom radiative processes must
be taken into account for Solar atmosphere modeling. Later esti-
mates showed however that the relative influence of the absorp-
tion processes (1) on the Solar atmosphere opacity should signif-
icantly increase at the transition from the considered wavelength
region λ ≥ 365 nm to the region λb <∼ λ < 365 nm, where λb �
91.1262 nm is the wavelength that corresponds to the ionization
threshold of the H(1s) atom. This requires detailed investigation
of these processes within the short wavelength region, since the
significant increase of their influence will make the considered
processes particularly important for Solar atmosphere modeling,
especially due to the observational possibilities provided by de-
velopment of space astronomy in UV and VUV regions.
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In this paper the calculations of the spectral absorption co-
efficients, that characterize the processes (1) were performed in
the region 90 nm ≤ λ ≤ 370 nm. Calculations of the absorption
coefficient were performed for the solar photosphere and lower
chromosphere by means of a standard Solar atmosphere model
(Model C, Vernazza et al. 1981), and the total contribution of the
processes (1) to the solar opacity was estimated.

2. Theoretical remarks

The spectral coefficients. The absorption processes (1) sepa-
rately are characterized here by partial spectral absorption coef-
ficients κ(a)

ia (λ) and κ(b)
ia (λ) taken in the form

κ(a)
ia (λ) = σphd(λ, T )N(H+2 ), (3)

κ(b)
ia (λ) = K(b)

ia (λ, T )N(H)N(H+), (4)

where T and N(H), N(H+) and N(H+2 ) are the temperature and
the densities of H, H+ and H+2 in the considered layer of the so-
lar atmosphere, and σphd(λ, T ) is the average cross-section for
photo-dissociation of the molecular ion H+2 . As in previous pa-
pers the partial spectral absorption coefficient κ(a)

ia (λ) will also be
used in the form

κ(a)
ia (λ) = K(a)

ia (λ, T )N(H)N(H+), (5)

where the coefficient K(a)
ia (λ, T ) is connected with σphd(λ, T ) by

the relations

K(a)
ia (λ) = σphd(λ, T ) · χ−1, χ =

N(H)N(H+)
N(H+2 )

· (6)

The total spectral absorption coefficient κia(λ), which character-
izes the processes (1) together, can be taken in the form

κia(λ) = Kia(λ, T ) · N(H)N(H+),

Kia(λ, T ) = K(a)
ia (λ, T ) + K(b)

ia (λ, T ).
(7)

In accordance with the definition of the absorption co-
efficients κ(a,b)

ia (λ) and κia(λ), the coefficients K(a,b)
ia (λ, T )

and Kia(λ, T ) are given here in units [cm5].

The methods of calculation. The photo-dissociation cross-
section σphd(λ, T ), as well as the coefficients K(a)

ia (λ, T )
and K(b)

ia (λ, T ), are determined within the approximation where
the processes (1) are treated as the result of the radiative tran-
sitions between the ground and the first excited adiabatic elec-
tronic state of the molecular ion H+2 which are caused by the in-
teraction of the electron component of the ion-atom system (H+2
or H+H+) with the free electromagnetic field taken in the dipole
approximation. The mentioned adiabatic electronic states, X2Σ+g
and A2Σ−u , are denoted here with |1〉 and |2〉 and the correspond-
ing potential curves with U1(R) and U2(R), where R is the in-
ternuclear distance in the considered ion-atom system. These
potential curves are shown in Fig. 1.

Apart from the potentials U1(R) and U2(R), for determina-
tion of σphd(λ, T ) and K(b)

ia (λ, T ) it is important to know the
dipole matrix element D12(R) defined by relations

D12(R) = |D12(R)|, D12(R) = 〈1|D(R)|2〉, (8)

Fig. 1. The potential curves for the molecular ion H+2 : U1(R) corre-
sponds to the ground electronic state X2Σ+g , and U2(R) – to the first
excited electronic state A2Σ+u .

Fig. 2. The matrix element D12(R) for the transitions between the elec-
tronic states X2Σ+g and A2Σ+u of the ion H+2 .

where R = |R| and D(R) is the operator of electron dipole mo-
mentum. Here it is assumed that the system H+H+ or H+2 is con-
sidered within the center-of-mass reference frame, and the vec-
tor R determines the configuration of protons. The dipole matrix
element D12(R) is shown in Fig. 2.

The described mechanism of the processes (1) causes ab-
sorption of the photon with energy ελ near the resonant point R =
Rλ, where Rλ is the root of the equation

U12(R) ≡ U1(R) − U2(R) = ελ. (9)

In Fig. 1 we show the resonant points R = R365 and R = R820
for absorption/emission of the photons with λ = 365 nm and
λ = 820 nm, which are the lower and upper boundaries of region
of R important for the part of spectra 365 nm ≤ λ ≤ 820 nm
examined in Mihajlov et al. (1993, 1994a). In the same figure
the resonant point R = Rb for absorption/emission of the photons
with λ = λb � 91.1262 nm is shown.

One can see that the region of R >∼ R365 is very far from the
minimum of the potential curve U1(R). In Mihajlov et al. (1993,
1994a) it was possible to use the quasi-static method for the
determination of spectral coefficients K(a,b)

ia (λ, T ) and Kia(λ, T ),
which was developed in Mihajlov & Dimitrijević (1986) on the



A. A. Mihajlov et al.: ελ + H+2 and ελ + H + H+ absorption processes in the solar atmosphere 751

basis of the semi-classical theory from Mihajlov & Popović
(1981). Within this method it is assumed that not only the colli-
sional system H + H+, but the molecular ion H+2 also are treated
in the semi-classical way.

The significant advantage of the quasi-static approach is
that the corresponding coefficients K(a,b)

ia (λ, T ) and Kia(λ, T ) are
given by simple analytical expressions. Such an approach, which
was applied in Bates et al. (1953), works very well for the
radiative ion-atom collision processes at thermal impact ener-
gies which can be described in the semi-classical way (see e.g.
Boggess 1959; Mihajlov & Popović 1981; Lam & George 1982;
Stancil 1994; Ermolaev et al. 1995; Lebedev & Presnyakov
2002). For these reasons the quasi-static method will be applied
here to determine of the absorption coefficient K(b)

ia (λ, T ). In ac-
cordance with Mihajlov et al. (1994a) this coefficient can be pre-
sented in the form

K(b)
ia (λ, T ) = 0.62 × 10−42 C(Rλ)(Rλ/a0)4

1 − a0/Rλ

× exp

[
−U1(Rλ)

kT

]
·
Γ
(

3
2 ;−U1(Rλ)

kT

)
Γ
(

3
2

) , (10)

where a0 is the atomic unit of length, and the values of the co-
efficient C(Rλ) for the considered region of λ are given in the
Table 1, together with the values of the other parameters of the
molecular ion H+2 .

However, in the short-wave length region 92 nm <∼ λ <
365 nm, the relative contribution of the photo-dissociation
processes (1a) significantly increases and the low-lying ro-
vibrational states of molecular ion H+2 become especially im-
portant, which requires quantum-mechanical treatment of the
internuclear motion. Consequently, for the spectral absorption
coefficient κ(a)

ia (λ, T ) expression (3) will be used, where the
photo-dissociation cross-section σphd(λ, T ) is determined in the
quantum-mechanical way. In the general case this cross-section
can be expressed by the relations

σphd(λ, T ) = Z−1 ·
∑
v

⎡⎢⎢⎢⎢⎢⎣
∑
oddJ

3
2

(2J + 1)e
−Ev,Jo,o

kT · σv,J(λ)

+
∑
evenJ

1
2

(2J + 1)e
−Ev,Jo,o

kT · σv,J(λ)

⎤⎥⎥⎥⎥⎥⎦ ,

Z =
∑
v

⎡⎢⎢⎢⎢⎢⎣
∑
oddJ

3
2

(2J + 1)e
−Ev,Jo,o

kT +
∑
evenJ

1
2

(2J + 1)e
−Ev,Jo,o

kT

⎤⎥⎥⎥⎥⎥⎦ , (11)

Ev,J
o,o = Ev,J − Ev= 0,J = 0, (12)

where v and J are respectively the vibrational and the rotational
quantum number of the individual ro-vibrational states (v, J) of
the molecular ion H+2 (X2Σ+g ), and Ev,J are the corresponding en-
ergies. Let us draw attention to the fact that the structure of the
expression (11) is a consequence of the consistent taking the
proton spin into account (see e.g. Patch 1969; Stancil 1994).
With σv,J(λ) in that expression is denoted the partial photo-
dissociation cross-section of H+2 in the ro-vibrational state (v, J)
for the same λ, namely

σv,J(λ) =
8π3

3λ

[
J + 1

2J + 1
· |DE,J+1;v,J |2

+
J

2J + 1
· |DE,J−1;v,J |2

]
, (13)

Table 1. Parameters of molecular ion H+2 .

λ Rλ C(Rλ) U1(Rλ) U2(Rλ)
[nm] [AU] [AU] [AU] [AU]

90 1.79 0.717 –0.1001 0.4060
100 1.94 0.744 –0.1024 0.3530
125 2.24 0.780 –0.1001 0.2643
150 2.49 0.802 –0.0941 0.2096
175 2.70 0.816 –0.0876 0.1727
200 2.89 0.827 –0.0815 0.1463
225 3.05 0.837 –0.0760 0.1265
250 3.19 0.845 –0.0710 0.1111
275 3.32 0.851 –0.0667 0.0990
300 3.44 0.857 –0.0628 0.0891
325 3.55 0.863 –0.0593 0.0809
350 3.65 0.868 –0.0561 0.0740
370 3.73 0.871 –0.0539 0.0692

where DE,J+1;v,J and DE,J−1;v,J are the radial matrix elements
given by relations

DE,J;v,J′ = 〈Ψ2;E,J′ (R)|D12(R)|Ψ1;v,J(R)〉, J = J ± 1, (14)

and D12(R) is defined by Eq. (8). Here, with Ψ1;v,J(R)
and Ψ2;E,J′ (R) the nuclear radial wave functions are denoted,
which describe the bound state (v, J) in the potential U1(R) and
the continual state (E, J′) in the potential U2(R), where the en-
ergy E satisfies the condition

E − Ev,J = ελ. (15)

The wave functions Ψ1;v,J(R) and Ψ2;E,J′ (R) are determined by
solving the radial Schrödinger equations with the potentials
U1(R) and U2(R) under the usual normalization conditions
∞∫

0

|Ψn;v,J(R)|2R2dR = 1,

∞∫
0

Ψ∗n;E′ ,J′(R)Ψn;E,J′ (R)R2dR = δ(E′ − E).

(16)

The potentials U1(R) and U2(R), as well as the dipole matrix
element D12(R), were generated by means of the numerical pro-
cedure described in Ignjatović & Mihajlov (2005). The values
of these quantities, shown in Figs. 1 and 2, agree with the val-
ues presented in Madsen & Peek (1971) and Ramaker & Peek
(1973) with accuracy better than 0.1%.

The results of our calculations of the average photo-
dissociation cross-section σphd(λ, T ) are illustrated by Fig. 3.
The curves in this figure show the behavior of σphd(λ, T ) as
a function of λ for some temperatures, namely T = 4200 K,
5040 K and 6300 K, which are relevant for the solar photo-
sphere. These values of T are chosen because there are calcu-
lations of the average photo-dissociation cross-section in Stancil
(1994), where the results were obtained with a expression equiv-
alent to Eq. (11), and in Lebedev & Presnyakov (2002), where
a simpler expression was used. Here we have in mind the expres-
sion obtained from Eq. (11) by replacing the factors 3/2 and 1/2
with 1, which corresponds to neglecting the proton spin. With
both approaches one obtains very close results for the considered
temperatures (see e.g. Patch 1969). Comparison of our results
with the results from Stancil (1994) and Lebedev & Presnyakov
(2002) shows that in the whole considered region 90 nm ≤ λ ≤
370 nm there is a very good agreement among all results men-
tioned. This fact justifies the applicability of the procedure used
for the determination of σphd(λ, T ) in all other calculations.
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Table 2. The coefficient Kia as a function of λ and T .

Kia[cm5]
λ[nm] 4000 K 4500 K 5000 K 6000 K 7000 K 8000 K

90 .262E-37 .111E-37 .553E-38 .196E-38 .932E-39 .533E-39
100 .413E-37 .170E-37 .838E-38 .289E-38 .135E-38 .760E-39
125 .586E-37 .245E-37 .122E-37 .427E-38 .202E-38 .115E-38
150 .539E-37 .236E-37 .122E-37 .454E-38 .224E-38 .132E-38
170 .457E-37 .209E-37 .112E-37 .439E-38 .225E-38 .136E-38
200 .344E-37 .168E-37 .946E-38 .400E-38 .217E-38 .137E-38
225 .273E-37 .140E-37 .817E-38 .366E-38 .207E-38 .135E-38
250 .220E-37 .118E-37 .713E-38 .337E-38 .197E-38 .132E-38
275 .181E-37 .101E-37 .628E-38 .311E-38 .188E-38 .129E-38
300 .152E-37 .874E-38 .561E-38 .289E-38 .180E-38 .126E-38
325 .130E-37 .769E-38 .506E-38 .271E-38 .173E-38 .124E-38
350 .113E-37 .688E-38 .463E-38 .256E-38 .168E-38 .122E-38
370 .102E-37 .635E-38 .434E-38 .246E-38 .164E-38 .121E-38

Fig. 3. The Behavior of average cross-section for the photo-dissociation
of the ion H+2 , as a function of λ and T .

3. Results and discussion

Figure 3 shows that σphd(λ, T ) in the region λ < 365 nm sig-
nificantly increases with decreasing λ and becomes noticeably
decreasing only in the region λ < 100 nm. Such a behavior
of σphd(λ, T ) causes the equal increasing of the partial spectral
absorption coefficient κ(a)

ia (λ, T ), for the same values of T , N(H)
and N(H+), with the transition from the region λ > 365 nm into
the region 100 nm<∼ λ < 365 nm. At the same time the total spec-
tral absorption coefficient κia(λ, T ) has to significantly increase
within the same region of λ. Since this fact has to reflect the
spectral characteristics of the Solar photosphere and the lower
chromosphere, the corresponding calculations are made here.

As the first step, the values of the total coefficient Kia(λ, T ),
defined by Eqs. (6) and (7), are calculated in the regions 90 nm ≤
λ ≤ 370 nm and 4000 K ≤ T ≤ 8000 K and presented in the
Table 2. Here it was assumed that in Eq. (6) the quantity χ can
be treated as in our previous papers (Mihajlov & Dimitrijević
1986; Mihajlov et al. 1993, 1994b), as a constant of dissociative-
associative equilibrium for a given T .

Table 3. The branch coefficient X(a) which characterize the relative con-
tribution of the process (1a).

X(a)

λ [nm] 4000 K 4500 K 5000 K 6000 K 7000 K 8000 K
90 0.999 0.997 0.994 0.985 0.970 0.951

100 0.999 0.997 0.995 0.986 0.973 0.954
125 0.999 0.997 0.994 0.985 0.971 0.951
150 0.998 0.996 0.992 0.980 0.962 0.939
175 0.997 0.994 0.989 0.974 0.953 0.926
200 0.995 0.991 0.984 0.965 0.939 0.909
225 0.993 0.987 0.978 0.954 0.924 0.889
250 0.989 0.981 0.970 0.942 0.907 0.868
275 0.985 0.975 0.962 0.928 0.888 0.846
300 0.980 0.967 0.952 0.913 0.869 0.823
325 0.976 0.961 0.943 0.901 0.854 0.806
350 0.969 0.952 0.932 0.885 0.834 0.783
370 0.963 0.943 0.921 0.870 0.817 0.764

The relative contribution of the processes (1) can be charac-
terized by the branch coefficients

X(a) =
κ(a)

ia (λ, T )

κia(λ, T )
=

K(a)
ia (λ, T )

Kia(λ, T )
,

X(b) =
κ(b)

ia (λ, T )

κia(λ, T )
≡ 1 − X(a).

(17)

The values of the coefficient X(a) characterizing the photo-
dissociation process (1a) are presented in Table 3 for the same
regions λ and T . This table shows that in accordance with expec-
tations the relative contribution of the photo-dissociation pro-
cess (1a) significantly increases with decreasing of λ in the
short-wave region.

As the second step, the values of the spectral absorption coef-
ficient κia(λ, T ), defined by Eq. (7), are determined as a function
of altitude h taking N(H), N(H+) and T which corresponds to the
standard model C from Vernazza et al. (1981). These values are
presented in Table 4 for 92 nm ≤ λ ≤ 350 nm and −75 km ≤ h ≤
1065 km. Also, at the bottom of Table 4 are given the values of
the corresponding spectral optical depth ∆τ for the considered
layer of the solar atmosphere. These values of ∆τ show that the
processes (1) cause a significant decrease (25−50%) of the radia-
tion flux which comes from deeper layers of the Sun. So, only the
considered layer gives a non-negligible contribution to the total
absorption caused by processes (1) in the region λ < 365 nm.

Because of all the mentioned above factors it is espe-
cially important to compare the relative contribution of the
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Table 4. The total spectral absorption coefficient κia(λ) for solar photosphere and lower chromosphere, calculated for the model C from Vernazza
et al. (1981).

κia[cm−1]
h[km] 92 nm 100 nm 150 nm 200 nm 250 nm 300 nm 350 nm
1065 0.1978E-14 0.2649E-14 0.4165E-14 0.3676E-14 0.3077E-14 0.2625E-14 0.2309E-14
980 0.6984E-14 0.9370E-14 0.1462E-13 0.1275E-13 0.1056E-13 0.8937E-14 0.7811E-14
905 0.1396E-13 0.1879E-13 0.2900E-13 0.2480E-13 0.2021E-13 0.1689E-13 0.1461E-13
855 0.2222E-13 0.2995E-13 0.4589E-13 0.3876E-13 0.3127E-13 0.2592E-13 0.2228E-13
755 0.4808E-13 0.6526E-13 0.9725E-13 0.7827E-13 0.6071E-13 0.4878E-13 0.4087E-13
705 0.5655E-13 0.7715E-13 0.1126E-12 0.8738E-13 0.6577E-13 0.5160E-13 0.4242E-13
655 0.5718E-13 0.7855E-13 0.1115E-12 0.8243E-13 0.5958E-13 0.4527E-13 0.3627E-13
605 0.3793E-13 0.5252E-13 0.7218E-13 0.5041E-13 0.3473E-13 0.2541E-13 0.1974E-13
555 0.2703E-13 0.3763E-13 0.5060E-13 0.3398E-13 0.2266E-13 0.1615E-13 0.1229E-13
515 0.3019E-13 0.4212E-13 0.5622E-13 0.3727E-13 0.2457E-13 0.1736E-13 0.1312E-13
450 0.6696E-13 0.9325E-13 0.1252E-12 0.8393E-13 0.5586E-13 0.3975E-13 0.3022E-13
350 0.4487E-12 0.6205E-12 0.8571E-12 0.6038E-12 0.4191E-12 0.3084E-12 0.2408E-12
250 0.4546E-11 0.6237E-11 0.8897E-11 0.6633E-11 0.4829E-11 0.3689E-11 0.2969E-11
150 0.8262E-10 0.1123E-09 0.1660E-09 0.1317E-09 0.1010E-09 0.8043E-10 0.6690E-10
100 0.4018E-09 0.5435E-09 0.8211E-09 0.6768E-09 0.5350E-09 0.4365E-09 0.3703E-09
50 0.1913E-08 0.2570E-08 0.3989E-08 0.3445E-08 0.2831E-08 0.2381E-08 0.2070E-08
0 0.8309E-08 0.1106E-07 0.1779E-07 0.1630E-07 0.1411E-07 0.1231E-07 0.1105E-07

–25 0.1820E-07 0.2409E-07 0.3971E-07 0.3797E-07 0.3406E-07 0.3061E-07 0.2808E-07
–50 0.4090E-07 0.5372E-07 0.9132E-07 0.9188E-07 0.8596E-07 0.8019E-07 0.7570E-07
–75 0.7898E-07 0.1030E-06 0.1798E-06 0.1888E-06 0.1830E-06 0.1756E-06 0.1700E-06
∆τ 0.29 0.38 0.64 0.64 0.60 0.56 0.53

processes (1) to the opacity of solar atmosphere, with the con-
tribution of the other relevant absorption processes (2). The
contribution of these processes will be characterized by the ab-
sorption coefficients κea(λ) and κei(λ), defined by relations

κea(λ) = Kea(λ, T ) · Ne · N(H),

Kea(λ, T ) = σ(−)
phd(λ) · χ−1

ea + K(b)
ea (λ, T ),

(18)

κei(λ) = Kei(λ, T ) · Ne · N(H+),

Kei(λ, T ) =
∑
n≥2

σn(λ) · N(H∗(n))
N(H)

· χ−1
ei + K(b)

ei (λ, T )
(19)

χea =
NeN(H)
N(H−)

, χei =
NeN(H+)

N(H)
, (20)

where σ(−)
phd(λ) is the photo-dissociation cross-section of the

negative ion H−, K(b)
ea (λ, T ) – the rate coefficient that de-

scribes absorption by (e + H)-collision systems, σn(λ) – aver-
age photo-ionization cross-section for the excited atom H∗(n),
K(b)

ei (λ, T ) – the rate coefficient that describes absorption by
(e + H+)-collision systems, and Ne, N(H−) and N(H∗(n)) –
respectively the densities of free electrons, negative ions H−
and excited atom H∗(n). The coefficients χea and χei are treated
here as the constants of dissociative-associative and ionization-
recombination equilibrium, respectively, for a given T .

The relative contributions of the processes (1) together, with
respect to processes (2) separately, is described by the quanti-
ties Fea and Fei defined by relations

Fea =
κia(λ)
κea(λ)

=
Kia(λ, T )
Kea(λ, T )

· N(H+)
Ne

, (21)

Fei =
κia(λ)
κei(λ)

=
Kia(λ, T )
Kei(λ, T )

· N(H)
Ne

, (22)

Fig. 4. Behavior of the quantity Fκea = κia/κea as a function of λ and h.

where the coefficients Kea(λ, T ) and Kei(λ, T ) are given by
Eqs. (18)–(20). The values of the coefficient Kea(λ, T ) are de-
termined by means of data from Stilley & Callaway (1970) and
Wishart (1979) for the emission processes inverse to the ab-
sorption processes (2a) and the principle of thermodynamic bal-
ance. In the case of the absorption processes (2b) the values
of the coefficient Kei(λ, T ) are determined by exact quantum-
mechanical expressions for the ionization cross-section σn(λ)
and the quasi-classical expression for the coefficient K(b)

ei (λ, T )
from Sobel’man (1979). In the calculations of κea(λ) and κei(λ)
the densities Ne, N(H) and N(H+), as well as the densi-
ties N(H∗(n)) with 2 ≤ n ≤ 8, are taken from Vernazza et al.
(1981), while the densities N(H∗(n > 8)) were determined by
means of Boltzman’s formula for given N(H∗(n = 8)) and T .

The results of the calculations of the ratios Fea(h) and Fei(h)
for 92 nm ≤ λ ≤ 350 nm are presented in Figs. 4 and 5. The first
of these figures shows that in the significant part of the consid-
ered region of altitudes (−75 km ≤ h ≤ 1065 km) the absorption
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Fig. 5. Behavior of the quantity Fκei = κia/κei as a function of λ and h.

processes (1) together give the contribution which varies from
about 10% to about 90% of the contribution of the absorption
processes (2a), which are considered as the main absorption
processes. In connection with the other known absorption pro-
cesses (2b) Fig. 5 shows that in the considered region of altitude
there are significant parts where the processes (1) completely
dominate.

4. Conclusions

Spectral absorption coefficients κia(λ, T ), defined by Eq. (7),
characterizing the processes (1), were calculated for the Solar
photosphere and the lower chromosphere within the 90 nm
≤ λ ≤ 370 nm spectral range as functions of altitude h taking
N(H), N(H+) and T corresponding to the standard model C
from Vernazza et al. (1981). Also, the total contribution of the
processes (1) to the solar opacity, and their relative contribution
in comparison with the other relevant absorption processes (2),
were determined. In significant parts of the considered layer
(−75 km ≤ h ≤ 1065 km) the total contribution of the pro-
cesses (1) varies from about 10% to about 90% of the contribu-
tion of the absorption processes (2a), and it is completely domi-
nant in comparison with absorption processes (2b). The results

obtained demonstrate that, due to the investigated processes (1),
the radiation flux that comes from deeper layers of Sun decreases
significantly (25−50%). Consequently, the processes (1) have to
be treated as a serious factor that influences the continuous part
of the absorption spectra of the Solar atmosphere, particularly in
UV and VUV regions, and changes accordingly the mechanism
of UV and VUV radiative transfer. They influence indirectly and
the plasma state within particular layers of the Solar atmosphere,
which is formed in an interaction with electromagnetic radiation.
Moreover, photo-dissociation of H+2 molecular ions, directly in-
fluences the kinetics inside the plasma. These facts also have
implications in the corresponding equations of state. Due to all
these reasons the processes (1) have to be consistently included
in standard models of the solar atmosphere.
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ABSTRACT

Aims. We study the influence of chemi-ionization in H∗(n) + H(1s) collisions and inverse chemi-recombination processes on the
population of higher levels and consequently on profiles of hydrogen lines in the atmospheres of late type (M) stars.
Methods. Modeling, using general stellar atmosphere code PHOENIX to reveal the importance of the inclusion of such processes.
Results. We demonstrate for the first time observationally detectable effects of these chemi-processes on stellar spectra.
Conclusions. It is very important to include chemi-ionization and chemi-recombination processes in modeling of atmospheres of late
type stars, especially if one wants to use line profiles for diagnostics of stellar photospheres and lower chromospheres.

Key words. atomic processes – molecular processes – stars: atmosphere – line: formation – stars: chromospheres – stars: late-type

1. Introduction

We have demonstrated previously (Mihajlov et al. 1992;
Mihajlov et al. 1996) the influence of a group of collisional
chemi-ionization and chemi-recombination processes on the ex-
cited atom populations in hydrogen plasmas with ionization de-
gree less than 10−3. Here, we have considered namely the ion-
ization processes

H∗(n) + H =⇒ e + H+2 , (1a)

H∗(n) + H =⇒ e + H + H+ (1b)

and the corresponding inverse recombination processes

e + H+2 =⇒ H∗(n) + H, (2a)

e + H + H+ =⇒ H∗(n) + H (2b)

where H = H(1s), H∗(n) – is the hydrogen atom in the excited
state with the principal quantum number n, H+2 – the molec-
ular ion in the ground electronic state, and e–a free electron.
The results obtained were used as a basis to study the pro-
cesses (1a)−(2b) in the weakly ionized layers of the Solar at-
mosphere (Mihajlov et al. 1997b) and atmospheres of cool stars
(Mihajlov et al. 2003b). The efficiency of these processes was
compared with the efficiency of the other relevant ionization and
recombination processes, namely, with the electron-atom impact
ionization, electron-electron-ion recombination, and electron-
ion photo-recombination processes

e + H∗(n) =⇒ e + e + H+ (3)

e + e + H+ =⇒ e + H∗(n) (4)

e + H+ =⇒ ελ + H∗(n) (5)

where ελ denotes the energy of the emitted photon. The signif-
icant, and often dominant influence of the processes (1a)−(2b)
on the populations of excited atom H∗(n) with n > 3 in the Solar
photosphere and lower chromosphere and in considered cool star
atmospheres was demonstrated. Previous work has shown the
importance of including the above-mentioned processes, given
that population numbers can differ by up to 50% (Mihajlov et al.
2003b).

Investigation of these processes in stellar atmospheres was
first reported in Mihajlov et al. (1994). Prior to this, they were
mainly investigated for alkali-metal atoms under laboratory con-
ditions. However, they are ab initio included in stellar atmo-
sphere modeling only in Mihajlov et al. (2003). One of the aims
of the present paper is to provide, together with that of Mihajlov
et al. (2003), enough arguments that these processes are essen-
tial for the modeling of stellar photospheres and lower chromo-
spheres for solar-like and cooler stars.

Moreover, in Mihajlov et al. (1997a) chemi-ionization
and chemi-recombination processes similar to the pro-
cesses (1a)−(2b), but in the helium case, were considered, and
their influence on the excited atom populations in weakly-
ionized helium plasma was demonstrated. Subsequently, the
importance of such processes on the excited helium atom popu-
lations in atmospheres of some DB white dwarfs (Mihajlov et al.
2003a) was shown.

Since the previous results showed that the chemi-ionization
and chemi-recombination processes change the population of
excited states and the electron density as a function of optical
depth in the photospheres and lower chromospheres of solar-like
and cooler stars, we consider here the possible influences of the
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Fig. 1. Structure of model atmosphere – temperature Te and electron
density Ne vs. column mass. Solid line for Ne denotes electron den-
sity profile determined with inclusion of chemi-ionization and chemi-
recombination processes (1a)−(2b), for all n > 1, and dashed one de-
notes the electron density profile determined without these processes.

processes (1a)−(2b) on the hydrogen spectral line shapes in non-
LTE stellar atmospheres. The stellar atmosphere plasma similar
to that examined in Mihajlov et al. (2003b), will be investigated
applying similar methodology.

In the case of hydrogen, the method used is correct for n ≥ 5,
when the potential curves of the H∗(n) + H system are above
the potential curves of the H+ + H− system. However the cross-
points of the potential curves of the systems H∗(n = 4) + H and
H+ + H−, are so distant that their existence could be ignored so
that the method used is applicable for n ≥ 4. This question was
examined in detail in Janev & Mihajlov (1979) and not consid-
ered again in subsequent works. Earlier (Mihajlov et al. 2003),
we did not find the rate coefficients for n = 2 and 3, since they
were not given in direct form in Janev et al. (1987). There, only
the data which enable to derive the needed constants are present.
So, in the present work we derived them using data from this
reference. Also in Mihajlov et al. (2003) our principal aim was
to demonstrate that the already-examined processes with n ≥ 4
are significant for modeling.

Here we introduced in PHOENIX code collisional rates for
n = 2 and 3 obtained on the basis of data from Janev et al.
(1987), and thus the theory of processes (1a)−(2b) is completed
here.

2. Results and discussion

We use the general stellar atmosphere code PHOENIX (Baron
& Hauschildt 1998; Hauschildt et al. 1999; Short et al. 1999)
for our modeling. This code has the advantage that apart for
solving the atmospheric structure, it also calculates output spec-
tra, so changes in population levels are reflected on line shapes.
The procedure similar to that used in Mihajlov et al. (2003b)
was applied, but for all H∗(n) atom populations with n > 1.
Rate coefficients are theoretically determined by means of the
method developed in Mihajlov et al. (1992, 1996). This method
is in principle the same as that developed for the chemi-
ionization processes in the alkali-metal atom collisions, where
it is confirmed many times by experiment (see e.g. Ignjatović
& Mihajlov 2005). Basic atmosphere has an effective temper-
ature of Teff = 3800 K, with chromosphere and transition re-
gion appearing at logarithm column mass of 0.04 and −4.0 re-
spectively and temperature at the bottom of transition region
fixed at 8000 K. This basic atmosphere is shown in Fig. 1. The

Fig. 2. Line profiles with (full) and without (thin) inclusion of chemi-
ionization and chemi-recombination processes for Hα line from the at-
mosphere described in text and shown in Fig. 1.

Fig. 3. As in Fig. 2 but for Hδ line.

solid line for Ne denotes the electron density profile determined
with inclusion of chemi-ionization and chemi-recombination
processes (1a)−(2b), for all n > 1, while the dashed line de-
notes the electron density profile determined without these pro-
cesses. The hydrostatic equilibrium, the equations of state, and
the non-LTE rate equations for H were iterated until changes in
populations of levels of atomic hydrogen were less than 1%. We
find that inclusion of the new chemi-processes (1a)−(2b) signif-
icantly affects the H energy level number densities in M dwarfs,
as was found in Mihajlov (2003b) but without n = 2 and 3 level
contribution. Also, the expected change of electron density Ne
is confirmed, and found to be particularly important not only
when processes (1a)−(2b) with n > 3 are included, but also the
processes with n = 2 and 3. This is illustrated in Fig. 1. Such
changes should also influence spectral line profiles.

In Figs. 2−5 we show the final line profiles of Hα, Hδ, Hε Paε
with and without inclusion of new processes. Profiles we syn-
thesized with PHOENIX code with Stark broadening calculated
using tables from Vidal et al. (1971) for Stark broadening of hy-
drogen lines (linear Stark effect). The line intensity changes seen
in Figs. 2−5 directly demonstrate the influence of the changes
of H∗(n) atom populations. Lineshape changes, especially in the
wings, show the influence of the electron density change having
direct influence on the Stark broadening of hydrogen lines. The
particular significance of this result is that it is the first demon-
stration of the possibility of confirming the influence of chemi-
ionization and chemi-recombination processes (1a)−(2b) by di-
rect observations of stellar spectra.
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Fig. 4. As in Fig. 2 but for Hε line.

Fig. 5. As in Fig. 2 but for Paε line.

The most important effect of electron density (Ne) changes
must be on the thermalization depth of the line, and hence the
brightness in the line core for a given temperature structure. With
increased Ne, the rate of thermalizing collisions with electrons in
the chromosphere will be higher, causing the line center radiative
source function to be more closely coupled to the Planck func-
tion, hence making the lines righter (i.e. stronger) for a given
model structure. This is very important because it systematically
affects the diagnostic accuracy of the lines: without inclusion of
chemi ionization/recombination processes (1a)−(2b), one would
predict emission lines that are too weak from a given model, and,
therefore, conclude that the atmospheric pressure is larger than
it really is.

Consequently, we can conclude that this is the first demon-
stration of a significant and observable (measurable) change in
line profiles, as a consequence of the influence of the considered

processes. Thus it is very important to include chemi-ionization
and chemi-recombination processes (1a)−(2b) in modeling of
atmospheres of late-type stars, especially if one wants to use
line profiles for diagnostics of stellar atmospheres. Moreover,
it should be taken into account that within the effective tem-
perature range 3000 K < Teff < 6000 K, the relative influ-
ence of the processes (1a)−(2b) related to other relevant pro-
cesses (3)−(5) can only increase with the increase of Teff, if
the atmospheric composition remains similar to Solar compo-
sition. Consequently, for Solar photosphere and lower chromo-
sphere, we should expect the more enhanced influence of the
processes (1a)−(2b) than for the case considered here. It should
be taken into account however, that within the region where the
ionization degree is up to 10−3, the concurrent processes in-
crease with the increase in temperature, as do electron-atom and
electron-ion, as well as radiative processes. So, while Teff in-
creases, but stays below or close to Solar, on the basis of previ-
ous results, (Mihajlov et al. 1997), the increase of the relative in-
fluence of chemi-ionization/recombination processes (1a)−(2b)
on excited atom populations and electron densities is expected.
Generally, according to our knowledge, further improvements to
the used method will result in an increase in the influence of
chemi-ionization-recombination processes.
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ABSTRACT

We aim to show the importance of non-elastic excitation and deexcitation processes in He∗(n) + He(1s2) collisions with the principal
quantum number n ≥ 3 for helium-rich white dwarf atmospheres. We compare the efficiencies of these processes with those of the
known non-elastic electron-He∗(n) atom processes in the atmospheres of some DB white dwarfs. We show that in significant parts of
the considered atmospheres, which contain weakly ionized layers (the ionization degree �10−3), the influence of the studied atom-
Rydberg atom processes on excited helium atom populations is dominant or at least comparable to the influence of the concurrent
electron-He∗(n)-atom processes.

Key words. atomic processes – astrochemistry – stars: atmospheres – white dwarfs

1. Introduction

We here continue our previous investigations of inelastic A +
A∗(n) atom-Rydberg atom collision processes (where the prin-
cipal quantum number was n � 1 and A was the ground-state
atom), which influence the excited atom populations in stel-
lar atmospheres. We consider the processes that can be inter-
preted as resulting from a resonant energy exchange between
the subsystem A + A+, in which A+ is the core of the Rydberg
atom A∗(n), and the outer electron of this atom. There are two
groups of such processes. The first group involves the chemi-
ionization processes (Janev & Mihajlov 1980; Mihajlov et al.
1996, 1997), which connect the block of atomic Rydberg states
with the continuum. The second group comprises the so-called
(n − n′)-mixing processes within the above mentioned block of
atomic Rydberg states (Mihajlov 1982; Mihajlov et al. 2004,
2008), i.e. the excitation and deexcitation processes that im-
ply transitions between the Rydberg states with the principal
quantum numbers n and n′ � n.

The chemi-ionization processes in A∗(n) + A collisions, to-
gether with their inverse processes, have been studied for both
A = H and A = He cases, which are especially important for
stellar atmospheres. Mihajlov et al. (2003, 2007) studied the in-
fluence of these processes on the excited hydrogen atom popula-
tions and the spectral line profiles in the atmosphere of an M red
dwarf (Teff = 3800 K) using the PHOENIX code. Mihajlov et al.
(1997, 2011, 2003) studied the potential influence of these pro-
cesses on the excited hydrogen and helium atom populations in
the atmospheres of Sun and of some DB white dwarfs.

However, the possible influence of the (n − n′)-mixing pro-
cesses in A∗(n) + A collisions on the excited-atom populations

in stellar atmospheres has only been studied for the A = H
case in the context of the atmosphere of the Sun (Mihajlov
et al. 2005). In the above mentioned studies concerning the
solar atmosphere, the necessary calculations were performed
within the corresponding non-local thermodynamic equilibrium
(non-LTE) model proposed by Vernazza et al. (1981). The find-
ings of these studies have shown that the efficiency of these pro-
cesses in a major part of the solar photosphere is dominant with
respect to the efficiency of the relevant concurrent excitation and
deexcitation processes for n = 4, 5 and 6, and is comparable with
them for n = 7 and 8. The above mentioned studies concluded
that the excitation and deexcitation processes in H∗(n) + H col-
lisions should be included ab initio into future non-LTE models
of the solar atmosphere. The importance and effects of the atom-
Rydberg atom (n−n′)-mixing processes have also been analyzed
in Barklem (2007) and Mashonkina (2009).

We found no non-LTE models similar to that of Vernazza
et al. (1981) for the Sun that would have provided all data nec-
essary for calculations as in Mihajlov et al. (2005), in rela-
tion to the atmospheres of DB white dwarfs and other similar
helium-rich stellar atmospheres. However, since the influence of
strong electromagnetic emission is the same in helium-rich at-
mospheres as in the Sun, the distribution shape of the helium
excited-atom population probably deviates considerably from
the Boltzmann distribution. Taking this into account and because
the data on the relative efficiencies of atom-Rydberg atom pro-
cesses and the relevant concurrent processes would be useful for
future non-LTE stellar-atmosphere models, the chemi-ionization
processes in He∗(n) + He collisions were studied in Mihajlov
et al. (2003) in the context of DB white dwarf atmospheres,
within the models proposed by Koester (1980). In the current
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study, for the same reason and using the same models, the effi-
ciencies of the excitation processes

He∗(n) + He =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
He∗(n′ = n + p) + He,

p ≥ 1,
He + He∗(n′ = n + p),

(1)

and the inverse deexcitation processes

He∗(n) + He =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
He∗(n′ = n − p) + He,

0 < p ≤ n − 3,
He + He∗(n′ = n − p),

(2)

(where n + p and n − p are the principal quantum numbers
of the final Rydberg states) are compared for 3 ≤ n ≤ 8
with the efficiencies of the relevant concurrent processes. Here,
we consider the well-known electron-excited-atom collision
excitation/deexcitation processes

He∗(n) + −→e = He∗(n ± p) +
−→
e′ , (3)

where −→e and −→e ′ denote a free electron in the initial and final
states, respectively. The necessary calculations were performed
using the models in Koester (1980) for DB white dwarf atmo-
spheres with log g = 8 and Teff = 12 000 K and Teff = 14 000 K.

2. Theoretical remarks

As several of the above mentioned studies have reported, the
same dipole resonant mechanism (DRM) causes the non-elastic
(n − n′)-mixing and chemi-ionization processes in A∗(n) + A
collisions. The DRM was also discussed in detail in Mihajlov
et al. (2012). For the (n − n′)-mixing processes (1) and (2),
with A = He, the DRM assumes that they occur in the region
Rn;n±p 	 rn, where R is the internuclear distance and rn ∼ n2

is the characteristic radius of atom He∗(n), in the vicinity of
the corresponding resonant points Rn;n±p. These parameters are
found to be the roots of the equation U2(R)−U1(R) = εn±p − εn,
where εn and εn±p denote the energies of the Rydberg states |n >
and |n ± p > with the principal quantum numbers n and n ± p;
and U1(R) and U2(R) are the adiabatic energies of the electronic
ground state |1; R> and the first excited state |2; R> of the molec-
ular ion He+2 . We took the potential curves U1(R) and U2(R) from
Ignjatović et al. (2009) and following the foundational work of
Janev & Mihajlov (1979), which focuses on the (n − n′)-mixing
processes, we assumed that the processes (1) and (2) are caused
exclusively by the transitions |n >→ |n+ p > and |n >→ |n− p >
of the outer electron, which occur simultaneously with the transi-
tions |2; R >→ |1; R > and |1; R >→ |2; R >, respectively, in the
subsystem He++He, close to the resonant points Rn;n±p. This fact
is responsible for the resonant character of the processes in (1)
and (2).

For A = H only chemi-ionization processes with n ≥ 4 and
(n−n′)-mixing processes with min(n, n′) ≥ 4 can be described on
the basis of the DRM, which caused by the existence of the stable
negative ion H−. In contrast, for A = He, the excited helium state
with n = 3 can be taken as the lower boundary of the block of
Rydberg states. This was also used in Mihajlov et al. (2003), who
focused on the chemi-ionization processes in DB white dwarf
atmospheres.

The processes (1) and (2) are characterized by the excita-
tion and deexcitation rate coefficients Kn;n+p(T ) and Kn;n−p(T ),
where T is the local temperature of the atomic particles in the
considered stellar atmosphere. In accordance with the aim of this

Table 1. Excitation rate coefficients K3;3+p(T ) for 1 ≤ p ≤ 5 in
[10−9 cm3 s−1].

T
[103 K]

p 5 6 8 10 12 16 20
1 1.418 1.723 2.187 2.514 2.753 3.074 3.277
2 0.197 0.271 0.401 0.504 0.585 0.701 0.778
3 0.062 0.091 0.146 0.192 0.230 0.286 0.324
4 0.028 0.042 0.071 0.096 0.117 0.148 0.170
5 0.015 0.023 0.040 0.055 0.068 0.088 0.102

work, these rate coefficients are defined as the quantities that de-
termine the mean rates of transition (per single excited atom)
caused by the processes (1) and (2) between whole shells with
a given n and n ± p. They are determined here using a method
similar to that described in Mihajlov et al. (2008): the excita-
tion rate coefficients Kn;n+p(T ) are calculated directly and nu-
merically in the semi-classical way, while the deexcitation rate
coefficients Kn;n−p(T ) are determined later according to the prin-
ciple of thermodynamical balance. All necessary expressions are
given in Mihajlov et al. (2008).

For the DB white dwarf atmospheres considered here, the
values of Kn;n+p(T ) and Kn;n−p(T ), which are used in Eqs. (1)
and (2) for all necessary temperatures, can be calculated in prin-
ciple by fitting the values of Kn;n+p(T ) presented in Table 2 of
Mihajlov et al. (2008), but only for the region 4 ≤ n ≤ 8. Bearing
this in mind, Table 1 shows the values of the excitation rate co-
efficients K3;n+p(T ) when 1 ≤ p ≤ 5. These values, together
with Table 1 in Mihajlov et al. (2008), enable the calculation of
Kn;n+p(T ) and Kn;n−p(T ) for the entire block, 3 ≤ n ≤ 8.

The concurrent electron-Rydberg atom processes (3)
are characterized here by the rate coefficients αn;n±p(Te = T ),
where Te denotes the electron temperature, which in the gen-
eral case is not equal to the atomic temperature. In the cur-
rent study, the values of αn;n±p(T ) are determined from the cor-
responding expressions given in Vriens & Smeets (1980) and
Johnson (1972). We note that ion-atom non elastic collisional
processes, although they are also characterized by long-range
interaction, cannot be concurrent. The reason is the huge dif-
ference in masses of electron and ion, which causes the impact
ion-atom velocity to be several orders of magnitudes lower than
electron-atom impact velocity.

To estimate the relative efficiency of processes (1) and (2)
and the concurrent processes (3), it is sufficient to study the be-
havior of quantities F(+)

n and F(−)
n in the considered DB white

dwarf atmospheres, which are given by the expressions

F(+)
n =

∑5
p=1 Kn,n+p · N(n) · N(1)∑5

p=1 αn,n+p · N(n) · Ne

=

∑5
p=1 Kn,n+p∑5
p=1 αn,n+p

·η, n ≥ 3, (4)

and

F(−)
n =

∑n−3
p=1 Kn,n−p · N(n) · N(1)∑n−3

p=1 αn,n−p · N(n) · Ne
=

∑n−3
p=1 Kn,n−p∑n−3
p=1 αn,n−p

·η, n ≥ 4, (5)

where N(n), N(1), and Ne are the local densities of all Rydberg
helium atoms in the states with a given n ≥ 3, of a helium atom
in the ground state, and of free electrons, respectively; and the
products Kn,n±p · N(n) · N(1) and αn,n±p · N(n) · Ne are the partial
atom- and electron-Rydberg atom excitation/deexcitation fluxes.
The factor η is defined here by the relation

η ≡ N(1)/Ne � (ionization degree)−1, (6)
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Fig. 1. Parameters (temperature T – full line and η = N(1)/Ne –
dotted) for DB white dwarf atmosphere models with log g = 8 and
Teff = 12 000 K and 14 000 K from Koester (1980) as functions of
log τ, where τ is the Rosseland optical depth.

Fig. 2. Behavior of quantities F(+)
n , given by Eq. (4) with 3 ≤ n ≤ 8, on

the basis of DB white dwarf atmosphere models from Koester (1980)
for log g = 8 and Teff = 12 000 K and 14 000 K, as functions of log τ,
where τ is the Rosseland optical depth.

and its behavior in the atmospheres of the considered DB white
dwarfs (which is very important for the studied processes) is pre-
sented in Fig. 1.

3. Results and discussion

Figure 2 illustrates the behavior of the quantity F(+)
n with 3 ≤ n ≤

8 in the DB white dwarf atmospheres described by the models
presented in Koester (1980), for log g = 8 and Teff = 12 000 K
and 14 000 K. All results were obtained using the data from
Koester (1980), and these quantities are presented as functions
of log τ, where τ is the Rosseland optical depth. Figure 2 un-
ambiguously shows that for DB white dwarf atmospheres with
Teff � 14 000 K, the excitation processes (1) in the lower part of
the Rydberg block (3 ≤ n ≤ 8) must be taken into account as
a new important factor that influences the helium Rydberg-state
populations. Figure 2 shows that in the parts of the atmosphere
where the ionization degree is �10−3, the processes (1) with
n = 3, 4, and 5 are dominant with respect to the known con-
current processes (3); for n = 6 and 7 they are dominant in the

parts where the ionization degree is �10−4; and in the remain-
ing parts their efficiency is comparable with the efficiency of the
processes (3). Even the efficiency of the processes (1) with n = 8
is close to, or at least comparable with, the efficiency of the pro-
cesses (3) in the parts where the ionization degree is <10−4.

These facts are especially important for the considered
DB white dwarf atmospheres, because for any temperature from
the relevant temperature regions, the corresponding Boltzman
distribution of the excited helium atom populations will have a
distinct minimum (known as the “bottleneck”) only in the region
3 ≤ n < 8. Thus, it is correct to expect that even a considerable
perturbation of the mentioned distribution would not result in
a significant change in the position of this minimum. Hence, it
follows that the excitation processes (1) should by all means be
taken into account in any future non-LTE model of DB white
dwarf atmospheres with similar parameters.

Examining the behavior of the quantities F(−)
n with 4 ≤ n ≤ 8

in the same DB white dwarf atmospheres would lead to the same
conclusions, including the necessity of introducing the deexcita-
tion processes (2) into the mentioned models. For this reason,
the efficiencies of the considered (n − n′)-mixing processes are
only illustrated in Fig. 2.

Finally, we emphasize that these results are relevant not only
to the atmospheres of the DB white dwarfs mentioned here,
but also to a considerably wider range of helium-rich stellar
atmospheres. For instance, an entire array of white dwarfs of
other types, as described in Wegner & Koester (1985), Dufour
et al. (2006, 2007), have similar parameters. Consequently, pro-
cesses (1) and (2) must be just as important as the concurrent
processes (3). Overall, the findings suggest that the considered
atom-Rydberg atom (n−n′)-mixing processes (1) and (2) should
be included ab initio in the modeling of the helium-rich white
dwarf atmospheres.
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Phys. B At. Mol. Phys., 37, 4493
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Abstract. The influence of the H −H+− e and H+
2 − e chemi

- recombination processes on the highly excited hydrogen atom
population in the photosphere and lower part of the chromo-
sphere has been considered. It has been shown that these chemi
- recombination processes have an important role in the large re-
gion around the temperature minimum in the Solar atmosphere,
where they are comparable to the other relevant recombination
processes, or even dominant and that they should be taken into
account for the modelling of the weakly ionized layers in the
Solar atmosphere.

Key words: molecular data – Sun: atmosphere

1. Introduction

In several previous papers (Mihajlov & Ljepojević, 1982 and
Mihajlov et al. 1992, 1996), chemi-recombination processes
during the free electron scattering on the quasi-molecular col-
lisional complexes H(1s) + H+ and molecular ions H+

2 in the
weakly bound rhovibrational states, have been introduced and
investigated. It was assumed that these molecular ions are in the
ground electronic state X2Σ+

g(1sσg). The mentioned chemi-
recombination processes are

H+
2 + e⇒ H∗(n) + H(1s), (1a)

H(1s) + H+ + e⇒ H∗(n) + H(1s), (1b)

where H∗(n) denotes hydrogen atom in a highly excited (Ry-
dberg) state with the principal quantum number n ≤ 4. It has
been shown that in partially ionized plasma the processes (1a)
and (1b) may be significant for the H∗(n) atom populations.
This conclusion has been derived from the comparison of the
(1a,b) processes with the electron - electron - ion recombina-
tion processes whose importance for hydrogen plasmas is well
known (see e.g. Bates et al. 1962ab).

Send offprint requests to: M.S. Dimitrijević

In this paper we will consider the (1a,b) processes from the
aspect of their influence on H∗(n) atom populations of solar
photosphere and lower part of chromosphere. We point out here
that the taking into account of these processes may be partic-
ularly important when the conditions of LTE, concerning the
excited atom population distribution function, are not satisfied.
Such situation exist just for the above mentioned parts of the
solar atmosphere (due to their small optical depth), which has
been pointed out in Maltby et al. (1986) and Vernazza et al.
(1981). The principal aim of this paper is to show that for par-
ticular layers of the solar atmosphere, the chemi - recombina-
tion processes (1a,b) could be comparable or sometimes even
more important that the processes of the electron - electron -
ion recombination as well as with the processes of electron -
ion photorecombination, which have a particularly important
role in the solar atmosphere. Consequently, we will show that
the (1a,b) processes must be taken into account when modelling
the solar atmosphere, together with other relevant recombina-
tion processes.

2. Theory

In accordance with Mihajlov & Ljepojević, 1982 and Miha-
jlov et al. 1992, 1996, recombination processes (1a,b) will be
treated as the result of the energy exchange within the elec-
tronic component of the H+

2 + e or H + H+ + e system, which
is caused by dipole interaction of the electron e with the ion -
atomic subsystem H+

2 or H + H+. Here we have in mind that
the energy exchange is connected with the transition of the just
mentioned ion - atomic subsystems from the orbital 1sσg to the
first excited orbital 2pσu and the simultaneous transition of the
electron e from the free state to the highly excited bound state.
It is assumed that the transition 1sσg → 2pσu is performed
without the energy exchange between electron and cores (pro-
tons). Also, it is assumed that the change of the electronic state
of the H+

2 + e or H +H+ + e system, during the scattering of the
free electron on the molecular ion or the quasi - molecular colli-
sional complex, can happen only once. The difference between
the (1a) and (1b) processes is that the ion - atomic subsystem
H+

2 is in the initial electronic state X2Σ+
g(1sσg) with the proba-
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bility equal to 1, and the subsystemH +H+ with the probability
equal to 1/2. Consequently, the processes (1a) and (1b) may be
treated as the corresponding channels of a more general chemi-
recombination process (1) which is similar to the process of the
direct disociative recombination.

Concerning the nuclei motion, it is treated classically for the
(1b) processes where the ion - atomic subsystem is in the state of
free motion, as well as for the (1a) processes, where within the
input channel the ion - atomic subsystem is in a bound state. Here
we take into account the assumption that these bound states are
near the dissociation threshold, where the mentioned classical
treatment is valid.

We will consider here the total influence of the (1a,b) chemi-
recombination processes on the H∗(n) atom populations in the
considered Solar plasma. Consequently, as a quantitative char-
acteristic of the above mentioned influence we will use the total
chemi - recombination fluxes I (ab)

r (n) = I (a)
r (n)+I (b)

r (n), where
I (a)
r (n) and I (b)

r (n) are the partial fluxes corresponding to the
(1a) and (1b) chemi - recombination processes, respectively. It
should be pointed out that the partial fluxes are denoted here as
in our previous papers (Mihajlov et al. 1992, 1996). In Miha-
jlov et al. (1992, 1996) the recombination processes (1a,b) were
treated for the more general non-equillibrium case for Te > Ta,
where Te and Ta are the temperatures characterizing electron-
and ion/atom - component. Here however, we take into account
that in the standard models of solar photosphere (Maltby et al.
1986) and chromosphere (Vernazza et al. 1981), it has been
taken that Ta = Te = T . Consequently, we will assume that
I (a,b,ab)
r (n) = I (a,b,ab)

r (n;T ).
According to Mihajlov et al. (1992, 1996), we will

treat both partial chemi - recombination fluxes (for the case
Ta = Te = T ) in the same form, i.e. as I (a,b)

r (n) =
K (a,b)

r (n;T )N (e)N (H+)N (1), where N (e) and N (H+) are
the electron and proton densities and N (1) is the den-
sity of H(1s) atoms. Here K (a)

r (n;T ) replaces the quan-
tity K (a)

dr (n;T )N (H+
2 )[N (H+)N (1)]−1, where N (H+

2 ) is the
H+

2 (1sσ) molecular ion density, and the K (a)
dr is the usuall dis-

ociative recombination rate coefficient. This enables the total
chemi-recombination flux I (ab)

r (n) to be presented in the form:

I (ab)
r (n;T ) = K (ab)

r (n;T )N (e)N (H+)N (1), (2)

whereK (ab)
r (n;T ) = K (a)

r (n;T )+K (b)
r (n;T ). The advantage of

such expression for the total chemi - recombination rate coeffi-
cientK (ab)

r (n;T ) is, since theH+
2 molecular ion density is absent

in Eq. (2). This approach is constructive when the block of the
weakly - bound rhovibrational states of the H+

2 (1sσ) molecular
ion, essential for the (1a) processes, is in the dissociative - asso-
ciative equilibrium with the H(1s) and H+ components (with
the same temperature T ). Here, the assumption on existance
of such dissociative - associative equilibrium is adopted on the
basis of the above mentioned models of the solar atmosphere
(Maltby et al. 1986, Vernazza et al. 1981). Namely, in these
models the existance of LTE is assumed, when the radiation
transfer out of the solar atmosphere is not taken into account. If
such transfer is taken into account, some deviations from LTE

are considered (in these models) which are not important for the
discussed dissociative - associative equilibrium.

We will use here the total rate coefficient K (ab)
r (n;T ) as in

Mihajlov et al. (1996), i.e. as

K (ab)
r (n;T ) =

(2π)5/2

3
√

3

(h̄ea0)2

(mkT )3/2

exp(In/kT )
n3

∫ Rn

0
exp [−U2(R)

kT
]
R4dR

a5
0

, (3)

where the upper integration limit Rn is the root of the equation

U2(R)− U1(R) = In. (4)

Here, In = Ry/n
2 is the ionization potential of theH∗(n) atom,

while U1(R) and U2(R) are the adiabatic terms of the ground
(1Σg) and the first excited (1Σu) electronic state of the molec-
ular ion H+

2 , whose values are taken from Bates et al (1953).
According to the same paper, the lower integration limit

instead of zero is taken as a0 in Eq. (3) for the concrete cal-
culations. The values of the Rn, for n = 4−10, are given in
Mihajlov et al (1996) and here we will treat the processes (1a,b)
just within this range of values for n.

The processes (1a,b) with n = 2, 3 are not treated here since
our considerations are based on the previous papers (Mihajlov
et al., 1992; Mihajlov et al., 1996), where only the region n ≥ 4
was treated. This was imposed by the conditions of applicability
of the used theory. For example, for n = 3 already the change of
the electronic state of the H+

2 + e or H +H+ + e system (during
the scattering of the free electron on the molecular ion or the
quasi - molecular collisional complex) can happen more than
once. Consequently, each of the processes (1a) and (1b) obtains
the multi - channel character. That is why the inclusion of the
processes (1a) and (1b) imposes a different approach. One of
the possible solutions could be the adequate version of MQDT
method, which was firstly developed for atoms (M. J. Seaton,
1966; see also U. Fano, 1970). In the case of a molecular system
such methods have also been developing for a long time, and
for the processes of dissociative recombination of the (1a) type
some preliminary results already exist (see Giusti-Suzor, 1989;
Hickman, 1989; and references therein).

The behaviour of the total rate coefficient K (ab)
r (n;T ) as a

function of the temperature T for n = 4−10, is shown in Table
1. This table covers the 4000 K≤ T ≤ 6500 K range, which is
of interest for further consideration.

3. Results and discussions

The (1b) chemi - recombination processes may be significant
only when the neutral atom component is dominant. Conse-
quently, we will consider that part of the Solar atmosphere where
the ionization degree is small enough. We will use here the So-
lar atmosphere plasma parameter data presented in Vernazza et
al. (1981), similarly to Mihajlov et al. (1993, 1994), where the
radiation processes during H+ +H(1s) collisions were consid-
ered.
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Table 1. The values of the chemi-recombination rate coefficient
K (ab)

r (n;T ) in the case of the Ta = Te = T , where Ta and Te denote
the temperatures of the atom/ion end electron components respectively,
and n is the principal quantum number.

1028K (ab)
r (n;T ) / [cm6s−1]

T/[K] n=4 n=5 n=6 n=7 n=8 n=9 n=10
4000 2.7824 1.6622 1.1602 .8884 .7201 .6038 .5203
4250 2.4277 1.4864 1.0512 .8105 .6593 .5537 .4774
4500 2.1421 1.3403 .9588 .7438 .6069 .5104 .4402
4750 1.9083 1.2172 .8796 .6860 .5612 .4726 .4077
5000 1.7143 1.1123 .8111 .6356 .5213 .4394 .3792
5250 1.5512 1.0221 .7514 .5907 .4859 .4100 .3539
5500 1.4126 .9438 .6988 .5515 .4546 .3839 .3314
5750 1.2938 .8752 .6524 .5166 .4265 .3604 .3112
6000 1.1909 .8148 .6110 .4854 .4013 .3394 .2930
6250 1.1011 .7613 .5739 .4572 .3786 .3203 .2766
6500 1.0223 .7135 .5406 .4318 .3580 .3030 .2617

Here we will use the chromospheric model C of Vernazza
et al. (1981), since in this article temperatures, electron and
ion densities are given, as well as the H∗(n) atom densities as
a function of the height h. The atomic densities calculations
where performed there within the 1≤ n ≤ 8 range. These atom
densities are denoted here as N (n).

We consider here the height range -75km ≤ h ≤ 1605km
with the plasma conditions illustrated in Table 2. In this table,
first of all, temperatures T and N (e)/N (H) ratios (where the
N (H) is the total hydrogen density) from Vernazza et al. (1981)
are given. One can see that the temperature changes from 4170
K up to 6440 K for the presentedh values . i.e. within the temper-
ature range presented in Table 1. The N (e)/N (H) ratio charac-
terizes the plasma ionization degree, as long as its value remains
much smaller than one. Table 2 shows that the N (e)/N (H) ra-
tio values remain smaller than 0.1 within the whole considered
range and that for -75km≤ h < 1180km these values decrease
below 0.01. Also, Table 2 shows the values of

η(n) =
N (n)
Neq(n)

, (5)

as a function of h. Here, the Neq(n) denotes the equilibrium
density of the H∗(n) atoms which was determined by us, with
theT ,N (e) andN (H+) taken from Vernazza et al. (1981) corre-
sponding to the given h . From Table 2 one can see that the η(n)
parameter values vary between 0.6 and 1.2, which implies the
difference of the N (n) values from the equilibrium ones. These
differences confirm that the chemi - recombination processes
(1a,b), not taken into account in Vernazza et al. (1981) forN (n)
calculations, may be significant in comparison with the other
recombination processes within the h range considered.

In order to estimate the importance of the (1a,b) chemi -
recombination processes, we will compare them at first with
the photorecombination processes

H+ + e⇒ H∗(n) + hω, (6)

Table 2. Basic plasma parameters, for the solar chromospheric model
of Vernazza et. al. (1981, model C), as a function of height h. The
parameter η(n) = N (H∗)(n)/Neq(H∗)(n), where Neq(H∗)(n) is the
equilibrium density ofH∗(n) atoms which corresponds to the electron
density N (e) and the proton density N (H+) from the same model.

η(n)
h/[km] T/[K] N(e)/N(H) n=4 n=5 n=6 n=7 n=8

1605 6440 .9403E-01 .9860 .9381 .9316 .9014 .8996
1515 6370 .6160E-01 1.1407 1.0670 1.0503 1.0119 1.0088
1380 6280 .3344E-01 1.1496 1.0492 1.0248 .9848 .9820
1280 6220 .1782E-01 1.1271 1.0138 .9869 .9473 .9445
1180 6150 .1031E-01 1.1946 1.0618 1.0269 .9830 .9798
1065 6040 .5464E-02 1.2192 1.0721 1.0326 .9871 .9891

980 5925 .3308E-02 1.2286 1.0762 1.0348 .9882 .9853
905 5755 .1891E-02 1.1996 1.0563 1.0170 .9710 .9683
855 5650 .1308E-02 1.1747 1.0392 1.0015 .9560 .9537
755 5280 .4741E-03 1.0444 .9547 .9302 .8899 .8889
705 5030 .2611E-03 .9362 .8795 .8668 .8318 .8321
655 4730 .1686E-03 .8011 .7878 .8549 .7641 .7659
605 4420 .1370E-03 .6752 .7004 .7205 .6981 .7015
555 4230 .1254E-03 .6190 .6661 .6936 .6720 .6755
515 4170 .1190E-03 .6195 .6745 .7031 .6795 .6828
450 4220 .1132E-03 .6884 .7405 .7646 .7357 .7380
350 4465 .1112E-03 .8518 .8812 .8937 .8564 .8572
250 4780 .1155E-03 .9771 .9862 .9898 .9479 .9478
150 5180 .1317E-03 1.0323 1.0397 1.0397 .9973 .9967
100 5455 .1553E-03 1.0290 1.0438 1.0444 1.0042 1.0035

50 5840 .2306E-03 1.0273 1.0260 1.0416 1.0040 1.0035
0 6420 .5517E-03 1.0191 1.0359 1.0366 1.0029 1.0024

-25 6910 .1227E-02 1.0167 1.0326 1.0335 1.0022 1.0016
-50 7610 .3527E-02 1.0161 1.0303 1.0309 1.0024 1.0021
-75 8320 .8821E-02 1.0154 1.0285 1.0291 1.0031 1.0027

for the n ≥ 4 range. As a quantitative characteristic of the rela-
tive influence of the (1a,b) chemi - recombination processes and
the photorecombination processes (6) we will use the quantity

F (ab)
phr (4; 8) =

Σ8
4I

(ab)
r (n;T )

Σ8
4Iphr(n;T )

, (7)

where Iphr(n;T ) denotes the photorecombination flux condi-
tioning the process (6) for given n. In order to determine the
F (ab)
phr (4; 8) values, Eqs (2-4) have been used for Σ8

4I
(ab)
r (n;T )

calculations, while Σ8
4Iphr(n;T ) is estimated on the basis of

data from Vernazza et al. (1981). Fig. 1 illustrates the behav-
ior of the F (ab)

phr (4; 8) quantity for 350 km ≤ h ≤ 905 km. We
show only this height range, since for h >905 km the values of
quantity F (ab)

phr (4; 8) decrease below 0.01, while for h <350 km
these values continue to increase monotonically. One can see
in Fig. 1 that above around 700 km the influence of the (1a,b)
processes is much smaller in comparison with the photorecom-
bination processes (F (ab)

phr (4; 8) < 0.1). For 650 km < h < 700
km the influence of both processes is comparable and for h <
650 km the (1a,b) chemi - recombination processes are domi-
nant in comparison with the photorecombination processes (6)
for n ≥ 4.
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Fig. 1. The behaviour of the quantity F (ab)
phr (4; 8), given by Eq. (7), as

a function of height h.

This conclusion is not connected with our choice of then = 8
as the upper limit of the consideredn values region. Namely, our
estimates performed in order to check this conclusion show that
if we change even only Σ8

4Iphr(n;T ) with the sum for all n ≥
4, which have sense for given T and N (e), the ratio values on
Eq. (6) right side will be changed around 20 percent. It is clear
that this change will be even smaller if Σ8

4I
(ab)
r (n;T ) in Eq. (7)

will be changed in the adequate way. The performed estimates
are possible with the help of results of the photorecombination
fluxes calculations in Oesterbrock (1974) analyzed in Vernazza
et al. (1981).

In the next step we will compare the (1a,b) chemi-
recombination processes with the electron - electron - ion re-
combination processes

H+ + e + e⇒ H∗(n) + e, (8)

for the same n ≥ 4 range. As a quantitative characteristic of the
relative influence of the (1a,b) chemi - recombination processes
and the electron - electron - ion recombination processes (8) we
will first of all use the quantity

F (ab)
eei (4; 8) =

Σ8
4I

(ab)
r (n;T )

Σ8
4I

eei
r (n;T )

, (9)

where Ieeir (n;T ) denotes the electron - electron - ion recombi-
nation flux conditioning the process (8) for given n, taken here
in the form

Ieeir (n) = αeeir (T )[N (e)]2N (H+). (10)

For determination of the F (ab)
eei (4; 8) values, the αeeir (T ) rate

coefficients have been calculated here by using the correspond-
ing expressions in Vriens et al. (1980). The behavior of the
F (ab)
eei (4; 8) quantity for 0 km ≤ h ≤ 1065 km illustrates Fig. 2.

This Fig. shows that around 450 km, the (1a,b) chemi - recom-
bination processes become even more influent than the elec-
tron - electron - ion recombination processes (8), while within
0 km ≤ h ≤ 750 km range both processes are comparable

Fig. 2. The behaviour of the quantity F (ab)
eei (4; 8), given by Eq. (9), as

a function of height h.

(F (ab)
eei (4; 8) > 0.2). For h < 0km and h > 750km, the influ-

ence of the chemi - recombination processes becomes small in
comparison with electron - electron - ion recombination pro-
cesses (F (ab)

eei (4; 8) < 0.1 for h < −25km and h > 850km).

Besides the F (ab)
eei (4; 8) quantity, we will introduce also the

quantities f (ab)
eei (n) = I (ab)

r (n, T )/Ieeir (n, T ), characterizing the
relative influence of the (1a,b) chemi - recombination processes
in comparison with the electron - electron - ion recombination
processes (8), on the H∗(n) atom populations for the given n.
From Eq. (2) and (10) we have that

f (ab)
eei (n) =

K (ab)
r (n, T )
αeeir (T )

N (1)
N (e)

. (11)

Here, the ratio N (1)/N (e) may be replaced
with [N (e)/N (H)]−1 from Table 2, for the h ≤ 750km range,
practically without the decrease of accuraccy. The behavior of
the f (ab)

eei (n) quantities as a function of height h for n = 4 − 8
is shown in Fig. 3. One can see in Fig. 3 that for n values con-
sidered, the chemi - recombination processes are comparable
with the electron - electron - ion recombination processes (for
n = 6 − 8) or dominant (for n = 4, 5) within a wide h range
which lower limit changes for different n from -75 km up to 50
km and the upper one from 650 km up to 750km. For n = 4
and 5 the h range where the relative influence of the chemi -
recombination processes remains comparable, is up to around
1200km.

The specific significance of the f (ab)
eei (n) quantities is in the

fact that they are in the same time ratios of the total fluxes
I (ab)
tot (n;T ) and Ieeitot (n;T ) characterizing the influence of the

ionization processes inverse to the (1a,b) and the (8) recom-
bination process. Namely, in the partially ionized plasma, the
(1a,b) chemi - recombination processes occure together with
the inverse chemi - ionization processes due to H∗(n) + H(1s)
collisions, while the electron - electron - ion processes (8)
occure together with the impact ionization processes due to
H∗(n) + e collisions. The influence of these inverse processes
on the H∗(n) atom populations may be characterized by the
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Fig. 3. The behaviour of the quantities f (ab)
eei (n), given by Eq. (11), as

a function of height h for n = 4− 8.

corresponding ionization fluxes I (ab)
i (n) and Ieeii (n). The total

fluxes I (ab)
tot (n;T ) and Ieeitot (n;T ) are than being expressed as

I (ab)
tot (n;T ) = I (ab)

r (n;T )− I (ab)
i (n;T ),

Ieeitot (n;T ) = Ieeir (n;T )− Ieeii (n;T ).

On the basis of Mihajlov et al. (1996), when Te = Ta = T , these
total fluxes may be presented in the form

I (ab)
tot (n;T ) = I (ab)

r (n;T )[1− η(n)],

Ieeitot (n;T ) = Ieeir (n;T )[1− η(n)],

where, η(n) is given by Eq. (5). From here follows that for the
considered Solar plasma:

f (ab)
eei (n) =

I (ab)
tot (n, T )
Ieeitot (n, T )

. (12)

From the definition of I (ab)
tot (n, T ) and Ieeitot (n, T ) follows that

their values may be also determined with the help of the pa-
rameter η(n) values presented in Table 2. Moreover, the Table
2 makes it possible to find the limits of layers where the inverse
ionization processes start to dominate in comparison with the
recombination processes.

Obtained results show that the (1a,b) chemi - recombina-
tion processes evidently have an important role in the large re-
gion around the temperature minimum in the Solar atmosphere,
where they are comparable or dominant in relation to the other
recombination processes. Within this range they may be a quite
significant factor contributing to the smaller decrease from LTE.
Consequently, this shows the necessity of the inclusion of the
(1a,b) processes in the modelling of the weakly ionized layers in
the Solar atmosphere. For Solar and stellar atmosphere models
where Te = Ta = T , the expressions (2-4) for the (1a,b) chemi -
recombination processes total rate coefficient K (ab)

r (n, T ) may
be used. However, for atmosphere models where the equality of

Te and Ta is not assumed, the corresponding tables and the gen-
eral expressions for partially ionized nonequilibrium hydrogen
plasma are given in Mihajlov et al. (1996).
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Abstract. The electron-impact widths and shifts for six Euii
lines and widths for three Laii, and six Laiii multiplets
have been calculated by using the modified semiempirical
method. Estimation for Stark widths of 664.506 nm (Euii) and
666.634 nm (Euiii) lines are given as well. The influence of
the electron-impact mechanism on line shapes and equivalent
widths in hot star atmospheres has been considered.

Key words: atomic data – plasmas – stars: chemically peculiar

1. Introduction

The lines of the ionized rare earth elements (REE) are present
in the spectra of CP stars in a wide temperature domain (see e.g.
Jaschek & Jaschek 1974, Bonsack & Wolf 1980, Magazzu &
Cowley 1986, Ryabchikova & Ptitsyn 1986, Cowley & Greens-
berg 1988, Van’t Veer et al. 1988, Sadakane 1993, Kupka et al.
1996, Gelbmann et al. 1997, Ryabchikova et al. 1997, 1999,
etc), and many review articles on abundances of the REE exist
(e.g. Jaschek & Jaschek 1974, Bonsack & Wolf 1980, Cow-
ley 1984, Sadakane 1993). Cowley (1984) discussed the ob-
served stellar lines of the REE and gave element by element
summaries. Usually, REE abundance analysis is based on the
lines of the first ions, which have experimentally determined os-
cillator strengths, but due to low ionization potentials the second
ions of the REE are dominant in stellar atmospheres. The lack
of atomic data for the lines of second ions of the REE did not
allow to use them for abundance determinations, although line
identifications were successfull. For example, Cowley (1984)
identified Dyiii lines in spectra of a few magnetic stars, Cow-
ley & Greenberg (1988) surveyed lines of doubly ionized REE
in UV spectra of five magnetic stars, Mathys & Cowley (1992)
presented Priii identification in optical spectra of a number of
CP stars. The first calculations of the oscillator strengths for
Ceiii lines by Bord et al. (1997) made it possible to use the
lines of the second ions of the REE for abundance determina-
tions. Bord et al. (1997) analyzed Ceiii lines in spectra of CP
stars HD 200311, HD 192913, and HR 465, Cowley & Bord

Send offprint requests to: L.Č. Popovíc (lpopovic@aob.bg.ac.yu)

(1998) analyzed Ndiii lines in CP starsγ Equ, and HD 168733,
Ryabchikova et al. (1999) provided an identification and quan-
titative analysis of Euiii lines in the optical spectra of 10 CP
stars.

The spectral lines of singly ionized lanthanum and eu-
ropium are present in solar as well as in stellar spectra (see
e.g. Grevesse & Blanquet 1969, Molnar 1972, Adelman 1987,
Sadakane 1993, etc.). For example, Sadakane (1993) suggested
overabundance of La inα CMa ando Peg, two hot Am-type
stars, and Ryabchikova et al. (1999) revised abundance of Eu
in 10 magnetic stars taking into account hyperfine structure and
magnetic effects. The lines of Euii in the optical spectra of
CP stars are usually very strong and lie in the damping part of
the curve-of-growth. Since in A-type stars mentioned here Stark
broadening is the main pressure broadening mechanism (see e.g.
Dimitrijevi ć 1989) the corresponding data on Stark broadening
of stellar spectral lines are needed for a number of astrophys-
ical problems including the line formation and the abundance
determinations.

Due to the poor knowledge on the energy levels as well as
on the realiable transition probabilities for the rare earth emit-
ters, the approximate methods are suitable for Stark broadening
calculations. Here we have applied the modified semiempirical
approach – MSE (Dimitrijevíc & Konjević 1980, Dimitrijevíc
& Kr šljanin 1986, Popović & Dimitrijevi ć 1996a, 1997) whose
applicability for complex spectra has been tested several times
(see e.g. Popović & Dimitrijevi ć 1996ab, 1997). This method is
applicable only for the Stark broadening of ion lines while for
neutral atom lines there exists e.g. the method of Dimitrijević
& Konjević (1986).

In order to provide a complete set of Stark broadening data
for astrophysical purposes, we started a project to calculate
such data for a number of spectral lines of the ionized REE
(see Popovíc & Dimitrijevi ć 1998a). Here we present the Stark
widths for three Laii and six Laiii mulitplets, and Stark widths
and shifts for six Euii lines by using the MSE. Also, for Euii λ
664.505 nm and for Euiii λ 666.635 nm lines estimates of the
electron impact widths have been performed. Our data are the
first Stark broadening calculations for spectral lines of ionized
lanthanum and europium. For resonance lines of Laii and Euii



720 L.Č. Popovíc et al.: The electron-impact broadening of Laii, La iii, Eu ii, and Euiii lines

Table 1. Stark full widths (FWHM) and shifts for Euii lines, calcu-
lated within the modified semiempirical approach, as a function of
temperature. The electron density is1023m−3

Transition T (K) W (nm) d (nm)

5000. 0.293E-01 -0.432E-02
6s 7S0

3 − 6p 7P2 10000. 0.203E-01 -0.307E-02
20000. 0.141E-01 -0.218E-02

λ = 390.710 nm 30000. 0.115E-01 -0.177E-02
40000. 0.102E-01 -0.153E-02
50000. 0.951E-02 -0.140E-02

5000. 0.295E-01 -0.436E-02
6s 7S0

3 − 6p 7P3 10000. 0.205E-01 -0.309E-02
20000. 0.142E-01 -0.220E-02

λ = 393.048 nm 30000. 0.116E-01 -0.179E-02
40000. 0.103E-01 -0.155E-02
50000. 0.959E-02 -0.142E-02

5000. 0.300E-01 -0.436E-02
6s 7S0

3 − 6p 7P4 10000. 0.208E-01 -0.309E-02
20000. 0.144E-01 -0.220E-02

λ = 397.196 nm 30000. 0.118E-01 -0.179E-02
40000. 0.105E-01 -0.155E-02
50000. 0.974E-02 -0.142E-02

5000. 0.570E-01 -0.173E-01
6s 9S0

4 − 6p 9P3 10000. 0.397E-01 -0.125E-01
20000. 0.276E-01 -0.916E-02

λ = 420.505 nm 30000. 0.226E-01 -0.776E-02
40000. 0.200E-01 -0.705E-02
50000. 0.185E-01 -0.671E-02

5000. 0.557E-01 -0.169E-01
6s 9S0

4 − 6p 9P4 10000. 0.388E-01 -0.122E-01
20000. 0.270E-01 -0.897E-02

λ = 412.970 nm 30000. 0.221E-01 -0.759E-02
40000. 0.195E-01 -0.688E-02
50000. 0.181E-01 -0.654E-02

5000. 0.451E-01 -0.391E-02
6s 9S0

4 − 6p 9P5 10000. 0.314E-01 -0.278E-02
20000. 0.219E-01 -0.198E-02

λ = 381.967 nm 30000. 0.179E-01 -0.161E-02
40000. 0.158E-01 -0.142E-02
50000. 0.146E-01 -0.132E-02

however, simple estimates of Stark widths and shifts, based on
the regularities and systematic trends, exist (Lakićevíc 1983).

2. Method of calculations

In the case of three Laii and six Laiii transitions, it was pos-
sible to use the MSE approach (Dimitrijević & Konjević 1980,
Dimitrijevi ć & Kr šljanin 1986) in adequate way and calculate
Stark widths (W- full width at half maximum) for the multiplet
as a whole. For the simple spectrum Stark broadening param-
eters of different lines are nearly the same within a multiplet
(Wiese & Konjevíc 1982, 1992). Consequently, one may take
the averaged atomic data for a multiplet as a whole and calculate
the corresponding Stark widths and shifts. If the wavelength of
a particular line within the multiplet differs significantly from

Table 2.Stark full widths (FWHM) for Laii and Laiii lines calculated
within the modified semiempirical approach. The electron density is
1023m−3. The averaged wavelength of the multiplet is denoted as〈λ〉.

Transition T (K) W (nm)

5000. 0.336E-01
La ii 10000. 0.232E-01
a 3P − y 3D0 20000. 0.160E-01

30000. 0.131E-01
〈λ〉 = 463.20 nm 40000. 0.116E-01

50000. 0.109E-01

5000. 0.493E-01
La ii 10000. 0.348E-01
a 3D − y 3D0 20000. 0.246E-01

30000. 0.201E-01
〈λ〉 = 403.58 nm 40000. 0.174E-01

50000. 0.148E-01

5000. 0.219E-01
La ii 10000. 0.152E-01
a 3F − y 3D0 20000. 0.104E-01

30000. 0.853E-02
〈λ〉 = 379.44 nm 40000. 0.756E-02

50000. 0.707E-02

5000. 0.260E-01
La iii 10000. 0.182E-01
6s 2S − 6p 2P 0 20000. 0.126E-01

30000. 0.103E-01
〈λ〉 = 328.01 nm 40000. 0.892E-02

50000. 0.807E-02

5000. 0.105E-01
La iii 10000. 0.734E-02
6s 2S − 7p 2P 0 20000. 0.522E-02

30000. 0.440E-02
〈λ〉 = 124.28 nm 40000. 0.400E-02

50000. 0.376E-02

5000. 0.747
La iii 10000. 0.522
7s 2S − 7p 2P 0 20000. 0.374

30000. 0.320
〈λ〉 = 854.39 nm 40000. 0.295

50000. 0.281

5000. 0.453E-01
La iii 10000. 0.317E-01
6p 2P 0 − 7s 2S 20000. 0.226E-01

30000. 0.191E-01
〈λ〉 = 261.31 nm 40000. 0.173E-01

50000. 0.162E-01

5000. 0.231E-01
La iii 10000. 0.161E-01
6p 2P 0 − 6d 2D 20000. 0.115E-01

30000. 0.978E-02
〈λ〉 = 259.32 nm 40000. 0.889E-02

50000. 0.839E-02

5000. 0.556
La iii 10000. 0.388
6d 2D − 7p 2P 0 20000. 0.278

30000. 0.238
〈λ〉 = 876.37 nm 40000. 0.220

50000. 0.210
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the averaged wavelength〈λ〉 of the multiplet one may obtain
more accurate values for each line by scaling multiplet values
for widths and shifts:

Wline = (
〈λ〉
λ

)2 · W, (1)

In the above expressionW and〈λ〉 are values for the multiplet,
andWline andλ refer to a particular line of the multiplet.

It is not always possible to apply this approximation for
complex spectra. If irregularities of atomic energy level struc-
ture, forbidden and intercombination transitions influence dif-
ferent lines of the multiplet in a different way, we have to calcu-
late Stark broadening data for each line separately (Dimitrijević
1982, Popovíc & Dimitrijevi ć 1997, Dimitrijevíc & Tankosíc
1999). Such case is realized for Euii and Euiii lines consid-
ered in our paper.

In the case of Euii, taking into account very complex spec-
trum of this emitter and the absence of designation for higher
levels, we were able to calculate the electron-impact broaden-
ing parameters only for six 6s-6p transitions using the MSE ap-
proach. Due to the complex spectrum we have applied here this
method as it was described in Popović & Dimitrijevi ć (1996a,
1997). We have estimated also the electron-impact width for
Euii (5d 9D0

6 − 6p 9P5) λ 664.506 nm line using the MSE ap-
proach with the estimate of the perturbation of the5f levels (in
accordance with Popović & Dimitrijevi ć 1998b). We have also
estimated Stark width for Euiii λ 666.635 nm line using the
simplified MSE method (Dimitrijevíc & Konjević 1987) in LS
coupling approximation.

Atomic energy levels needed for calculations have been
taken from Sugar & Spector (1974) and from Martin et al.
(1978). Matrix elements were calculated by the method of Bates
& Damgaard (1949). The multiplet factors for calculations of
La ii and Laiii Stark broadening parameters were taken from
Shore & Menzel (1968). Since for nonet terms the line factors
are absent in the tables of Shore & Menzel (1968), the corre-
sponding factors for Euii lines were calculated according to
formula:

<line =
√

2J + 1
√

2J ′ + 1
{

S J L
1 L′ J ′

}
(2)

where S is the total spin;J andJ ′ are total angular momentum
quantum numbers; whileL andL′ are total azimuthal quan-
tum numbers. The quantum numbers of the perturbing level are
denoted with the primes.

The details of the MSE and simplified MSE method have
been given several times (Dimitrijević & Konjević 1980, Dim-
itrijevi ć & Kr šljanin 1986, Dimitrijevíc & Konjević 1987,
Popovíc & Dimitrijevi ć 1996a, 1997) and will not be repeated
here again.

3. Results and discussion

Stark widths and shifts for six Euii lines, and Stark widths for
three Laii and six Laiii multiplets are presented in Tables 1
and 2 for different temperatures, and for electron density of
1023m−3.

Table 3. Estimated Stark full widths (W ) for Euii 664.505 nm and
Euiii 666.63 nm lines. The Euii 664.505 nm line has been calculated
within the modified semiempirical approach (MSE) with estimated
perturbation of5f levels. The Euiii 666.65 nm line has been calculated
within the simplified MSE. The results are given for an electron density
of 1023m−3 as a function of temperature.

Transition T (K) W (nm)

5000. 0.930E-01
Euii 10000. 0.644E-01
5d 9D0

6 − 6p 9P5 20000. 0.447E-01
30000. 0.367E-01

λ = 664.505 nm 40000. 0.327E-01
50000. 0.306E-01

5000. 0.354E-01
Euiii 10000. 0.247E-01
4f7 6I0

17/2 − 4f65d 6H15/2 20000. 0.171E-01
30000. 0.137E-01

λ = 666.63 nm 40000. 0.117E-01
50000. 0.104E-01

Stark widths for Euii λ 664.505 nm line calculated by the
MSE method with the estimated perturbation of unknown5f
levels, and Stark width for Euiii λ 666.63 nm line estimated
with the simplified MSE method (Dimitrijević & Konjević
1987) are given in Table 3. In order to present our results in
a more convenient form for synthetic spectrum calculations, all
data from Tables 1–3 were fitted with the following expression:

W ( rad s−1) = A0 · TA1 . (3)

HereW is a full width at half maximum (FWHM) expressed in
rad s−1 per electron, and constantsA0 andA1 are determined
numerically to obtain the best fit. The corresponding values of
log A0 andA1 are given in Table 4 together with the widths
and shifts (in logarithmic form) per electron forT=10000 K.
This temperature was chosen as the most representative for A-
type stars where the Stark broadening becomes the dominant
pressure broadening mechanism due to hydrogen ionization.
This kind of presentation is similar to that used in the most
complete set of atomic line parameters calculations by Kurucz
(1993a) for Fe-peak elements.

There is no experimental data for the electron broadening
parameters for La and Eu lines considered in the paper. The
only estimates for the5d2 3F − 4f5d 3F 0 (λ =580.82 nm)
La ii transition and the resonance Euii line were made by
Lakićevíc (1983) on the basis of regularities and systematic
trends for the electron temperature of 20000 K and the electron
density of 1023m−3. These estimates resulted inW=0.0338 nm;
|d|=0.0149 nm for Laii λ =580.82 nm, and inW=0.032 nm;
|d|=0.014 nm for the resonance transition of Euii. The energy
level4f 3F 0 in Lakićevíc (1983) paper is obviously erroneous.
We suppose that this is5d 3F 0 level in fact, but since we have not
found the corresponding5f levels in the literature the adequate
MSE calculations cannot be performed. Concerning the results
for Eu II, neither the transition nor the wavelength are specified
in Lakićevíc (1983), making the comparison impossible.



722 L.Č. Popovíc et al.: The electron-impact broadening of Laii, La iii, Eu ii, and Euiii lines

Table 4.The Stark widths and shiftsW ( rad s−1) andd ( rad s−1) per electron for
T=10000 K, and constantsA0,1 as described in the text.

Ion λ (nm) log[W ( rad s−1)] log A0 A1 log[d( rad s−1)]

Euii 397.196 -5.6052 -0.36188E+01 -0.49620 -6.4333
Euii 393.048 -5.6024 -0.36144E+01 -0.49674 -6.4242
Euii 390.710 -5.6014 -0.36104E+01 -0.49733 -6.4218
Euii 420.505 -5.3740 -0.33899E+01 -0.49574 -5.8759
Euii 381.967 -5.3900 -0.34446E+01 -0.48596 -6.4458
Euii 412.970 -5.3682 -0.33839E+01 -0.49580 -5.8707
Euii 664.505 -5.5613 -0.35927E+01 -0.49160
Euiii 666.635 -5.9803 -0.38493E+01 -0.53323
La ii 〈379.440〉 -5.7017 -0.36967E+01 -0.50131
La ii 〈403.580〉 -5.3955 -0.33450E+01 -0.51257
La ii 〈463.200〉 -5.6913 -0.36932E+01 -0.49910
La iii 〈328.010〉 -5.4969 -0.34520E+01 -0.51145
La iii 〈124.280〉 -5.0483 -0.32345E+01 -0.45202
La iii 〈259.320〉 -5.3461 -0.35580E+01 -0.44516
La iii 〈261.310〉 -5.0585 -0.32468E+01 -0.45141
La iii 〈854.390〉 -4.8709 -0.31376E+01 -0.43130
La iii 〈876.370〉 -5.0218 -0.32939E+01 -0.42986

In order to test the importance of the electron-impact broad-
ening effect in stellar atmospheres, we have synthesized the line
profiles of Euiiλ=420.505 nm and Euiiiλ=666.63 nm lines us-
ing SYNTH code (Piskunov 1992) and the Kurucz’satlas9
code for stellar atmosphere models (Kurucz 1993b) in the tem-
perature range of 6000≤ Teff≤ 16000 K, and 3.0≤ log g ≤5.0.
We have modified the SYNTH code, which useslog W ( rad s−1)
per electron for T=10000 K as an imput parameter replacing
them by three imput parameters:A0 and A1 from Eq. 3 and
Stark line shift (d).

For the spectrum synthezis it is more convenient to use the
parametersA0 andA1 (from Table 4) than to take more accu-
rate data from Tables 1–3. In Fig. 1 the comparison between
calculated data (filled circles) and the fit with Eq. 3 (full line)
for La iii 〈876.37〉 is shown. We present also the result of an
approximate temperature scaling (dashed line) performed as

WT = WTm
· (

T

Tm
)−1/2, (4)

(Tm=10000 K) that may be used in astrophysics for ion lines.
As we can see from Fig. 1, if a particular accuracy is not

necessary, Eqs. (3) and (4) provide a good approximation, es-
pecially for large scale calculations.

The synthesized line profiles for Euii 420.505 nm line cal-
culated for the model withTeff=9500 K,log g=4.5 and the eu-
ropium abundances A=log(Eu/H)=-5.9 and -7.5 are shown in
Fig. 2. One can see that Stark effect leads to the growth of the
line wings and hence to the increase of the line equivalent width
(EW). In our cases enhancement factors are more than 2 for
A=-5.9 and 1.6 for A=-7.5.

In Fig. 3(a,b) we show the ratio of the equivalent widths –
EWSt/EW0 – as a function of the effective temperature. Here
EWSt andEW0 are the equivalent widths of the line calcu-
lated with and without Stark broadening effect. The calcula-
tions were performed for Euii 420.505 nm (Fig. 3a) and for

Fig. 1.Stark widths for Laiii 6d 2D − 7p 2P 0 (〈λ〉 =876.37 nm) line
as a function of the electron temperature. Data from Table 2 are shown
by filled circles, data obtained with the different approximations are
shown by full line (Eq. 3) and by dashed line (Eq. 4), respectively

Euiii 666.63 nm (Fig. 3b) lines with the europium abundance
log(Eu/H)= -6.9.

As one can see from Fig. 3(a,b) for Euii 420.505 nm line the
electron impact broadening has its maximum effect atTeff ≈
8000–9000 K, while for Euiii 666.63 nm line this effect is im-
portant forTeff > 8000 K and maximum is not present. Different
trends in the dependence of the electron broadening effect on ef-
fective temperature for two lines may be explained by difference
in the ionization potentials of Euii and Euiii. The ionization
potential of Euii is 11.241 eV, and for higher effective tempera-
tures this ion is practically absent in the layers where the electron
impact broadening is important and where Euiii becomes to be
a dominant ion. The small minimum aroundTeff=12000 K in
Fig. 3b may be connected with the specific depth formation of
the Euiii line. A decrease of the Stark broadening effect for Euii
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Fig. 2.The line profile of Euii 420.505 nm line synthesized with Stark
broadening mechanism taken into account (dashed line) and without
it (full line). The calculations have been performed for the atmosphere
model withTeff=9500 K andlog g=4.5. The abundances of europium
are a) log(Eu/H)=-5.9 and b) log(Eu/H)=-7.5

line towards the lower temperatures when this ion becomes to be
dominant occures due to rapid decrease of the electron density.

In Fig. 4 the influence of Stark broadening effect for different
log g in the case of Euiii 666.63 nm line is shown. As one can
see the importance of Stark broadening increases withlog g.
This trend is expected, because the electron density, and hence
the frequency of the electron-emitter collisions increases with
log g.

The influence of Stark broadening for Euiii 666.63 nm line
as a function of europium abundance is shown in Fig. 5 for an
A0 type star (Teff=10000 K,log g=4.0).

It is interesting that the influence for the considered line has
maximum aboutA=-5.

The Stark broadening influence as well as the equivalent
width increase with abundance. For higher abundances of eu-
ropium the contribution of the Van der Waals broadening effect
starts to be more important too. Consequently, as one can see in
Fig. 5. the ratio of the equivalent widthsEWSt/EW0 decreases
with abundance for A>-5.

Fig. 3a and b.The ratio of equivalent widths for Eu II 420.505 nm linea
and for Euiii 666.63 nm lineb calculated with Stark broadening effect
(EWSt) and without it (EW0) as a function of effective temperature.
Results forlog g=4.0 and forlog g=4.5 are shown by the open circles
and full circles respectively

Fig. 4. The ratio of the equivalent widthsEWSt/EW0 as a function
of log g for Euiii 666.63 nm line

4. Conclusions

The Stark broadening widths and shifts for Euii, Eu iii, Laii
and Laiii lines calculated within the modified semiemprical
approach are presented as the first reliable data on the Stark
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Fig. 5.The ratio ofEWSt/EW0 for Euiii 666.63 nm line as a function
of Eu abundance

broadening of the rare-earth elements, which is important in
particular for the abundance analysis of CP stars.

The importance of the Stark broadening effect in stellar at-
mospheres under different conditions has been considered. Stark
broadening becomes to be significant in hot stars, and it should
be taken into account in the analysis of stellar spectral lines for
theTeff>7000 K in particular if europium is overabundant.
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Abstract. The electron-impact widths for 30 Zr III lines were calculated using the modified semi-empirical (MSE)
method. For two Zr II and four Zr III astrophysically important UV lines, only electron-impact widths are given,
since for their calculation the experimental oscillator strengths were used and consequently the accuracy of the
parameters is lower than in the case of other lines. The influence of the electron-impact mechanism on line shapes
and equivalent widths in hot star atmospheres was also considered. The impact of the electron-impact broadening
effect on abundance determination, particularly its effect on “zirconium conflict” is discussed as well.

Key words. atomic data – plasma – stars: atmospheres

1. Introduction

Electron-impact broadening is the main broadening mech-
anism in A and B type star atmospheres (see e.g. Popović
et al. 1999). Electron-impact broadening data are needed
to solve various problems in astrophysics and physics,
for example, diagnosis and modeling of laboratory and
stellar plasma, investigation of its physical properties
and for abundance determination. These investigations
provide information useful for the modeling of stellar
evolution, e.g. abundance studies in stellar atmospheres
provide evidence of the chemical composition of the stel-
lar primordial cloud, of processes occurring within the
stellar interior, and the dynamic processes occuring in the
stellar atmosphere.

Present abundance analyses for early-type stars show
that 10%–20% of A and B stars have abundance anoma-
lies, including anomalies in isotopic composition (Leckrone
et al. 1993). The abundance anomalies in these stars,
called CP stars, could be caused by diffusion occurring
in the presence of selective radiative acceleration. The
chemical species that absorb more of the outgoing pho-
tons are dragged by the photons to the stellar surface
(see e.g. Michaud & Richter 1997). In order to investigate
these processes, atomic data for multiple lines of numerous
emitters are needed.

Send offprint requests to: L. Č. Popović,
e-mail: lpopovic@aob.bg.ac.yu
? Tables 1 and 2 are only available in electronic form

at the CDS via anonymous ftp to cdsarc.u-strasbg.fr

(130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/365/656

Here, we have considered electron-impact broadening
parameters for Zr III spectral lines. Also, we present the
electron-broadening widths for two astrophysically impor-
tant UV Zr II lines. For six Zr II multiplets the electron-
broadening widths and shifts were published in Popović
& Dimitrijević (1996a). The zirconium lines are present in
spectra of HgMn stars (Cowley & Aikman 1975; Heacox
1979; Leckrone et al. 1993; Sikström et al. 1999).

It is interesting that the zirconium abundance determi-
nation from weak Zr II optical lines and from strong Zr III
lines (detected in UV) is quite different (see Leckrone et al.
1993; Sikström et al. 1999) in the HgMn star χ Lupi. This
so-called “zirconium conflict” was supposed by Sikström
et al. (1999) to be due to inadequate use of stellar models,
e.g. if the influence of non-LTE effects or diffusion are not
taken into account.

Zirconium, often overabundant in HgMn stars (see
Heacox 1979), is one member of Sr-Y-Zr triad, which is
vital for the study of s-process nucleosynthesis and has
been suggested to represent a non-nuclear abundance pat-
tern in HgMn stars. The most obvious interpretation of
this anomaly involves diffusion theory or the inclusion of
non-LTE effects.

Due to poor knowledge of the energy levels as well as
the transition probabilities for singly- and doubly-ionized
zirconium, the approximate methods are suitable for Stark
broadening calculations.

Here, we present the results of electron-impact broad-
ening parameter calculations of two astrophysically im-
portant Zr II and 34 Zr III lines. Also, we tested the
influence of electron-impact broadening on the determina-
tion of equivalent widths and have discussed the possible



L. Č. Popović et al.: The electron-impact broadening of singly and doubly ionized zirconium 657

influence of electron-impact broadening on zirconium
abundance determination.

2. Method of calculation

We have applied the modified semiempirical approach
– MSE (Dimitrijević & Konjević 1980; Dimitrijević &
Kršljanin 1986), tested several times for complex spec-
tra (see e.g. Popović & Dimitrijević 1996b,c, 1997). This
method, applicable only for the Stark broadening of iso-
lated, nonhydrogenic ion lines, has been described sev-
eral times (Dimitrijević & Konjević 1980; Dimitrijević &
Kršljanin 1986; Popović & Dimitrijević 1996b; Popović &
Dimitrijević 1997)

Compared to the semiclassical perturbation approach,
the modified semiempirical approach needs less atomic
data. In fact, if there are no perturbing levels strongly
violating the assumed approximation, we need only the
energy levels with ∆n = 0 and `′if = `if ± 1, for e.g. the
line width calculations, since all perturbing levels with
∆n 6= 0, needed for a full semiclassical investigation, are
lumped together and approximately estimated. E.g. for
transition 5s1D− 5p1D0, the atomic energy levels needed
explicitly as perturbing levels within the MSE formal-
ism for the final energy level 5s1D are the atomic en-
ergy levels 5p1D0 (E = 53 648.88 cm−1), 5p1P0 (E =
62 117.41 cm−1) and 5p1F0 (E = 62 590.70 cm−1), while
for the initial energy level 5p1D0 we need the energy values
for atomic energy levels 5s1D (E = 25 068.35 cm−1), 5d1F
(E = 103 585.01 cm−1), 5d1P (E = 105 554.66 cm−1)
and 5d1D (E = 109 272.70 cm−1). The perturbations by
the other levels (with ∆n 6= 0) are lumped together and
estimated.

In the case of 30 Zr iii transitions, it was possi-
ble to adequately use the MSE approach (Dimitrijević &
Konjević 1980; Dimitrijević & Kršljanin 1986) and to cal-
culate Stark widths (W – full width at half maximum)
for the multiplet as a whole. For other transitions it was
not possible to apply the MSE approach because of the
lack of atomic data. In order to apply the MSE method
(Dimitrijević & Konjević 1980), we must have reliable
atomic energy data for the initial and final level of the
transition forming the considered line. In addition, for
each of the considered levels, we should have reliable data
for the energy of levels with the same principal quantum
number n and the orbital quantum numbers ` − 1 and
` + 1. Moreover, we should have good information con-
cerning the levels with the principal quantum number dif-
ferent from that of the initial or final level, but which are
close to the initial or final levels. These are required to
check the validity of the assumed approximations and, if
they are not satisfied, to take such levels into account sep-
arately. For the simple spectrum, the Stark broadening
parameters of different lines are nearly the same within a
multiplet (Wiese & Konjević 1982, 1992). Consequently,
one may take the averaged atomic data for a multiplet as
a whole and calculate the corresponding Stark widths. If
the wavelength of a particular line within the multiplet

differs significantly from the averaged wavelength < λ >
of the multiplet, one may obtain more accurate values for
each line by scaling multiplet values for widths:

Wline =
(

λ

< λ >

)2

·W. (1)

In the above expression, W and < λ > are values for the
multiplet, and Wline and λ refer to a particular line within
the multiplet.

It is not always possible to apply this approximation
to complex spectra. If irregularities of atomic energy level
structure are present, forbidden and inter-combination
transitions can influence different lines of the multiplet in
different ways, and we have to calculate Stark broadening
data for each line separately (Dimitrijević 1982; Popović
& Dimitrijević 1997; Dimitrijević & Tankosić 2000). Such
a situation occurred for two Zr ii and four Zr iii astro-
physically important UV lines considered in our paper.

Atomic energy levels needed for the calculations have
been taken from Reader & Acquista (1997) and oscilla-
tor strengths when available from Charro et al. (1999)
and Sikström et al. (1999). In the paper of Reader &
Acquista (1997) the spectrum of Zr III obtained with slid-
ing spark discharges was observed from 630 Å to 4610 Å
using the 10.7 m normal-incidence vacuum spectrograph.
A total of 482 lines were classified as transitions between
139 energy levels. In their work, from the optimized en-
ergy level values, a system of Ritz-type wavelengths with
uncertainties varying from about ±0.005 Å to ±0.003 Å
was determined. From this paper, we obtained the de-
termined energy level configurations and the values of
the energy levels. In Charro et al. (1999) the oscillator
strengths for the dipole-allowed transition in Zr III be-
tween the levels belonging to 4d2 and 4dn` configura-
tion have been calculated using the relativistic quantum-
defect orbital method. From this paper we obtained the
oscillator strengths for matrix element calculations for
4d2–4d5p transitions. In Sikström et al. (1999), the life-
times for the levels v2D3/2, v2F3/2 and v2F5/2 in the
4d5s5p configuration in Zr II have been measured, using
the method of laser-induced fluorescence. Combined with
branching fractions obtained with the Lund Ultraviolet
Fourier Transform Spectrometer, experimental oscillator
strengths also were derived. The estimated uncertainty in
the obtained oscillator strengths is ±25% in lines with
high observed intensities and no more than ±40% in the
weakest line observed. From this paper we obtained the
oscillator strengths for matrix element calculations for
two Zr II lines considered. For other transitions, the ma-
trix elements were calculated by the method of Bates &
Damgaard (1949). The line and multiplet factors required
were taken from Shore & Menzel (1968).

The accuracy of the MSE approximation is assumed to
be about ±50% (Dimitrijević & Konjević 1980). In order
to test the MSE method, Dimitrijević & Konjević (1980)
selected experimental data for 36 multiplets (7 different
ion species) of doubly-charged ions and 7 multiplets (4 dif-
ferent ion species) of triply-charged ions and compared
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Table 3. The Stark widths (W ) in rad s−1 per electron for
T = 10 000 K, and constants A0,1 as described in the text

< λ > (nm) logA0 A1 logW

349.89 –3.4651 –0.5113 –5.5097
269.91 –3.3716 –0.5131 –5.4231
266.51 –3.4288 –0.5126 –5.4795
194.43 –3.3171 –0.4526 –5.1323
230.22 –3.2174 –0.4949 –5.1989
212.07 –3.2819 –0.4702 –5.1658
225.29 –3.2556 –0.4539 –5.0764
192.66 –3.2734 –0.4919 –5.2415
179.78 –3.3520 –0.4632 –5.2092
200.26 –3.2911 –0.4907 –5.2563
189.19 –3.3127 –0.4479 –5.1115
214.22 –3.3269 –0.4664 –5.1964
243.94 –3.2671 –0.4933 –5.2419
208.16 –3.3014 –0.4686 –5.1800
227.72 –3.2916 –0.4509 –5.1013
243.74 –3.4409 –0.5145 –5.4989
265.72 –3.4692 –0.5139 –5.5246
266.12 –3.4570 –0.5158 –5.5182
213.25 –3.2539 –0.4910 –5.2184
200.62 –3.3087 –0.4699 –5.1930
225.73 –3.2712 –0.5014 –5.2768
221.66 –3.2745 –0.4613 –5.1197
187.83 –3.3157 –0.4705 –5.2006
209.66 –3.2879 –0.5003 –5.2888
195.30 –3.3070 –0.4738 –5.2060
206.14 –3.2933 –0.4581 –5.1306
209.42 –3.2826 –0.5010 –5.2879
205.91 –3.2867 –0.4592 –5.1296
205.24 –3.2828 –0.4883 –5.2389
195.09 –3.2942 –0.4762 –5.2017

them with theoretical results. The averaged values of the
ratios of measured to calculated widths are as follows: for
doubly-charged ions 1.06±0.32 and for triply-charged ions
0.91±0.42. It was shown in Popović & Dimitrijević (1996c,
1998) that the MSE approach, even in the case of the emit-
ters with very complex spectra (e.g. Xe II and Kr II), gives
very good agreement with experimental measurements (in
the interval ±30%). For example, for Xe II 6s−6p transi-
tions, the averaged ratio between experimental and theo-
retical widths is 1.15±0.5 (Popović & Dimitrijević 1996c).
In Kršljanin & Dimitrijević (1989) Stark shifts for 47 Ar II
multiplets have been calculated within the framework of
the MSE method and compared to selected (Konjević
& Wiese 1976; Konjević et al. 1984) experimental data.
Mean experimental-to-theoretical shift ratio of 1.26±0.34
has been obtained. Generally, if the width and absolute
shift values are comparable, the principal contributions to
the shift will have the same sign and their accuracy will
be similar. If the absolute shift values are considerably
smaller (due to the mutual cancelations of important con-
tributions with different signs), we assume that the error
bars remain±50% of the width value. The Stark shift data
for Zr III are available upon request.

Table 4. Same as in the Table 3, but for two Zr II and four
Zr III astrophysically important UV lines

λ (nm) logA0 A1 log[W (rad s−1)]

Zr II 193.85 –3.5886 –0.4223 –5.2864
Zr II 232.47 –4.0344 –0.4022 –5.6535

Zr III 193.725 –3.7247 –0.5198 –5.8025
Zr III 194.023 –3.7243 –0.5176 –5.7942
Zr III 194.105 –3.7055 –0.5189 –5.7799
Zr III 194.657 –3.7335 –0.5176 –5.8025

3. Results and discussion

The results of our calculations are presented in Tables 1
and 2 (accessible only in electronic form). In Table 1,
the Stark widths calculated for a multiplet as a whole,
and in Table 2 for particular lines within a multiplet,
are given. The data are given for an electron density of
1023 m−3 and temperatures from 5 000 to 50 000 K. The
electron-broadening data are a linear function of electron
density. However, for higher densities, it is advisable to
check whether the considered line is still isolated (Sahal-
Bréchot 1969; Dimitrijević & Sahal-Bréchot 1984), as well
as to verify the influence of Debye shielding (Griem 1974)
and non-ideal plasma effects (Konjević & Uzelac 1990).

For the spectrum synthesis, it is convenient to use
small numbers for the input parameters. We therefore
have fitted each data set from Tables 1 and 2 with the
expression (Popović et al. 1999):

W (rad s−1)
N

= A0 · TA1 , (2)

where

W (rad s−1) =
W (nm)
λ(nm)

· ν(rad s−1),

and ν is the transition frequency. The parameters A0 and
A1 as well as the Stark width W (rad s−1) per electron for
T = 10 000 K are shown in Tables 3 and 4. In Eq. (2) W
is a full width at half maximum (FWHM) expressed in
rad s−1 per electron, and constants A0,1 are determined
numerically from the best fit. Equation (2) may be used to
extrapolate toward higher temperatures. It is not advis-
able to extrapolate toward temperatures lower than those
given in Tables 1 and 2 without checking the validity of
the impact approximation. Moreover, at lower tempera-
tures, the importance of quantum effects increases and the
application of the MSE method (as well as the other semi-
classical, classical or semiempirical methods which neglect
quantum effects) becomes questionable.

We also have analyzed the influence of the electron-
impact broadening mechanism on the equivalent width
and consequently on the determination of zirconium abun-
dance. We investigated the effect of the electron-impact
broadening in the so-called “zirconium conflict” in the
HgMn star χ Lupi. In order to test the importance of
the electron-impact broadening effect in determinations
of zirconium abundance, we synthesized the line profiles
of Zr ii (λ = 193.8 nm and λ = 232.5 nm) and Zr iii
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Fig. 1. The ratio of equivalent widths of: a) Zr II [232.5 nm], b)
Zr II [193.85 nm], c) Zr III [194.1 nm] and d) Zr III [194.0 nm]
lines calculated with Stark broadening effect (EWSt) and with-
out (EW ) as a function of zirconium abundance

(λ = 194.02 nm and λ = 194.10 nm) using SYNTH code
(Piskunov 1992) where the LTE conditions are assumed
and the Kurucz’s atlas9 code for a model of stellar atmo-
sphere (Kurucz 1993) (Teff = 10 000 K and log g = 4.0),
i.e. with the stellar models with similar characteristics as
those of χ Lupi (Teff = 10 650 K and log g = 3.8, see e.g.
Leckrone et al. 1999). We have modified the SYNTH code,
which uses logW ( rad s−1) per electron for T = 10 000 K
as an input parameter, replacing it with the two param-
eters: A0 and A1 from Eq. (2) (see Popović et al. 1999).
We chose these lines because they have been commonly
used for abundance determination, as they have a small
wavelength displacement and are well resolved (Leckrone
et al. 1993).

We have calculated the equivalent widths with and
without the electron-impact broadening effect for different
abundances of zirconium. The ratio of equivalent widths
for the Zr II and Zr III lines considered here, calculated
with and without the electron-impact broadening effect
is presented in Fig. 1. As one can see from Fig. 1, the
electron-broadening effect is more important in the case
of higher abundances of zirconium. The equivalent width
increases with abundances for both lines, but the equiva-
lent widths for Zr III lines are more sensitive than Zr II
lines. This may cause an error in abundance determina-
tion in cases where the electron-impact broadening effect
is not taken into account. In any case, synthesizing of these
two lines in order to measure the zirconium abundance
without taking into account the electron-impact widths
will result in Zr III lines suggesting an abundance of zir-
conium higher than that obtained with the Zr II lines.
However, this effect is less than one order of magnitude of
the abundance.

Although the “zirconium conflict” in the HgMn star χ
Lupi cannot be explained only by this effect, one should
be aware that the electron-impact broadening effect may
cause errors in abundance determination.

In the case of Zr II and Zr III there are no measured
Stark broadening data. Moreover, for Zr III there are no

previously published theoretical electron-impact broaden-
ing parameters. We hope that the Stark broadening data
presented here, as well as consideration of the influence of
the electron-impact broadening mechanism on abundance
determination will be of interest not only for considera-
tion of “zirconium conflict” but also for different problems
in astrophysical and physical plasma investigation and
modeling.
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Popović, L. Č., & Dimitrijević, M. S. 1996a, A&AS, 120, 373
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Abstract. The Stark widths and shifts of 7 doubly ionized oxygen (O III) spectral lines, in five multiplets, have
been measured at electron densities between 1.66 1023 m−3 and 2.80 1023 m−3 and electron temperatures between
17 000 K and 54 000 K in a linear pulsed-arc discharge in N2+ O2 and CO2 plasmas. The above mentioned species
have been calculated using the semiclassical perturbation formalism. Our measured and calculated Stark width
and shift values have been compared to the existing calculated and experimental data.

Key words. lines: profiles – atomic data

1. Introduction

Interest for the doubly ionized oxygen (O III) spectral lines
is in recent years increasing in astrophysics because they
are found in the spectra emitted by various kinds of cos-
mic light sources. In a recent publication by Nelson (2000)
it was found that a relationship exists between nuclear
black hole mass (Mbh) and the O III spectral line widths
for active galactic nuclei (AGNs). In their work, Cuesta
& Phillips (2000) report on observations of the plane-
tary nebula NGC 2440 in the transition O III (436.3 nm
and 500.7 nm). Sako et al. (2000) present a preliminary
analysis of the first high-resolution X-ray spectrum of a
Seyfert 2 galaxy (Markarian 3) and notice that the soft
X-ray emission is spatially extended along the O III ion-
ization cone. Measurements of O III emission in Lyman-
break galaxies (LBGs) have been presented by Teplitz
et al. (2000) where the 500.7 nm line emission character-
istics are used to estimate the star formation rate (SFR)
of the LBGs. del Burgo et al. (2000) have discovered O III
(495.9 nm and 500.7 nm) emission in the inner circumnu-
clear region of the M 31. Furthermore, the O III spectral
line characteristics have been used in order to find nebular
chemical abundances (Oey & Shields 2000; Dopita et al.
2000; Dopita & Sutherland 2000).

Therefore, the knowledge of the O III spectral line
widths and shifts is of interest. If the Stark broadening
is the principal pressure-broadening mechanism in plas-
mas, as e.g. for A and B type stars and white dwarfs,

Send offprint requests to: S. Djeniže,
e-mail: steva@ff.bg.ac.yu

it is possible to obtain the other basic plasma parameters
(Griem 1974, 1997) essential in the modelling of various
plasma compositions and kinetic processes (Lesage 1994;
Zeippen 1995) on the basis of the Stark width and shift
values.

From the first experimental measurement of displace-
ments of O III lines (Pretty 1931), Stark broadening pa-
rameters of O III lines have been measured several times
(Platǐsa et al. 1975; Purić et al. 1988a,b; Blagojević et al.
2000). Theoretically, Stark broadening of O III lines has
been investigated by Subrahmaniam (1968), Hey & Bryan
(1977), Dimitrijević & Konjević (1980, 1981, 1987), Hey
& Breger (1980, 1981) and Dimitrijević (1981, 1988a,b).

We have measured and calculated Stark FWHM
(full-width at half intensity maximum, W ) and shift (d)
of 7 O III spectral lines that belong to the wavelength
range of interest for astrophysical observations. These be-
long to three transitions in 5 multiplets. Stark widths of
3 lines (334.07, 407.39 and 444.78 nm) have not been
measured before (Lesage & Fuhr 1999). Stark shift val-
ues have been measured in only one experiment (Purić
et al. 1988b). Thus, our five d data have not been mea-
sured before. We have calculated W and d values using
the known semiclassical perturbation formalism (SCPF)
(Sahal-Bréchot 1969a,b) updated several times (Sahal-
Bréchot 1974; Fleurier et al. 1977; Dimitrijević & Sahal-
Bréchot 1984; Dimitrijević et al. 1991; Dimitrijević &
Sahal-Bréchot 1996b). It should be pointed out that for
the O III lines Stark shifts no theoretical predictions exist
(Lesage & Fuhr 1999 and references therein).
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Fig. 1. Boltzmann plot in the CO2 plasma

Fig. 2. Temporal evolution of the electron temperature (T ) in
the two different plasma compositions

Our measured and calculated W values have been
compared with existing theoretical (Hey & Bryan 1977;
Dimitrijević & Konjević 1981), experimental (Platǐsa et al.
1975; Purić et al. 1988a; Blagojević et al. 2000) and esti-
mated values (Djeniže et al. 1990; Djeniže & Labat 1996;
Djeniže 2000). Latest values are obtained on the basis of
the regularities of the Stark widths found along the oxygen
isonuclear sequences.

2. Experiment

A modified version of the linear-low pressure pulsed arc
(Djeniže et al. 1992, 1998) has been used as a plasma
source at two different discharge conditions. A pulsed dis-
charge was driven in a quartz discharge tube of 5 mm
inner diameter and effective plasma lengths of 5.8 cm
and 6.3 cm (Fig. 1 in Djeniže et al. 1998). The tube has
end-on quartz windows. On the opposite side of the elec-
trodes the glass tube was expanded in order to reduce
erosion of the glass wall and also sputtering of the elec-
trode material onto the quartz windows. The working gas
was a nitrogen-oxygen mixture (83% N2 + 17% O2) at
70 Pa filling pressure (Experiment a) and CO2 at 133 Pa

Fig. 3. Temporal evolution of the electron density (N) in the
two different plasma compositions

filling pressure (Experiment b) with a constant flux flow-
ing regime. The chosen flux and pressure provide min-
imal self-absorption of the investigated spectral lines.
Spectroscopic observation of isolated spectral lines were
made end-on along the axis of the discharge tube. A ca-
pacitor of 14 µF was charged up to 3.0 kV and 2.8 kV, in
experiments a and b, respectively. The line profiles were
recorded using a step-by-step technique with a photomul-
tiplier (EMI 9789 QB) and a grating spectrograph (Zeiss
PGS-2, reciprocal linear dispersion 0.73 nm/mm in the
first order) system. The system was calibrated by using
the EOA-101 standard lamp. The instrumental FWHM
of 0.008 nm was determined by narrow spectral lines emit-
ted from the hollow cathode discharge. The spectrograph
exit slit (10 µm) with the calibrated photomultiplier was
micrometrically moved along the spectral plane in small
wavelength steps (0.0073 nm). The photomultiplier signal
was digitalized and averaged (five shots at each position)
using an oscilloscope interfaced to a computer. Total line
intensity (I) corresponds to the area under the line profile.

Plasma reproducibility was monitored by the O II and
O III lines and, also, by the discharge current using the
Rogowski coil signal (it was found that the signal is re-
producible within ±3%).

The plasma parameters were determined using stan-
dard diagnostic methods (Rompe & Steenbeck 1967).
Thus, in the case of the Exp. b, the electron temperature
was determined from the Boltzmann plot of twelve O II
lines (394.505; 395.437; 407.216; 407.587; 407.886; 408.512;
409.294; 408.716; 413.281; 432.577; 418.546; 418.979 nm)
within an energy interval of 5.88 eV for corresponding
upper-levels with an estimated error within ±5%, assum-
ing the existence of LTE, according to criterion from
Griem (1974). The Boltzmann plot, as an example, ob-
tained at 15 µs after the beginning of the discharge is
presented in Fig. 1. In the case of Exp. a, the electron
temperature was determined from the ratios of the rela-
tive intensities of 348.49 nm N IV to 393.85 nm N III and
the previous N III to the 399.50 nm N II spectral line,
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assuming the existence of LTE, with an estimated error
of ±12%. The necessary atomic data were taken from the
available literature (Wiese et al. 1966; Lide 1994; NIST
2000; Kurucz 2000). Forms of the electron temperature
decays are presented in Fig 2.

The electron density decay was measured using a well-
established single laser interferometry technique (Ashby
et al. 1965) for the 632.8 nm He-Ne laser wavelength with
an estimated error of ±5%. The electron density decays
are presented in Fig. 3.

3. Stark widths and shifts measurements

The measured profiles were of the Voigt type due to
the convolutions of the Lorentzian Stark and Gaussian
profiles caused by Doppler and instrumental broadening.
For the electron density and temperature in our experi-
ments, the Lorentzian fraction was dominant (over 87%).
van der Waals (Griem 1974) and resonance (Griem 1974)
broadening were estimated to be smaller by more than
one order of magnitude in comparison to Stark, Doppler
and instrumental broadening. The standard deconvolution
procedure (Davies & Vaughan 1963) was computed using
the least squares algorithm. The Stark widths were mea-
sured with ±12% error. Great care was taken to minimize
the influence of self-absorption on Stark width determi-
nation. The opacity was checked by measuring relative
line intensity ratios within the multiplet No. 2 during the
plasma decay. The obtained values were compared with
calculated ratios of the products of the spontaneous emis-
sion probabilities (A) and the corresponding statistical
weights (g) of the upper levels of the lines. The neces-
sary atomic data were taken from Wiese et al. (1966),
Lide (1994) and NIST (2000). It turns out that the exper-
imental relative line intensity ratios are constant during
the whole plasma decay period, testifying to the absence
of self-absorption and agree, within ±11% accuracy, with
calculated relative intensity ratio values.

The Stark shifts were measured using the well-known
method based on the line center position observations dur-
ing the whole plasma decay period (Djeniže et al. 1998 and
references therein). The Stark shift data were corrected
for the electron temperature decay (Popović et al. 1992).
Stark shift data are determined with a ±0.0008 nm error
at a given N and T .

4. Method of calculation

The semiclassical perturbation formalism, as well as the
corresponding computer code (Sahal-Bréchot 1969a,b),
have been updated and optimized several times (Sahal-
Bréchot 1974; Fleurier et al. 1977; Dimitrijević & Sahal-
Bréchot 1984; Dimitrijević et al. 1991; Dimitrijević &
Sahal-Bréchot 1996b). The calculation procedure, with
the discussion of updatings and validity criteria, has
been briefly reviewed e.g. in Dimitrijević & Sahal-Bréchot
(1996a,b) so that only the basic details of calculations

will be presented here. Stark full width (W ) at the inten-
sity half maximum (FWHM) and shift (d) of an isolated
spectral line may be expressed as (Sahal-Bréchot 1996a,b;
Fleurier et al. 1977):

W = N

∫
vf(v)dv(

∑
i′ 6=i

σii′(v) +
∑
f ′ 6=f

σff ′(v) + σel) +WR

d = N

∫
vf(v)dv

∫ RD

R3

2πρdρ sin 2φp (1)

where N is the electron density, f(v) the Maxwellian ve-
locity distribution function for electrons, ρ denotes the
impact parameter of the incoming electron, i and f de-
note the initial and final atomic energy levels, and i′, f ′

their corresponding perturber levels, while WR gives the
contribution of the Feshbach resonances (Fleurier et al.
1977). The inelastic cross section σj,j′(v) can be expressed
by an integral over the impact parameter of the transition
probability Pjj′ (ρ, v) as

∑
j′ 6=j

σjj′(v) =
1
2
πR1

2 +
∫ RD

R1

∑
j 6=j′

Pjj′ (ρ, v), j = i, f (2)

and the elastic cross section is given by

σel = 2πR2
2 +

∫ RD

R2

8πρdρ sin2 δ

δ = (φ2
p + φ2

q)1/2. (3)

The phase shifts φp and φq due respectively to the polar-
ization potential (r−4) and to the quadrupolar potential
(r−3), are given in Sect. 3 of Chap. 2 in Sahal-Bréchot
(1969a). RD is the Debye radius. All the cut-offs R1, R2,
R3 are described in Sect. 1 of Chap. 3 in Sahal-Bréchot
(1969b). For electrons, hyperbolic paths due to the attrac-
tive Coulomb force were used, while for perturbing ions
the paths are different since the force is repulsive. The
formulae for the ion-impact widths and shifts are analo-
gous to Eqs. (1–3), without the resonance contribution to
the width. The difference in calculation of the correspond-
ing transition probabilities and phase shifts as functions of
the impact parameter in Eqs. (2) and (3) is in the ion per-
turber trajectories which are influenced by the repulsive
Coulomb force, instead of an attractive one as for elec-
trons. Atomic energy levels have been taken from Moore
(1985).

The contribution of ion impact widths and shifts to the
total line widths and shifts can be neglected since our re-
sults for T = 20 000 K are two order of magnitude smaller.

5. Results

Our measured Stark FWHM (Wm) and shift (dm) values
at various electron temperatures (T ) and densities (N)
together with other authors data are given in Table 1.
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Table 1. Measured Stark FWHM (Wm) and shift (dm) values for the O III spectral lines at observed electron temperatures
(T ) and densities (N). a, this work; b, Platǐsa et al. (1975); c, Purić et al. (1988a); d, Purić et al. (1988b) and e, Blagojević
et al. (2000). Wm/Wth represents the ratio between measured and our calculated (SCPF) values taken from Table 2

Transition Multiplet λ T N Wm dm Wm/Wth Ref.

(nm) (104 K) (1023 m−3) (pm) (pm)

2p3s − 2p (2P0) 3p 3P0−3D 375.47 5.40 2.80 38 0.0 0.85 a
(2) 2.59 0.52 7.6 0.69 b

1.83−1.99 0.33−0.47 7.5−9.1 0.87−0.78 e
375.72 5.40 2.80 40 0.0 0.90 a

3P0−3 S 334.07 5.40 2.80 26 0.0 0.74 a
(3)

1P0−1 D 298.38 1.70 1.87 39.6 1.12 a
(6)

1.78 1.96 39.4 1.10 a
1.83 1.82 38.9 1.19 a
1.90 1.66 38.0 0.9 1.33 a
5.40 2.80 34.0 0.0 1.10 a
4.25 2.18 27.4 0.0 1.07 c,d

2s2p23s′−2s2p2(4P)3p′ 3P−3D0 407.39 1.83 1.82 52.2 0.84 a
(23) 1.90 1.66 51.2 0.84 a

408.11 1.70 1.78 53.2 0.84 a
1.78 1.96 57.1 0.84 a
1.83 1.82 58.9 0.95 a
1.90 1.66 59.7 −1.3 1.10 a
4.25 2.18 59.0 0.0 1.17 c,d

2p23p′−2p23d′ 3S0−3P 444.78 5.40 2.80 94.0 0.0 1.32 a
(33)

Our calculatedW and d data at 1023 m−3 electron den-
sity are given in Table 2 for the mean wavelength< λ > in
the multiplet. The width and shift of each multiplet com-
ponent can by easily evaluated if one takes into account
that the W and d are proportional to λ2.

6. Discussion

In order to compare measured and calculated Stark
FWHM and shift values, the theoretical Stark FWHM
and shift dependences on the electron temperature, to-
gether with the values of other authors and our exper-
imental results, at an electron density of 1023 m−3 are
presented graphically in Figs. 4 and 5.

The first O III W values were calculated on the ba-
sis of various approximations initiated by Griem (1974);
Hey & Bryan (1977) and Dimitrijević & Konjević (1980).
Thus, SE and SEM denote the results of semi-empirical
(Griem 1968) and modified semi-empirical predictions us-
ing Eqs. (4), (5) and Eqs. (7)–(10), respectively from
Dimitrijević & Konjević (1981). G and GM denote W val-
ues obtained on the basis of the simplified semiclassical
method (Griem 1974). For the GM values the low temper-
ature part is modified (Dimitrijević & Konjević 1980). The
estimated W values, based on the obtained regularities of

the Stark FWHM along an oxygen isonuclear sequences
(INS), have been taken from Djeniže (1990, 1996, 2000).

On the basis of the Tables 1, 2, and Fig. 4 one can
conclude that our measured (Wm) and calculated (SCPF)
Stark FWHM values are in satisfactory mutual agree-
ment (within ±13% in average). We notice, also, fair
agreement between Wm and WG and WINS values. Values
W measured earlier (Purić et al. 1988a; Blagojević et al.
2000) agree, also, with WSCPF, WG and WINS calculated
values within the accuracy of experiments (up to ±15%)
and uncertainties of the approximations (up to ±30%).

Our calculated Stark shift values are small and have a
negative sign. The measured dm values are, in most of the
cases (see Table 2), equal to zero. The only exception is the
408.11 nm O III line which we have measured and, also, it
has a calculated shift different from zero. It turns out that
the calculated d values of the particular wavelengths are
approximately constant over a wide range of the electron
temperatures from 20 000 K up to 500 000 K.

7. Conclusion

We have found very good agreement (within ±10%) be-
tween measured, calculated and estimated Stark FWHM
values in the cases of the O III wavelengths that belong to
the multiplets Nos. 2, 6 and 23. These facts allow us to
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Fig. 4. Stark FWHM (W in 0.1 nm) dependence on the elec-
tron temperature (T ) for the most investigated O III spectral
lines belonging to various transitions at 1023 m−3 electron den-
sity. SCPF, our calculations by using the semiclassical pertur-
bation formalism. •, our experimental results and those of other
authors: 4, Platǐsa et al. (1975); �, Purić et al. (1988a); ∇,
Blagojević et al. (2000). SE, SEM, G and GM denote theoreti-
cal W values (see text). +, calculations by Hey & Bryan (1977).
INS denote estimated W values (Djeniže et al. 1990; Djeniže &
Labat 1996; Djeniže 2000). The error bars include the uncer-
tanties of the width and electron density measurements. < λ >
is the mean wavelength in the multiplet

Table 2. Electron Stark FWHM (W in pm) and shift (d in
pm) calculated by using the semiclassical perturbation formal-
ism (SCPF) (Eqs. (1)–(3)) at 1023 m−3 electron density and
various electron temperatures (T in 104 K). < λ > is the mean
wavelength (in nm) in the multiplet. Negative shift is toward
the blue

Transition Multiplet < λ > T W d

2p3s− 3P0−3D 376.34 1 34.6 −0.280
2p(2P0)3p (2) 2 24.6 −0.572

5 16.2 −0.502
10 12.6 −0.639
20 10.2 −0.572
30 9.18 −0.554
50 8.12 −0.532

3P0−3S 332.76 1 27.1 −0.192
(3) 2 19.3 −0.396

5 12.8 −0.345
10 9.90 −0.436
20 8.06 −0.394
30 7.26 −0.383
50 6.44 −0.369

1P0−1D 298.47 1 23.1 −0.127
(6) 2 16.6 −0.141

5 11.2 −0.198
10 8.81 −0.229
20 7.25 −0.229
30 6.56 −0.228
50 5.83 −0.214

2s2p23s′− 3P−3D0 408.22 1 45.2 −0.778
2s2p2(4P)3p′ (23) 2 32.1 −0.906

5 21.5 −0.873
10 16.9 −0.982
20 13.8 −0.924
30 12.4 −0.891
50 11.0 −0.840

2p23p′− 3S0−3P 411.08 1 44.9 0.072
2p23d′ (33) 2 32.5 −0.608

5 22.0 −0.464
10 17.3 −0.684
20 14.2 −0.511
30 12.9 −0.492
50 11.6 −0.470

recommend these lines (375.47 nm, 375.72 nm, 298.38 nm;
407.39 nm and 408.11 nm) for plasma diagnostics as lines
with convenient Stark FWHM data. Because the found
Stark shift values are very small, and show negligible de-
pendence on the electron temperature, these can be used,
also, for diagnostic purposes as data independent of the
self-absorption in the optically thick astrophysical
plasmas.
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Fig. 5. Stark shift (d in 0.1 nm) dependence on the electron
temperature (T ) for the O III spectral lines belonging to var-
ious transitions at 1023 m−3 electron density. SCPF, our cal-
culations by using the semiclassical perturbation formalism. •,
our experimental results and those of other authors: �, Purić
et al. (1988b). The error bars include the uncertanties of the
shift and electron density measurements. < λ > is the mean
wavelength in the multiplet
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67, 9

Cuesta, L., & Phillips, J. P. 2000, ApJ, 543, 754
Davies, J. I., & Vaughan, J. M. 1963, ApJ, 137, 1302
del Burgo, C., Mediavilla, E., & Arribas, S. 2000, ApJ, 540,

741
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Abstract. Stark shifts (d) and transition probabilities of the spontaneous emission (Einstein’s A values) of forty
two singly charged neon (Ne ii) ion spectral lines have been measured in a linear, low pressure, pulsed arc at
35 300 K electron temperature and 1.83 × 1023 m−3 electron density. Transition probabilities have been obtained
using the relative line intensity ratio (RLIR) method. Stark shift values have also been calculated, using the
semiclassical perturbation formalism (SCPF). The measured and calculated shift values and the measured A
values have been compared to the existing data taken from available data sources.

Key words. atomic data – radiation mechanisms: general – methods: laboratory

1. Introduction

Atomic data such as Stark widths (W ) and shifts (d)
and transition probabilities (A) play an important role
in the diagnostics and modelling of various cosmic and
laboratory plasmas (Griem 1964; Wiese 1968; Rompe &
Steenbeck 1967; Griem 1974; Wiese et al. 1966; Griem
1997). The basic plasma parameters such as electron tem-
perature (T ) and density (N) may be obtained on the
basis of the known d and W values. However, various op-
tical depths of the emitting plasma may result in self-
absorption influencing the line width value (screening the
Stark contribution). Thus, Stark shifts independent of self-
absorption are more reliable and consequently more inter-
esting for diagnostic purposes. On the other hand, various
kinetic processes appearing in plasma modelling require
reliable knowledge of the A values (Griem 1997; Lesage &
Fuhr 1999; Zeippen 1995). Furthermore, knowledge of the
A values gives the possibility to determine the (B) coef-
ficients which characterize the absorption and stimulated
emission. These processes are also important in the laser
physics and astrophysics.

Neon is the most abundant element in the Universe
after H, He, O and C and it is one of products of hy-
drogen and helium burning in orderly evolution of stel-
lar interiors (Trimble 1991). After the hydrogen, helium
and carbon-burning periods, in massive stars neon burning

Send offprint requests to: V. Milosavljević,
e-mail: vladimir@ff.bg.ac.yu

starts. Neon also occurs in supernovae ejecta (Thieleman
et al. 1986). After the earlier investigation of Ne ii Stark
shifts (Pretty 1931; Maissel 1959; Mandel’shtam 1962;
Mandel’shtam et al. 1963; Mazing & Vrublevskaya 1962)
the first measurements of d values at convenient plasma
parameters (T and N) were performed in only one ex-
periment (Purić et al. 1987). In this experiment (Purić
et al. 1987) d values of 18 Ne ii spectral lines from 13 mul-
tiplets were measured at 35 000 K electron temperature
and 1.42 × 1023 m−3 electron density.

Unique theoretical calculations, made on the basis of
the semiclassical (G) approximation (Griem 1974), are
performed up to T = 40 000 K only for seven Ne ii mul-
tiplets (4P–4P0, 4P–4D0 and 2P–2D0 in transition 3s–3p;
4P0–4D, 2D0–2F, 2S0–2P and 4S0–4P in transition 3p–3d).

We have measured Stark shift values of 42 Ne ii spec-
tral lines that belong to 23 multiplets and calculated Stark
shift values for 22 multiplets. Shift values of 30 lines were
not known before. Measurements were realized at plasma
parameters of T = 35 300 K and N = 1.83 × 1023 m−3.
Our N value is about 30% higher than those in the ex-
periment of Purić et al. (1987) giving a higher accuracy
of the determined d values. The known semiclassical per-
turbation formalism (SCPF), updated several times, has
been used for the calculations of d values.

Existing measured and calculated Ne ii A values are
collected in a number of articles (Wiese et al. 1966; NIST
2001; Kurucz 2001; Burshtein & Vujnović 1991; Blackford
& Hibbert 1994; Griesmann et al. 1997; Fischer & He
1999; Zeippen 1995). Existing transition probability values
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of the spontaneous emission (Einstein’s A values) corre-
sponding to the Ne ii transitions investigated have also
been checked using the known relative line intensity ratio
(RLIR) method described in Djeniže & Bukvić (2001). It
was found that 32 A values of the investigated 41 transi-
tions need a correction.

2. Experiment

A modified version of the linear low-pressure pulsed arc
(Djeniže et al. 1991; Djeniže et al. 1992; Djeniže et al.
1998; Milosavljević et al. 2000) has been used as an opti-
cally thin plasma source. A pulsed discharge was driven in
a quartz discharge tube of 5 mm inner diameter and effec-
tive plasma length of 7.2 cm (Fig. 1 in Djeniže et al. 1991;
Djeniže et al. 1998). The tube has end-on quartz windows
on the side of the spectrograph. On the opposite side of
the electrodes the glass tube was expanded in order to re-
duce erosion of the glass wall and also sputtering of the
electrode material onto the quartz windows. The working
gas was pure neon at 133 Pa filling pressure in the flow-
ing regime. Spectroscopic observations of isolated spectral
lines were made along the axis of the discharge tube. A ca-
pacitor of 14 µF was charged up to 2.5 kV. The line profiles
were recorded using a step-by-step technique with a pho-
tomultiplier (EMI 9789 QB) and a grating spectrograph
(Zeiss PGS–2, reciprocal linear dispersion 0.73 nm/mm
in the first order) system. The system was calibrated by
using an EOA–101 standard lamp located at 40 cm dis-
tance from the spectrograph input slit. The instrumen-
tal FWHM of 0.008 nm was determined by using the
narrow spectral lines emitted by the hollow cathode dis-
charge. The recorded profiles of these lines are Gaussian
in shape to within 8% accuracy within the wavelength
range of the investigated spectral lines. The spectrograph
exit slit (10 µm) with the calibrated photomultiplier was
micrometrically moved along the spectral plane in small
wavelength steps (0.0073 nm). The averaged photomul-
tiplier signal (five shots at the same spectral range) was
digitalized using an oscilloscope, interfaced to a computer.
All spectral line profiles were recorded at the same detec-
tion conditions. A sample output, as example, is shown in
Fig. 1.

Plasma reproducibility was monitored by the Ne ii line
radiation and by the discharge current (it was found to
be within ±3%). The discharge characteristics were de-
termined by analyzing the Rogowski coil signal. The val-
ues found were: discharge current = 2.95 kA, discharge
period = 70 µs, thermal resistance = 0.44 Ω, and decre-
ment = 2.6.

The measured profiles were of the Voigt type due to
the convolution of the Lorentz, Stark, and Gaussian pro-
files with Doppler and instrumental broadening. For the
electron density and temperature of our experiments the
Lorentz fraction in the Voigt profile was dominant (over
88%). Van der Waals and resonance broadening were esti-
mated to be smaller by more than one order of magnitude

Fig. 1. Recorded spectrum with several investigated Ne ii lines.

in comparison to Stark, Doppler and instrumental broad-
ening. The standard deconvolution procedure (Davies &
Vaughan 1963; Milosavljević & Poparić 2001) was comput-
erized using a least squares algorithm. Total line intensity
(I) corresponds to the area under the line profile. One
can notice, see Fig. 1, that the investigated spectral lines
are well isolated while the continuum is close to the zero
value within the same range of wavelengths. These facts
are important for accurate determination of the total line
intensities and the values are very convenient as they in-
crease the reliability of the results. Great care was taken to
minimize the influence of self-absorption on the total line
intensity determination. The opacity was checked by mea-
suring relative line intensity (I) ratios within the low lying
multiplets (Nos. 1, 2 and 7) in the Ne ii spectrum dur-
ing the decaying plasma. Absence of the self-absorption
would cause constant relative line intensity ratio (Djeniže
& Bukvić 2001). This is fullfilled in the case of the low
lying multiplets within ±5% (see Fig. 4). Therefore, the
influence of the self-absorption on the total line intensity
values for Ne ii lines can be neglected.

Basic investigations were made of the electrical and
optical characteristics of the part of the discharge chan-
nel connecting the narrow linear tube and the electrodes.
We have inspected the shape of the discharge using a low
current DC discharge. We found that the diameter of the
discharge channel outside the narrow tube is about three
times wider than in the tube and the discharge channel
is bent toward the electrodes. Therefore, the current den-
sity is approximately 10 times lower than in the tube. We
also found that the brightness of the narrow tube is nearly
10 times higher than outside the tube. In the pulsed regime
the shape of the discharge was checked photographically
and we found that the shape does not change with respect
to that of the DC discharge. Taking into account these
measurements we estimated that the density of the radia-
tion coming from outside the narrow tube is on average at
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least 5 to 10 times lower than the radiation density com-
ing from the tube. We also estimated that the length of
the discharge outside the tube, contributing to the light
captured by the spectrograph, does not exceed 10 mm i.e.
it is 7 times shorter than the tube. Therefore, the overall
contribution of the light coming from the discharge out-
side the narrow tube is 1.5%–3% of the total intensity.
Thus, the line profile is “spoiled” by the same amount
by an unknown profile coming from the part which con-
nects the linear tube to the electrodes. Fluctuations of the
light intensity in the shot-by-shot technique that we have
applied are of the order of 3%–5% if the lines under con-
sideration originate from buffer gas, or up to 20% if the
spectral lines originate from sputtered material. So it can
be concluded that the contribution of the “cold” plasma
is masked by the uncertainty caused by fluctuations of
the plasma source. The “effective length” is related to the
interferometric measurements. It is a few percent longer
than the geometrical length of the tube due to the fact
that plasma is not restricted just to the area inside the
narrow tube. The value of the “effective length” is esti-
mated on an empirical basis. The effective plasma length
used can be treated as optically thin for the Ne ii lines
under investigation.

The plasma parameters were determined using stan-
dard diagnostic methods (Griem 1964; Wiese 1968; Rompe
& Steenbeck 1967). Thus, the electron temperature (T )
was determined from the Boltzmann plot of the relative
intensities of Ne ii spectral lines. First, this was done
for 14 Ne ii lines (331.98 nm, 336.06 nm, 337.18 nm,
341.48 nm, 341.69 nm, 341.77 nm, 350.36 nm, 356.83 nm,
366.41 nm, 369.42 nm, 429.04 nm, 439.19 nm, 440.93 nm
and 441.32 nm) within an energy interval of 7.13 eV for
corresponding upper-levels, assuming the existence of lo-
cal thermodynamic equilibrium (LTE), according to the
criterion in Griem (1964). All necessary atomic data were
taken from Wiese et al. (1966) and Striganov & Sventickij
(1966). The electron temperature obtained at 17 µs after
the beginning of the discharge was 34 500 K ± 6%. Second,
it was done for all investigated (41 Ne ii) lines, within an
energy interval of 7.45 eV, using our new A values. At
17 µs after the beginning of the discharge we found an
electron temperature of 35 300 K ± 3%. It turns out that
the fitting correlation factor was excellent (0.997).

As an example, the Boltzmann plot obtained at 17µs
after the beginning of the discharge is presented in Fig. 2.
The electron temperature decay is presented in Fig. 3,
together with the electron density (N) decay. The latter
was measured using the well-known single laser interfer-
ometry technique (Ashby et al. 1965) for the 632.8 nm
He-Ne laser wavelength with an estimated error of ±4%
(this corresponds to 1/4 fringe uncertainty on a total of 7
fringes). The electron density decay is presented, also, in
Fig. 3. Taking into account the temporal dependence of T
and N and the criteria for the existence of LTE (Griem
1964; Hey 1976), we can conclude that relevant Ne ii ion
level populations remain in LTE up to 50 µs after the
beginning of the discharge.

Fig. 2. Boltzmann plot.

Fig. 3. Temporal evolution of the electron temperature (T )
and electron density (N) during plasma decay.

At 17 µs after the beginning of the discharge, when
the shifted Ne ii spectral line profile center positions were
monitored, the electron temperature found was 35 300 K
and the electron density 1.83 × 1023 m−3.

2.1. Stark shift measurements

The Stark shifts were measured relative to the unshifted
spectral lines emitted by the same plasma (Milosavljević
et al. 2000 and references therein). The Stark shift of A
spectral line can be measured experimentally by evaluat-
ing the position of the spectral line center (Xc) recorded at
two different electron density values during plasma decay.
In principle, the method requires recording the spectral
line profile at the high electron density (N1) that causes
an appreciable shift and then later when the electron con-
centration has dropped to a value (N2) lower by at least
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an order of magnitude. The difference of the line center
positions in these two cases is ∆d, so that the shift d1 at
the higher electron density N1 is:

d1 = N1 ·∆d/(N1 −N2). (1)

The Stark shift data were corrected for the electron tem-
perature decay (Popović et al. 1992). Stark shift data are
determined with ±0.0008 nm error at a given N and T .

2.2. Transition probability measurements

Transition probabilities of spontaneous emission of
41 transitions in the Ne ii spectrum have been obtained
using the RLIR method (Djeniže & Bukvić 2001). The to-
tal line intensities (I) have been measured with high accu-
racy (3%–5%) using the step-by-step technique (described
above) for the line profiles recording. In the case when
plasma remains at LTE the well-known formula (Griem
1974):

(I1/I2)EXP = (A1g1λ2/A2g2λ1)exp(∆E21/kT ), (2)

can be used for a comparison between measured relative
line intensity ratios and corresponding calculated values,
taking into account the validity of the Boltzmann distri-
bution for the population of the excited levels in emitters.
In this expression I denotes the measured relative inten-
sity, λ the wavelength of the transition, A the transition
probability of the spontaneous emission, E the excitation
energy from the ground energy level, and g the correspond-
ing statistical weight. T is the electron temperature of the
plasma in LTE and k is the Boltzmann constant. In the
case where the spectral lines to be compared belong to
the same multiplet, Eq. (2) can be re-written in the form:

(I1/I2)EXP = A1g1/A2g2, (3)

due to the very small difference between excitation ener-
gies and wavelengths related to the compared lines. Eq. (3)
provides a possibility for checking the existing A values as-
sociated with the transitions within a multiplet.

We found that the experimental ratios are constant
(within ≈±5%) within the same multiplet during the
plasma decay. This offers the possibility to use the com-
parison between measured and calculated relative line in-
tensity ratios as a method (Djeniže & Bukvić 2001) for
estimating the transition probabilities relative to the A
value selected as reference.

The choice of the A reference value is important, but
it is not crucial. In fact, the information contained in the
ratios of relative line intensities is essential. In this paper
we have taken the transition probabilities of the most in-
tensive lines (333.487 nm and 303.448 nm) as the reference
values. There are two practical reasons for such a choice.
First, the transition probability values for these lines have
remained unchanged for many years in NIST (NBS) (NIST
2001) and in the tables in Wiese et al. (1966). Second,
due to their high intensity, measurements related to these

lines are most reliable. Using the Eqs. (2) and (3) we found
that 32 of the existing A values (NIST) in the investigated
Ne ii transitions need corrections which are, in most of the
cases, within the given uncertainties (NIST) of these lines.

3. Method of calculation

The semiclassical perturbation formalism, as well as
the corresponding computer code (Dimitrijević & Sahal–
Bréchot 1996a,b), have been updated and optimized sev-
eral times (Sahal–Bréchot 1974; Fleurier et al. 1977;
Dimitrijević & Sahal–Bréchot 1984; Dimitrijević et al.
1991; Dimitrijević & Sahal–Bréchot 1996b). The calcula-
tion procedure, with a discussion of updating and valid-
ity criteria, has been briefly reviewed (e.g. in Dimitrijević
& Sahal–Bréchot 1996a,b), so that only the basic de-
tails of the calculations will be presented here. The
Stark full width (W ) at the intensity half maximum
(FWHM) and the shift (d) of an isolated spectral line may
be expressed as (Dimitrijević & Sahal–Bréchot 1996a,b;
Fleurier et al. 1977)

W = N

∫
vf(v)dv

∑
i′ 6=i

σii′(v)

+
∑
f ′ 6=f

σff ′(v) + σel

+WR

d = N

∫
vf(v)dv

∫ RD

R3

2πρdρ sin 2φp, (4)

where N is the electron density, f(v) is the Maxwellian
velocity distribution function for electrons, ρ denotes the
impact parameter of the incoming electron, i and f de-
note the initial and final atomic energy levels, and i′, f ′

their corresponding perturbing levels, while WR gives the
contribution of the Feshbach resonances (Fleurier et al.
1977). The inelastic cross section σj,j′(v), j = i, f can be
expressed by an integral over the impact parameter of the
transition probability Pjj′ (ρ, v) as

∑
j′ 6=j

σjj′(v) =
1
2
πR1

2 +
∫ RD

R1

∑
j 6=j′

Pjj′ (ρ, v), j = i, f (5)

and the elastic cross section is given by

σel = 2πR2
2 +

∫ RD

R2

8πρdρ sin2 δ

δ = (φ2
p + φ2

q)1/2. (6)

The phase shifts φp and φq due respectively to the polar-
ization potential (r−4) and to the quadripolar potential
(r−3), are given in Sect. 3 of Chapter 2 in Sahal–Bréchot
(1969a). RD is the Debye radius. All the cut-offs R1, R2,
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R3 are described in Sect. 1 of Chapter 3 in Sahal–Bréchot
(1969b). For electrons hyperbolic paths due to the attrac-
tive Coulomb force were used, while for perturbing ions
the paths are different since the force is repulsive. The for-
mulae for the ion-impact widths and shifts are analogous
to Eqs. (4)–(6) , without the resonance contribution to the
width. The difference in calculation of the corresponding
transition probabilities and phase shifts as functions of the
impact parameter in Eqs. (5)–(6) is in the ion perturber
trajectories which are influenced by the repulsive Coulomb
force instead of an attractive one as for electrons.

Atomic energy levels not existing (or revised) in
(Moore 1971; Bashkin & Stoner 1978) have been taken
in (Quinet et al. 1994). It should be mentioned that the
Ne ii spectrum is not well determined experimentally so
that the set of experimental perturbing atomic energy lev-
els needed for a semiclassical perturbation method calcu-
lation with the usual average accuracy of ±30%, is not
complete.

4. Results

4.1. Stark shift

The results of the measured Stark shift (dm) values at
electron temperature T = 35 300 K and electron density
1.83 × 1023 m−3 are shown in Table 1.

Our calculated Stark shift values are presented in
Table 2.

4.2. Transition probabilities

We have monitored the ratios (I1/I2)EXP for spectral lines
that belong to the same multiplet in a wide range of the
decaying plasma up to the moment when the line intensity
maximum dropped down to 8% of its maximal value. We
have found that these experimental ratios are constant to
within ±5% during the plasma decay. This suggests that
the comparison between the measured and calculated rel-
ative line intensity ratios can be used as a method for
estimating the transition probabilities relative to the se-
lected reference A values. We suppose that there is at
least one pair of lines, belonging to the same multiplet,
for which measured and calculated relative line intensity
ratios are in agreement (to within the accuracy of the
measurements) during the whole plasma decay period. If
such agreement really exist one can accept these lines, with
the corresponding transition probabilities, as the reference
lines. Among the lines that we have investigated such be-
havior is found for the 333.487 nm and 332.716 nm lines
in multiplet No. 2 and for the 303.448 nm and 303.773 nm
lines in multiplet No. 8. These facts allow us to conclude
that the existing transition probability values of the strong
333.487 nm and 303.448 nm Ne ii lines can be used as ref-
erence A values.

As an example, relative line intensity ratios measured
for the lines within the same multiplet, as an example, are
presented in the Fig. 4.

Fig. 4. Relative line intensity ratios (I1/I2) within the mul-
tiplets. • our experimental values during the plasma decay.
Theoretical values (Eq. (3)): (- - -) W, from Wiese et al. (1966);
(- · -) N, from NIST (2001); (· · ·) K, from Kurucz (2001) and
(—) EXP, calculated with our experimentally obtained A val-
ues from Table 1. The error bars represent ±8% uncertainties.
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Table 1. Our measured Stark shift (dm) values for the Ne II spectral lines at 35 300 K electron temperature and 1.83 × 1023 m−3

electron density. Positive shift is toward the red. Aexp (in 108 s−1) represent our measured transition probability values. AW,
AN, AK, AGMW and ABV denote values taken from Wiese et al. (1966), NIST (2001), Kurucz (2001), Griesmann et al. (1997)
and Burshtein & Vujnović (1991), respectively (also in 108 s−1).

Transition Multiplet λ (nm) E (eV) g dm (pm) Aexp AW AN AK AGMW ABV

3s–3p 4P–4P0 369.419 30.52 6 −0.7 1.13± 10% 0.96 1.0 1.002 0.947 0.870
(1) 366.411 30.55 4 −0.2 0.74± 10% 0.67 0.70 0.6822 0.553 0.560

4P–4D0 333.487 30.88 8 −0.6 1.80± 10% 1.8 1.8 1.839
(2) 336.063 30.96 4 0.0 0.90± 10% 0.73 0.82 0.8298

332.716 30.95 4 −0.8 0.90± 10% 0.98 0.91 0.9499
4P–4S0 300.166 31.36 4 −0.8 0.80± 16% 0.78 0.87 0.8853 0.763 0.690

(4) 302.886 31.36 4 0.0 0.61± 16% 0.57 0.47 0.4669 0.420 0.420
2P–2D0 372.708 31.18 4 −2.5 1.26± 16% 1.0 0.98 1.146 0.870 0.800

(5)
2P–2P0 332.375 31.51 4 0.0 1.45± 10% 1.4 1.6 1.408 1.350 1.280

(7) 337.828 31.53 2 0.0 1.58± 10% 1.3 1.7 1.533 1.620 1.350
3s′–3p′ 2D–2F0 356.853 34.02 8 −0.6 2.36± 16% 1.3 1.4 1.534

(9)
2D–2P0 331.975 34.28 2 −1.0 2.10± 16% 1.7 1.6 1.701

(10)
3p–3d 4P0–4D 303.448 34.61 8 0.0 3.10± 10% 3.1 3.1 2.797 2.700

(8) 302.704 34.62 6 0.4 1.44± 10% 1.51 1.4 1.33
303.773 34.63 4 0.2 2.10± 10% 2.0 2.1 1.848

4D0–4D 332.920 34.61 8 0.8 1.00± 16% 0.87 0.88 0.9039 0.858
(12) 335.790 34.62 6 1.4 0.66± 16% 0.55 0.50 0.5541

332.029 34.62 6 − 0.40± 16% 0.13 0.21 0.2106
337.410 34.63 4 3.1 0.38± 18% 0.38 0.30 0.3432
336.289 34.64 2 0.9 −
337.939 34.64 2 2.5 0.31± 20% 0.35 0.30 0.3127

2D0–2F 341.771 34.75 8 2.4 1.65± 16% 2.0 1.6 1.457
(20) 341.482 34.81 6 3.1 0.70± 16% 0.41 0.018 0.3972

2D0–2D 341.682 34.75 6 4.2 0.85± 16% 0.67 0.64 0.3877
(21)

2D0–4P 337.187 34.86 6 0.7 0.35± 18% 0.12 0.22 0.7586
(22)

2S0–2P 350.361 34.88 2 0.0 2.55± 16% 1.9 2.0 2.207
(28)

2P0–2P 369.709 34.88 2 − 0.29± 18% 0.34 0.28 0.2495
(41) 362.806 34.93 4 3.5 0.40± 18% 0.57 0.60 0.5158

4S0–2D 365.993 34.75 6 4.0 0.14± 18% 0.11 0.067 0.0629
(33) 363.275 34.77 4 6.9 0.23± 18% 0.09 0.13 0.3903

4S0–4F 357.126 34.83 6 2.9 0.84± 16% 0.43 0.63 0.9687
(31)

4S0–4P 356.584 34.84 4 2.2 0.84± 16% 0.82 0.62 0.1895
(34)

3p′–3d′ 2P0–2D 333.612 37.97 4 1.3 1.20± 16% − 1.10 0.9316
3p–4s 2P0–2P 337.728 35.20 2 5.4 0.64± 20% − − 0.6851

4D0–4P 303.965 34.96 6 6.4 0.93± 16% − − 1.319 0.609
303.598 35.01 4 2.0 1.29± 16% − − 1.04
303.079 35.05 2 − 1.45± 16% − − 0.8506

4P0–4P 278.002 35.01 4 − 0.14± 20% − − 0.1299
3d–4f 4F–4F0 439.194 37.62 10 −7.2 2.68± 10% 2.2 0.24 2.395

(56) 440.930 37.65 8 −5.5 2.10± 10% 2.0 − 2.163
4F–4G0 429.040 37.62 12 −3.3 2.56± 10% 2.5 2.5 2.448

(57) 441.320 37.64 6 −14.9 2.25± 10% 2.0 2.0 1.477

Our measured transition probability values (Aexp)
are presented in Table 1 together with A values taken
from various theoretical (Wiese et al. 1966; NIST 2001;
Kurucz 2001) and experimental data sources (Burshtein
& Vujnović 1991; Griesmann et al. 1997).

5. Discussion

5.1. Stark shift

In order to make easier the comparison between measured
and calculated Stark shift values, the theoretical Stark
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Table 2. Electron Stark shift (d in pm) calculated by using the semiclassical perturbation formalism (SCPF) [Eqs. (4)–(6)] for

the Ne II spectral lines at 1023 m−3 electron density and for electron temperatures from 5000 K up to 100 000 K.
−
λ is the mean

wavelength in the multiplet. Positive shift is toward the red.

Transition
−
λ (nm) T (104 K): 0.5 1 2 3 5 10

3s 4P–3p 4P0 372.51 0.003 −0.365 −0.480 −0.432 −0.543 −0.455
3s 4P–3p 4D0 334.33 −0.035 −0.136 −0.187 −0.178 −0.216 −0.189
3s 4P–3p 4S0 298.83 −0.039 0.021 0.052 0.049 0.065 0.037
3s 2P–3p 2D0 371.41 −0.113 −0.287 −0.394 −0.379 −0.455 −0.381
3s 2P–3p 2P0 334.27 −0.107 −0.058 −0.047 −0.032 −0.036 −0.060

3s′ 2D–3p′ 2F0 357.21 −0.128 −0.246 −0.332 −0.308 −0.377 −0.321
3s′ 2D–3p′ 2P0 333.78 −0.056 −0.113 −0.141 −0.131 −0.158 −0.150
3p 4P0–3d 4D 304.01 1.66 0.987 0.937 0.968 1.04 0.869
3p 4D0–3d 4D 335.26 0.820 0.879 0.860 0.964 1.01 0.864
3p 2D0–3d 4F 342.15 2.51 1.45 1.34 1.43 1.49 1.27
3p 2D0–3d 2F 337.56 2.45 1.42 1.30 1.38 1.45 1.24
3p 2D0–3d 2D 343.23 0.760 0.797 0.782 0.892 0.975 0.828
3p 2D0–3d 4P 335.26 2.81 1.70 1.53 1.57 1.63 1.40
3p 2S0–3d 2P 347.31 1.47 1.36 1.22 1.36 1.42 1.26
3p 2P0–3d 2P 365.18 1.30 1.24 1.12 1.30 1.35 1.23
3p 4S0–3d 2D 365.00 0.526 0.573 0.507 0.674 0.709 0.644
3p 4S0–3d 4F 363.78 1.12 1.13 1.05 1.23 1.25 1.13
3p 4S0–3d 4P 356.00 6.79 4.40 2.46 2.61 2.17 1.58

3p′ 2P0–3d′ 2P 342.27 0.871 0.883 0.826 0.966 1.01 0.850
3p 2P0–4s 2P 341.23 27.3 21.0 15.7 14.4 11.9 9.32
3p 4D0–4s 4P 304.53 22.2 17.1 12.9 11.7 9.68 7.61
3p 4P0–4s 4P 278.52 19.0 14.7 11.3 10.1 8.46 6.58

shift dependence on the electron temperature together
with the values of the other authors and our experimental
results at an electron density of 1023 m−3 are presented
graphically in Fig. 5.

Generally, we have obtained very small shift values.
Both, experimental and measured d values, are below of
one pm, within our experimental accuracy (±0.8 pm). Our
measured and calculated d values have the same sign (see
Fig. 5, Tables 1 and 2).

Stark shifts corresponding to the 3p–3d and 3p–4s
transition arrays have finite and positive values. Measured
shift values corresponding to the 3d-4f transition are neg-
ative and confirm the earlier obtained sign in Purić et al.
(1987). Our calculated (SCPF) d values are smaller than
those from Griem (1974), by up to a factor 6. Moreover,
our calculated d values have negative signs in the case
of the lines that belong to the 3s–3p transition, contrary
to the positive d values predicted in Griem (1974). These
discrepancies in the sign of d and their magnitude can
be explained taking into account the new atomic energy
levels and differences in the theoretical methods.

Satisfactory agreement exists among our measured and
calculated d values in the case of the lines that belong to
the 3p–3d transition. Earlier measured 3p–3d shift values
(Purić et al. 1987) also agree with our calculated values.

It should be pointed out that we have not performed
calculations of d values belonging to lines in the 3d–4f
transition because of the incompleteness of the set of the
experimentally determined perturbing energy levels.

The large theoretical d values for 3p 2P0–4s 2P,
3p 4D0–4s 4P and 3p 4P0–4s 4P multiplets are due to
close 4p 2P0 and 4p 4P0 perturbing levels contributing
positively to the shift. The reason for the strong disagree-
ment with our measurements might indicate that 4p 2P0

and 4p 4P0 levels are in fact a combination of different
contributions which results in decrease of their influence.

5.2. Transition probabilities

Generally, our measuredA values are higher by about 19%
on average than the data provided by NIST (NIST 2001).

In the case of the 3s–3p transition the measured A
values (GMW – Griesmann et al. 1997 and BV – Burshtein
& Vujnović 1991) show a tendency to increase in recent
years (see Table 1).

We point out here that our four measured A data
in the high-lying 3d–4f transition confirm the existing
calculated values obtained by (Wiese et al. 1966; NIST
2001; Kurucz 2001), within 9%. It turns out that the
recent theoretical calculations (Fischer & He 1999) give
different A values which depend on the used approxima-
tions. This difference is, for example, in the case of the
3d 4P3/2–3p 4S0

3/2 transition, up to a factor 3 between the
results obtained with the multiconfiguration Hartree-Fock
(MCHF) method and the multiconfiguration Dirac-Fock
(MCDF) method. Moreover, the calculated and measured
A values presented in various data sources (Blackford &
Hibbert 1994) and (Fischer & He 1999) show mutual dis-
crepancies by up to a factor 100.
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Fig. 5. Stark shift (d in pm) dependence on the electron tem-
perature for various transitions at 1023 m−3 electron density.
• our experimental data and ut, from Purić et al. (1987). G,
theoretical calculations taken form Griem (1974) and our cal-
culated (SCPF) Stark shift values taken from Table 2. The
error bars of ±0.0008 nm represent the uncertainties of the
shift measurements. Positive shift is toward the red.

6. Conclusion

We have presented in this work experimental Stark shifts
for 41 Ne ii spectral lines at an electron temperature of
35 300 K and an electron density of 1.83 × 1023 m−3, as
well as calculated Stark shift values for 22 multiplets for
an electron density of 1023 m−3 and for electron tempera-
tures from 5000 K up to 100 000 K. The shift values found
are, generally, small. In the case of the 3s–3p and 3s′–3p′

transitions they are practically equal to zero. The common
characteristics of these d values is the weak dependence on
the electron temperature up to 100 000 K. Thus, these can
be used for diagnostics purposes as data independent of
self-absorption in optically thick astrophysical plasmas.

Our measured A values, using the RLIR method, are
generally higher than those published by NIST (NIST
2001). The difference is still within our experimental accu-
racy (±20%) and the known uncertainties for NIST values
(±50%).
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Abstract. Stark shifts of nine doubly charged (Si III) and six triply charged (Si IV) silicon ion spectral lines have been measured
in a linear, low-pressure, pulsed arc operated in O2 and SF6 discharges. Si III Stark shift values have been also calculated using
the semiclassical perturbation formalism (SCPF) for electrons, protons and helium ions as perturbers. Transition probabilities
of the spontaneous emission (Einstein’s A values) of nine Si III transitions have been obtained using the relative line intensity
ratio (RLIR) method, not applied before in Si III spectrum, and, also, calculated using the Coulomb approximation method.
The measured Si IV shift and some calculated Si III shift values present the first published data in this field.

Key words. lines: profiles – atomic data

1. Introduction

Atomic data such as Stark shifts (d) and transition probabil-
ities (A) play an important role in the diagnostics and mod-
eling of various cosmic and laboratory plasmas (Griem 1964,
1974; Wiese 1968; Lesage 1995; Zeippen 1995). Silicon ions
are among the most abundant emitters or absorbers in many
kinds of cosmic plasmas. Thus, the knowledge of the dou-
bly (Si III) and triply (Si IV) ionized silicon spectral lines’
Stark parameters and transition probabilities is necessary in
various astrophysical calculations. As an example, the silicon
ionisation balance can be considered as a useful tool for tem-
perature diagnosis in B-Stars. Thus, in a work by Becker &
Butler (1990) spectral lines of Si II, Si III and Si IV emitted
by non-LTE plasma have been used for temperature determi-
nation in B-Stars. In a recent publication (Monteverde et al.
2000) the ionization equilibria of Si II/Si III and Si III/Si IV
have been used to observe the silicon abundance in M 33 early
B Supergiants. Interstellar absorption by the young stars in the
Magellanic Clouds was observed in the Si III and Si IV lines
(Lehner et al. 2001). Presence of the Si III and Si IV spectral
lines in the Quasar Q0122+0338 1 spectrum was observed us-
ing the Hubble Space Telescope (Papovich et al. 2000).

In the present work we will present the first Stark shifts
measurements of six Si IV spectral lines and, also, the first
measured Stark shift values of seven Si III spectral lines with

Send offprint requests to: S. Djeniže,
e-mail: srdjan bukvic@Softhome.net

their first calculated values, performed by us, on the basis of the
semiclassical perturbation formalism (SCPF) (Sahal-Bréchot
1969a,b) for electrons, protons and helium ions as perturbers.
Our work also contains the first experimental Si III transi-
tion probability values for nine Si III transitions obtained in
emission spectra using the relative line intensity ratio (RLIR)
method, already applied in the cases of the Ar III, Ar IV
(Djeniže & Bukvić 2001), O II (Srećković et al. 2001a, 2002),
Ne II (Djeniže et al. 2002a) and N III, N IV and N V (Djeniže
et al. 2002b) spectra. We have also calculated the Si III transi-
tion probabilities using the Coulomb approximation method.

2. Experiment

The linear pulsed arc (Djeniže et al. 1992a,b, 2002a,b) was
used as a plasma source. A pulsed discharge was driven in a
Pyrex discharge tube of 5 mm inner diameter and plasma length
of 7.7 cm. Spectroscopic observations of isolated spectral lines
were made along the axis of the discharge tube. Atoms of sili-
con were obtained as impurities by sputtering from a Pyrex dis-
charge tube. As a driving gas, oxygen and SF6 have been used
at filling pressures of 130 Pa and 70 Pa, respectively. Highly
ionized oxygen, sulfur and fluorine ions facilitate erosion of the
glass walls of the linear part of discharge tube. Furthermore, O2

and SF6, as working gases, left the observed lines of Si III and
Si IV isolated. The Si III lines were investigated in the oxygen
plasma, while lines of Si IV in O2 and SF6 plasmas. Discharge
of the condenser of 8 µF capacity charged to 4 kV was
selected for maximum efficiency in releasing silicon atoms.
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The reproducibility of the investigated silicon spectral line ra-
diation intensities was 90%, which can be taken as accept-
able considering the method by which the impurity atoms were
introduced.

The line profiles were recorded using a step-by-step tech-
nique described by Djeniže et al. (2002a). The Si III spectral
line profiles were recorded at the same detection conditions. A
sample of outputs are shown in Figs. 1 and 2.
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Fig. 1. Recorded spectrum with several investigated Si III lines at the
20th µs after the beginning of the discharge in oxygen plasma.
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Fig. 2. Temporal evolution of the 314.9 nm Si IV spectral line profiles
in oxygen plasma.

Total line intensity (I) corresponds to the area under the line
profile (within 5%–7% accuracy). The Si III ion concentration
is low because ions are produced as impurities originating from
the Pyrex discharge tube. Therefore, the influence of the self-
absorption on the total line intensity values for Si III lines can
be neglected for the transition probability determination which
is very important.

The plasma parameters were determined using standard di-
agnostic methods (Griem 1964). Thus, in the case of the oxy-
gen plasma the electron temperature (T ) was determined from
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Fig. 3. Temporal evolution of the electron temperature (T ) and elec-
tron density (N) during plasma decay. �, values obtained on the basis
of 9 O III line relative intensities; ©, on the basis of the O IV/O III
line intensity ratio and �, on the basis of the S III/S II line intensity
ratio.

the Boltzmann plot of the relative intensities of nine O III spec-
tral lines (375.9 nm, 326.1 nm, 326.5 nm, 326.7 nm, 371.5 nm,
396.1 nm, 369.5 nm, 369.9 nm and 409.1 nm) within an en-
ergy interval of 9.96 eV for corresponding upper levels, and,
also, from the Saha equation applied to the 375.9 nm O III
and 307.1 nm O IV spectral lines with an estimated error
of ±13% assuming the existence of local thermodynamic equi-
librium (LTE), according to the criteria from Griem (1974)
and Hey (1976). Here we point out that the nine investigated
Si III lines have been also included in the plasma diagnos-
tics. The Boltzmann plot based on their relative line intensi-
ties gives T values (in the oxygen plasma) that agree well with
the values presented in Fig. 3. The temperatures are: 51 700 K
and 51 000 K in the 15th and 20th µs after the beginning of the
discharge. These facts indicate that the relevant Si III energy
level populations remain in the LTE needed for the A values
calculation. In the case of the SF6 plasma, the electron temper-
ature was determined from the ratio of the relative intensities
(Saha equation) of the 334.6 nm S III to the 481.6 nm S II
spectral line, supposing the existence of LTE with an estimated



S. Djeniže et al.: Stark shifts and transition probabilities 333

Table 1. Our measured (dexp in pm) and calculated (dTh in pm) electron Stark shift values at a given electron temperature (T in 104 K) and
at 1023 m−3 electron density. Asteriks denote calculated values (electron shift) taken from Dimitrijević et al. (1991a). Arel

exp and Arel
Th denote

our experimental and calculated relative transition probability (dimensionless) values. ATh, AN and AK (all in 108 s−1) represent our calculated
transition probability values and those from NIST (2002) and Kurucz (2002), respectively. Atomic data (Eu in eV), λ and transitions are taken
from NIST (2002) and Striganov & Sventickii (1966). Positive shift is toward the red.

Transition λ (nm) Eu T dexp dTh Arel
exp Arel

Th ATh AN AK

Si III

3p 1Po
1−4p21D2 254.181 15.15 5.3 −1.0 ± 0.8 0.087 ± 45% 0.32 0.158

3d 3D1−4p 3Po
o 309.683 21.73 5.3 −1.7 ± 0.8 0.45 0.696 ± 25% 0.917 1.65 1.403

3d 3D3−4p 3Po
2 308.624 21.74 5.3 0.45 0.609 ± 25% 0.777 1.40 1.178

4p 3Po
2−4d 3D3 380.653 24.99 5.3 6.3 ± 0.8 4.4 1.867 3.36 3.4

4p 3Po
1−5s 3S1 323.395 25.56 5.3 11.6 ± 0.8 11.1 0.630 ± 12% 0.594 1.07 1.3

4p 3Po
2−5s 3S1 324.163 25.56 5.3 6.8 ± 0.8 11.1 1.00 ± 6% 1.00 1.80 2.3

4d 1D2−5f 1Fo
3 471.665 27.96 5.3 1.5 ± 0.8 −2.8 0.870 ± 21% 1.444 2.60 2.8

4f 3Fo
2−5g 3G3 481.333 28.55 5.2 −12.8 ± 0.8 −42.1 0.913 ± 23% 1.244 2.24 2.910

4f 3Fo
4−5g 3G5 482.895 28.55 5.2 −14.7 ± 0.8 −42.1 0.870 ± 23% 1.333 2.40 3.197

3d′ 3Do
3−4p′ 3P2 325.866 30.76 5.2 −2.5 ± 0.8 0.891 ± 28% 0.550 0.99

Si IV

4s 2S1/2−4p 2Po
3/2 408.886 27.08 3.3 −1.2 ± 0.8 −0.86∗

4p 2Po
1/2−4d 2D3/2 314.956 30.99 5.2 2.0 ± 0.8 1.15∗

4p 2Po
3/2−4d 2D5/2 316.569 30.99 3.1 1.7 ± 0.8 1.08∗

4d 2D5/2−5p 2Po
3/2 376.245 34.29 3.2 1.5 ± 0.8 −0.18∗

4d 2D3/2−5p 2Po
1/2 377.315 34.28 3.2 0.3 ± 0.8 −0.18∗

5p 2P0
3/2−5d 2D5/2 670.121 36.14 5.2 7.5 ± 0.8 22.3∗

error of ±11%. The electron temperature decay is presented in
Fig. 3. Necessary atomic data were taken from NIST (2002).

Electron density (N), in the case of the oxygen plasma,
was measured using the well-known single laser interferom-
etry technique for the 632.8 nm He-Ne laser wavelength with
an estimated error of ±6%. In the case of the SF6 plasma, the
electron density decay was observed by monitoring the Stark
width values of the convenient 375.9 nm O III spectral line
within an estimated error of ±8%. Oxygen ions produced as
impurities in SF6 discharge, due to their low concentration,
give convenient Stark width values because of the absence of
self-absorption. Corresponding N values, predicted by semi-
classical theory (Griem 1974), were taken from Srećković et al.
(2001b). The electron density decay is also presented in Fig. 3.
Taking into account the temporal dependence of T and N and
the criteria for the existence of LTE, one can conclude that rele-
vant Si III ion level populations remain in LTE up to the 60th µs
after the beginning of the discharge.

3. Stark shift measurements

The Stark shifts were measured relative to the unshifted spec-
tral lines emitted by the same plasma (Djeniže et al. 2002a,
and references therein). Stark shift data are determined with
±0.8 pm error at a given N and T . Our measured (dexp) Stark
shifts are presented in Table 1.

4. Transition probability measurements

In the case where plasma remains at LTE, the well-known for-
mula (Griem 1964, 1974; Rompe & Steenbeck 1967; Wiese
1968)

(I1/I2)EXP = (A1g1λ2/A2g2λ1)exp(∆E21/kT ) (1)

can be used for a comparison between measured relative line
intensity ratios and corresponding calculated values, taking
into account the validity of the Boltzmann distribution for the
population of the excited levels in emitters. In this expression,
I denotes the measured relative intensity, λ the wavelength of
the transition, A the transition probability of the spontaneous
emission, E the excitation energy from the ground energy level,
and g the corresponding statistical weight. T is the electron
temperature of the plasma in LTE and k is the Boltzmann
constant. On the basis of the measured relative line intensity
ratio and determined electron temperature, Eq. (1) gives the
possibility to obtain the ratio of the corresponding transition
probabilities or the possibility of the determination of the par-
ticular transition probability value relative to the selected refer-
ence A values. As reference A value the transition probability
corresponding to the Si III 324.163 nm transition was chosen.
This line is the most intense and has the highest reproducibility
among the investigated Si III spectral lines. Our experimental
relative A values (Arel

exp) are presented in Table 1 with estimated
accuracies that contain the uncertainties of the line intensity
and electron temperature determinations and the uncertainties
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Table 2. Electron (a), proton (b) and helium ion (c) Stark shifts (in pm) calculated by using semiclassical perturbation formalism (SCPF)
(Eqs. (4)–(6) in Djeniže et al. 2002a) for the Si III spectral lines at 1023 m−3 perturber density and electron temperatures from 10 000 K to 300
000 K. < λ > is the mean wavelength in the multiplet. Positive shift is toward the red.

Transition < λ > (nm) T (104 K): 1 2 5 10 15 30

3d 3D−4p 3Po 309.07 a: 0.34 0.50 0.44 0.57 0.50 0.48

b: 0.08 0.17 0.31 0.42 0.47 0.56

c: 0.14 0.32 0.61 0.85 0.95 1.14

4p 3Po−4d 3D 380.25 a: 4.17 3.74 4.38 3.76 3.71 3.37

b: 1.33 2.14 3.20 3.85 4.28 4.97

c: 2.32 4.00 6.31 7.82 8.61 10.0

4s 3S−4p 3Po 456.14 a: −1.74 −2.31 −2.11 −2.34 −2.18 −2.02

b: −0.46 −0.86 −1.46 −1.82 −2.04 −2.44

c: −0.81 −1.63 −2.90 −3.69 −4.12 −4.92

4p 3Po−5s 3S 323.88 a: 21.5 15.7 11.7 9.33 7.98 6.77

b: 1.98 3.03 4.26 5.12 5.52 6.38

c: 3.39 5.56 8.31 10.3 11.2 12.8

4d 1D−5f 1Fo 471.80 a: −7.4 −4.53 −2.85 −2.06 −1.44 −1.57

b: −9.61 −14.1 −19.6 −23.1 −25.3 −28.3

c: −38.0 −46.7 −50.6 −56.8

4f 3Fo−5g 3G 482.35 a: −38.6 −42.4 −42.2 −36.6 −38.5 −34.1

of the calibration procedure. Arel
exp represent averaged values ob-

tained during plasma decay in the time interval for which the
criteria of the existence of the LTE is fulfilled. Our Arel

exp val-
ues provide the possibility for future comparison with absolute
data as well as with data presented in relative form.

5. Method of calculation

5.1. Stark shifts

The semiclassical perturbation formalism, as well as the
corresponding computer code (Dimitrijević & Sahal-Bréchot
1996a,b), has been updated and optimized several times
(Dimitrijević & Sahal-Bréchot 1996b, 1984; Sahal-Bréchot
1974; Fleurier et al. 1977; Dimitrijević et al. 1991b). The cal-
culation procedure, with the discussion of updates and va-
lidity criteria, has been briefly reviewed in Dimitrijević &
Sahal-Bréchot (1996a,b) (see also Djeniže et al. 2002a). The
formulae for the ion-impact widths and shifts are analogous
to Eqs. (4)–(6) in Djeniže et al. (2002a), without the reso-
nance contribution to the width. The difference in calculation
of the corresponding transition probabilities and phase shifts
as functions of the impact parameter in Eqs. (5), (6) is in the
ion perturber trajectories which are influenced by the repul-
sive Coulomb force instead of an attractive one as for elec-
trons. Atomic energy levels were taken from Martin & Zalubas
(1983). Note that in the Si III spectrum many of the known
terms are affected by configuration interactions and some
needed here are not experimentally determined. Consequently,
the obtained theoretical results might have errors larger than
usual for the semiclassical perturbation method (±30%).

Our calculated electron, proton and helium ion Stark shift val-
ues (dTh) are presented in Tables 1 and 2.

5.2. Transition probabilities

Due to its simplicity, the Coulomb approximation method of
Bates & Damgaard (Bates & Damgaard 1949; Oertel & Shomo
1968) for the calculation of the Einstein A values (oscillator
strengths) is often used in spite of the existence of more sophis-
ticated methods. It is used particularly for complex calculations
of e.g. line broadening parameters or stellar opacity. It is of in-
terest therefore to compare oscillator strengths calculated with
Coulomb approximation, with experimental values, as well as
with theoretical ones obtained with sophisticated methods. This
is particularly interesting for Si III, since many of the known
terms in this spectrum are affected by configuration interac-
tions. We took into account here that 3s4f3Fo term has 23% of
3p3d3Fo and that 3s5f1Fo has a purity of 55%, while 31% are
3pnd 1Fo and 14% is not determined. Consequently, the accu-
racy of the oscillator strength of the 471.67 nm line is lower
than the others. Moreover, the composition of the 3s5g3G term
is not determined, so that oscillator strength of the 481.33 nm
and 482.90 nm lines might be affected by the configuration in-
teraction. The same discussion holds for the accuracy of the
Stark shifts of these lines, which are more uncertain than other
results. Our calculated A values (ATh) are presented in Table 1.

6. Results and discussion

The results of the measured Stark shift (dexp) and relative transi-
tion probability (Arel

exp) as well as the calculated transition prob-
ability (ATh) values are shown in Table 1. Arel

Th represent our
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calculated relative transition probability values. Our calculated
Stark shift values (dTh) are presented in Table 2.

On the basis of Tables 1 and 2 one can conclude that our
measured (dexp) and calculated (dTh) Si III Stark shift values
agree in the case of the lines that belong to the 4p3Po−4d3D and
4p3Po−5s3S transitions within the experimental accuracy and
uncertainties of the calculations. In the case of the 4f3Fo−5g3G
transition, the measured and calculated shifts have the same
negative sign, but the calculated ones are about 3 times larger.
This could be explained by the unknown composition of the
3s5g3G term of these Si III lines and the unknown composition
of ng3G and nh3Ho perturbing terms. Experimental d values
for these lines obtained by González et al. (2000) also have
a negative sign and lie below our calculated ones. Measured
and calculated d values of the lines 309.683 nm and 471.665 in
the 3d3D−4p3Po and 4d1D−5f1Fo transitions, respectively, are
small but have a different sign. This discrepancy can be consid-
ered as tolerable, taking into account the accuracy (±0.8 pm) of
the experimental values and the uncertainties of the theoretical
predictions related to the atomic data necessary for the Stark
shift calculations. Incompleteness of the experimental perturb-
ing energy levels in the case of the Si III 254.181 nm and
325.866 nm spectral lines is such that the semiclassical pertur-
bation calculation results will be of very poor accuracy. On the
basis of the calculated Si III Stark shift values (see Table 2), one
can conclude that at electron temperatures below 30 000 K, the
electron Stark shift is dominant. In the plasmas with electron
temperatures higher than 50 000 K, proton and helium Stark
shifts play an important role. The Stark shift generated by he-
lium ions is about two times higher than the shift generated by
protons. These results can be important in astrophysical plas-
mas where protons and helium ions represent the main plasma
components.

In the case of the Si IV lines our measured Stark shifts and
the calculated ones presented by Dimitrijević et al. (1991a)
are very small and mutually agree very well within the ex-
perimental accuracy and uncertainties of the calculations. The
only exception is the d value of the higher lying 5p2Po−5d2D
(670.121 nm) transition where the dTh is higher than the mea-
sured ones by about 3 times. It should be pointed out that the
dTh values taken from Dimitrijević et al. (1991a) are also calcu-
lated on the basis of the semiclassical perturbation formalism
(SCPF).

In the case of the transition probability values we can no-
tice reasonable agreement between Arel

exp and Arel
Th values within

the accuracies of the experiment (12–45%) and uncertainties of
the calculations (<40%). The only exception is the 325.866 nm
transition where the experimental A value is about 2 times
higher than the calculated ones. It should be pointed out that
our results for the mentioned transition are the first published
data. Our calculated A values (ATh) on the basis of the Coulomb
approximation method agree with tabulated values in NIST
(2002) and Kurucz (2002) predicted with about 50% uncertain-
ties in NIST values (NIST 2002). Our smaller ATh values in the
case of the 481.333 nm and 482.895 nm transitions in compar-
ison to the AK values can be explained taking into account the
cited (in Chap. 5.2) approximations used for our calculations.
It should be pointed out that the ratio of the Arel

exp, ATh and AN

values related to the 323.395 nm and 324.163 nm transitions in
the Si III 4p3Po−5s3S multiplet are in very good mutual agree-
ment (within 10%). They are: 0.630, 0.594 and 0.565, respec-
tively. This fact confirm validity of our choice of the reference
A value.

7. Conclusion

Generally, we have found satisfying agreement between mea-
sured and theoretical Stark shift values calculated on the basis
of the semiclassical perturbation formalism (SCPF), especially
in the case of the Si IV spectral lines. Difficulties about the
knowledge of the perturbing energy levels increase the uncer-
tainties of some calculated Si III Stark shift values, explaining
the existing disagreement between some measured and calcu-
lated Stark shift values. Taking into account the agreement be-
tween measured and calculated finite d values, we recommend
the 380.653, 323.395 and 324.163 nm Si III spectral lines as
lines with convenient Stark shift values useful in astrophysi-
cal plasma diagnostics. Our experimental and calculated Si III
transition probability values are in tolerable mutual agreement,
within 40% on average.
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Dimitrijević, M. S., Sahal-Bréchot, S., & Bommier, V. 1991b, A&AS,

89, 581
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11
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Sahal-Bréchot, S. 1969a, A&A, 1, 91
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Abstract. In hot star atmospheres, the Stark broadening mechanism is the main pressure broadening mechanism. An interesting
application where such a mechanism is of interest is the modeling and investigation of hot star spectra, stellar atmospheres
and subphotospheric layers. Consequently, for the investigation and modeling of the Hg-Mn star and other type of hot star
atmospheres, the Stark broadening parameters for Co III spectral lines may be of interest.
Here we present Stark broadening data for 20 Co III spectral lines (from a6D -z6Do and a6D -z6Fo Co III multiplets), as a
function of temperature, calculated by using the modified semi-empirical approach. The importance of the electron-impact
effect in the case of the Co III 194.98 nm line for several stellar atmosphere models has been tested.

Key words. atomic processes – line formation – stars: atmospheres – stars: early-type

1. Introduction

Spectral lines of doubly charged heavy element ions are present
in hot star spectra, and they are of particular interest for mod-
eling of CP star atmospheres. The spectral lines for singly ion-
ized cobalt are present, e.g. in Hg-Mn star spectra (Bolcal &
Didelon 1987). The investigation of cobalt abundance in Hg-
Mn stars shows that most of the Hg-Mn stars are largely cobalt-
deficient ([Co/H] ≤ −2 dex), except for the mildly cobalt-rich
stars, ν Cnc and φ Her, and the cobalt-normal stars 87 Psc and
36 Lyn (Smith & Dworetsky 1993).

In hot star atmospheres the Stark broadening mechanism is
the main pressure broadening mechanism (see e.g. Dimitrijević
1989; Popović et al. 1999, 2001). This broadening mechanism
also may be important in the case of cooler stars, e.g. solar type
stars, for transitions involving higher principal quantum num-
bers (Vince et al. 1985). An interesting application where such
a mechanism is of interest is also the modeling and investi-
gation of subphotospheric layers (Seaton 1987). Consequently,
for the investigation and modeling of the Hg-Mn star and other
types of hot star atmospheres, the Stark broadening parameters
for Co III spectral lines are of interest. We underline that with
instruments like the Goddard High Resolution Spectrograph on
the Hubble Space Telescope, good resolution spectra with line
profiles of trace elements become available. Here we present
the Stark broadening data for 20 Co III spectral lines calcu-
lated using the modified semi-empirical approach (Dimitrijević
& Konjević 1980; Dimitrijević & Kršljanin 1986; Popović &
Dimitrijević 1996).

Send offprint requests to: D. Tankosić
? Table 1 is only available in electronic form at the CDS via

anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/399/795

2. Theory

According to the modified semi-empirical (MSE) approach
(Dimitrijević & Konjević 1980; Dimitrijević & Kršljanin 1986)
the electron impact full width (FHWM) of an isolated ion line
is given as
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and the corresponding Stark shift as
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where the initial level is denoted i, the final one with f ,
<2
`k ,`k′
, k = i, f is the square of the matrix element, and

∑
k′
<2

kk′


∆n,0

=

(
3n∗k
2Z

)2 1
9

(n∗2k + 3`2k + 3`k + 11) (3)

(in the Coulomb approximation).
In Eqs. (1) and (2)

xlk ,lk′ =
E

∆Elk ,lk′
, k = i, f

where E = 3
2 kT is the electron kinetic energy and ∆Elk ,lk′ =

|Elk − Elk′ | is the energy difference between levels lk and lk ± 1
(k = i, f),

xnk ,nk+1 ≈ E
∆Enk ,nk+1

,

where for ∆n , 0 the energy difference between energy leves
with nk and nk + 1, ∆Enk ,nk+1, is estimated as ∆Enk ,nk+1 ≈
2Z2EH/n∗3k . n∗k = [EHZ2/(Eion − Ek)]1/2 is the effective prin-
cipal quantum number, Z is the residual ionic charge, for ex-
ample Z = 1 for neutral atoms and Eion is appropriate spectral
series limit.

In Eqs. (1)–(3) N and T are electron density and tem-
perature, respectively, while with g(x) (Griem 1968), g̃(x)
(Dimitrijević & Konjević 1980) and gsh(x) (Griem 1968), g̃sh(x)
Dimitrijević & Kršljanin 1986) are the corresponding Gaunt
factors for width and shift, respectively. The factor σkk′ =

(Ek′ − Ek)/|Ek′ − Ek|, where Ek and Ek′ are the energy of the
considered and its pertubing level. The sum

∑
k δk is different

from zero only if perturbing levels strongly violating the as-
sumed approximations exist and may be evaluated as

δi = ±<2
ii′

[
gsh

(
E
∆Ei,i′

)
∓ gsh(xni,ni+1)

]
, (4)

for the upper level, and
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]
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for the lower level. In Eqs. (4) and (5) lower signs correspond
to ∆E j j′ < 0.

In comparison with the semiclasical perturbation approach
(Sahal-Bréchot 1969a,b; Dimitrijević et al. 1991), the mod-
ified semi-empirical approach needs a considerably smaller
amount of atomic data. In fact, if there are not perturbing
levels strongly violating the assumed approximation, for e.g.
the line width calculations, we need only the energy levels
with ∆n = 0 and `i f = `i f ± 1, since all perturbing levels
with ∆n , 0, needed for a full semiclassical investigation are
lumped together and approximately estimated. The modified
semi-empirical method is used here, since we do not have a
sufficiently complete set of published experimental Co III en-
ergy levels for an adequate semiclassical treatment.
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Fig. 1. Thermal Doppler (full circles) and Stark widths (open circles)
for Co III (λ = 194.98 nm) spectral line as functions of optical depth
for an A type star (Teff = 10 000 K, log g = 4).
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Fig. 2. Same as in Fig. 1 but for DA (Teff = 10 000 K, log g = 6) and
DB (Teff = 15 000 K, log g = 7) white dwarfs with full circles is de-
noted Stark FWHM for DA and with open circles for DB white dwarfs.
Full triangles denote thermal Doppler FWHM for DA and open trian-
gles DA white dwarfs.

3. Results and discussion

The Stark broadening parameter calculations for 20 Co III
spectral lines considered were performed using the modi-
fied semi-empirical approach (Dimitrijević & Konjević 1980;
Dimitrijević & Kršljanin 1986; Popović & Dimitrijević 1996).
Oscillator strengths have been calculated using the method of
Bates & Damgaard (1949). The LS coupling approximation
and the configuration mixing has been taken into account (see
Popović & Dimitrijević 1996). The Co III energy levels needed
for the Stark broadening parameter calculations as well as the
purity of energy levels (configuration mixing) have been taken
from Sugar & Corliss (1981). In Table 1, Stark widths and
shifts for the 20 Co III spectral lines (from a6D -z6Do and
a6D -z6Fo multiplets), for an electron density of 1023 m−3

and temperature range 10 000–300 00 K, are shown. We have
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calculated Stark broadening parameters for seven additional
Co III lines, but the difference between lines from the same
multiplet was too small and in Table 1 we only indicated that
the results are practically the same. The average accuracy of
the modified semi-empirical approach is ±50% (Dimitrijević
& Konjević 1980).

In order to see the influence of Stark broadening mecha-
nism for Co III spectral lines in stellar plasma conditions, we
have calculated the Stark widths for the Co III 194.98 nm spec-
tral line in different models of stellar atmospheres. In Figs. 1
and 2, the electron-impact and thermal Doppler widths as func-
tion of optical depth for a Kurucz’s (1979) A type star (Teff =

10 000 K, log g = 4) and models of DA (Teff = 10 000 K,
log g = 6) and DB (Teff = 15 000 K, log g = 7) white dwarf at-
mospheres (Wickramasinghe 1972) are presented. From Fig. 1,
in the case of an A type star, one can observe the existence of
photospheric layers where Doppler and Stark widths are com-
parable and where the Stark width is dominant. In the case
of white dwarf atmospheres (see Fig. 2) the Stark broadening
mechanism is important in all considered layers of atmospheres
and in deeper atmosphere layers the Stark width is three to four
orders of magnitude larger than the termal Doppler width, so
that in all considered cases the Stark broadening effect should
be taken into account in abundance determination, spectra syn-
thesis and modeling of stellar plasmas.

There are no experimental data or any other theoretical cal-
culations for comparison, so an experimental determination of
Co III Stark broadening parameters is of interest.
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Abstract. Stark widths and shifts of astrophysically important 10 doubly ionized sulfur (S III) spectral lines (within the 3d–4p
and 4s–4p transitions) have been measured in a S F6 plasma created in the linear, low-pressure, pulsed arc discharge at about
35 000 K electron temperature and about 2.8 × 1023 m−3 electron density. The widths and shifts have been calculated using
the semiclassical perturbation formalism (SCPF) (taking into account the impurity of energy levels, i.e. that the atomic energy
levels are expressed as a mix of different configurations due to the configuration interaction), modified semiempirical (SEM)
approximation, simplified semiclassical theory (G) and its modification (GM) taking into account new energy level values.
Calculations have been performed for electron temperatures between 10 000 K and 150 000 K for electrons, protons and helium
ions as perturbers. The measured and calculated S III shifts present the first published data in this field.

Key words. plasmas – line: profiles – atomic data

1. Introduction

The ionized sulfur spectral lines play an important role in astro-
physics. Recently, ultra-violet line emission from S III ions has
been found in the spectra emitted from the diffuse interstellar
medium (Shelton 2002). S III spectral lines have been obtained,
also, in spectra of galaxies with Compact H II Regions (Vermeij
& van der Hulst 2002; Martin-Hernández et al. 2002). Doubly
ionized sulfur spectral lines have been used for the nebular
chemical abundance diagnostics (Oey & Shields 2000). In the
works: Kwitter & Henry (2001) and Castellanos et al. (2002)
(and in many other works) presence of the S III ions was dis-
covered in spectra of various cosmic light sources. Therefore,
the S III spectral line characteristics are of interest in astro-
physics. In hot stars with Teff around or higher than 10 000 K,
the hydrogen is mainly ionized and Stark broadening is the
main pressure broadening mechanism. Thus, the knowledge of
the Stark broadening parameters (the width and the shift) is im-
portant for the astrophysical and laboratory plasma diagnostics
or modeling (Griem 1974, 1997; Zeippen 1995; Lesage & Fuhr
1999; Konjević et al. 2002).

In the present work we will present the first reliable
Stark shift (d) measurements of S III spectral lines with
their first calculated values, performed by us, on the ba-
sis of the semiclassical perturbation formalism (SCPF) (tak-
ing into account the impurity of energy levels, i.e. that the
atomic energy levels are expressed as a mix of different
configurations due to the configuration interaction), modified

Send offprint requests to: A. Srećković, e-mail: steva@ff.bg.ac.yu

semiempirical (SEM) approximation (Dimitrijević & Konjević
1980) and the modification (GM) (Dimitrijević & Konjević
1980) of the simplified semiclassical theory (G) (Eq. (526)
in Griem 1974) taking into account energy level values of
Johansson et al. (1992) not available for earlier calcula-
tions (Dimitrijević & Konjević 1981; Dimitrijević 1988a,b).
Calculation have been performed for electron temperatures
between 10 000 K and 150 000 K for electrons, protons
and helium ions as perturbers. Corresponding Stark FWHM
(full-width at half intensity maximum, W) is also measured and
calculated. Three of them are the first measured data. Our mea-
sured and calculated W and d values are compared to avail-
able experimental S III Stark parameters (Platiša et al. 1979;
Djeniže et al. 1990).

2. Experiment

The linear pulsed arc that was used as plasma source was de-
scribed in detail in our previous publications (Djeniže et al.
1992, 2002a,b; Srećković et al. 2001). Thus, only a few details
will be given here. A pulsed discharge was occurred in a Pyrex
discharge tube of 5 mm inner diameter and had plasma length
of 6.3 cm. The tube had quartz windows. The working gas was
S F6 at 130 Pa filling pressure in a flowing regime (10 ml/min).
The used experimental set-up system, recording procedure and
applied diagnostics methods are presented in our earlier publi-
cation (Djeniže et al. 2002b, and references therein). The ab-
sence of the self-absorption was checked using the method
described in Djeniže & Bukvić (2001). Obtained electron
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Fig. 1. Temporal evolutions of the electron temperature (T ) and elec-
tron density (N). Error bars present ±7% and ±6%, respectively.

temperature (T ) and electron density (N) decays are presented
in Fig. 1.

2.1. Stark widths measurements

The measured profiles were of the Voigt type due to the convo-
lutions of the Lorentzian Stark and Gaussian profiles caused by
Doppler and instrumental broadening. For the electron density
and temperature in our experiment the Lorentzian fraction was
dominant. van der Waals (Griem 1974) and resonance (Griem
1974) broadening were estimated to be smaller by more than
one order of magnitude in comparison to Stark, Doppler and in-
strumental broadening. The standard deconvolution procedure
(Davies & Vaughan 1963) was applied using the least square
algorithm. The Stark widths were measured with ±12% error
at a given N and T. Our measured Stark FWHM (Wm) are pre-
sented in Table 1.

2.2. Stark shifts measurements

The Stark shifts were measured relative to the unshifted spec-
tral lines emitted by the same plasma (Djeniže et al. 2002a, and
references therein). Stark shift data are corrected to the electron
temperature decay (Popović et al. 1992). Our measured Stark
shifts (dm) are presented in Table 1.

3. Theory

The S III Stark widths (W) and shift (d) values have been
calculated using the semiclassical perturbation formalism
(SCPF) (Sahal-Bréchot 1969a,b; 1974, 1991; Fleurier et al.
1974; Dimitrijević et al. 1991; Dimitrijević & Sahal-Bréchot
1996a,b) taking into account the impurity of energy levels, i.e.
that the atomic energy levels are expressed as a mix of dif-
ferent configurations due to the configuration interaction, for
electrons, protons and helium ions as perturbers. We have per-
formed, also, calculations on the basis of the modified semiem-
pirical theory (SEM) (Dimitrijević & Konjević 1980, 1981),

Table 1. Measured S III Stark FWHM (Wm in pm) and shift (dm in pm)
at given T (in 103 K) and N (in 1023 m−3). Transitions and wavelengths
are taken from NIST (2002). Positive shift is toward the red.

Transition λ T N Wm dm

Multiplet (nm)

3p3d–3p(2P0)4p 370.9338 30.4 2.75 43.1
3P0–3D 31.2 2.84 36.1 −1.1 ± 0.5

(1) 33.6 2.80 36.0
38.3 2.43 37.9

371.0422 30.4 2.75 43.4
31.2 2.84 44.0 −1.4 ± 1.2
33.6 2.80 45.6
38.3 2.43 32.9

3P0–3P 337.0351 30.4 2.75 51.8
(2) 31.2 2.84 47.7 0.0 ± 0.6

33.6 2.80 42.1
38.3 2.43 42.3

338.7092 30.4 2.75 61.5
31.2 2.84 47.0 0.0 ± 0.3
33.6 2.80 46.2
38.3 2.43 47.8

3D0–3P 392.8556 30.4 2.75 68.3
(8) 31.2 2.84 66.9 5.2 ± 0.9

33.6 2.80 61.8
38.3 2.43 62.9

398.3723 30.4 2.75 72.5
31.2 2.84 69.5 7.6 ± 1.2
33.6 2.80 74.3
38.3 2.43 72.4

3p4s–3p(2P0)4p 436.1468 30.4 2.75 80.2
3P0–3P 31.2 2.84 66.5 0.3 ± 0.1

(4) 33.6 2.80 62.6
38.3 2.43 63.0

3P0–3P 389.9093 30.4 2.75 75.5
(5) 31.2 2.84 64.7 1.1 ± 0.5

33.6 2.80 64.0
38.3 2.43 61.4

3P0–3S 366.1942 30.4 2.75 78.5
(6) 31.2 2.84 79.4 3.7 ± 0.7

33.6 2.80 78.1
38.3 2.43 77.0

371.7717 30.4 2.75 72.2
31.2 2.84 66.9 1.2 ± 0.6
33.6 2.80 66.3
38.3 2.43 63.8

and the modification (GM) (Dimitrijević & Konjević 1980) of
the simplified semiclassical theory (G) (Eq. (526) in Griem
1974). Atomic energy levels needed for calculation have been
taken in Johansson et al. (1992) for electrons as perturbers,
only. Calculations have been performed for electron tempera-
tures between 10 000 K and 150 000 K. Calculated W and d val-
ues are presented in Table 2.
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Fig. 2. Stark FWHM (W in pm) vs. electron temperature at 1023 m−3

electron density in the 3d–4p transition. SCPF, SEM and GM present
our calculated W values using semiclassical perturbation formalism,
modified semiempirical approaches and simplified semiclassical the-
ory, respectively, for electrons as perturbers. •, our experimental
data; 4, Platiša et al. (1979); ©, Djeniže et al. (1990). < λ > is the
mean wavelength in the multiplet. Error bars represent estimated un-
certainties (±18%).

4. Results and discussion

Our measured (Wm and dm) and calculated (W and d) values are
presented in Tables 1 and 2, respectively. For each value given
in Table 2, the collision volume multiplied by perturber density
is much less than one and the impact approximation is valid
(Sahal-Bréchot 1969a,b). When the impact approximation is
not valid, the ion broadening contribution may be estimated
by using quasistatic approach (Sahal-Bréchot 1991 or Griem
1974).

In order to compare the measured and calculated Stark
FWHM values, we have presented in Figs. 2 and 3 existing
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Fig. 3. Stark FWHM (W in pm) vs. electron temperature at 1023 m−3

electron density in the 4s–4p transition. The symbols are the same as
in Fig. 2.

experimental data set including our results, together with our
theoretical predictions.

On the basis of the found W and d values one can conclude:
Very good agreement was found among our measured and

calculated (SCPF) W values in the 3d–4p and 4s–4p transitions
except in the multiplet No. 4 where SCPF values overvalue ex-
perimental data at about 35%. It turns out that SEM and GM W
values also agree with our Wm data (see Fig. 2).

We have found that Stark width generated by electrons is
dominant and the proton and helium ion contributions to the
total Stark width can be neglected up to 150 000 K temperature.

Our calculated d values are very small. In the case of the
3d–4p transition they are practically equal to zero (within the
uncertainties of the theory). In the case of the 4s–4p transition
they are about 2 pm. Measured dm values are also small. In the
4s–4p transition they show different sign in comparison to cal-
culated ones. Evident finite dm values are found in the case of
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Table 2. Calculated S III Stark FWHM (W in pm) and shift (d in pm) for electrons (a), protons (b) and helium ions (c) as preturbers for various
plasma temperatures (T in 104 K) and 1023 m−3 perturber density. A, B and C denote values obtained by semiclassical perturbation formalism
(SCPF), modified semiempirical method (SEM) and modified simplified semiclassical theory (GM), respectively. Positive shift is toward the
red. < λ > is the mean wavelength in the multiplet. For each value given in Table 2, the collision volume multiplied by perturber density is much
less than one and the impact approximation is valid (Sahal-Bréchot 1969a,b). When the impact approximation is not valid, the ion broadening
contribution may be estimated by using quasistatic approach (Sahal-Bréchot 1991 or Griem 1974).

Transition < λ > T (104 K)
Multiplet (nm) 1 2 3 5 10 15

W d W d W d W d W d W d

A 3d3P0–4p 3D 368.17 a 30.5 1.50 22.9 1.01 19.7 0.86 16.4 0.69 13.3 0.69 12.0 0.57
(1) b 0.82 0.09 1.42 0.02 1.75 0.03 2.14 0.05 2.43 0.08 2.60 0.10

c 1.18 0.09 1.77 0.02 2.10 0.03 2.32 0.04 2.61 0.07 2.76 0.08

3d3P0–4p 3P 334.72 a 26.9 1.07 20.5 0.61 17.6 0.56 14.8 0.47 12.1 0.41 10.9 0.41
(2) b 0.73 0.01 1.25 0.03 1.54 0.04 1.87 0.06 2.12 0.10 2.26 0.12

c 1.05 0.01 1.56 0.03 1.83 0.04 2.02 0.06 2.27 0.09 2.40 0.11

3d3D0–4p 3P 395.16 a 42.1 −0.64 31.5 −0.28 26.8 −0.18 22.4 −0.18 18.2 −0.20 16.5 −0.11
(8) b 1.04 −0.07 1.78 −0.14 2.19 −0.20 2.65 −0.29 3.00 −0.40 3.20 −0.47

c 1.49 −0.07 2.21 −0.14 2.60 −0.19 2.86 −0.25 3.21 −0.35 3.38 −0.38

4s3P0–4p 3D 428.81 a 55.7 −1.97 41.3 −2.39 35.1 −2.26 29.3 −2.05 24.1 −2.31 21.9 −2.04
(4) b 0.98 −0.40 1.77 −0.75 2.20 −0.99 2.78 −1.28 3.23 −1.60 3.52 −1.79

c 1.42 −0.39 2.17 −0.69 2.62 −0.86 2.94 −1.10 3.36 −1.32 3.59 −1.47

4s3P0–4p 3P 384.10 a 47.1 −1.34 34.8 −1.81 29.6 −1.70 24.7 −1.53 20.4 −1.75 18.5 −1.54
(5) b 0.85 −0.30 1.51 −0.57 1.87 −0.75 2.33 −0.97 2.70 −1.22 2.93 −1.36

c 1.23 −0.29 1.87 −0.52 2.23 −0.65 2.48 −0.84 2.82 −1.01 3.00 −1.12

4s3P0-4p 3S 369.32 a 44.1 −1.01 32.2 −1.44 27.2 −1.35 22.7 −1.22 18.7 −1.42 17.0 −1.26
(6) b 0.81 −0.24 1.43 −0.46 1.76 −0.62 2.18 −0.80 2.51 −1.02 2.72 −1.14

c 1.17 −0.24 1.76 −0.43 2.10 −0.53 2.33 −0.69 2.64 −0.84 2.80 −0.94

B 3d3P0–4p 3P 334.72 a 30.1 17.4 13.5 10.5 9.32
(2)

C 3d3P0–4p 3P 334.72 a 33.7 21.8 18.6 15.9 14.9
(2)

the multiplet No. 8 in the 3d–4p transition. It should be noted
that within the semiclassical perturbation approach, dipole con-
tributions to the width are positive while the corresponding
contribution to the shift have different signs. Consequently, if
the width and shift values are of the same order of magnitude,
the accuracy is also the same. However, if due to mutual can-
celations of contributions with different signs, shift values are
smaller for an order of magnitude or even more, as is the case
here, the accuracy of such shift values are smaller. A reason-
able estimate is to take as the error bars for theoretical shifts
±30 percent of the corresponding width value, which indicates
that in the present case uncertainties of theoretical shifts are
such that different signs for small theoretical and experimen-
tal shifts are without meaning. Consequently, one can consider
measured shift values more reliable for further applications.

5. Conclusion

We have found a dominant contribution of the electron impact
in comparison with proton and ionized helium impact to the

total Stark width of the S III lines belonging to the 3d–4p and
4s–4p transitions. Protons and helium ions generate small Stark
widths which can be neglected for lines considered up to a tem-
perature of 150 000 K.

On the basis of the found agreement among measured and
calculated W and d values we recommend the 337.0351 nm and
338.7092 nm S III spectral lines as lines with convenient Stark
broadening parameters in astrophysical plasma diagnostics.
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Abstract. Using a semiclassical perturbation method, we have calculated electron−, proton−, and ionized helium−impact line
widths and shifts for 52 Be III multiplets as a function of temperature and perturber density. Electron temperatures are 10 000 K;
20 000 K; 50 000 K; 100 000 K; 200 000 K and 300 000 K and perturber densities are from 1011 cm−3 up to 1021 cm−3. The
obtained results have been used for discussion of regularities and systematic trends along spectral series.

Key words. lines: profiles – atomic data – atomic processes – line: formation

1. Introduction

The astrophysical importance of light element ions line pro-
file study is obvious, since such lines are present in stellar
atmospheres. Such results are of interest e.g. for numerical
modeling of stellar atmospheres or abundance determinations.
The Be III Stark broadening parameters are additionally in-
teresting for problems correlated with nucleogenesis, mix-
ing between atmospheres and the interior, stellar structure
and evolution (see e.g. Boesgaard 1988), and opacity calcula-
tions (Seaton 1988). Moreover, Stark broadening parameters of
Be III lines are of interest for the investigation and diagnostic of
laboratory and laser-produced plasma, as well as for the consid-
eration of regularities and systematic trends. First experimen-
tal investigations of Be III plasma spectral line shapes, have
been made by Fraenkel et al. (1968) who investigated high en-
ergy satellites in Be III spectrum and Malvezi et al. (1975) who
investigated high-density laser-produced Be plasma. Rosznayi
(1977) performed a theoretical study of Be III lines Stark
broadening for a high density plasma with kT = 21 eV,
and atom density 1019−1021 cm−3. In Dimitrijević & Konjević
(1981) and Dimitrijević (1988a,b) Stark widths of Be III lines
have been calculated within the semiempirical method (Griem
1968), the modified semiempirical method (Dimitrijević &
Konjević 1980), the symplified semiclassical method (Griem
1974, Eq. (526)) and its modification (Dimitrijević & Konjević
1980). In Dimitrijević & Sahal-Bréchot (1996a,b) Stark

Send offprint requests to: M. S. Dimitrijević,
e-mail: mdimitrijevic@aob.bg.ac.yu
? Table 1 is only available in electronic form at the CDS via anony-

mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?/A+A/400/791

broadening parameters of 12 Be III spectral lines have
been obtained within the semiclassical perturbation ap-
proach (Sahal−Bréchot 1969a, b; see also Sahal–Bréchot 1974,
1991; Fleurier et al. 1977; Dimitrijević & Sahal–Bréchot
1984; Dimitrijević et al. 1991; Dimitrijević & Sahal–Bréchot
1995a,b). However, the recently published analysis of the spec-
trum and term system of Be III (Jupén et al. 2001) enables the
calculation of Stark broadening parameters for 52 additional
multiplets, with the standard accuracy. The aim of this work is
to determine this additional parameters in order to extend the
set of available Stark broadening data.

Obtained data are also of interest for investigations of reg-
ularities and systematic trends and have been used here for the
investigations of such trends along spectral series. Results of
such investigations are of interest for acquisition of new data
by interpolation and for critical evaluation of existing experi-
mental and theoretical data. Moreover, the obtained results are
of interest for the investigation of regularities along the helium
isoelectronic sequence since besides the results for Be III ob-
tained here and in Dimitrijević & Sahal-Bréchot (1996a,b), the
results for Li II (Dimitrijević & Sahal-Bréchot 1996c), C V
(Dimitrijević & Sahal-Bréchot 1996d), O VII (Dimitrijević &
Sahal–Bréchot 1998a), Na X (Dimitrijević & Sahal–Bréchot
1998b) and Si XIII (Dimitrijević & Sahal–Bréchot 1998c),
have been published also.

This paper is the twenty third of a series devoted to the
calculation of Stark broadening parameters of spectral lines of
multicharged ions (see Dimitrijević & Sahal–Bréchot 1998b
and references therein, Dimitrijević & Sahal–Bréchot 1988a,d;
1999), as the continuation of our previous research. A review
of obtained results is given e.g. in Dimitrijević (1996).
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2. Results and discussion

The semiclassical perturbation formalism used here, has been
reviewed briefly e.g. in Dimitrijević & Sahal–Bréchot (1995a,
1996c). Energy levels for Be III have been taken in Jupén et al.
(2001). Oscillator strengths have been calculated by using the
method of Bates & Damgaard (1949) and the tables of Oertel
& Shomo (1968). For higher levels, the method described by
van Regemorter et al. (1979) has been used.

The results for 52 Be III multiplets, for Stark broadening
due to electron−, proton−, and ionized helium−impacts are
shown in Table 1 (accessible only in electronic form) for per-
turber densities 1011 cm−3–1021 cm−3 and temperatures from
10 000 up to 300 000 K. Stark broadening parameters for den-
sities lower than for tabulated values, are linear with per-
turber density. We also specify a parameter C (Dimitrijević &
Sahal−Bréchot 1984), which gives an estimate for the maxi-
mum perturber density for which the line may be treated as
isolated, when it is divided by the corresponding full width
at half maximum. For each value given in Table 1 the col-
lision volume (V) multiplied by the perturber density (N) is
much less than one and the impact approximation is valid
(Sahal−Bréchot 1969a,b). Values for NV > 0.5 are not given
and values for 0.1 < NV ≤ 0.5 are denoted by an asterisk.
When the impact approximation is not valid, the ion broad-
ening contribution may be estimated by using quasistatic ap-
proach (Sahal−Bréchot 1991 or Griem 1974). In the region be-
tween where neither of these two approximations is valid, a
unified type theory should be used. For example in Barnard
et al. (1974), a simple analytical formula for such a case is
given. The accuracy of the results obtained decreases when
broadening by ion interactions becomes important.

In Figs. 1 and 2 the electron-impact full half widths and
shifts for Be III nfs1S-nip1Po lines as a function of ni for dif-
ferent nf , for T = 50 000 K at Ne = 1017 cm−3 is shown. Here,
ni is the principal quantum number of initial (upper), and nf of
the final (lower) level of the considered transition. We can see
gradual change of Stark broadening parameters within partic-
ular nfs1S-nip1Po spectral series, permitting the interpolation
of new data or critical evaluation of mutual consistency of ex-
isting data as in our previous analyses (see e.g. Dimitrijević
& Sahal−Bréchot 1996c). Exceptions of such behaviour have
been analysed e.g. in Tankosić et al. (2001). As an addition to
previous analyses (e.g. Dimitrijević & Sahal−Bréchot 1996c),
where only one Li II 2s3S-np3Po series have been analysed in
Figs. 1–2 are considered all calculated transitions belonging to
different Be III nfs1S-nip1Po series. One can be seen that dif-
ferences between corresponding members with the same ini-
tial (upper) level of different spectral series are not large and
increase gradually with the increase of the principal quantum
number of the final (lower) level. Consequently, rough estima-
tion of the mutual consistency of existing data or of an ap-
proximate value for a member of a different spectral series is
possible in considered case on the basis of considered regular-
ities if the upper (initial) level of the investigated transition is
the same as for members of other spectral series with known
Stark broadening parameters. Such regular behaviour of Stark
broadening parameters within considered spectral series is the
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Fig. 1. Electron-impact full half widths (in angular frequency units)
for Be III nf s1S-nip1Po lines as a function of ni for different nf , for T =
50 000 K at Ne = 1017 cm−3. Here, ni is the principal quantum number
of initial (upper), and nf of the final (lower) level of the considered
transition.
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Fig. 2. As in Fig. 1 but for electron-impact shift.

consequence of the gradual change of the energy separations
between the initial (upper) level and the principal perturbing
levels, shown in Fig. 3. It is of interest to determine experi-
mentally Stark broadening parameters for several members of
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level of the considered transition.

a Be III spectral series in order to test experimentally the pos-
sibilities of established regularities within spectral series for
prediction of new data and checking the reliability and mutual
consistency of existing ones.
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Dimitrijević, M. S., & Sahal−Bréchot, S. 1984, J. Quant. Spectrosc.

Radiat. Transfer, 31, 301
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Dimitrijević, M. S., & Sahal−Bréchot, S. 1996d, A&AS, 115, 351
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Dimitrijević, M. S., & Sahal−Bréchot, S. 1999, A&AS, 133, 227
Dimitrijević, M. S., Sahal-Bréchot, S., & Bommier, V. 1991, A&AS,

89, 581
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63, 54
van Regemorter, H., Hoang Binh Dy, & Prud’homme, M. 1979, J.

Phys. B, 12, 1073



A&A 403, 787–791 (2003)
DOI: 10.1051/0004-6361:20030463
c© ESO 2003

Astronomy
&

Astrophysics

Influence of chemi-ionization and chemi-recombination
processes on the population of hydrogen Rydberg states

in atmospheres of late type dwarfs

A. A. Mihajlov1,2, D. Jevremovi´c3,4, P. Hauschildt5,6, M. S. Dimitrijević2,4, Lj. M. Ignjatović1,2, and F. Alard7

1 Institute of Physics, PO Box 57, 11001 Belgrade, Serbia and Montenegro
2 Institute Isaac Newton of Chile, Yugoslavia Branch, Belgrade, Serbia and Montenegro
3 APS Division, Phys. Depart., Queen’s University Belfast, BT7 1NN, Northern Ireland, UK
4 Astronomical Observatory, Volgina 7, 11160 Belgrade, Serbia and Montenegro
5 Depart. of Phys. and Astronomy and Center for Simulat. Physics, University of Georgia, Athens, GA 30602, USA
6 Hamburger Sternwarte, Universitaet Hamburg, Gojenbergsweg 112, 21029 Hamburg, Germany
7 CRAL/ENS, 46 Allée d’Italie, 69634 Lyon Cedex 07, France

Received 22 July 2002/ Accepted 4 February 2003

Abstract. We study the influence of a group of chemi-ionization and chemi-recombination processes on the populations of
higher states of hydrogen in the layers of a stellar atmosphere. The group of processes includes ionization: H∗(n) + H(1s)=⇒
H+2+e , H∗(n)+H(1s)=⇒ H(1s)+H++e, and inverse recombination: H+2+e=⇒ H∗(n)+H(1s), H(1s)+H++e=⇒ H∗(n)+H(1s),
where H∗(n) is the hydrogen atom in a state with the principal quantum numbern� 1, and H+2 is the hydrogen molecular ion
in a weakly bound rho-vibrational state of the ground state. These processes have been treated within the framework of the
semi-classical approximation, developed in several previous papers, and have been included in the general stellar atmosphere
code. We present results for an M dwarf atmosphere withTeff = 3800 K and find that the inclusion of chemi-ionization
and chemi-recombination processes is significant in the low temperature parts of the atmosphere.

Key words. atomic processes – molecular processes – stars: late type

1. Introduction

For several years we have studied the chemi-ionization atom-
atom collisional processes and inverse chemi-recombination
processes that may influence the populations of the hydrogen
atom Rydberg states in the weakly ionized layers of stellar at-
mospheres (Mihajlov et al. 1996a, 1997). In the case of hydro-
gen, these processes are:

H∗(n) + H(1s) =⇒ H+2 + e, (1a)

H∗(n) + H(1s) =⇒ H(1s)+ H+ + e, (1b)

H+2 + e=⇒ H∗(n) + H(1s), (2a)

H(1s)+ H+ + e=⇒ H∗(n) + H(1s), (2b)

where H∗(n) is a hydrogen atom in a state with the principal
quantum numbern� 1, and H+2 is a hydrogen molecular ion in
a weakly bound rho-vibrational state of the ground electronic
state. In the case of ionization (1a,b), the lower limit of the
Rydberg state range that was considered was set ton = 4
(Mihajlov et al. 1996a, 1997). The block of rho-vibrational

Send offprint requests to: M. S. Dimitrijević,
e-mail:mdimitrijevic@aob.bg.ac.yu

states with a dissociation energy less than 1 eV has an essen-
tial role in the case of formation of the molecular ion (pro-
cesses (1a) and (2a)) and within the range of quantum numbers
that was considered. In the case of cool stellar atmosphere lay-
ers (3000 K≤ T ≤ 5000 K), the block of such weakly bound
rho-vibrational states can be considered to be in equilibrium
with the collisional H(1s)+H+ complexes, without the require-
ment that the lower rho-vibrational states of molecular ion are
in equilibrium (Mihajlov & Ljepojević 1982; Mihajlov et al.
1992). This fact makes the description of recombination pro-
cesses (2a) and (2b) easier, since it enables us to avoid the di-
rect determination of the density of molecular ions in weakly
ionized rho-vibrational states.

In our previous work (Mihajlov et al. 1997, 1998) we es-
timated the influence of the processes (1a,b; 2a,b) for the low
temperature layers of the Solar atmosphere. We compared the
ionization and recombination fluxes with and without inclusion
of the above processes and found a significant difference in the
population of the H∗(n) atomic states with 4< n < 8.

Here we discuss the importance of these processes in stellar
atmospheres of lower temperature. This paper is organized as
follows: in Sect. 2 we summarize the theoretical framework and
in Sect. 3 we describe the changes in the stellar atmosphere
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code and parameters of the test model atmosphere.
We present our results and discussion in Sect. 4 and draw our
conclusions in Sect. 5.

2. Theoretical remarks

Let I (a,b)
i (n) and I (a,b)

r (n) denote ionization and recombination
fluxes affecting population and depopulation of excited hydro-
gen atom atomic levels due to reactions. By definition, ion-
ization fluxes I (a,b)

i (n) determining the rate of depopulation
of H∗(n) states are given by

I (a)
i (n) = K(a)

i (n) · N(H) · N(H∗(n)) (3a)

I (b)
i (n) = K(b)

i (n) · N(H) · N(H∗(n)) (3b)

whereN(H) andN(H∗(n)) are H(1s) and H∗(n) atom densities,
andKa

i (n) andKb
i (n) are rate coefficients of the reactions (1a)

and (1b) respectively. The recombination fluxI (a)
r (n), determin-

ing the velocity of population of H∗(n) states due to the reac-
tion (2a), is given by definition as:I (a)

r = Kdr · N(H+2) · N(e),
whereN(e) andN(H+2) are the electron density and the density
of molecular ion H+2 in the abovementioned weakly bound rho-
vibrational states, andKdr is the corresponding rate coefficient
of the dissociative recombination reaction (2a). The expression
for the recombination fluxI (a)

r may be written by:

I (a)
r (n) = K(a)

r (n) · N(H) · N(H+) · N(e) (4a)

whereK(a)
r = Kdr[N(H)·N(H+)/N(H+2)]−1. The advantage of ex-

pression (4a) for the recombination fluxI (a)
r (n) is the fact that it

introduces a new effective rate coefficient of the reaction (2a). If
the ionization rate coefficientKa

i (n) is known, theK(a)
r (n) may

be determined directly, under assumption of the equilibrium be-
tween H+2 weakly bound rho-vibrational states and the H+ H+

collisional complex (Mihajlov & Ljepojevi´c 1982; Mihajlov
et al. 1992). This makes the treatment of the problem easier
and enables us to avoid the determination of theKdr(n) rate co-
efficient. The recombination fluxI (b)

r (n), determining the rate
of population of H∗(n) states due to the reaction (2b), is given,
by definition, by:

I (b)
r (n) = K(b)

r (n) · N(H) · N(H+) · N(e), (4b)

whereK(b)
r (n) is the rate coefficient of the reaction (2b). The

influence of the processes (1a,b) and (2a,b) on H∗(n) atomic
states populations may be estimated using only theN(H),
N(H∗(n)), N(H+) andN(e) populations.

Rate coefficients for the processes (1, 2) have been deter-
mined within the semi-classical theory described in the previ-
ous papers (Janev & Mihajlov 1980; Mihajlov & Ljepojevi´c
1982; Mihajlov et al. 1992). This theory takes into account
atomic collisions, where the H∗(n) + H system in the pro-
cesses (1a,b) as well as the e+ H+ + H system in the pro-
cesses (2b) go through the phase where they may be treated
as a (H+ + H) + e system. Here, (H+ + H) denotes that the
ion-atom subsystem may be treated as a quasi-molecular ion-
atom complex under assumption that its electronic states may
be described as superpositions of the ground and the first ex-
cited states of the H+2 molecular ion. Furthemore, this means

that during the quasi-molecular phase the average electron dis-
tance from the center of mass of the H+ + H subsystem is
much larger than the internuclear distance between H+ and H.
Consequently, the dipole interaction between the (H+ +H) and
an electron (Smirnov & Mihajlov 1971) is the origin of the
chemi-ionization/recombination processes (1a,b) and (2a,b).
One can notice that within the frame of this approach, the pro-
cesses (2a) and (2b) may be described practically in the same
way. Expressions for the rate coefficients in the processes (1a,b)
and (2a,b) which are used here as well as the method of de-
termination of the rate coefficients are described in details in
Mihajlov et al. (1996b).

3. Modeling

We included procesess (1a,b) and (2a,b) into the general stel-
lar atmosphere code described in Hauschildt et al.
(1999), Short et al. (1999), Baron & Hauschildt (1998).
 solves simultaneously the equations of hydrostatic
equilibrium, multi-level and multi-species statistical equilib-
rium and NLTE radiative transfer. The major advantage of
 is that it uses extensive atomic and molecular
databases and can be used for modeling of very cool objects.

The main change in the code is in the addition of a new
term in the statistical equilibrium equation which describes ad-
ditional collisional processes. This change allows us to treat
chemi-ionization/recombinationprocesses consistently with all
the other processes. Due to limits of the semi-classical ap-
proach, we include additional collisional term only for levels
larger thann = 4.

We use for our calculation the plane-parallel, static op-
tion of  which has been adopted for use in “chro-
mospheric” type of problems. As a test atmosphere we use a
“schematic” chromospheric structure with an effective temper-
ature of 3800 K, logarithm gravity of 5.0, logm0 = −2.5 being
the column mass at temperature minimum, and logmTR −4.8,
mTR standing for the column mass in the transition region. The
choosen parameters represent a typical M0 dwarf of weak ac-
tivity. The procedure of building this model is identical to that
described in Jevremović et al. (2000) and its structure is shown
in Fig. 1. As we are interested in behavior of hydrogen popula-
tions, we solve the NLTE problem for the 30 lowest levels. The
standard collisional data for hydrogen are those from Vriens &
Smeets (1980).

4. Results and discussion

In Figs. 2–4 we present the behavior of population ratiosζ
without and with inclusion of chemi-ionization (1a,b) and
chemi-recombination (2a,b) processes for the levels 3 to 20.
The ratios are close to unity forn = 3, and start to differ
for n = 4 and 5 (Fig. 2). Forn = 5 the largest difference is
around 10%. This is to be expected as we include the procesess
for n ≥ 4, which is based on the validity of the semi-classical
approximation. The population of lower levels (n = 2, 3) is
influenced by other processes included in the statistical equi-
librium equation.
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Fig. 1. Temperature and electron density structure for the model of test atmosphere.

Fig. 2. The behaviour of the population ratioζ(n) for 3 ≤ n ≤ 9 as a function of the column mass.

As expected, the additional collisional term in statis-
tical equilibrium brings the solution closer to local ther-
modynamical equilibrium (LTE). In terms of our popula-
tion ratios, in the parts of atmosphere where populations,
determined in our calculations using, are larger
than LTE populations (departure coefficients bi > 1),
our parameterζ is larger than one. This means that in
such a case, chemi-ionization processes depopulate excited
states and dominate in comparison with chemi-recombination

processes. The result is that populations determined with pro-
cesses (1, 2) included are smaller in comparison with popula-
tions calculated without them and consequentlyζ is larger than
one. In the reverse case (bi < 1), parameterζ is smaller than
one, which means that in this case chemi-recombination pro-
cesses dominate over chemi-ionization ones and increase the
population of excited levels. As a result, in both cases, pro-
cesses (1, 2) act as important factors closing the difference be-
tween the calculated and LTE populations.
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Fig. 3. The behaviour of the population ratioζ(n) for 10≤ n ≤ 15 as a function of the column mass.

Fig. 4. The behaviour of the population ratioζ(n) for 16≤ n ≤ 20 as a function of the column mass.

As can be seen from Fig. 2, the behaviour ofζ(n) for 6 <
n < 9 shows a tendence to converge to a pattern, which may
differ up to 40% from unity. For higher levels (Figs. 3 and 4)
the convergence to a pattern is complete and it can be under-
stood by assuming that highly excited hydrogen level popu-
lations have quasi-Boltzman distributions different from dis-
tributions for partial LTE. It is not suprising that the popula-
tion ratios for the levels up to 30 and the proton density show
the same behaviour as levels withn > 15. One also has to

remember that in the layers with temperatures lower than
4500 K the main electron contributors are metals so, as ex-
pected, there is very little change in electron density.

5. Conclusion

We have demonstrated the importance of the inclusion
of chemi-ionization (1a,b) and chemi-recombination (2a,b)
processes in modeling of atmospheres of late type stars.
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In previous work (Mihajlov et al. 1996a, 1997, 1998), it had
been assumed that these processes were important up ton = 10.
Here we have demonstrated that inclusion of processes (1a,b)
and (2a,b) significantly changes the population of all Rydberg
levels due to PLTE. However, in some atmospheric layers self-
consistent modeling shows differences of up to 40% between
calculations with and without inclusion of these processes.

We plan to continue these investigations for atmospheres
with different effective temperatures, including stars with
higher Teff, such as the Sun and Sun-like stars. Namely, on
the basis of our previous results and those presented here, one
could expect that for such stars, processes (1a,b) and (2a,b)
should influence not only the population of higher levels of hy-
drogen, but also the electron density. Furthermore, we plan to
include in  the chemi-ionization/recombination pro-
cesses similar to (1a,b) and (2a,b) in the He(1s2) atom which
would be used in modeling of helium-rich stars.

Also, there is a need for a developement of a theory of pro-
cesses similar to processes (1a,b) and (2a,b) for the lower lev-
els of hydrogen, with the principal quantum numbersn = 2
and 3. This extension would enable more sophisticated mod-
eling of stellar atmospheres as the population of lower levels
may significantly alter the electron density and consequently
the atmospheric structure.
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Abstract. We study the influence of Stark broadening and stratification effects on Si lines in the rapidly oscillating (roAp)
star 10 Aql, where the Si6142.48 Å and 6155.13 Å lines are asymmetrical and shifted. First we have calculated Stark broaden-
ing parameters using the semiclassical perturbation method for three Si lines: 5950.2 Å, 6142.48 Å and 6155.13 Å. We revised
the synthetic spectrum calculation code taking into account both Stark width and shift for these lines. From the comparison of
our calculations with the observations we found that Stark broadening+ the stratification effect can explain asymmetry of the
Si  6142.48 Å and 6155.13 Å lines in the atmospere of roAp star 10 Aql.

Key words. stars: chemically peculiar – line: profiles – atomic processes

1. Introduction

The Stark broadening is the most significant pressure broad-
ening mechanism for A and B stars and one has to take into
account this effect in investigation, analysis and modeling of
their atmospheres. In one of our previous works (Popovi´c et al.
2001) we have shown that the Stark effect may change the
equivalent width of spectral lines by 10–45%, hence neglect-
ing this mechanism, we may introduce a significant error in
abundance determinations. On the other hand, high resolution
spectra allow us to study different broadening effects using line
profiles. In the course of the abundance analyses of peculiar
(Ap) stars we noticed that some of the Si lines are shifted rel-
ative to the laboratory wavelength. Moreover, few strong lines
mainly from the multiplets 3p3 3D0−5f3D and 3p3 3D0−5f3G
have asymmetrical line profiles, in particular the Si 6155.13 Å
line. We found that this line is slightly shifted and asymmetri-
cal even in the solar spectrum, while in the hotter, e.g. Ap stars,
the shift and asymmetry are more pronounced.

The aim of this paper is to explain the asymmetry of
Si  lines within the framework of the Stark broadening ef-
fect. First we calculated the Stark broadening parameters for
these lines, after that we calculated synthetic spectra and com-
pared them with the observations, and finally, we discuss the

Send offprint requests to: M. S. Dimitrijević,
e-mail:mdimitrijevic@aob.bg.ac.yu

effects causing shift and asymmetry in the line profile of the
Si 6155.13 and 6142.48 Å lines.

2. Observations

For our analysis we used observations of one normal star
HD 32115, two Ap stars HD 122970 and 10 Aql and Solar
Flux Atlas by Kurucz et al. (1984). High resolution CCD spec-
tra of 10 Aql and HD 122970 are described by Ryabchikova
et al. (2000). High resolution CCD spectra (R ≈ 45 000) of
HD 32115 in the wavelength region 4000–9500 Å were ob-
tained with the coude-echell spectrometer mounted on the 2 m
“Zeiss” telescope at Peak Terskol Observatory, Russia (see
Bikmaev et al. 2002 for more details).

More Ap stars show peculiar line profiles of Si lines but
most stars have rather strong magnetic fields which distort line
profiles through Zeeman splitting. Rather weak magnetic fields
in Ap stars HD 122970 and 10 Aql allow us to ignore magnetic
effects on line shape.

3. The Stark broadening parameter calculation

Calculations have been performed within the semiclassical
perturbation formalism, developed and discussed in detail in
Sahal-Bréchot (1969a,b). This formalism, as well as the cor-
responding computer code, have been optimized and updated
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several times (see e.g. Sahal-Br´echot 1974; Dimitrijevi´c &
Sahal-Bréchot 1984a; Dimitrijević 1996).

Within this formalism, the full width of a neutral emitter
isolated spectral line broadened by electron impacts can be ex-
pressed in terms of cross sections for elastic and inelastic pro-
cesses as

Wi f =
2λ2

i f

2πc
ne

∫
v f (v)dv


∑
i′,i

σii ′ (v) +
∑
f ′, f

σ f f ′ (v) + σel

 (1)

and the corresponding line shift as

di f =
λ2

i f

2πc
ne

∫
v f (v)dv

∫ RD

R3

2πρdρ sin 2φp. (2)

Here,λi f is the wavelength of the line originating from the tran-
sition with the initial atomic energy leveli and the final levelf ,
c is the velocity of light,ne is the electron density,f (v) is the
Maxwellian velocity distribution function for electrons,m is
the electron mass,k is the Boltzman constant,T is the tem-
perature, andρ denotes the impact parameter of the incoming
electron. The inelastic cross sectionσ j j ′ (v) is determined ac-
cording to Chap. 3 in Sahal-Bréchot (1969b), and elastic cross
sectionσel according to Sahal-Br´echot (1969a). The cut-offs,
included in order to maintain for the unitarity of theS-matrix,
are described in Sect. 1 of Chap. 3 in Sahal-Br´echot (1969a).

The formulae for the ion-impact broadening parameters are
analogous to the formulae for electron-impact broadening. We
note that the fact that the colliding ions would impact in the far
wings should be checked, even for stellar densities.

4. Line profile calculations

Model atmosphere calculations as well as calculations of the
absorption coefficients were made with the local thermody-
namical equilibrium (LTE) approximation. Model calculations
were performed with the ATLAS9 code written by Kurucz
(1993). The next step is the calculation of the outward flux at
corresponding wavelengths points using the given model. For
this we used the STARSP program written by Tsymbal (1996).
In its current state this code includes the possibility of calcu-
lating a synthetic spectrum for an atmosphere with a vertical
stratification of chemical elements.

The computational scheme is as follows. For each line we
find the central opacity as

αν =
πe2

mc
g fi f e−

χ
kT

n
ρ

(
1− e−

hν
kT

)
, (3)

whereαν is the mass absorption coefficient at frequencyν, e is
the electron charge,g is the statistical weight,fi f is the oscilla-
tor strength for a given transition,χ is the excitation energy,n is
the number density of a corresponding element in a given ion-
ization stage multiplied by partition function,ρ is the density
andh is the Planck constant. The last factor describes stimu-
lated emission.

The Doppler width is

∆νD =
ν

c

√
2kT
mA
+ ξ2t . (4)

In this expressionmA is the mass of the absorber andξt is the
microturbulent velocity.

Next, we compute the total damping parameter

γ = γrad+ γStark+ γneutral. (5)

Hereγrad, γStark andγneutral are the radiative, Stark and damp-
ing parameters due to neutral atom collisions respectively.
The values ofγrad, γneutral, excitation energyχ and oscilla-
tor strengthg f were taken from the Vienna Atomic Line
Database (VALD) (Kupka et al. 1999). In the case of neu-
tral atom broadening we assumed that perturbing particles are
atoms of neutral hydrogen and helium only. This assump-
tion is applicable to almost all types of stars due to high hy-
drogen and helium cosmic abundances. Usually this damping
process is called Van der Waals broadening. The best theory
for atomic hydrogen collisions which includes not only the
Van der Waals potential is given in the papers by Anstee &
O’Mara (1991) and Barklem & O’Mara (1998). Barklem et al.
(2000) provided logγneutralcalculations for about 5000 lines of
the neutral atoms and the first ions of many chemical elements.
These damping parameters are included in VALD database per
one perturbing particle and for a temperature of 10 000 K.
Unfortunately, no calculations exist for Si lines. We shall dis-
cuss the competition between the broadenings caused by the
Stark effect and neutral hydrogen collisions in the atmospheres
of our stars in Sect. 5.2.

In order to include Stark broadening effects we added the
approximate formulas (see Eqs. (13) and (14) in Sect. 5.1) in
the code. The Stark width and shift are

γStark= γ
(e)
Starkne+ γ

(p)
Starknp + γ

(HeII)
Stark nHeII, (6)

dStark= d(e)
Starkne+ d(p)

Starknp + d(HeII)
Stark nHeII, (7)

wherene, np andnHeII are the corresponding densities of elec-
trons, protons and He ions respectively. The resulting opac-
ity profile is given by the Voigt function (Doppler+ pressure
broadening).

Thus, at each point of a given spectral region (with resolu-
tion 0.01 Å for both lines) we computed line absorption coeffi-
cient`ν as follows

`ν = ανV(u, a), (8)

whereαν is given by Eq. (3) andV(u, a) is a Voigt function with
parameters

u =
ν − ν0 + dStark

∆νD
, (9)

a =
γ

4π∆νD
· (10)

The Stark shiftdStark and the damping parameterγ have been
found from (2) and (5), respectively.

The flux is given by the expression

Hν(τν) = −1
2

∫ τν
0

SνE2(τν − t)dt +
1
2

∫ ∞
τν

SνE2(t − τν)dt, (11)

where τν is the optical depth,Sν is the source function
andEn(x) is the exponential integral of the ordern and argu-
mentx. The flux integral has been evaluated using matrix op-
erators.
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Table 1. Stark broadening parameters for Si spectral lines. This table shows electron-, proton-, and ionized helium-impact broadening pa-
rameters for Si for a perturber density of 1014 cm−3 and temperatures from 2500 up to 50 000 K. The quantityC (given in Å cm−3), when
divided by the corresponding full width at half maximum, gives an estimate for the maximum perturber density for which tabulated data may
be used. The asterisk identifies cases for which the collision volume multiplied by the perturber density (the condition for validity of the impact
approximation) lies beetwen 0.1 and 0.5. For higher densities, the isolated line approximation used in the calculations breaks down.FWHM(Å)
denotes full line width at half maximum in Å, whileSHIFT(Å) denotes line shift in Å.

Perturbers are: Electrons Protons Helium ions

Transition T(K) FWHM(Å) SHIFT(Å) FWHM(Å) SHIFT(Å) FWHM(Å) SHIFT(Å)

SiI 4s−5p 2500 0.509E–02 0.333E–02 0.160E–02 0.701E–03
1P−1D 5000 0.581E–02 0.409E–02 0.172E–02 0.898E–03

5948.55 A 10 000 0.652E–02 0.381E–02 0.183E–02 0.109E–02 0.167E–02 0.851E–03
C = 0.36E+19 20 000 0.740E–02 0.328E–02 0.194E–02 0.127E–02 0.175E–02 0.101E–02

30 000 0.811E–02 0.271E–02 0.202E–02 0.139E–02 0.181E–02 0.111E–02
50 000 0.903E–02 0.212E–02 0.213E–02 0.153E–02 0.188E–02 0.123E–02

SiI 3p3−5f 2500 0.967E–01 –0.576E–01 0.175E–01 –0.145E–01 *0.145E–01 –0.114E–01
3D3−3D3 5000 0.108 –0.624E–01 0.196E–01 –0.168E–01 0.160E–01 –0.134E–01

6142.48 Å 10 000 0.120 –0.609E–01 0.219E–01 –0.192E–01 0.178E–01 –0.154E–01
C = 0.52E+16 20 000 0.132 –0.472E–01 0.247E–01 –0.219E–01 0.198E–01 –0.176E–01

30 000 0.140 –0.400E–01 0.266E–01 –0.235E–01 0.211E–01 –0.189E–01
50 000 0.147 –0.326E–01 0.294E–01 –0.258E–01 0.228E–01 –0.208E–01

SiI 3p3−5f 2500 0.905E–01 –0.622E–01 0.184E–01 –0.152E–01 *0.151E–01 –0.120E–01
3D3−3G4 5000 0.102 –0.707E–01 0.204E–01 –0.177E–01 0.168E–01 –0.141E–01

6155.13 Å 10 000 0.112 –0.706E–01 0.228E–01 –0.203E–01 0.187E–01 –0.162E–01
C = 0.20E+17 20 000 0.121 –0.571E–01 0.255E–01 –0.231E–01 0.208E–01 –0.185E–01

30 000 0.129 –0.482E–01 0.273E–01 –0.248E–01 0.221E–01 –0.200E–01
50 000 0.137 –0.392E–01 0.298E–01 –0.272E–01 0.240E–01 –0.219E–01

5. Results

5.1. Stark broadening data

The atomic energy levels needed for Stark broadening calcu-
lations were taken from Martin & Zalubas (1983) and Moore
(1971), but LS determination of 5f3D, 5f3G, 6s1P◦ and 7s1P◦
terms have been adopted according to Moore (1971) and
therfore, in order to obtain a consistent set of data, energy
levels from Moore (1971) have been used as the principal
source. Oscillator strengths have been calculated by using the
method of Bates & Damgaard (1949) and tables of Oertel
& Shomo (1968). For higher levels, the method described in
van Regemorter et al. (1979) has been applied.

The spectrum of neutral silicon is complex and not known
well enough for a good calculation of the considered lines.
First of all upper and lower energy levels for 6142.48 Å and
6155.13 Å lines are not known reliably. According to Striganov
& Sventickij (1966) they belong to the 3p3 3D0−5f3D and
3p3 3D0−5f3G multiplets respectively, while Moore et al.
(1966) stated that the lower level of the corresponding tran-
sitions is 3d3D◦. It is also worth noting that in NIST (2002)
the lower and upper levels of the corresponding transitions are
not specified. Consequently, we adopted the identification of
Striganov & Sventitskij (1966) as the only one enabling the
corresponding calculations. Moreover, the 3s3p3 3D◦3 level is
in fact a mixture of 39% of 3pnd3D◦ and 56% of 3s3p3 3D◦3

states, and 5% is unknown. Also the 3pnd3D◦ state is a mixture
of states with 3≤ n ≤ 12. In calculations, we assumed that
we have 30% of 3p3d3D◦ state, and our checks show that the
difference in final results is negligible if we assume that this
state is involved up to 20% only. An additional complication
was that g levels, which might be very important for the pertur-
bation of the considered 5f levels, are unknown. In accordance
with the decrease of distance between 5s, 5p,5d and 5f lev-
els, we estimated that the distance from 5f3D or 5f3G term
to the 5g levels should lie between 500 and 1500 cm−1. We
checked results without 5g levels and with a fictive 5g level
at 500, 1000 and 1500 cm−1 from the corresponding 5f terms.
In all cases, line widths differed by less than 1%, while the
shift varies within the limits of 3.5% for 1000 or 1500 cm−1.
If the distance is 500 cm−1, the shift value e.g. at 10 000 K
for 6142.48 Å line differs by about 20%. If we include a fic-
tive 6g level 500 cm−1 distant from 5g levels, the difference is
negligible. Hence, in order to obtain the needed set of atomic
energy levels, we adopted a fictive 5g level 1000 cm−1 distant
from the 5f levels and a fictive 6g level 500 cm−1 distant from
the 5g level. Since the average estimated error of the semiclas-
sical method is±30%, due to additional approximations and
uncertainties, we estimate the error bars of our results to be
±50%.

Our results for electron-, proton-, and ionized helium-
impact line widths and shifts for the three considered Si spec-
tral lines for a perturber density of 1014 cm−3 and temperatures
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Table 2.The parametersA, B andC of the approximate formulae for
Stark widths and shifts.

Line 5950.2 Å 6142.48 Å 6155.13 Å

WIDTH

Electrons

c1 1E–16 1E–14 1E–14
A –0.33801648 –0.87997007 –0.88824105
B 0.12759724 0.01704956 0.01525209

Protons

c1 1E–16 1E–15 1E–15
A –0.81663954 –0.77664655 –0.76856840
B 0.01728187 0.03913901 0.03758103

He

c1 1E–16 1E–15 1E–15
A –0.83337682 –0.81987023 –0.81114334
B 0.01297813 0.02771659 0.02946282

SHIFT

Electrons

c2 1E–16 1E–15 1E–15
A 0.38028502 –0.63997507 –0.69208568
B 1.33496618 0.88440353 1.18033516
C –0.02047206 0.07950743 0.04721782

Protons

c2 1E–16 1E–15 1E–15
A −1.32564473 1.12387002 0.17032257
B 0.01917066 0.02838789 0.10512289
C 1.43394434 −1.31786299 –0.37318012

He

c2 1E–16 1E–15 1E–15
A −1.67370868 0.14785217 0.14840180
B 0.01490401 0.10161093 0.10439166
C 1.75773489 –0.30183339 –0.31051296

T = 2500−50 000 K, are shown in Table 1. For perturber den-
sities lower than those tabulated here, Stark broadening pa-
rameters vary linearly with perturber density. The nonlinear
behaviour of Stark broadening parameters at higher densities
is the consequence of the influence of Debye shielding and
has been analyzed in detail in Dimitrijevi´c & Sahal-Bréchot
(1984b).

In Table 1 the Stark widths and shifts for electron-, proton-
and He ion-impact broadening are presented as a function of
temperature for a density of 1014 cm−3. After testing the density
dependence of Stark parameters, we have found that the width
and shift are linear functions of density for perturber densities
smaller than 1016 cm−3 and can be scaled by the simple for-
mula:

(W, d)N = (W, d)0

( N
1014

)
, (12)
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Fig. 1. The analytic fit of HeII-impact broadening data for Si 6142 Å
line: a) Stark width, andb) Stark shift. The shift and width are given
for one perturber per cm3.

where (W, d)N are the width and shift at a perturber den-
sity N (cm−3), and (W, d)0 are width and shift given in Table 1,
respectively.

In order to simplify the use of Stark broadening data in the
codes for stellar spectral synthesis, we have found an analytical
expression for Stark widths and shifts

W
ne

[Å] = c1

(
A+ TB

)
, (13)

d
ne

[Å] = c2

(
A+CTB

)
. (14)

The constantsc1, c2, A, B and C are given in Table 2. We
takeT asT/(10 000 K). The fits of our calculated data to the
analytical functions given above are satisfactory (Fig. 1) and
the differences are negligible in comparison with the expected
error of our calculations (≈±50%).

5.2. The Stark broadening effect on the shape
of Si I lines

The asymmetry and shift of Si 6142.48 Å and (in particu-
lar) 6155.13 Å lines were observed, and it was obvious that
the asymmetry is higher for the hotter stars. The most asym-
metrical areλ 6142.48 Å and 6155.13 Å, the strongest lines
of 3p3 3D0−5f3D and 3p3 3D0−5f3G multiplets, respectively.
This line is slightly shifted and shows an asymmetry in the red
wing even in a rather cool star like the Sun. It is not surprising if
the Stark effect is responsible for the observed shifts and asym-
metries. From Table 1 one can see that neither widths nor shifts
have a strong temperature dependence, but they depend linearly
on the perturber density. If a line is strong enough so that line
core and line wings are formed at different atmospheric lay-
ers where electron density, differs significantly, then we should
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Table 3.The atmospheric parameters and rotational velocities of the investigated stars.

Star name Teff log g ξt v sini log(Si/Ntot)

or HD km s−1 km s−1

Sun 5777 4.44 0.75 1.6 –4.49

HD 122970 6930 4.11 0.85 5.0 –4.45

HD 32115 7250 4.20 2.30 9.0 –4.65

10 Aql 7550 4.00 0.00 5.0 strat

observe line asymmetry due to different shifts at different at-
mospheric layers even with a homogeneous vertical distribu-
tion of the absorbing element in stellar atmosphere (the case of
the observed asymmetries in normal stars). Vertical abundance
stratification makes this effect more pronounced, and it is ob-
served in cool Ap stars, where an element stratification takes
place (Savanov et al. 2001; Ryabchikova et al. 2002; Wade et al.
2001).

Table 3 summarizes the model atmosphere parameters and
rotational velocities for the stars of our sample. These data
are taken from Ryabchikova et al. (2000) and Bikmaev et al.
(2002). For the Sun corresponding parameters were taken from
Valenti & Piskunov (1996) exceptTeff. Si abundances used in
the present calculations are given in the last column.

In the Sun the most important broadening is due to colli-
sions with neutral hydrogen and helium. In the hotter stars the
importance of the Stark broadening increases. Barklem (priv.
communic.) has provided us with the value of the broaden-
ing parameter due to collisions with atomic hydrogen for the
Si  lines of our interest. This value per perturbing particle for a
temperature 10 000 K, logγneutral= −6.63, is by 0.4 dex higher
than the corresponding value obtained from the Uns¨old (1955)
approximation. According to Barklem his value may be over-
estimated by 0.1 dex which is proved by a comparison between
the calculated and the observed blue wing of the solar Si lines.
The final value used in our calculations is logγneutral= −6.75.
As for the shift due to collisions with the atomic hydrogen, a
corresponding theory is not well developped, and the value of
the shift is rather uncertain (Barklem, priv. communic.). The
core and the wings of the strongest Si λ 6155 line are formed
in the layers with the temperatures 5000 and 5800 K respec-
tively. In these layers the corresponding values for electron-,
proton- and atomic hydrogen densities are 4.2 × 1012 cm−3,
1.5×1011 cm−3, 3.9×1016 cm−3 – line core, and 2.5×1013 cm−3,
9.3× 1012 cm−3, 1.0× 1017 cm−3 – line wings. The Stark width
is 20 times smaller thanγneutralat the depth of line core forma-
tion and 10 times smaller thanγneutral at the depth of line wing
formation. In the solar atmosphere, the Stark shift is 3 mÅ at
the line core and about 20 mÅ for the line wings, which is not
negligible. In the atmosphere of the hottest star of our sample,
10 Aql, the Stark width is of the order ofγneutralat the depth of
line core formation and exceedsγneutral by 5 times at the depth
of line wing formation. Stark shifts are 10 and 100 mÅ, re-
spectively. In 10 Aql the line core is formed at the layers with
T = 6500 K, Ne = 1.4 × 1013 cm−3, Np = 1.3 × 1013 cm−3,
NHI = 5.9×1015 cm−3 while line wings are formed at the layers
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Fig. 2. A comparison between the observed Si 6155 Å line profile in
the solar spectrum and synthetic spectra calculated with Stark widths
and shifts from Table 1 (solid line) and with Stark widths calculated
by the approximate formulae and without Stark shift taken into ac-
count (dotted line).X- andY-coordinates are wavelenghths and sur-
face fluxes (normalized to unity).

with T = 7500 K,Ne = 1.2×1014 cm−3, Np = 1.2×1013 cm−3,
NHI = 1.1× 1016 cm−3.

5.3. The Sun

We first calculated Si lines in the solar spectrum to check
the Stark parameters. It was mentioned by Ryabchikova et al.
(2002) that available theoretical oscillator strengths for the
multiplets 3p3 3D0−5f3D and 3p3 3D0−5f3G are overesti-
mated by about 0.5 dex compared to the multiplet 4s1P0−5p1D
(λ 5948.55 Å). The authors fitted the lines of 3p3 3D0−5f3D
and 3p3 3D0−5f3G multiplets using the solar spectrum.
Corrected oscillator strengths – logg f = −1.42 (λ 6142.48 Å)
and logg f = −0.77 (λ 6155.13 Å) were published in
Bikmaev et al. (2002). The latter value was reduced to logg f =
−0.82 to get a better fit for the solar Si 6155 line. We also
reduced the oscillator strength (logg f = −2.25) of very weak
Si line of the same multiplet,λ 6155.69 Å. We need to decrease
both Stark widths and shifts for Si 6142 and 6155 Å lines
by 40% to get a reasonable fit of the synthetic line profiles to
the solar ones. Due to relative weakness of the Si 6142 Å line
Stark effect is negligible but it is noticeable for the stronger line
Si  6155 Å. Figure 2 shows a comparison between the observed
profile of the Si 6155 Å line in the solar spectrum and syn-
thetic profiles calculated with (solid line) and without (dashed
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Fig. 3. The same as in Fig. 2 for normal star HD 32115.

line) taking into account the Stark width and in particular, shift.
The strongest Si 5948.55 Å line in our study is fully sym-
metric as expected taking into account an order of magnitude
smaller values for both the Stark width and shift (see Table 1).

With corrected Stark parameters we calculated Si line pro-
files in spectra of other stars.

5.4. HD 32115

Spectra of this normal late A-type star have the smallest spec-
tral resolution of our sample. As it may be seen from Fig. 3
the fit of the synthetic line profile ofλ 6155.13 Å line to
the observed one is much better when it was calculated with
both Stark width and shift. As in the solar case, the Stark ef-
fect is negligible for the weaker Si 6142.48 Å line. To get
a better fit of the line profiles we decrease the Si abundance
by 0.13 dex compared to the results published by Bikmaev et al.
(2002) which were based mainly on the equivalent width
measurements.

5.5. HD 122970

This is one of the coolest Ap stars and is expected to have
a chemically stratified atmosphere. Results of the abundance
determinations show that except for the rare-earth elements
(REE) abundance stratification is marginal if it exists at all
(Ryabchikova et al. 2000). Spectral synthesis of Si lines seems
to support this conclusion. We could reproduce the asymmet-
ric and shifted line profile of Si 6155.13 Å reasonably well,
using the uniform distribution of Si and Stark broadening pa-
rameters presented here. Figure 4 shows a comparison between
the observed and computed line profiles for two cases similar
to Fig. 3. The best fit of Si line profiles was obtained with
the same Si abundance as was derived by Ryabchikova et al.
(2000).

5.6. 10 Aql

10 Aql = HD 176232 is the hottest star in our sample.
It has the most asymmetrical Si 6155.13 Å line profile,
which could not be reproduced by any combination of Stark
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Fig. 4. The same as in Fig. 2 for Ap star HD 122970.

Fig. 5. A comparison between the observed Si 6155 Å line profile in
the spectrum of Ap star 10 Aql (thick line) and synthetic spectra cal-
culated with Stark widths and shifts from Table 1 and Si abundance
stratification (thin line), with the same Stark parameters but for homo-
geneous Si distribution (dashed line), and with Stark width calculated
by approximate formulae for the same stratification (dotted line).X-
andY-coordinates are wavelenghths and surface fluxes (normalized to
unity).

parameters in a homogeneous atmosphere (Fig. 5). The even
weaker line, Si 6142.48 Å shows a noticeable line shift
(Fig. 6). Ryabchikova et al. (2000) mentioned a possibil-
ity of Fe and the REE stratification in 10 Aql. Therefore
we tried to find a simple distribution of Si in the atmo-
sphere of 10 Aql by trial-and-error which would fit both
Si  6142.48 Å and 6155.13 Å lines. The simplest distribution
shown in Fig. 7 gives a reasonable fit to the observed profiles
of both Si lines (Figs. 5 and 6). Moreover, the same Si dis-
tribution seems to fit much better the profiles of the strong
Si  6347, 6371 Å spectral lines compared to the calcula-
tions with the homogeneous Si abundance (−4.19) obtained by
Ryabchikova et al. (2000). It is beyond the scope of the present
paper to derive an exact Si abundance profile in the atmosphere
of 10 Aql. We would like to stress here that with the present
Stark parameters a sensitivity of 6155.13 Å line asymmetry to
Si abundance changes in the stellar atmosphere can be success-
fully used in empirical studies of abundance stratification in the
atmospheres of cool Ap stars.
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Fig. 6. The same as in Fig. 5 but for Si 6142 Å line.

Fig. 7. Si abundance distribution in the atmosphere of Ap star 10 Aql.

6. Conclusions

In order to discuss the contribution of the Stark broaden-
ing effect to the asymmetry and the shift of Si 6142.48 Å
and 6155.13 Å lines we have calculated Stark broadening pa-
rameters for these lines by using the semiclasical perturbation
method. The obtained results are the first calculated data for the
considered lines. In order to include Stark broadening data we
have changed the STARSP code and we have synthesized the
considered lines. From our analyzis we can conclude that:

1) the Stark broadening effect is very important for these two
lines. The contribution of electron impact is dominant but,
impacts with protons and He ions should be taken into
accout as well;

2) the asymmetry as well as the shift of the Si 6142.48 Å
and 6155.13 Å lines in many stars including the Sun can be
explained by the Stark broadening effect;

3) in hotter Ap stars, besides the Stark broadening effect,
the stratification plays a very important role in producing
line asymmetry. The sensitivity of the line asymmetry to
changes in the number of Si atoms through the stellar at-
mosphere can be used in abundance distribution studies.
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2001, ApJS, 135, 109
Ryabchikova, T., Piskunov, N., Kochukhov, O., et al. 2002, A&A, 384,

545
Ryabchikova, T. A., Savanov, I. S., Hatzes, A. P., Weiss, W. W., &

Handler, G. 2000, A&A, 357, 981
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Abstract. Stark broadening of the 11 Ge I transitions, within the 4p2–4p5s transition array has been analyzed within the
framework of the semiclassical perturbation method. Obtained results have been compared with available experimental and
theoretical data. The importance of the electron-impact broadening in the case of the 4226.562 Å line for A star atmospheres
has been tested

Key words. line: profiles – atomic data – molecular data – atomic processes – line: formation

1. Introduction

The interest in atomic data on larger numbers of em-
miters/absorbers has increased considerably in the last years,
since with space born spectrographs, one obtaines stellar spec-
tra with such resolution that a large number of different spec-
tral lines may be indentified. As an example, in the spectrum
of Przybylski’s star, Cowley et al. (2000) indentified lines be-
longing to 75 various atom/ion species. Consequently, data on
the Stark broadening of neutral germanium spectral lines are
of interest not only for laboratory but also for astrophysical
plasma research as e.g. for germanium abundance determina-
tion and opacity calculations (Seaton 1988). Moreover, germa-
nium is commonly associated with slow-neutron-capture nu-
cleosynthesis in stellar interiors (see e.g. Leckrone et al. 1993).
Also germanium lines are present in the Solar (see e.g. Moore
et al. 1966; Grevesse 1984) spectrum and with the help of the
Goddard High Resolution Spectrograph (GHRS) on the Hubble
Space Telescope (HST), the presence of germanium is con-
firmed e.g. for the χ Lupi binary star (Leckrone et al. 1993).
The primary component of this system has T eff = 10 650 K and
log g = 3.8 and the secondary T eff = 9200 K and log g = 4.2.
Since around T = 10 000 K hydrogen is mainly ionized, Stark
broadening is the principal pressure broadening mechanism for
such plasma conditions. It is interesting to note as well that
beginning with germanium (Z = 32) and extending to heav-
ier elements, there is a “dramatic increase in the magnitude of
overabundances” (Leckrone et al. 1993) in chemically peculiar
(CP) star spectra. An illustration of the increasing astrophysical
interest for trace element spectra is also the work of Cardelli et
al. (1991). With the GHRS they have for the first time detected
in the interstellar medium the presence of trace elements like
germanium and krypton, so that data on germanium spectral

Send offprint requests to: M. S. Dimitrijević,
e-mail: mdimitrijevic@aob.bg.ac.yu

line shapes are obviously of interest for astrophysical plasma
research. Moreover, Stark broadening parameters of germa-
nium lines are of interest for the consideration of regularities
and systematic trends (see e.g. Sarandaev et al. 2000) as well,
and the corresponding results may be of interest in astrophysics
for interpolation of new data and critical evaluation of existing
data.

The first discussion on the Stark broadening of germa-
nium lines was published in Minnhagen (1964), who consid-
ered correlation between observed wavelength shifts produced
in electrodeless discharge tube and predicted Stark effect shifts
in the spectrum of neutral germanium. Shifts in the wave-
length of spectral lines in spark discharges have been inves-
tigated as well in the first experimental work on Ge I Stark
broadening (Kondrat’eva 1970). After these pioneer works, re-
liable data on Ge I spectral line Stark broadening parameters
have been obtained experimentally by Jones & Miller (1974)
and Musiol et al. (1988). For the Ge I 4p2 1S−5s1S0 multi-
plet, Dimitrijević & Konjević (1983) performed a semiclas-
sical calculation within the framework of the theory devel-
oped by Griem et al. (1962) (see also Griem 1974). Moreover,
Lakićević (1983) estimated on the basis of regularities and
systematic trends the Stark broadening parameters for the
Ge I 4p2 3P−5s3P0 multiplet. The estimates based on regulari-
ties and systematic trends were performed also by Sarandaev
et al. (2000) for the Ge I 4p2 1S−5s1P0 and 4p2 1S−5s3P0

multiplets. Here, we will calculate within the semiclassical
perturbation approach the Stark broadening parameters of
11 Ge I transitions within the 4s24p2–4s24p5s transition ar-
ray, for conditions typical of astrophysical and laboratory plas-
mas. The obtained results will be compared with available ex-
perimental and theoretical values. Also, the importance of the
electron-impact broadening for A type star atmospheres will be
tested.
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2. Results and discussion

For the determination of Stark broadening parameters (the full
line width at half maximum – W and the line shift – d) of neu-
tral germanium, the semiclassical perturbation formalism has
been used. This formalism, as well as the corresponding com-
puter code (Sahal-Bréchot 1969a,b), have been updated and op-
timized several times (Sahal-Bréchot 1974; Fleurier et al. 1977;
Dimitrijević & Sahal-Bréchot 1984; Dimitrijević et al. 1991;
Dimitrijević & Sahal-Bréchot 1996). The calculation proce-
dure, with the discussion of updatings and validity criteria, has
been briefly reviewed e.g. in Dimitrijević (1996). Atomic en-
ergy levels needed for calculations have been taken from Sugar
& Musgrove (1993). The oscillator strengths have been calcu-
lated within the Coulomb approximation (Bates & Damgaard
1949; and the tables of Oertel & Shomo 1968). For higher lev-
els, the method of van Regemorter et al. (1979) has been used.

In Table 1, electron-, proton-, and Ar II-impact broaden-
ing parameters for 11 Ge I transitions for a perturber den-
sity of 1016 cm−3 and temperatures from 2500 up to 50 000 K
are shown. Moreover, we present in Table 1 a parameter C
(Dimitrijević & Sahal-Bréchot 1984) which gives an estimate
of the maximum perturber density for which the line may be
treated as isolated, when it is divided by the corresponding
full width at half maximum. After electrons, the most im-
portant charged perturbers in hot stellar atmospheres are pro-
tons, and Stark broadening parameters due to interaction of the
emitter/absorber with them are included in Table 1. Due to its
importance for laboratory and technological plasma investiga-
tions, Stark broadening parameters due to collisions with argon
ions are included as well. The validity of the impact approxi-
mation has been estimated for data shown in Table 1, by check-
ing if the collision volume (V) multiplied by the perturber den-
sity (N) is much less than one (Sahal-Bréchot 1969a,b), and
in all considered cases the product NV is less than 0.1. When
the impact approximation is not valid, the ion broadening con-
tribution may be estimated by using the quasistatic approach
(Sahal-Bréchot 1991 or Griem 1974). In the region between
where neither of these two approximations is valid, a unified
type theory should be used. For example in Barnard et al.
(1974), a simple analytical formula for such a case is given.
The accuracy of the results obtained decreases when broaden-
ing by ion interactions becomes important.

Jones & Miller (1974) determined experimentally Stark
widths of Ge I 4p2 1S−5s1P0 4685.83 Å and 4p2 1S−5s3P0

4226.56 Å spectral lines by using a gas-driven spectroscopic
shock tube with hydrogen as a driver gas, and runs were made
with various filling pressures and different compositions of
GeH4, Ar and Ne. They used photographic techniques and
Konjević & Wiese (1990) in his critical analysis of the experi-
mental Stark broadening data stated that “self-absorption may
have been an important factor for the 4226.56 Å line” in his
experiment. In Konjević et al. (1984), the error bars of their re-
sults are critically estimated to be within ±50% (accuracy de-
noted as C in their notation).

Musiol et al. (1988) determined experimentally Stark
widths of 9 lines from Ge I 4p2–4p5s and 4p2–4p4d transition
arrays by using a wall-stabilized arc operated at atmospheric

pressure with various mixtures of GeH4 and Ar. In Konjević
& Wiese (1990), the error bars of their results are critically
estimated to be within ±50% (accuracy denoted as C in their
notation), except for the 4226.56 Å line where the accuracy is
denoted as D+ (error bars larger than ±50%).

In Table 2, our results are compared with experimental re-
sults of Jones & Miller (1974) and Musiol et al. (1988). With
Wm are denoted experimental full widths at half maximum
in [Å], and with We and WGeII our theoretical values for Stark
widths due to electron- and Ge II-impacts, respectively. Since
ionization potentials of H, Ar and Ge are 13.595 eV, 15.755 eV
and 7.88 eV respectively, the most appropriate way to esti-
mate the influence of ion-impact broadening for the consid-
ered experiments is to compare electron-impact widths with
widths due to impacts with ions of heavy electron donors like
germanium. One can see that the ion contribution is around
13−14 per cent which is well within the estimated error bars of
the semiclassical perturbation approach of ±30 per cent (Griem
1974). Our results are in disagreement with experimental re-
sults of Jones & Miller (1974) for the 4226.56 Å line. This
result is in disagreement with other theoretical (Dimitrijević
& Konjević 1983; Sarandaev et al. 2000) and experimental
(Musiol et al. 1988) results, and selfabsorption is indicated as
a possible reason in Konjević & Wiese (1990). The ratio of
the experimental Stark width of Jones & Miller (1974) for the
4685.83 Å line and our result is Wm/We = 1.41, that is within
the estimated (Konjević et al. 1984) error bars of the experi-
ment. The agreement of our values with experimental results
of Musiol et al. (1988) is reasonable. The largest disagreement
is for the 4226.56 Å line, where Wm/We = 0.59, that is how-
ever within the estimated (Konjević et al. 1984) error bars of
±50 per cent. The agreement for other lines is considerably
better. However, if we analyse experimental and theoretical
widths within the 4p2 3P–5s3P0 multiplet, one can notice that
the largest difference of experimental values is for 2754.59 Å
4p2 3P2–5s3P0

1 (Wm = 0.0509 Å) and 2651.57 Å 4p2 3P0–5s3P0
1

(Wm = 0.0358 Å) line. The corresponding theoretical values
are We = 0.0502 Å and 0.0466 Å respectively. Since both lines
have the same upper energy level and the lower level contri-
bution is small, this is in contradiction with findings that if
the perturbing energy level positions are regular, line widths
within a multiplet should be approximately the same (Wiese
& Konjević 1982). If we eliminate the influence of the wave-
length differences multiplying values for the 2651.57 Å line
by (2754.59/2651.57)2, we will obtain for the theoretical width
the value of 0.0503 Å which is practically equal to the calcu-
lated value for the 2754.59 Å line (0.0502 Å). Contrary, for
experimental width the scaled value is 0.0386 Å, different to
the experimental value of 0.0509 Å for the 2754.59 Å line. It is
interesting to obtain new experimental results for these lines in
order to see if the reason is configuration mixing.

For Ge I 4p2 1S−5s1P0 multiplet, Dimitrijević & Konjević
(1983) performed a semiclassical calculation within the frame-
work of the theory developed by Griem et al. (1962) (see
also Griem 1974). It should be noted that atomic data needed
for calculations were not taken from Sugar & Musgrove
(1993), not available at that time, but from Moore (1971) and
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Table 1. This table shows electron-, proton- and Ar II-impact broadening parameters for Ge I for perturber density of 1016 cm−3 and temper-
atures from 2500 up to 50 000 K. Transitions and calculated (λ) and experimental (in the air – from NIST 2003 – λo) wavelengths (in Å) are
also given in the table. By dividing C by the corresponding full width at half maximum (Dimitrijević et al. 1991), we obtain an estimate for the
maximum perturber density for which the line may be treated as isolated and tabulated data may be used.

PERTURBER DENSITY IS 1.E+16 cm–3

PERTURBERS ARE: ELECTRONS PROTONS Ar II IONS

TRANSITION T WIDTH SHIFT WIDTH SHIFT WIDTH SHIFT
(K) (10−1 Å) (10−1 Å) (10−1 Å) (10−1 Å) (10−1 Å) (10−1 Å)

2500. 0.168 0.139 0.0439 0.0370 0.0271 0.0202
Ge I 4p2 1S0–5s1P0

1 5000. 0.201 0.162 0.0489 0.0429 0.0299 0.0241
10 000. 0.235 0.190 0.0546 0.0491 0.0331 0.0279

λ = 4227.8 Å 20 000. 0.261 0.211 0.0611 0.0558 0.0367 0.0320
λo = 4226.562 Å 30 000. 0.272 0.213 0.0652 0.0600 0.0390 0.0345
C = 0.12E+20 50 000. 0.290 0.202 0.0709 0.0656 0.0423 0.0379

2500. 0.172 0.145 0.0463 0.0389 0.0292 0.0214
Ge I 4p2 1S0–5s3P0

1 5000. 0.207 0.168 0.0515 0.0449 0.0320 0.0253
10 000. 0.243 0.198 0.0574 0.0513 0.0352 0.0293

λ = 4687.1 Å 20 000. 0.273 0.223 0.0641 0.0583 0.0390 0.0335
λo = 4685.829 Å 30 000. 0.285 0.228 0.0684 0.0627 0.0414 0.0361
C = 0.18E+20 50 000. 0.306 0.217 0.0742 0.0685 0.0447 0.0396

2500. 0.0843 0.0710 0.0221 0.0191 0.0132 0.0105
Ge I 4p2 1D2–5s3P0

1 5000. 0.101 0.0825 0.0247 0.0220 0.0147 0.0124
10 000. 0.119 0.0969 0.0277 0.0252 0.0164 0.0144

λ = 3270.4 Å 20 000. 0.132 0.113 0.0310 0.0286 0.0183 0.0164
λo = 3269.489 Å 30 000. 0.136 0.112 0.0331 0.0307 0.0196 0.0177
C = 0.89E+19 50 000. 0.145 0.111 0.0360 0.0336 0.0212 0.0194

2500. 0.0844 0.0721 0.0224 0.0193 0.0134 0.0106
Ge I 4p2 1D2–5s3P0

2 5000. 0.102 0.0838 0.0251 0.0224 0.0149 0.0126
10 000. 0.120 0.0985 0.0281 0.0256 0.0166 0.0146

λ = 3125.7 Å 20 000. 0.135 0.111 0.0315 0.0291 0.0186 0.0167
λo = 3124.816 Å 30 000. 0.140 0.115 0.0337 0.0313 0.0198 0.0180
C = 0.67E+19 50 000. 0.148 0.109 0.0366 0.0342 0.0216 0.0198

2500. 0.0873 0.0723 0.0223 0.0193 0.0133 0.0105
Ge I 4p2 1D–5s1P0 5000. 0.104 0.0843 0.0250 0.0223 0.0148 0.0125

10 000. 0.122 0.0986 0.0280 0.0255 0.0166 0.0145
λ = 3040.0 Å 20 000. 0.134 0.113 0.0314 0.0290 0.0185 0.0166

30 000. 0.138 0.111 0.0336 0.0312 0.0198 0.0180
C = 0.62E+19 50 000. 0.147 0.109 0.0366 0.0341 0.0215 0.0197

2500. 0.0557 0.0469 0.0145 0.0126 0.00855 0.00692
Ge I 4p2 3P0–5s3P0

1 5000. 0.0669 0.0545 0.0162 0.0146 0.00955 0.00819
10 000. 0.0785 0.0640 0.0182 0.0166 0.0107 0.00948

λ = 2652.4 Å 20 000. 0.0869 0.0721 0.0204 0.0189 0.0120 0.0109
λo = 2651.568 Å 30 000. 0.0896 0.0742 0.0218 0.0203 0.0128 0.0117
C = 0.58E+19 50 000. 0.0948 0.0707 0.0237 0.0222 0.0139 0.0128

2500. 0.0588 0.0494 0.0152 0.0133 0.00901 0.00729
Ge I 4p2 3P1–5s3P0

0 5000. 0.0707 0.0575 0.0171 0.0153 0.0101 0.00862
10 000. 0.0827 0.0674 0.0191 0.0175 0.0113 0.00998

λ = 2710.4 Å 20 000. 0.0914 0.0758 0.0215 0.0199 0.0126 0.0114
λo = 2709.624 Å 30 000. 0.0940 0.0774 0.0230 0.0214 0.0135 0.0123
C = 0.63E+19 50 000. 0.0997 0.0767 0.0250 0.0234 0.0146 0.0135

2500. 0.0573 0.0483 0.0149 0.0130 0.00881 0.00713
Ge I 4p2 3P1–5s3P0

1 5000. 0.0689 0.0561 0.0167 0.0150 0.00985 0.00843
10 000. 0.0808 0.0659 0.0187 0.0171 0.0110 0.00977

λ = 2692.1 Å 20 000. 0.0895 0.0743 0.0210 0.0194 0.0123 0.0112
λo = 2691.341 Å 30 000. 0.0923 0.0764 0.0225 0.0209 0.0132 0.0121
C = 0.60E+19 50 000. 0.0977 0.0727 0.0244 0.0229 0.0143 0.0132
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Table 1. continued.

PERTURBER DENSITY IS 1.E+16 cm–3

PERTURBERS ARE: ELECTRONS PROTONS Ar II IONS

TRANSITION T WIDTH SHIFT WIDTH SHIFT WIDTH SHIFT
(K) (10−1 Å) (10−1 Å) (10−1 Å) (10−1 Å) (10−1 Å) (10−1 Å)

2500. 0.0583 0.0498 0.0154 0.0134 0.00907 0.00731
Ge I 4p2 3P1–5s3P0

2 5000. 0.0701 0.0579 0.0172 0.0155 0.0101 0.00868
10 000. 0.0831 0.0680 0.0193 0.0177 0.0114 0.0101

λ = 2593.3 Å 20 000. 0.0928 0.0769 0.0217 0.0201 0.0127 0.0115
λo = 2592.534 Å 30 000. 0.0962 0.0797 0.0232 0.0216 0.0136 0.0124
C = 0.46E+19 50 000. 0.101 0.0759 0.0253 0.0236 0.0148 0.0137

2500. 0.0600 0.0505 0.0156 0.0136 0.00924 0.00746
Ge I 4p2 3P2–5s3P0

1 5000. 0.0721 0.0588 0.0175 0.0157 0.0103 0.00883
10 000. 0.0846 0.0690 0.0196 0.0179 0.0115 0.0102

λ = 2755.4 Å 20 000. 0.0937 0.0777 0.0220 0.0204 0.0129 0.0117
λo = 2754.588 Å 30 000. 0.0965 0.0798 0.0235 0.0219 0.0138 0.0126
C = 0.63E+19 50 000. 0.102 0.0760 0.0256 0.0239 0.0150 0.0138

2500. 0.0609 0.0521 0.0161 0.0140 0.00950 0.00764
Ge I 4p2 3P2–5s3P0

2 5000. 0.0733 0.0605 0.0180 0.0162 0.0106 0.00907
10 000. 0.0868 0.0711 0.0202 0.0185 0.0119 0.0105

λ = 2652.0 Å 20 000. 0.0970 0.0804 0.0227 0.0210 0.0133 0.0121
λo = 2651.172 Å 30 000. 0.100 0.0832 0.0243 0.0226 0.0142 0.0130
C = 0.48E+19 50 000. 0.106 0.0793 0.0264 0.0247 0.0155 0.0143

Table 2. Comparison of our theoretical results for Stark broadening of Ge I lines with experimental results. With Wm are denoted experimental
full widths at half maximum in [Å] and with We and WGeII our theoretical values for Stark widths due to electron- and Ge II-impacts, respectively.
Accuracy is denoted as in Konjević et al. (1984) and Konjević & Wiese (1990), C means that error bars are within ±50% and D+ that they are
larger than ±50%. Under Ref., 1 is for Musiol et al. (1988) and 2. for Jones & Miller (1974).

Transition λ(Å) T (K) Ne Wm We WGeII Acc. Ref.

1017 cm−3 (Å) (Å) (Å)

4p2 3P–5s3P0 2754.59 12 450 0.57 0.0509 0.0502 0.00644 C 1

2709.62 12 450 0.57 0.0434 0.0490 0.00628 C 1

2651.57 12 450 0.57 0.0358 0.0466 0.00596 C 1

2651.17 12 450 0.57 0.0427 0.0517 0.00662 C 1

2592.53 12 450 0.57 0.0452 0.0494 0.00633 C 1

4p2 1S–5s3P0 4685.83 11 000 1 0.35 0.248 0.0339 C 2

4p2 1D–5s3P0 3124.82 12 450 0.57 0.0628 0.0715 0.00928 C 1

4p2 1D–5s1P0 3039.07 12 450 0.57 0.0622 0.0721 0.00924 C 1

4p2 1S–5s1P0 4226.56 11 000 1 3.18 0.239 0.0318 C 2

12 450 0.57 0.0815 0.139 0.0185 D+ 1

Kaufman & Edlén (1974). The comparison of semiclassical
method of Griem et al. (1962) (see also Griem 1974), used
in Dimitrijević & Konjević (1983) and the semiclassical per-
turbation method (Sahal-Bréchot 1969a,b) used here, as well
as an explanation of the differences, is given in Dimitrijević
& Sahal-Bréchot (1996). The present results are considerably
smaller. For example at T = 10 000 K and Ne = 1017 cm−3,
Dimitrijević & Konjević obtain a Stark width of 0.408 Å while
the present results are 0.235 Å.

Lakićević (1983) estimated Stark broadening parameters
for Ge I 4p2 3P−5s3P0 multiplet on the basis of regularities

and systematic trends, and he obtained that W is 0.1 Å and the
absolute value of the shift is 0.055 Å for an electron density of
1017 cm−3 and T = 20 000 K. The distance between energy lev-
els within the 5s3P0 term is not negligible in comparison with
the distance to the nearest perturbing levels. Consequently, the
particular line widths within the corresponding multiplet differ.
Our width values vary between 0.087 and 0.097 Å and shift
values between 0.072 and 0.080 Å not taking into account the
influence of wavelength differences. If one takes into account
the simplicity of this method, the agreement is good for the
width and within the error bars for the shift.
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Fig. 1. Thermal Doppler (dotted line) and Stark widths (full line) for
Ge I (λ = 4226.562 Å) spectral line as functions of Rosseland optical
depth.

On the basis of examination of systematic trends (Purić
et al. 1985, 1987, 1991, 1993; Purić 1996), dependencies en-
abling the estimation of the Stark widths of spectral lines due
to s–p and p–s transitions of neutral atoms have been found
by Sarandaev et al. (2000). These simple relations, based on
the known ionization potential of the lower/upper level of
the corresponding transitions and on the regularities and sys-
tematic trends, have been used to determine Stark widths for
Ge I 4p2 1S–5s1P0 and 4p2 1S–5s3P0 transitions. For exam-
ple at T = 20 000 K and Ne = 1017 cm−3 they obtain for
Ge I 4p2 1S–5s1P0 a Stark width of 0.33 Å while the present
value is 0.261 Å.

In order to see the influence of the Stark broadening mech-
anism for Ge I spectral lines in stellar plasma conditions, we
have calculated the Stark widths for the Ge I 4226.562 Å spec-
tral line for a Kurucz’s (1979) A type star atmosphere model
with Teff = 10 000 K and log g = 4. From Fig. 1 one can see
the existence of atmospheric layers where Doppler and Stark
widths are comparable and where the Stark width is dominant,
and that the Stark broadening effect should be taken into ac-
count in abundance determination, spectra synthesis and mod-
eling of stellar plasmas.

New experimental determination of Stark broadening of
neutral germanium spectral lines will be obviously useful for
comparison with experimental and theoretical data as well as
for astrophysical plasma investigation and modeling.
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Konjević, N., Dimitrijević, M. S., & Wiese, W. L. 1984, J. Phys.

Chem. Ref. Data, 13, 619
Konjević, N., & Wiese, W. L. 1990, J. Phys. Chem. Ref. Data, 19,

1307
Kurucz, R. L. 1979, ApJS, 40, 1
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Abstract. Stark broadening parameters, widths and shifts, for 84 spectral lines of doubly-ionized cadmium (Cd ) have been
calculated using the modified semi-empirical approach (MSE). Calculated spectral lines belong to the transitions 4d95s–4d95p
and 4d95p–4d95d. Widths and shifts of the spectral lines are given for temperature range of 5000 K–60 000 K and an electron
density of 1023 m−3. The influence of collisions with charged particles on Cd  UV stellar lines along the HR diagram is
discussed. Compared to the Doppler broadening, the influence of the Stark broadening mechanism is more important for deeper
atmospheric layers and for larger values of log g. Stark broadening does not depend on turbulent velocity for the considered
stellar model of a standard main sequence hot star of A0 spectral type. The influence of the Stark widths for standard models
of DA and DB white dwarfs is also discussed.

Key words. atomic processes – line: formation – stars: atmospheres – stars: early-type – stars: white dwarfs

1. Introduction

Spectral lines of multiply charged heavy elements are present
in the UV spectra of early-type stars, especially in spectra of
chemically peculiar (CP) ones. Investigation of these lines is
important for example for spectral lines synthesis, diagnostics
and modelling of laboratory and stellar plasma, abundance de-
termination and opacity calculation.

Stark broadening of spectral lines is the dominant pressure
broadening mechanism in hot, early-type, stars and white dwarf
atmospheres. This type of broadening might also be important
in interstellar molecular and ionized hydrogen clouds, as e.g.
for radio recombination spectral lines in W51 emission nebu-
lae (Lang & Wilson 1978), and in cooler stars such as solar
type ones for transitions involving higher principal quantum
numbers (Vince & Dimitrijević 1985).

Spectral lines of Cd  and Cd  are observed in stellar
spectra of some CP stars, e.g. χ Lupi (Leckrone et al. 1999),
so cadmium in various ionization stages is present in stel-
lar atmospheres. With the development of space-born tele-
scopes, spectral instruments like the Goddard High Resolution
Spectrograph (GHRS) on the Hubble Space Telescope provide
good resolution spectra of stellar objects so that the need for
trace element data, like that for cadmium, increases.

Send offprint requests to: N. Milovanović,
e-mail: nmilovanovic@aob.bg.ac.yu
� Tables 1 and 2 are only available in electronic form at the CDS via

anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/417/375

Here, we present the computed electron-impact broadening
parameters, widths and shifts, for 84 spectral lines (12 singlets
and 72 triplets) of Cd  obtained using the modified semi-
empirical method – MSE (Dimitrijević & Konjević 1980;
Dimitrijević & Kršljanin 1986).

2. Method of calculation

Advanced calculation of the Stark broadening parameters using
the strong-coupling quantum-mechanical method (Baranger
1958a, 1958b, 1958c; Kolb & Griem 1958; Griem 1974;
Dimitrijević et al. 1981; Seaton 1988; Ralchenko et al. 1999;
Zeng-xin et al. 1999) is so complicated that only a lim-
ited amount of data for spectral lines originating from low-
lying transitions can be calculated adequately. On the other
hand, the semi-classical method (Sahal-Bréchot 1969a, 1969b;
Dimitrijević et al. 1991; see also a review of obtained results in
Dimitrijević 1997) needs a large amount of atomic data, energy
levels and oscillator strengths. This method is not applicable in
an adequate way to the Stark broadening calculation of Cd 
because there is insufficient number of reliable atomic data.

Here we use the modified semi-empirical approach (MSE,
Dimitrijević & Konjević 1980; Dimitrijević & Kršljanin 1986)
which includes explicitly only levels with ∆n = 0 and l′if =
lif ± 1, where n is the principal quantum number, l is the or-
bital quantum number and i and f denote initial and final level,
respectively. Levels with ∆n � 0 are combined and approxi-
mately estimated, so that for Stark broadening parameter cal-
culations we need less atomic data then in the semi-classical
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method. We note that the needed dipole matrix elements have
been calculated using the Coulomb approximation method de-
scribed in Bates & Damgaard (1949), Shore & Menzel (1965)
and Oertel & Shomo (1967).

The modified semi-empirical method is applicable under
the following conditions:

1. That the line is isolated, i.e. non-degenerate energy lev-
els broadened by collisions do not overlap (Sahal-Bréchot
1969a; Dimitrijević & Sahal-Bréchot 1984).

2. That the minimal distance of the perturbing electron from
an emitting particle is significantly smaller than distances
between two perturbing electrons, i.e. that the probability
that two or more electrons are close to an emitting particle
is small (see e.g. Griem 1974).

3. That we can assume an impact approximation, which re-
quires that the collision volume V ∼ ρ3 multiplied by elec-
tron density is much less than 1 (Sahal-Bréchot 1969a).

4. That the plasma is ideal. With the increase of the density
the number of particles in the Debye sphere decreases and
the plasma becomes non-ideal (Konjević & Uzelac 1990).
The idealness of the plasma can be checked by calculating
the number of perturbers in the Debye sphere which must
be larger than 1 (Dimitrijević et al. 1991).

The accuracy of the MSE calculations for spectral line widths
is around ±50% (Dimitrijević & Konjević 1980). The aver-
age ratio of calculated and experimental widths, determined in
Dimitrijević & Konjević (1980) for 36 multiplets of 7 differ-
ent doubly-charged ions is 1.06 ± 0.32 and for 7 multiplets for
4 triply-charged ions 0.91 ± 0.42. For 71 multiplets of 7 singly-
charged ions with various couplings schemes Popović (1994)
found that the overall average ratio of experimental to calcu-
lated widths is 1.4 ± 0.3. Even for relatively complex spectra
of Xe  and Kr  with mixed jK and LS couplings, the accu-
racy found is about ±30% (Popović & Dimitrijević 1996). The
accuracy of shifts usually gives higher errors compared to ex-
perimental values. This is a consequence of the cancellations of
important contributions with different signs (see Dimitrijević &
Kršljanin 1986). The error of obtained shifts with MSE calcu-
lations is within ±50% of the corresponding width value.

3. Results

Doubly-ionized cadmium (Cd ) belongs to the palladium iso-
electronic sequence with the ground state electronic configura-
tion 4d10 1S 0 and ionization potential of 302 200 ± 50 cm−1.
Atomic data needed for our MSE calculation were taken from
Van Kleef et al. (1980). They observed Cd  spectra in the
UV spectral range from 50 to 210 nm with the 6.65 and 10.7 m
normal-incidence vacuum spectrograph. Experimental values
of energy levels were checked with the least-square level fitting
of Hartee-Fock (HF) calculations of atomic parameters. They
give a more complete analysis of energy level values compared
to the first observed spectra of Cd  presented in the paper
of Shenstone & Pittenger (1949). Van Kleef et al. (1980) esti-
mated that the energy levels error for sharp lines is ±0.5 cm−3

and several cm−3 for strong and asymmetric lines.

Even if coupling schemes slowly go from LS to jj cou-
pling as we go through the isoelectronic sequence from Pd 
to Sn, most of the energy levels, without losing accuracy,
can be represented with LS coupling (van Kleef et al. 1980).
Consequently an LS coupling scheme is adopted here.

The calculated Stark widths and shifts of Cd  spectral
lines are given in Table 1 (available only in electronic form)
as a function of temperature (from 5000 to 60 000 K) for an
electron density of N = 1023 m−3. In Table 1 we present results
for 84 spectral lines, where 22 belong to 4d9 5s–4d9 5p and 62
to 4d9 5p–4d9 5d transition.

For spectrum synthesis programs, as e.g. the frequently
used  code (Piskunov 1992), it is more convenient to
present the temperature dependence of Stark width by using
parameters A0, A1 and Stark widths w[rad s−1] per electron for
temperature T = 10 000 K. These parameters can be derived
numerically from the best fit of data given in Table 1 using
equation (see Popović et al. 1999)

w[rad s−1]
N

= A0 · T A1 , (1)

where

w[rad s−1] = w[nm]
2πc × 10−8

λ2[nm]
·

The parameters log A0, A1 and logw[rad s−1] for 84 spectral
lines are given in Table 2 (available only in electronic form).

The Eq. (1) may be used for reasonable extrapolations to-
ward higher temperatures. It is not advisable to extrapolate to-
ward temperatures lower than given in Table 1 (T < 5000 K),
without checking the validity of the impact approximation.
Moreover, at lower temperatures, the importance of quantum
effects increases and the application of MSE method as well as
the other semi-classical, classical or semi-empirical ones ne-
glecting quantum effects becomes questionable.

The extrapolation toward lower electron densities N is lin-
ear. For higher densities however, it is preferable to check the
influence of Debye shielding, non-ideal plasma effect and that
the spectral line is isolated.

4. Discussion

We used our results for Stark widths given in Tables 1 and 2
to examine the importance of electron-impact broadening in
hot stars and white dwarf atmospheres for trace elements like
Cd . Behavior of Stark and Doppler spectral line widths in
stellar atmospheres were calculated for Cd  5p 3F0

3–5d 3G3

(λ = 144.754 nm), a strong spectral line in various atmospheric
models.

These calculations were performed for solar element
abundance atmospheric models given in Kurucz (1979) and
Kurucz’s web site (http://kurucz.harvard.edu/). Each
model is characterized by the effective temperature Teff, log-
arithm of gravity log g and turbulent velocity vt and each at-
mospheric layer within the model is characterized by electron
density N and temperature T . Stark widths for λ = 144.754 nm
spectral line for a particular model were calculated using
Eq. (1). In this equation the Stark width is a function of N
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Fig. 1. Stark widths (FWHM) (thinner lines) and Doppler width
(thicker line) for Cd  5p 3F0

3–5d 3G3 (λ = 144.754 nm) spectral
line as a function of atmospheric layer temperatures. Stark widths are
shown for 8 atmospheric models with effective temperatures Teff =

7000−30 000 K, corresponding to spectral classes (Sp) from F0 to B0,
log g = 4.0 and turbulent velocity vt = 0 km s−1.

and T . For these line parameters log A0 is −3.64248 and A1 =

−0.50410.
In hot star atmospheres, besides electron-impact broaden-

ing (Stark broadening) the important broadening mechanism
is a Doppler (thermal) one as well as the broadening due
to the turbulence and stellar rotation. Other types of spectral
line broadening, such as van der Waals, resonance and natural
broadening, are usually negligible. For a Doppler-broadened
spectral line the intensity distribution is not Lorentzian as
for electron-impact broadening but Gaussian, whose full half
width of the spectral line may be determined by the equation
(see e.g. Konjević 1999)

wD[nm] = 7.16 × 10−7λ[nm]

√
T [K]
MCd

,

where atomic weight for cadmium is MCd = 112.411 a.u.
The importance of Stark broadening in hot star atmospheres

is illustrated in Figs. 1–5. In Fig. 1 Stark (FWHM) and Doppler
widths for Cd  5p 3F0

3–5d 3G3 (λ = 144.754 nm) spectral
line as a function of atmospheric layer temperatures are shown.
Stark widths are shown for 8 atmospheric models with effective
temperatures Teff = 7000−30 000 K, corresponding to spec-
tral classes (Sp) from F0 to B0, logarithm of surface gravity
log g = 4.0 and turbulent velocity vt = 0 km s−1. In Fig. 1
one can see that Stark widths are lager than Doppler ones for
stars with lower effective temperatures. For stars with higher ef-
fective temperatures, Stark broadening is more important than
Doppler one for deeper atmospheric layers (larger layer tem-
perature T ). For example, for stars with effective temperature
Teff = 30 000 K (B0 stars), Stark and Doppler widths are
equal for temperature layer T ≈ 35 000 K and for stars with
Teff = 7000 K (F0 stars), they are equal for T ≈ 5000 K.

The dependence of Stark and Doppler broadening on at-
mospheric layer temperature for 7 values of surface gravity
is shown in Fig. 2. Models used here have Teff = 10 000 K

Fig. 2. Same as in Fig. 1 but Stark widths are shown for 7 values of
model gravity log g = 2−5, Teff = 10 000 K and vt = 0 km s−1.

Fig. 3. Same as in Fig. 1 but Stark widths are shown for 5 values of
turbulent velocity vt = 0−8 km s−1, Teff = 10 000 K and log g = 4.0.

and vt = 0 km s−1. The Stark broadening in stellar atmospheres
with higher values of surface gravity is significantly larger than
Doppler broadening. For stars with surface gravity log g = 2,
Stark broadening is comparable to Doppler widths only for
deeper hot atmospheric layers. For upper parts of stellar atmo-
spheres (T < 10 000 K) Stark widths rapidly decrease and for
layer temperature T ≈ 6000−7000 K Stark widths are several
magnitudes lower than Doppler ones for all shown values of
surface gravity log g.

Figure 3 represents the dependence of Stark and Doppler
widths on atmosphere layer temperature for a solar abundance
Kurucz model Teff = 10 000 K, log g = 4 and 5, and values
of the turbulent velocity vt = 0−8 km s−1. As one can see in
Fig. 3, Stark widths do not show any significant dependence as
a function of turbulent velocity.

The ratio of Stark and Doppler widths along the
Hertzsprung-Russell diagram, from K0 to O5 spectral class,
and within the range of the column mass at temperature mini-
mum log m from −3 up to 0 are shown in Fig. 4. In deeper parts
of atmospheres, e.g. log m = 0, Stark broadening is larger than
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Fig. 4. Ratio of Stark and Doppler widths wStark/wDoppler as a function
of the model effective temperature Teff (upper part of x-axis is spectral
class). Dependance is shown for 4 values of logarithm of the column
mass at temperature minimum log m from 0 to −3, log g = 4.0 and
velocity vt = 0 km s−1.

Fig. 5. Same as in Fig. 4 but the ratio is shown for 3 values of layer
temperature T = 0.9 Teff , Teff and 1.1 Teff , log g = 4.0 and veloc-
ity vt = 0 km s−1.

the Doppler one for stars of G, F, A and B spectral type. For
log m = −3 (upper atmospheric parts) Doppler widths are com-
parable (approximately one-half) with Stark widths for spectral
classes A0 to B5.

In Fig. 5 are shown ratios of Stark and Doppler widths as
a function of star effective temperature (spectral class) for a
Kurucz atmospheric model log g = 4 and vt = 0 km s−1. Stark
and Doppler width ratio is given for 3 values of layer temper-
ature T = 0.9 Teff, Teff and 1.1 Teff. In this figure one can see
that Stark broadening is the dominant broadening mechanism
for deeper atmospheric layers (T = 1.1 Teff) for stars of G, F,
A and B spectral class. For upper layers (T = 0.9 Teff) Stark
broadening is comparable to the Doppler one and should be
taken into account for stars of A and B spectral class, since
differences of Lorentz (for Stark) and Gauss (for Doppler) dis-
tributions may be important in the line wings.

Fig. 6. Stark and Doppler widths for Cd  λ = 144.754 nm spec-
tral line as a function of optical depth for standard wavelength λst =

515 nm for DA white dwarfs. Widths are given for 4 values of loga-
rithm of surface gravity log g = 6.0−9.0. Effective model temperature
is Teff = 15 000 K.

Fig. 7. Same as in Fig. 6 but widths are given for 5 values of effective
temperature Teff = 10 000−25 000 and log g = 8.

To compare Stark and Doppler broadening we have calcu-
lated spectral line widths for Cd  λ = 144.754 nm for DA
and DB white dwarf atmospheres. Models were taken from
Wickramasinghe (1972). DA dwarfs are helium and metal un-
derabundant and DB white dwarfs are helium and metal over-
abundant compared to hydrogen.

As one can see in Figs. 6–9 Stark broadening is by
one or two order of magnitudes higher than Doppler one.
Consequently, with the increases in pressure, electron density
or effective temperature in DA and DB white dwarf models, the
importance of Stark broadening increases as well.

The comparison of Stark and thermal Doppler contribu-
tions to the line widths is calculated for one line of Cd  (λ =
144.754 nm), and we can expect a similar contribution of the
Stark broadening for all UV Cd  lines. The contribution of
the Stark effect to line widths increases with the principal quan-
tum number (Vince & Dimitrijević 1985) and also one should
take into account that in some cases, due to close perturbing
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Fig. 8. Same as in Fig. 6 but for DB white dwarfs. Effective model
temperature is Teff = 20 000 K.

Fig. 9. Same as in Fig. 8 but widths are given for Teff = 10 000 K,
20 000 K and 25 000 K and log g = 8.

levels, Stark widths might also be large. In some cases the Stark
broadening may significantly contribute to the line widths as
well as to the line shapes (see e.g. Dimitrijević et al. 2003, as
well as results of our similar investigations for Zr  and Zr 
in Popović et al. 2001a and Nd  in Popović et al. 2001b).

5. Conclusion

We have calculated Stark broadening parameters, widths and
shifts, for 84 UV spectral lines of Cd  by using the
MSE method. We estimate that the errors bars of obtained data
are ±50%. There is no possibility for the moment to calculate
them in an adequate way by more sophisticated semi-classical
methods since a sufficiently complete set of reliable experimen-
tal Cd  atomic energy levels is not available. When results
of reliable Stark broadening calculations are not available (for
example for Cd  lines not included here) more approximate
methods are often used for stellar atmosphere analysis, e.g. data
obtained by using methods based on regularities and system-
atic trends (see e.g. Lakićević 1983; Purić et al. 1991), on clas-
sical approaches, other approaches (see e.g. Griem 1974 and

references therein) or even sometimes the value of 1 to 10 times
the classical damping (see e.g. Lanz et al. 1988).

There are no measured or even theoretically calculated
electron-impact broadening parameters for Cd . Our analysis
of the influence of Stark broadening on the Cd  144.754 nm
spectral line demonstrates the importance of this broadening
mechanism for hot star atmosphere analysis. However, for very
hot stars, of the spectral class O, the influence of Stark broaden-
ing is reduced due to lower pressure in lower atmospheric lay-
ers. The effect of electron-impact broadening for DA and DB
white dwarfs is even more significant.

Since with the development of space-born techniques, more
good quality data on trace elements spectra will become avail-
able, we hope that the presented set of Cd  electron-impact
broadening parameters will be of interest for future investiga-
tions of astrophysical and laboratory plasma, modelling of stel-
lar atmospheres and stellar spectra synthesis and analysis. An
example of the interest for as possible a large set of atomic data
is the PHOENIX (see e.g. Hauschildt & Baron 1999) computer
code for stellar modelling which includes a database containing
4.2× 107 atomic, ionic and molecular spectral lines. Moreover,
data on Stark broadening of Cd  spectral lines might be of in-
terest not only for modelling and interpretation of stellar spec-
tra but also for abundance determination and investigation of
stratification of chemical elements (see e.g. Dimitrijević et al.
2003).
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380 N. Milovanović et al.: Importance of Collisions with Charged Particles for Stellar UV Line Shapes: Cd III

Leckrone, D. S., Proffitt, C. R., Wahlgren, G. M., Johansson, S. G., &
Brage, T. 1999, AJ, 117, 1454

Oertel, G. K., & Shomo, L. P. 1967, ApJS, 16, 175
Piskunov, N. E. 1992, in Stellar Magnetism, ed. Yu. V. Glagolevskij,

& I. I. Romanyuk (St. Petersburg: Nauka), 92
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Sahal-Bréchot, S. 1969a, A&A, 1, 91
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Abstract. Stark widths (W) and shifts (d) of 5 singly ionized fluorine (F II) spectral lines within the 3s−3p, 3s′−3p′ and 3d−4f
transitions and 5 doubly ionized fluorine (F III) spectral lines within the 3s−3p transition have been measured in a linear, low-
pressure, pulsed arc discharge created in S F6 plasma at 30 400−33 600 K electron temperatures and at (2.75−2.80) × 1023 m−3

electron densities. For Stark parameters of two F II and five F III lines there are no other experimental data. The widths and
shifts have also been calculated using the semiclassical perturbation formalism (SCPF) (taking into account the impurity of
energy levels, i.e. that the atomic energy levels are expressed as a mix of different configurations due to the configuration
interaction). Calculations have been performed for temperatures between 5000 K and 100 000 K for the F II spectral lines and
between 10 000 K and 300 000 K for the F III spectral lines for electrons, protons and helium ions as perturbers. Our measured
and theoretical Stark parameters are compared with existing experimental and theoretical data. Tolerable agreement was found
among them.

Key words. lines: profiles – atomic data

1. Introduction

Atomic data, such a Stark widths (W) and shifts (d) are use-
ful for plasma diagnostic purposes in a wide range of electron
temperatures (T ) for astrophysical and laboratory plasmas. In
the last five years fluorine spectral lines have become impor-
tant for abundance investigations in various astrophysical plas-
mas (Lodders 2003; Zhu et al. 2002; Highberger et al. 2001).
Only four experiments (Platiša et al. 1977; Purić et al. 1988;
Djeniže et al. 1991; Blagojević et al. 1999; see also Lesage
& Fuhr 1999; Konjević et al. 2002, and references therein),
deal with investigations of Stark broadening parameters (W, d)
of singly ionized fluorine spectral lines. A number of calcula-
tions of the Stark parameters, related to the F II, F III spectral
lines, on the basis of different theoretical approaches is pre-
sented in the literature (Griem 1974; Hey 1976; Hey & Breger
1981; Dimitrijević & Konjević 1981; Dimitrijević 1988a,b).
Furthermore, in Djeniže (2000), on the basis of regularities
within an isonuclear sequence, Stark widths of F II 402.50 nm
spectral lines (3s−3p transition) are predicted. In Djeniže et al.
(1999) regularities of Stark widths of several F II spectral lines
within the same transition (3s′−3p′) are presented.

Send offprint requests to: M. S. Dimitrijević,
e-mail: mdimitrijevic@aob.bg.ac.yu

The aim of this work is to present measured Stark FWHM
(full-width at half intensity maximum, W) and shift (d) val-
ues at (30 400−33 600) K electron temperatures and at
(2.75−2.80) × 1023 m−3 electron densities for 5 F II spectral
lines belonging to the 3s−3p, 3s′−3p′, and 3d−4f transitions
and 5 doubly ionized fluorine (F III) spectral lines within the
3s 4P−3p 4D◦ transition together with their calculated values
using the semiclassical perturbation formalism (SCPF) updated
several times (Sahal-Bréchot 1969a,b, 1974, 1991; Fleurier
et al. 1977; Dimitrijević & Sahal-Bréchot 1984, 1996b, see also
a review in Dimitrijević 1996). A unique exception is the tran-
sition 3p−3d from the F II spectrum (multiplet No. 3) for which
only calculated values are presented. Our measured and calcu-
lated Stark parameters are compared with the existing exper-
imental and theoretical data (Griem 1974; Platiša et al. 1977;
Dimitrijević & Konjević 1981; Purić et al. 1988; Djeniže et al.
1991).

2. The experiment

A linear pulsed arc, used as plasma source, was described
in detail in our previous publications (Djeniže et al. 1992,
2002a; Srećković et al. 2001, 2003). The working gas was S F6

at 130 Pa filling pressure in a flowing regime (10 ml/min).
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Fig. 1. Recorded spectrum with several investigated F III spectral line
profiles.

The complete experimental procedure, plasma diagnostic tech-
niques and set-up of the system used are described in Djeniže
et al. (2002a). The absence of self-absorption was checked us-
ing the method described in Djeniže & Bukvić (2001). Part of
the recorded F III spectrum, is presented, as an example, in
Fig. 1.

The obtained electron temperature (T ) and the electron den-
sity (N) decays are presented in Fig. 1 of Djeniže et al. (2002b).

3. Stark width measurements

The measured profiles were of the Voigt type due to the convo-
lutions of the Lorentzian Stark and Gaussian profiles caused by
Doppler and instrumental broadening. For the electron density
and temperature presented in our experiment, the Lorentzian
fraction was dominant. Van der Waals (Griem 1974) and reso-
nance (Griem 1974) broadening were estimated to be smaller
by more than one order of magnitude in comparison to Stark,
Doppler and instrumental broadening. The standard deconvo-
lution procedure (Davies & Vaughan 1963) has been applied
using the least squares algorithm. The Stark widths were mea-
sured with ±12% error at a given N and T . Our measured Stark
FWHM (Wm) values are presented in Table 1.

3.1. Stark shift measurements

The Stark shifts were measured relative to the unshifted spec-
tral lines emitted by the same plasma using a method estab-
lished and applied first by Purić & Konjević (1972). According
to this method the Stark shift of a spectral line can be measured
experimentally by evaluating the position of the spectral line
center (XC) recorded at different electron density values during
plasma decay (Srećković et al. 2000). In principle, the method

Fig. 2. The dependence of the position of the observed line center (XC)
as a function of the electron density (N) during the plasma decay.

requires recording the spectral line profile at a higher electron
density (N1) resulting in an appreciable shift and then, later,
when the electron concentration has dropped to a value (N2)
lower by at least an order of magnitude. The difference of the
line center position in these two cases is ∆XC, so that the shift
d1 at the higher electron density N1 is

d1 = N1∆XC/(N2 − N1).

Our Stark shift values have been obtained for line center po-
sitions corresponding to the 15th µs and 45th µs after the be-
ginning of the discharge. The dependence of the position of the
observed line center (XC) on the electron density (N) during the
plasma decay of the investigated 320.650 nm F II spectral line
is presented in Fig. 2, as an example.

The Stark shift data are corrected for the electron tempera-
ture decay (Popović et al. 1992). Stark shift data are determined
with ±0.8 pm error at a given N and T . Measured (dm) Stark
shifts are presented in Table 1.

4. Method of calculation

The semiclassical perturbation formalism, as well as the cor-
responding computer code (Sahal-Bréchot 1969a,b), has been
updated and optimized several times (Sahal-Bréchot 1974;
Fleurier et al. 1977; Dimitrijević & Sahal-Bréchot 1984,
1996b; Dimitrijević et al. 1991). The calculation procedure,
with a discussion of updates and validity criteria, has been
briefly reviewed e.g. in Dimitrijević & Sahal-Bréchot (1996a,b)
and in Dimitrijević (1996) so that only the basic details of cal-
culations will be presented here. Stark full width (W) at inten-
sity half maximum (FWHM) and shift (d) of an isolated spec-
tral line, may be expressed as (Sahal-Bréchot 1969a,b; Fleurier
et al. 1977):

W = N
∫

v f (v)dv


∑
i′�i

σii′ (v) +
∑
f ′� f

σ f f ′ (v) + σel

 +WR

d = N
∫

v f (v)dv
∫ RD

R3

2πρdρ sin 2φp (1)
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Table 1. Measured F II and F III Stark FWHM (Wm in pm) and shift (dm in pm) at a given T (in 104 K ) and N ( in 1023 m−3). Transitions and
wavelengths (λ in nm) are taken from NIST (2003). Negative shift is toward the blue.

Ion Transition λ T N Wm dm

multiplet
F II 2p33s−2p3 (4So)3p 385.167 3.36 2.80 64.8 –3.4

5So−5P
(1)

2p33s′−2p3 (2Do)3p′ 410.916 3.04 2.75 61.0 −1.8
3Do−3D 3.36 2.80 54.8

(5)
1Do−1F 429.916 3.04 2.75 74.4

(7) 3.36 2.80 71.8 −0.6
1Do−1D 320.276 3.04 2.75 61.0

(8) 3.36 2.80 57.8 −5.0
2p33d−2p3 (4So)4f 424.666 3.04 2.75 381 −1.8

5Do−5F 3.36 2.80 355 4
(9)

F III 2p23s−2p2 (3P)3p 311.361 3.04 2.75 35.9 −2.8
4P−4Do 311.569 3.04 2.75 32.7 1.4

(1) 3.36 2.80 31.1
312.154 3.04 2.75 39.7 −1.9

3.36 2.80 37.7
312.478 3.04 2.75 38.7 0.3

3.36 2.80 39.6
313.422 3.04 2.75 40.6 −2.8

3.36 2.80 39.6

where N is the electron density, f (v) the Maxwellian velocity
distribution function for electrons, ρ denotes the impact param-
eter of the incoming electron, i and f denote the initial and final
atomic energy levels, and i′, f ′ their corresponding perturbing
levels, while WR gives the contribution of the Feshbach reso-
nances (Fleurier et al. 1977). The inelastic cross section σ j, j′(v)
can be expressed by an integral over the impact parameter of
the transition probability Pj j′(ρ, v) as

∑
i′�i

σ j j′ (v) =
1
2
πR1

2 +

∫ RD

R1

∑
j� j′

Pj j′(ρ, v), j = i, f (2)

and the elastic cross section is given by

σel = 2πR2
2 +

∫ RD

R2

8πρdρ sin2 δ (3)

δ = (φ2
p + φ

2
q)1/2. (4)

The phase shifts φp and φq due respectively to the polarization
potential (r−4) and to the quadrupolar potential (r−3), are given
in Sect. 3 of Chapter 2 in Sahal-Bréchot (1969a). RD is the
Debye radius. All the cut-offs R1, R2, R3 are described in Sect. 1
of Chapter 3 in Sahal-Bréchot (1969b). The formulae for the
ion-impact widths and shifts are analogous to Eqs. (1)−(3),
without the resonance contribution to the width. The difference
in calculation of the corresponding transition probabilities and
phase shifts as functions of the impact parameter in Eqs. (2)
and (3) is in the ion perturbing trajectories which are influenced
by a repulsive Coulomb force instead of an attractive one as for
electrons.

Atomic energy levels needed for the calculation have been
taken from Bashkin & Stoner (1975). The calculations have
been performed for electron temperatures between 5000 K
and 100 000 K for F II spectral lines and 10 000 K and
300 000 K for F III spectral lines for electrons, protons and
helium ions as perturbers. Calculated W and d values are pre-
sented in Tables 2 and 3.

5. Results and discussion

Our measured (Wm and dm) and calculated (W and d) val-
ues at a given electron temperature (T ) and density (N) are
given in Tables 1 and 2, respectively. For each value given in
Table 2, the collision volume multiplied by the perturber den-
sity is much less than one and the impact approximation is valid
(Sahal-Bréchot 1969a,b). When the impact approximation is
not valid, the ion broadening contribution may be estimated by
using the quasistatic approach (Sahal-Bréchot 1991; or Griem
1974).

To compare the measured and calculated Stark FWHM val-
ues, we have presented in Figs. 3−8 an existing experimental
data set including our results, together with our (SCPF) the-
oretical results and those from Griem (1974) (G). In the case
of F III lines the previous calculations made by Dimitrijević &
Konjević (1981) have also been included for comparison.

The F II W values generated by protons and helium ions are
up to 5−10 times smaller than the widths generated by electrons
and show weak dependence on the temperature (see Table 2).
The F II d values generated by electrons, protons and helium
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Table 2. Calculated F II Stark FWHM (W in pm) and shift (d in pm) values for electrons (a), protons (b) and helium ions (c) as perturbers for
various plasma temperatures (T in 103 K) and 1023 m−3 perturber density. 〈λ〉 is the mean wavelength in the multiplet. The negative shift is
toward the blue.

Transition 〈λ〉 T (103 K)

multiplet (nm) 5 10 20 30 50 100

W d W d W d W d W d W d

3s 5So−3p 5P 385.01 a 38.5 −0.17 27.9 −0.34 20.4 −0.44 17.6 −0.43 15.3 −0.52 13.7 −0.46
(1) b 0.64 −0.08 1.12 −0.16 1.58 −0.28 1.75 −0.34 1.92 −0.43 2.15 −0.52

c 0.91 −0.08 1.14 −0.15 1.75 −0.24 1.89 −0.30 2.05 −0.36 2.22 −0.43

3s′ 3Do−3p′ 3D 411.48 a 44.7 0.08 32.3 −0.45 23.5 −0.62 20.2 −0.61 17.6 −0.74 15.7 −0.64
(5) b 0.72 −0.11 1.27 −0.24 1.79 −0.39 1.99 −0.48 2.19 −0.60 2.45 −0.71

c 1.02 −0.11 1.55 −0.22 1.98 −0.34 2.14 −0.42 2.32 −0.49 2.53 −0.59

3s′ 3Do−3p′ 3P 354.08 a 34.0 0.40 24.6 −0.07 18.0 −0.14 15.6 −0.13 13.7 −0.16 12.3 −0.16
(6) b 0.64 −0.02 1.08 −0.05 1.51 −0.09 1.65 −0.12 1.81 −0.16 2.01 −0.20

c 0.90 −0.02 1.33 −0.05 1.65 −0.08 1.78 −0.11 1.93 −0.14 2.08 −0.17

3s′ 1Do−3p′ 1F 430.54 a 49.5 −0.06 35.8 −0.56 26.3 −0.61 22.8 −0.66 20.2 −0.78 18.2 −0.73
(7) b 0.87 −0.13 1.50 −0.26 2.10 −0.44 2.32 −0.53 2.55 −0.66 2.86 −0.79

c 1.23 −0.12 1.84 −0.24 2.31 −0.38 2.50 −0.47 2.72 −0.54 2.94 −0.66

3s′ 1Do−3p′ 1D 320.65 a 29.8 0.62 21.6 0.43 16.1 0.25 14.1 0.35 12.7 0.40 11.7 0.32
(8) b 0.70 0.08 1.14 0.17 1.55 0.27 1.68 0.33 1.84 0.41 2.04 0.49

c 0.96 0.08 1.40 0.15 1.67 0.24 1.80 0.29 1.95 0.34 2.08 0.41

3p 5P−3d 5Do 350.54 a 41.4 0.96 30.9 1.00 23.4 0.96 20.6 1.07 18.4 1.14 16.8 1.01
(3) b 1.50 0.22 2.26 0.42 2.84 0.64 3.07 0.76 3.34 0.88 3.63 1.06

c 1.90 0.21 2.65 0.38 3.05 0.55 3.27 0.63 3.52 0.73 3.69 0.87

3d 5Do−4f 5F 424.70 a 990 −2.01 158 −3.88 129 −3.1 120 −2.75 110 −3.28 99.9 −3.02
(9) b 11.5 −7.37 15.7 −10.7 19.6 −14.8 21.9 −16.5 24.8 −19.0 28.2 −21.5

c 11.9 −5.98 15.0 −8.59 18.0 −12.2 19.4 −13.3 21.5 −15.4 23.3 −17.7

Table 3. Calculated F III Stark FWHM (W in pm) and shift (d in pm) values for electrons (a), protons (b) and helium ions (c) as perturbers for
various plasma temperatures (T in 103 K) and 1023 m−3 perturber density. 〈λ〉 represents the mean wavelength in the multiplet. Negative shift
is toward the blue.

Transition 〈λ〉 T (103 K)

multiplet (nm) 10 20 50 100 150 300

W d W d W d W d W d W d

3s 4P−3p 4Do 312.52 a 21.5 −0.40 15.3 −0.61 10.4 −0.60 8.41 −0.70 7.59 0.68 6.51 −0.62
(1) b 0.14 −0.10 0.30 −0.20 0.59 −0.37 0.78 −0.50 0.87 −0.55 1.02 −0.66

c 0.22 −0.10 0.42 −0.19 0.68 −0.33 0.80 0.41 0.87 −0.46 0.99 −0.55

ions are very small, except for the multiplet No. 9, and are of
the same magnitude. Similar conclusions can be obtained for
the F III W and d values in the multiplet No. 1 (see Table 3).

Very good agreement has been found among our measured
and calculated F II W and d values. Existing experimental
W values (Djeniže et al. 1991; Platiša et al. 1977) also agree
with our calculated values (see Figs. 3 and 4). Griem’s (1974)
W values lie below ours. In the case of the F II d values our
SCPF calculations provide smaller values than those predicted
by Griem (1974) (see Fig. 6).

Our measured and calculated F III W values agree
mutually (within 5%) and both lie above previously cal-
culated (Dimitrijević & Konjević 1981) and measured
(Purić et al. 1988) values. Measured F III d values show

evident scatter and within the experimental accuracy are prac-
tically equal to zero. Our calculation provides a very small
negative shift which is practically independent on the electron
temperature.

On the basis of the obtained W and d values we can
conclude that a good agreement is found between our mea-
sured and calculated (SCPF) W values (within the experi-
mental accuracy and uncertainties of the calculations) in the
case of the F II lines that belong to the 3s−3p, 3d−4f and
3s′−3p′ transition.

We found that the Stark width generated by electrons is
dominant and that the proton and helium ion contributions to
the total Stark width can be neglected up to 150 000 K.
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Fig. 3. F II Stark widths (W in pm) as a function of the electron tem-
perature (T ) in the 3s−3p transition at 1023 m−3 electron density. •, our
experimental results, �, Platiša et al. (1977) and ◦, Djeniže et al.
(1991). SCPF (full line) represents our calculations using the semi-
classical perturbation formalism. Error bars include the uncertainties
of the width and electron density measurements (±20%).

Fig. 4. F II Stark widths (W in pm) as a function of the electron tem-
perature (T ) in the 3s−3p, 3p−3d and 3d−4f transitions at 1023 m−3

electron density. •, our experimental results; �, Platiša et al. (1977)
and ◦, Djeniže et al. (1991). SCPF (full line) represents our calcula-
tions using the semiclassical perturbation formalism. G (dashed lines),
denotes values calculated by Griem (1974). Error bars include the un-
certainties of the width and electron density measurements (±20%).
〈λ〉 is the mean wavelength in the multiplet.

Fig. 5. F II Stark shifts (d in pm) as a function of the electron tem-
perature (T ) at 1023 m−3 electron density. •, our experimental results
and ◦, results from Djeniže et al. (1991). SCPF (full line) represents
our calculations using the semiclassical perturbation formalism. 〈λ〉 is
the mean wavelength of the multiplet.

Fig. 6. F II electron Stark shifts (d in pm) as a function of the electron
temperature (T ) in the 3s−3p, 3p−3d and 3d−4f transitions at 1023 m−3

electron density. •, our experimental results and ◦, from Djeniže et al.
(1991). SCPF (full line) represents our calculations using the semi-
classical perturbation formalism. G (dashed line), denotes calculations
of Griem (1974). 〈λ〉 is the mean wavelength of the multiplet.
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Fig. 7. F III electron Stark FWHM vs. electron temperature at 1023 m−3

electron density. G represents (dashed line) results from Dimitrijević
& Konjević (1981) based on Griem’s semiclassical method (see Griem
1974, Eq. (526)). GM denotes its modification by Dimitrijević &
Konjević (1980). SEM denotes the modified semiempirical method
(Dimitrijević & Konjević 1980). SE denotes the result from Griem’s
semiempirical calculation (Griem 1968). SCPF denotes our electron
Stark width values calculated on the basis of the semiclassical pertur-
bation formalism. • denotes our new experimental data and � denotes
results from Purić et al. (1988).

Fig. 8. F III electron Stark shift (d) vs. electron temperature at
1023 m−3 electron density. • denotes our experimental data. SCPF (full
line) represents our electron Stark shift values calculated on the basis
of the semiclassical perturbation formalism.

Our calculated Stark shift d values are generally very small
(<1 pm) with negative sign in the case of the F II lines belong-
ing to the 3s−3p and 3s′−3p′ transitions except for the muliplet
No. 8 where the calculated d values have a positive sign. Small
d values with positive sign are found for the 3p−3d transition.
In the case of the 3d−4f transition the calculated d values are
less than 4 pm with a negative sign.

We hope that the results presented in this paper, for Stark
broadening parameters of the F II and F III spectral lines, will
be of interest for a number of problems in plasma physics and
astrophysics.
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Abstract. Using a semiclassical perturbation approach, we have obtained Stark broadening parameters for 16 Si V multiplets
using atomic data calculated ab initio with the SUPERSTRUCTURE code. In order to complete Stark broadening data for
the most important charged perturbers in stellar atmospheres, Stark broadening parameters for proton-, He II-, and Si II-im-
pact line widths and shifts are also presented. Results have been obtained for an electron density of 1017 cm−3 as a function
of temperature. Moreover, we have performed the same calculations with oscillator strengths calculated within the Coulomb
approximation. The differences, which are within the error bars of the semiclassical perturbation approach (±20−30%) confirm
that the Bates & Damgaard approximation may be used to complete the atomic data set needed for the Stark broadening
calculations for multicharged ions like Si V, where more reliable oscillator strength values are not available.

Key words. atomic processes – line: profiles – atomic data

1. Introduction

The semiclassical perturbation formalism (Sahal-Bréchot
1969a,b) has been used in a series of papers for large scale cal-
culations of Stark broadening parameters for a number of spec-
tral lines of various emitters from neutral atoms up to twelve
times ionized atoms (see e.g., Dimitrijević 1997, and refer-
ences therein). The results of such calculations are of interest
for a number of different problems in physics, astrophysics and
plasma technology. In astrophysics, such atomic data are of in-
terest e.g. for numerical modelling of stellar atmospheres or
abundance determinations, problems correlated with nucleoge-
nesis, mixing between atmosphere and interior, stellar structure
and evolution (see e.g., Boesgaard 1988), and opacity calcula-
tions (Seaton 1988). Moreover, Stark broadening parameters
are of interest for the investigation and diagnostics of labora-
tory and laser-produced plasmas, as well as for the theoretical
studies of regularities and systematic trends.

In the case of four-times ionized atoms there exists a suf-
ficiently complete set of the needed atomic data required for
sophisticated semiclassical calculations for a number of as-
trophysically interesting lines. Therefore, large scale calcula-
tions have been performed with the semiclassical perturbation

� Tables 1 and 2 are only available in electronic form at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/423/397

formalism (Sahal-Bréchot 1969a,b) for C V (Dimitrijević
& Sahal-Bréchot 1995a, 1996a), N V (Dimitrijević &
Sahal-Bréchot 1992), O V (Dimitrijević & Sahal-Bréchot
1995b,c), P V (Dimitrijević & Sahal-Bréchot 1995a, 1996a),
S V (Dimitrijević & Sahal-Bréchot 1997, 1998a) and V V
(Dimitrijević & Sahal-Bréchot 1998b) spectral lines. When we
did not have a sufficiently complete set of reliable atomic data,
the full semiclassical method could not be applied adequately,
and simpler methods (Dimitrijević & Konjević 1980; Griem
1974, Eq. (526)) were used for the calculation of C V, O V, F V,
Ne V and Al V Stark broadening parameters, including 6 mul-
tiplets of Si V (Dimitrijević 1993a,b). Such data are of interest
for the consideration of radiative transfer through subphoto-
spheric layers (Seaton 1988), for modelling of some hot star at-
mospheres such as PG 1159 pre-white dwarfs with an effective
temperature between 100 000 and 140 000 K (Werner & Heber
1991), as well as for fusion plasmas and laser-produced plas-
mas. The development of soft X-ray lasers, where Stark broad-
ening data are needed to calculate gain values, to model radia-
tion trapping and to consider photoresonant pumping schemes
(see e.g., Fill & Schöning 1994; Griem & Moreno 1980),
provided an additional interest in such results.

With the development of space-borne spectroscopy, to-
gether with the possibility of obtaining high resolution spec-
tra for a wide wavelength range including X-rays not de-
tectable from the Earth’s surface, the interest in such results is
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increasing. For example the Low Energy Transmission Grating
(LETG) on board the X-ray space observatory CHANDRA
provides high quality spectra in the wavelength region be-
tween 5 and 140 Å, and contains a series of lines which can
provide density and temperature diagnostics for relatively hot
and dense stellar plasmas. An analysis of the X-ray high reso-
lution spectrum of some stars shows spectra which may be rich
in emission lines in the soft X-ray region, including Si V lines.

The aim of this paper is twofold. First we will com-
pute Si V Stark broadening parameters within the semi-
classical formalism by using oscillator strengths from the
SUPERSTRUCTURE code to provide new Stark broadening
data of astrophysical interest. Additionally, we perform the
same calculations using the Coulomb approximation (Bates &
Damgaard 1949; Oertel & Shomo 1968), in order to estimate
the error introduced in the Stark broadening parameters due
to uncertainties in the oscillator strengths obtained from the
Coulomb approximation.

2. Theory

The energy levels of SiV are calculated using the gen-
eral atomic structure code SUPERSTRUCTURE developed
at the University College, London and described by Eissner
et al. (1974). SUPERSTRUCTURE can calculate electric
dipole (E1), electric quadrupole (E2), magnetic dipole (M1)
and magnetic quadrupole (M2) transition probabilities. The
wave functions are determined by diagonalization of the non-
relativistic Hamiltonian using orbitals calculated in a scaled
Thomas-Fermi-Dirac-Amaldi (TFDA) potential. The scaling
parameters have been obtained by a self-consistent energy min-
imization procedure on all term energies of the eleven configu-
rations (1s2)2s22p6, 2s22p53l, 2s2p63l and 2s22p54l (l ≤ n−1).
The relativistic corrections: spin-orbit, mass, Darwin and one-
body, are introduced according to the Breit-Pauli approach of
Bethe & Salpeter (1957) in intermediate coupling LS J. The
main input data of this code are the charge of the ion and the
configurations to be used in the model.

Stark broadening parameter calculations have been
performed within the semiclassical perturbation method
(Sahal-Bréchot 1969a,b). A detailed description of this for-
malism with all the innovations and optimizations is given in
Sahal-Bréchot (1969a,b, 1974, 1991), Fleurier et al. (1977),
Dimitrijević et al. (1991), Dimitrijević & Sahal-Bréchot
(1996b), and only the basic details of calculations will be pre-
sented here. The Stark full width (W) at the intensity half max-
imum (FWHM) and shift (d) of an isolated spectral line, may
be expressed as (Sahal-Bréchot 1969a,b)

W = N
∫

v f (v)dv


∑
i′�i

σii′ (v) +
∑
f ′� f

σ f f ′ (v) + σel

 +WR

d = N
∫

v f (v)dv
∫ RD

R3

2πρdρ sin 2φp (1)

where N is the electron density, f (v) the Maxwellian veloc-
ity distribution function for electrons, ρ denotes the impact pa-
rameter of the incoming electron and v is the velocity, i and f

denote the initial and final atomic energy levels, and i′, f ′ their
corresponding perturber levels, while WR gives the contribution
of the Feshbach resonances (Fleurier et al. 1977). The inelastic
cross section σ j, j′ (v) can be expressed by an integral over the
impact parameter of the transition probability Pj j′(ρ, v) as

∑
i′�i

σ j j′ (v) =
1
2
πR1

2 +

∫ RD

R1

∑
j� j′

Pj j′ (ρ, v), j = i, f (2)

and the elastic cross section is given by

σel = 2πR2
2 +

∫ RD

R2

8πρdρ sin2 δ

δ =
(
φ2

p + φ
2
q

)1/2
. (3)

The phase shifts φp and φq due respectively to the polarisation
potential (r−4) and to the quadrupolar potential (r−3), are given
in Sect. 3 of Chapter 2 in Sahal-Bréchot (1969a). RD is the
Debye radius. All the cut-offs R1, R2, R3 are described in Sect. 1
of Chapter 3 in Sahal-Bréchot (1969b).

For electrons hyperbolic paths due to the attractive
Coulomb force were used, while for perturbing ions the hy-
perbolic paths are different since the force is repulsive.

The formulae for the ion-impact widths and shifts are anal-
ogous to Eqs. (1)–(3), without the resonance contribution to
the width. The results obtained within the semiclassical pertur-
bation approach (Sahal-Bréchot 1969a,b) have been compared
with critically selected experimental data for 13 He I multi-
plets (Dimitrijević & Sahal-Bréchot 1985) and it was found
that the agreement between experimental data and semiclas-
sical calculations is within ±20%, which is within the lim-
its of predicted accuracy of the semiclassical method (Griem
1974). In addition, recent measurements of line widths for F V
(Uzelac et al. 1993; Blagojević et al. 1996), N V (Glenzer et al.
1992; Blagojević et al. 1999) and O V (Blagojević et al. 1999)
are in excellent agreement with the corresponding semiclassi-
cal perturbation calculations (Blagojević et al. (1996) for F V,
Dimitrijević & Sahal-Bréchot (1992) for N V and Dimitrijević
& Sahal-Bréchot (1995b,c) for O V).

3. Results and discussion

By combining the SUPERSTRUCTURE code for calculating
energy levels and oscillator strengths and the code for the Stark
broadening calculations we calculated Stark broadening pa-
rameters ab initio.

Using atomic energy levels obtained from the
SUPERSTRUCTURE code, we have also calculated os-
cillator strengths using the Coulomb approximation. For
higher levels, the method described by van Regemorter et al.
(1979) has been used.

Electron-impact broadening widths (FWHM) and shifts
for 16 Si V multiplets, have been calculated with atomic
energy levels and oscillator strengths obtained using the
SUPERSTRUCTURE Code. Results have also been obtained
using the Bates & Damgaard method for the oscillator
strengths. These data are shown in Table 1 (available only in
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electronic form) for a perturber density of 1017 cm−3 and
temperatures from 50 000 up to 500 000 K. Additionally, in
order to provide Stark broadening data for the most impor-
tant ionic perturbers in stellar atmospheres, proton-, ionized
helium-, and Si II-impact broadening parameters are calcu-
lated for the same perturber densities and temperatures. Again,
atomic energy levels and oscillator strengths are obtained us-
ing the SUPERSTRUCTURE code, and the results are shown
in Table 2 (available only in electronic form). We found re-
sults similar to those obtained using the Bates & Damgaard ap-
proximation for the set of oscillator strengths for transitions to
the perturbing levels. Such temperatures are of interest for the
modelling and analysis of X-ray spectra, such as the spectra ob-
tained by CHANDRA, modelling of some hot star atmospheres
(e.g. PG 1195 type), subphotospheric layers, soft X-ray lasers
and laser-produced plasmas. Higher temperatures are of inter-
est for fusion plasmas as well as for stellar interiors. We also
specify a parameter C (Dimitrijević & Sahal-Bréchot 1984),
which gives an estimate for the maximum perturber density for
which the line may be treated as isolated, when it is divided by
the corresponding full width at half maximum. For each value
given in Table 1 the collision volume (V) multiplied by the per-
turber density (N) is much less than one and the impact approx-
imation is valid (Sahal-Bréchot 1969a,b). When the impact ap-
proximation is not valid, the ion broadening contribution may
be estimated by using the quasistatic approach (Griem 1974;
Sahal-Bréchot 1991). In the region where neither approxima-
tion is valid, a unified-type theory should be used. For example,
in Barnard et al. (1974) a simple analytical formula for such a
case is given. The accuracy of the results shown in Tables 1
and 2 decreases when broadening by ion interactions becomes
important.

If we compare results for Stark widths obtained with oscil-
lator strengths calculated with SUPERSTRUCTURE (WS) and
by using the Bates & Damgaard approximation (WBD), the av-
erage ratio of WBD and WS is 1.09 for T = 50 000 K and 1.10 for
500 000 K. Since in Stark broadening calculations we use a set
of atomic data where a particular oscillator strength value is not
always critical, the result obtained confirms that the Bates &
Daamgard approximation may be useful for Stark broadening
calculations in the case of ions such as Si V, when more reliable
data are not available. For shifts the disagreements are larger,
but the shifts obtained here are typically 2–3 orders of magni-
tude smaller than the widths. In fact, for the widths all the im-
portant contributions have a positive sign. For the present shifts
important contributions have different signs, leading to mutual
cancellations. Therefore, since the usual final accuracy for the
shift is about 20–30 per cent of the width value, the accuracy of
the shifts determined here is bad. If we compare our present re-
sults with Stark width results obtained in Dimitrijević (1993a)
by using the modified semiempirical method (Dimitrijević &
Konjević 1980) and with the results obtained in Dimitrijević
(1993b) by using Griem’s simplified semiclassical approach
(Griem 1974, Eq. (526)) we can see that the average ratio of the
present widths to the simplified semiclassical ones is 1.30, and
to the modified semiempirical method 1.77. As to the difference
between the present work and that of Dimitrijević (1993a,b),
we have here a complete set of atomic energy levels needed

for an adequate application of the semiclassical perturbation
approach. One also has to take into account that these energy
levels are calculated, while in Dimitrijević (1993a,b), experi-
mental atomic energy levels were used.

In conclusion, we see that using the SUPER-
STRUCTURE code one obtains a set of energy levels
and oscillators strengths, enabling an ab initio calculation of
Stark broadening parameters. This is suitable especially for
multicharged ions when other theoretical and experimental
atomic data are scarce. This work also suggests that the set of
oscillator strength values obtained with the Bates & Damgaard
approximation may be useful for Stark broadening calculations
when more reliable data are not available.

Acknowledgements. This work is a part of the project “Influence of
collisional processes on astrophysical plasma line shapes” (GA 1195),
supported by the Ministry of Science and Environment Protection
of Serbia.
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Abstract. Stark broadening of the 18 Ga I transitions has been analyzed within the framework of the semiclassical perturbation
method. Results obtained have been compared with available experimental and theoretical data and used for the consideration
of the influence of the Stark broadening effect in stellar atmospheres

Key words. line: profiles – atomic data – atomic processes – line: formation – stars: atmospheres

1. Introduction

Data on the Stark broadening of neutral gallium spectral lines
are of interest not only for the laboratory but also for astrophys-
ical plasma research as e.g. for stellar spectra analysis and syn-
thesis, for gallium abundance determination (Smith 1996) and
opacity calculations (Seaton 1988). Spectral lines of this ele-
ment are present in the Solar spectrum (see e.g., Moore et al.
1966; Grevesse 1984). Moreover Jaschek & Jaschek (1987)
have found gallium lines not only in the spectra of HgMn,
Si-4200 and He-weak chemically peculiar stars but also in the
spectra of a few stars otherwise classified as normal. Dworetsky
(1993) reports on neutral gallium lines in A-type star spectra,
and Ryabchikova & Smirnov (1994) in the spectrum of HgMn
star Kappa Cancri. Smith (1995) investigated anomalous gal-
lium line profiles in HgMn stars and found evidence for chemi-
cal stratification in their atmospheres. The fact that this element
is often overabundant in chemically peculiar stars contributes
to the astrophysical importance of gallium spectral lines. The
problem of gallium in HgMn chemically peculiar stars is dis-
cussed for example in Dworetsky et al. (1998).

Zverko & Zboril (1989) tried to derive the gallium abun-
dance of 53 Tau from Ga I 4032.98 Å and 4172.06 Å spec-
tral lines and Smith (1996) reports on elemental abundance
of gallium in normal late-B and HgMn stars. Smith (1995,
1996) concluded that HgMn stars have enhanced gallium abun-
dances, and Zboril & Berrington (1901) have published the
Non-LTE gallium equivalent widths for the most prominent
gallium transitions as identified in real spectra and in (hot)
mercury-manganese stars.

� Table 1 is also available in electronic form at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/425/1147

Data on Stark broadening parameters are also significant
for the calculation of opacity coefficients (Artru 1993) in stellar
interiors and envelopes. For example Rogers & Iglesias (1992,
see also comment in Artru 1993) developed the OPAL code
for opacity calculations, where line broadening effects (includ-
ing Stark broadening) are included, as well as gallium spectral
lines.

Since around T = 10 000 K (a temperature of particu-
lar interest for chemically peculiar star atmospheres) hydrogen
is mainly ionized, Stark broadening is the principal pressure
broadening mechanism for such plasma conditions.

With the development of space-borne telescopes and instru-
ments like the Goddard High Resolution Spectrograph on the
Hubble Space Telescope and the Keck telescopes, the quality
and quantity of spectroscopic data has increased so that for
their interpretation data of line profiles are of increasing inter-
erst. Additionally, Stark broadening parameters of gallium lines
are of interest for the consideration of regularities and system-
atic trends.

The first investigations of the influence of the Stark broad-
ening mechanism on gallium lines have been performed by
Kondrat’eva & Fomichenko (1970) in a spark discharge and
by Venkatesan et al. (1981). Lakićević (1983) estimated, on the
basis of regularities and systematic trends, Stark width and shift
of the Ga I 4p2P0−5s2S transition and N’Dollo & Fabry (1987)
used the semiclassical method and experimentally determined
Ga I Stark widths.

Here, we will use the semiclassical perturbation approach
(Sahal-Bréchot 1969a,b) to determine Stark broadening param-
eters of 18 Ga I transitions for conditions typical of astrophys-
ical and laboratory plasmas. The obtained results will be com-
pared with available experimental and theoretical values, and
used for the investigation of the influence of the Stark broaden-
ing mechanism on spectral line shapes in stellar atmospheres.
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2. Results and discussion

Stark broadening parameters (the full line width at half max-
imum – W and the line shift – d) of neutral gallium spec-
tral lines were determined by using the semiclassical perturba-
tion formalism. This formalism, as well as the corresponding
computer code (Sahal-Bréchot 1969a,b), has been updated and
optimized several times (Sahal-Bréchot 1974, 1991; Fleurier
et al. 1977; Dimitrijević & Sahal-Bréchot 1984; Dimitrijević
et al. 1991; Dimitrijević & Sahal-Bréchot 1996). The calcu-
lation procedure, with the discussion of updating and validity
criteria, has been briefly reviewed e.g. in Dimitrijević (1996).
Atomic energy levels needed for calculations have been taken
from Moore (1971). The oscillator strengths have been calcu-
lated within the Coulomb approximation (Bates & Damgaard
1949) and the tables of Oertel & Shomo (1968). For higher lev-
els, the method of van Regemorter et al. (1979) has been used.

In Table 1 (available also in electronic form at the CDS),
electron-, and proton-impact broadening parameters for 18 Ga I
transitions for a perturber density of 1014 cm−3, typical of stel-
lar atmosphere conditions and temperatures from 2500 up to
50 000 K, are shown. Moreover, we present in Table 1 a pa-
rameter C (Dimitrijević & Sahal-Bréchot 1984), which gives
an estimate of the maximum perturber density for which the
line may be treated as isolated, when it is divided by the cor-
responding full width at half maximum. The validity of the
impact approximation has been estimated for data shown in
Table 1, by checking if the collision volume (V) multiplied by
the perturber density (N) is much less than one (Sahal-Bréchot
1969a,b). When the impact approximation is not valid, the ion
broadening contribution may be estimated by using the qua-
sistatic approach (Sahal-Bréchot 1991; or Griem 1974). In the
region between, where neither of these two approximations is
valid, a unified type theory should be used. For example in
Barnard et al. (1974), a simple analytical formula for such a
case is given. The accuracy of the results obtained decreases
when broadening by ion interactions becomes important.

N’Dollo & Fabry (1987) calculated Stark widths for four
Ga I multiplets (Ga I 4p2P0−5s2S, 5s2S−6p2P0, 5s2S−7p2P0

and 5p2P0−10s2S) using the semiclassical theory of Griem
et al. (1962) for the electron contribution and the qua-
sistatic theory (Griem 1974) for ion contribution. They
also obtained experimentally, observing spectroscopically a
potassium-gallium arc, Stark widths for Ga I 4p2P0

1/2−5s2S1/2

4034.1 Å and 4p2P0
3/2−5s2S1/2 4173.2 Å spectral lines. A

potassium-gallium mixture was used as the cathode, while the
plasma was initiated in the presence of argon. In Figs. 1–3,
our results are compared with experimental and theoretical re-
sults of N’Dollo & Fabry (1987). One can see that both cal-
culations are in agreement with experimental data within the
error bars. However, the temperature trend obtained by us di-
verges condiderably from the N’Dollo & Fabry (1987) result.
In N’Dollo & Fabry (1987), the ion broadening contribution
has been estimated within Griem’s quasistatic approach (Griem
1974), and comparing calculated values in N’Dollo & Fabry
(1987) with electron broadening and with electron + ion broad-
ening. Within this approach the obtained contribution of ion
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Fig. 1. Stark full widths at half maximum W[Å] for Ga I 4p2P0–
5s2S multiplet in function of T[K]. Theoretical calculations: WDDCS –
present work; WTNF – N’Dollo & Fabry (1987); WL – Lakićević
(1983). Experimental data: WENF – N’Dollo & Fabry (1987).
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broadening is negligible. However, if the impact approximation
is valid, the result is different.

Since ionization potentials of Ga, K and Ar are 6.00 eV,
4.339 eV and 15.755 eV respectively, the most appropriate
way to estimate the influence of ion-impact broadening for the
considered experiment is to compare electron-impact widths
with widths due to impacts with ions of the electron donors
potassium and gallium. We obtained that the ion contribution is
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Table 1. Electron-, proton- and He II-impact broadening parameters for Ga I for perturber density of 1014 cm−3 and temperatures from 2500 up
to 50 000 K. Transitions and wavelengths (λ in Å) are also given in the table. By dividing C by the corresponding full width at half maximum
(Dimitrijević et al. 1991), we obtain an estimate for the maximum perturber density for which the line may be treated as isolated and tabulated
data may be used. The validity of the impact approximation has been estimated for data shown in this table, by checking if the collision volume
(V) multiplied by the perturber density (N) is much less than one (Sahal-Bréchot 1969a,b).

Perturber density is 1.E+14 cm−3

Perturbers are: Electrons Protons

Transition T (K) Width(Å) Shift(Å) Width(Å) Shift(Å)

Ga I 4p2P0−5s2S 2500. 0.173E−03 0.142E−03 0.438E−04 0.400E−04
5000. 0.204E−03 0.166E−03 0.488E−04 0.450E−04

4125.8 A 10 000. 0.236E−03 0.196E−03 0.546E−04 0.506E−04
C = 0.14E+18 20 000. 0.257E−03 0.223E−03 0.610E−04 0.569E−04

30 000. 0.268E−03 0.209E−03 0.652E−04 0.608E−04
50 000. 0.287E−03 0.204E−03 0.708E−04 0.662E−04

Ga I 4p2P0−4d2D 2500. 0.311E−03 −0.181E−03 0.757E−04 −0.452E−04
5000. 0.311E−03 −0.176E−03 0.793E−04 −0.509E−04

2921.0 A 10 000. 0.315E−03 −0.163E−03 0.838E−04 −0.572E−04
C = 0.14E+17 20 000. 0.330E−03 −0.129E−03 0.894E−04 −0.644E−04

30 000. 0.339E−03 −0.117E−03 0.933E−04 −0.689E−04
50 000. 0.341E−03 −0.988E−04 0.990E−04 −0.751E−04

Ga I 4p2P0−5d2D 2500. 0.124E−02 −0.762E−03 0.297E−03 −0.221E−03
5000. 0.128E−02 −0.678E−03 0.322E−03 −0.251E−03

2484.0 A 10 000. 0.135E−02 −0.496E−03 0.351E−03 −0.285E−03
C = 0.25E+16 20 000. 0.140E−02 −0.375E−03 0.386E−03 −0.321E−03

30 000. 0.138E−02 −0.303E−03 0.410E−03 −0.343E−03
50 000. 0.135E−02 −0.219E−03 0.445E−03 −0.375E−03

Ga I 5s2S−5p2P0 2500. 0.504E−02 0.368E−02 0.170E−02 0.954E−03
5000. 0.581E−02 0.339E−02 0.177E−02 0.107E−02

12005.6 A 10 000. 0.696E−02 0.268E−02 0.186E−02 0.121E−02
C = 0.24E+18 20 000. 0.889E−02 0.155E−02 0.197E−02 0.136E−02

30 000. 0.100E−01 0.105E−02 0.205E−02 0.146E−02
50 000. 0.112E−01 0.508E−03 0.216E−02 0.159E−02

Ga I 5s2S1/2−6p2P0
1/2 2500. 0.110E−01 0.808E−02 0.273E−02 0.210E−02

5000. 0.119E−01 0.818E−02 0.297E−02 0.239E−02
6415.2 A 10 000. 0.126E−01 0.732E−02 0.326E−02 0.271E−02

C = 0.18E+17 20 000. 0.136E−01 0.555E−02 0.359E−02 0.305E−02
30 000. 0.141E−01 0.464E−02 0.382E−02 0.327E−02
50 000. 0.144E−01 0.363E−02 0.414E−02 0.357E−02

Ga I 5s2S1/2−6p2P0
3/2 2500. 0.117E−01 0.855E−02 0.286E−02 0.223E−02

5000. 0.125E−01 0.854E−02 0.313E−02 0.254E−02
6398.3 A 10 000. 0.133E−01 0.754E−02 0.344E−02 0.289E−02

C = 0.16E+17 20 000. 0.142E−01 0.573E−02 0.380E−02 0.326E−02
30 000. 0.146E−01 0.476E−02 0.404E−02 0.349E−02
50 000. 0.148E−01 0.369E−02 0.439E−02 0.381E−02

Ga I 5s2S1/2−7p2P0
1/2 2500. 0.311E−01 0.216E−01 0.732E−02 0.591E−02

5000. 0.324E−01 0.198E−01 0.811E−02 0.684E−02
5361.3 A 10 000. 0.338E−01 0.163E−01 0.903E−02 0.783E−02

C = 0.40E+16 20 000. 0.344E−01 0.124E−01 0.101E−01 0.890E−02
30 000. 0.341E−01 0.994E−02 0.109E−01 0.957E−02
50 000. 0.333E−01 0.694E−02 0.119E−01 0.105E−01

around 20 per cent. N’Dollo & Fabry (1987) obtained their re-
sult for electron densities between 1014 cm−3 and 2×1015 cm−3

and scaled and presented them on 1016 cm−3, where the impact

approximation is not valid. However, since for some experi-
mental densities this approximation is valid, the ion broadening
contribution is probably underestimated.
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Table 1. continued.

Perturber density is 1.E+14 cm−3

Perturbers are: Electrons Protons

Transition T (K) Width(Å) Shift(Å) Width(Å) Shift(Å)

Ga I 5s2S1/2−7p2P0
3/2 2500. 0.375E−01 0.248E−01 0.898E−02 0.735E−02

5000. 0.390E−01 0.216E−01 0.100E−01 0.855E−02
5349.6 A 10 000. 0.399E−01 0.175E−01 0.112E−01 0.981E−02

C = 0.28E+16 20 000. 0.391E−01 0.129E−01 0.126E−01 0.112E−01
30 000. 0.382E−01 0.102E−01 0.136E−01 0.120E−01
50 000. 0.368E−01 0.693E−02 0.151E−01 0.132E−01

Ga I 5p2P0−5d2D 2500. 0.419E−01 −0.259E−01 0.914E−02 −0.688E−02
5000. 0.450E−01 −0.263E−01 0.992E−02 −0.782E−02

13004.3 A 10 000. 0.479E−01 −0.241E−01 0.108E−01 −0.886E−02
C = 0.68E+17 20 000. 0.500E−01 −0.202E−01 0.119E−01 −0.999E−02

30 000. 0.507E−01 −0.175E−01 0.127E−01 −0.107E−01
50 000. 0.509E−01 −0.143E−01 0.138E−01 −0.117E−01

Ga I 4d2D−5p2P0 2500. 0.253 0.147 0.608E−01 0.389E−01
5000. 0.284 0.168 0.642E−01 0.440E−01

59974.3 A 10 000. 0.308 0.175 0.685E−01 0.496E−01
C = 0.60E+19 20 000. 0.327 0.161 0.736E−01 0.558E−01

30 000. 0.338 0.144 0.772E−01 0.597E−01
50 000. 0.351 0.122 0.823E−01 0.651E−01

Ga I 4d2D−6p2P0
1/2 2500. 0.946E−01 0.649E−01 0.220E−01 0.168E−01

5000. 0.103 0.681E−01 0.239E−01 0.192E−01
17885.8 A 10 000. 0.110 0.639E−01 0.262E−01 0.217E−01

C = 0.14E+18 20 000. 0.115 0.542E−01 0.289E−01 0.245E−01
30 000. 0.117 0.467E−01 0.307E−01 0.263E−01
50 000. 0.118 0.365E−01 0.333E−01 0.287E−01

Ga I 4d2D−6p2P0
3/2 2500. 0.990E−01 0.678E−01 0.228E−01 0.177E−01

5000. 0.107 0.701E−01 0.249E−01 0.202E−01
17754.4 A 10 000. 0.114 0.647E−01 0.273E−01 0.229E−01

C = 0.12E+18 20 000. 0.119 0.544E−01 0.302E−01 0.258E−01
30 000. 0.120 0.465E−01 0.321E−01 0.277E−01
50 000. 0.121 0.360E−01 0.349E−01 0.302E−01

Ga I 4d2D−7p2P0
1/2 2500. 0.148 0.100 0.342E−01 0.275E−01

5000. 0.154 0.908E−01 0.378E−01 0.319E−01
11553.5 A 10 000. 0.161 0.733E−01 0.421E−01 0.365E−01

C = 0.18E+17 20 000. 0.163 0.506E−01 0.472E−01 0.415E−01
30 000. 0.162 0.364E−01 0.507E−01 0.446E−01
50 000. 0.157 0.268E−01 0.557E−01 0.488E−01

Ga I 4d2D−7p2P0
3/2 2500. 0.177 0.114 0.416E−01 0.341E−01

5000. 0.184 0.970E−01 0.464E−01 0.396E−01
11499.2 A 10 000. 0.188 0.766E−01 0.519E−01 0.454E−01

C = 0.13E+17 20 000. 0.184 0.511E−01 0.586E−01 0.517E−01
30 000. 0.180 0.344E−01 0.632E−01 0.556E−01
50 000. 0.173 0.257E−01 0.701E−01 0.610E−01

Ga I 5d2D−6p2P0
1/2 2500. 24.0 14.7 4.83 3.68

5000. 26.0 14.6 5.26 4.20
231830.3 A 10 000. 27.3 13.2 5.77 4.77

C = 0.22E+20 20 000. 28.7 10.0 6.38 5.39
30 000. 29.3 8.31 6.79 5.78
50 000. 29.3 6.75 7.38 6.31
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Table 1. continued.

Perturber density is 1.E+14 cm−3

Perturbers are: Electrons Protons

Transition T (K) Width(Å) Shift(Å) Width(Å) Shift(Å)

Ga I 5d2D−6p2P0
3/2 2500. 30.6 18.8 6.12 4.70

5000. 33.0 18.5 6.68 5.37
256416.8 A 10 000. 34.6 16.5 7.33 6.10

C = 0.26E+20 20 000. 36.2 12.5 8.11 6.90
30 000. 36.8 10.3 8.64 7.40
50 000. 36.7 8.25 9.42 8.07

Ga I 5d2D−7p2P0
1/2 2500. 1.81 1.15 0.385 0.309

5000. 1.91 1.08 0.427 0.358
37979.6 A 10 000. 1.99 0.890 0.475 0.410

C = 0.20E+18 20 000. 2.02 0.624 0.532 0.466
30 000. 2.00 0.491 0.571 0.501
50 000. 1.95 0.336 0.628 0.548

Ga I 5d2D−7p2P0
3/2 2500. 2.08 1.30 0.454 0.370

5000. 2.18 1.14 0.506 0.430
37398.7 A 10 000. 2.23 0.917 0.566 0.494

C = 0.14E+18 20 000. 2.19 0.620 0.639 0.562
30 000. 2.15 0.486 0.689 0.605
50 000. 2.07 0.310 0.764 0.663
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Lakićević (1983) estimated Stark broadening parameters
for Ga I 4p2P0−5s2S multiplet on the basis of regularities and
systematic trends and he obtained that W is 0.30 Å and the
absolute value of the shift 0.16 Å for an electron density of
1017 cm−3 and T = 20 000 K. Our width value is 0.257 Å and
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the shift value is 0.223 Å which is, taking into account the sim-
plicity of the method, excellent for the width and within error
bars for the shift.

To see the influence of the Stark broadening mechanism for
Ga I spectral lines in stellar plasma conditions, we have calcu-
lated for our and N’Dollo & Fabry (1987) results included in
Figs. 1–3 the Stark widths for a Kurucz’s (1979). A type star
(Teff = 10 000 K, log g = 4) atmosphere model and compared
them with Doppler ones. Results obtained as a function of the
Rosseland optical depth are presented in Figs. 4–6. One can see
that photospheric layers exist where Doppler and Stark widths
are comparable and where the Stark width is dominant which is



1152 M. S. Dimitrijević et al.: Stark broadening of Ga I spectral lines

 1e−05

 0.0001

 0.001

 0.01

 0.1

 1

−5 −4 −3 −2 −1  0  1  2  3

W
[Å

]

Optical depth

DDSC1
Doppler
DDSC2

NF

Fig. 5. Thermal Doppler and Stark widths for for Ga I 5s2S–6p2P0

multiplet as functions of optical depth for an A type star (Teff =

10 000 K, log g = 4). Theoretical Stark line width calculations:
DDCS1 – present values for transition S1/2–P0

1/2; DDCS2 – present
values for transition S1/2–P0

3/2; NF – N’Dollo & Fabry (1987).

 0.0001

 0.001

 0.01

 0.1

 1

 10

−5 −4 −3 −2 −1  0  1  2  3

W
[Å

]

Optical depth

DDSC1
Doppler
DDSC2

NF

Fig. 6. Thermal Doppler and Stark widths for for Ga I 5s2S–7p2P0

multiplet as functions of optical depth for an A type star (Teff =

10 000 K, log g = 4). Theoretical Stark line width calculations:
DDCS1 – present values for transition S1/2–P0

1/2; DDCS2 – present
values for transition S1/2–P0

3/2; NF – N’Dollo & Fabry (1987).

of interest when for example the stratification of gallium across
the stellar photosphere is considered. Also, one can see that for
transitions involving energy levels with higher principal quan-
tum numbers, the importance of the Stark broadening mecha-
nism increases. This increase is well illustrated in Figs. 5 and 6,
where two members of the same spectral series, Ga I 5s2S–
6p2P0 and 5s2S–7p2P0 are shown. This is due to the fact that
with the increase of the principal quantum number of the upper
level of the transition, the difference between this and the clos-
est perturbing energy level decreases, resulting in the increase
of the Stark broadening influence.

The new experimental evaluations of the Stark broadening
parameters for Ga I spectral lines, especially at higher temper-
atures, will be of interest not only from the theoretical point of
view but also for astrophysical and laboratory plasma diagnos-
tics and modeling.
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Abstract. Using a modified semiempirical approach, we have calculated Stark broadening full widths at half maximum for
25 OII multiplets for temperatures from 5000 K up to 80 000 K using the needed oscillator strengths from the sophisticated
atomic structure data base TOPbase. Then we compared our results with experimental data for 41 OII spectral lines and with
the available semi-classical calculations to test the applied method and the accuracy of the results obtained.
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1. Introduction

Charged oxygen (OII) atoms, as emitters or absorbers, are es-
pecially important due to their presence in many kinds of cos-
mic sources of radiation. The abundance of oxygen and the
large number of ionized oxygen spectral lines in stellar plasmas
make these of great importance for diagnostic purposes. In as-
trophysics, Stark broadening data are required e.g. for the eval-
uation of the physical conditions in stellar atmospheres from
the analysis of stellar spectra. Further, Stark broadening data
are also required for determination of the abundances of ele-
ments and for evaluation of radiative transfer through the stellar
interior.

For Stark linewidth determination, Griem (1968) suggested
a simple semiempirical method based on Baranger’s original
formulation (Baranger 1958, see also 1962), together with the
use of an effective Gaunt-factor approximation proposed by
Seaton (1962) and Van Regemorter (1962). For singly ion-
ized atoms, this semiempirical formula agrees on the average
within ±50% with experiments (Griem 1974). This formula has
been modified by Dimitrijević & Konjević (1980) to minimize
the atomic data needed and to extend its validity to multiply
charged ion lines. An effort has been made to obtain new Stark
broadening data with this modified formula (see Dimitrijević
& Popović 2001, and references therein), especially in the case
when more sophisticated methods are not adequately applica-
ble due to the lack of needed atomic data.

� Table 3 is only available in electronic form at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?/A+A/434/773

The aim of this paper is twofold: to provide new Stark
broadening data for astrophysically important OII lines and
to test the modified semiempirical approach (Dimitrijević &
Konjević 1980). Also, we compared our results to available
experimental and other theoretical results for OII.

2. Theory

Within the impact approximation, Baranger (1958) derived a
quantum-mechanical expression for the width of an isolated
line:

W = N

v
∑

i′
σi′i (v) +

∑
f ′
σ f ′ f (v)


av

+Wel (1)

where W is FWHM (Full Width at Half Maximum) in units
of angular frequency and N is the electron concentration. The
symbols σi′i, σ f ′ f represent the inelastic cross sections for col-
lisional transitions to i′, f ′ from the initial (i) and final ( f ) lev-
els of the optical transition respectively. Wel is the line width
induced by elastic collisions. The averaging in Eq. (1) has to
be performed over the electron velocity v distribution.

Within the framework of the dipole approximation, one
may use Bethe’s relation (Bethe 1930)

σ j′ j =
8π
3
λ̄2R2

j′ j
π√
3
g (2)

to evaluate inelastic cross sections. In this expression λ̄ is the

reduced de Broglie wavelength of an electron and R2
j′ j (in units

of the Bohr radius a0) is the square of the coordinate operator
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matrix element summed over all components of the operator,
the magnetic substates of total angular momentum J′, and av-
eraged over the magnetic substates of J.

For higher electron temperatures, Griem (1968) assumed
that the contribution of elastic collisions to the line width can
be neglected (cf. Eq. (1)) and made an attempt to take elastic
collisions into account in the low temperature limit by extrap-
olating the threshold value of the inelastic cross section below
the threshold. The Stark line width can then be calculated from
the well-know semiempirical formula (Griem 1968)

W = N
8π
3

(
�

m

)2 (
2m
πkT

) 1
2 π√

3

×

∑

i′
R2

i′ig

(
E
∆Eii′

)
+

∑
f ′

R2
f ′ fg

(
E
∆E f f ′

) · (3)

Here, E = 3kT
2 is the energy of the perturbing electron and

∆E j′ j =
[
E j′ − E j

]
is the energy difference between level j and

j′ ( j and j′ = i, f , i′, f ′ where i denotes initial and f final
atomic energy level and i′, f ′ are their corresponding perturb-
ing levels), g(x) = 0.20 for x ≤ 2 and g(x) = 0.24, 0.33, 0.56,
0.98, and 1.33 for x = 3, 5, 10, 30, and 100. Also

x =
E
∆E j j′

, (4)

R2
j j =

∑
j′

R2
j′ j �

1
2

(n∗j
Z

)2 [
5n∗2j + 1 − 3l j(l j + 1)

]
, (5)

n∗j is the effective principal-, and l j the orbital angular
momentum-quantum numbers, while (Z−1) is the ionic charge.

If one uses Eq. (3) to calculate Stark line widths, we need
the same set of atomic data as for a more sophisticated semi-
classical method, and a lack of atomic data causes the same dif-
ficulties for both methods in the evaluation of necessary matrix
elements. These difficulties are especially serious for multiply-
ionized atoms for which data on higher perturbing levels are
sometimes completely missing in the literature. Moreover for
multiply charged ions the Griem’s semiempirical formula be-
comes inapplicable. To overcome these problems, Dimitrijević
& Konjević (1980) have separated the transitions with ∆n = 0
and with ∆n � 0. In the first case, only two matrix elements
are calculated for the initial state, one for the transition array
l→ l + 1

(
R2

l,l+1

)
and the other for l→ l − 1

(
R2

l,l−1

)
. Also, only

two matrix elements are needed for the final state. The effective
Gaunt factor g̃(x) for the transitions with the principal quantum
number n unchanged is taken as

g̃(x) = 0.7 − 1.1
Z
+ g(x). (6)

All perturbing levels with ∆n � 0 are lumped together and the
energy separation to the nearest perturbing level is estimated
from

∆En,n+1 =
2Z2EH

n∗3
· (7)

At high temperatures (say x ≥ 50), all Gaunt factors are cal-
culated in accordance with the GBKO high temperature limit
(Griem et al. 1962)

g j′ j =

√
3
π

1
2
+ ln

 2ZkT

n∗2j ∆E j′ j


 · (8)

For ∆n = 0

R2
i j = fi j

λi j(Å)

303.7
, (9)

where fi j is the oscillator strength between levels i and j, and
for ∆n � 0

∑
i′

(
R2

ii′
)
∆n�0
�

(
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)2 1
9

(
n∗2i + 3l2i + 3li + 11

)
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where li is the orbital quantum number of the valence electron.
In such a way Dimitrijević & Konjević (1980) extended the
validity of the semiempirical method to multiply charged ions,
and optimized the needed set of atomic data ensuring that the
method is applicable when, due to the lack of atomic data, more
sophisticated approaches are not adequately applicable.

When the wavelength of a particular line within the multi-
plet differs significantly from the average wavelength 〈λ〉 of the
whole multiplet, we use the following scaling (Popović et al.
2001):

Wline =

(
λ

〈λ〉
)2

W. (11)

In the above expression, W and 〈λ〉 are values for the multiplet,
and Wline and λ refer to a particular line within the multiplet.

3. Results and discussion

The atomic energy levels and oscillator strengths for OII have
been taken from TOPbase (Cunto et al. 1993; Zeippen 1995).
TOPbase does not provide mean square radii. Therefore we
have calculated them by using the oscillator strengths (cf.
Eq. (9)) and the effective quantum numbers n∗i obtained from
the TOPbase (cf. Eq. (10)). By using the modified semiempir-
ical approach (Dimitrijević & Konjević 1980), we have calcu-
lated Stark broadening widths of forty one OII spectral lines.
The obtained Stark FWHM values at various electron tempera-
tures and electron densities and comparisons with other exper-
imental and theoretical data are shown in Tables 1 and 2. With
Wm are denoted the measured widths, WMBS is the electron-
impact width calculated by Mahmoudi et al. (2004) on the ba-
sis of the semi-classical approach of Sahal-Bréchot (1969a,b),
WMSE present calculations with the modified semiempirical ap-
proach of Dimitrijević and Konjević (1980) (corresponding to
Eqs. (6)-(10)), and WeG the semi-classical approach by Griem
(1974).
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Table 1. Experimental OII Stark widths Wm (FWHM), and different calculations: the semi-classical values calculated by Mahmoudi et al. (2004)
WMBS, our data obtained with the modified semiempirical approach (Dimitrijević & Konjević 1980) WMSE and semi-classical values of Griem
(1974) WeG. References: a. Platiša et al. (1975); b. del Val et al. (1999); c. Djeniže et al. (1998); d. Blagojević et al. (1999); e. Djeniže et al.
(1991), with e∗ is denoted the line where only the shift is reported by Djeniže et al. (1991) and f. Srećković et al. (2001). The data indicated
by † are calculated here and not in the cited paper. The WeG data for T = 60000 K denoted by � are extrapolated Griem (1974) values from
Djeniže et al. (1991).

Multiplet λ T Ne Wm WMBS WMSE WeG
∆S
S

Ref.

Å K 1017 cm−3 Å Å Å Å

3s 4P−3p 4D0 4649.13 25 900 0.52 0.119 0.188 0.172 0.31 a
40 000 1.0 0.209 0.290 0.314 0.31 b

4641.81 40 000 1.0 0.223 0.289 0.313 0.31 b
54 000 2.8 0.620 0.725 0.31 c

4638.86 40 000 1.0 0.220 0.289 0.312 0.31 b
54 000 2.8 0.640 0.724 0.31 c

4650.84 25 900 0.52 0.123 0.188 0.171 0.31 a
40 000 1.0 0.225 0.291 0.314 0.31 b

4P−4P0 4349.43 40 000 1.0 0.253 0.249 0.263 0.219 0.32 b
4336.86 40 000 1.0 0.202 0.248 0.261 0.218 0.32 b
4366.89 25 900 0.52 0.115 0.147† 0.171 0.124 0.32 a

40 000 1.0 0.248 0.251 0.265 0.221 0.32 b
4345.56 40 000 1.0 0.258 0.249 0.262 0.218 0.32 b
4319.63 40 000 1.0 0.261 0.246 0.259 0.216 0.32 b
4317.14 25 900 0.52 0.114 0.144† 0.167 0.124 0.32 a

40 000 1.0 0.256 0.246 0.259 0.216 0.32 b
4P−4S0 3749.48 54 000 2.8 0.380 0.422 0.489 0.23 c
2P−2D0 4414.90 18 800 0.31 0.087 0.106 0.128 0.094 0.26 d

19 100 0.41 0.113 0.139 0.168 0.124 0.26 d
19 500 0.46 0.133 0.155 0.187 0.138 0.26 d
19 500 0.39 0.110 0.132 0.159 0.117 0.26 d
19 800 0.44 0.125 0.147 0.178 0.132 0.26 d
19 900 0.47 0.135 0.157 0.189 0.141 0.26 d
25 900 0.52 0.139 0.158 0.184 0.149 0.26 a

4416.97 18 800 0.31 0.086 0.106 0.128 0.093 0.26 d
19 100 0.41 0.121 0.140 0.169 0.123 0.26 d
19 500 0.46 0.130 0.155 0.187 0.138 0.26 d
19 500 0.39 0.109 0.132 0.159 0.117 0.26 d
19 800 0.44 0.124 0.147 0.178 0.132 0.26 d
19 900 0.47 0.132 0.157 0.189 0.140 0.26 d

2P−2P0 3954.36 25 900 0.52 0.118 0.127 0.157 0.28 a
54 000 2.8 0.540 0.575 0.622 0.28 c

3p 4D0 − 3d 4F 4075.86 25 900 0.52 0.122 0.156† 0.158 0.140 0.13 a
40 000 1.0 0.197 0.270 0.244 0.258 0.13 b

4072.15 25 900 0.52 0.118 0.156† 0.157 0.140 0.13 a
40 000 1.0 0.239 0.269 0.244 0.258 0.13 b

4092.93 25 900 0.52 0.122 0.158† 0.159 0.140 0.13 a
40 000 1.0 0.213 0.272 0.246 0.260 0.13 b

2D0−4D 4710.01 60 000 0.81 0.240 0.245 0.08 e
2D0−2F 4705.35 18 800 0.31 0.115 0.145 0.165 0.126 0.10 d

19 100 0.41 0.170 0.190 0.216 0.167 0.10 d
19 500 0.46 0.195 0.212 0.240 0.186 0.10 d
19 500 0.39 0.146 0.179 0.204 0.157 0.10 d
19 800 0.44 0.174 0.202 0.228 0.178 0.10 d
19 900 0.47 0.189 0.215 0.243 0.189 0.10 d
60 000 0.7 0.240 0.253† 0.228 0.255 0.10 e

2D0−2D 4395.93 60 000 0.81 0.254 0.238 0.07 e
4S0−4P 4890.86 54 000 2.8 0.940 0.936 0.919 0.07 c

4924.53 60 000 0.81 0.232 0.272 0.260 0.336� 0.07 e
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Table 1. continued.

Multiplet λ T Ne Wm WMBS WMSE WeG
∆S
S

Ref.

Å K 1017 cm−3 Å Å Å Å
2P0−2P 5206.65 60 000 0.81 0.362 0.364 0.326� 0.10 e
2P0−2D 4955.71 60 000 0.81 0.328 0.328 0.320 0.331� 0.09 e

3p′ 2F0 − 3d′ 2G 4185.46 15 700 1.45 0.448 0.595 0.633 0.11 f
18 300 1.82 0.356 0.706 0.735 0.11 f
20 500 0.98 0.232 0.364 0.374 0.11 f
25 900 0.52 0.104 0.177 0.177 0.11 a

4189.79 15 700 1.45 0.419 0.596 0.634 0.11 f
18 300 1.82 0.358 0.707 0.737 0.11 f
20 500 0.98 0.222 0.365 0.375 0.11 f

2F0−2F 4448.19 40 000 1.0 0.343 0.308 0.15 b
2D0−2D 4327.46 40 000 1.0 0.382 0.314 0.10 b
2P◦−2D 4860.97 60 000 0.81 0.284 0.285 0.336 0.13 e

4871.52 60 000 0.81 0.284 0.287 0.338 0.13 e
2P0−2S 4319.87 60 000 0.81 0.208 0.277 0.06 e

3s′ 2D−3p′ 2F0 4590.97 25 900 0.52 0.132 0.186† 0.196 0.30 a
40 000 1.0 0.223 0.319 0.306 0.30 b

4596.18 25 900 0.52 0.128 0.187† 0.196 0.30 a
40 000 1.0 0.272 0.320 0.306 0.30 b
54 000 2.8 0.420 0.843 0.776 0.30 c

4595.96 54 000 2.8 0.380 0.843 0.776 0.30 c
3p 2D0 − 4s 2P 3470.67 54 000 2.8 1.00 1.481 0.10 c

4P0−4P 3289.98 60 000 0.81 0.344 0.373 0.355� 0.18 e
4S0−4P 3739.76 60 000 0.81 0.426 0.483 0.473� 0.14 e
2P0−2P 3802.98 60 000 0.81 0.418 0.525 0.492� 0.11 e

3p′ 2F0 − 4s′ 2D 3270.86 60 000 0.81 0.348 0.09 e∗
2P0−2D 3729.22 60 000 0.81 0.132 0.499 0.11 e

3d 4F−4p 4D0 6895.10 60 000 0.81 0.976 1.480 1.777 1.683� 0.07 e

Table 2. Calculated OII widths for the transition array 2p2(3P)3s −
2p2(3P)3p: semi-classical (Griem 1974) values WD calculated by
Dimitrijević (1982), semi-classical (Sahal-Bréchot 1969a,b) values
WMBS calculated by Mahmoudi, Ben Nessib and Sahal-Bréchot
(2004) and our calculation with the modified semiempirical approach
(Dimitrijević & Konjević 1980) WMSE. λm is the average wavelength
for the multiplet.

Multiplet λm T Ne WD WMBS WMSE

Å K 1017 cm−3 Å Å Å
4P−4D0 4652 20 000 1.0 0.338 0.423

30 000 1.0 0.314 0.345
60 000 1.0 0.294 0.260
80 000 1.0 0.288 0.244

4P−4P0 4341 20 000 1.0 0.294 0.312 0.377
30 000 1.0 0.274 0.272 0.308
60 000 1.0 0.258 0.234 0.231
80 000 1.0 0.254 0.225 0.217

4P−4S0 3736 20 000 1.0 0.232 0.192 0.275
30 000 1.0 0.218 0.169 0.224
60 000 1.0 0.204 0.149 0.171
80 000 1.0 0.200 0.145 0.161

Calculated ∆S
S ratios are also included in the Table 1. This

ratio is a measure of the completeness of the set of perturbing

levels with respect to the sums of dipole matrix elements and it
is calculated from the following relation

∆S
S
=

∑
i′ R

2
ii′ +

∑
f ′ R2

f f ′ − R2
ii − R2

f f

R2
ii + R2

f f

, (12)

where in the summation enter terms for ∆n = 0 defined by
Eq. (9) and terms for ∆n � 0 by Eq. (10). For a complete set
of perturbing levels, ∆S

S = 0. One can see in Table 1 that in all
considered cases ∆S

S is greater than 0, i.e. the sum in Eq. (12)
obtained with the help of Eqs. (9), (10) is larger than the sum
(Eq. (5)) within the Coulomb approximation for up to 30%.
This demonstrates that the introduction of a fictive common en-
ergy level for all perturbing energy levels with ∆n � 0 (Eq. (7))
overestimates the theoretical sum rule Eq. (5) by up to 30%,
but the agreement with experiments indicates that this is equi-
librated by the underestimation of the contribution of elastic
collisions.

Table 2 present a comparison of our calculations (WMSE)
with theoretical results of Dimitrijević (1982) (WD) obtained
using the semi-classical approach of Griem (1974) and theoret-
ical data (WMBS) calculated by Mahmoudi et al. (2004) using
the semi-classical method of Sahal-Bréchot (1969a,b).

One can see from Tables 1 and 2 that the MSE results are
in good agreement with experiments and more sophisticated
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Fig. 1. Theoretical Stark width dependence on electron temperature
for an electron density of 1 × 1017 cm−3. �, Djeniže et al. (1998);
the solid line denotes results of Dimitrijević (1982) obtained by the
semi-classical theory of Griem (1974); the dashed line denotes data
calculated by Mahmoudi et al. (2004) and the doted line denotes our
calculation with the modified semiempirical formalism (Dimitrijević
& Konjević 1980). λm is the average wavelength for the multiplet.

theoretical calculations (Mahmoudi et al. 2004; Griem 1974)
for all considered experimental conditions (T and Ne). Indeed
the ratio Wm

WMSE
and Wm

WMBS
shows on average an agreement within

20% and 16% respectively. This is well within the error bars
of the semiempirical and the modified semiempirical methods
estimated to be ±50% (Griem 1974; Dimitrijević & Konjević
1980) which is a very good agreement especially taking into
account that the needed atomic data set is much smaller than for
more sophisticated semi-classical calculations (Sahal-Bréchot
1969a,b; Griem 1974; Mahmoudi et al. 2004). The exceptions
are in the multiplets 2p2(1D)3p 2F0−2p2(1D)3d 2G at 18 300 K,
2p2(1D)3s 2D − 2p2(1D)3p 2F0 at 54 000 K, 2p2(3P)3d 4F −
2p2(3P)4p 4D0 and 2p2(1D)3p 2P0 − 2p2(1D)4s 2D where the
discrepancy between experiment and theoretical calculations is
of the order of 50% which is also within the error bars of the
semi-classical and the modified semiempirical method.

The results of Table 2 are compared in Figs. 1–3 with avail-
able experimental data but we note that the experimental results
are for particular spectral lines within a multiplet while the the-
oretical data are calculated for the multiplet as a whole. One
can see that our results obtained with the modified semiem-
pirical method (Dimitrijević & Konjević 1980) are in agree-
ment within the error bars with the experimental data and with
more sophisticated semi-classical calculations of Dimitrijević
(1982) and Mahmoudi et al. (2004) which demonstrates that
this method can be used especially for large scale calculations
and when due to lack of the needed atomic data more sophisti-
cated methods are not adequately applicable.

In Table 3 (available only in electronic form at the CDS)
our Stark width (FWHM) results for 25 OII multiplets calcu-
lated for an electron density of 1017 cm−3 and temperatures of
5000, 10 000, 20 000, 30 000, 60 000 and 80 000 K are given
for the modelling, analysis and diagnostics of astrophysical

 

Fig. 2. Theoretical Stark width dependence on electron temperature
for an electron density of 1 × 1017 cm−3. •, Platiša et al. (1975); �,
del Val et al. (1999); the solid line denotes results of Dimitrijević
(1982) obtained by the semi-classical theory of Griem (1974); the
dashed line denotes data calculated by Mahmoudi et al. (2004); the
doted line denotes our calculation with the modified semiempirical
formalism (Dimitrijević & Konjević 1980) and the short dashed one
denotes the theoretical values of Griem (1974). λm is the average
wavelength for the multiplet.

Fig. 3. Theoretical Stark width dependence on electron temperature
for an electron density of 1 × 1017 cm−3. •, Platiša et al. (1975); �,
del Val et al. (1999); �, Djeniže et al. (1998); the solid line denotes re-
sults of Dimitrijević (1982) calculated with the semi-classical theory
of Griem (1974); the dashed line denotes our calculation with the mod-
ified semiempirical formalism (Dimitrijević & Konjević 1980) and the
doted line denotes the theoretical value of Griem (1974). λm is the av-
erage wavelength for the multiplet.

plasmas. We note also that for lower densities a linear
scaling is sufficient. For higher densities, linearity with the
electron density may be assumed if the plasma is ideal. The
idealness of the plasma can be checked by calculating the num-
ber of perturbers in the Debye sphere, i.e. (4π/3)R3

DN > 1 or
N < 1.9 × 106T 3 cm−3 (Dimitrijević et al. 1991), where RD is
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the Debye radius. For non-ideal plasmas, the method used here
is not suitable. Stark broadening in a strongly correlated plasma
has been considered recently by Ben Chaouacha et al. (2004).
The other criteria for the applicability of the modified semiem-
pirical approach have been dicussed in detail in Milovanović
et al. (2004).

4. Conclusion
We have calculated by using the modified semiemirical method
(Dimitrijević & Konjević 1980) Stark widths (FWHM) for
25 OII multiplets for an electron density of 1017 cm−3 and tem-
peratures from 5000 to 80 000 K. In order to test the applica-
bility of the used method, we have compared the results ob-
tained with experimental results for 41 OII spectral lines and
with more sophisticated semi-classical calculations of Griem
(1974), Dimitrijević (1982) and Mahmoudi et al. (2004). We
found that the ratio of experimental and our theoretical values
is on average in agreement within 20%, which is well within
the estimated error bars of this method (±50%), with several
exceptions of the order of 50%. The agreement found between
experimental and semi-classical values demonstrates that the
method can be used for OII Stark width calculations, especially
when more sophisticated methods are not applicable in an ad-
equate way. Consequently, one can expect that the accuracy of
the obtained OII Stark width data presented in Table 3 is better
on average than that estimated for this method of (±50%).
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Abstract. Using the semiclassical perturbation method, electron-, proton-, and ionized helium-impact line widths and shifts
for the nine Cr  spectral lines from the 4p7P0−4d7D multiplet were calculated for a perturber density of 1014 cm−3 and for
temperatures T = 2500−50 000 K. The results were used to investigate the influence of Stark broadening effect in the Cr-rich
Ap star β CrB atmosphere on line shapes of these lines. It was found that the contribution of proton and He  collisions to the
line width and shift is significant and comparable, and is sometimes even larger than electron-impact contribution depending of
the electron temperature. Moreover, not only the Stark line width, but also the Stark shift may contribute to the blue as well as to
the red asymmetry of the same line depending on the electron-, proton-, and He  density in stellar atmosphere. The results were
used to investigate the influence of Stark broadening effect on Cr  line shapes in the atmosphere of the Cr-rich Ap star β CrB.

Key words. atomic processes – line: profiles – stars: chemically peculiar – stars: individual: β CrB

1. Introduction

Stark broadening is the most significant pressure broadening
mechanism for A and B stars, such that this effect should be
taken into account in investigation, analysis, and modelling of
their atmospheres. In our previous works (Popović et al. 1999,
2001; Dimitrijević et al. 2003) we have shown that Stark broad-
ening may change spectral line equivalent widths by 10−45%;
hence neglecting this mechanism may introduce significant er-
rors in abundance determinations. Stark data become extremely
important after discovering abundance gradients in the atmo-
spheres of magnetic, chemically peculiar (Ap) stars (Babel
1992; Ryabchikova et al. 2002; Wade et al. 2003). High res-
olution spectra allow us to perform stratification analysis using
line profiles, and strong lines with developed wings provide us
with the most accurate information about distribution of the el-
ement through the stellar atmosphere (see Dimitrijević et al.
2003 for Si).

Chromium is one of the most anomalous elements in
Ap stars. It was shown to be concentrated in the deeper at-
mospheric layers in Ap stars β CrB (Wade et al. 2003) and
in γ Equ (Ryabchikova et al. 2002), where electron density is
high enough to favor the Stark effect. Most Cr  and Cr  lines
in the optical spectral region have rather small Stark damping
constants so no measurable Stark wings appeared. However,

Cr  lines from 4p−4d transitions are known to have fairly large
Stark damping constants according to calculations made by
Kurucz (1993).

We present new calculations of Cr  line Stark widths
and shifts based on the semiclassical perturbation approach
(Sahal-Bréchot 1969a,b, 1974; Dimitrijević & Sahal-Bréchot
1984a). Calculation method is described in Sect. 2 and mag-
netic synthetic spectrum calculations are described in Sect. 3.
Results of Stark broadening calculations are given in Sect. 4.1,
while an application of new data to spectrum synthesis in mag-
netic Ap star β CrB is considered in Sect. 4.2.

2. The Stark broadening parameter calculation

Calculations have been performed within the semiclassical per-
turbation formalism, as developed and discussed in detail in
Sahal-Bréchot (1969a,b). This formalism, as well as the cor-
responding computer code, have been optimized and updated
several times (see e.g. Sahal-Bréchot 1974; Dimitrijević &
Sahal-Bréchot 1984a; Dimitrijević 1996).

Within this formalism, the full width of a neutral emitter
isolated spectral line broadened by electron impacts can be
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expressed in terms of cross sections for elastic and inelastic
processes as

Wi f =
2λ2

i f

2πc
ne

∫
v f (v)dv


∑
i′�i

σii′ (v) +
∑
f ′� f

σff ′ (v) + σel

 (1)

and the corresponding line shift as

di f =
λ2

i f

2πc
ne

∫
v f (v)dv

∫ RD

R3

2πρdρ sin 2φp. (2)

Here, λi f is the wavelength of the line originating from the
transition with the initial atomic energy level i and the final
level f ; c is the velocity of light; ne the electron density; f (v) the
Maxwellian velocity distribution function for electrons; m the
electron mass; k the Boltzmann constant; T the temperature,
and ρ denotes the impact parameter of the incoming electron.
The inelastic cross section σ j j′ (v) is determined according to
Chap. 3 in Sahal-Bréchot (1969b) and elastic cross section σel

according to Sahal-Bréchot (1969a). The cut-offs, included in
order to maintain unitarity of the S -matrix, are described in
Sect. 1 of Chap. 3 in Sahal-Bréchot (1969a).

The formulae for the ion-impact broadening parameters are
analogous to the formulae for electron-impact broadening. For
the colliding ions, the validity of the impact approximation has
to be checked in the far wings.

3. Line profile calculations

Model atmosphere calculations, as well as calculations of the
absorption coefficients, were made with the local thermody-
namical equilibrium (LTE) approximation. Model calculations
were performed with the ATLAS9 code (Kurucz 1993), modi-
fied by Piskunov & Kupka (2001) to include individual chem-
ical composition of the star in line opacity calculations (see
Kupka et al. 2004).

The next step is to calculate the outward flux at correspond-
ing wavelength points using the given model. For this purpose
we used SM code written by Khan (2004). This code al-
lows synthetic spectra of early and intermediate type of stars to
be calculated taking magnetic field effects into account along
with stratification of chemical elements.

The computational scheme is as follows. For each line we
find the central opacity as

αline =
πe2

mc
g fi f e

− χ
kT

n
ρ

(
1 − e−

hν
kT

)
, (3)

where αν is the mass absorption coefficient at frequency ν;
e the electron charge; g the statistical weight; fi f the oscil-
lator strength for a given transition; χ the excitation energy;
n the number density of a corresponding element in a given
ionization stage multiplied by partition function; ρ the density
and h the Planck constant. The last factor describes stimulated
emission.

Next, we compute the total damping parameter

γ = γrad + γStark + γneutral. (4)

Here γrad, γStark, and γneutral are the radiative broadening, Stark
broadening, and damping parameters due to neutral atom col-
lisions, respectively. The values of γrad, γneutral, excitation en-
ergy χ and oscillator strength g f were taken from the Vienna
Atomic Line Database (VALD) (Kupka et al. 1999). In the
case of neutral atom broadening we assumed that perturb-
ing particles are only neutral hydrogen and helium atoms
(Van der Waals broadening). This assumption is applicable
to almost all types of stars due to high hydrogen and helium
cosmic abundances. We shall discuss competition between the
broadenings caused by the Stark effect and by neutral hydro-
gen collisions in the atmospheres of our template star β CrB in
Sect. 4.2.

In order to take into account Stark broadening effects we
added the approximate formulas Eqs. (20) and (21) (Sect. 4.1)
to the code. The Stark width and shift are

γStark = γ
(e)
Starkne + γ

(p)
Starknp + γ

(HeII)
Stark nHeII, (5)

dStark = d(e)
Starkne + d(p)

Starknp + d(HeII)
Stark nHeII, (6)

where ne, np and nHeII are the corresponding densities of elec-
trons, protons, and He  ions respectively. The resulting opac-
ity profile is given by the Voigt function (Doppler + pressure
broadening).

The next step is to solve the transfer equation with new
Stark damping parameters. In the presence of magnetic field,
atomic level k determined by quantum numbers Jk, Lk, S k splits
into 2Jk + 1 states with Mk = −Jk, . . . ,+Jk. The absolute value
of splitting is defined by field modulus |B| and Landé factor gk,
which in the case of LS coupling is calculated as

gk =
3
2
+

S k(S k + 1) − Lk(Lk + 1)
2Jk(Jk + 1)

· (7)

The possible transitions between split levels (u – upper and l –
lower level) are allowed by selection rules

∆M = Mu − Ml =


+1 ≡ b,

0 ≡ p,
−1 ≡ r.

(8)

For a normal Zeeman triplet the subscript p corresponds to the
unshifted π component, whereas b and r correspond to the blue-
and red-shifted σ components, respectively. In the general case
of an anomalous splitting, indices p, b, r refer to the series of
the π and σ components.

The wavelength shift of the component relative to the labo-
ratory line centre λ0 is defined by

∆λ =
eλ2

0|B|
4πmc2

(glMl − guMu) . (9)

The relative strengths of components Sp,r,b in accordance with
Sobelman (1977) are proportional to
(

Ju 1 Jl

−Mu (Mu − Ml) Ml

)2

, (10)

where the last structure is a 3 j-symbol. The normalization of
components is done so that∑

S p =
∑

S b =
∑

S r = 1. (11)
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In a general case the polarized radiation can be described by
means of Stokes IQUV parameters. The transfer equation is

dI
dz
= −KI + J . (12)

Here I = (I,Q,U,V)T is the Stokes vector, K the absorption
matrix and J the emission vector,

K = αc1 +
∑
lines

αlineΦline, (13)

Jν = αcBν(T )e0 + Bν(T )
∑
lines

αlineΦlinee0, (14)

where 1 is the 4 × 4 unit matrix, e0 = (1, 0, 0, 0)T , αc the con-
tinuum absorption coefficient, αline the line central opacity for
zero damping and the zero magnetic field given by Eq. (3).
Here we also assume LTE, so that the source function is equal
to Planck function Bν(T ).

The line absorption matrix Φline is created with absorption
profiles φ j and anomalous dispersion profiles ψ j of π and of
σ± components in accordance with Rees et al. (1989). These
profiles are calculated as (for j = p, b, r)

φ j =

N j∑
i j=1

S ij H

(
a, υ − ∆λi j

∆λD

)
, (15)

ψ j = 2
N j∑

i j=1

S ij F

(
a, υ − ∆λi j

∆λD

)
, (16)

where H(a, u) and F(a, u) are the Voigt and Faraday-Voigt
functions,

a =
γ λ2

0

4πc∆λD
, (17)

υ =
λ − λ0 + dStark

∆λD
· (18)

The Stark shift dStark and the damping parameter γ have been
calculated from Eqs. (6) and (4), respectively. The Doppler
width ∆λD is

∆λD =
λ

c

√
2kT
mA
+ ξ2

t , (19)

where mA is the mass of the absorber atom and ξt the microtur-
bulent velocity.

The transfer equation Eq. (12) is solved by the DELO
method (Rees et al. 1989) with quadratic approximation for the
source function, suggested by Socas-Navarro et al. (2000) and
written in Fortran by Piskunov & Kochukhov (2000). Also, we
used the fast Humlicek (1982) algorithm for approximations of
the Voigt and Faraday-Voigt functions.

Convolution of the synthetic spectra due to stellar rotation
was produced by IDL procedure of Valenti & Anderson imple-
mented in the  IDL code by N. Piskunov.

4. Results

4.1. Stark broadening data

The atomic energy levels needed for Stark broadening calcula-
tions were taken from Wiese & Musgrove (1989). Oscillator
strengths were calculated using the method of Bates &
Damgaard (1949) and tables in Oertel & Shomo (1968). For
higher levels, the method described in van Regemorter et al.
(1979) was applied.

The neutral chromium spectrum is complex and not known
well enough for a good calculation of the line being consid-
ered. The principal problem is the absence of reliable experi-
mental data for f levels. However, by inspecting theoretically
predicted Cr I levels in Moore (1971), one can see that the
4f level is missing. In accordance with the decrease in distance
between existing s, p, and d levels, we estimated that the even-
tual 5f level should be around 52 000 cm−1 and not closer than
50 000 cm−1. We checked results without 5f level and with a
fictive 5f level at 52 000 and 50 000 cm−1. In all cases, line
widths differed by less than 1%, while the shift varies by sev-
eral percents, so we performed calculations without the contri-
bution of f energy levels. Since the average estimated error of
the semiclassical method is ±30%, due to additional approx-
imations and uncertainties, we estimate the error bars of our
results to be ±50%.

Our results for electron-, proton-, and ionized helium-
impact line widths and shifts for the nine Cr  spectral lines
for a perturbed density of 1014 cm−3 and temperatures T =
2500−50 000 K are all shown in Table 1. For perturber densities
lower than those tabulated here, Stark broadening parameters
vary linearly with perturber density. The nonlinear behavior of
Stark broadening parameters at higher densities is the conse-
quence of the influence of Debye shielding, which has been
analyzed in detail in Dimitrijević & Sahal-Bréchot (1984b).

After testing the density dependence of Stark parameters,
we found that the width and shift are linear functions of density
for perturber densities smaller than 1016 cm−3. They can be
scaled by the simple formula

(W, d)N = (W, d)0

( N
1014

)
, (20)

where (W, d)N are the width and shift at a perturber den-
sity N (cm−3) and (W, d)0 are width and shift given in Table 1,
respectively.

In order to simplify the input of Stark broadening data in the
codes for stellar spectral synthesis, we developed an analytical
expression for Stark widths and shifts

W
ne

[
Å
]
= c1 ·

(
A + T B

)
, (21)

d
ne

[
Å
]
= c2 ·

(
A + C · T B

)
. (22)

The constants c1, c2, A, B, and C are given in Table 2. We
take T as T/(10 000 K). As one can see from the analytical fit
in Figs. 1 and 2, Eqs. (21) and (22) fit the calculated values
in both Stark widths and shifts. In some lines here (as e.g. in
Cr I λ = 5329.14 Å), the analytical fit in the case of proton
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Table 1. Stark broadening parameters for Cr  4p−4d spectral lines. This table shows electron-, proton-, and ionized helium-impact broadening
parameters for Cr  for a perturber density of 1014 cm−3 and temperatures from 2500 up to 50 000 K. Quantity C is given in Å cm−3 and divided
by the corresponding full width at half maximum (FWHM), gives an estimate for the maximum perturber density for which tabulated data may
be used. The asterisk identifies cases for which the collision volume multiplied by the perturber density lies between 0.1 and 0.5. When it is
larger than 0.5 results are omitted.

PERTURBERS ARE: ELECTRONS PROTONS HELIUM IONS

TRANSITION T (K) FWHM(A) SHIFT(A) FWHM(A) SHIFT(A) FWHM(A) SHIFT(A)

Cr I 7P0
2–7D1 2500. 0.890E–02 –0.205E–02 0.461E–02 –0.379E–02 0.344E–02 –0.299E–02

5000. 0.772E–02 –0.146E–02 0.551E–02 –0.437E–02 0.388E–02 –0.346E–02

5276.07 A 10 000. 0.655E–02 –0.104E–02 0.678E–02 –0.505E–02 0.439E–02 –0.396E–02

C = 0.43E+15 20 000. 0.548E–02 –0.767E–03 0.832E–02 –0.592E–02 0.503E–02 –0.451E–02

30 000. 0.493E–02 –0.660E–03 0.915E–02 –0.651E–02 0.547E–02 –0.488E–02

50 000. 0.431E–02 –0.559E–03 0.993E–02 –0.719E–02 0.602E–02 –0.544E–02

Cr I 7P0
2–7D2 2500. 0.193E–01 –0.216E–02

5000. 0.164E–01 –0.155E–02

5275.75 A 10 000. 0.136E–01 –0.108E–02

C = 0.11E+14 20 000. 0.111E–01 –0.790E–03 *0.717E–01 –0.298E–01

30 000. 0.983E–02 –0.675E–03 *0.702E–01 –0.273E–01

50 000. 0.841E–02 –0.569E–03 *0.664E–01 –0.239E–01 *0.135E–01 –0.346E–01

Cr I 7P0
2–7D3 2500. 0.240E–01 –0.939E–03 *0.216E–01 –0.138E–01 *0.131E–01 –0.102E–01

5000. 0.210E–01 –0.677E–03 *0.253E–01 –0.170E–01 *0.151E–01 –0.124E–01

5275.28 A 10 000. 0.178E–01 –0.473E–03 *0.274E–01 –0.193E–01 *0.169E–01 –0.150E–01

C = 0.60E+14 20 000. 0.147E–01 –0.401E–03 0.280E–01 –0.193E–01 *0.170E–01 –0.179E–01

30 000. 0.131E–01 –0.393E–03 0.283E–01 –0.180E–01 *0.157E–01 –0.193E–01

50 000. 0.112E–01 –0.393E–03 0.289E–01 –0.155E–01 *0.127E–01 –0.200E–01

Cr I 7P0
3–7D2 2500. 0.195E–01 –0.219E–02

5000. 0.165E–01 –0.156E–02

5298.49 A 10 000. 0.137E–01 –0.109E–02

C = 0.12E+14 20 000. 0.112E–01 –0.801E–03 *0.723E–01 –0.301E–01

30 000. 0.992E–02 –0.685E–03 *0.708E–01 –0.276E–01

50 000. 0.849E–02 –0.578E–03 *0.670E–01 –0.242E–01 *0.136E–01 –0.349E–01

Cr I 7P0
3–7D3 2500. 0.243E–01 –0.950E–03 *0.218E–01 –0.140E–01 *0.133E–01 –0.103E–01

5000. 0.212E–01 –0.687E–03 *0.256E–01 –0.171E–01 *0.153E–01 –0.125E–01

5298.02 A 10 000. 0.179E–01 –0.481E–03 *0.276E–01 –0.195E–01 *0.171E–01 –0.151E–01

C = 0.60E+14 20 000. 0.148E–01 –0.408E–03 0.283E–01 –0.195E–01 *0.171E–01 –0.180E–01

30 000. 0.132E–01 –0.400E–03 0.286E–01 –0.182E–01 *0.158E–01 –0.195E–01

50 000. 0.113E–01 –0.400E–03 0.291E–01 –0.157E–01 *0.128E–01 –0.201E–01

and He  impact broadening parameters does not exactly fit the
calculated values (see e.g. Fig. 2, with a fit for proton-impact
shift), but the differences are smaller than the expected error of
our calculations (≈±50%).

4.2. The Stark broadening effect on the shape
of Cr I lines

In spite of the rather large Stark damping constants, the effect
is not observable in stars with solar Cr abundance. In hot stars
where electron and proton densities are high, the Cr  lines con-
sidered here are generally very weak, while in cooler stars (so-
lar type) other broadening effects are more significant where
these lines are strong enough. The only chance to look at Stark

effect is in stratified atmosphere of a Cr-rich Ap star, such as
the well known magnetic star β CrB.

Our spectral analysis was based on the β CrB spectrum ob-
tained in February 1998 with the MuSiCoS spectropolarime-
ter mounted on the 2 m telescope at Pic du Midi observatory
(R = 35 000). This spectrum was used by Wade et al. (2001,
2003) in stratification analysis. Starting Cr and Fe distributions
were taken from this analysis and were slightly corrected using
a set of spectral lines of Cr  Cr  Fe  Fe with different lower
level excitation energies. The adapted distributions are shown
in Fig. 3. Fe stratification is necessary to correctly account for
blends.

Synthetic spectrum calculation in our Cr  line regions was
performed following the method described in Sect. 3. The
surface magnetic field Bs = 5.4 kG was derived from the
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Table 1. continued.

PERTURBERS ARE: ELECTRONS PROTONS HELIUM IONS

TRANSITION T (K) FWHM(A) SHIFT(A) FWHM(A) SHIFT(A) FWHM(A) SHIFT(A)

Cr I 7P0
3–7D4 2500. 0.182E–01 0.452E–03 0.109E–01 –0.737E–02 *0.683E–02 –0.564E–02

5000. 0.156E–01 0.277E–03 0.130E–01 –0.902E–02 *0.788E–02 –0.664E–02

5297.38 A 10 000. 0.131E–01 0.129E–03 0.144E–01 –0.102E–01 0.909E–02 –0.787E–02

C = 0.12E+15 20 000. 0.108E–01 –0.434E–04 0.168E–01 –0.945E–02 0.956E–02 –0.934E–02

30 000. 0.956E–02 –0.141E–03 0.172E–01 –0.830E–02 0.945E–02 –0.100E–01

50 000. 0.822E–02 –0.240E–03 0.194E–01 –0.603E–02 0.793E–02 –0.100E–01

Cr I 7P0
4–7D3 2500. 0.245E–01 –0.956E–03 *0.220E–01 –0.141E–01 *0.134E-01 –0.104E–01

5000. 0.214E–01 –0.701E–03 *0.259E–01 –0.173E–01 *0.155E–01 –0.127E–01

5329.78 A 10 000. 0.181E–01 –0.492E–03 *0.280E–01 –0.197E–01 *0.173E–01 –0.153E–01

C = 0.61E+14 20 000. 0.150E–01 –0.419E–03 0.286E–01 –0.197E–01 *0.173E–01 –0.182E–01

30 000. 0.134E–01 –0.411E–03 0.289E–01 –0.184E–01 *0.160E–01 –0.197E–01

50 000. 0.115E–01 –0.410E–03 0.295E–01 –0.159E–01 *0.130E–01 –0.204E–01

Cr I 7P0
4–7D4 2500. 0.184E–01 0.460E–03 0.110E–01 –0.746E–02 *0.692E–02 –0.570E–02

5000. 0.158E–01 0.276E–03 0.132E–01 –0.911E–02 *0.798E–02 –0.672E–02

5329.14 A 10 000. 0.132E–01 0.127E–03 0.146E–01 –0.103E–01 0.920E–02 –0.796E–02

C = 0.12E+15 20 000. 0.109E–01 –0.484E–04 0.170E–01 –0.956E–02 0.967E–02 –0.946E–02

30 000. 0.968E–02 –0.147E–03 0.174E–01 –0.840E–02 0.956E–02 –0.101E–01

50 000. 0.832E–02 –0.248E–03 0.197E–01 –0.610E–02 0.802E–02 –0.101E–01

Cr I 7P0
4–7D5 2500. 0.920E–02 0.162E–02 0.499E–02 0.407E–02 0.370E–02 0.321E–02

5000. 0.800E–02 0.979E–03 0.599E–02 0.470E–02 0.417E–02 0.372E–02

5328.32 A 10 000. 0.678E–02 0.474E–03 0.739E–02 0.544E–02 0.473E–02 0.426E–02

C = 0.40E+15 20 000. 0.567E–02 0.103E–03 0.902E–02 0.641E–02 0.543E–02 0.485E–02

30 000. 0.509E–02 –0.604E–04 0.987E–02 0.709E–02 0.590E–02 0.526E–02

50 000. 0.445E–02 –0.208E–03 0.106E–01 0.784E–02 0.647E–02 0.589E–02
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Fig. 1. The analytic fit of Cr I λ = 5329.14 Å (upper figure) and λ =
5328.32 Å (down) Stark widths due to impact with electrons (open
circles), protons (full circles), and He  (full triangles).

magnetically split lines and used in all calculations. In the cal-
culation process we found that Cr  lines have incorrect wave-
lengths with shifts up to 0.05 Å. We adjusted wavelengths by
calculating the solar synthetic spectrum and comparing it with
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Fig. 2. The same as in Fig. 1, but for Stark shift.

the Solar Flux Atlas (Kurucz et al. 1984). Improved wave-
lengths of Cr  lines derived this way agree within 0.005 Å and
better with the precise measurements of J. E. Murray (1992),
kindly provided to us by R. Kurucz1. We placed Murray’s

1 http://cfaku5.cfa.harvard.edu/atoms/2400/
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Table 2. The parameters A, B, and C of the approximate formulas for Stark widths and shifts. * - fit with 3 values.

Line 5276.07 Å 5275.75 Å 5275.28 Å 5298.49 Å 5298.02 Å 5297.38 Å 5329.78 Å 5329.14 Å 5328.32 Å

WIDTH

Electrons

c1 1E–16 1E–15 1E–15 1E–15 1E–15 1E–15 1E–15 1E–15 1E–16

A –0.3474 –0.86156 –0.8218 –0.86039 –0.82019 –0.8674 –0.81818 –0.86596 –0.325497

B –0.15596 –0.03684 –0.04346 –0.03716 –0.04412 –0.0337 –0.04412 –0.03410 –0.161576

Protons

c1 1E–16 1E–15 1E–15 1E–15 1E–15 1E–15 1E–15 1E–15 1E–15

A –0.3194 –0.23723* –0.7393 –0.2312* –0.7368 –0.85357 –0.7338 –0.85169 –0.924767

B 0.1789 –0.06276* 0.02231 –0.062768* 0.02238 0.02723 0.02281 0.027692 0.01959

He 

c1 1E–16 – 1E–15 – 1E–15 1E–16 1E–15 1E–16 1E–16

A –0.5525 – –0.84377 – –0.84219 –0.14236 –0.84037* –0.13199 –0.51847

B 0.08565 – 0.01192 – 0.011451 0.11010 0.01177* 0.110894 0.092283

SHIFT

Electrons

c2 1E–16 1E–16 1E–17 1E–16 1E–17 1E–17 1E–17 1E–17 1E–16

A –3.4929 –6.7617 –81.5107 –2.5259 –9.0041 49.6736 –16.5511 40.5533 23.3420

B 0.01451 0.00793 0.00221 0.02206 0.02144 0.00526 0.01131 0.00586 0.00261

C 3.3728 6.6362 80.9250 2.3985 8.4079 –49.60704 15.9454 –40.4305 –23.2800

Protons

c2 1E–16 1E–15 1E–15 1E–15 1E–15 1E–16 1E–15 1E–16 1E–16

A –0.0170 0.25969* 3.0908 –3.3759* 0.5500 –2.4538 3.7646 18.8373 50.1882

B 0.22391 –0.122027* 0.00215 0.00846* 0.00990 0.02228 0.00188 –0.00173 –0.002557

C –0.4916 –0.6076* –3.2607 3.0621* –0.7217 1.6060 –3.9381 –19.6934 –49.62339

He 

c2 1E–16 – 1E–15 – 1E–15 1E–16 1E–15 1E–16 1E–16

A –0.0174 – 1.7973 – 2.4949 37.4669 2.0440 36.5920 0.0405

B 0.20567 – 0.01778 – 0.01314 0.00418 0.01604 0.00431 0.22021

C –0.3771 – –1.9474 – –2.6462 –38.2561 –2.1971 –37.3904 0.3832

Fig. 3. Empirically derived Cr and Fe distributions in the atmosphere
of magnetic Ap star β CrB.

wavelengths in Tables 1 and 2 and used them in spectral syn-
thesis. We also estimated the contribution of Van der Waals
broadening and found it to be one order of magnitude smaller

than Stark broadening through the whole atmosphere above
log(τ5000) = −0.2 with rapid decrease below the photosphere.

We varied Stark broadening parameters given in Table 1 to
achieve a best fit of the calculated Cr  line profiles to observa-
tions. Figure 4 shows a comparison between observations and
calculations in the region of 3 groups of Cr  lines. For compar-
ison we present synthetic calculations with homogeneous mean
abundances log (Cr/Ntot) = −4.80 and log (Fe/Ntot) = −4.15,
which were used in model atmosphere calculations (Kupka
et al. 2004). To fit Cr  line wings we need to decrease cur-
rent Stark widths by 60−70%. The same order of overestima-
tion of Stark damping constants, was obtained for Si  lines
(see Dimitrijević et al. 2003) calculated within the semiclassi-
cal perturbation formalism. Any change in Cr distribution, that
may be responsible for line profiles, too, is critical for nearby
Cr  λ 5296.691 Å, which is insensitive to the Stark broaden-
ing mechanism because of the small value of the Stark damp-
ing constant and because it is only sensitive to Cr distribution
in stellar atmospheres. We also compare observations with a
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Fig. 4. A comparison between synthetic spectrum calculations and the
observed spectrum (thick line) of magnetic Ap star β CrB in the re-
gions of Cr  lines 5297 Å (top panel), 5276 Å (middle panel), and
5329 Å (bottom panel). Full thin line – calculations with stratification
shown in Fig. 3 and Stark broadening data from Table 1 decreased
by 70%; dashed line – the same Stark broadening data but homoge-
neous Cr and Fe abundances (see text); dotted line – stratified Cr and
Fe abundances, but Stark broadening calculated with the approxima-
tion formula.

synthetic spectrum calculated using stratified Cr distribution
and an approximation formula for Stark broadening (Cowley
1971). This formula is used in the cases where Stark broad-
ening data, experimental or theoretical, are not available.
Evidently, Stark broadening is overestimated when calculations
are performed with this approximation formula.

For a more detailed investigation of the influence of
Stark shifts on the observed line profile, we calculated the-
oretical spectra with and without shifts for two separate

Fig. 5. Influence of Stark shift on Cr  line shapes in homogeneous (up-
per panel) and in stratified (lower panel) atmospheres. Calculations
with both Stark widths and shifts are shown by solid lines, while those
without Stark shifts are shown by a dashed line.

Cr  lines 5297.377 Å and 5298.494 Å in homogeneous and
stratified atmospheres of the non-rotating star. These two lines
have the smallest and largest shift values, therefore one can
make a relative comparison. Figure 5 illustrates the influ-
ence of the Stark shift on line shape. The total shift in line
position due to the Stark broadening effect is negligible for
Cr  5297.377 Å line both in homogeneous and stratified atmo-
spheres. For the second line, Stark broadening leads to a theo-
retically measurable shift in the line position, in particular, in
the case of Cr stratification resulting in a small line asymmetry.
Unfortunately, in spectra of real stars, the effect is difficult to
measure due to other broadening mechanisms (rotation, mag-
netic field) and mainly due to severe blending in the regions
with Cr  lines from 4p−4d transitions.

5. Conclusions

Stark broadening parameters for Cr  spectral lines from the
4p7P0−4d7D multiplet were calculated and the influence of
Stark broadening effect was investigated in stellar atmospheres
for these lines. From our investigation we can conclude:

(i) Although they belong to the same multiplet, the widths
and shifts of the different lines can be quite different.

(ii) Contribution of the proton and He  collisions to the
line width and shift is significant and is comparable and,
depending of the electron temperature, even larger than
electron-impact contribution.

(iii) Depending on the electron-, proton-, and He  density in
stellar atmospheres, the Stark shift may contribute to the
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blue, as well as to the red, asymmetry of the same line (see
Fig. 2).

(iv) To fit Cr  line wings well we need to decrease the calcu-
lated Stark widths by 60−70%, which is the same order of
overestimation as for Si  lines (Dimitrijević et al. 2003).
Used in the cases where the adequate semiclassical cal-
culation is not possible due to the lack of reliable atomic
data, the approximation formula of Cowley (1971) also
predicts the overestimated influence of Stark broadening
in comparison with observations.
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Abstract. The significance of (n − n′)-mixing processes in H∗(n) + H(1s) collisions, for the principal quantum number n ≥ 4,
in the Solar photosphere and lower chromosphere has been investigated. These processes have been treated by the mechanism
of resonant energy exchange within the electron component of the considered collision system. These processes must have sig-
nificant influence in comparison with corresponding electron-atom collision processes on the populations of hydrogen Rydberg
atoms in weakly ionized layers of the Solar atmosphere (ionization degree of the order of 10−4). From the results obtained it
follows that the examined (n − n′)-mixing processes have to be included in any modelling and investigation of Solar plasma,
especially in the region of the temperature minimum in the Solar photosphere.

Key words. atomic processes – molecular processes – Sun: atmosphere

1. Introduction

Mihajlov et al. (1997, 1999, 2003) drew attention to the im-
portance of inelastic processes in slow collisions of Rydberg
state atoms with ground state H atoms in solar and stellar at-
mospheres. These papers were devoted to an investigation of
the processes of chemi-ionization

H + H∗(n)→ e +
{

H+ + H
H + H+,

(1)

and the inverse process of chemi-recombination

e + H+ + H→
{

H + H∗(n),
H∗(n) + H,

(2)

where H designates a ground state H(1s) atom, H∗(n) a
Rydberg state hydrogen atom with principal quantum num-
ber n ≥ 4 and e is a free electron. The processes (1) and
(2) were treated using the resonant energy exchange mecha-
nism (Smirnov & Mihajlov 1971; Janev & Mihajlov 1979) be-
tween the electrons of the H + H∗(n) system, to which we sub-
sequently refer to as the resonant mechanism. It was shown that
the processes (1) and (2) can be of great importance in weakly
ionized layers of many stellar atmospheres, in comparison with
other possible ionization and recombination processes involv-
ing electrons or photons, namely direct ionization by electron
impact

e + H∗(n)→ H+ + e + e, (3)

the inverse 3-body electron recombination

e + e + H+ → e + H∗(n), (4)

and the radiative recombination

e + H+ → H∗(n) + εph, (5)

where εph is the energy of the emitted photon.
However, Mihajlov et al. (1997, 1999, 2003) adopted the

usual assumption that the distribution of Rydberg states was
determined by electron collisions

e + H∗(n)→ e + H∗(n′). (6)

More recently, Mihajlov et al. (2004) showed that the Rydberg
state distribution in a weakly ionized hydrogen plasma could
also be strongly influenced by (n − n′)-mixing processes in
H∗(n) + H collisions. These conclusions were based on the re-
sults of an investigation of the excitation processes

H∗(n) + H→
{

H∗(n′ = n + p) + H
H + H∗(n′ = n + p)

, n ≥ 4, p ≥ 1, (7)

and the inverse de-excitation process

H∗(n) + H→
{

H∗(n′ = n − p) + H
H + H∗(n′ = n − p)

, n − p ≥ 4, (8)

which were caused by the same resonant mechanism as the
processes of chemi-ionization and chemi-recombination. The
results obtained impose the necessity of an investigation of
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the processes (7) and (8) in weakly ionized layers of stellar
atmospheres and particularly in the Solar atmosphere. The con-
firmation of the importance of these processes in the Solar
photosphere would support the necessity of including of the
whole group of non-elastic processes in H∗(n) + H collisions,
i.e. Eqs. (1), (2), (7) and (8), in models of weakly ionized lay-
ers of Solar and stellar atmospheres. That should be confirmed
by one of the known and widely used non-LTE models of the
Solar atmosphere.

For the reason mentioned we shall examine here in more
detail the significance of (n − n′)-mixing processes (7) and (8)
in the Solar photosphere and lower chromosphere. For this pur-
pose we shall calculate the rate coefficients of these processes
for different n and p using a semiclassical method developed
by Mihajlov et al. (2004). The rate coefficients obtained will
be compared with the rate coefficients of electron-atom mix-
ing processes (6) for electron and hydrogen atom densities and
temperatures from the model C of the Solar photosphere and
the lower chromosphere of Vernazza et al. (1981).

2. Theoretical comments

The resonant mechanism. Since the resonant mechanism for
processes (1)–(8) has been discussed in several previous pa-
pers, and especially has been described in detail in Mihajlov
et al. (2004), only the basic facts will be given here. On the ba-
sis of the resonant mechanism the H∗(n) + H collision system
is treated within the domain

R � rn, (9)

where R is the internuclear distance and rn ∼ n2 is the aver-
age radius of the Rydberg atom H∗(n). Within this domain the
H∗(n) + H system is treated in the form: e + (H+ + H), where e
is the outer electron of the H∗(n) Rydberg atom. The electronic
states of the subsystem (H+ + H) are described using the adi-
abatic electronic ground state |1sσg; R〉, or of the first excited
state |2pσu; R〉 of the molecular ion H+2 . The relative internu-
clear motion is described in the approximation of two classical
trajectories: the first one, which corresponds to the adiabatic
1sσg-term, and the other, which corresponds to the 2pσu-term.
It is assumed that each of these trajectories is realized with the
same probability pin which is equal to 1/2.

The processes (7) and (8) of (n − n′)-mixing, as well as the
processes of chemi-ionization/recombination (1) and (2), are
treated as a result of the resonant energy exchange between the
outer electron e and the electronic component of the H+ + H
subsystem. This means that the transition of the outer electron
from the initial energetic state to the upper ones occurs simul-
taneously with the transition of the H+ +H subsystem from the
electronic excited state |2pσu; R〉 to the ground state |1sσg; R〉,
and the transition of the outer electron to the lower energetic
state occurs simultaneously with the transition of the H+ + H
subsystem from the ground electronic state |1sσg; R〉 to the ex-
cited state |2pσu; R〉 as illustrated in Fig. 1. Within the consid-
ered mechanism one assumes that all mentioned transitions are
caused by the interaction of the outer electron with the dipole
momentum of the H+ + H subsystem.

Fig. 1. The resonant mechanism in chemi-ionization/recombination
channels (dashed arrows), and (n − n′)-mixing channels (full arrows).

In Janev & Mihajlov (1979, 1980) the resonant mechanism
described was applied in the range n > 4 where there are no
crossings of the terms of H∗(n) + H(1s) systems with the term
of H+ + H− system. However, following our later papers, we
will take n = 4 as a lower boundary of the considered principal
quantum number region. In accordance with Sidis et al. (1983)
the corresponding crossing point is placed at such a large in-
ternuclear distance that it does not influence the considered
processes.

The resonant mechanism was also treated within the frame-
work of theories related to a wider class of collision atomic
systems A∗(n) + B, where in the general case A and B denote
different atoms (Flannery 1980; Lebedev 1991b; Lebedev &
Fabrikant 1996). However, in the symmetrical case these the-
ories give the same results as the theory presented in Janev &
Mihajlov (1979, 1980) and Mihajlov & Janev (1981). Besides,
the processes of (n − n′)-mixing in the Li∗(n)+Li collisions
were experimentally studied in Dubreuil (1983). The experi-
mental results obtained were compared with the results from
Janev & Mihajlov (1979). It was demonstrated that the agree-
ment of these results is good enough to confirm the validity of
the described resonant mechanism.

The processes (1)–(8), caused by the resonant mechanism,
should not be confused with the processes in H∗(n) + A colli-
sions caused by the direct interaction of the electron of atom H∗
with atom A whose electronic state does not change during
the collision (Matsuzawa 1974; Gerstein 1976; Olson 1977;
Percival 1978; Lebedev 1991a; Lebedev & Fabrikant 1996).
The influence of such processes can be neglected in compari-
son with the influence of processes (7) and (8) at thermal col-
lision energies (<∼1 eV), as was discussed in Janev & Mihajlov
(1979).

The rate coefficients of processes (7) and (8) for fixed n and
n′ = n ± p have been determined semi-classically, describing
the internuclear motion by using the trajectories determined
in the potential corresponding to the excited electronic state
|2pσu; R〉 of the H+ + H subsystem. For the calculations of the
considered rate coefficient an approximation was used where
a block of Rydberg states with the principal quantum numbers
from n+ p1 to n+ p2, where p2 ≥ p1 ≥ 1, is “smeared” to a con-
tinuum within the effective principal quantum number range
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Fig. 2. The partial “smearing” of the discrete Coulomb spectrum to a
continuum.

from n + p1 − ∆p to n + p2 + 1 − ∆p, where 0 < ∆p < 1,
as is shown in Fig. 2. Such “smearing” is performed under the
conditions described in Mihajlov et al. (2004).

The described procedure for determination of the rate coef-
ficients of the examined (n − n′)-mixing processes means that
the hydrogen (nl)-states with fixed n are populated according to
their statistical weights. This assumption is based on the prop-
erties of the existing models of the photosphere and lower chro-
mosphere of the Sun and similar stars, of some cooler stars (as
for example M and K type stars), and of some other stars (like
some of DB white dwarfs for example). It is well known that
these models assume only limited deviations from the LTE. For
example in Vernazza’s model C of the Solar atmosphere used
here it is assumed that the distribution of the total populations
of the atomic shells with different principal quantum number n
can deviate from the corresponding Boltzman distribution, but
that there are no such deviations within particular shells. There
are physical reasons for such an approach. Namely, it is well
known that the processes of (l− l′)-mixing for fixed n are prac-
tically resonant and are very effective over the distances propor-
tional to an average Rydberg atom radius (Olson 1977; Percival
1978; Lebedev 1991a). Consequently such processes are much
faster that the (n − n′)-mixing processes, especially within the
region where the (n − n′) transition energy is of the order of
kT . A similar assumption for the population distribution of (nl)
– states with fixed n was used and discussed in many previous
articles, including Janev & Mihajlov (1979, 1980).

The procedure of “smearing” a discrete spectrum has al-
ready been used. For example in Sobel’man (1979) this has
been used for description of the electron – ion recombination
with transition of the free electron in a block of Rydberg states.
In Duman & Shmatov (1980), “smearing” the discrete spec-
trum of the molecular ion A+2 has been used to describe the
chemi – ionization processes in A∗(n) + A collisions. In these
cases it was used as physically acceptable approximation with-
out special justifications.

In our case however, well-determined physical reasons
exist for the approximation of “smearing”. Concerning the
“smearing” of the hydrogen Rydberg spectrum, some results
from Janev & Mihajlov (1979) have been taken into account.

These are the results related to the behavior of the (n− n′) tran-
sition probability due to H∗(n) + H(1s) collisions as a function
of collision parameters for fixed impact energies. On the ba-
sis of the results obtained one can consider that the (n − n′)
transition occurs within some interval of internuclear distances
whose center is a point of resonance (where the observed tran-
sition may be treated as a result of the strictly resonant energy
exchange within the electronic component of the considered
system) and that such intervals overlap significantly for n′ and
n′ ± 1. These results are related to the case when the atom –
atom impact energy is at least several times greater than ener-
gies for the considered (n − n′) transitions, which justified the
use of the straight line trajectory approximation in the men-
tioned article.

This allows the considered process to be treated as the con-
tinuous decay of the initial electronic state (of the total system),
during the internuclear motion within the reaction zone (the in-
ternuclear distance range being less or close to the resonant
distance for the transition n→ n + 1).

The rate coefficients. Since the procedure of obtaining the
rate coefficients for the processes (7) and (8) is described in
detail in Mihajlov et al. (2004), only the corresponding final
expressions are presented here. The rate coefficients Kn;n+p(T )
for the excitation processes (7), for given n, p and the temper-
ature T , are obtained in the form

Kn;n+p(T ) =
2π

3
√

3

(ea0)2

�
· n−5 · gn;n+p

×pin · 2 ·
Rmax(n,n+p)∫

Rmin(n,n+p)

X(R) · exp

[
−U2(R)

kT

]
R4 · dR

a5
0

,
(10)

where e and a0 are the electron charge and the atomic unit of
length, gn;n+p is the Gaunt factor defined in Johnson (1972),
Rmin(n, n + p) and Rmax(n, n + p) are roots of equations

ε(Rmin) = εn+p+1−∆p − εn,
ε(Rmax) = εn+p−∆p − εn,

(11)

with ε(R) = U2(R) − U1(R) and ∆p = 0.380. Here, U1(R) and
U2(R) are adiabatic terms corresponding to the electronic states
|1sσg; R〉 and |2pσu; R〉, respectively, and εn = −Ry/n2. X(R)
denotes the function

X(R) =
Γ
(
3/2; |U1(R)|

kT

)
Γ(3/2)

, (12)

where Γ(3/2; x) and Γ(3/2) are the corresponding values of
the incomplete and complete Gamma functions. The factor
pin = 1/2 in Eq. (10) is the mentioned above probability for
the realization of a trajectory which describes the internuclear
motion in the potential U2(R), while the factor 2 reflects the
fact that the system H∗(n)+H crosses the transition zone twice:
once on entry and once on leaving.

The rate coefficients Kn;n−p(T ) for de-excitation pro-
cesses (8) are obtained from the thermodynamic balance prin-
ciple in the form

Kn;n−p(T ) = Kn−p;n(T ) · (n − p)2

n2
· exp

(εn−p;n

kT

)
, (13)

where εn−p;n = εn − εn−p.
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Fig. 3. The behavior of Ne and N(1) in [cm−3] as functions of height h
within the considered part of the Solar atmosphere from model C of
Vernazza et al. (1981)

Fig. 4. The behavior of the temperature T and the parame-
ter η = N(1)/Ne as functions of height h within the considered part
of the Solar atmosphere from model C of Vernazza et al. (1981)

3. Results and discussion

As in the previous article related to the chemi-
ionization/recombination processes (1) and (2), we will
treat the Solar photosphere and lower chromosphere using
the standard C model of Vernazza et al. (1981). For our
calculations we need to take from this model the electron
density Ne, the density of hydrogen atoms in the ground
state (n = 1), denoted here by N(1), and the temperature T .
The behavior of Ne and N(1) in the Solar atmosphere as a
function of height (h) is shown in Fig. 3, while Fig. 4 shows
the behavior of T and the parameter η defined by the relation

ηea =
N(1)
Ne
· (14)

In our case the parameter η is close to the inverse value of
the considered plasma’s degree of ionization. Also, we will
use the data about the hydrogen atom excited state popula-
tion (n ≥ 2) from Vernazza et al. (1981). In order to determine
the relative influence of processes (7) and (8) in the considered
parts of Solar atmosphere, we will compare them with electron-
atom collision processes (6). Following the mentioned above
papers related to chemi-ionization/recombination processes,

Fig. 5. The behavior of the parameter Fn,n+p = (Kn,n+p · η)/αn,n+p,
characterizing the relative efficiency of atom-atom and electron-atom
(n − n′)- mixing processes, as a function of height h for n = 4 and
p = 1−5. The atom-atom rate coefficient Kn,n+p is given by Eqs. (10)–
(12) and the parameter η- by Eq. (14). The electron-atom rate coeffi-
cient αn,n+p is taken from Vriens & Smeets (1980).

we compare the studied collision processes only with other
relevant collision processes, omitting the radiative decay of
hydrogen Rydberg states. The radiative decay, which causes
the deviation from LTE in the considered part of the Solar
atmosphere, is already included in Vernazza’s model, so that
the “optical part” of this model does not need to undergo any
changes. We show that the “collision part” of Vernazza’s model
has to be changed by adding atomic collision processes (1)–(8).

The relative efficiency of processes (7) and (8) in compari-
son to process (6) is characterized by the parameter Fn;n±p(T )

Fn;n±p(T ) =
Kn;n±p(T )N(n)N(1)

αn;n±p(T )N(n)Ne
=

Kn;n±p(T )ηea

αn;n±p(T )
, (15)

where N(n) is the excited atom states population for given n,
the parameter ηea is defined by Eq. (14), and αn;n±p(Te) is the
rate coefficient for the electron-atom process (6) taken from
Vriens & Smeets (1980).

We have calculated the values of the parameter Fn;n±p for
n ≥ 4 and p ≥ 1, within the range of h corresponding to the
Vernazza et al. (1981) model C of the Solar photosphere. Our
results are illustrated in Figs. 5–7. In these figures the behavior
of the parameter Fn;n+p is shown, for 4 ≤ n ≤ 8 and 1 ≤ p ≤ 5,
as a function of h within the range −50 km ≤ h ≤ 1000 km. In
the largest part of the photosphere the (n−n′)-mixing processes
(7) and (8) are totally dominant in comparison to the electron-
atom processes (6) for n = 4, 5, 6 and practically any p ≥
1, and have similar intensities for n = 7, 8. Comparing Figs.
5–7 with Fig. 4 one can see that the region of the maximal
Fn;n±p values corresponds to an h region near the temperature
minimum, where the parameter η, defined by Eq. (14), is also
maximal.

To demonstrate the significance of the obtained results we
introduce the quantities n = n(V)

min and n = n(eq)
min dependent on h.

The first value of n is defined by the condition:

N(V)
(
n = n(V)

min

)
= min

n≥1
N(V)(n), (16)
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Fig. 6. The same as in Fig. 5, but for n = 5.

Fig. 7. The same as in Fig. 5, but for n = 6, 7, 8.

Table 1. The values of n(eq)
min and n(V)

min for h and T from Vernazza et al.
(1981) model C.

h (km)
–50 0 100 250 350 555 755 980 1065

n(eq)
min 4 4 5 5 5 6 5 5 5

n(V)
min 5 5 5 6 6 6 6 6 5

where N(V)(n) are excited atom populations from model C for
a given h, and the second one is the value of n defined by the
condition:

N(eq)(n = n(eq)
min; T ) = min

n≥1
N(eq)(n; T ) (17)

where N(eq)(n; T ) are equilibrium (Boltzmanian) excited atom
populations for T from model C for the same h as in the previ-
ous case. It could be shown that in the considered temperature
range, n(eq)

(min) is close to the value of (Ry/kT )(1/2). In Table 1 the

values of n = n(V)
min and n = n(eq)

min are presented for a series of h
values in –50 km to 1065 km range. Within the considered do-
main of h the values of n = n(V)

min and n = n(eq)
min are 4, 5 and 6 for

which domination of the processes (7) and (8) in comparison
with the processes (6) is demonstrated.

For plasmas similar to the considered photospheric one,
the exchange rate between both hydrogen basic components,
atoms H(1s) and ions H+, is limited by the group of excited
atom states with n close to the n(V)

min or n(eq)
min . However, one can

see that the processes (7) and (8) play the dominant role in
this group of excited states. This means that the exchange be-
tween the excited state atom populations within the lower part

of the Rydberg region of n is determined by the processes (7)
and (8). If we add to this the fact that the exchange between
the mentioned group of Rydberg states and the continuum is
determined by the chemi-ionization/recombination processes
(1) and (2), one can conclude that the processes (1), (2), (7)
and (8), closely connected by the resonant mechanism, com-
pletely dominate for the excited states with n close to n(V)

min or

n(eq)
min.

We gave here all relevant results demonstrating the sig-
nificance of the processes (7) and (8) for a large part of the
Solar photosphere and lower chromosphere, particularly in the
neighborhood of the temperature minimum. On the basis of
presented results we can conclude that the influence of the
(n − n′)-mixing processes (7) and (8), as well as the chemi-
ionization/recombination processes (1) and (2), must be taken
into account for any modelling of the Solar photosphere and
lower chromosphere. Our findings are also related to similar
stellar atmospheres as well as to stellar atmospheres with lower
effective temperatures but where the atomic component is still
dominant over the molecular one.
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Abstract. Stark broadening parameters, widths, and shifts for 33 Cd  singlets and 37 triplets were calculated using the semi-
classical perturbation method. The results were compared with available experimental and theoretical data. Also, regularity in
the spectral series 5s2 1S–np 1P◦ was investigated. The influence of Stark broadening was analyzed in A-type stellar atmo-
spheres.
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1. Introduction

Cadmium lines are interesting due to their presence in stellar at-
mospheres. They have been identified in A-type star spectra, as
e.g. 68 Tauri (Adelman 1994a,b), χ Lupi (Leckrone et al. 1999),
V816 Centauri (Cowley et al. 2000). As an example Adelman
has shown for 68 Tau that the [Cd /H] value (−6.57 ± 0.15)
is very large in comparison to the one for the Sun (−10.14).
It is worth noting that for the atmosphere modelisation of
this star with Teff = 9025 K and log g = 3.95 (Adelman
1994a,b), Stark broadening data for C , Mg , Si , and Ca 
lines (Sahal-Bréchot 1969a,b; Chapelle & Sahal-Bréchot 1970;
Lanz et al. 1988) have been used, which shows the usefulness
of such data for A-type star spectra analysis.

The particularity of neutral cadmium is that the line
6438.4696 Å, 5p 1P◦1–5d 1D2 is the fundamental wavelength on
which other standards are based. Moreover, neutral cadmium is
important in analytical spectrochemistry because of its signifi-
cance in toxicological and environmental studies.

The first experimental investigations of the influence of
the Stark broadening mechanism on cadmium lines were
performed by Nagibina (1958) and by Gorodnichyute &
Gorodnichyus (1961). Here, the experimental results obtained
by Kusch & Oberschelp (1967) are of interest. Also, the first
theoretical determination was by Grechikhin (1969), and in
our case we will use the results obtained by Dimitrijević &
Konjević (1983) for comparison.

Stark broadening of cadmium lines is also useful when
considering of regularities and systematic trends, and the

� Tables 1 and 2 are only available in electronic form at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/441/391

corresponding results may be of interest in astrophysics for in-
terpolation of new data and critical evaluation of existing ones.
We note here that the first investigation of regularity in spectral
series was that of Wiese & Konjević (1982).

Here, we use the semiclassical perturbation approach
(Sahal-Bréchot 1969a,b) to calculate the Stark broadening pa-
rameters of 33 Cd  singlets and 37 triplets as a function of elec-
tron density for temperatures between 2500 K and 50 000 K,
which are particularly interesting for stellar investigation. The
results obtained are then used for analysing of the influence of
Stark broadening in A-type stellar atmospheres.

2. Results and discussion

For neutral cadmium lines Stark broadening parameters (the
full line width at half maximum – W and the line shift – d)
were calculated by using the semiclassical perturbation for-
malism (Sahal-Bréchot 1969a,b). This formalism, as well as
the corresponding computer code, has been updated and opti-
mized several times (Sahal-Bréchot 1974, 1991; Fleurier et al.
1977; Dimitrijević & Sahal-Bréchot 1984; Dimitrijević et al.
1991; Dimitrijević & Sahal-Bréchot 1996). A brief review of
the calculation procedure, with discussion of updatings and va-
lidity criteria is given by Dimitrijević (1996). The atomic en-
ergy levels needed for the calculations were taken from Moore
(1971). The oscillator strengths were calculated within the
Coulomb approximation (Bates & Damgaard 1949; and the ta-
bles of Oertel & Shomo 1968). For higher levels, the method
of van Regemorter et al. (1979) was used.

In Tables 1 and 2 (available only in the electronic form
at the CDS), electron-, proton-, and He -impact broaden-
ing parameters for 33 Cd  singlets (Table 1) and 37 Cd 
triplets (Table 2) for perturber densities from 1013 cm−3 up to

Article published by EDP Sciences and available at http://www.edpsciences.org/aa or http://dx.doi.org/10.1051/0004-6361:20052701
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Table 3. Experimental Stark widths – Wm, our theoretical results –
Wth, theoretical results within GBKO approach – Wth′ .

TRANSITION λ (Å) Wm(Å) Wm/Wth Wm/Wth′

CdI 5085.8 3.67 6.41 6.34
4799.9 3.84 7.53 6.63

5p 3P◦–6s 3S◦ 4678.2 1.74 3.59 3.00

1019 cm−3 along with temperatures from 2500 to 50 000 K, are
shown. Parameter C (Dimitrijević & Sahal-Bréchot 1984) is
also given as an estimate for the maximum perturber density for
which the line may be treated as isolated, obtained when C is
divided by the corresponding full width at half maximum. For
perturber densities lower than the lowest tabulated value, the
behavior of the corresponding Stark broadening parameters is
linear. The validity of the impact approximation was estimated
for data shown in Tables 1 and 2, by checking if the collision
volume (V) multiplied by the perturber density (N) is much less
than one (Sahal-Bréchot 1969a,b), and in all cases consider the
product NV is less than 0.1. When the impact approximation is
not valid, the ion broadening contribution may be estimated by
using the quasistatic approach (Sahal-Bréchot 1991; or Griem
1974). In the region between, where neither of these two ap-
proximations is valid, a unified type theory should be used. For
example in Barnard et al. (1974), a simple analytical formula
for such a case is given. The accuracy of the results obtained
decreases when broadening by ion interactions increases.

We compare our results (see Table 3) for Cd  5p 3P◦–6s 3S◦
multiplet with existing experimental data (Kusch & Oberschelp
1967). In this experiment Stark widths were determined by us-
ing spark discharge tube with Cd(CH3)2 and Cd(C2H5)2 for
perturber density normalized at value of 1017 cm−3 and for tem-
perature of 11 100 K. Also, for the same multiplet there are the-
oretical results obtained within GBKO approach (Griem et al.
1962) by Dimitrijević & Konjević (1983). Both theoretical re-
sults disagree with experimental ones. Konjević et al. (1984a)
indicate selfabsorption as a possible reason for this.

In cases where there are no reliable data for Stark broad-
ening, investigation of regularities and systematic trends can
quickly estimate missing values, especially if it is not neces-
sary to have high accuracy for each particular line and good
accuracy for a large number of lines is sufficient (see e.g. Purić
et al. 1980, 1991; Dimitrijević 1982; Wiese & Konjević 1982,
1992; Tankosić et al. 2001).

The regular behavior of spectral line Stark widths in spec-
tral series has been shown first by Wiese & Konjević (1982).
This was also investigated by Dimitrijević & Sahal-Bréchot
(1984, 1996), Tankosić et al. (2001), and Dimitrijević (2003,
2004). One of the goals is to investigate regularity within a
spectral series of Cd  and then obtain an analytical expression
that can be useful for estimating new data.

Sarandev et al. (2000) developed an approximate method
for estimation of Stark spectral line widths and applied to the
determination of spectral line widths for several heavy ions
such as Cd , Ge , Hg , Pb , Rb , Sn , Zn . Estimates were
done for T = 20 000 K and Ne = 1017 cm−3. For 5p 3P◦–
6s 3S transition of Cd , they obtained full line width at half

1010

1011

1012

1013

5p 6p 7p 8p 9p

w
(s

-1
)

np

T=50 000 K

5s2 1S - np 1Po

Fig. 1. Electron-impact widths for Cd  5s2 1S–np 1P◦ spectral series in
angular frequency units as a function of main quantum number n for
the upper atomic energy level.

maximum W = 0.58 Å, which is very close to the semiclassi-
cal result of Dimitrijević & Konjević (1983), W = 0.62 Å, as
well as to our result W = 0.47 Å.

In Fig. 1 electron-impact full half widths W in angular
frequency units, for Cd  5s2 1S–np 1P◦ lines are shown as a
function of quantum number n, for T = 50 000 K at Ne =

1016 cm−3. We see a gradual changing in Stark widths within
the 5s2 1S–np 1P◦ spectral series. Such regular behavior of
Stark widths is the consequence of the gradual change in the en-
ergy separations between the initial (upper) level and the princi-
pal perturbing levels. This function W(n) has been interpolated
using the third power polynominal

W(n) = an3 + bn2 + cn + d.

Here W is a full width at half maximum (FWHM) expressed
in rad/s per electron, and constants are a = 6.83417 × 1010,
b = −1.05083× 1012, c = 5.15558× 1012, and d = −9.83561×
1012. The polynomial function is represented by a dotted line
in Fig. 1. Using the previous expression, it is estimated that the
Stark width for the Cd  5s2 1S–10p 1P◦ spectral line for which
there is no enough atomic data is W = 8.564 × 1012 s−1 i.e.
W = 0.911 Å.

One of our aims here is to use the results to investigate
the influence of Stark broadening within a spectral series in
A-type stellar atmospheres. Consequently, Stark widths within
the 5s2 1S–np 1P◦ spectral series were compared in Fig. 2 with
Doppler widths for a model (Teff = 10 000 K, log g = 4) of
an A-type stellar atmosphere (Kurucz 1979), close to the con-
ditions for 68 Tauri (Teff = 9025 K, log g = 3.95) where
Stark broadening is of interest for the atmosphere modelisa-
tion (Adelman 1994a,b). We note also that one of the lines
(2288.7 Å) within the first member of this series, the multiplet
5s2 1S−5p 1P◦, has an intensity of 1500 according to the NIST
Atomic Spectra Database. Our results are presented as a func-
tion of Rosseland optical depth – log τ. With an increasing the
principal quantum number the importance of Stark broadening
in comparison to the Doppler width increases as well. For lines



Z. Simić et al.: Stark broadening of Cd  spectral lines 393

 1e−007

 1e−006

 1e−005

 0.0001

 0.001

 0.01

 0.1

 1

−5 −4 −3 −2 −1  0  1  2  3

W
[Å

]

Optical depth

Stark 5s2−5p
Stark 5s2−6p
Stark 5s2−7p
Stark 5s2−8p
Stark 5s2−9p

Doppler 5s2−5p
Doppler 5s2−6p
Doppler 5s2−7p
Doppler 5s2−8p
Doppler 5s2−9p

Fig. 2. Thermal Doppler and Stark widths for Cd  singlet spec-
tral lines: 5s2 1S−5p 1P◦ (2288.7 Å), 5s2 1S−6p 1P◦ (1669.3 Å),
5s2 1S−7p 1P◦ (1526.9 Å), 5s2 1S−8p 1P◦ (1469.4 Å), 5s2 1S−9p 1P◦

(1440.2 Å) as a function of optical depth.
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Fig. 3. Thermal Doppler and Stark widths for Cd I triplet spectral line:
6s 3S◦–7p 3P◦ (7400.9 Å) and 7p 3P◦–8s 3S◦ (59 346.5 Å) as a function
of optical depth.

with higher initial quantum number, Stark broadening is more
than one magnitude larger than the Doppler mechanism.

This model for the stellar atmosphere has been used for two
other spectral lines, the first (7400.9 Å) in the optical range
and the second (59 346.5 Å) in the IC range (see Fig. 3). It is
interesting to see in Fig. 3, that the Stark broadening mecha-
nism is absolutely dominant in comparison with the thermal
Doppler mechanism throughout the considered stellar atmo-
sphere layers (log τ > −3.5) for the 59 346.5 Å line. This is
the consequence of the fact that infrared spectral lines originate
from transitions with longer wavelengths than the lines in UV
and optical ranges, and the corresponding Stark broadening,
proportional to the square of the wavelength, is larger in com-
parison to the Doppler one, which is proportional to λ.

For the atmosphere model considering, the Stark broaden-
ing effect should be taken into account in abundance determi-
nations and other investigations of stellar plasmas.
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Dimitrijević, M. S., Sahal-Bréchot, S., & Bommier, V. 1991, A&AS,

89, 581
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We discuss the possibility that the great number of ancient Greek statues of Kriophoros
(= ‘ram-bearer’) before 1 BC may have been the result of religious influence stemming
from the knowledge that the constellation of Aries marked the point of vernal equinox
rather than Pisces.

Keywords: Constellations; Zodiacal signs; Precession; Vernal equinox; Sculpture

1 Introduction

We will discuss here the possibility of the influence of astronomical knowledge on the
commissioning of some Kriophoros (‘ram-bearer’) statues in Ancient Greece. Namely,
in that period (approximately 2000–1 BC), due to the precession of the Earth’s axis,
the point of vernal equinox, marking the beginning of spring and new life, was in the
constellation of Aries (ram), and not Pisces.

In the first part of the paper we will briefly review the Ancient Greek knowledge
of constellations and the Earth’s orbital precession, and then we will discuss the
possibility of the influence of this knowledge on the number of Kriophoros statues.

2 The four seasons and the position of the zodiacal constellations

By the 1st millennium BC, the early Babylonian calendar had evolved from 12 lunar
months to an ideal solar year of 12 months, each consisting of 30 days. They had
also developed 12 zodiacal constellations (among many others) to mark each month.
We know this from a cuneiform list written on a clay tablet (the mul-Apin series)
that dates to around 700 BC. It was the ancient Greeks, however, who organised
and codified the celestial knowledge and tied it to their mythology. The Greek astro-
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nomer Eudoxus (ca. 390–340 BC) first described the constellations in two works
called Enoptron (‘Mirror’) and Phaenomena (‘Appearances’), neither of which exist
today. The Greek poet Aratus of Soli (ca. 315–245 BC) wrote a poem, also named
Phaenomena, which does survive and gives us a complete guide to the constellations
as they were known at that time. In his poem, Aratus identified 47 constellations
and six individual stars along with a list of their risings and settings. It was the
great astronomer Hipparchus (2nd Century BC), however, who created the first star
catalogue around 129 BC. To his credit, he: 1) calculated the length of a year to within
six and half minutes, 2) devised a coordinate system to plot each star’s location, 3)
developed a scale to rank star brightness that is still in use today, 4) corrected errors
that Eudoxus and Aratus had made and precisely defined all the constellations for
the first time, and 5) figured out that the Earth’s axis wobbles as it spins, what is
called precession.

It is fairly certain that the zodiacal zone was initially conceived in order to mark
the annual apparent path of the Sun on the ecliptic. As an aside, Achilles Tatius (3rd
century AD) gave the name ‘ecliptic’, which replaced the previous ‘circle among the
zodia (zodiacal signs)’. This significant astronomer, philosopher and priest justified
the new name based on the fact that whenever the Moon happens to be at the center
of the zodiacal zone during one of its synods, an eclipse happens. So the twelve
zodiacal constellations were marking the apparent path of the Sun in the sky. And
these constellations are twelve because of the fact that the Sun traces approximately
30 degrees per month on the celestial sphere during its apparent annual motion, thus
making a complete circle. One should mention that their number was smaller in the
beginning. Ovenden (1966) supposed that they were created between 2000 and 3000
BC by the people who lived near the 36◦ northern geographical latitude. Roy (1984)
tried to identify the possible creators of zodiacal constellations, and concluded that the
Phoenicians, Egyptians, Babylonians and Minoans were the most likely candidates.

Thanks to long-term and systematic observations, ancient sky watchers were able
to associate a view of the starlit sky with the respective seasons of the solar-tropical
year. Relating the position of the Sun when it has its maximum altitude with the re-
spective duration of the day and night, or with the azimuth of its rising or setting,
they determined four principal points of the apparent annual motion of the Sun on the
ecliptic: the two equinoctial points (� and �′) and the two solstices (E and E′). The
discovery of these four basic positions of the Sun on the ecliptic was very important,
since these positions signalled the start and the succession of the four seasons of the
year.

Though the origin of some of the constellations (e.g. Gemini and Cancer) can be
traced back to the Bronze Age (3300–1200 BC), the first record that we have of a
star catalogue which listed numerous constellations dates to around 1000 BC by the
Babylonians (Rogers, 1998, pp. 9–28). A 7th century BC copy of the text is preserved
on two clay tablets (i.e., mu-lapin), that list the names of 66 stars and constellations
as well as their rising, setting and culmination dates. Babylonian astronomers di-
vided the ecliptic into twelve segments; each one identified by a different zodiacal
sign and constellation. Their calendar began with the new moon following the ver-
nal equinox, which at the time was in the constellation of Aries. The Babylonian
constellations were grouped into two distinct sets: one set (called the “divine set”)
represented various gods and animals while the other represented daily activities,
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tools and workers. Thus Aries the Ram was also known as “The Agrarian Worker”
(Rogers). For unknown reasons, only the divine set was transmitted and integrated
into Greek astronomy. Eudoxus of Cnidus (408–355 BC) described the constellations
schematically and ascribed seasonal phases to each in his two works Phenomena and
Enoptron (Treatise on astronomy, discussed by Aratus). Greek astronomers visual-
ized Aries as a ram lying on its side with its head turned up and to the right. The
stars Alpha, Beta and Gamma Arietis mark the ram’s head and horns. The horns
were a symbol of fertility and renewal; thus Aries carried special importance in that
it ushered in the beginning of spring.

Prior to the Era of Aries, the vernal equinox occurred in the constellation of Taurus
(the Bull). Though there are no records of the knowledge of constellations at this
time, it is known that the bull cult of the Minoan Civilization (approximately 3000–
1500 BC) coincided with the Era of Taurus. Also, Bronze Age Egyptians, Persians
and Assyrians all represented their solar deities with bull-like characteristics.

Over a period of time, the precession of the terrestrial axis led to the constellations
shifting position in the sky (known as ‘precession of the equinoxes’). A slow but conti-
nuous westward shift of the points where the celestial equator intersects the ecliptic
occurs such that the �, �′, E and E′ shift by approximately 50 arc seconds per year,
or 1◦ every 72 years. Therefore, approximately every 2140 years the zodiacal constell-
ations, which define these four main positions of the solar motion, change, and every
25,800 years every constellation returns to its initial position after a complete cycle.

Table 1 The quartets of the basic zodia (signs) from 6000 BC to 4500 AD.

Era Spring Summer Autumn Winter

6000–4500 BC Gemini Virgo Sagittarius Pisces
4500–2000 BC Taurus Leo Scorpius Aquarius
2000–1 BC Aries Cancer Libra Capricornus
1–1950 AD Pisces Gemini Virgo Sagittarius
1950–4500 AD Aquarius Taurus Leo Scorpius

Table 1 presents the approximate periods when the various equal-length constel-
lations were, are or will be at the equinox and solstice positions. But the earliest con-
stellations were not of equal length, even within a quartet! This fact was supported
by Geminus of Rhodes: ‘But the signs made up of fixed stars are neither equal in size
nor made up of an equal number of stars’ (2006, p. 126). This fact creates consider-
able scatter in the actual dates. It is also important that these dates are for the equi-
noctial (or solsticial) Sun appearing inside the limits of the constellations and this
is an intrinsically un-observable event. All these led us to the conclusion that there
must be more or less a systematic shift of about one epoch in Table 1.

Each constellation quartet assumes the name of the constellation being at the
point of the vernal equinox (�) during the respective season. But since the ordering
of the constellations took place in the first millennium BC, when the constellation of
Aries was at the vernal equinox, we generally call (�) the first point of Aries even
today and the symbol (�) is actually a depiction of the head and horns of Aries (the
Ram).

In the era of Hipparchus, the constellation of Aries was in the first twelfth (0◦

to 30◦) of the zodiacal circle (the sign and the constellation were identical), while
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today it is in the last (330◦ to 360◦). Aries was called Princeps signorum coelestium
(Leader of the Celestial Signs), Princeps zodiaci (Leader of the Zodiacal) and Ductor
exercitus zodiaci (Guide of the Zodiacal Army), while today Pisces has the title of
the Leader of the Celestial Host (Allen, 1963, pp. 76, 337).

Middle eastern mythologies were profoundly influenced by this astronomical phe-
nomenon; they assigned to it an intense astrological meaning, taking the entrance
of the Sun into each new zodiacal sign as the start of a new solar / cosmic era for
the universe. During each one of these periods they assigned to the Sun-god a form
corresponding to the zodiacal constellation upon which it was projected. For exam-
ple, when the vernal equinox was occurring in Aries, the solar deity, Apollo, was
represented in the form of a golden-haired shepherd bearing a ram on his shoulders.

3 Kriophoros (Ram-Bearer) statues and the era of Aries

We pose the question: Does the fact that the vernal equinox occurred in the con-
stellation of Aries have anything to do with the number of ancient Greek statues of
Hermes Kriophoros? The knowledge of the natural philosophers and astronomers was
also shared by the priesthood. Priests possessed the proper astronomical background
and they knew well the time periods adopted from the Sun and the Moon, as well
as the constellations. This was certainly true after approximately 400 BC (when Eu-
doxus of Cnidus recorded this knowledge), but it could have come from an earlier age
as well. Many of the Greek Kriophoros statues were sculpted in the latter part of the
era of Aries. It is possible that the priests who possessed this astronomical knowledge
had an influence on the theme of public works and statues at the time.

Ancient Greek sculptors and craftsmen were considered lowly manual laborers.
Plutarch (46–120 AD) wrote, in his Life of Pericles II, “We admire the work of
art but despise the maker of it”. This was a common view in the ancient world,
and, consequently, artisans relied on commissions from benefactors to create major
sculptures. Works could be commissioned by wealthy individuals or by the state,
and used in public buildings, temples, or as grave markers (as is frequently shown by
inscriptions on the base of the statues). We know, for example, that many of the great
works of Phidias were commissioned by Pericles in 447 BC to commemorate Greece’s
victory against the Persians at the Battle of Marathon (490 BC), and to give thanks
to Athena and Zeus for their protection. Regarding the Kriophoros statues, it is our
hypothesis that priests, either directly or indirectly (by influencing aristocrats or state
officials), commissioned these sculptures to honor both the god Hermes (the Greek
equivalent of Mercury) and the Ram (Krios), symbolizing the astronomical beginning
of the new spring. A number of Kriophoros statues exist, as for example:

1. The Giant Kriophoros in the Museum of the island Thassos (580 BC, H = 3.5 m)

2. The Archaic or archaizing bronze Hermes Kriophoros from Arcadia in the Bos-
ton Museum of Fine Arts, acc. no. 99.489 (520–510 BC, H = 16.7 cm 6 9/16 in)

3. Hermes Kriophoros from Sparta (500 BC). Boston Museum of Fine Arts

4. Hermes Krioforos of Kalamis, V 1010658.JPG. (First half of the 5th century
BC) in the Museo Barracco–Roma
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5. Hermes Krioforos from Thebes in Boeotia, ca 450 BC (Musée du Louvre)

6. Cleveland Museum of Art. Archaic painted terracotta warrior Kriophoros from
Crete, Crete, 7th c. BC, Acc. no. 1998.172

7. Krioforos from Crete (620 BC). Old Museum–Berlin

8. Another one in Berlin: Abb.4. Archaische Hermes Berlin. Statuette. SMPK.
INV. 30552.

9. Hermes Krioforos (No 54) and Goddess Relief (No 54), National Archaeological
Museum of Athens (Part of a Throne)

10. Hermes Kriophoros (ram-bearer), bronze, Peloponnesian workshop, 550–525
BC. National Archaeological Museum of Athens

11. Archaic Hermes Krioforos in the new Acropolis Museum, Athens, ca 570 BCE,
Acc. no. 624

12. Hermes Krioforos ca 450 BC (Museo di Palermo)

13. Hermes Krioforos. Attic black-figure olpe, 515–510 BC. H. 21.30 cm; D. 12.60
cm, Musée du Louvre F159)

14. The stone Krioforos from the Temple of Apollo in Curio Cyprus

15. Hermes Krioforos, from a terracotta relief, British Museum, terracotta room,
case C, B 486. [Wilton House Stables, archaizing marble Hermes Kriophoros
with a wedge-shaped beard. (Cornelius Vermeule and Dietrich von Bothmer,
“Notes on a New Edition of Michaelis: Ancient Marbles in Great Britain Part
Two”. American Journal of Archaeology 60.4 (October 1956:321–350) p. 347
and pl. 105, fig. 6)].

4 Hermes as protector of flocks

Hermes is mentioned in the Iliad as the god that protected the flocks of sheep-and-
goats; Hermes had a son, Eudorus, with the Nymph Polymele (= the one with many
sheep) and another son with Rhene (the deity of the sheep): Samon, the eponymous
hero of Samothrace. Still other sons of Hermes were Polybous (= the one with many
cattle, king of Corinth) and the pastoral gods Pan and Priapus.

Arcadians, as a stock-breeding people, prayed to Hermes to favor the proliferation
of their flocks; and, since the main breeding animal is the ram, it occupied a vital
place in the god’s worship in Arcadia. Pausanias writes: “on the road from Lechaeon
to Corinth there is a statue of Hermes with a ram besides him. According to Homer
Hermes is the protector god of flocks and their guard. They utter some secret phrase
about Hermes and the ram during the initiations of the Mother goddess, but I can’t
tell it” (Pausanias, 1935, Description of Greece 9.22.1–2).

Hermes is frequently depicted wearing head-dress and seated upon a male goat
or holding a ram. According to a Homeric Hymn, he is considered as the patron
not only of cattle, sheep, rams and goats, but also of horses, mules and dogs, even
of the wild animals. With reference to this identity, the appellations and adjectives
describe Hermes as: Kriophoros, nomios, epimelios, melossoos, agroter, tereuter and
courotrophos.
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However, despite the fact that Hermes is the protector of almost all domestic
animals (cattle, rams, sheep, horses, mules and dogs), as well as of the wild animals, in
his statues he is mainly depicted as Hermes Kriophoros. This fact is quite impressive
given that this is the astronomical era of Aries (i.e. the beginning of spring and the
renovation of life commenced when the point of vernal equinox was in the constellation
of Aries). This is wholly compatible with our proposition, at least as a hypothesis for
further study.

When the flock exits the sheep-cote, the ram goes in front and leads the other
animals: the ram is the leading animal that through its fertilizing power conserves
and multiplies the life of the flock. We could compare this with the position of
constellation of Aries at that time, as Ductor exercitus zodiaci (Guide of the Zodiacal
Army), which is the sign of the spring and the beginning of new cycle of life after
winter.

5 Conclusion

We have proposed the hypothesis that one of the possible factors contributing to the
number of statues of Hermes Kriophoros in ancient Greece is that the knowledge
of the natural philosophers and astronomers was also shared by the priesthood and
those who commissioned such statues. Priests possessed the proper astronomical
background and they knew well the time periods adopted from the Sun and the
Moon, as well as the constellations, and the fact that the constellation of Aries, with
the point of vernal equinox, at that time was the sign of the beginning of the new
cycle of life – the beginning of spring.
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The aim of this work is to draw attention to the processes of radiative charge exchange
in non-symmetric ion-atom collisions as a factor of influence on the opacity of stellar
atmospheres in VUV region. For that purpose calculations of the spectral absorption
coefficients for several ion–atom systems, namely He + H+ and H + X+, where X =
Na and Li, have been performed. On chosen examples it has been established that
the examined processes generate rather wide molecular absorption bands in the VUV
region, which should be taken into account for the interpretation of data obtained
from laboratory measurements or astrophysical observations. This paper discusses the
potential significance of the considered radiative processes for DB white dwarfs and
solar atmospheres, as well as for the atmospheres of the so-called lithium stars.

Keywords: Atomic processes — stellar atmospheres

1 Introduction

A series of previous papers studied the influence of the processes of radiative charge
exchange in symmetric H(1s) + H+ and He(1s2) + He+(1s) collisions and correspond-
ing photo-association/dissociation processes on the opacity of stellar atmospheres. In
the hydrogen case, these processes were shown to be important for the atmospheres of
the Sun and some DA white dwarfs (Stancil, 1994); in the helium case, for the atmo-
spheres of some DB and DA white dwarfs (Mihajlov and Dimitrijević, 1992; Stancil,
1994). Thus, the mentioned papers made it clear that at least symmetric ion–atom
radiative collisions play a significant role in stellar atmospheres. But the question
whether some non-symmetric ion–atom radiative processes can also influence the op-
tical characteristics of the considered stellar atmospheres is still open. A detailed
study of such non-symmetric processes in connection with stellar atmospheres would
require very extensive research, and remains a task for the future. The aim of this
short article is to point out at least some objects where such processes could be of
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interest, and to show the possible ways of describing their influence. For this purpose
it was natural to start from the same DB white dwarfs’ and the solar atmosphere
(which were considered in previous papers, since adequate models exist for them). In
the case of DB white dwarfs we mean models presented in Koester (1980), as well as in
Bergeron et al. (1995). The necessary models of the solar atmosphere were described
in Vernazza et al. (1981) and Maltby et al. (1986), and in Fontenla et al. (2006, 2009).

The composition of the mentioned models and the previous results for the ion–
atom symmetric radiative process suggest that in the considered atmospheres the
following non-symmetric absorption processes have to be taken into account

ελ + HeH+ −→ He+ + H, (1)

ελ + He + H+ −→ He+ + H, (2)

ελ + HX+ −→ H+ +X, (3)

ελ + H +X+ −→ H+ +X, (4)

where He, He+, H ≡ He(1s2), He+(1s) and H(1s) respectively, HeH+ and HX+ are
the molecular ions in the corresponding electronic ground states, and X and X+

are a metal atom and its ground-state ion. In the general case, apart from these
absorption processes, the corresponding inverse emission processes should also be
considered. However, it can be shown that, under the conditions of plasma taken
from the models mentioned above, the significance of such emission processes can be
neglected in comparison with other relevant emission processes. In this work we will
consider the absorption processes (1) and (2) in connection with DB white dwarfs
and solar atmospheres, and the processes (3) and (4) with X = Na and X = Li – in
connection with the solar and so-called lithium stars’ atmospheres.

2 Theoretical remark

The ground and first excited electronic state of the considered molecular ion (HeH+

or HX+) will be denoted here by |1 > and |2 >, and the corresponding adiabatic
potential curves – by U1(R) and U2(R), where R is the internuclear distance. By
D12(R) will be denoted the modulus of the dipole matrix element for the transition
|1 >→ |2 >, i.e. D12(R) = | < 1|D(R)|2 > |, where D is the operator of dipole
moment of AX+. Keeping in mind the results of the previous papers, we will treat the
non-symmetric radiative processes (1)–(4) within the dipole approximation where the
data about U1(R), U2(R) and D12(R) are sufficient for all the necessary calculations.
In accordance with Mihajlov et al. (2007) and Ignjatović et al. (2009) the quantum-
mechanical treatment is applied here to the photo-dissociative processes (1) and (3),
while the absorption charge exchange processes (2) and (4) are described within the
semi-classical approximation.

The efficiencies of the photo-dissociative process (1) and (3) are characterized

here by the partial spectral absorbtion coefficients κ
(a)
1,3(λ) = σphd

1,3 (λ, T ) ·Nmi, where

σphd
1,3 (λ, T ) is the the photo-dissociation cross-section, and the absorption charge ex-

change processes (2) and (4) by the coefficients

κ
(b)
2,4(λ) ≡ κ(b)

2,4(λ;T,Na, Ni) = K
(b)
2,4(λ, T )NaNi, (5)
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where T , Na, Ni and Nmi denote the local plasma temperature and the densities of the
atoms (He or H), ions (H+ or X+) and molecular ions (HeH+ or HeX+). Assuming

the existence of LTE, we will take the photo-dissociation coefficient κ
(a)
1,3(λ) in an

equivalent form (suitable for further considerations), given by the relations

κ
(a)
1,3(λ) ≡ κ(a)

1,3(λ;T,Nmi) = K
(a)
1,3 (λ, T )NaNi, (6)

K
(a)
1,3 (λ, T ) = σphd

1,3 (λ, T ) · χ−1
1,3(T ), χ1,3(T ) = (NaNi)/Nmi, (7)

where the photo-dissociation cross-section and the quantity χ1,3(T ) are determined
in a way similar to that in Ignjatović et al. (2009).

The efficiency of the processes (1) and (2), and (3) and (4) together is characterized
by the total spectral absorbtion coefficients

κ12(λ) = κ
(a)
1 (λ) + κ

(b)
2 (λ) = K12(λ, T )NaNi, K12(λ, T ) = K

(a)
1 (λ, T ) +K

(b)
2 (λ, T ),

(8)

κ34(λ) = κ
(a)
3 (λ) + κ

(b)
4 (λ) = K34(λ, T )NaNi, K34(λ, T ) = K

(a)
3 (λ, T ) +K

(b)
4 (λ, T ),

(9)

where K
(a)
1,3 (λ, T ) is given by Eqs. (7).

3 Results and discussion

The data needed for determination of U1,2(R) and D2
12(R) in the case HeH+ are taken

here from Green et al. (1974). For the molecular ions HNa+ and HLi+ the values of
U1,2(R) and D2

12(R) are obtained here, using the method of calculation described in
detail in Ignjatović and Mihajlov (2005).

As the main aim of this work is to draw attention to processes (1)–(4) as factors of
influence on the opacity of the stellar atmospheres in UV and VUV region, the spectral
absorption coefficients (for Na, Ni = 1) K12(λ, T ) and K34(λ, T ), which characterize
the total efficiency of the processes (1) and (2), and (3) and (4) respectively, will be
determined. The necessary calculations are performed here in accordance with (5)–
(9) in the part of the VUV region, namely 70 nm ≤ λ ≤ 170 nm, for several values of
T which are relevant for the photospheres of the Sun and of the considered DB white
dwarfs.

The behavior of the total spectral absorption coefficients K12(λ, T ) for 70 nm ≤
λ ≤115 nm and T = 5500 K and 12000 K is shown in Figs. 1 and 2. The first
temperature is characteristic of a large part of the solar photosphere, and the second
– of a part of the atmosphere of DB white dwarfs with Teff = 12000 K.

The behavior of the total spectral absorption coefficients K34(λ, T ), in the case of
the processes (3) and (4) with X = Na, for 130 nm ≤ λ ≤ 170 nm and T = 4000 K,
is shown in Fig. 3. Let us note that the chosen temperature corresponds to a sunspot
(see Maltby et al. (1986)).

Finally, taking into account the existence of the so-called lithium stars, intensively
discussed in the literature (see North et al., 1998; Shavrina et al., 2003), Fig. 4 shows
the behavior of the total spectral absorption coefficients K34(λ, T ) in the case of
processes (3) and (4) with X = Li for the same λ and T as in the case X = Na.
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Figure 1 Rate coefficients Kia(λ, T ) (spectral absorption coefficients for Na, Ni = 1) at
T = 5500 K, for HeH+.

Figure 2 Rate coefficients Kia(λ, T ) at T = 12000 K, for HeH+.

The presented figures illustrate the fact that the considered non-symmetric pro-
cesses (1)–(4) generate rather wide molecular absorption bands in the VUV region.
Moreover, the comparison of K12(λ, T ) and K34(λ, T ) with the corresponding char-
acteristics of other relevant absorption processes (symmetric ion–atom absorption
processes etc.), as well as the corresponding particle densities, suggest a conclusion
that in the regions of λ which correspond to the most parts of the mentioned bands
the efficiency of processes (1)–(4) is at least not negligible, and sometimes it is just
these processes that determine the opacity of the considered stellar atmospheres.
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Figure 3 Rate coefficients Kia(λ, T ) at T = 4000 K, for HNa+.

Figure 4 Rate coefficients Kia(λ, T ) at T = 4000 K, for HLi+.
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Abstract. — We present here Stark widths and shifts for 20 Xe II multiplets which are of interest for laboratory
plasma research as well as for the analysis of Hg – Mn stars spectra. For calculations the modified semiempirical
approach was used. The obtained results are compared with the available experimental data.
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1. Introduction

Stark broadening data are of interest for diagnostic and
modelling of laboratory and stellar plasma, investigation
of its physical properties and abundance determination.
Spectral lines of Xe II are present in spectra of hot (Hg
– Mn) stars, (see, e.g., Whitford 1962; Aller 1970; Heacox
1979; Dobrichev et al. 1990), where Stark broadening is
the main pressure broadening mechanism. On the basis of
analysis of the Xe II spectral lines one can conclude that
the abundance of Xe in Hg – Mn stars is about two times
larger than in the Sun (Heacox 1979). Stark broadening
of Xe II lines is important for laboratory plasma investi-
gation (see e.g. Konjević & Uzelac 1990) as well.

A number of experimental and theoretical papers con-
cerning Stark widths and shifts of Xe II lines have been
published (e.g. Lesage et al. 1981; Miller et al. 1981;
Richou et al. 1984; Nick & Helbig 1986; Pittman &
Konjević 1986; Vitel & Skowronek 1987; Manola et al.
1988; Lesage et al. 1989; Di Rocco 1990a, b; Konjević
& Uzelac 1990; Bertuccelli et al. 1991; Mar et al. 1992;
Gigosos et al. 1994). We present here Stark broadening
data for 20 Xe II multiplets. Due to the lack of reliable
atomic data for Xe II lines, it is not possible to apply a
semi-classical perturbation approach (Griem 1974; Sahal–
Bréchot 1969a, b) in an adequate way, so the modified
semiempirical approach (Dimitrijević & Konjević 1980;
Dimitrijević & Kršljanin 1986) will be used here.

Our results are compared with numerous available ex-
perimental data (Lesage et al. 1981; Miller et al. 1981;
Richou et al. 1984; Nick & Helbig 1986; Vitel & Skowronek

Send offprint requests to: L.Č. Popović
?Table 1 is only available in electronic form and Table 2 is also
available in electronic form via anonymous ftp 130.79.128.5 at
the CDS in Strasbourg

1987; Manola et al. 1988; Lesage et al. 1989; Di Rocco
1990b; Konjević & Uzelac 1990; Bertuccelli et al. 1991;
Gigosos et al. 1994).

2. Results and discusion

Atomic energy levels for calculation have been taken from
Hansen & Persson (1987), where it is indicated that the
jK coupling scheme is the most appropriate for Xe II.
Consequently the jK coupling scheme was used for ma-
trix element calculation. An illustration of the influence
of the applied coupling scheme on the Stark width calcu-
lation is shown in Figs. 1-4. In these figures, Stark widths
for several Xe II lines (6s−6p transition), with jK and
LS coupling scheme for the matrix element calculations
are compared. As one can see from Figs. 1-4 the differ-
ences are relatively small in comparison with the accuracy
of the method (±50%). Moreover, the calculations within
jK coupling scheme are in slightly better agreement with
experimental data.

Our results for Stark widths and shifts of Xe II spectral
lines are presented in Table 1 (accessible only in electronic
form). The values obtained for temperatures from 5000 K
up to 50000 K and an electron density of 1023 m−3 are
compared (in Table 2 and in Figs. 1-4) with the avail-
able experimental data (Lesage et al. 1981; Miller et al.
1981; Richou et al. 1984; Nick & Helbig 1986; Vitel &
Skowronek 1987; Manola et al. 1988; Lesage et al. 1989;
Di Rocco 1990b; Konjević & Uzelac 1990; Bertuccelli et
al. 1991; Gigosos et al. 1994). Since we found that the ion
broadening contribution is about several per cent, only
the electron broadening contribution is given. As evident,
the calculated Stark widths give satisfactory agreement
with the experimental ones. From Table 2, it can be no-
ticed that for the 6s−6p transition a large disagreement
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Table 2. Comparison of measured (m) and theoretical (th) values for Stark widths (w) and shifts (d). Experimental results
wm, dm are taken from: (1) – Nick & Helbig 1986, (2) – Di Rocco 1990b, (3) – Gigosos et al. 1994, (4) – Lesage et al. 1981, (5)
– Lesage et al. 1989, (6) – Miller et al. 1981, (7) – Bertuccelli et al. 1991, (8) – Richou et al. 1984, (9) – Vitel & Skowronek
1987, (10) – Konjević & Uzelac 1990, (11) – Manola et al. 1988, the electron density is 1023 m−3
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Table 2. continued
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Table 2. continued
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Table 2. continued

between our theoretical Stark widths and experimental
data exists only with Lesage et al. (1981) and Miller et
al (1981). Here, the ratio of measured and our calcu-
lated Stark widths is wexp/wth =2.1 respectively for λ=
460.3 nm. Moreover, these experimental results are larger
than our calculated results from 70% to 100%. Since more
recent results exist from basically the same group (Richou
et al. 1984; Manola et al. 1988; Lesage et al. 1989) we will
exclude Lesage et al. (1981) and Miller et al. (1981) from
further considerations. Excluding these measurements, we
may conclude that our theoretical Stark width calcula-
tions are in good agreement with experimental data for
6s−6p transitions. It should be noticed that our results
are in excellent agreement with experimental data of Nick
& Helbig (1986) and Richou et al. (1984) which have the

highest accuracy among critically selected experimental
data for Xe II lines in Konjević & Wiese (1990). Our
theoretical results are in excellent agreement as well with
the experimental values of Vitel & Skowronek (1987) and
Konjević & Uzelac (1990). The agreement with Manola et
al. (1988), Lesage et al. (1989), Bertuccelli et al. (1991)
and Gigosos et al. (1994) is also within the error bars of
theory and experiment. For 6p−6d transitions there ex-
ist only experimental data by Lesage et al. (1989) and
Gigosos et al. (1994). The ratio of measured and cal-
culated data varies between 1.5 and 2.8. Since all data
for 6p−6d transitions are obtained at temperatures of
10000 K and 11000 K, new measurements at different
temperatures are of interest. Experimental data being
within a narrower temperature range between 8000 K and
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Fig. 1. Stark full width (FWHM) for Xe II λ = 543.8 nm
spectral line as a function of temperature, at an electron den-
sity of N = 1023 m−3. The used notation is: (—) - present
results calculated within the jK coupling approximation,
(– – –) - present results within the LS coupling approxima-
tion. Experimental data: (+) – Lesage et al. 1981, (×) – Miller
et al. 1981, (N) – Richou et al. 1984, (∆) – Nick & Helbig 1986,
(©) – Vitel & Skowronek 1987, (�) – Manola et al. 1988, (�)
– Lesage et al. 1989, (⊕) – Konjević & Uzelac 1990, (�) –
Bertuccelli et al. 1991, (*) – Gigosos et al. 1994

Fig. 2. Same as in Fig. 1, but for line λ = 541.9 nm

Fig. 3. Same as in Fig. 1, but for line λ = 484.4 nm

Fig. 4. Same as in Fig. 1, but for line λ = 465.2 nm

16200 K, where the Stark widths decrease quickly, it is
important to provide experimental data for higher tem-
peratures in order to check the dependence on temper-
ature over a wider range. Without the data of Lesage
et al. (1981) and Miller et al. (1981) the average value
of the ratio of experimental and theoretical results is
wexp/wth = 1.29± 0.07 the indicated error represents an
average quadratic error δ calculated from

δ =

√ ∑m
i=1 ∆2

i

m(m− 1)

where ∆i is the difference between the ith average ratio for
a line and the average ratio for all lines. If there are several
values at different temperature from the same reference for
the same line, before making an average ratio for the line,
these values have been averaged. For 6s−6p transitions
alone the average ratio, excluding the above mentioned
experiments, is 1.15±0.05.

For Xe II Stark shifts, we have only experimental data
of Vitel & Skowronek (1987), estimated by Konjević &
Wiese (1990) to be of low accuracy, data of Di Rocco
(1990b) and data of Gigosos et al. (1994). The typical
shifts are smaller by an order of magnitude than the
widths or around zero and the difference between the two
experiments is even one order of magnitude. The agree-
ment with our shift calculations is very poor and new reli-
able shift measurements are of interest. One should notice
also that the theoretical shifts are generally of lower ac-
curacy than widths, since for the shift contributions from
different perturbing terms have different signs. If shifts are
much smaller than widths, i.e. if contributions with both
signs are similar, the shift accuracy is much lower.
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Abstract. — Using a semiclassical approach, we have calculated electron-, proton-, Mg II-, Si II-, Fe II-, and Ar
II- impact line widths and shifts for 267 Mg I multiplets, in order to provide the needed Stark broadening parameters
for all important perturbers for investigation of Solar and laboratory plasma. An analysis of Solar Rydberg lines in
the far infrared spectrum has been performed as well.

Key words: lines: profile-atomic and molecular data — Sun: photosphere — Sun: chromosphere

1. Introduction

Lines of neutral magnesium are present in the Solar spec-
trum and the corresponding Stark broadening parameters
are of interest for their analysis as well as for the diag-
nostic of Solar plasma. Especially the infrared lines of
Mg I have been observed in the Solar spectrum at Kitt
Peak and during the Atmos experiment on Spacelab
(Brault & Noyes 1983; Chang & Noyes 1983; Farmer
& Norton 1989; Jefferies 1991). Other observations of
such lines have been described by Deming et al. 1988,
1991; Glenar et al. 1988). Due to the suitability of these
lines for the solar atmosphere investigations (see e.g.
Van Regemorter & Hoang-Binh 1993) and to the fact
that with the increase of the principal quantum num-
ber increases the importance of Stark broadening as well,
the corresponding Stark widths and shifts are of impor-
tance for the structure of the Solar atmosphere research
and solar plasma diagnostic (see e.g. Chang et al. 1991;
Carlson et al. 1992). Stark broadening data for Mg I lines
are also of interest for laboratory plasma research and have
been investigated experimentally (Helbig & Kusch 1972;
Kusch & Schweicker 1976; Goldbach et al. 1982) and the-
oretically (Benett & Griem 1971; Griem 1974; Brissaud
et al. 1976; Dimitrijević & Konjević 1986; Marasinghe et
al. 1986; Regemorter & Hoang Binh 1993; Dimitrijević &
Sahal-Bréchot 1995).

By using the semiclassical-perturbation formalism
(Sahal-Bréchot 1969a, b), electron-, proton-, and ionized
argon-impact line widths and shifts for 99 Mg I multiplets

Send offprint requests to: M.S. Dimitrijević
?Tables 1-3 are only available in electronic form via anonymous
ftp 130.79.128.5

have been published recently at an electron density of
1015 cm−3, in order to provide Stark broadening data
needed for laboratory plasma research and diagnostic
(Dimitrijević & Sahal-Bréchot 1995). Using the same
semiclassical approach, we have calculated here electron-,
proton-, Mg II-, Si II-, Fe II-, and Ar II-impact line widths
and shifts for 267 Mg I multiplets at an electron density
of 1011 cm−3, in order to provide the needed Stark broad-
ening parameters for all important perturbers in the in-
vestigation and modelling of Solar plasma. A summary of
the formalism is given in Dimitrijević et al. (1991).

2. Results and discussion

Energy levels for Mg I lines have been taken from Bashkin
& Stoner (1975). For high n and `, needed atomic energy
levels not existing in Bashkin & Stoner, have been cal-
culated by using the theoretical polarization formula of
Waller (1926) (see e.g. Regemorter & Hoang Binh 1993 or
Edlen 1964) valid for the angular momenta ` larger than
3. Oscillator strengths have been calculated by using the
method of Bates & Damgaard (1949) and the tables of
Oertel & Shomo (1968). For higher levels, the method de-
scribed by Regemorter et al. (1979) has been used. In order
to check the applicability of Bates & Damgaard’s (1949)
method for the calculation of oscillator strengths within
the Coulomb approximation, line width calculations with
line strengths from TOP base (the complete package of
the opacity project (OP) data with the database man-
agement system is usually referred to as TOP base, see
Butler et al. (1993) and Cunto et al. (1993)) have been
performed at an electron density of 1012 cm−3 and T=
5000 K. For the 3s2 1S−3s3p1P0 resonance line the
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full width with Bates & Damgaard line strengths is
0.63 10−6 Å and with TOP base line strengths 0.52 10−6

Å. For 6s3S−6p3P0 infrared line the full halfwidth is 0.162
Å in both cases. One can see that for transitions between
low levels small differences exist. However, for lines that
are of interest for solar infrared astrophysics, correspond-
ing to transitions between high levels, the use of Bates &
Damgaard oscillator strengths is sufficient for line widths.
In addition to electron-impact full halfwidths and shifts,
Stark-broadening parameters due to proton-, Mg II-, Si II-
and Fe II- impacts have been calculated in order to pro-
vide an as much as possible complete set of Stark broad-
ening data for Solar plasma research. Moreover, Stark-
broadening parameters due to Ar II-impacts have been
calculated as well, since argon is usually used as a carrier
gas for experimental determination of Mg I Stark widths
and shifts.

Our results for Stark broadening parameters due to
e-, p-, and Ar II-impacts for 267 Mg I multiplets are
shown in Table 1 (accessible only in electronic form), and
due to Si II-, Fe II-, and Mg II-impacts in Table 2 (ac-
cessible only in electronic form) for perturber density of
1011 cm−3 and temperatures T= 2.500−50.000 K. Stark
broadening parameters due to e-, p-, and Ar II-impacts for
perturber densities 1015 cm−3−1019 cm−3 are shown in
Table 3 (accessible only in electronic form). We also spec-
ify a parameter c (Dimitrijević & Sahal-Bréchot 1984),
which gives an estimate for the maximum perturber den-
sity for which the line may be treated as isolated when
it is divided by the corresponding electron-impact full
width at half maximum. For each value given in Table
1, the collision volume (V ) multiplied by the perturber
density (N) is much less than one and the impact ap-
proximation is valid (Sahal-Bréchot 1969a, b). Values for
NV > 0.5 are not given and values for 0.1< NV ≤ 0.5
are denoted by an asterisk. When the impact approxima-
tion is not valid, the ion broadening contribution may be
estimated by using quasistatic estimations (Sahal-Bréchot
1991; Griem 1974). The accuracy of the results obtained
decreases when broadening by ion interactions becomes
important.

Regemorter & Hoang Binh (1993) have discussed re-
cently the important simplification of theory for solar
Rydberg lines corresponding to the transitions between
nearly degenerate states, where the differences of energy
E(n`, n` + 1) are of the order of a few cm−1. These en-
ergy differences are much larger than the width so that
the considered lines are isolated. They are however con-
siderably smaller than the energy distances to the other
perturbing levels n′`′ which may be neglected so that the
Stark broadening problem corresponds to a simple three
level close coupling system including n`, n` + 1 atomic
energy levels. In order to investigate such approximation,
contributions (in angular frequency units) to the Mg I
5g1G−6h1H line widths, due to different types of colli-

sions, have been calculated as a function of the number
of perturbing levels at an electron density of 1012 cm−3

and temperature of 5000 K and shown in Table 4. One
can see that the inelastic collision contribution practically
does not vary with the addition of new perturbing levels
and that the variation of strong collision contribution is
as well of the order of several percents. The elastic colli-
sion contribution has however a non negligible dependence
on the perturbing level number. Since for solar Rydberg
lines the elastic contribution to the width is for an order
of magnitude smaller in comparison with other considered
contributions, we may conclude that the approximation of
Regemorter & Hoang Binh (1993) is very good for Stark
widths of the considered lines.

Table 4. Contribution of different types of collisions to the
line widths (in angular frequency units) as a function of the
number of perturbing levels of the initial level (i) for Mg I
5g1G−6h1H transition at an electron density of 1012 cm−3 for
T=5000 K. Perturbing energy levels for the final level are 4f,
5f, 6f, 7f, 6h, 7h, 8h

Since the elastic collisions have an important role for
the Stark shift determination, for Stark shifts such ap-
proximation may become questionable.

In Table 5 our results (denoted as DSB) for Stark full
widths for Mg I 5g1G−6h1H and 6g1G−7h1H transitions
have been compared with results of Regemorter & Hoang
Binh (1993) (denoted as RHB), with calculation within
the Griem’s (1968) semiempirical approach of Carlsson et
al. (1992) (denoted as GCRS) and with calculations of
Chang & Schoenfeld (1991) by using the Lindholm (1941)
adiabatic theory (LCS). One can see that our calcula-
tions are in good agreement with the width calculations of
Regemorter & Hoang Binh (1993) while for shifts the dif-
ferences due to the omission of perturbing levels with the
different principal quantum number (as discussed concern-
ing Table 4) exist. The agreement with adiabatic theory of
Lindholm (1941) used by Chang & Schoenfeld (1991), is
apparently fortuitous for the width but shifts are largely
overestimated, while the Griem’s (1968) semiempirical ap-
proach, not appropriate for transitions between nearly de-
generate states (GCRS), is in agreement with our results
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Table 5. Comparison of electron-impact width (W-FWHM)
and shift (d) values calculated according to various approaches,
for Mg I 5g1G−6h1H and 6g1G−7h1H transitions at an elec-
tron density of 1012 cm−3 for T=5000 K. The notation is:
DSB - present calculations; RHB - Regemorter & Hoang Binh
(1993); GCRS - calculated by Carlson et al. (1992) by using the
Griem’s (1968) semiempirical formula with an effective Gaunt
factor g = 0.5; LCS - calculated by Chang & Schoenfeld (1991)
by using the Lindholm (1941) adiabatic theory

for Mg I 5g1G−6h1H transition but gives more than two
times smaller result for 6g1G−7h1H transition.

We hope that the comprehensive set of Stark broaden-
ing parameters of Mg I lines will enable the better use of
Mg I spectral lines for solar plasma research.
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Abstract. — Using a semiclassical approach, we have calculated electron-, proton-, and ionized helium-impact line
widths and shifts for 12 Be III and 27 B III multiplets. The obtained results have been compared with available
experimental and theoretical data.

Key words: lines: profiles-atomic and molecular data

1. Introduction

Line profiles study of light element ions in different ion-
ization stages is of astrophysical interest, since such lines
are present in stellar atmospheres. For studies as e.g. nu-
merical modelling of stellar plasma or abundance deter-
minations, data on Be III and B III lines may be of inter-
est. The Be III Stark broadening parameters are addition-
ally interesting, since the surface content (abundance) of
Be, involves problems correlated with nucleogenesis, mix-
ing between the atmospheres and the interior, and stellar
structure and evolution (Boesgaard 1988). Line profiles
of Be and B in various ionization stages, are of interest
for opacity calculations as well (Seaton 1988). Moreover,
Stark broadening of Be III and B III lines are of interest for
the investigation and diagnostic of laboratory and laser-
produced plasma, as well as for the research of regularities
and systematic trends. For example Fraenkel et al. (1968)
investigated high energy satellites in the vacuum UV Be
III spectrum, while Malvezi et al. (1975) reported electron
densities up to 1021 cm−3 in a laser produced Be plasma.
Rosznayi (1977) studied theoretically, Stark broadening of
Be III lines for a high density plasma with kT = 21 eV,
and atom density 1019 − 1022 cm−3. In this study, the in-
elastic contribution has been approximated by a formula
for electron - impact ionization, and elastic contribution
has been calculated first for 1s2−2p transition, and subse-

Send offprint requests to: M.S. Dimitrijević
?Table 1 is only available in electronic form at the CDS via
anonymous ftp 130.79.128.5

quently has been generalized. In Dimitrijević & Konjević
(1981) and Dimitrijević (1988ab) Stark widths of Be III
and B III lines have been calculated within the semiem-
pirical method (Griem 1968), the modified semiempiri-
cal method (Dimitrijević & Konjević 1980), the simpli-
fied semiclassical method (Griem 1974, Eq. (526)) and its
modification (Dimitrijević & Konjević 1980). Moreover,
Stark widths and shifts for B III 2s − 2p, 2s − 3p, 2p −
3s, 2p − 3d, 3s − 3p and 3p − 3d have been calculated by
Seaton (1988) within the quantum mechanical strong cou-
pling method. Stark broadening parameters of B III have
been investigated experimentaly as well in two contribu-
tions. In Djeniže et al. (1992), the results concerning B III
4f2F◦ − 5g2G 4497.6 Å line, measured in a pulsed linear
arc plasma, have been reported. Srećković et al. (1993)
measured in a linear, low - pressure pulsed arc operating
in O2, the Stark widths of two lines within the B III 2s2S
− 2p2P◦ multiplet.

The Be III and B III Stark broadening data are of
interest and for studies of regularities and systematic
trends within isoelectronic sequences. In previous articles
Stark broadening data for Be II (Dimitrijević & Sahal-
Bréchot 1992a), C IV (Dimitrijević et al. 1991), N V
(Dimitrijević & Sahal-Bréchot 1992b), O VI (Dimitrijević
& Sahal-Bréchot 1992c), F VII (Dimitrijević & Sahal-
Bréchot 1993), Ne VIII and Na IX (Dimitrijević & Sahal-
Bréchot 1994a) and Al XI and Si XII (Dimitrijević &
Sahal-Bréchot 1994b) all belonging to the lithium isoelec-
tronic sequence have been calculated. Consequently, the
results for B III will complete this set of data. Moreover,
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Stark broadening data for Li II (Dimitrijević & Sahal-
Bréchot 1996a) and C V (Dimitrijević & Sahal-Bréchot
1996b), belonging to the helium isoelectronic sequence as
Be III, have been published also. Results of the investiga-
tions of regularities and systematic trends are of interest
for acquisition of new data by interpolation and for critical
evaluation of existing experimental and theoretical data.

This paper is the fourteenth of a series devoted
to the calculation of Stark broadening parameters of
spectral lines of multicharged ions (see Dimitrijević &
Sahal-Bréchot 1995 and references therein and Dimitri-
jević & Sahal-Bréchot 1996b). By using the semiclassical-
perturbation formalism (Sahal-Bréchot 1969ab), we have
calculated electron-, proton-, and ionized helium-impact
line widths and shifts for 12 Be III and 27 B III multi-
plets, in order to continue our research of multiply charged
ion line Stark broadening parameters. A summary of
the formalism is given in Dimitrijević et al. (1991) and
Dimitrijević & Sahal-Bréchot (1996a).

2. Results and discussion

Energy levels for Be III and B III lines have been taken
from Bashkin & Stoner (1975). Oscillator strengths have
been calculated by using the method of Bates & Damgaard
(1949) and the tables of Oertel & Shomo (1968). For
higher levels, the method described by Van Regemorter et
al. (1979) has been used. In addition to electron-impact
full halfwidths and shifts, Stark-broadening parameters
due to proton-, and ionized helium - impacts have been
calculated.

Our results for 12 Be III and 27 B III multiplets are
shown in Table 1 (accessible only in electronic form), for
perturber densities 1017 − 1021cm−3 and temperatures
T = 10.000 − 300.000 K. We also specify a parameter
c (Dimitrijević & Sahal-Bréchot 1984), which gives an
estimate for the maximum perturber density for which
the line may be treated as isolated when it is divided by
the corresponding electron-impact full width at half maxi-
mum. For each value given in Table 1, the collision volume
(V ) multiplied by the perturber density (N) is much less
than one and the impact approximation is valid (Sahal-
Bréchot 1969a,b). Values for NV > 0.5 are not given and
values for 0.1< N ≤ 0.5 are denoted by an asterisk. When
the impact approximation is not valid, the ion broadening
contribution may be estimated by using quasistatic esti-
mations (Sahal-Bréchot 1991; Griem 1974). The accuracy
of the results obtained decreases when broadening by ion
interactions becomes important.

The unique experimental result convenient for compar-
ison, are the Stark widths of two lines within the B III 2s2S
− 2p2P◦ multiplet, measured by Srećković et al. (1993) in
a linear, low - pressure pulsed arc operating in O2. They
found a large disagreement between their Stark widths and
results (Dimitrijević & Konjević 1981), obtained within
the modified semiempirical approach (Dimitrijević & Kon-

jević 1980). For B III 2065.77 Å line, they found that the
ratio of measured to theoretical Stark width is 7.8 and for
2067.23 Å line 6.7 for the temperature of 48000 K at an
electron density of 2.55 1017cm−3. Corresponding ratios
with our results with ionized oxygen-impact broadening
included, are 3.9 and 3.5 respectively, which is better but
not satisfying.

We may compare available theoretical results for B III
2s2S − 2p2P◦ multiplet for the temperature of 160000 K
at an electron density of 1 1017cm−3. Our full width at
half maximum W = 0.0103 Å, and the agreement is clos-
est with calculations of Dimitrijević & Konjević (1981)
by using the symplified semiclassical approach of Griem
(1974, Eq. (526)), which obtained W = 0.00892 Å. Within
the modified semiempirical approach (Dimitrijević & Kon-
jević 1980), same authors obtained W = 0.00449 Å, which
is two times smaller. Within the close coupling quantum
mechanical approach Seaton (1988) obtainedW = 0.00602
Å, which is also in disagreement with experiment and our
calculations. In order to clarify the situation, particularly
since B III 2s2S − 2p2P◦ multiplet is important for the
consideration of Stark broadening parameters within the
lithium isoelectronic sequence, we recomend a new ex-
perimental determination of Stark broadening parameters
particularly for this multiplet.1
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Sahal-Bréchot S., 1991, A&A 245, 322
Seaton M.J., 1988, J. Phys. B 21, 3033
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associée au C.N.R.S. No. 812, Observatoire de Paris-Meudon, 92190 Meudon, France

Received March 13; accepted March 26, 1996

Abstract. — Using a semiclassical approach, we have calculated electron−, proton−, and ionized helium−impact
line widths and shifts for 33 Sr I multiplets for perturber densities 1013 cm−3 (for stellar plasma research) and 1015−
1018 cm−3 (for laboratory plasma research) and temperatures T = 2 500 − 50 000 K.

Key words: lines: profile-atomic data

1. Introduction

Strontium lines are present in solar and stellar spectra.
E.g. Komarov & Basak (1993) have found neutral stron-
tium lines in the spectra of Sun and two Praesepe’s stars.
They are also of interest since Sr is one of thermonuclear
s - processes product in stars and its overabundance is ob-
served in CH and metal deficient barium stars (Šleivyté
& Bartkevičius 1995). Neutral strontium lines are also of
interest for the investigation of laboratory plasmas. Conse-
quently, Kato et al. (1984) investigated wavelength shifts
of Sr I lines emitted by an inductively coupled plasma and
Karabut et al. (1980) dynamics of strontium line shapes
during a pulsed discharge. Such lines have been consid-
ered theoretically as well by Davis (1972), for research
of a laser - generated barium plasma. In order to con-
tinue our research of Stark broadening parameters needed
for the investigation of astrophysical and laboratory plas-
mas and to provide the needed Stark broadening data, we
have calculated within the semiclassical-perturbation for-
malism (Sahal−Bréchot 1969a,b) electron-, proton-, and
ionized helium-impact line widths and shifts for 33 Sr
I multiplets. A summary of the formalism is given in
Dimitrijević & Sahal-Bréchot (1984).

2. Results and discussion

Energy levels for Sr I lines have been taken from Moore
(1971). Oscillator strengths have been calculated by using

Send offprint requests to: M.S. Dimitrijević
?Table 1 is only available in electronic form: The material
published electronically can be accessed: by ftp at cdsarc.u-
strasbg.fr or 130.79.128.5 or on WWW at: http//cdsweb.u-
strasbg.fr/abstract.html

the method of Bates & Damgaard (1949) and the tables
of Oertel & Shomo (1968). For higher levels, the method
described by Van Regemorter et al. (1979) has been used.
We note that Gruzdev (1967) has found that the semiem-
pirical and Hartree - Fock calculations of Sr I oscillator
strengths agree fairly well with the f values calculated by
the method of Coulomb approximation.

In addition to electron-impact full halfwidths and
shifts, Stark-broadening parameters due to proton-, and
He II- impacts have been calculated. Our results for 33
Sr I multiplets are shown in Table 1 (accesible only in
electronic form), for perturber densities 1013 cm−3 (for
stellar plasma research) and 1015− 1018 cm−3 (for labo-
ratory plasma research) and temperatures T = 2 500 −
50 000 K. We also specify a parameter c (Dimitrijević
& Sahal−Bréchot 1984), which gives an estimate for the
maximum perturber density for which the line may be
treated as isolated when it is divided by the correspond-
ing full width at half maximum. For each value given in
Table 1, the collision volume (V ) multiplied by the per-
turber density (N) is much less than one and the impact
approximation is valid (Sahal−Bréchot 1969a,b). Values
for NV > 0.5 are not given and values for 0.1 < NV ≤ 0.5
are denoted by an asterisk. When the impact approxima-
tion is not valid, the ion broadening contribution may be
estimated by using quasistatic approach (Sahal−Bréchot
1991; Griem 1974). In the region between where neither
of these two approximations is valid, a unified type theory
should be used. For example in Barnard et al. (1974), a
simple analytical formulas for such a case are given. The
accuracy of the results obtained decreases when broaden-
ing by ion interactions becomes important.
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1 Astronomical Observatory, Volgina 7, 11050 Belgrade, Serbia, Yugoslavia
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Abstract. Using a semiclassical approach, we have cal-
culated electron-, proton-, and ionized helium-impact line
widths and shifts for 14 Ba I and 64 Ba II multiplets for
perturber densities 1015− 1018 cm−3 and temperatures
T = 2 500 − 50 000 K for Ba I and 5 000 − 100 000 K
for Ba II. The results have been compared with available
experimental and theoretical data.

Key words: line: profiles-atomic data

1. Introduction

Barium is one of thermonuclear s - processes product in
stars and its overabundance is observed in CH subgiants,
characterized by enhanced Sr and Ba lines, and in metal
deficient barium stars, giants showing overabundance of s-
processes elements (Šleivyté & Bartkevičius 1995). Barium
lines are present in solar and stellar spectra. E.g. Komarov
& Basak (1993) have found Ba I and Ba II lines in the
spectra of the Sun and of two Praesepe’s stars (for Solar
barium lines see also Anders & Grevesse 1989).

Barium lines are also of interest for the investiga-
tion of laboratory plasmas. Since the research of Aulehla
& Herman (1958) who have determined neutral bar-
ium Stark effect constants by investigating metallic lines
broadened by an intermolecular field, Stark broadening
of Ba I and Ba II lines has been considered experimen-
tally and theoretically in a number of articles. Kato et al.
(1984) investigated wavelength shifts of Ba I and Ba II
lines emitted by an inductively coupled plasma. Manning
et al. (1990) performed a study of the effect of pressure
and electron density on wavenumber position for Ba II
lines. Experimental Stark broadening parameters for ion-
ized barium lines of Jaeger (1969), obtained with the help
of a discharge sliding along the surface of a liquid jet, Purić
& Konjević (1972), where the plasma source was a T-tube,

? Tables 1 and 2 are only available in electronic form: see the
Editorial in A&AS 1994, Vol. 103, No. 1.

Hadžiomerspahić et al. (1973, superseeding according to
Konjević & Wiese 1976, the similar work of Platiša et al.
1971), with Z-pinch as the experimental apparatus, and
of Fleurier et al. (1987), provided with a plasma jet, have
been critically reviewed in Konjević & Wiese (1976) and
Konjević et al. (1984b).

Stark widths of Ba II lines have been calculated by
Cooper & Oertel (1967) within the semiclassical approach
taking into account hyperbolic classical perturber paths
and lower level broadening. For Ba II 1, 2, 3, and 4 multi-
plet they give full width at half maximum (FWHM) val-
ues of 0.42 Å, 0.84 Å, 1.02 Å and 1.20 Å respectively, but
without the electron temperature specified. Theoretically,
Ba I lines have been investigated by Grechikhin (1969),
considering their applicability to plasma diagnostics.
Ba I and Ba II lines have been considered theoretically
as well by Davis (1972), for research of a laser - gener-
ated barium plasma and, Ba II lines by Sahal-Bréchot
(1969b) within the semiclassical - perturbation formal-
ism and by Fleurier et al. (1977) within the same formal-
ism but with the effect of Feshbach resonances included.
The semiclassical calculations by using the theoretical ap-
proach developed by Griem et al. (1962) and further im-
proved and described in detail by Jones et al. (1971) and
Griem (1974), were performed by Purić et al. (1978). For
Ba II 6s2S − 6p2P◦ multiplet, at an electron density of
Ne = 1017 cm−3 and electron temperature T = 15000 K,
they obtain FWHM = 0.428 Å. In Konjević & Wiese
(1976) and Konjević et al. (1984b) the theoretical com-
parison data have been calculated by W.W. Jones (private
communication in Konjević & Wiese 1976), by using the
same method. Stark broadening parameters of Ba II mult.
1 and 2, for T = 16000 K have been calculated also by
Gorchakov & Demkin (1978) within the semiclassical ap-
proach of Vainshtein & Sobel’man (1959). Griem’s (1968)
semiempirical formula has been applied to Ba II lines in
Hadžiomerspahić et al. (1973), Fleurier et al. (1977) and
Dimitrijević & Konjević (1981). Moreover, Dimitrijević
& Konjević (1981) performed for Ba II 6s2S − 6p2P◦

multiplet 1, linewidth calculations within the modified
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semiempirical method (Dimitrijević & Konjević 1980)
and within the same approach but with the Gaunt
factor derived from the work of Younger & Wiese
(1979) for the perturbing transitions without the
change of the principal quantum number, Lakićević
(1983) estimated line widths and shifts for Ba I
6s21S − 6p1P◦ and Ba II 6s2S − 6p2P◦ multiplet for
T = 20000 K, on the basis of the Stark broadening
parameter dependence on the ionization potential from
the lower level of the corresponding transition. By using
Ba II 4899.9 Å and 4524.9 Å lines as example, Dimitrijević
& Popović (1989) demonstrated a simple method (devel-
oped for neutrals by Vitel et al. 1988), suitable for critical
evaluation of existing data and interpolation of new Stark
widths along homologous sequences, by using a normal-
ization factor for analogous transitions.

In order to continue our research of Stark broad-
ening parameters needed for the investigation of as-
trophysical and laboratory plasmas and to provide the
needed Stark broadening data, we have calculated within
the semiclassical-perturbation formalism (Sahal-Bréchot
1969a,b) electron-, proton-, and ionized helium-impact
line widths and shifts for 14 Ba I and 64 Ba II multi-
plets. A summary of the formalism for neutral emitters is
given in Dimitrijević & Sahal-Bréchot (1984), and for ion-
ized emitters in Dimitrijević et al. (1991) and Dimitrijević
& Sahal-Bréchot (1996). We note here that the inelastic
collision contribution is included in the ion-impact line
widths.

2. Results and discussion

Energy levels for Ba I lines have been taken from Moore
(1971). Roig & Tondello (1975) have been studied the
spectrum of Ba II in absorption, by flash pyrolysis. They
found a general agreement with previous results obtained
in emission spectra (see the critical compilation of Moore
1971) but fifteen new levels have been established as well.
For Ba II lines, energy levels were taken from Moore
(1971), but values for 8 − 12p2P◦, 10f2F◦ and 11f2F◦,
have been taken from Roig & Tondello (1975). Oscillator
strengths have been calculated by using the method of
Bates & Damgaard (1949) and the tables of Oertel &
Shomo (1968). For higher levels, the method described
by Van Regemorter et al. (1979) has been used.

In addition to electron-impact full halfwidths and
shifts, Stark-broadening parameters due to proton-, and
He II- impacts have been calculated. Our results for 14 Ba
I multiplets and 64 Ba II multiplets are shown in Tables
1 and 2 (accessibles only in electronic form) respectively,
for perturber densities 1015− 1018 cm−3 and temperatures
T = 2 500− 50 000 K for Ba I and T = 5 000− 100 000 K
for Ba II. We also specify a parameter c (Dimitrijević &
Sahal-Bréchot 1984), which gives an estimate for the max-
imum perturber density for which the line may be treated
as isolated when it is divided by the corresponding full

width at half maximum. For each value given in Table 1,
the collision volume (V ) multiplied by the perturber den-
sity (N) is much less than one and the impact approxima-
tion is valid (Sahal-Bréchot 1969a,b). Values for NV > 0.5
are not given and values for 0.1 < NV ≤ 0.5 are denoted
by an asterisk. Tabulated Stark broadening parameters
are linear with perturber density for perturber densities
lower than 1015 cm−3. When the impact approximation
is not valid, the ion broadening contribution may be es-
timated by using the quasistatic approach (Sahal-Bréchot
1991; Griem 1974). In the region between, where neither
of these two approximations is valid, a unified type theory
should be used. For example in Barnard et al. (1974), a
simple analytical formula for such a case is given. The ac-
curacy of the results obtained decreases when broadening
by ion interactions becomes important.

In Table 3 our results are compared with the ex-
perimental results (Jaeger 1969; Purić & Konjević 1972;
Hadžiomerspahić et al. 1973; Fleurier et al. 1977) critically
selected by Konjević & Roberts (1976); Konjević & Wiese
(1976, 1990) and Konjević et al. (1984a,b). One can see
that large differences between particular experiments and
between theory and experiment exist. An agreement exists
between widths of Fleurier et al. (1977), whose experiment
was critically estimated by Konjević et al. (1984b) to have
the highest accuracy among Ba II experimental data, and
our results for 6s2S − 6p2P◦ multiplet. For the shift, the
best agreement is with the results of Purić & Konjević
(1972) for the same multiplet.

Our results for Stark width are in agreement with the
semiclassical calculations of Cooper & Oertel (1967) as
well as with the semiclassical calculations by using the
theoretical approach developed by Griem et al. (1962)
and further improved and described in detail by Jones et
al. (1971) and Griem (1974), performed by W.W. Jones
(private communication in Konjević & Wiese 1976), and
Purić et al. (1978). Our Stark width calculation are also
in agreement within the error bars of the methods with
various semiempirical calculations (Hadžiomerspahić et al.
1973; Fleurier et al. 1977; Dimitrijević & Konjević 1981)
as well as with simple Stark width estimates of Lakićević
(1983), on the basis of the Stark broadening parameter de-
pendence on the ionization potential from the lower level
of the corresponding transition. For Ba I 6s21S − 6p1P◦

Lakićević (1983) obtained FWHM = 0.48 Å at an elec-
tron density of Ne = 1017 cm−3 and electron tempera-
ture T = 20000 K, and our result is 0.30 Å. For Ba II
6s2S − 6p2P◦ multiplet for the same plasma conditions,
Lakićević obtains FWHM = 0.50 Å and our result is
0.43 Å.

Our results for the shift are in agreement within the
error of the method with the semiclassical calculations of
W.W. Jones (private communication in Konjević & Wiese
1976), but in strong disagreement with calculations of
Gorchakov & Demkin (1978), performed within the semi-
classical approach of Vainshtein & Sobel’man (1959), with
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Table 3. Experimental Stark full widths at half maximum (Wm) and shifts (dm) in Å compared with theory. The Wth and
dth are present semi - classical calculations. Experimental values: (a) - Fleurier et al. (1977); (b) - Jaeger (1969); (c) - Purić &
Konjević (1972); (d) - Hadžiomerspahić et al. (1973)

Transition Wawelength T (K) Ne Wm Wth dm dth Ref.
(Mult.) [10(+17) [A] [A] [A] [A]

cm(-3)]

5d−6p 6141.72 13000 1.13 0.50 0.91 - - a
(2) 13200 1 1.58 0.80 - - b

16800 1 - - 0.07 0.002 c
27100 1 0.28 0.62 - - d
31700 1 0.28 0.59 - - d

6496.9 16800 1 - - 0.07 0.002 c
27100 1 0.28 0.62 0.05 0.002 d
31700 1 0.28 0.59 - - d

5853.7 13200 1 1.32 0.80 - - b

6s−6p 4554.03 13000 1.13 0.49 0.58 −0.050 −0.095 a
(1) 13200 1 0.80 0.51 - - b

16800 1 - - −0.06 −0.076 c
27100 1 0.26 0.39 - - d

4934.09 13000 1.13 0.49 0.58 −0.050 −0.095 a
13200 1 0.94 0.51 - - b
16800 1 - - −0.07 −0.076 c
27100 1 0.24 0.39 - - d

6p−6d 4130.6 13200 1 1.24 1.07 - - b
(4)

4166.0 13200 1 1.26 1.07 - - b

3891.8 16800 1 - - 0.26 0.49 d
31700 1 0.28 0.93 0.33 0.40 d

6p−7s 4899.9 13200 1 1.48 1.10 - - b
(3) 4524.9 13200 1 1.28 1.10 - - b

the semi the empirical calculations of Purić & Konjević
(1972) and with the simple estimates of Lakićević (1983).
New high precision measurements of Stark broadening pa-
rameters for Ba I and Ba II lines will be of interest for the
development of theoretical methods for heavy atoms and
ions.
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Šleivyté J., Bartkevičius A., 1995, Vilniaus Astron. Obs. Biul.

85, 3
Van Regemorter H., Hoang Binh Dy Prud’homme M., 1979, J.

Phys. B 12, 1073
Vainshtein L.A., Sobel’man I.I., 1959, Opt. Spektrosk. 6, 440
Vitel Y., Skowronek M., Dimitrijević M.S., Popović M.M.,
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Abstract. Using a semiclassical approach, we have cal-
culated electron-, proton-, and He III-impact line widths
and shifts for 114 P IV multiplets for perturber densities
1015−1020 cm−3 and temperatures T = 5000−1 000 000 K.
The obtained results have been compared with results ob-
tained by using various simpler approaches.

Key words: lines: profile-atomic data

1. Introduction

The Stark broadening parameters of P IV lines are of
interest not only for the plasma diagnostic but for the
research of regularities and systematic trends and theo-
retical considerations as well. Consequently, Stark widths
for P IV 4s1S − 4p1P◦, 4s3S − 4p3P◦ and 3p3P◦ − 3d3D
multiplets have been determined (Dimitrijević & Konjević
1981; Dimitrijević 1988a,b) within the modified semiem-
pirical approach (Dimitrijević & Konjević 1980), Griem’s
semiempirical approach (Griem 1968), simplified semiclas-
sical approach (Eq. (526) in Griem 1974) and its modifi-
cation (Dimitrijević & Konjević 1980).

This paper is the fifteenth of a series devoted to the cal-
culation of Stark broadening parameters of spectral lines
of multicharged ions (see Dimitrijević & Sahal-Bréchot
1995 and references therein, as well as Dimitrijević &
Sahal-Bréchot 1996a,b). In order to continue our research
of Stark broadening parameters needed for the investi-
gation of astrophysical and laboratory plasmas and to

Send offprint requests to: M.S. Dimitrijević
? Table 1 is only available in electronic form: The material
published electronically can be accessed: by ftp at cdsarc.u-
strasbg.fr or 130.79.128.5 or on WWW at: http//cdsweb.u-
strasbg.fr/abstract.html

provide the needed Stark broadening data, we have cal-
culated within the semiclassical-perturbation formalism
(Sahal-Bréchot 1969a,b) electron-, proton-, and He III-
impact line widths and shifts for 114 PIV multiplets. The
original computer code (Sahal-Bréchot 1969a,b), has been
updated and optimized several times (Sahal-Bréchot 1974;
Fleurier et al. 1977; Dimitrijević et al. 1991; Dimitrijević
& Sahal-Bréchot 1996c). A summary of the formalism is
given in Dimitrijević & Sahal-Bréchot (1996c).

2. Results and discussion

The energy levels for P IV lines have been taken from
Martin et al. (1985). Oscillator strengths have been calcu-
lated by using the method of Bates & Damgaard (1949)
and the tables of Oertel & Shomo (1968). For higher lev-
els, the method described by Van Regemorter et al. (1979)
has been used.

In addition to electron-impact full halfwidths and
shifts, Stark-broadening parameters due to proton-, and
He III- impacts have been calculated. Our results for 114
P IV multiplets are shown in Table 1 (published only in
electronic form), for perturber densities 1015− 1020 cm−3

and temperatures T = 5000− 1 000 000 K. We also spec-
ify a parameter c (Dimitrijević & Sahal−Bréchot 1984),
which gives an estimate for the maximum perturber den-
sity for which the line may be treated as isolated when it
is divided by the corresponding full width at half maxi-
mum. For each value given in Table 1, the collision vol-
ume (V ) multiplied by the perturber density (N) is much
less than unity and the impact approximation is valid
(Sahal−Bréchot 1969a,b). Values for NV > 0.5 are not
given and values for 0.1 < NV ≤ 0.5 are denoted by
an asterisk. When the impact approximation is not valid,
the ion broadening contribution may be estimated by us-
ing quasistatic approach (Sahal−Bréchot 1991 and Griem
1974). In the region between where neither of these two
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Table 2. Present semiclassical Stark full widths at half maximum (WDSB) in Å compared with the calculations of Dimitrijević
(1988a,b) by using the modified semiempirical approach (Dimitrijević & Konjević 1980), Griem’s semiempirical approach (Griem
1968), symplified semiclassical approach (Eq. (526) in Griem 1974) and its modification (Dimitrijević & Konjević 1980)

approximations is valid, a unified type theory should be
used. For example in Barnard et al. (1974), a simple an-
alytical formula for such a case is given. The accuracy
of the results obtained decreases when broadening by ion
interactions becomes important.

In Table 2, present semiclassical Stark full widths at
half maximum (WDSB) in Å are compared with the cal-
culations in Dimitrijević (1988a,b) by using the modified
semiempirical approach (Dimitrijević & Konjević 1980),
Griem’s semiempirical approach (Griem 1968), simplified
semiclassical approach (Eq. (526) in Griem 1974) and its
modification (Dimitrijević & Konjević 1980). One can see
that the best agreement is with the results obtained by
using the simplified semiclassical approach.

For further development and refinement of the theory,
the corresponding experimental data will be very useful.
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Sahal-Bréchot S., 1974, A&A 35, 321
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Abstract. With the development of space-borne spec-
troscopy, spectral line parameters for a large number of
lines become of increasing interest for astrophysics. To
provide Stark broadening data for ion lines from complex
spectra, we present here calculated Stark widths for 37 Kr
II lines from the 5s− 5p transition. The calculations were
performed by using a modified semiempirical approach.
The obtained Stark widths are on average in satisfactory
agreement with available experimental data.

Key words: atomic data — lines, profiles

1. Introduction

Stark broadening data for many transitions of many atoms
and ions are needed for diagnosis of laboratory and astro-
physical plasmas. As an example, data for more than 106

transitions, including line-profile parameters, are needed
for the calculation of stellar opacities (Seaton 1988). With
the development of space-borne spectroscopy, interest in-
creases even more for a large number of spectral line pro-
file parameters. For example, Leckrone et al. (1993) stated
that with the Goddard High Resolution Spectrograph
(GHRS) on Hubble Space Telescope they “have dou-
bled the number of heavy elements (22 ≤ Z ≤ 80) for
which abundances in χ Lupi can be estimated, compared
to ground-based data alone”. Cardelli et al. (1991) have
used the GHRS for investigation of spectra of the in-
terstellar medium, which more accurately represents the
pre-stellar material from which the Ap and Bp stars
(where Stark broadening data are of interest) are formed
(Leckrone et al. 1993). For the first time, they have begun
to detect elements such as krypton and germanium.

Send offprint requests to: L.Č. Popović
? Tables 1-4 are only available in electronic form via anony-
mous ftp 130.79.128.5 at the CDS in Strasbourg or via
http://cdsweb.u-strasbg.fr/Abstract.html

Stark broadening for Kr II lines has additional
theoretical interest for the investigation of regulari-
ties and systematic trends for singly-charged noble gas
ions (e.g. Dimitrijević & Popović 1989; Di Rocco 1990;
Purić et al. 1991; Bertuccelli & Di Rocco 1993). Stark
broadening data for Xe II, which is homologous with
Kr II, have been published recently (Popović &
Dimitrijević 1996a). A consistent set of Stark broaden-
ing data for Kr II and Xe II enables the investigation and
testing of regularities in the case of homologous atoms, as
well as Stark width estimates for homologous sequences
for noble gas ions.

Stark broadening of Kr II lines have been consid-
ered experimentally (see e.g. Brandt et al. 1981; Pittman
& Konjević 1986; Vitel & Skowronek 1987; Uzelac &
Konjević 1989; Lesage et al. 1989; Bertuccelli & Di Rocco
1991) and theoretically (see e.g. Bertuccelli & Di Rocco
1993). Bertuccelli & Di Rocco (1993) have calculated
Kr II Stark widths for several lines by using analytical ex-
pressions for the cross sections and rate coefficients based
on the Born approximation, with and without the em-
pirical modification for the collision strength suggested
by Robb and with the help of a semiempirical method
(Griem 1968). Estimates also exist based on the depen-
dence on atomic number and the upper level ionization
potential, established from the consideration of regulari-
ties (Di Rocco 1990; Purić et al. 1991; Bertuccelli & Di
Rocco 1991, 1993). Here we present Stark widths for
37 spectral lines from the 5s − 5p transition array of
singly-charged krypton, calculated by using a modified
semiempirical approach (Dimitrijević & Konjević 1980;
Dimitrijević & Kršljanin 1986). Due to the complexity
of the Kr II spectrum, calculations were performed as
in Popović & Dimitrijević (1996b). Our results for Stark
widths and shifts are compared with the available experi-
mental and theoretical data.

2. Results and discusion

The atomic energy levels needed for the calculation
were taken from Sugar & Musgrove (1991). Oscillator



296 L.Č. Popović and M.S. Dimitrijević: Stark broadening parameters for Kr II lines from 5s− 5p transitions

strengths have been calculated using the method of Bates
& Damgaard (1949). Our investigation of the influence of
the departure from the LS coupling scheme on the Xe
II Stark broadening parameters (Popović & Dimitrijević
1996a) has demonstrated that the differences between re-
sults obtained by using the LS and jK coupling schemes
are relatively small in comparison with the accuracy of the
modified semiempirical method (±50% in average). The
differences for the homologous Kr II radiator should not be
larger, so that the use of the LS coupling approximation
should not influence the accuracy significantly, especially
for transitions between lower levels. In Table 1 (accessi-
ble only in electronic form), we present Stark widths for
37 Kr II lines obtained for temperatures from 5000 K up
to 50000 K and at an electron density of 1023 m−3. Since
we have found that the ion broadening contribution to the
line widths is several percent, only the electron broadening
contribution is given.

Our results for Stark widths have been compared in
Table 2 (accessible only in electronic form) and Figs. 1-
3 with available experimental data (Brandt et al. 1981;
Vitel & Skowronek 1987; Uzelac & Konjević 1989; Lesage
et al. 1989; Bertuccelli & Di Rocco 1990). The ratio of
measured and calculated data varies between 0.73 and
1.97 (or 1.60 if we exclude the results of Bertuccelli &
Di Rocco 1991). This is similar agreement as for the ho-
mologous 5s− 5p Xe II transitions, where this ratio varies
between 0.7 and 1.4 (Popović & Dimitrijević 1996a). One
can see from Table 2 that the largest disagreement exists
between our theoretical Stark widths and the experimen-
tal data given by Bertuccelli & Di Rocco (1990) (wm/wth

vary from 0.73 up to 1.97). One should notice however,
that they have not determined the electron density di-
rectly. They estimated the electron density by comparing
the experimental widths of five selected lines with those
obtained in Lesage et al. (1989) and Vitel & Skowronek
(1987). The measured and calculated width ratios in the
case of Uzelac & Konjević (1989), Brandt et al. (1981) and
Vitel & Skowronek (1987) are well within the error bars
of the modified semiempirical method (±50). This is the
case for Lesage et al. (1989) as well, with the exception of
the 461.9 nm line. Since all experimental data are within a
narrow temperature range between 11000 K and 17400 K,
where the Stark widths decrease quicker than for higher
temperatures, it is significant to provide new reliable ex-
perimental data for higher temperatures in order to check
the theoretical temperature dependence.

In Table 1, data are presented for each particular line
within a multiplet. One should notice that the atomic
energy level differences within the considered multiplets
are comparable to the distances to the nearest perturb-
ing level. Consequently, the line widths within a multi-
plet differ (Dimitrijević 1982). For example, for the lines
λ = 429.29 nm (5s4P3/2 − 5p4D0

3/2) and λ = 476.57 nm

(5s4P3/2−5p4D0
5/2), the lower (5s4P3/2) level is the same.

Fig. 1. Stark full-width (FWHM) for Kr II λ = 465.9 nm spec-
tral line as a function of temperature, at an electron density of
N = 1023 m−3

Fig. 2. Same as in Fig. 1, but for line λ = 473.9 nm

On the other hand, the upper level of the 476.57 line,
i.e. 5p4D0

5/2, is much closer to the 4d perturbing levels

and especially to the 4d4P5/2 and 4d4P3/2 perturbing lev-
els than the upper level (5p4D0

3/2) of the 429.29 nm line.
Consequently, the 476.57 nm line width should be larger
than the 429.29 nm line width. Indeed, the ratio of the cor-
responding widths is w476.57/w429.29 = 1.34 from our cal-
culations, w476.57/w429.29 = 1.7 (Lesage et al. 1989) and
w476.57/w429.29 = 1.16 (Bertuccelli & Di Rocco 1991) from
experiment.

The averaged value of the experimental and the the-
oretical data ratio is wexp/wth = 1.25 ± 0.05, where the
indicated error is an average quadratic error calculated
in the same way as in Popović & Dimitrijević (1996a). If
there are several values at different temperatures from the
same reference for the same line, these values have been
averaged before making an average ratio for the line. As
one can see, the calculated Stark widths give a satisfactory
agreement with experimental values on average.

The theoretical Stark widths for several lines are given
in Bertuccelli & Di Rocco (1993). They have calculated
Stark widths (only for T = 10000 and Ne = 1023 m−3) by
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Fig. 3. Same as in Fig. 1, but for line λ = 435.5 nm

using Griem’s semiempirical formula (Griem 1968) and by
using the approach based on the Born approximation with
and without the empirical modification for the collision
strength suggested by Robb (see Bertuccelli & Di Rocco
1993). In Table 3 (accessible only in electronic form), we
have compared our theoretical data with the theoreti-
cal data calculated by Bertucceli & Di Rocco (1993) and
with the experimental data (Brandt et al. 1981; Vitel &
Skowronek 1987; Uzelac & Konjević 1989; Lesage et al.
1989; Bertuccelli & Di Rocco 1991) for several lines. Data
presented for a particular line are averaged if several values
exist. As one can see, the ratios of calculations performed
by Bertuccelli & Di Rocco (1993) and our calculations are
1.95, 1.76 and 1.56 for the calculations by using the ap-
proach based on the Born approximation with and without
the empirical modification for the collision strength sug-
gested by Robb and by using the Griem’s semiempirical
approach, respectively. Also, their calculations are signif-
icantly larger in comparison with experimental data.

There are Stark shift experimental data for three Kr II
lines (Vitel & Skowronek 1987). The comparison between
our calculations and experimental Stark shifts is shown in
Table 4 (accessible only in electronic form). One should
notice that the theoretical shifts are generally of lower
accuracy than widths (see e.g. Dimitrijević et al. 1981;
Popović et al. 1993). Namely, the contributions from dif-
ferent perturbing levels to the shift have different signs. If
contributions with both signs are similar, shift accuracy is
much lower. In view of these facts, the agreement between
calculated and experimental shifts is satisfactory with the
exception of the 435.55 nm line. The calculated data for
Stark shifts can be obtained on request from the authors.

We hope that the presented data set on Kr II Stark
widths will be of help for the analysis of the trace element
spectral lines and abundances (especially by using space-
borne telescopes and instruments such as HST/GHRS),
as well as for the investigation of regularities within ho-
mologous atom/ion sequences and their use for the inter-
polation of new data.

Acknowledgements. This work has been supported by the
Ministry of Science and Technology of Serbia through the
project “Astrometrical, Astrodynamical and Astrophysical
Researches”.

References

Bates D.R., Damgaard A., 1949, Trans. Roy. Soc. London, Ser
A 242, 101

Bertuccelli D., Di Rocco H.O., 1991, Phys. Scr. 44, 138
Bertuccelli D., Di Rocco H.O., 1993, Phys. Scr. 47, 747
Brandt T., Helbig V., Nick K.P., 1981, Spectral line shapes,

Wende B. (ed.). Berlin, W. de Gruyter
Cardelli J.A., Savage B.D., Ebbets D.C., 1991, ApJ 383, L23
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Popović L.Č., Dimitrijević M.S., 1996b, Phys. Scr. 53, 325
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Abstract. Using a semiclassical approach, we have calcu-
lated electron−, proton−, and He III−impact line widths
and shifts for 34 S V multiplets for perturber densi-
ties 1017 − 1021 cm−3 and temperatures T = 20 000 −
1 000 000 K. For lower perturber densities, the obtained
results are linear with perturber density.
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1. Introduction

Stark widths and shifts of S V lines are of interest not only
for the laboratory plasma research and for testing and de-
velopping of the Stark broadening theory for shapes of
multicharged ion lines, but as well for the consideration of
subphotosperic layers and atmospheres of hot stars. They
are also of importance for the considerations of regulari-
ties and systematic trends particularly along isoelectronic
sequences. Recently, S V spectral lines have been observed
in spectra of some sdO stars (Rauch 1996). The relevant
parameter range for the spectrum synthesis is for the elec-
tron density up to Ne = 1017 cm−3 and the effective tem-
perature 20 000 K ≤ Teff ≤ 160 000 K. For such condi-
tions, Stark broadening is the main pressure broadening
mechanism, and toward the density of Ne = 1017 cm−3

it becomes comparable with Doppler width or even domi-
nant. Consequently, data on the shape of S V spectral lines
are of interest for the modelling and interpretation of sdO
star spectra, as well as for consideration and modelling of
subphotospheric layers in other stars.

? Table 1 is only available in electronic form: The material
published electronically can be accessed: by ftp at cdsarc.u-
strasbg.fr or 130.79.128.5 or on WWW at: http//cdsweb.u-
strasbg.fr/abstract.html

This paper is the sixteenth of a series devoted to
the investigation of Stark broadening parameters of
spectral lines of multicharged ions (see Dimitrijević &
Sahal-Bréchot 1995 and references therein, as well as
Dimitrijević & Sahal-Bréchot 1996a,b). In order to con-
tinue the attempt to provide to astrophysicists and plasma
physicists Stark broadening parameters needed for the re-
search of astrophysical and laboratory plasmas as well as
plasmas in various plasma devices in technology, we have
calculated within the semiclassical-perturbation formal-
ism (Sahal-Bréchot 1969a,b), electron-, proton-, and He
III-impact line widths and shifts for 34 S V multiplets.

2. Results and discussion

The original computer code (Sahal-Bréchot 1969a,b), has
been modernized, updated and optimized several times
(Sahal-Bréchot 1974; Fleurier et al. 1977; Dimitrijević &
Sahal-Bréchot 1984; Dimitrijević et al. 1991; Dimitrijević
& Sahal-Bréchot 1996b). A summary of the formalism is
given in Dimitrijević & Sahal-Bréchot (1996b), and will
not be repeated here. Atomic energy levels needed for
calculations have been taken from Martin et al. (1990).
Oscillator strengths have been calculated within the
Coulomb approximation (Bates & Damgaard 1949, and
the tables of Oertel & Shomo 1968). For higher levels, the
method of Van Regemorter et al. (1979) has been used.

Our results for 34 S V multiplets are shown in Table 1
(accessible only in electronic form), for perturber densi-
ties 1017 − 1021 cm−3 and temperatures T = 20 000 −
1 000 000 K. The complete set of data is given for the
perturber density of 1018 cm−3. For perturber density
of 1017 cm−3, only data for higher transitions, needed
for better interpolation with perturber density are given.
Stark broadening parameters for densities lover than tab-
ulated, are linear with perturber density. We also specify
a parameter c (Dimitrijević & Sahal-Bréchot 1984), which
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gives an estimate for the maximum perturber density for
which the line may be treated as isolated when it is di-
vided by the corresponding full width at half maximum.
For each value given in Table 1, the collision volume (V )
multiplied by the perturber density (N) is much less than
one and the impact approximation is valid (Sahal-Bréchot
1969a,b). Values for NV > 0.5 are not given and values
for 0.1 < NV ≤ 0.5 are denoted by an asterisk. When
the impact approximation is not valid, the ion broaden-
ing contribution may be estimated by using quasistatic
approach (Sahal-Bréchot 1991 or Griem 1974). In the re-
gion between where neither of these two approximations
is valid, a unified type theory should be used. For example
in Barnard et al. (1974), a simple analytical formulas for
such a case are given. The accuracy of the results obtained
decreases when broadening by ion interactions becomes
important.

We hope that presented results will be useful for
the interpretation and modelling of sdO stars spectra as
well as for subphotospheric layers research and for lab-
oratory plasma considerations. For further development
and rafinement of the Stark broadening theory for multi-
charged ion lineshapes, as well as for the investigation of
regularities and systematic trends of Stark broadening pa-
rameters along isoelectronic sequences, the corresponding
experimental data will be very useful.
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Dimitrijević M.S., Sahal-Bréchot S., 1984, J. Quant. Spectrosc.

Radiat. Transfer 31, 301
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Abstract. The electron - impact line widths and shifts for
16 Mn II, 3 Mn III, 10 Ga III, 8 Ge III and 14 Ge IV multi-
plets, have been considered within a modified semiempir-
ical approach. Moreover, using a semiclassical approach,
we have considered electron−, proton−, and He III-impact
line widths and shifts for 3 Ge IV multiplets. The obtained
results have been compared with other theoretical results.
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1. Introduction

Lines of doubly- and triply-charged emitters are present in
atmospheres of hot (A and B) stars (Teff

>
≈10000 K) where

Stark broadening mechanism is important. Moreover for
such plasma conditions, it is the main pressure broad-
ening mechanism. Also, as it was shown in Popović &
Dimitrijević (1996a), in stellar atmospheres there exist
conditions where Stark widths are comparable and even
up to one order magnitude larger than the correspond-
ing thermal Doppler widths. Consequently, Stark width
data for a large number of transitions in many atomic
and ionic spectra are needed for modeling of hot stellar
plasma. Even in cooler stars, Stark broadening data for
multicharged ion species may be of interest for the mod-
eling of subphotospheric layers, for radiative transfer and
opacity calculations, as well as for further developement
of the physics of stellar interiors (Seaton 1987).

The increase of the number of spectral lines of as-
trophysical interest is additionally stimulated with the
development of the space observations. Leckrone et al.

Send offprint requests to: L.Č. Popović
? Tables 1-4 are only available in electronic form via anony-
mous ftp 130.79.128.5 at the CDS in Strasbourg or via http://
cdsweb.u-strasbg.fr/Abstract.html

(1993) investigating chemically peculiar stars with the
Goddard High Resolution Spectrograph (GHRS) on the
Hubble Space Telescope (HST) have found that “begining
at Z = 32 (germanium) and extending to heavier ele-
ments, there is a dramatic increase in the magnitude of
overabundance. All species between Z = 32 and Z = 56
analysed are overabundant relative to the Sun”.

Here we present Stark broadening parameters for three
ionized elements which lines are present in spectra of hot
star atmospheres. Manganese is overabundant in atmo-
spheres of Hg-Mn stars (Heacox 1979; Cowley 1980; Smith
& Dworetsky 1993 etc.), and lines of singly and dou-
bly charged manganese ions are observed in stellar atmo-
spheres (Heacox 1979; Cowley 1980; Smith & Dworetsky
1993). Takada-Hidai et al. (1986) have analysed Ga II and
Ga III lines in high resolved IUE spectra observed for 53
B and A stars and they have found an overabundance of
gallium in the magnetic Si and Si Cr Eu stars, in the non-
magnetic Hg-Mn stars and in the He-weak PGa stars (for
gallium overabundance analyses see also e.g. Heacox 1979
and Smith 1995). They have used for the spectrum synthe-
sis models with Teff = 11000 K – 17000 K and log g = 3.5,
where the Stark broadening is the main pressure broaden-
ing mechanism and where the inclusion of this mechanism
is of importance (Dimitrijević & Artru 1986). Moreover,
Smith (1995) underlines the importance of gallium spec-
tral lines for the detection of stratification effects in HgMn
stars.

Spectral lines of germanium (Ge II, Ge III) are present
in hot star spectra, as e.g. in β Ori (Selvelli et al. 1977)
spectrum. They may be additionally of interest for stellar
interior physics since germanium is commonly associated
with slow-neutron capture nucleosynthesis (Leckrone et al.
1993).

In order to provide to astrophysicists the Stark broad-
ening data needed for stellar spectra analysis and syn-
thesis as well as for astrophysical and physical plasmas
research and modelling, an effort has been made (see
Dimitrijević 1996 and references therein) to obtain the
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Fig. 1. Stark full widths for 4s2S− 4p2P0 transition of Ge IV
calculated by using different approximations, as functions of
temperature. The electron density is 1023 m−3

needed data within the semiclassical perturbation ap-
proach, developed by Sahal-Bréchot (1969a,b) and im-
proved and updated several times (Sahal-Bréchot 1974;
Fleurier et al. 1977; Dimitrijević & Sahal-Bréchot 1984
1995; Dimitrijević et al. 1991). In the case where the semi-
classical perturbation approach is not applicable with an
appropriate accuracy due to the lack of reliable atomic en-
ergy levels data, the simpler, modified semiempirical ap-
proach (Dimitrijević & Konjević 1980) has been applied.

Table 5. Stark widths for Mn II a5D− z5P0 multiplet ob-
tained by using different approximations (Dimitrijević 1982).
Used notation: WMSE – calculation with the modified semiem-
pirical approach (Dimitrijević & Konjević 1980), WSE –
semiempirical approach (Griem 1968), WSC – semiclassical the-
ory of Jones et al. (1971)

Transition T (K) WSEM(nm) WSE(nm) WSC(nm)

a5D− z5P0 2500 .0246 .0166 .0266
Mn II 5000 .0174 .0117 .0190

λ = 346.4 nm 10000 .0123 .0083 .0144
20000 .00870 .00587 .0114

Here we have calculated within the semiclassical per-
turbation formalism (Sahal-Bréchot 1969a,b) electron-,
proton-, and He III-impact line widths and shifts for 3
Ge IV lines. Moreover, Stark widths and shifts for 16 Mn
II, 3 Mn III, 7 Ga III, 8 Ge III and 13 Ge IV lines for which
there is not a set of reliable atomic energy level data suffi-
ciently complete to achieve the appropriate accuracy of the
semiclassical perturbation method, have been calculated

Table 6. Same as in Table 5, but for Ga III 4s2S− 4p2P0

multiplet (Dimitrijević & Artru 1986). WG – aproximate semi-
classical method (Griem 1974)

Transition T (K) WSEM(nm) WSE(nm) WG(nm)

4s2S− 4p2P0 2500 .00325 .00229 .00436
Ga III 5000 .00230 .00162 .00311

λ = 150.8 nm 10000 .00163 .00114 .00223
20000 .00115 .000808 .00163
40000 .000814 .000571 .00123

within the modified semiempirical approach (Dimitrijević
& Konjević 1980 and for ions with complex spectra see
also Popović & Dimitrijević 1996b).

2. Results and discussion

Summaries of the semiclassical perturbation formalism
(Sahal-Bréchot 1969a,b) and of the modified semiempir-
ical formalism (Dimitrijević & Konjević 1980) are given
in Dimitrijević & Sahal-Bréchot (1995) and Popović &
Dimitrijević (1996b) and will not be repeated here. The
atomic energy levels needed for calculations were taken
from Bashkin & Stoner (1987) for Mn II, Moore (1971)
for Mn III, Ryabtsev & Wyart (1987) and Isberg & Litzén
(1986) for Ga III, Sugar & Musgrove (1993) for Ge III,
and in Ryabtsev & Wyart (1987) and Sugar & Musgrove
(1993) for Ge IV. Oscillator strengths have been calcu-
lated by using the method of Bates & Damgaard (1949)
and the tables of Oertel & Shomo (1968). For higher lev-
els, the method described by Van Regemorter et al. (1979)
has been used.

Results obtained within the modified semiempirical
approach – MSE (Dimitrijević & Konjević 1980) for elec-
tron − impact line widths and shifts for 16 Mn II, 3 Mn
III, 10 Ga III, 8 Ge III and 14 Ge IV multiplets as a
function of temperature are presented in Tables 1 – 3 (ac-
cessibles only in electronic form). The calculations were
performed for the perturber density of 1023 m−3. Within
the used approach, results for electron-impact broadening
parameters are linear with electron density. For three lines
of Ge IV it is possible to calculate Stark broadening pa-
rameters within the semiclassical perturbation approach
(Sahal-Bréchot 1969a,b). For electron−, proton−, and He
III-impact line widths and shifts for 3 Ge IV multiplets
for the perturber densities of 1023 − 1026 m−3 and tem-
peratures T = 5000 − 500000 K, are shown in Table 4
(accessible only in electronic form). For electron densities
lower than tabulated, a linear interpolation with density
is sufficient. We also specify a parameter C (Dimitrijević
& Sahal-Bréchot 1984), which gives an estimate for the
maximum perturber density for which the line may be
treated as isolated when it is divided by the correspond-
ing full width at half maximum. For each value given
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in Table 1, the collision volume (V ) multiplied by the
perturber density (N) is much less than one and the
impact approximation is valid (Sahal-Bréchot 1969a,b).
Values for NV > 0.5 are not given and values for 0.1 <
NV ≤ 0.5 are denoted by an asterisk. For higher densi-
ties, when the impact approximation is not valid, the ion
broadening contribution may be estimated by using qua-
sistatic approach (Sahal-Bréchot 1991 or Griem 1974). In
the region between where neither of these two approxima-
tions is valid, a unified type theory should be used. For
example in Barnard et al. (1974), simple analytical formu-
las for such a case are given. The accuracy of the results
decreases when broadening by ion interactions becomes
important. As an illustration, in Fig. 1. we have compared
Stark widths calculated by using the semiclassical, MSE,
simplified MSE and Griem’s semiempirical appraoch.

In the case of these ions there is not measured Stark
broadening parameters. For Mn II a5D− z5P0 transition
Dimitrijević (1982) performed calculations by using the
MSE, Griem’s semiempirical approach – SE (Griem 1968)
and semiclassical approach of Griem (see Jones et al.
1971; Griem 1974). Since these data complete MSE re-
sults for Mn II they are shown here in Table 5, together
with semiempirical and semiclassical results. The MSE
results are in good agreement with more sophisticated
semiclassical calculations. For Ga III 4s2S− 4p2P0 multi-
plet calculations by using the MSE and the SE approach
as well as calculations by using approximate semiclassi-
cal method (Griem 1974) and the modification of this
method (Dimitrijević & Konjević 1980) were performed
by Dimitrijević & Artru (1986). For this multiplet cal-
culations within the SE approach are given in Purić et al.
(1978) as well. Results according to the approximate semi-
classical method are slightly larger than MSE results and
results obtained by the modification of approximate semi-
classical method which are in good agreement.

Also, for Mn II a7S− z7P0 multiplet, width and shift
estimated on the basis of Stark broadening parameters de-
pendence on ionized potential from the lower level of the
corresponding transition exist as well (Lakićević 1983).
For an electron density of 1023 m−3 and an electron tem-
perature of 20000 K, Lakićević obtains WL = 0.008 nm
and |d|L = 0.0036 nm, while our results are WMSE =
0.0041 nm and |d|MSE = 0.00093 nm.

We hope that Stark broadening data presented here
will be of interest for space spectroscopy and for chemi-
cally peculiar star research as well as for laboratory plasma
spectroscopy. Experimental data for considered ion lines
will be of interest for the discussion and developement of
Stark broadening theory for heavier emitters with more
complex spectra.
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Sahal-Bréchot S., 1974, A&A 35, 321
Seaton M.J., 1987, J. Phys. B 20, 6363
Selvelli P.L., Crivellari L., Stalio R., 1977, A&AS 27, 1
Smith K.C., 1995, A&A 297, 237
Smith K.C., Dworetsky M.M., 1993, A&A 274, 335
Sugar J., Musgrove A., 1993, J. Phys. Chem. Ref. Data 22,

1238
Takada-Hidai M., Sadakane K., Jugaku J., 1986, ApJ 304, 425
Van Regemorter H., Hoang Binh Dy, Prud’homme M., 1979,

J. Phys. B 12, 1073



ASTRONOMY & ASTROPHYSICS MARCH I 1998, PAGE 359

SUPPLEMENT SERIES

Astron. Astrophys. Suppl. Ser. 128, 359-360 (1998)

Stark broadening of spectral lines of multicharged ions of
astrophysical interest

XVII. Ca IX and Ca X spectral lines?
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Abstract. Using a semiclassical approach, we have calcu-
lated electron−, proton−, and He III−impact line widths
and shifts for 4 Ca IX multiplets for perturber densities
1018 − 1022 cm−3 and 48 Ca X multiplets for perturber
densities 1017−1022 cm−3. In both cases the temperature
range is T = 200000 − 5000000 K. For lower perturber
densities, obtained results are linear with perturber den-
sity.

Key words: lines: profile-atomic data — plasmas

1. Introduction

Stark widths and shifts of Ca IX and Ca X lines are obvi-
ously of interest for the laboratory plasmas, fusion plasmas
and laser produced plasmas research as well as for testing
and developing of the Stark-broadening theory for multi-
charged ion lines. Due to the abundance of calcium, such
data are of interest for the consideration of solar and stel-
lar plasma, particularly for subphotospheric layers, as well
as for radiative transfer considerations. They are also of
importance for the investigations of regularities and sys-
tematic trends particularly along isoelectronic sequences.

This paper is the seventeenth of a series devoted
to the investigation of Stark broadening parameters of
spectral lines of multicharged ions (see Dimitrijević &
Sahal-Bréchot 1995 and references therein, as well as
Dimitrijević & Sahal-Bréchot 1996a,b, 1997). As the con-
tinuation of our work with the objective to provide to as-

Send offprint requests to: M.S. Dimitrijević
? Table 1 is only available in electronic form: The material
published electronically can be accessed: by ftp at cdsarc.u-
strasbg.fr or (130.79.128.5) or on WWW at: http://cdsweb.u-
strasbg.fr/Abstract.html

trophysicists and plasma physicists Stark broadening pa-
rameters needed for research on astrophysical and labora-
tory plasmas, we have calculated within the semiclassical-
perturbation formalism (Sahal-Bréchot 1969a,b), elec-
tron-, proton-, and He III-impact line widths and shifts for
4 Ca IX and 48 Ca X multiplets.

2. Results and discussion

The semiclassical perturbation formalism and the relevant
computer code (Sahal-Bréchot 1969a,b) used here, have
been modernized, updated and optimized several times
(Sahal-Bréchot 1974; Fleurier et al. 1977; Dimitrijević &
Sahal-Bréchot 1984; Dimitrijević et al. 1991; Dimitrijević
& Sahal-Bréchot 1996b). The used formalism has been re-
viewed e.g. in Dimitrijević & Sahal-Bréchot (1996c) and
Dimitrijević (1996). The atomic energy levels of Ca IX
and Ca X needed for calculations have been taken from
Bashkin & Stoner (1975). The oscillator strengths have
been calculated within the Coulomb approximation (Bates
& Damgaard 1949, and the tables of Oertel & Shomo
1968). For higher levels, the method of Van Regemorter
et al. (1979) has been used.

Our results for electron−, proton−, and He III−im-
pact line widths and shifts for 4 Ca IX multiplets for per-
turber densities 1018− 1022 cm−3 and 48 Ca X multiplets
for perturber densities 1017 − 1022 cm−3, for the electron
temperatures T = 200000−5000000 K, are shown in Table
1 (accessible only in electronic form). The complete set of
data is given for the perturber density of 1019 cm−3 for
Ca IX and 1017 cm−3 for Ca X. For lower tabulated per-
turber densities, only data for higher transitions, needed
for better interpolation are given. Stark broadening pa-
rameters for densities lower than tabulated, are linear
with perturber density. We also specify a parameter c
(Dimitrijević & Sahal-Bréchot 1984), which gives an es-
timate for the maximum perturber density for which the
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line may be treated as isolated when it is divided by
the corresponding full width at half maximum. For each
value given in Table 1, the collision volume (V ) multi-
plied by the perturber density (N) is much less than
one and the impact approximation is valid (Sahal-Bréchot
1969a,b). Values for NV > 0.5 are not given and values
for 0.1 < NV ≤ 0.5 are denoted by an asterisk. When
the impact approximation is not valid, the ion broadening
contribution may be estimated by using the quasistatic
approach (Sahal-Bréchot 1991 or Griem 1974). In the re-
gion between where neither of these two approximations
is valid, a unified type theory should be used. For exam-
ple in Barnard et al. (1974), simple analytical formulas for
such a case are given. The accuracy of the results obtained
decreases when broadening by ion interactions becomes
important.

We hope the presented results will be useful for the
modelling and research of subphotospheric layers and that
considerations of radiation transfer, as well as for labora-
tory plasma investigations. Besides the theoretical data,
reliable experimental data will be of significance for fur-
ther development and refinement of the Stark broadening
theory for multicharged ion lineshapes, as well as for the
investigation of regularities and systematic trends of Stark
broadening parameters along isoelectronic sequences.
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CNRS 812, Observatoire de Paris-Meudon, 92190 Meudon, France

Received August 18; accepted September 3, 1997

Abstract. Using a semiclassical perturbation approach,
we have calculated electron−, proton−, and He III−im-
pact line widths and shifts for 4 Si XI multiplets for
perturber densities 1018− 1023 cm−3 and temperatures
T = 500 000− 4 000 000 K, and for 61 Si XIII multiplets
for perturber densities 1016− 1023 cm−3 and temperatures
T = 500 000− 6 000 000 K. For lower perturber densities,
obtained results are linear with perturber density.

Key words: lines: profile — atomic data — plasmas

1. Introduction

Silicon is present in stellar atmospheres and important for
the consideration of physical processes in stellar plasmas.
Data on its spectral lines, as well as on spectral lines from
its various ionization stages are consequently of particu-
lar astrophysical interest. Stark broadening parameters of
Si XI and Si XIII spectral lines are important not only
for astrophysics, as e.g. for the consideration of radiative
transfer through subphotospheric layers, but also for the
fusion plasmas and laser produced plasmas research. The
development of soft X-ray lasers, where Stark broadening
data are needed to calculate gain values, model radiation
trapping and to consider photoresonant pumping schemes
(see e.g. Griem & Moreno 1990; Fill & Schöning 1994),
provided an additional interest for such results.

This paper is the eighteenth of a series devoted
to the investigation of Stark broadening parameters of

Send offprint requests to: M.S. Dimitrijević
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strasbg.fr/Abstract.html

spectral lines of multicharged ions (see Dimitrijević &
Sahal-Bréchot 1995 and references therein, as well as
Dimitrijević & Sahal-Bréchot 1996a,b, 1997a,b). As a con-
tinuation of our programme (see e.g. Dimitrijević 1996) to
obtain as large as possible set of reliable Stark broadening
data needed for the consideration and modeling of astro-
physical and laboratory plasmas as well as laser produced
and fusion plasmas, and plasmas in various plasma devices
in technology, we have calculated within the semiclassical-
perturbation formalism (Sahal-Bréchot 1969a,b),
electron-, proton-, and He III-impact line widths and shifts
for 4 Si XI and 61 Si XIII multiplets. These data, together
with Stark broadening data for Si IV (Dimitrijević et al.
1991b,c) and Si XII (Dimitrijević & Sahal-Bréchot 1993,
1994) will complete availlable results of large-scale Stark
broadening calculations for multicharged silicon ion lines.

2. Results and discussion

The semiclassical perturbation formalism applied here as
well as the corresponding computer code (Sahal-Bréchot
1969a,b), have been updated and improved several times
(Sahal-Bréchot 1974; Fleurier et al. 1977; Dimitrijević &
Sahal-Bréchot 1984; Dimitrijević et al. 1991a; Dimitrijević
& Sahal-Bréchot 1996b). The semiclassical perturbation
method used here, has been reviewed e.g. in Dimitrijević
& Sahal-Bréchot (1996c) and Dimitrijević (1996). Atomic
energy levels of Si XI and Si XIII needed for calculations,
have been taken from Martin & Zalubas (1983). Oscillator
strengths have been calculated within the Coulomb ap-
proximation (Bates & Damgaard 1949, and the tables of
Oertel & Shomo 1968). For higher levels, the method of
Van Regemorter et al. (1979) has been used.

Our results for electron−, proton−, and He III−im-
pact line widths and shifts for 4 Si XI and 61 Si XIII
multiplets are shown in Table 1 (accessible only in elec-
tronic form), for perturber densities 1018−1023 cm−3 and
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1016 − 1023 cm−3 respectively. The temperature range is
T = 500 000−4 000 000 K for Si XI and 500 000−6 000 000
K for Si XIII. For Si XIII, the complete set of data is given
for the perturber density of 1019 cm−3. For lower densi-
ties, only data needed for better interpolation are given.
Stark broadening parameters for densities lover than tab-
ulated, or for transitions not tabulated for perturber den-
sities lower than 1019 cm−3 for Si XIII, are linear with
perturber density. We present in the Table 1 as well, a
parameter c (Dimitrijević & Sahal-Bréchot 1984), which
gives an estimate for the maximum perturber density for
which the line may be treated as isolated when it is di-
vided by the corresponding full width at half maximum.
For each value given in Table 1, the collision volume (V )
multiplied by the perturber density (N) is much less than
one and the impact approximation is valid (Sahal-Bréchot
1969a,b). Values for NV > 0.5 are not given and values
for 0.1 < NV ≤ 0.5 are denoted by an asterisk. When
the impact approximation is not valid, the ion broaden-
ing contribution may be estimated by using quasistatic
approach (Sahal-Bréchot 1991 or Griem 1974). In the re-
gion between where neither of these two approximations
is valid, a unified type theory should be used. For example
in Barnard et al. (1974), a simple analytical formulas for
such a case are given. The accuracy of the results obtained
decreases when broadening by ion interactions becomes
important.

Presented results may be of interest for the modelling
and research of subphotospheric layers and the consid-
erations of radiation transfer in stellar, fusion and laser
produced plasmas, as well as for the investigation and
modeling of soft X-ray lasers. They may be of significance
as well for further development and rafinement of the
Stark broadening theory for multicharged ion lineshapes,
as well as for the investigation of regularities and system-
atic trends of Stark broadening parameters along isoelec-
tronic sequences. The corresponding reliable experimental
data will be certainly of particular interest.
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Sahal-Bréchot S., 1991, A&A 245, 322
Van Regemorter H., Hoang Binh Dy, Prud’homme M., 1979,

J. Phys. B 12, 1073



ASTRONOMY & ASTROPHYSICS JUNE II 1998, PAGE 539

SUPPLEMENT SERIES

Astron. Astrophys. Suppl. Ser. 130, 539–540 (1998)

Stark broadening of spectral lines of multicharged ions of
astrophysical interest

XIX. Na X spectral lines?
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Abstract. Using a semiclassical perturbation approach,
we have calculated electron−, proton−, and He III−im-
pact line widths and shifts for 57 Na X multiplets for
perturber densities 1017− 1024 cm−3 and temperatures
T = 200 000− 5 000 000 K. For lower perturber densities,
the Stark broadening parameters are proportional to the
perturber density.

Key words: lines: profile-atomic data

1. Introduction

Data on the sodium spectral lines, as well as on spectral
lines from its various ionization stages are important not
only for astrophysics, as e.g. for the consideration of radia-
tive transfer through subphotospheric layers, but also for
the fusion plasmas and laser-produced plasmas research.
An additional interest for such results provides the de-
velopment of soft X-ray lasers, where Stark broadening
data are needed to calculate gain values, model radiation
trapping and to consider photoresonant pumping schemes
(see e.g. Griem & Moreno 1990; Fill & Schöning 1994),
provided an additional interest for such results.

This paper is the nineteenth of a series devoted to the
research of Stark broadening parameters of spectral lines
of multicharged ions (see Dimitrijević & Sahal–Bréchot
1995 and references therein, as well as Dimitrijević &
Sahal–Bréchot 1996a,b, 1997, 1998a-c). In accordance
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with our project (see e.g. Dimitrijević 1996) to obtain
as large as possible set of reliable Stark broadening
data needed for the consideration and modeling of as-
trophysical, laboratory, laser-produced, fusion plasmas,
and plasmas in various devices, we have calculated within
the semiclassical-perturbation formalism (Sahal–Bréchot
1969a,b), electron-, proton-, and He III-impact line wid-
ths and shifts for 57 Na X multiplets.

2. Results and discussion

Calculations have been performed within the frame of the
semiclassical perturbation formalism, which, as well as the
corresponding computer code (Sahal–Bréchot 1969a,b),
have been updated and improved several times (Sahal–
Bréchot 1974; Fleurier et al. 1977; Dimitrijević & Sahal–
Bréchot 1984; Dimitrijević et al. 1991; Dimitrijević &
Sahal–Bréchot 1996b). Short reviews of the semiclassical
perturbation method used here, have been published sev-
eral times as e.g. in Dimitrijević & Sahal–Bréchot (1996c)
and Dimitrijević (1996). The atomic energy levels of
Na X needed for calculations, have been taken from
Martin & Zalubas (1981). The oscillator strengths have
been calculated within the Coulomb approximation (Bates
& Damgaard 1949, and the tables of Oertel & Shomo
1968). For higher levels, the method of Van Regemorter
et al. (1979) has been used.

Our results for electron−, proton−, and He II−im-
pact line widths and shifts for 57 Na X multiplets are
shown in Table 1 (accessible only in electronic form), for
perturber densities 1017 − 1024 cm−3 and temperatures
T = 200 000 − 5 000 000 K. The complete set of data
is given for the perturber density of 1019 cm−3, while for
lower densities, only data needed for better interpolation
are given. Stark broadening parameters for densities lower
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than tabulated, or for transitions not tabulated for per-
turber densities lower than 1019 cm−3, are proportional
to the perturber density. We present in Table 1 as well, a
parameter c (Dimitrijević & Sahal−Bréchot 1984), which
gives an estimate for the maximum perturber density for
which the line may be treated as isolated, when it is di-
vided by the corresponding full width at half maximum.
For each value given in Table 1, the collision volume (V )
multiplied by the perturber density (N) is much less than
one and the impact approximation is valid (Sahal–Bréchot
1969a,b). Values for NV > 0.5 are not given and values
for 0.1 < NV ≤ 0.5 are denoted by an asterisk. When
the impact approximation is not valid, the ion broadening
contribution may be estimated by using the quasistatic
approach (Sahal–Bréchot 1991 or Griem 1974). In the re-
gion between where neither of these two approximations
is valid, a unified type theory should be used. For example
in Barnard et al. (1974), a simple analytical formula for
such a case is given. The accuracy of the results obtained
decreases when broadening by ion interactions becomes
important.
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Dimitrijević M.S., Sahal–Bréchot S., 1996b, A&AS 119, 369
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Sahal–Bréchot S., 1969b, A&A 2, 322
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Abstract. Using a semiclassical perturbation approach,
we have calculated electron−, proton−, and He III−im-
pact line widths and shifts for 14 O VII and 18 Mg
XI multiplets. For O VII, perturber densities are 1017−
1023 cm−3 and temperatures T = 100000 − 2000000 K.
For Mg XI, perturber densities are 1018− 1024 cm−3 and
temperatures T = 500000 − 5000000 K. For lower per-
turber densities, the Stark broadening parameters are pro-
portional to the perturber density.

Key words: line: profiles-atomic data — plasmas

1. Introduction

The investigation of the influence of impacts with charged
particles (Stark broadening) on spectral line shapes of oxy-
gen and magnesium in various ionization stages is of im-
portance for a number of problems in astrophysics, physics
and technology. For example, Stark broadening parame-
ters for such ions are needed for the modeling and the-
oretical considerations of subphotospheric layers (Seaton
1987), for stellar abundance determinations, opacity cal-
culations, diagnostic of laser produced, fusion and labora-
tory plasmas. Data on O VII spectral lines are of interest
for the interpretation and modelling of some hot star spec-
tra as PG1159 type stars (Werner et al. 1991). The addi-
tional interest for such data is due to the development of
soft X-ray lasers, where Stark broadening data are needed
to calculate gain values, model radiation trapping and to

Send offprint requests to: M.S. Dimitrijević
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consider photoresonant pumping schemes (see e.g. Griem
& Moreno 1990; Fill & Schöning 1994).

This paper is the twentieth of a series devoted to the re-
search of Stark broadening parameters of spectral lines of
multicharged ions (see Dimitrijević & Sahal-Bréchot 1995
and references therein, as well as Dimitrijević & Sahal-
Bréchot 1996a,b, 1997, 1998a-d). Within the frame of our
project (see e.g. Dimitrijević 1996) to obtain as large as
possible set of reliable semiclassical Stark broadening data
needed for the investigation, diagnostics and modeling of
various plasmas in stellar and solar physics, laboratory,
laser physics, fusion research, and various devices, we have
calculated within the semiclassical-perturbation formal-
ism (Sahal-Bréchot 1969a,b), electron-, proton-, and He
III-impact line widths and shifts for 14 O VII and 18 Mg
XI multiplets.

2. Results and discussion

For the consideration of the influence of charged particle-
impacts on spectral lines (Stark broadening), the semi-
classical perturbation formalism has been used, which, as
well as the corresponding computer code (Sahal-Bréchot
1969a,b), have been updated and improved several times
(Sahal-Bréchot 1974; Fleurier et al. 1977, Dimitrijević &
Sahal-Bréchot 1984; Dimitrijević et al. 1991; Dimitrijević
& Sahal-Bréchot 1996b). Short reviews of the method of
calculations, with the discussion of improvements and va-
lidity criteria, have been published several times as e.g.
in Dimitrijević & Sahal-Bréchot (1996c) and Dimitrijević
(1996). The atomic energy levels needed for calculations,
have been taken from Isler et al. (1993) for O VII, and
from Martin & Zalubas (1980) for Mg XI. The oscillator
strengths have been calculated within the Coulomb ap-
proximation (Bates & Damgaard 1949, and the tables of
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Oertel & Shomo 1968). For higher levels, the method of
Van Regemorter et al. (1979) has been used.

Our results for electron−, proton−, and He III−im-
pact line widths and shifts for 14 O VII and 18 Mg XI
multiplets are shown in Tables 1 and 2 (accessible only in
electronic form), for perturber densities 1017− 1023 cm−3

and temperatures T = 100000 − 2000000 K for O VII
and for perturber densities 1018− 1024 cm−3 and temper-
atures T = 500000− 5000000 K for Mg XI. The complete
set of data is given for the perturber density of 1019cm−3

in both cases, while for lower densities, only data needed
for better interpolation are given. Stark broadening pa-
rameters for densities lower than tabulated, or for tran-
sitions not tabulated for perturber densities lower than
1019 cm−3, are proportional to the perturber density.
Moreover, we present in Tables 1 and 2 as well, a param-
eter c (Dimitrijević & Sahal-Bréchot 1984), which gives
an estimate for the maximum perturber density for which
the line may be treated as isolated, when it is divided by
the corresponding full width at half maximum. For each
value given in Tables 1 and 2, the collision volume (V )
multiplied by the perturber density (N) is much less than
one and the impact approximation is valid (Sahal-Bréchot
1969a,b). Values for NV > 0.5 are not given and values
for 0.1 < NV ≤ 0.5 are denoted by an asterisk. When
the impact approximation is not valid, the ion broadening
contribution may be estimated by using the quasistatic
approach (Sahal-Bréchot 1991 or Griem 1974). In the re-
gion between where neither of these two approximations
is valid, a unified type theory should be used. For example
in Barnard et al. (1974), a simple analytical formula for
such a case is given. The accuracy of the results obtained
decreases when broadening by ion interactions becomes
important.

One may conclude from Tables 1 and 2, that for mul-
ticharged ion lines like O VII and Mg XI lines, ion broad-
ening is not always a small correction to the linewidth, as
it is e.g. for singly- and doubly-charged ions, but it is of-
ten comparable or even dominant for temperatures of the
order of 1000000 K or larger. One should note as well that
shifts due to He III- and proton-impacts become dominant
in comparison to electron - impact ones.

The presented results may be useful for a number of
problems in stellar and laboratory plasma research, mod-
eling and diagnostic. They are also of interest for investi-
gation and modeling of fusion and laser-produced plasmas,
as well as for the investigation and modeling of soft X-ray
lasers. Such results also have an interest for further devel-
opment and refinements of the Stark broadening theory for

multicharged ion line shapes and different theoretical con-
siderations, particularly for the investigation of systematic
trends of Stark broadening parameters along isoelectronic
sequences.
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Dimitrijević M.S., Sahal-Bréchot S., 1998d, A&AS 130, 539
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Abstract. By using the semiclassical-perturbation formal-
ism, we have calculated electron-, proton-, and He III-
impact line widths and shifts for 4 Sc X, 10 Sc XI, 4 Ti XI
and 27 Ti XII multiplets, significant for analysis, investiga-
tion and modeling of different plasmas in solar and stellar
physics, physics and technology. The results are presented
as a function of temperature and perturber density.

Key words: lines: profile — atomic data — plasmas

1. Introduction

A number of problems in solar and stellar physics, plasma
physics and technology (see e.g. Griem 1974) depends on
a comprehensive set of reliable data on the influence of
impacts with charged particles on spectral line shapes,
i.e. on the Stark broadening parameters. For example,
Stark broadening parameters for multiply charged ions are
needed for the modelling and theoretical considerations of
subphotospheric layers (Seaton 1997), as well as for the
examination of radiative transfer. Such data for multiply
charged ion lines are of additional interest as well due to
the development of soft X-ray lasers, where Stark broaden-
ing data are needed to calculate gain values, to model ra-
diation trapping and to consider photoresonant pumping
schemes (see e.g. Griem & Moreno 1990; Fill & Schöning
1994). Of course such data are also useful for the rafine-
ment and checking of theory, as well as for the consider-
ation of systematic trends along isoelectronic sequences.

Send offprint requests to: M.S. Dimitrijević
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Scandium and titanium in various ionization stages are
present in stellar plasma. For example Rogerson & Ewell
(1985) have found 7 Ti IV lines in the τ Sco spectrum. One
should mention as well that Stark broadening parameters
for 10 scandium III and 10 Titanium IV multiplets, have
been calculated recently within the semiclassical pertur-
bation approach by Dimitrijević & Sahal-Bréchot (1992).

This paper is the twenty first of a series devoted to the
research of Stark broadening parameters of spectral lines
of multicharged ions (see Dimitrijević & Sahal-Bréchot
1995 and references therein, as well as Dimitrijević &
Sahal-Bréchot 1996a,b, 1997, 1998a-e). As the continu-
ation of our project (see e.g. Dimitrijević 1996) to make
available to astrophysicists and physicists an as large as
possible set of reliable semiclassical Stark broadening data
needed for the investigation, diagnostics and modeling of
various plasmas in stellar and solar physics, abundance de-
terminations, opacity calculations, modeling and consid-
eration of subphotospheric layers, diagnostics and investi-
gation of laboratory plasma,as well as for laser physics, fu-
sion research, and various devices as e.g. light sources, we
have calculated within the semiclassical-perturbation for-
malism (Sahal-Bréchot 1969a,b), electron-, proton-, and
He III-impact line widths and shifts for 4 Sc X, 10 Sc XI,
4 Ti XI and 27 Ti XII multiplets.

2. Results and discussion

In order to examinate Stark broadening of Sc X, Sc XI,
Ti XI and Ti XII spectral lines and to determine the
corresponding broadening parameters (the full line width
at half maximum - W and the line shift - d), the semi-
classical perturbation formalism has been used, which, as
well as the corresponding computer code (Sahal-Bréchot
1969a,b), have been updated and optimized several times
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(Sahal-Bréchot 1974; Fleurier et al. 1977; Dimitrijević &
Sahal-Bréchot 1984; Dimitrijević et al. 1991; Dimitrijević
& Sahal-Bréchot 1996b). Also, we have published sev-
eral times descriptions of the calculation procedure, with
a discussion of updatings and validity criteria, as e.g.
in Dimitrijević & Sahal-Bréchot (1996c) and Dimitrijević
(1996). Atomic energy levels needed for calculations have
been taken from Bashkin & Stoner (1978) for Sc X and
Sc XI, and from Wiese & Musgrove (1989) for Ti XI and
Ti XII. The oscillator strengths have been calculated
within the Coulomb approximation (Bates & Damgaard
1949; and the tables of Oertel & Shomo 1968). For higher
levels, the method of Van Regemorter et al. (1979) has
been used.

Our results for electron−, proton−, and He III−
impact line widths and shifts for 4 Sc X, 10
Sc XI, 4 Ti XI and 27 Ti XII multiplets are
shown in Tables 1−4 (accessibles only in electronic
form), for Sc X (Table 1) for temperatures from
200 000 K up to 5 000 000 K and perturber densities
1019 cm−3−1022 cm−3, for Sc XI (Table 2) for tempera-
tures from 500 000 K up to 5 000 000 K and perturber den-
sities 1018 cm−3−1022 cm−3, for Ti XI (Table 3) for tem-
peratures from 500 000 K up to 5 000 000 K, and perturber
densities 1018 cm−3−1022 cm−3, and for Ti XII (Table 4)
for temperatures from 500 000 K up to 6 000 000 K, and
perturber densities 1018 cm−3−1023 cm−3.

Stark broadening data for densities lower than for tab-
ulated data, are proportional to the perturber density.
Moreover, we present in Tables 1−4 as well, a parame-
ter c (Dimitrijević & Sahal-Bréchot 1984), which gives an
estimate for the maximum perturber density for which
the line may be treated as isolated, when it is divided
by the corresponding full width at half maximum. For
each value given in Tables 1−4, the collision volume (V )
multiplied by the perturber density (N) is much less than
one and the impact approximation is valid (Sahal-Bréchot
1969a,b). Values for NV > 0.5 are not given and values
for 0.1 < NV ≤ 0.5 are denoted by an asterisk. When
the impact approximation is not valid, the ion broadening
contribution may be estimated by using the quasistatic
approach (Sahal-Bréchot 1991 or Griem 1974). In the re-
gion between where neither of these two approximations
is valid, a unified type theory should be used. For example
in Barnard et al. (1974), a simple analytical formula for
such a case is given. The accuracy of the results obtained
decreases when broadening by ion interactions becomes
important.

The present results are the first Stark broadening data
concerning scandium X and XI as well as titanium XI
and XII spectral lines. We hope that the presented data
will be of interest for some problems in stellar and labora-
tory plasma research, modeling and diagnostic, as well as
for consideration of plasmas in various devices in physics
and technology, as e.g. subphotospheric layers, radiative
transfer, investigation and modeling of fusion and laser-

produced plasmas, and of soft X-ray lasers. Such results
also have an interest for the checking and development
of the Stark broadening theory for multicharged ion line
shapes as e.g. for investigations of systematic trends along
isoelectronic sequences.

Acknowledgements. This work is a part of the pro-
ject “Astrometrical, Astrodynamical and Astrophysical
Investigations”, supported by Ministry of Science and
Technology of Serbia.

References

Barnard A.J., Cooper J., Smith E.W., 1974, J. Quant.
Spectrosc. Radiat. Transfer 14, 1025

Bashkin S., Stoner J.O.Jr., 1978, Atomic Energy Levels and
Grotrian Diagrams, Vol. 2, North Holland, Amsterdam

Bates D.R., Damgaard A., 1949, Trans. Roy. Soc. London, Ser.
A 242, 101
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Abstract. By using the semiclassical-perturbation formal-
ism, we have calculated electron-, proton-, and He III-
impact line widths and shifts for 4 K VIII and 30 K IX
multiplets, of interest for analysis, investigation and mod-
eling of different plasmas in solar and stellar subphoto-
spheric layers research and plasma physics. The obtained
results are presented as a function of temperature and
perturber density. Results are compared with other the-
oretical estimates, based on regularities and systematic
trends.

Key words: lines: profile-atomic data

1. Introduction

Potassium lines are present in Solar (Moore et al. 1966)
and stellar spectra (Merrill 1956). For example potas-
sium has been found in SN 1987 A ejecta (Trimble 1991).
Potassium is a product of alpha processes - neutron cap-
ture on slow time scale, and the data on the spectral line
broadening parameters of potassium in various ionization
stages are of interest for modelling subphotospheric layers
(Seaton 1987). Such data are as well of interest for the
fusion plasmas and laser-produced plasmas research and
for the investigation of soft X-ray lasers (see e.g. Griem &
Moreno 1990; Fill & Schöning 1994).

This paper is the twenty second of a series de-
voted to the research of Stark broadening parameters
of spectral lines of multicharged ions (see Dimitrijević
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& Sahal–Bréchot 1995 and references therein, as well as
Dimitrijević & Sahal–Bréchot 1996a,b, 1997, 1998a-f). In
accordance with our project (see e.g. Dimitrijević 1996) to
make available to astrophysicists and physicists an as large
as possible set of reliable semiclassical Stark broadening
data needed for the investigation, diagnostics and model-
ing of various plasmas in astrophysics, physics and tech-
nology (see e.g. Dimitrijević & Sahal–Bréchot 1998f), we
have calculated within the semiclassical-perturbation for-
malism (Sahal–Bréchot 1969a,b), electron-, proton-, and
He III-impact line widths and shifts for 4 K VIII and 30
K IX multiplets.

2. Results and discussion

For the consideration of Stark broadening of K VIII and
K IX spectral lines and the determination of the corre-
sponding broadening parameters (the full line width at
half maximum - W and the line shift - d), the semi-
classical perturbation formalism has been used. This for-
malism, as well as the corresponding computer code
(Sahal–Bréchot 1969a,b), have been updated and opti-
mized several times (Sahal–Bréchot 1974; Fleurier et al.
1977; Dimitrijević & Sahal–Bréchot 1984; Dimitrijević
et al. 1991; Dimitrijević & Sahal–Bréchot 1996b). The
calculation procedure, with the discussion of updatings
and validity criteria, has been briefly reviewed e.g. in
Dimitrijević & Sahal–Bréchot (1996c) and Dimitrijević
(1996). Atomic energy levels needed for calculations have
been taken from Bashkin & Stoner (1978). The oscillator
strengths have been calculated within the Coulomb ap-
proximation (Bates & Damgaard 1949, and the tables of
Oertel & Shomo 1968). For higher levels, the method of
Van Regemorter et al. (1979) has been used.

Our results for electron−, proton−, and He III−im-
pact line widths and shifts for 4 K VIII and 30 K IX
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multiplets are shown in Tables 1 and 2 (accessibles only
in electronic form), for K VIII (Table 1) for temperatures
from 200 000 K up to 3 000 000 K and perturber densities
1018 cm−3 − 1022 cm−3, and for K IX (Table 2) for tem-
peratures from 200 000 K up to 5 000 000 K and perturber
densities 1018 cm−3 − 1022 cm−3.

Stark broadening data for densities lower than for tab-
ulated data, are proportional to the perturber density.
Moreover, we present in Tables 1–2 as well, a parame-
ter c (Dimitrijević & Sahal–Bréchot 1984), which gives
an estimate for the maximum perturber density for which
the line may be treated as isolated, when it is divided
by the corresponding full width at half maximum. For
each value given in Tables 1–2, the collision volume (V )
multiplied by the perturber density (N) is much less than
one and the impact approximation is valid (Sahal–Bréchot
1969a,b). Values for NV > 0.5 are not given and values
for 0.1 < NV ≤ 0.5 are denoted by an asterisk. When
the impact approximation is not valid, the ion broadening
contribution may be estimated by using the quasistatic
approach (Sahal–Bréchot 1991 or Griem 1974). In the re-
gion between where neither of these two approximations
is valid, a unified type theory should be used. For example
in Barnard et al. (1974), a simple analytical formula for
such a case is given. The accuracy of the results obtained
decreases when broadening by ion interactions becomes
important.

There is no experimental data concerning the Stark
broadening of K VIII and K IX spectral lines. It exists
however, a prediction for K IX 4s2S−4p2P◦ Stark width
(Djeniže & Labat 1996), obtained with the help of estab-
lished regularities of the Stark widths along Na isoelec-
tronic sequence. For T = 500 000 K and an electron den-
sity of 1017 cm−3, Djeniže & Labat (1996) obtained for the
Stark full width (FWHM) the value of 0.0057 ± 25% Å,
while the present result is 0.0099 Å. We hope that the pre-
sented data will be of interest for some problems in stellar
and laboratory plasma research, especially for subphoto-
spheric layers consideration, investigation and modeling
of fusion and laser-produced plasmas, and of soft X-ray
lasers, as well as for the checking and development of the
Stark broadening theory for multicharged ion line shapes,
as e.g. for investigations of systematic trends along iso-
electronic sequences.
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Dimitrijević M.S., Sahal–Bréchot S., 1996a, A&AS 115, 351
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Dimitrijević M.S., Sahal–Bréchot S., 1996c, Phys. Scr. 54, 50
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Fill E.E., Schöning T., 1994, J. Appl. Phys. 76, 1423
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Abstract. The Stark broadening parameters for six Au I
lines and eight Au II transitions have been calculated.
Two methods for calculation have been used: the semi-
classical method (for Au I lines) and the modified semiem-
pirical approach (for Au II transitions). In the case of
Au II, the jj coupling approximation has been used for
the matrix-element calculations. The importance of the
electron-impact effect in the case of Au II λ = 174.0476 nm
line for several stellar atmosphere models has been tested.

Key words: atomic processes — line formation — stars:
atmospheres — stars: early-type

1. Introduction

Hg-Mn stars are nonmagnetic late B type stars that
display unusually strong lines of many heavy ions (see e.g.
Preston 1971; Heacox 1979; Dworetsky 1980; Dworetsky
et al. 1984; Adelman 1987; Wahlgren et al. 1995).
E.g. the mercury abundances in this type of stars are
between 4000 and 40000 times larger than solar ones
(see e.g. Aller & Ross 1967; Sargent 1964). In A and B
type stars the electron-impact broadening is the main
pressure broadening mechanism (e.g. Dimitrijević 1989).
Considering that the resonant lines of ionized heavy
elements (z > 30) are located in the ultraviolet spectral
region, the abundance analysis of these elements has
become possible due to satellite observations by high
resolution spectrographs as e.g. International Ultraviolet
Explorer (IUE) satellite (R = 12000) or Goddard High
Resolution Spectrograph (GHSR) installed at Hubble
Space Telescope. The number of heavy ion lines observa-
tions with the higher photometric quality and spectral
resolution is growing up. Consequently, experimental and

Send offprint requests to: L.Č. Popović,
e-mail: lpopovic@aob.bg.ac.yu

theoretical spectroscopic data for modelling of these lines
are required.

In order to investigate the Hg-Mn star atmospheres as
well as other types of hot stars, the Stark broadening pa-
rameters for heavy ion lines are needed. The most sophis-
ticated theoretical method for the calculation of a Stark
broadened line profile is of course the quantum mechanical
close coupling approach. However, due to its complexity
and numerical difficulties, only a small number of such
calculations exist. In a lot of cases, such as e.g. the tran-
sitions between more excited energy levels, the more so-
phisticated quantum mechanical approach is very difficult
or even practically impossible to use and the semiclassical
approach (e.g. Sahal-Bréchot 1969a,b) remains the most
efficient method for Stark broadening calculations. But for
radiators with complex spectra, heavy elements or multi-
ply charged ions, even the semiclassical method is often
not applicable in an adequate way due to the lack of reli-
able data on atomic energy levels, or due to the complex-
ity of the spectrum, problems of level mixing or problems
with the adequate identification of atomic energy levels.
Simpler approaches are as well of interest when line broad-
ening data for a large number of lines are required (e.g.
opacity calculations), and the high precision of every par-
ticular result is not so important, but only a good average
accuracy is sufficient.

Here we present the electron-impact broadening pa-
rameters for six Au I lines and eight Au II transitions as
a function of temperature, calculated by using the semi-
classical (Sahal-Bréchot 1969a,b) and modified semiempir-
ical approach (Dimitrijević & Konjević 1980; Dimitrijević
& Kršljanin 1986; Popović & Dimitrijević 1996), respec-
tively.

The Au II lines are observed in Hg-Mn and other CP
stars (Wahlgren et al. 1995; Fuhrmann 1988; Adelman
1994). The investigation of gold in Hg-Mn stars shows that
the abundances, obtained from the Au II λ174.0476 nm
line, are between 4000 (for χ Lup) and 20000 (for k Cnc)
times larger than solar ones (Wahlgren et al. 1995).
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Fig. 1. Thermal Doppler and Stark widths for Au II
(λ = 174.048 nm) line as functions of optical depth for
an A type star (Teff = 10000 K, log g = 4)

Since a sufficiently complete set of reliable atomic data
needed for the application of the full semiclassical - pertur-
bation approach (Sahal-Bréchot 1969a,b) in an adequate
way does not exist, the modified semiempirical method
(Dimitrijević & Konjević 1980; Dimitrijević & Kršljanin
1986; Popović & Dimitrijević 1996) has been used for
Stark broadening calculation of Au II lines, whereas for
Au I lines the more sophisticated semiclasical perturba-
tion approach (Sahal-Bréchot 1969a,b) has been applied.

2. Results and discussion

For Au I spectral lines Stark broadening parameters, the
full semiclassical perturbation formalism (Sahal-Bréchot
1969a,b), has been applied. A summary of the formal-
ism for neutral emitters is given in Dimitrijević & Sahal-
Bréchot (1984), and for ionized in Dimitrijević et al. (1991)
and Dimitrijević & Sahal-Bréchot (1996). We note here
that the inelastic collision contribution is included in the
ion-impact line widths.

Energy levels for Au I lines have been taken from
Moore (1971). Oscillator strengths have been calculated
by using the method of Bates & Damgaard (1949) and
the tables of Oertel & Shomo (1968). For higher levels,
the method described by Van Regemorter et al. (1979) has
been used. In addition to electron-impact full halfwidths
and shifts, Stark-broadening parameters due to proton-,
and He II- impacts have been calculated. Our results for
six Au I lines are shown in Table 1, for perturber densities
1015− 1019 cm−3 and temperatures T = 2 500− 50 000 K.
We also specify a parameter C (Dimitrijević & Sahal-
Bréchot 1984), which gives an estimate for the maximum

Fig. 2. Same as in Fig. 1, but for DA (Teff = 10000 K, log g = 6,
curves with circles) and DB (Teff = 15000 K, log g = 7) white
dwarfs

perturber density for which the line may be treated as iso-
lated when it is divided by the corresponding full width at
half maximum. For each value given in Table 1, the colli-
sion volume (V ) multiplied by the perturber density (N)
is much less than one and the impact approximation is
valid (Sahal-Bréchot 1969a,b). Values for NV > 0.5 are
not given and values for 0.1 < NV ≤ 0.5 are denoted by
an asterisk. Tabulated Stark broadening parameters are
linear with perturber density for perturber densities lower
than 1015 cm−3. The accuracy of the semiclasical method
is ± 30% (Griem 1974). When the impact approximation
is not valid, the ion broadening contribution may be esti-
mated by using quasistatic approach (Sahal-Bréchot 1991
and Griem 1974). In the region between, where neither of
these two approximations is valid, a unified type theory
should be used. For example in Barnard et al. (1974), a
simple analytical formulas for such a case are given. The
accuracy of the results obtained decreases when broaden-
ing by ion interactions becomes important.

For Au II spectral lines, the electron-impact broad-
ening calculation has been performed within the modi-
fied semiempirical approach. Considering the very com-
plex spectrum of Au II, the jj coupling approximation
for matrix-element calculation has been used. The needed
atomic data for calculation have been taken from Rosberg
& Wyart (1996). In Table 2, the electron-impact param-
eteres for eight Au II transitions as a function of tem-
perature for an electron density of Ne = 1017 cm3 are
presented. The average accuracy of the MSE method is
± 50% (Dimitrijević & Konjević 1980).

In order to see the influence of Stark broadening mech-
anism for gold spectral lines in stellar plasma, we have
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calculated the Stark widths for Au II λ = 174.0476 nm
throught the different models of stellar atmospheres. In
Figs. 1 and 2, the electron-impact and thermal Doppler
widths as function of optical depth for Kurucz’s (1979) A
type star (Teff = 10000 K, log g = 4) and models of DA
(Teff = 10000 K, log g = 6) and DB (Teff = 15000 K,
log g = 7) white dwarf atmospheres (Wickramasinghe
1972) are presented. As one can see from Fig. 1, for the
case of hot A type star, in photospheric layers the line
width due to Stark broadening is one order of magnitude
larger than the width due to the thermal Doppler mecha-
nism. In higher layers of the stellar atmosphere (τ ≈ −4)
however, the thermal Doppler mechanism is more impor-
tant. In the case of white dwarf atmospheres (see Fig. 2)
the Stark broadening mechanism is important in all lay-
ers of atmospheres and in deeper atmosphere layers the
Stark width is two or three order of magnitude larger than
thermal Doppler width. For the three here considered at-
mosphere models Stark broadening effect should be taken
into account in abundance determination and other inves-
tigations of stellar plasmas.
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Table 1. This table shows electron-, proton-, and He II- impact broadening parameters for Au I, calculated within the full
semiclassical perturbation approach (Sahal-Bréchot 1969a,b) for perturber densities of 1015−1019 cm−3 and temperatures from
2 500 up to 50 000 K. Transitions and averaged wavelengths for the multiplet (in nm) are also given. By dividing C by the
corresponding full width at half maximum (Dimitrijević et al. 1991), we obtain an estimate for the maximum perturber density
for which the line may be treated as isolated and tabulated data may be used. The asterisk identifies cases for which the collision
volume multiplied by the perturber density (the condition for validity of the impact approximation) lies between 0.1 and 0.5.
Stark broadening parameters for densities lower than tabulated, are linear with perturber density



L.Č. Popović et al.: The stark broadening effect in hot star atmospheres: Au I and Au II lines 621

Table 1. continued
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Table 1. continued
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Table 2. This table shows electron-impact broadening parameters for Au II, calculated within the modified semiempirical ap-
proach (Dimitrijević & Konjević 1980; Dimitrijević & Krs̃ljanin 1986; Popović & Dimitrijević 1996) for a perturber density of
1017 cm−3 and temperatures from 5 000 up to 50 000 K. Transitions and averaged wavelengths for the multiplet (λ̄ in nm) are
also given. Stark broadening parameters for other pertuber densities may be obtained by linear scaling, taking into account that
for sufficiently higher densities a correction for Debye shielding effect (Griem 1974) should be applied

Transition T (K) W (nm) d (nm)

5000. 0.410E-02 −0.912E-03
10000. 0.285E-02 −0.643E-03

6s(3/2, 1/2) − 6p(3/2, 1/2) 20000. 0.197E-02 −0.452E-03

λ = 201.58 nm 30000. 0.159E-02 −0.365E-03
40000. 0.137E-02 −0.313E-03
50000. 0.123E-02 −0.276E-03

5000. 0.330E-02 −0.623E-03
10000. 0.229E-02 −0.435E-03

6s(3/2, 1/2) − 6p(3/2, 3/2) 20000. 0.159E-02 −0.300E-03

λ = 175.89 nm 30000. 0.128E-02 −0.237E-03
40000. 0.111E-02 −0.198E-03
50000. 0.100E-02 −0.169E-03

5000. 0.404E-02 −0.106E-02
10000. 0.282E-02 −0.754E-03

6s(5/2, 1/2) − 6p(5/2, 1/2) 20000. 0.195E-02 −0.536E-03

λ = 208.04 nm 30000. 0.157E-02 −0.441E-03
40000. 0.135E-02 −0.385E-03
50000. 0.121E-02 −0.346E-03

5000. 0.308E-02 −0.658E-03
10000. 0.215E-02 −0.464E-03

6s(5/2, 1/2) − 6p(5/2, 3/2) 20000. 0.149E-02 −0.326E-03

λ = 174.53 nm 30000. 0.120E-02 −0.264E-03
40000. 0.103E-02 −0.226E-03
50000. 0.927E-03 −0.199E-03

5000. 0.191E-01 0.816E-02
10000. 0.133E-01 0.607E-02

6p(3/2, 1/2) − 7s(3/2, 1/2) 20000. 0.939E-02 0.478E-02

λ = 235.45 nm 30000. 0.792E-02 0.449E-02
40000. 0.720E-02 0.451E-02
50000. 0.679E-02 0.452E-02

5000. 0.282E-01 0.116E-01
10000. 0.196E-01 0.860E-02

6p(3/2, 3/2) − 7s(3/2, 1/2) 20000. 0.139E-01 0.677E-02

λ = 283.87 nm 30000. 0.117E-01 0.638E-02
40000. 0.106E-01 0.642E-02
50000. 0.100E-01 0.642E-02

5000. 0.147E-01 0.387E-02
10000. 0.103E-01 0.284E-02

6p(5/2, 1/2) − 7s(5/2, 1/2) 20000. 0.719E-02 0.218E-02

λ = 226.38 nm 30000. 0.594E-02 0.200E-02
40000. 0.528E-02 0.197E-02
50000. 0.487E-02 0.194E-02

5000. 0.241E-01 0.585E-02
10000. 0.168E-01 0.430E-02

6p(5/2, 3/2) − 7s(5/2, 1/2) 20000. 0.118E-01 0.330E-02

λ = 286.18 nm 30000. 0.974E-02 0.304E-02
40000. 0.865E-02 0.299E-02
50000. 0.798E-02 0.295E-02
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Abstract. Using the semiclassical perturbation approach,
we have calculated electron−, proton−, He II−, Mg II-,
Si II- and Fe II-impact line widths and shifts for 189 Ca I
multiplets as a function of temperature and perturber den-
sity. Perturbers selected here are the main perturbers in
solar atmospheres. Obtained results have been compared
with the existing theoretical and experimental data.

Key words: atomic data — line: profiles

1. Introduction

Calcium lines are present in solar (see e.g. Moore et al.
1966; Holweger 1972; Grevesse 1984) and stellar spectra
(see e.g. Merrill 1956; Adelman & Davis Philip 1992).
Adelman & Davis Philip (1992) have found, for example,
neutral calcium lines in the Gamma Geminorum spectrum
and Trimble (1991) reports the presence of this product of
alpha processes in SN 1987 A ejecta. Consequently, Stark
broadening data of neutral calcium spectral lines are of
interest for stellar plasma as well as for laboratory plasma
research and modeling. Neutral calcium spectral lines
broadened by Stark effect have been investigated experi-
mentally (Kusch & Pritschow 1970; Hühn & Kusch 1973)
and theoretically (Griem 1974; Marassinghe & Lovett
1986). Stark-effect interaction constants for seven solar
calcium lines, whose abundances are sensitive to Stark
broadening, have been estimated by Holweger (1972).

In accordance with our project (see e.g. Dimitrijević
1996a) to make available to astrophysicists and physicists
an as large as possible set of reliable semiclassical Stark

Send offprint requests to: M.S. Dimitrijević
e-mail: mdimitrijevic@aob.bg.ac.yu
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cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-
strasbg.fr/Abstract.html

broadening data needed for the investigation, diagnos-
tics and modeling of various plasmas in astrophysics,
physics and technology, we have calculated within the
semiclassical-perturbation formalism (Sahal−Bréchot
1969a,b see also Sahal−Bréchot 1974; Dimitrijević &
Sahal−Bréchot 1984) electron-, proton-, ionized helium-,
ionized magnesium-, ionized silicon-, and ionized iron-
impact line widths and shifts for 189 neutral calcium
multiplets. Consequently, the relevant data for all
principal perturbers in the solar plasma are provided.

2. Results and discussion

For the determination of Stark broadening parameters
(the full line width at half maximum - W and the line
shift - d) of neutral calcium, the semiclassical perturba-
tion formalism has been used. This formalism, as well
as the corresponding computer code (Sahal−Bréchot
1969a,b), have been updated and optimized several times
(Sahal−Bréchot 1974; Fleurier et al. 1977; Dimitrijević &
Sahal−Bréchot 1984; Dimitrijević et al. 1991; Dimitrijević
& Sahal−Bréchot 1996). The calculation procedure, with
the discussion of updatings and validity criteria, has been
briefly reviewed in Dimitrijević (1996, 1997). Atomic
energy levels needed for calculations have been taken
from Sugar & Corliss (1979). The oscillator strengths
have been calculated within the Coulomb approximation
(Bates & Damgaard 1949, and the tables of Oertel &
Shomo 1968). For higher levels, the method of Van
Regemorter et al. (1979) has been used.

All results are for temperatures from 2 500 up to
50 000 K. In Table 1 (accessible only in electronic form),
electron-, proton-, and He II-impact broadening param-
eters for 189 Ca I multiplets for perturber density of
1011 cm−3 are shown. Data for electron-, proton-, and
He II-impact broadening parameters for Ca I for per-
turber densities of 1012 cm−3 − 1019 cm−3 are shown in
Table 2 (accessible only in electronic form). Table 3 (ac-
cessible only in electronic form) shows Mg II-, Si II-, and
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Fe II-impact broadening parameters for 189 Ca I multi-
plets, for perturber density of 1011 cm−3.

Stark broadening data for densities lower than for tab-
ulated data, are proportional to the perturber density.
Moreover, we present in Tables 1-3 as well, a parameter C
(Dimitrijević & Sahal−Bréchot 1984), which gives an es-
timate for the maximum perturber density for which the
line may be treated as isolated, when it is divided by the
corresponding full width at half maximum. The validity
of the impact approximation has been estimated for data
shown in Tables 1-3, by checking if the collision volume
(V ) multiplied by the perturber density (N) is much less
than one (Sahal−Bréchot 1969a,b). Values for NV > 0.5
are not given and values for 0.1 < NV ≤ 0.5 are denoted
by an asterisk. When the impact approximation is not
valid, the ion broadening contribution may be estimated
by using the quasistatic approach (Sahal−Bréchot 1991 or
Griem 1974). In the region between where neither of these
two approximations is valid, a unified type theory should
be used. For example in Barnard et al. (1974), a simple
analytical formula for such a case is given. The accuracy
of the results obtained decreases when broadening by ion
interactions becomes important.

There are two experimental studies reporting results
of measurements of neutral calcium line Stark broadening
parameters (Kusch & Pritschow 1970; Hühn & Kusch
1973). Kusch & Pritschow (1970) have investigated
experimentaly Stark widths and shifts of four neutral
calcium lines from plasma produced in a pulsed capillary
discharge, and reported results for an electron density
of 1018 cm−3. Only for one line (the 5188.8 Å line from
the 4p1P◦ − 5d1D multiplet) exist a sufficiently complete
set of atomic data needed for an adequate application
of our approach. For this line, however, the impact
approximation condition is not satisfied for the reported
electron density. Hühn & Kusch (1973) published ex-
perimental Stark widths for the 4318.6 Å and 4425.4 Å
lines from the 4s4p3P◦ − 4p2 3P and 4s4p3P◦ − 4s4d3D
multiplets, from plasma produced in a high pressure
arc. Only the 4425.4 Å line may be compared with our
results. For an electron density of 1017cm−3 and the
temperature 10 000 K, Hühn & Kusch (1973) obtain for
the full width at half maximum the value of 0.29 Å, while
our result is 1.26 Å. The semiclassical result of Griem
(1974) is 1.51 Å. As one can see, the agreement between
the experimental result and both theories is very poor.
The differences between the calculation methods used
by us and those of Griem (1974), have been discussed
in detail in Dimitrijević & Sahal−Bréchot (1996). The
reasons for such large difference between experiment
and theory have been discussed in detail in Konjević
& Roberts (1976), and the principal point of their remarks

on the experiment is the lack of an independent measure-
ment of electron density.

It is surprising that in spite of the importance of neu-
tral calcium lines, there are not more experimental data.
Reliable experimental data for Stark broadening of Ca I
lines will be important for the check of theory, as well
as for abundance determinations and other problems in
astrophysics and plasma physics.
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Fleurier C., Sahal−Bréchot S., Chapelle J., 1977, J. Quant.

Spectrosc. Radiat. Transfer 17, 595
Grevesse N., 1984, Phys. Scr. T8, 49
Griem H.R., 1974, Spectral Line Broadening by Plasmas.

Academic Press, New York
Holweger H., 1972, Solar Phys. 25, 14
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Abstract. Using the semiclassical perturbation approach,
we have calculated electron−, proton− and He II−impact
line widths and shifts for 32 Zn I multiplets as a function
of temperature and perturber density. Obtained results
have been compared with the existing theoretical and ex-
perimental data.

Key words: atomic data — line: profiles

1. Introduction

Neutral zinc spectral lines are present in stellar (see e.g.
Sneden et al. 1991) and solar (see e.g. Biémont &
Godefroid 1980; Grevesse 1984) spectra. Consequently,
Stark broadening parameters of Zn I lines are of in-
terest for a number of astrophysical problems, e.g. for
abundance determinations, as well as for stellar plasma
analysis, modeling and diagnostics. Such data are also of
interest for laboratory plasma diagnostics, modeling and
investigation (see Grechikhin 1969; Kusch & Oberschelp
1967; Salakhov 1975; Fishman et al. 1979; Dimitrijević &
Konjević 1983; Lakićević 1983; Rathore et al. 1985; Rao
et al. 1989).

Within the semiclassical-perturbation formalism
(Sahal–Bréchot 1969a,b; see also Sahal–Bréchot 1974;
Dimitrijević & Sahal–Bréchot 1984), we have calculated
electron-, proton-, and ionized helium-impact line widths
and shifts for 32 neutral zinc multiplets, as the continu-
ation of our project to create a large Stark broadening
data set for astrophysical and laboratory plasma research
purposes.
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2. Results and discussion

In order to determine the full line width at half maximum -
W and the line shift - d of neutral calcium lines influenced
by the Stark broadening mechanism, the semiclassical per-
turbation formalism has been used. This formalism, as
well as the corresponding computer code (Sahal–Bréchot
1969a,b), have been updated and optimized several times
(Sahal–Bréchot 1974; Fleurier et al. 1977; Dimitrijević &
Sahal–Bréchot 1984; Dimitrijević et al. 1991; Dimitrijević
& Sahal–Bréchot 1996). A review of the calculation pro-
cedure, with the discussion of updatings and validity
criteria, is published, e.g., in Dimitrijević (1996, 1997).

Atomic energy levels needed for calculations have been
taken from Sugar & Musgrove (1995). The oscillator
strengths have been calculated within the Coulomb ap-
proximation (Bates & Damgaard 1949, and the tables of
Oertel & Shomo 1968). For higher levels, the method of
Van Regemorter et al. (1979) has been used.

Electron-, proton-, and He II-impact broadening
parameters for Zn I for perturber densities of
1013 cm−3 − 1019 cm−3 and temperatures from 2 500 up
to 50 000 K, are presented in Table 1 (accessible only
in electronic form). For perturber density of 1013 cm−3,
only data for three multiplets are shown, since other
data are linear with density for densities lower than
1014 cm−3. For perturber densities lower than 1013 cm−3,
Stark broadening parameters for all tabulated multiplets
are linear with perturber density. We also specify a
parameter C (Dimitrijević & Sahal–Bréchot 1984), which
gives an estimate for the maximum perturber density
for which the line may be treated as isolated when it is
divided by the corresponding full width at half maximum.
For each value given in Table 1, the collision volume
(V ) multiplied by the perturber density (N) is much
less than one and the impact approximation is valid
(Sahal–Bréchot 1969a,b). Values for NV > 0.5 are not
given and values for 0.1 < NV ≤ 0.5 are denoted by
an asterisk. Stark broadening parameters for densities
lower than tabulated are linear with perturber density.
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Table 2. Comparison between experimental and theoretical
Stark full widths at half maximum. Experimental data:
a-Kusch & Oberschelp (1967); b-Fishman et al. (1979)
c-Rathore et al. (1985). Theoretical data: WDSB - present
results; WDK - Dimitrijević & Konjević (1983)

When the impact approximation is not valid, the ion
broadening contribution may be estimated by using
the quasistatic approach (Sahal–Bréchot 1991 or Griem
1974). In the region between where neither of these two
approximations is valid, a unified type theory should be
used. For example in Barnard et al. (1974), simple ana-
lytical formulas for such a case are given. The accuracy
of the results obtained decreases when broadening by ion
interactions becomes important.

There are three experimental studies with data of
Stark widths and shifts of neutral zinc lines (Kusch &
Oberschelp 1987; Fishman et al. 1979; Rathore et al.
1985). Theoretical data suitable for comparison with our
results are published in Dimitrijević & Konjević (1983),
Lakićević (1983), and Rathore et al. (1985).

In Tables 2 and 3, experimental (Kusch & Oberschelp
1987; Fishman et al. 1979; Rathore et al. 1985) Stark
widths (Table 2) and shifts (Table 3) are compared with
present results and with semiclassical Stark broadening
parameters from Dimitrijević & Konjević (1983). In the
experiments of Kusch & Oberschelp (1987) and Fishman
et al. (1979), ion perturbers are protons, while in the ex-
periment of Rathore et al. (1985) the carrier gas was neon.
In order to make the adequate comparison, Stark broad-
ening of neutral zinc by impacts with neon ions has been
calculated and included in WDSB and dDSB (present

Table 3. Comparison between experimental and theoretical
Stark shifts. Experimental data: c-Rathore et al. (1985).
Theoretical data: dDSB - present results; dDK - Dimitrijević
& Konjević (1983)

calculation of Stark widths - WDSB and shifts - dDSB)
values in Tables 2 and 3. For the 4p3P◦ − 5d3D multi-
plet, the impact approximation is not valid for proton
perturbers and the quasistatic ion broadening contribu-
tion is calculated according to Griem (1974). One can see
in Table 2 that the agreement of all experiments with both
calculations is very poor. The ratio of experimental widths
of Kusch & Oberschelp (1967) and the theoretical ones
vary from 0.25 up to 3.56. The experimental widths of
Fishman et al. (1979) are two times larger than theoreti-
cal values from both approaches. The temperature trend
of the experimental widths of Rathore et al. (1985) is in
such disagreement with both theoretical approaches that
the ratios of measured and calculated Stark widths vary
e.g. for the 4722.16 Å line from 2.24 for T = 13 700 K up
to 0.77 for T = 18 100 K for the present results, and from
2.02 up to 0.69 for the theoretical values of Dimitrijević
& Konjević (1983). For the shift, ratios of experimental
values of Rathore et al. (1985) and results of the present
calculations vary from 1.24 to 0.46 for the same spectral
line.

The experimental results of Fishman et al. (1979)
and Rathore et al. (1985) were not selected for critical
compilations of reliable Stark broadening experimental
data (Konjević & Roberts 1976; Konjević et al. 1984;
Konjević & Wiese 1990), while the results of Kusch &
Oberschelp (1967) were selected with the attribution of
the lowest accuracy (Konjević & Roberts 1976). In the
analysis of the Kusch & Oberschelp (1967) experiment,
Konjević & Roberts (1976) have found large variations of
Stark widths within multiplets, and supposed that this
may be caused by improper treatment of self-absorption.
Moreover, Dimitrijević & Konjević (1983) have shown on
the basis of the analysis of Stark width systematic trends
within spectral series, that the experimental results of
Kusch & Oberschelp (1967) are in disagreement with such
trends.

Lakićević (1983) estimated on the basis of regulari-
ties and systematic trends Stark width and shift for the
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Zn I 4s2 1S − 4p1P◦ transition for an electron tempera-
ture (T ) of 20 000 K and an electron density of 1017 cm−3.
He obtained the value of 0.066 Å for the full width at
half maximum, and 0.035 Å for the shift. We obtain the
value of 0.039 Å for the width and 0.029 Å for the shift.
On the basis of regularities and systematic trends as well,
Stark widths and shifts for the Zn I 4p3P◦ − 5s3S transi-
tion for electron temperatures of 10 000 and 20 000 K and
an electron density of 1017 cm−3 have been estimated by
Rathore et al. (1985). They obtained the value of 0.60 Å
for the full width at half maximum, and 0.36 Å for the
shift, for T = 10 000 K, and our results are 0.371 Å for
the width and 0.295 Å for the shift. For T = 20 000 K,
they obtained 0.61 Å for the width and 0.30 Å for the
shift, and we 0.408 Å for the width and 0.336 Å for the
shift. Particularly for the shift, this is in both cases an
encouraging agreement of simple estimates with our semi-
classical perturbation results.

The comparison between our semiclassical perturba-
tion results and semiclassical results of Dimitrijević &
Konjević (1983) is shown in Table 4. Differences between
the present calculations and the semiclassical method
described in Griem (1974) and used by Dimitrijević
& Konjević (1983), have been discussed in detail in
Dimitrijević & Sahal–Bréchot (1995) and may be at-
tributed to the theoretical differences and the differences
in input data.

First of all, the lower cut-offs are different in both
methods. In Dimitrijević & Konjević (1983), the same cut-
off for widths and shifts as well as for both elastic and in-
elastic collisions has been used. The effect of the change of
the set of values for the cut-offs R1, R2, and R3 has been
studied and discussed in detail in Sahal–Bréchot (1969b):
the final choice of the cut-offs was adopted for physical
reasons (it allows for the unitarity of the S-matrix) and
followed Seaton (1962).

Moreover, in the present method, with the help
of the symmetrization procedure one takes into ac-
count the impact electron velocity change during
an inelastic collision, which is not taken into ac-
count in Dimitrijević & Konjević (1983). The im-
portance of the symmetrisation has been shown in
Sahal–Bréchot (1969b). It has been demonstrated
there that the symmetrisation improves considerably
(factor two) semiclassical cross sections for small ener-
gies (close to the threshold), which are overestimated
without symmetrisation. Also, for the difference of the
semiclassical method (Griem 1974) used by Dimitrijević
& Konjević (1983) we take into account explicitely the
elastic collision contribution.

Another difference between methods used here and
in Dimitrijević & Konjević (1983), is the Debye shield-
ing effect. Griem (1974) gives the equation for the Debye
shielding correction, which may be included when neces-
sary, and here, the Debye cut-off is included in the calcu-
lations. Also, while in Dimitrijević & Konjević (1983) the

Table 4. Comparison between present Stark full widths at half
maximum (WDSB) and shifts (dDSB) and the corresponding
results (WDK, dDK) of Dimitrijević & Konjević (1983)

ion-broadening contribution is only a correction within the
quasistatic theory, the complete semiclassical perturbation
calculation has been performed here for the ion-impact
broadening, when the impact approximation is valid. The
differences in the imput data are the more recent atomic
energy level data (Sugar & Musgrove 1995).

Both methods have been compared with critically
selected experimental data for 13 He I multiplets
(Dimitrijević & Sahal–Bréchot 1985) and it was found
that the agreement between experimental data and both
semiclassical methods is within the limits of 20 percent,
which is the predicted accuracy of the semiclassical
method (Griem 1974). One can see from Table 4 that for
zinc differences are larger and increase with temperature,
particularly for the shift. One must take into account
that more recent and more complete energy levels have
been used in our calculations.

The obtained Stark broadening data are of interest for
a number of problems in astrophysics and plasma physics
as e.g. abundance determinations, stellar spectra analysis
and laboratory plasma diagnostics. Reliable experimental
determinations of neutral zinc Stark broadening param-
eters will be of interest for checking and development of
Stark broadening theory.
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Table 1

Stark broadening parameters for Ag I spectral lines. See page 273 for Explanation of Table

Transition WL (�AA) T (K) Perturber

density (cm�3)

C Electrons Protons Ionized helium

Width (�AA) Shift (�AA) Width (�AA) Shift (�AA) Width (�AA) Shift (�AA)

5S 9P 1723.3 2500 1.E+ 13 .68E+13 .157E) 2 .820E) 3 .410E) 3 .357E) 3 *.329E) 3 *.281E) 3

1.5 .5 5000 .158E) 2 .637E) 3 .462E) 3 .410E) 3 .367E) 3 .324E) 3

10,000 .150E) 2 .427E) 3 .524E) 3 .467E) 3 .410E) 3 .371E) 3

20,000 .140E) 2 .226E) 3 .603E) 3 .530E) 3 .460E) 3 .421E) 3

30,000 .133E) 2 .171E) 3 .661E) 3 .569E) 3 .491E) 3 .453E) 3

50,000 .123E) 2 .117E) 3 .752E) 3 .621E) 3 .535E) 3 .495E) 3

5S 10P 1699.7 2500 1.E+ 13 .81E+13 .234E) 2 .134E) 2 *.586E) 3 *.500E) 3 *.473E) 3 *.391E) 3

.5 .5 5000 .242E) 2 .969E) 3 .657E) 3 .577E) 3 *.527E) 3 *.455E) 3

10,000 .241E) 2 .598E) 3 .741E) 3 .659E) 3 *.587E) 3 *.522E) 3

20,000 .230E) 2 .398E) 3 .844E) 3 .748E) 3 .656E) 3 .594E) 3

30,000 .222E) 2 .296E) 3 .917E) 3 .805E) 3 .701E) 3 .640E) 3

50,000 .209E) 2 .195E) 3 .103E) 2 .878E) 3 .762E) 3 .701E) 3

5S 10P 1699.2 2500 1.E+ 13 .36E+13 .332E) 2 .149E) 2 *.900E) 3 *.761E) 3 *.717E) 3 *.592E) 3

1.5 .5 5000 .326E) 2 .102E) 2 *.102E) 2 *.885E) 3 *.802E) 3 *.696E) 3

10,000 .306E) 2 .733E) 3 *.116E) 2 *.102E) 2 *.899E) 3 *.803E) 3

20,000 .281E) 2 .346E) 3 .134E) 2 .116E) 2 *.101E) 2 *.917E) 3

30,000 .265E) 2 .264E) 3 .148E) 2 .124E) 2 *.108E) 2 *.988E) 3

50,000 .244E) 2 .181E) 3 .170E) 2 .137E) 2 *.118E) 2 *.108E) 2

6S 9P 6472.9 2500 1.E+ 13 .19E+15 .165E) 1 .103E) 1 .408E) 2 .354E) 2 .331E) 2 .279E) 2

.5 .5 5000 .171E) 1 .828E) 2 .457E) 2 .405E) 2 .367E) 2 .321E) 2

10,000 .172E) 1 .617E) 2 .514E) 2 .460E) 2 .409E) 2 .366E) 2

20,000 .166E) 1 .405E) 2 .583E) 2 .521E) 2 .456E) 2 .415E) 2

30,000 .161E) 1 .289E) 2 .632E) 2 .559E) 2 .487E) 2 .446E) 2

50,000 .153E) 1 .177E) 2 .707E) 2 .610E) 2 .529E) 2 .486E) 2

6S 9P 6463.7 2500 1.E+ 13 .96E+14 .221E) 1 .115E) 1 .577E) 2 .502E) 2 *.462E) 2 *.395E) 2

1.5 .5 5000 .222E) 1 .898E) 2 .650E) 2 .577E) 2 .516E) 2 .456E) 2

10,000 .212E) 1 .623E) 2 .738E) 2 .657E) 2 .577E) 2 .521E) 2

20,000 .197E) 1 .368E) 2 .848E) 2 .745E) 2 .646E) 2 .592E) 2

30,000 .187E) 1 .272E) 2 .929E) 2 .801E) 2 .691E) 2 .637E) 2

50,000 .174E) 1 .155E) 2 .106E) 1 .874E) 2 .753E) 2 .697E) 2

6S 10P 6143.2 2500 1.E+ 13 .11E+15 .305E) 1 .180E) 1 *.766E) 2 *.653E) 2 *.618E) 2 *.511E) 2

.5 .5 5000 .316E) 1 .141E) 1 .859E) 2 .754E) 2 *.688E) 2 *.594E) 2

10,000 .315E) 1 .101E) 1 .968E) 2 .861E) 2 *.767E) 2 *.682E) 2

20,000 .301E) 1 .638E) 2 .110E) 1 .977E) 2 .857E) 2 .776E) 2

30,000 .290E) 1 .448E) 2 .120E) 1 .105E) 1 .915E) 2 .835E) 2

50,000 .274E) 1 .254E) 2 .134E) 1 .115E) 1 .995E) 2 .915E) 2

6S 10P 6137.3 2500 1.E+ 13 .48E+14 .433E) 1 .201E) 1 *.117E) 1 *.992E) 2 *.936E) 2 *.772E) 2

1.5 .5 5000 .426E) 1 .152E) 1 *.133E) 1 *.115E) 1 *.105E) 1 *.908E) 2

10,000 .399E) 1 .955E) 2 *.151E) 1 *.132E) 1 *.117E) 1 *.105E) 1

20,000 .367E) 1 .569E) 2 .175E) 1 .151E) 1 *.131E) 1 *.120E) 1

30,000 .347E) 1 .399E) 2 .193E) 1 .162E) 1 *.141E) 1 *.129E) 1

50,000 .320E) 1 .209E) 2 .222E) 1 .178E) 1 *.153E) 1 *.141E) 1
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7S 9P 16286.3 2500 1.E+ 13 .61E+15 .140 .722E) 1 .366E) 1 .319E) 1 *.293E) 1 *.250E) 1

1.5 .5 5000 .141 .559E) 1 .412E) 1 .366E) 1 .327E) 1 .289E) 1

10,000 .135 .378E) 1 .468E) 1 .417E) 1 .366E) 1 .331E) 1

20,000 .127 .217E) 1 .538E) 1 .473E) 1 .410E) 1 .376E) 1

30,000 .121 .137E) 1 .590E) 1 .508E) 1 .438E) 1 .404E) 1

50,000 .113 .698E) 2 .671E) 1 .555E) 1 .478E) 1 .442E) 1

7S 10P 14394.1 2500 1.E+ 13 .58E+15 .168 .985E) 1 *.420E) 1 *.358E) 1 *.339E) 1 *.280E) 1

.5 .5 5000 .174 .770E) 1 .471E) 1 .414E) 1 *.377E) 1 *.326E) 1

10,000 .173 .546E) 1 .531E) 1 .472E) 1 *.421E) 1 *.374E) 1

20,000 .166 .316E) 1 .605E) 1 .536E) 1 .470E) 1 .426E) 1

30,000 .161 .215E) 1 .657E) 1 .577E) 1 .502E) 1 .458E) 1

50,000 .152 .969E) 2 .738E) 1 .630E) 1 .546E) 1 .502E) 1

7S 10P 14361.9 2500 1.E+ 13 .26E+15 .237 .110 *.643E) 1 *.543E) 1 *.512E) 1 *.423E) 1

1.5 .5 5000 .233 .829E) 1 *.726E) 1 *.632E) 1 *.573E) 1 *.497E) 1

10,000 .219 .528E) 1 *.828E) 1 *.725E) 1 *.642E) 1 *.574E) 1

20,000 .202 .300E) 1 .959E) 1 .825E) 1 *.719E) 1 *.655E) 1

30,000 .191 .182E) 1 .106 .888E) 1 *.770E) 1 *.706E) 1

50,000 .177 .968E) 2 .122 .977E) 1 *.840E) 1 *.774E) 1

8S 9P 40886.3 2500 1.E+ 13 .38E+16 .880 .437 .230 .200 *.184 *.157

1.5 .5 5000 .898 .319 .259 .230 .206 .182

10,000 .870 .182 .294 .262 .230 .208

20,000 .827 .573E) 1 .338 .297 .258 .236

30,000 .797 .427E) 1 .370 .319 .275 .254

50,000 .755 .287E) 1 .422 .348 .300 .278

8S 10P 30741.2 2500 1.E+ 13 .27E+16 .764 .444 *.191 *.163 *.154 *.128

.5 .5 5000 .798 .322 .214 .188 *.172 *.148

10,000 .801 .193 .242 .215 *.192 *.170

20,000 .774 .119 .275 .244 .214 .194

30,000 .753 .508E) 1 .299 .263 .229 .209

50,000 .720 .359E) 1 .336 .287 .249 .229

8S 10P 30594.7 2500 1.E+ 13 .12E+16 1.08 .495 *.291 *.246 *.232 *.192

1.5 .5 5000 1.06 .358 *.329 *.287 *.260 *.225

10,000 1.00 .204 *.375 *.329 *.291 *.260

20,000 .934 .969E) 1 .435 .374 *.326 *.297

30,000 .889 .523E) 1 .480 .403 *.349 *.320

50,000 .826 .367E) 1 .551 .443 *.381 *.351

5S 8P 1766.1 2500 1.E+ 14 .25E+15 .512E) 2 .330E) 2 *.125E) 2 *.101E) 2 *.102E) 2 *.787E) 3

.5 .5 5000 .533E) 2 .277E) 2 .139E) 2 .119E) 2 *.113E) 2 *.931E) 3

10,000 .543E) 2 .213E) 2 .156E) 2 .136E) 2 *.125E) 2 *.108E) 2

20,000 .527E) 2 .145E) 2 .177E) 2 .156E) 2 .139E) 2 .123E) 2

30,000 .512E) 2 .107E) 2 .191E) 2 .167E) 2 .149E) 2 .133E) 2

50,000 .490E) 2 .769E) 3 .212E) 2 .184E) 2 .161E) 2 .146E) 2

5S 8P 1764.9 2500 1.E+ 14 .12E+15 .697E) 2 .354E) 2 *.179E) 2 *.145E) 2 *.144E) 2 *.112E) 2

1.5 .5 5000 .711E) 2 .304E) 2 *.202E) 2 *.171E) 2 *.161E) 2 *.134E) 2

10,000 .683E) 2 .221E) 2 .228E) 2 .198E) 2 *.180E) 2 *.156E) 2

20,000 .638E) 2 .132E) 2 .261E) 2 .227E) 2 *.201E) 2 *.180E) 2
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Table 1 (continued)

Transition WL (�AA) T (K) Perturber

density (cm�3)

C Electrons Protons Ionized helium

Width (�AA) Shift (�AA) Width (�AA) Shift (�AA) Width (�AA) Shift (�AA)

30,000 .608E) 2 .101E) 2 .285E) 2 .244E) 2 *.215E) 2 *.194E) 2

50,000 .568E) 2 .694E) 3 .324E) 2 .268E) 2 .234E) 2 .213E) 2

5S 9P 1724.0 2500 1.E+14 .13E+15 .117E) 1 .704E) 2 *.289E) 2 *.223E) 2

.5 .5 5000 .122E) 1 .536E) 2 *.324E) 2 *.267E) 2

10,000 .122E) 1 .419E) 2 *.365E) 2 *.312E) 2 *.290E) 2 *.245E) 2

20,000 .117E) 1 .254E) 2 *.414E) 2 *.359E) 2 *.324E) 2 *.284E) 2

30,000 .114E) 1 .192E) 2 *.448E) 2 *.388E) 2 *.345E) 2 *.307E) 2

50,000 .108E) 1 .128E) 2 .501E) 2 .426E) 2 *.375E) 2 *.338E) 2

5S 9P 1723.3 2500 1.E+14 .68E+14 .157E) 1 .773E) 2

1.5 .5 5000 .158E) 1 .617E) 2 *.462E) 2 *.376E) 2

10,000 .150E) 1 .422E) 2 *.524E) 2 *.443E) 2

20,000 .140E) 1 .224E) 2 *.603E) 2 *.512E) 2 *.459E) 2 *.403E) 2

30,000 .133E) 1 .171E) 2 *.660E) 2 *.554E) 2 *.491E) 2 *.438E) 2

50,000 .123E) 1 .117E) 2 *.752E) 2 *.610E) 2 *.535E) 2 *.484E) 2

5S 10P 1699.7 2500 1.E+14 .81E+14 .234E) 1 .127E) 1

.5 .5 5000 .242E) 1 .939E) 2

10,000 .241E) 1 .593E) 2

20,000 .230E) 1 .395E) 2 *.843E) 2 *.718E) 2

30,000 .222E) 1 .295E) 2 *.916E) 2 *.779E) 2

50,000 .209E) 1 .195E) 2 *.103E) 1 *.859E) 2

5S 10P 1699.2 2500 1.E+14 .36E+14 .331E) 1 .135E) 1

1.5 .5 5000 .325E) 1 .963E) 2

10,000 .305E) 1 .718E) 2

20,000 .281E) 1 .339E) 2

30,000 .265E) 1 .262E) 2

50,000 .244E) 1 .181E) 2

6S 8P 7110.1 2500 1.E+14 .40E+16 .830E) 1 .534E) 1 *.202E) 1 *.164E) 1 *.165E) 1 *.127E) 1

.5 .5 5000 .864E) 1 .448E) 1 .226E) 1 .192E) 1 *.183E) 1 *.151E) 1

10,000 .882E) 1 .348E) 1 .253E) 1 .221E) 1 *.203E) 1 *.175E) 1

20,000 .859E) 1 .238E) 1 .286E) 1 .252E) 1 .226E) 1 .200E) 1

30,000 .837E) 1 .173E) 1 .309E) 1 .271E) 1 .241E) 1 .215E) 1

50,000 .803E) 1 .115E) 1 .344E) 1 .297E) 1 .261E) 1 .236E) 1

6S 8P 7090.0 2500 1.E+14 .20E+16 .112 .606E) 1 *.289E) 1 *.234E) 1 *.232E) 1 *.181E) 1

1.5 .5 5000 .115 .491E) 1 *.325E) 1 *.277E) 1 *.259E) 1 *.216E) 1

10,000 .110 .365E) 1 .368E) 1 .320E) 1 *.290E) 1 *.252E) 1

20,000 .103 .233E) 1 .422E) 1 .366E) 1 *.324E) 1 *.290E) 1

30,000 .988E) 1 .168E) 1 .461E) 1 .394E) 1 *.346E) 1 *.313E) 1

50,000 .925E) 1 .103E) 1 .522E) 1 .433E) 1 .377E) 1 .344E) 1

6S 9P 6472.9 2500 1.E+14 .19E+16 .165 .994E) 1 *.408E) 1 *.314E) 1

.5 .5 5000 .171 .814E) 1 *.457E) 1 *.377E) 1

10,000 .172 .615E) 1 *.514E) 1 *.440E) 1 *.409E) 1 *.345E) 1

20,000 .166 .404E) 1 *.583E) 1 *.506E) 1 *.456E) 1 *.400E) 1
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30,000 .161 .289E) 1 *.632E) 1 *.547E) 1 *.487E) 1 *.433E) 1

50,000 .153 .177E) 1 .707E) 1 .601E) 1 *.529E) 1 *.477E) 1

6S 9P 6463.7 2500 1.E+ 14 .96E+15 .220 .109

1.5 .5 5000 .222 .873E) 1 *.650E) 1 *.528E) 1

10,000 .212 .618E) 1 *.737E) 1 *.623E) 1

20,000 .197 .368E) 1 *.848E) 1 *.720E) 1 *.646E) 1 *.568E) 1

30,000 .187 .272E) 1 *.929E) 1 *.779E) 1 *.691E) 1 *.616E) 1

50,000 .174 .155E) 1 *.106 *.858E) 1 *.753E) 1 *.680E) 1

6S 10P 6143.2 2500 1.E+ 14 .11E+16 .305 .171

.5 .5 5000 .316 .137

10,000 .314 .101

20,000 .301 .634E) 1 *.110 *.938E) 1

30,000 .290 .447E) 1 *.120 *.102

50,000 .274 .254E) 1 *.134 *.112

6S 10P 6137.3 2500 1.E+ 14 .48E+15 .431 .182

1.5 .5 5000 .424 .144

10,000 .398 .941E) 1

20,000 .367 .561E) 1

30,000 .346 .396E) 1

50,000 .319 .209E) 1

7S 8P 21124.9 2500 1.E+ 14 .35E+17 .728 .456 *.177 *.144 *.145 *.112

.5 .5 5000 .764 .370 .198 .169 *.160 *.132

10,000 .791 .267 .222 .194 *.178 *.153

20,000 .783 .163 .251 .221 .198 .175

30,000 .770 .110 .272 .238 .211 .189

50,000 .748 .529E) 1 .302 .261 .229 .207

7S 8P 20948.6 2500 1.E+ 14 .17E+17 .977 .514 *.252 *.204 *.202 *.157

1.5 .5 5000 1.00 .405 *.283 *.241 *.226 *.188

10,000 .975 .281 .320 .279 *.252 *.219

20,000 .926 .161 .367 .318 *.282 *.252

30,000 .893 .879E) 1 .401 .343 *.301 *.272

50,000 .846 .507E) 1 .454 .377 .328 .299

7S 9P 16344.6 2500 1.E+ 14 .12E+17 1.05 .626 *.260 *.200

.5 .5 5000 1.10 .508 *.291 *.240

10,000 1.11 .368 *.327 *.280 *.260 *.220

20,000 1.07 .218 *.371 *.322 *.290 *.255

30,000 1.04 .154 *.402 *.348 *.310 *.276

50,000 .998 .689E) 1 .450 .382 *.337 *.304

7S 9P 16286.3 2500 1.E+ 14 .61E+16 1.40 .686

1.5 .5 5000 1.41 .550 *.412 *.335

10,000 1.35 .378 *.468 *.395

20,000 1.27 .215 *.538 *.457 *.410 *.360

30,000 1.21 .137 *.589 *.494 *.438 *.391

50,000 1.13 .698E) 1 *.671 *.544 *.477 *.431
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Table 1 (continued)

Transition WL (�AA) T (K) Perturber

density (cm�3)

C Electrons Protons Ionized helium

Width (�AA) Shift (�AA) Width (�AA) Shift (�AA) Width (�AA) Shift (�AA)

7S 10P 14394.1 2500 1.E+ 14 .58E+16 1.68 .934

.5 .5 5000 1.74 .755

10,000 1.73 .542

20,000 1.66 .314 *.605 *.515

30,000 1.61 .215 *.657 *.558

50,000 1.52 .969E) 1 *.738 *.616

7S 10P 14361.9 2500 1.E+ 14 .26E+16 2.36 .996

1.5 .5 5000 2.33 .801

10,000 2.19 .528

20,000 2.02 .296

30,000 1.91 .182

50,000 1.77 .968E) 1

8S 8P 96206.6 2500 1.E+ 14 .73E+18 14.9 8.05 *3.60 *2.93 *2.94 *2.27

.5 .5 5000 16.4 4.90 4.02 3.42 *3.25 *2.68

10,000 17.6 2.46 4.51 3.93 3.61 3.10

20,000 17.9 .987 5.10 4.48 4.02 3.55

30,000 18.0 .568 5.51 4.82 4.28 3.83

50,000 18.0 ).133 6.13 5.29 4.64 4.20

8S 8P 92654.4 2500 1.E+ 14 .34E+18 19.1 7.06 *4.86 *3.94 *3.91 *3.04

1.5 .5 5000 20.3 4.93 *5.47 *4.65 *4.36 *3.63

10,000 20.1 1.89 6.19 5.38 *4.87 *4.24

20,000 19.7 .700 7.09 6.15 *5.44 *4.87

30,000 19.4 .427 7.75 6.63 *5.82 *5.26

50,000 18.8 ).335 8.79 7.27 6.33 5.78

8S 9P 41255.7 2500 1.E+ 14 .76E+17 6.68 3.84 *1.64 *1.27

.5 .5 5000 7.04 2.83 *1.84 *1.52

10,000 7.25 1.69 *2.07 *1.77 *1.65 *1.39

20,000 7.13 .585 *2.35 *2.04 *1.84 *1.61

30,000 7.01 .426 *2.55 *2.20 *1.96 *1.75

50,000 6.80 .280 2.85 2.42 *2.13 *1.92

8S 9P 40886.3 2500 1.E+ 14 .38E+17 8.80 4.10

1.5 .5 5000 8.98 3.08 *2.59 *2.11

10,000 8.69 1.79 *2.94 *2.48

20,000 8.27 .569 *3.38 *2.87 *2.57 *2.26

30,000 7.97 .427 *3.70 *3.10 *2.75 *2.46

50,000 7.55 .287 *4.22 *3.42 *3.00 *2.71

8S 10P 30741.2 2500 1.E+ 14 .27E+17 7.64 4.17

.5 .5 5000 7.98 3.09

10,000 8.01 1.89

20,000 7.74 1.19 *2.75 *2.34

30,000 7.53 .508 *2.99 *2.54

50,000 7.20 .359 *3.36 *2.80
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8S 10P 30594.7 2500 1.E+ 14 .12E+17 10.7 4.42

1.5 .5 5000 10.6 3.34

10,000 10.0 1.97

20,000 9.33 .964

30,000 8.87 .523

50,000 8.25 .367

7P 8S 64922.4 2500 1.E+ 14 .68E+18 2.31 ).741 .466 ).379 .389 ).299
.5 .5 5000 2.84 ).354 .515 ).435 .425 ).344

10,000 3.21 ).591E) 1 .573 ).494 .467 ).392
20,000 3.52 .163 .643 ).560 .515 ).445
30,000 3.70 .209 .693 ).600 .546 ).478
50,000 3.89 .294 .768 ).654 .589 ).522

7P 8S 68487.1 2500 1.E+ 14 .38E+18 3.69 )1.01 .786 ).665 .639 ).522
.5 1.5 5000 4.18 ).598 .880 ).766 .708 ).605

10,000 4.38 ).771E) 1 .992 ).874 .787 ).693
20,000 4.56 .208 1.13 ).991 .877 ).787
30,000 4.66 .286 1.23 )1.07 .936 ).847
50,000 4.76 .376 1.39 )1.16 1.02 ).927

5S 7P 1850.4 2500 1.E+ 15 .56E+16 .184E) 1 .121E) 1 *.444E) 2 *.323E) 2 *.365E) 2 *.244E) 2

.5 .5 5000 .192E) 1 .108E) 1 *.494E) 2 *.392E) 2 *.404E) 2 *.303E) 2

10,000 .199E) 1 .885E) 2 .552E) 2 .461E) 2 *.447E) 2 *.361E) 2

20,000 .196E) 1 .670E) 2 .621E) 2 .532E) 2 *.495E) 2 *.420E) 2

30,000 .192E) 1 .542E) 2 .668E) 2 .576E) 2 *.527E) 2 *.456E) 2

50,000 .185E) 1 .393E) 2 .739E) 2 .633E) 2 .570E) 2 .502E) 2

5S 7P 1847.7 2500 1.E+ 15 .28E+16 .249E) 1 .140E) 1 *.628E) 2 *.449E) 2

1.5 .5 5000 .258E) 1 .118E) 1 *.704E) 2 *.556E) 2 *.565E) 2 *.426E) 2

10,000 .253E) 1 .943E) 2 *.794E) 2 *.661E) 2 *.630E) 2 *.515E) 2

20,000 .239E) 1 .658E) 2 *.903E) 2 *.767E) 2 *.703E) 2 *.604E) 2

30,000 .229E) 1 .517E) 2 .982E) 2 .832E) 2 *.750E) 2 *.657E) 2

50,000 .216E) 1 .366E) 2 .110E) 1 .917E) 2 *.815E) 2 *.727E) 2

5S 8P 1766.1 2500 1.E+ 15 .25E+16 .512E) 1 .305E) 1

.5 .5 5000 .533E) 1 .262E) 1

10,000 .543E) 1 .207E) 1

20,000 .527E) 1 .144E) 1 *.177E) 1 *.147E) 1

30,000 .512E) 1 .107E) 1 *.191E) 1 *.160E) 1

50,000 .490E) 1 .766E) 2 *.212E) 1 *.178E) 1 *.161E) 1 *.140E) 1

5S 8P 1764.9 2500 1.E+ 15 .12E+16 .693E) 1 .324E) 1

1.5 .5 5000 .708E) 1 .276E) 1

10,000 .681E) 1 .209E) 1

20,000 .636E) 1 .130E) 1

30,000 .607E) 1 .993E) 2

50,000 .567E) 1 .687E) 2 *.323E) 1 *.258E) 1

5S 9P 1724.0 2500 1.E+ 15 .13E+16 *.116 *.609E) 1

.5 .5 5000 .121 .502E) 1

10,000 .122 .395E) 1

20,000 .117 .250E) 1
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Table 1 (continued)

Transition WL (�AA) T (K) Perturber

density (cm�3)

C Electrons Protons Ionized helium

Width (�AA) Shift (�AA) Width (�AA) Shift (�AA) Width (�AA) Shift (�AA)

30,000 .113 .188E) 1

50,000 .108 .126E) 1

5S 9P 1723.3 2500 1.E+ 15 .68E+15* .151 *.605E) 1

1.5 .5 5000 *.154 *.513E) 1

10,000 .147 .378E) 1

20,000 .138 .217E) 1

30,000 .131 .165E) 1

50,000 .122 .114E) 1

5S 10P 1699.7 2500 1.E+ 15 .81E+15* .225 *.102

.5 .5 5000 *.236 *.833E) 1

10,000 *.236 *.575E) 1

20,000 .227 .382E) 1

30,000 .219 .285E) 1

50,000 .208 .191E) 1

5S 10P 1699.2 2500 1.E+ 15 .36E+15 *.288 *.894E) 1

1.5 .5 5000 *.295 *.754E) 1

10,000 *.284 *.570E) 1

20,000 .266 .314E) 1

30,000 .253 .241E) 1

50,000 .235 .170E) 1

6S 6P 16821.9 2500 1.E+ 15 .69E+18 .390 .240 .100 .793E) 1 .831E) 1 .616E) 1

1.5 .5 5000 .421 .188 .111 .924E) 1 .912E) 1 .726E) 1

10,000 .444 .139 .124 .106 .100 .838E) 1

20,000 .449 .908E) 1 .140 .121 .111 .958E) 1

30,000 .450 .646E) 1 .151 .130 .118 .103

50,000 .450 .388E) 1 .167 .142 .128 .113

6S 7P 8707.1 2500 1.E+ 15 .12E+18 .405 .265 *.980E) 1 *.713E) 1 *.806E) 1 *.538E) 1

.5 .5 5000 .425 .231 *.109 *.865E) 1 *.891E) 1 *.668E) 1

10,000 .442 .185 .122 .102 *.985E) 1 *.796E) 1

20,000 .441 .134 .137 .117 *.109 *.926E) 1

30,000 .435 .995E) 1 .147 .127 *.116 *.100

50,000 .424 .701E) 1 .163 .140 .126 .111

6S 7P 8646.8 2500 1.E+ 15 .61E+17 .544 .304 *.137 *.982E) 1

1.5 .5 5000 .565 .253 *.154 *.122 *.123 *.931E) 1

10,000 .556 .201 *.173 *.144 *.138 *.113

20,000 .529 .133 *.197 *.168 *.154 *.132

30,000 .511 .966E) 1 .215 .182 *.164 *.144

50,000 .487 .645E) 1 .241 .200 *.178 *.159

6S 8P 7110.1 2500 1.E+ 15 .40E+17 .830 .493

.5 .5 5000 .864 .423

10,000 .882 .340

20,000 .859 .238 *.286 *.238

2
8
0

M
.S
.
D
im

itrijevi �cc,
S
.
S
a
h
a
l-B

r �eech
o
t
/
A
to
m
ic

D
a
ta

a
n
d
N
u
clea

r
D
a
ta

T
a
b
les

8
5
(
2
0
0
3
)
2
6
9
–
2
9
0



30,000 .837 .172 *.309 *.260

50,000 .803 .115 *.344 *.288 *.261 *.227

6S 8P 7090.0 2500 1.E+ 15 .20E+17 1.12 .531

1.5 .5 5000 1.14 .446

10,000 1.10 .351

20,000 1.03 .229

30,000 .986 .165

50,000 .924 .103 *.522 *.417

6S 9P 6472.9 2500 1.E+ 15 .19E+17 *1.64 *.857

.5 .5 5000 1.71 .730

10,000 1.72 .585

20,000 1.65 .398

30,000 1.60 .284

50,000 1.53 .177

6S 9P 6463.7 2500 1.E+ 15 .96E+16 *2.12 *.850

1.5 .5 5000 *2.16 *.726

10,000 2.07 .569

20,000 1.94 .368

30,000 1.85 .263

50,000 1.72 .155

6S 10P 6143.2 2500 1.E+ 15 .11E+17 *2.94 *1.32

.5 .5 5000 *3.09 *1.13

10,000 *3.09 *.915

20,000 2.97 .618

30,000 2.87 .434

50,000 2.72 .254

6S 10P 6137.3 2500 1.E+ 15 .48E+16 *3.75 *1.16

1.5 .5 5000 *3.85 *1.03

10,000 *3.70 *.795

20,000 3.47 .528

30,000 3.30 .369

50,000 3.07 .209

7S 7P 46425.0 2500 1.E+ 15 .35E+19 11.3 6.82 *2.71 *1.97 *2.23 *1.49

.5 .5 5000 12.1 5.00 *3.01 *2.39 *2.46 *1.84

10,000 13.3 3.28 3.36 2.80 *2.72 *2.19

20,000 13.7 1.73 3.78 3.23 *3.02 *2.55

30,000 13.9 1.12 4.07 3.49 *3.20 *2.77

50,000 14.0 .601 4.50 3.84 3.47 3.05

7S 7P 44759.2 2500 1.E+ 15 .16E+19 14.3 7.07 *3.61 *2.59

1.5 .5 5000 15.3 5.12 *4.05 *3.20 *3.25 *2.45

10,000 15.6 3.18 *4.57 *3.80 *3.62 *2.96

20,000 15.3 1.11 *5.20 *4.41 *4.04 *3.47

30,000 15.2 .704 5.65 4.79 *4.31 *3.78

50,000 14.8 .379 6.36 5.27 *4.69 *4.18

7S 8P 21124.9 2500 1.E+ 15 .35E+18 7.28 4.20

.5 .5 5000 7.63 3.47
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Table 1 (continued)

Transition WL (�AA) T (K) Perturber

density (cm�3)

C Electrons Protons Ionized helium

Width (�AA) Shift (�AA) Width (�AA) Shift (�AA) Width (�AA) Shift (�AA)

10,000 7.91 2.58

20,000 7.82 1.60 *2.51 *2.09

30,000 7.70 1.09 *2.71 *2.28

50,000 7.48 .526 *3.02 *2.53 *2.29 *2.00

7S 8P 20948.6 2500 1.E+15 .17E+18 9.71 4.48

1.5 .5 5000 9.99 3.63

10,000 9.72 2.66

20,000 9.24 1.59

30,000 8.91 .865

50,000 8.45 .501 *4.54 *3.63

7S 9P 16344.6 2500 1.E+15 .12E+18 *10.4 *5.39

.5 .5 5000 10.9 4.50

10,000 11.0 3.41

20,000 10.7 2.11

30,000 10.4 1.52

50,000 9.96 .681

7S 9P 16286.3 2500 1.E+15 .61E+17 *13.5 *5.32

1.5 .5 5000 *13.8 *4.48

10,000 13.2 3.36

20,000 12.5 2.02

30,000 11.9 1.34

50,000 11.2 .686

7S 10P 14394.1 2500 1.E+15 .58E+17 *16.1 *7.22

.5 .5 5000 *17.0 *6.12

10,000 *17.0 *4.72

20,000 16.4 2.92

30,000 15.9 2.11

50,000 15.1 .947

7S 10P 14361.9 2500 1.E+15 .26E+17 *20.6 *6.33

1.5 .5 5000 *21.1 *5.55

10,000 *20.3 *4.14

20,000 19.1 2.57

30,000 18.2 1.74

50,000 17.0 .929

5P 8S 3982.7 2500 1.E+15 .16E+18 .372E) 1 .261E) 1 .767E) 2 .644E) 2 .612E) 2 .497E) 2

.5 1.5 5000 .428E) 1 .314E) 1 .861E) 2 .757E) 2 .687E) 2 .592E) 2

10,000 .470E) 1 .326E) 1 .966E) 2 .873E) 2 .771E) 2 .689E) 2

20,000 .531E) 1 .309E) 1 .108E) 1 .997E) 2 .865E) 2 .790E) 2

30,000 .573E) 1 .271E) 1 .116E) 1 .107E) 1 .926E) 2 .853E) 2

50,000 .649E) 1 .231E) 1 .126E) 1 .118E) 1 .101E) 1 .936E) 2

6P 8S 13728.9 2500 1.E+15 .84E+18 .484 .243 .731E) 1 .587E) 1 .601E) 1 .456E) 1

.5 .5 5000 .597 .301 .812E) 1 .685E) 1 .664E) 1 .538E) 1
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10,000 .692 .315 .904E) 1 .788E) 1 .734E) 1 .623E) 1

20,000 .795 .294 .101 .898E) 1 .814E) 1 .712E) 1

30,000 .867 .265 .108 .967E) 1 .866E) 1 .768E) 1

50,000 .968 .221 .118 .106 .938E) 1 .843E) 1

5S 6P 2070.5 2500 1.E+ 16 .19E+18 .459E) 1 .312E) 1 *.116E) 1 *.723E) 2 *.970E) 2 *.528E) 2

.5 .5 5000 .493E) 1 .303E) 1 *.128E) 1 *.912E) 2 *.107E) 1 *.693E) 2

10,000 .521E) 1 .268E) 1 .141E) 1 .110E) 1 *.117E) 1 *.850E) 2

20,000 .529E) 1 .221E) 1 .157E) 1 .128E) 1 *.128E) 1 *.100E) 1

30,000 .525E) 1 .190E) 1 .168E) 1 .139E) 1 *.135E) 1 *.110E) 1

50,000 .518E) 1 .149E) 1 .183E) 1 .154E) 1 .146E) 1 .122E) 1

5S 6P 2061.8 2500 1.E+ 16 .10E+18 .612E) 1 .370E) 1 *.153E) 1 *.949E) 2

1.5 .5 5000 .649E) 1 .338E) 1 *.171E) 1 *.123E) 1 *.140E) 1 *.927E) 2

10,000 .661E) 1 .293E) 1 *.191E) 1 *.150E) 1 *.155E) 1 *.116E) 1

20,000 .638E) 1 .233E) 1 .215E) 1 .177E) 1 *.171E) 1 *.138E) 1

30,000 .621E) 1 .196E) 1 .232E) 1 .193E) 1 *.182E) 1 *.152E) 1

50,000 .598E) 1 .148E) 1 .258E) 1 .214E) 1 *.197E) 1 *.169E) 1

5S 7P 1850.4 2500 1.E+ 16 .56E+17 .183 .104

.5 .5 5000 .192 .966E) 1

10,000 .199 .830E) 1

20,000 .196 .663E) 1

30,000 .192 .536E) 1

50,000 .185 .389E) 1 *.738E) 1 *.599E) 1

5S 7P 1847.7 2500 1.E+ 16 .28E+17 .241 .110

1.5 .5 5000 .253 .979E) 1

10,000 .249 .843E) 1

20,000 .236 .646E) 1

30,000 .227 .506E) 1

50,000 .214 .358E) 1

5S 8P 1766.1 2500 1.E+ 16 .25E+17 *.481 *.219

.5 .5 5000 *.511 *.203

10,000 *.527 *.174

20,000 .516 .140

30,000 .503 .107

50,000 .483 .743E) 1

5S 8P 1764.9 2500 1.E+ 16 .12E+17 *.574 *.196

1.5 .5 5000 *.625 *.184

10,000 *.622 *.158

20,000 .595 .123

30,000 .573 .937E) 1

50,000 .540 .644E) 1

5S 9P 1724.0 2500 1.E+ 16 .13E+17

.5 .5 5000

10,000 *1.10 *.286

20,000 *1.09 *.236

30,000 *1.06 *.177

50,000 1.02 .117
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Table 1 (continued)

Transition WL (�AA) T (K) Perturber

density (cm�3)

C Electrons Protons Ionized helium

Width (�AA) Shift (�AA) Width (�AA) Shift (�AA) Width (�AA) Shift (�AA)

5S 9P 1723.3 2500 1.E+ 16 .68E+16

1.5 .5 5000

10,000 *1.20 *.240

20,000 *1.18 *.191

30,000 *1.15 *.144

50,000 *1.10 *.979E) 1

5S 10P 1699.7 2500 1.E+ 16 .81E+16

.5 .5 5000

10,000

20,000

30,000 *1.93 *.249

50,000 *1.87 *.163

5S 10P 1699.2 2500 1.E+ 16 .36E+16

1.5 .5 5000

10,000

20,000

30,000 *2.04 *.180

50,000 *1.97 *.123

6S 6P 17417.9 2500 1.E+ 16 .14E+20 3.07 1.94 *.787 *.490 *.663 *.359

.5 .5 5000 3.34 1.67 *.867 *.616 *.729 *.469

10,000 3.73 1.23 .957 .738 *.796 *.573

20,000 4.02 .900 1.06 .861 *.871 *.676

30,000 4.12 .690 1.13 .936 .919 .738

50,000 4.23 .453 1.24 1.03 .986 .818

6S 6P 16821.9 2500 1.E+ 16 .69E+19 3.90 2.22 *.992 *.617

1.5 .5 5000 4.21 1.75 *1.11 *.799 *.906 *.601

10,000 4.44 1.32 *1.24 *.973 *1.00 *.750

20,000 4.49 .877 1.40 1.15 *1.11 *.896

30,000 4.50 .630 1.50 1.25 *1.18 *.981

50,000 4.50 .384 1.67 1.38 *1.27 *1.09

6S 7P 8707.1 2500 1.E+ 16 .12E+19 4.03 2.29

.5 .5 5000 4.23 2.06

10,000 4.41 1.69

20,000 4.40 1.28

30,000 4.35 .957

50,000 4.24 .694 *1.63 *1.32

6S 7P 8646.8 2500 1.E+ 16 .61E+18 5.26 2.39

1.5 .5 5000 5.52 2.07

10,000 5.47 1.70

20,000 5.23 1.23

30,000 5.06 .897

50,000 4.83 .633
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6S 8P 7110.1 2500 1.E+ 16 .40E+18 *7.79 *3.54

.5 .5 5000 *8.29 *3.25

10,000 *8.57 *2.75

20,000 8.41 2.14

30,000 8.23 1.55

50,000 7.92 1.13

6S 8P 7090.0 2500 1.E+ 16 .20E+18 *9.26 *3.14

1.5 .5 5000 *10.1 *2.93

10,000 *10.1 *2.49

20,000 9.65 1.86

30,000 9.32 1.37

50,000 8.81 .986

6S 9P 6472.9 2500 1.E+ 16 .19E+18

.5 .5 5000

10,000 *15.5 *3.97

20,000 *15.3 *3.02

30,000 *15.1 *2.29

50,000 *14.5 *1.67

6S 9P 6463.7 2500 1.E+ 16 .96E+17

1.5 .5 5000

10,000 *16.9 *3.32

20,000 *16.7 *2.46

30,000 *16.3 *1.88

50,000 *15.5 *1.38

5P 6S 7689.9 2500 1.E+ 16 .34E+20 .113 .796E) 1 .265E) 1 .207E) 1 .220E) 1 .160E) 1

.5 .5 5000 .132 .954E) 1 .292E) 1 .242E) 1 .242E) 1 .190E) 1

10,000 .148 .115 .324E) 1 .279E) 1 .266E) 1 .220E) 1

20,000 .159 .120 .360E) 1 .318E) 1 .294E) 1 .252E) 1

30,000 .170 .121 .383E) 1 .343E) 1 .312E) 1 .272E) 1

50,000 .181 .106 .415E) 1 .376E) 1 .337E) 1 .298E) 1

5P 6S 8275.8 2500 1.E+ 16 .39E+20 .129 .914E) 1 .308E) 1 .237E) 1 .258E) 1 .184E) 1

.5 1.5 5000 .151 .112 .339E) 1 .278E) 1 .282E) 1 .218E) 1

10,000 .169 .132 .375E) 1 .320E) 1 .309E) 1 .253E) 1

20,000 .183 .137 .416E) 1 .365E) 1 .341E) 1 .289E) 1

30,000 .197 .138 .443E) 1 .393E) 1 .362E) 1 .312E) 1

50,000 .211 .119 .479E) 1 .431E) 1 .390E) 1 .343E) 1

5P 7S 4477.3 2500 1.E+ 16 .43E+19 .163 .113 .348E) 1 .258E) 1 *.278E) 1 *.192E) 1

.5 .5 5000 .190 .137 .391E) 1 .319E) 1 *.313E) 1 *.245E) 1

10,000 .209 .162 .439E) 1 .379E) 1 .351E) 1 .295E) 1

20,000 .226 .152 .492E) 1 .440E) 1 .393E) 1 .346E) 1

30,000 .239 .147 .526E) 1 .477E) 1 .421E) 1 .377E) 1

50,000 .262 .125 .573E) 1 .526E) 1 .458E) 1 .417E) 1

5P 7S 4669.8 2500 1.E+ 16 .47E+19 .177 .121 .379E) 1 .281E) 1 *.303E) 1 *.209E) 1

.5 1.5 5000 .206 .148 .425E) 1 .347E) 1 *.340E) 1 *.266E) 1

10,000 .230 .172 .477E) 1 .412E) 1 .381E) 1 .321E) 1

20,000 .246 .164 .535E) 1 .478E) 1 .428E) 1 .376E) 1
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Table 1 (continued)

Transition WL (�AA) T (K) Perturber

density (cm�3)

C Electrons Protons Ionized helium

Width (�AA) Shift (�AA) Width (�AA) Shift (�AA) Width (�AA) Shift (�AA)

30,000 .260 .159 .572E) 1 .518E) 1 .457E) 1 .409E) 1

50,000 .285 .134 .623E) 1 .571E) 1 .498E) 1 .453E) 1

5P 8S 3841.8 2500 1.E+16 .15E+19 .346 .226 *.709E) 1 *.434E) 1

.5 .5 5000 .398 .274 *.800E) 1 *.587E) 1

10,000 .438 .298 *.899E) 1 *.730E) 1 *.717E) 1 *.558E) 1

20,000 .497 .287 *.101 *.870E) 1 *.805E) 1 *.677E) 1

30,000 .533 .252 *.108 *.952E) 1 *.862E) 1 *.746E) 1

50,000 .603 .215 .118 .106 *.938E) 1 *.834E) 1

5P 8S 3982.7 2500 1.E+16 .16E+19 .372 .243 *.762E) 1 *.466E) 1

.5 1.5 5000 .428 .302 *.860E) 1 *.631E) 1

10,000 .470 .319 *.966E) 1 *.784E) 1 *.771E) 1 *.600E) 1

20,000 .531 .308 *.108 *.934E) 1 *.865E) 1 *.727E) 1

30,000 .573 .270 *.116 *.102 *.926E) 1 *.802E) 1

50,000 .649 .231 .126 .114 *.101 *.896E) 1

6P 7S 27858.3 2500 1.E+16 .35E+20 8.95 ).462 *1.41 *).745 *1.28 *).562
.5 .5 5000 11.8 .868 1.50 ).905 *1.35 *).699

10,000 14.0 2.09 1.61 )1.06 *1.43 *).833
20,000 16.0 2.84 1.75 )1.23 1.51 ).970
30,000 17.0 2.68 1.86 )1.33 1.56 )1.05
50,000 18.3 2.39 2.02 )1.46 1.64 )1.16

6P 7S 29531.5 2500 1.E+16 .21E+20 14.2 )1.73 *2.44 *)1.52 *2.04 *)1.11
.5 1.5 5000 17.1 .652E) 1 *2.71 *)1.92 *2.25 *)1.46

10,000 19.0 1.96 3.01 )2.31 *2.47 *)1.79
20,000 20.5 3.08 3.38 )2.70 *2.71 *)2.12
30,000 21.3 3.00 3.65 )2.93 *2.86 *)2.31
50,000 22.4 2.92 4.08 )3.24 3.08 )2.56

6P 8S 13728.9 2500 1.E+16 .84E+19 4.84 2.29 *.724 *.448

.5 .5 5000 5.97 2.92 *.810 *.587 *.660 *.440

10,000 6.92 3.11 *.904 *.719 *.733 *.553

20,000 7.95 2.93 *1.01 *.849 *.814 *.663

30,000 8.67 2.64 1.08 .927 *.866 *.728

50,000 9.68 2.21 1.18 1.03 *.937 *.811

6P 8S 14123.3 2500 1.E+16 .49E+19 5.83 2.02 .601 *.375 *.499 *.272

.5 1.5 5000 7.11 2.68 .667 *.478 *.552 *.362

10,000 8.06 3.14 .742 *.577 *.607 *.447

20,000 9.01 3.02 .830 .676 *.668 *.530

30,000 9.68 2.77 .890 .736 *.707 *.579

50,000 10.7 2.34 .977 .815 .760 .643

5S 5P 3383.9 2500 1.E+17 .15E+21 .375E) 1 .174E) 1 .222E) 1 .444E) 2 .217E) 1 .343E) 2

.5 .5 5000 .422E) 1 .205E) 1 .227E) 1 .522E) 2 .224E) 1 .408E) 2

10,000 .443E) 1 .223E) 1 .229E) 1 .602E) 2 .226E) 1 .475E) 2

20,000 .500E) 1 .217E) 1 .231E) 1 .687E) 2 .228E) 1 .544E) 2
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30,000 .567E) 1 .182E) 1 .232E) 1 .740E) 2 .229E) 1 .587E) 2

50,000 .691E) 1 .142E) 1 .234E) 1 .812E) 2 .230E) 1 .645E) 2

5S 5P 3281.6 2500 1.E+ 17 .13E+21 .384E) 1 .194E) 1 .225E) 1 .506E) 2 *.218E) 1 *.390E) 2

1.5 .5 5000 .437E) 1 .239E) 1 .230E) 1 .598E) 2 .226E) 1 .467E) 2

10,000 .465E) 1 .272E) 1 .233E) 1 .692E) 2 .229E) 1 .545E) 2

20,000 .523E) 1 .274E) 1 .235E) 1 .791E) 2 .231E) 1 .627E) 2

30,000 .589E) 1 .240E) 1 .237E) 1 .853E) 2 .232E) 1 .677E) 2

50,000 .707E) 1 .191E) 1 .239E) 1 .936E) 2 .234E) 1 .743E) 2

5S 6P 2070.5 2500 1.E+ 17 .19E+19 .455 .256

.5 .5 5000 .490 .263

10,000 .518 .238

20,000 .527 .204

30,000 .524 .179 *.167 *.124

50,000 .517 .144 *.183 *.142

5S 6P 2061.8 2500 1.E+ 17 .10E+19 .583 .274

1.5 .5 5000 .628 .266

10,000 .645 .242

20,000 .627 .205

30,000 .612 .176

50,000 .591 .140

5S 7P 1850.4 2500 1.E+ 17 .56E+18 *1.46 *.549

.5 .5 5000 *1.67 *.615

10,000 *1.81 *.576

20,000 *1.83 *.493

30,000 1.82 .425

50,000 1.77 .338

5S 7P 1847.7 2500 1.E+ 17 .28E+18 *1.48 *.453

1.5 .5 5000 *1.88 *.517

10,000 *2.04 *.508

20,000 *2.04 *.422

30,000 2.01 .360

50,000 1.94 .287

5S 8P 1766.1 2500 1.E+ 17 .25E+18

.5 .5 5000

10,000

20,000 *4.20 *.791

30,000 *4.25 *.686

50,000 *4.22 *.544

5P 6S 7689.9 2500 1.E+ 17 .34E+21 1.13 .744 *.261 *.155 *.213 *.108

.5 .5 5000 1.32 .916 .291 .205 *.240 *.153

10,000 1.47 1.13 .324 .253 *.265 *.194

20,000 1.59 1.19 .360 .300 .294 .234

30,000 1.70 1.21 .383 .327 .312 .257

50,000 1.81 1.06 .415 .363 .337 .287
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Table 1 (continued)

Transition WL (�AA) T (K) Perturber

density (cm�3)

C Electrons Protons Ionized helium

Width (�AA) Shift (�AA) Width (�AA) Shift (�AA) Width (�AA) Shift (�AA)

5P 6S 8275.8 2500 1.E+ 17 .39E+21 1.29 .854 *.303 *.178 *.249 *.124

.5 1.5 5000 1.51 1.08 .338 .236 *.279 *.176

10,000 1.69 1.30 .375 .290 *.309 *.223

20,000 1.83 1.36 .416 .344 .341 .268

30,000 1.97 1.38 .442 .376 .361 .295

50,000 2.11 1.19 .479 .417 .390 .329

5P 7S 4477.3 2500 1.E+ 17 .43E+20 1.63 .981

.5 .5 5000 1.90 1.26

10,000 2.09 1.54 *.438 *.303

20,000 2.26 1.47 *.492 *.386

30,000 2.39 1.45 *.526 *.433

50,000 2.62 1.25 *.573 *.492 *.458 *.382

5P 7S 4669.8 2500 1.E+ 17 .47E+20 1.77 1.05

.5 1.5 5000 2.06 1.37

10,000 2.30 1.63 *.476 *.329

20,000 2.46 1.60 *.535 *.420

30,000 2.60 1.56 *.572 *.471

50,000 2.85 1.33 *.623 *.534 *.498 *.416

5P 8S 3841.8 2500 1.E+ 17 .15E+20 *3.45 *1.73

.5 .5 5000 *3.98 *2.36

10,000 4.38 2.71

20,000 4.97 2.71

30,000 5.33 2.44

50,000 6.03 2.10

5P 8S 3982.7 2500 1.E+ 17 .16E+20 *3.71 *1.86

.5 1.5 5000 *4.28 *2.62

10,000 4.70 2.91

20,000 5.31 2.90

30,000 5.73 2.62

50,000 6.49 2.25

5S 5P 3383.9 2500 1.E+ 18 .15E+22 .374 .163 *.177 *.325E) 1 *.136 *.224E) 1

.5 .5 5000 .422 .197 *.210 *.437E) 1 *.191 *.324E) 1

10,000 .443 .217 *.223 *.542E) 1 *.215 *.415E) 1

20,000 .500 .213 .229 .645E) 1 *.224 *.502E) 1

30,000 .567 .179 .231 .705E) 1 *.227 *.553E) 1

50,000 .691 .140 .233 .784E) 1 *.229 *.618E) 1

5S 5P 3281.6 2500 1.E+ 18 .13E+22 .383 .198 *.175 *.353E) 1

1.5 .5 5000 .437 .229 *.212 *.490E) 1

10,000 .465 .264 *.226 *.615E) 1 *.217 *.469E) 1

20,000 .523 .269 .233 .737E) 1 *.227 *.572E) 1

30,000 .589 .236 .236 .809E) 1 *.230 *.633E) 1

50,000 .707 .189 .239 .901E) 1 *.233 *.709E) 1
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5S 6P 2070.5 2500 1.E+ 18 .19E+20 *3.12 *.966

.5 .5 5000 *3.98 *1.48

10,000 *4.54 *1.57

20,000 *4.81 *1.46

30,000 4.86 1.37

50,000 4.87 1.10

5S 6P 2061.8 2500 1.E+ 18 .10E+20 *3.06 *.888

1.5 .5 5000 *4.21 *1.25

10,000 *5.00 *1.43

20,000 *5.24 *1.31

30,000 *5.27 *1.23

50,000 5.25 .979

5P 6S 7689.9 2500 1.E+ 18 .34E+22 11.2 5.78

.5 .5 5000 13.2 7.99

10,000 14.7 10.4

20,000 15.9 11.3 *3.58 *2.41

30,000 17.0 11.8 *3.82 *2.80

50,000 18.1 10.5 *4.14 *3.26

5P 6S 8275.8 2500 1.E+ 18 .39E+22 12.9 6.65

.5 1.5 5000 15.1 9.42

10,000 16.9 12.0

20,000 18.3 12.9 *4.14 *2.77

30,000 19.7 13.5 *4.41 *3.21

50,000 21.1 11.9 *4.78 *3.75

5P 7S 4477.3 2500 1.E+ 18 .43E+21 *15.6 *4.82

.5 .5 5000 *18.8 *9.02

10,000 *20.9 *12.9

20,000 *22.6 *13.3

30,000 23.9 13.2

50,000 26.1 11.8

5P 7S 4669.8 2500 1.E+ 18 .47E+21 *16.9 *5.07

.5 1.5 5000 *20.4 *9.81

10,000 *22.9 *13.6

20,000 *24.6 *14.4

30,000 25.9 14.2

50,000 28.5 12.6

5S 5P 3383.9 2500 1.E+ 19 .15E+23 *3.61 *1.24

.5 .5 5000 *4.18 *1.70

10,000 4.42 1.98

20,000 5.00 2.00

30,000 5.66 1.68

50,000 6.90 1.32 *2.28 *.699

5S 5P 3281.6 2500 1.E+ 19 .13E+23 *3.69 *1.38

1.5 .5 5000 *4.32 *1.94
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Table 1 (continued)

Transition WL (�AA) T (K) Perturber

density (cm�3)

C Electrons Protons Ionized helium

Width (�AA) Shift (�AA) Width (�AA) Shift (�AA) Width (�AA) Shift (�AA)

10,000 4.63 2.40

20,000 5.23 2.52

30,000 5.89 2.21

50,000 7.07 1.79 *2.33 *.793
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ABSTRACT

Using a semiclassical approach,we have calculated ab initio electron-, proton-, and ionized helium-impact linewidths
and shift for 26Ne vmultiplets. Energy levels and oscillator strengths have been calculated using SUPERSTRUCTURE
code. Results have been presented for an electron density of 1017 cm�3 as a function of temperature, and are compared
with experimental and other theoretical results.

Subject headinggs: atomic data — atomic processes — line: profiles

1. INTRODUCTION

Important astrophysical applications of Stark broadening of
multiply charged ion spectral lines are in the physics of stellar
interiors (Seaton 1987). In subphotospheric layers, the modeling
of energy transport requires radiative opacities, so certain atomic
processes should be known with sufficient accuracy. At these
high temperatures (100,000 K and more) and densities (1017Y
1022 cm�3) Stark broadening of strong multiply charged ionic
lines plays a nonnegligible role in the calculation of the opacities,
especially in the UV. Moreover, with the development of spectro-
scopic investigations from space, UVand extreme-UV spectral
line research has been further stimulated. The Stark broadening
mechanism is also important for the investigation, analysis, and
modeling of B-type, and particularly A-type, stellar atmospheres,
as well as for white dwarf atmospheres. In Popović et al. (2001),
the influence of Stark broadening on Nd ii lines in A-type stellar
atmospheres was investigated. It was demonstrated that neglect-
ing this mechanism introduces an error between 10% and 45%
in the equivalent width determination and influences abundance
determination.

Quadruply ionized neon (Ne v) is a unique probe of astro-
physical plasma in the intermediate-temperature range [100,000Y
600,000 K], a temperature that bridges the low temperatures
mapped in narrow band optical filters (5000Y50,000 K) and the
high-temperature regime imaged in X-rays (T � 1;000;000 K;
Szentgyorgyi et al. 2000). Such temperatures are of interest not
only for subphotospheric layers where Stark broadening is im-
portant (Seaton 1987). Temperatures of 100,000Y150,000 K are
typical for PG 1195-type stars (Werner & Heber 1991) and for
DOwhite dwarfs, which have effective temperature from 50,000
to approximately 120,000 K at the hot end of the branch (Dreizler
& Werner 1996).

For a number of quadruply ionized atoms there exist sufficient
atomic data for sophisticated semiclassical calculations for astro-
physically interesting lines. Thus, large-scale calculations have
been performed with the semiclassical perturbation formalism
(Sahal-Bréchot 1969a, 1969b) for C v (Dimitrijević & Sahal-
Bréchot 1995, 1996a), N v (Dimitrijević & Sahal-Bréchot 1992),

P v (Dimitrijević & Sahal-Bréchot 1995, 1996a), S v (Dimitrijević
& Sahal-Bréchot 1997, 1998a), and V v (Dimitrijević & Sahal-
Bréchot 1998b) spectral lines. But for other, as for Si v and Ne v,
the needed atomic data set is not sufficiently complete. In a pre-
vious work, we calculate Stark broadening parameters of the qua-
druply ionized silicon (Ben Nessib et al. 2004).

Whenever the semiclassical method is not applicable, the mod-
ified semi-empiricalmethod (Dimitrijević &Konjević 1980,1981,
1987) is useful. This method was used for calculating the electron-
impact widths of 88 multiplets of six ion species (C v, O v, F v,
Ne v, Al v, and Si v) including ninemultiplets of Ne v (Dimitrijević
1988).

Such data are of interest for the consideration of radiative trans-
fer through subphotospheric layers (Seaton 1988), for modeling
of some hot star atmospheres such as PG 1159 preYwhite dwarfs
with an effective temperature between 100,000 and 140,000 K
(Werner & Heber 1991), as well as for fusion plasmas and laser-
produced plasmas. The development of soft X-ray lasers, where
Stark broadening data are needed to calculate gain values, to
model radiation trapping, and to consider photoresonant pump-
ing schemes (see, e.g., Fill & Schöning 1994; Griem & Moreno
1980), provided an additional interest in such results. The Low
Energy Transmission Grating (LETG) on board the X-ray space
observatoryChandra gives high-quality spectra in thewavelength
region between 5 and 1408, and contains a series of lines that can
provide density and temperature diagnostics for relatively hot and
dense stellar plasmas objects. An analysis of X-ray spectrum of
some stars with the high-resolution space observatory Chandra
show spectra that can be rich in emission lines in the soft X-ray
region.

The aim of this paper is to provide ab initio calculations of
Stark broadening parameters due to electron, proton, and ionized
helium impact of Ne v lines of astrophysical importance. Our re-
sults are compared with available experimental and theoretical
data (Uzelac et al. 1993; Dimitrijević 1993). An outline of the
theory is presented in x 2, and results are discussed in x 3.

2. THEORY

The energy levels and oscillator strengths were carried out
with the general purpose atomic-structure program SUPER-
STRUCTURE (Eissner et al. 1974), as modified by Nussbaumer
& Storey (1978). The adopted atomic model for Ne v includes 17
configurations: 2s22p2, 2s2p3, 2p4, 2s22p3l, 2s2p23l, 2s22p4l,
2s2p24l (l � n� 1). The wave functions are of configuration
mixing type, and each configuration is expanded in terms of Slater
states. The radial functions are calculated in scaled Thomas-Fermi
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National des Sciences Appliquées et de Technologie, Centre Urbain Nord B. P.
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TABLE 1

Electron Impact Broadening Parameters ( FWHM-w and Shift-d ) for Ne v Lines, for Perturber Density of 10
17 cm�3

Transition

T

(K)

wSST

(8)
dSST
(8)

wBD

(8)
dBD
(8)

Ne v 2PY3S, 173.0 8, C ¼ 0:88E+18 ............... 50,000.0 0.992E�04 0.283E�05 0.935E�04 0.449E�05

100,000.0 0.680E�04 0.559E�05 0.664E�04 0.610E�05

150,000.0 0.570E�04 0.633E�05 0.557E�04 0.661E�05

200,000.0 0.507E�04 0.678E�05 0.497E�04 0.709E�05

300,000.0 0.435E�04 0.695E�05 0.427E�04 0.729E�05

500,000.0 0.365E�04 0.667E�05 0.359E�04 0.701E�05

Ne v 2PY3D, 150.6 8, C ¼ 0:55E+18............... 50,000.0 0.874E�04 �0.283E�05 0.903E�04 �0.165E�05

100,000.0 0.625E�04 �0.786E�06 0.653E�04 �0.101E�06

150,000.0 0.521E�04 �0.459E�06 0.546E�04 0.133E�06

200,000.0 0.460E�04 �0.708E�06 0.482E�04 �0.162E�06

300,000.0 0.389E�04 �0.713E�06 0.409E�04 �0.103E�06

500,000.0 0.320E�04 �0.414E�06 0.339E�04 0.325E�06

Ne v 2P-3D, 145.8 8, C ¼ 0:98E+18................ 50,000.0 0.974E�04 �0.272E�05 0.978E�04 �0.983E�06

100,000.0 0.684E�04 �0.310E�06 0.701E�04 0.355E�06

150,000.0 0.569E�04 0.369E�07 0.583E�04 0.478E�06

200,000.0 0.503E�04 �0.312E�06 0.515E�04 0.943E�07

300,000.0 0.426E�04 �0.174E�06 0.438E�04 0.319E�06

500,000.0 0.353E�04 0.131E�06 0.364E�04 0.706E�06

Ne v 2PY3D, 145.7 8, C ¼ 0:67E+18............... 50,000.0 0.978E�04 �0.241E�05 0.968E�04 �0.940E�06

100,000.0 0.692E�04 �0.271E�06 0.698E�04 0.289E�06

150,000.0 0.578E�04 0.777E�07 0.582E�04 0.471E�06

200,000.0 0.511E�04 �0.220E�06 0.515E�04 0.157E�06

300,000.0 0.434E�04 �0.354E�07 0.438E�04 0.404E�06

500,000.0 0.360E�04 0.265E�06 0.365E�04 0.760E�06

Ne v 2PY3S, 183.1 8, C ¼ 0:99E+18 ............... 50,000.0 0.116E�03 0.274E�05 0.105E�03 0.541E�05

100,000.0 0.781E�04 0.609E�05 0.747E�04 0.693E�05

150,000.0 0.654E�04 0.699E�05 0.627E�04 0.744E�05

200,000.0 0.582E�04 0.750E�05 0.559E�04 0.798E�05

300,000.0 0.499E�04 0.766E�05 0.481E�04 0.821E�05

500,000.0 0.418E�04 0.735E�05 0.404E�04 0.790E�05

Ne v 2PY3D, 152.8 8, C ¼ 0:74E+18............... 50,000.0 0.110E�03 �0.298E�05 0.106E�03 �0.764E�06

100,000.0 0.770E�04 �0.417E�06 0.765E�04 0.385E�06

150,000.0 0.642E�04 0.201E�07 0.638E�04 0.541E�06

200,000.0 0.567E�04 �0.309E�06 0.565E�04 0.200E�06

300,000.0 0.482E�04 �0.124E�06 0.481E�04 0.475E�06

500,000.0 0.399E�04 0.207E�06 0.400E�04 0.869E�06

Ne v 3SY3P, 3400.1 8, C ¼ 0:34E+21.............. 50,000.0 0.806E�01 �0.169E�02 0.655E�01 �0.233E�03

100,000.0 0.583E�01 �0.196E�02 0.473E�01 �0.269E�03

150,000.0 0.491E�01 �0.219E�02 0.396E�01 �0.353E�03

200,000.0 0.438E�01 �0.228E�02 0.352E�01 �0.319E�03

300,000.0 0.376E�01 �0.224E�02 0.301E�01 �0.238E�03

500,000.0 0.316E�01 �0.216E�02 0.252E�01 �0.212E�03

Ne v 3SY3P, 1620.9 8, C ¼ 0:64E+20.............. 50,000.0 0.197E�01 �0.210E�03 0.162E�01 0.138E�03

100,000.0 0.144E�01 �0.318E�03 0.118E�01 0.799E�04

150,000.0 0.121E�01 �0.304E�03 0.990E�02 0.132E�03

200,000.0 0.108E�01 �0.346E�03 0.882E�02 0.118E�03

300,000.0 0.934E�02 �0.379E�03 0.758E�02 0.916E�04

500,000.0 0.788E�02 �0.347E�03 0.636E�02 0.108E�03

Ne v 3PY3D, 1762.1 8, C ¼ 0:76E+20............. 50,000.0 0.204E�01 �0.182E�03 0.217E�01 �0.209E�03

100,000.0 0.149E�01 �0.146E�03 0.158E�01 �0.103E�03

150,000.0 0.125E�01 �0.123E�03 0.133E�01 �0.677E�04

200,000.0 0.111E�01 �0.181E�03 0.119E�01 �0.139E�03

300,000.0 0.950E�02 �0.212E�03 0.102E�01 �0.167E�03

500,000.0 0.796E�02 �0.165E�03 0.854E�02 �0.100E�03

Ne v 3PY3D, 1264.5 8, C ¼ 0:47E+20............. 50,000.0 0.114E�01 �0.824E�04 0.119E�01 �0.636E�04

100,000.0 0.831E�02 �0.412E�04 0.866E�02 �0.255E�04

150,000.0 0.698E�02 �0.257E�04 0.728E�02 �0.955E�05

200,000.0 0.621E�02 �0.603E�04 0.648E�02 �0.489E�04

300,000.0 0.533E�02 �0.619E�04 0.557E�02 �0.486E�04

500,000.0 0.448E�02 �0.362E�04 0.469E�02 �0.177E�04

Ne v 3PY3D, 2136.8 8, C ¼ 0:11E+21............. 50,000.0 0.347E�01 �0.538E�03 0.369E�01 �0.615E�03

100,000.0 0.254E�01 �0.341E�03 0.271E�01 �0.464E�03

150,000.0 0.214E�01 �0.412E�03 0.229E�01 �0.564E�03

200,000.0 0.190E�01 �0.473E�03 0.204E�01 �0.576E�03

300,000.0 0.164E�01 �0.405E�03 0.176E�01 �0.483E�03

500,000.0 0.138E�01 �0.354E�03 0.148E�01 �0.427E�03
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TABLE 1—Continued

Transition

T

(K)

wSST

(8)
dSST
(8)

wBD

(8)
dBD
(8)

Ne v 3PY3D, 4087.1 8, C ¼ 0:41E+21............. 50,000.0 0.117 �0.209E�02 0.128 �0.271E�02

100,000.0 0.861E�01 �0.160E�02 0.940E�01 �0.199E�02

150,000.0 0.726E�01 �0.190E�02 0.794E�01 �0.233E�02

200,000.0 0.647E�01 �0.207E�02 0.709E�01 �0.234E�02

300,000.0 0.555E�01 �0.198E�02 0.610E�01 �0.216E�02

500,000.0 0.467E�01 �0.181E�02 0.514E�01 �0.192E�02

Ne v 3PY3D, 2176.0 8, C ¼ 0:12E+21............. 50,000.0 0.357E�01 �0.633E�03 0.385E�01 �0.646E�03

100,000.0 0.261E�01 �0.361E�03 0.281E�01 �0.467E�03

150,000.0 0.220E�01 �0.435E�03 0.237E�01 �0.584E�03

200,000.0 0.196E�01 �0.510E�03 0.211E�01 �0.611E�03

300,000.0 0.168E�01 �0.450E�03 0.182E�01 �0.520E�03

500,000.0 0.142E�01 �0.397E�03 0.154E�01 �0.455E�03

Ne v 3PY3D, 3158.2 8, C ¼ 0:32E+21............. 50,000.0 0.812E�01 �0.169E�02 0.961E�01 �0.255E�02

100,000.0 0.595E�01 �0.130E�02 0.713E�01 �0.210E�02

150,000.0 0.502E�01 �0.159E�02 0.604E�01 �0.244E�02

200,000.0 0.448E�01 �0.172E�02 0.541E�01 �0.273E�02

300,000.0 0.387E�01 �0.148E�02 0.468E�01 �0.248E�02

500,000.0 0.327E�01 �0.138E�02 0.397E�01 �0.224E�02

Ne v 2PY3S, 166.2 8, C ¼ 0:12E+19 ............... 50,000.0 0.846E�04 0.227E�05 0.833E�04 0.448E�05

100,000.0 0.581E�04 0.419E�05 0.595E�04 0.515E�05

150,000.0 0.486E�04 0.510E�05 0.499E�04 0.584E�05

200,000.0 0.433E�04 0.555E�05 0.444E�04 0.636E�05

300,000.0 0.370E�04 0.560E�05 0.382E�04 0.645E�05

500,000.0 0.309E�04 0.536E�05 0.320E�04 0.621E�05

Ne v 2PY3D, 141.9 8, C ¼ 0:99E+18............... 50,000.0 0.796E�04 �0.213E�05 0.833E�04 �0.633E�06

100,000.0 0.564E�04 �0.271E�06 0.598E�04 0.369E�06

150,000.0 0.468E�04 0.222E�07 0.497E�04 0.467E�06

200,000.0 0.412E�04 �0.260E�06 0.439E�04 0.117E�06

300,000.0 0.348E�04 �0.215E�06 0.372E�04 0.238E�06

500,000.0 0.286E�04 0.460E�07 0.308E�04 0.619E�06

Ne v 2PY3D, 141.2 8, C ¼ 0:11E+19............... 50,000.0 0.873E�04 �0.283E�05 0.817E�04 �0.622E�06

100,000.0 0.634E�04 �0.113E�05 0.591E�04 0.347E�06

150,000.0 0.531E�04 �0.825E�06 0.493E�04 0.467E�06

200,000.0 0.471E�04 �0.124E�05 0.435E�04 0.104E�06

300,000.0 0.400E�04 �0.130E�05 0.369E�04 0.207E�06

500,000.0 0.332E�04 �0.948E�06 0.306E�04 0.588E�06

Ne v 3SY3P, 2260.6 8, C ¼ 0:23E+21.............. 50,000.0 0.353E�01 �0.594E�03 0.296E�01 �0.270E�04

100,000.0 0.255E�01 �0.580E�03 0.214E�01 �0.269E�05

150,000.0 0.215E�01 �0.656E�03 0.179E�01 �0.167E�04

200,000.0 0.191E�01 �0.711E�03 0.159E�01 �0.854E�05

300,000.0 0.164E�01 �0.706E�03 0.136E�01 0.165E�04

500,000.0 0.138E�01 �0.673E�03 0.114E�01 0.261E�04

Ne v 3SY3P, 1947.6 8, C ¼ 0:17E+21.............. 50,000.0 0.265E�01 �0.379E�03 0.222E�01 0.122E�04

100,000.0 0.192E�01 �0.365E�03 0.160E�01 0.349E�04

150,000.0 0.161E�01 �0.420E�03 0.134E�01 0.243E�04

200,000.0 0.144E�01 �0.457E�03 0.119E�01 0.298E�04

300,000.0 0.123E�01 �0.452E�03 0.102E�01 0.470E�04

500,000.0 0.104E�01 �0.430E�03 0.852E�02 0.558E�04

Ne v 3SY3P, 1856.0 8, C ¼ 0:15E+21.............. 50,000.0 0.233E�01 �0.421E�03 0.204E�01 0.355E�04

100,000.0 0.169E�01 �0.419E�03 0.148E�01 0.429E�04

150,000.0 0.142E�01 �0.457E�03 0.124E�01 0.549E�04

200,000.0 0.126E�01 �0.510E�03 0.110E�01 0.528E�04

300,000.0 0.108E�01 �0.523E�03 0.942E�02 0.561E�04

500,000.0 0.907E�02 �0.487E�03 0.787E�02 0.700E�04

Ne v 3PY3D, 1941.0 8, C ¼ 0:17E+21............. 50,000.0 0.252E�01 �0.304E�03 0.268E�01 �0.225E�03

100,000.0 0.182E�01 �0.278E�03 0.194E�01 �0.163E�03

150,000.0 0.153E�01 �0.304E�03 0.162E�01 �0.181E�03

200,000.0 0.135E�01 �0.375E�03 0.144E�01 �0.267E�03

300,000.0 0.116E�01 �0.390E�03 0.123E�01 �0.270E�03

500,000.0 0.968E�02 �0.340E�03 0.103E�01 �0.195E�03

Ne v 3PY3D, 1697.1 8, C ¼ 0:13E+21............. 50,000.0 0.193E�01 �0.175E�03 0.207E�01 �0.168E�03

100,000.0 0.140E�01 �0.140E�03 0.150E�01 �0.112E�03

150,000.0 0.117E�01 �0.154E�03 0.126E�01 �0.126E�03

200,000.0 0.104E�01 �0.212E�03 0.112E�01 �0.197E�03

300,000.0 0.892E�02 �0.214E�03 0.958E�02 �0.193E�03

500,000.0 0.747E�02 �0.171E�03 0.805E�02 �0.136E�03
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statistical model potential, which depends on parameters knl de-
termined variationally by optimizing the weighted sum of energy
terms. Relativistic corrections are introduced by means of Breit-
Pauli approximation in intermediate coupling. In particular spin-
orbit, spin-spin, and spin-other-orbit interactions are included. The
main input data of this code are the charge of the ion and the con-
figurations to be used in themodel. We have calculatedmean radii
andmean square radii within the hydrogenic approximationwith a
quantum defect, using the effective quantum numbers n�i obtained
from the Ritz formula.

Stark broadening parameter calculations have been performed
within the semiclassical perturbationmethod (Sahal-Bréchot 1969a,
1969b). A detailed description of this formalism with all the in-
novations is given in Sahal-Bréchot (1969a, 1969b, 1974, 1991),
Fleurier et al. (1977), Dimitrijević et al. (1991), and Dimitrijević
& Sahal-Bréchot (1996b). The full half-width (w) and shift (d )
of an electron-impact broadened spectral line can be expressed
as

W ¼ N

Z
vf (v) dv

X
i 0 6¼i

�ii 0 (v)þ
X
f 0 6¼ f

�ff 0 (v)þ �el

" #
þWR;

d ¼ N

Z
vf (v) dv

Z RD

R3

2�� d� sin 2’p

� �
; ð1Þ

where N is the electron density; f (�) the Maxwellian velocity
distribution function for electrons; � denotes the impact param-
eters of the incoming electron; i and f denote the initial and the
final atomic energy levels, and i0 and f 0 their corresponding per-
turbing levels; while WR gives the contribution of the Feshbach
resonances (Fleurier et al. 1977). The inelastic cross section �ii 0 (�)

can be expressed by an integral over the impact parameter of the
transition probability Pjj 0(�, �) as

X
j6¼j 0

�ii 0 (�) ¼
1

2
�R2

1 þ
Z RD

R1

2�� d�
X
j¼j 0

Pjj 0 (�; �); j ¼ i; f ;

ð2Þ

and the elastic cross section is given by

�el ¼ 2�R2
2 þ

Z RD

R2

2�� d� sin2 �;

� ¼ ’2
p þ ’2

q

� �1=2

: ð3Þ

The phase shifts ’p and ’q due, respectively, to the polarization
potential (r�4) and to the quadrupolar potential (r�3), are given
in x 3 of chapter 2 in Sahal-Bréchot (1969a) and RD is the Debye
radius. All the cut-offsR1; R2; R3 are described in x 1 of chapter 3
in Sahal-Bréchot (1969b).
For electrons, hyperbolic paths due to the attractive Coulomb

force were used, while for perturbing ions the hyperbolic paths
are different, since the force is repulsive. The formulae for the
ion-impact widths and shifts are analogous to equations (1)Y(3),
without the resonance contribution to the width.
The results obtained within the semiclassical perturbation

approach (Sahal-Bréchot 1969a, 1969b) have been compared
with critically selected experimental data for 13 He imultiplets
(Dimitrijević & Sahal-Bréchot 1985), and it was found that
the agreement between experimental data and semiclassical

TABLE 1—Continued

Transition

T

(K)

wSST

(8)
dSST
(8)

wBD

(8)
dBD
(8)

Ne v 3PY3D, 1599.7 8, C ¼ 0:11E+21............. 50,000.0 0.183E�01 �0.244E�03 0.183E�01 �0.148E�03

100,000.0 0.134E�01 �0.235E�03 0.133E�01 �0.101E�03

150,000.0 0.113E�01 �0.246E�03 0.112E�01 �0.111E�03

200,000.0 0.101E�01 �0.314E�03 0.993E�02 �0.176E�03

300,000.0 0.863E�02 �0.329E�03 0.851E�02 �0.175E�03

500,000.0 0.725E�02 �0.280E�03 0.715E�02 �0.124E�03

Ne v 3PY3D, 1805.0 8, C ¼ 0:17E+21............. 50,000.0 0.235E�01 �0.364E�03 0.234E�01 �0.216E�03

100,000.0 0.172E�01 �0.355E�03 0.170E�01 �0.160E�03

150,000.0 0.145E�01 �0.371E�03 0.143E�01 �0.173E�03

200,000.0 0.129E�01 �0.462E�03 0.127E�01 �0.255E�03

300,000.0 0.111E�01 �0.481E�03 0.109E�01 �0.252E�03

500,000.0 0.934E�02 �0.417E�03 0.916E�02 �0.189E�03

Ne v 3PY3D, 2029.1 8, C ¼ 0:20E+21............. 50,000.0 0.269E�01 �0.228E�03 0.301E�01 �0.305E�03

100,000.0 0.195E�01 �0.168E�03 0.218E�01 �0.213E�03

150,000.0 0.163E�01 �0.204E�03 0.183E�01 �0.259E�03

200,000.0 0.145E�01 �0.266E�03 0.163E�01 �0.352E�03

300,000.0 0.124E�01 �0.251E�03 0.139E�01 �0.329E�03

500,000.0 0.104E�01 �0.206E�03 0.117E�01 �0.257E�03

Ne v 3PY3D, 1891.4 8, C ¼ 0:18E+21............. 50,000.0 0.249E�01 �0.321E�03 0.260E�01 �0.263E�03

100,000.0 0.183E�01 �0.300E�03 0.189E�01 �0.188E�03

150,000.0 0.154E�01 �0.329E�03 0.159E�01 �0.224E�03

200,000.0 0.137E�01 �0.408E�03 0.141E�01 �0.307E�03

300,000.0 0.118E�01 �0.412E�03 0.121E�01 �0.291E�03

500,000.0 0.988E�02 �0.357E�03 0.102E�01 �0.228E�03

Notes.—Transitions and averaged wavelength for the multiplet (in8) are also given.We can consider line as isolated up to perturber density equal
to C/w (Dimitrijević & Sahal-Bréchot 1984). SST denotes results obtained using SUPERSTRUCTURE, and BD denotes Bates and Damgaard
oscillator strengths.
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TABLE 2

Impact Broadening Parameters ( FWHM-w and Shift-d ) for Ne v Lines

Transition

T

(K)

wHþ

(8)
dHþ

(8)
wHeþ

(8)
dHeþ

(8)
wHeþþ

(8)
dHeþþ

(8)

Ne v 2PY3S, 173.0 8, C ¼ 0:88E+18 ................... 50,000.0 0.441E�06 0.270E�05 0.633E�06 0.261E�05 0.843E�06 0.527E�05

100,000.0 0.179E�05 0.469E�05 0.215E�05 0.432E�05 0.354E�05 0.937E�05

150,000.0 0.340E�05 0.601E�05 0.327E�05 0.521E�05 0.672E�05 0.122E�04

200,000.0 0.426E�05 0.684E�05 0.419E�05 0.600E�05 0.859E�05 0.138E�04

300,000.0 0.619E�05 0.826E�05 0.599E�05 0.696E�05 0.124E�04 0.168E�04

500,000.0 0.867E�05 0.952E�05 0.752E�05 0.792E�05 0.174E�04 0.194E�04

Ne v 2PY3D, 150.6 8, C ¼ 0:55E+18................... 50,000.0 0.119E�05 �0.481E�06 0.193E�05 �0.478E�06 0.225E�05 �0.937E�06

100,000.0 0.255E�05 �0.931E�06 0.353E�05 �0.895E�06 0.490E�05 �0.186E�05

150,000.0 0.355E�05 �0.129E�05 0.438E�05 �0.120E�05 0.689E�05 �0.260E�05

200,000.0 0.417E�05 �0.158E�05 0.510E�05 �0.143E�05 0.817E�05 �0.318E�05

300,000.0 0.518E�05 �0.196E�05 0.584E�05 �0.173E�05 0.101E�04 �0.397E�05

500,000.0 0.614E�05 �0.250E�05 0.647E�05 �0.213E�05 0.121E�04 �0.508E�05

Ne v 2PY3D, 145.8 8, C ¼ 0:98E+18................... 50,000.0 0.151E�05 �0.323E�06 0.240E�05 �0.322E�06 0.287E�05 �0.629E�06

100,000.0 0.309E�05 �0.634E�06 0.418E�05 �0.615E�06 0.595E�05 �0.126E�05

150,000.0 0.417E�05 �0.897E�06 0.513E�05 �0.834E�06 0.813E�05 �0.180E�05

200,000.0 0.482E�05 �0.110E�05 0.588E�05 �0.102E�05 0.943E�05 �0.222E�05

300,000.0 0.589E�05 �0.142E�05 0.655E�05 �0.123E�05 0.116E�04 �0.288E�05

500,000.0 0.671E�05 �0.180E�05 0.720E�05 �0.156E�05 0.133E�04 �0.366E�05

Ne v 2PY3D, 145.7 8, C ¼ 0:67E+18................... 50,000.0 0.153E�05 �0.395E�06 0.242E�05 �0.393E�06 0.290E�05 �0.770E�06

100,000.0 0.312E�05 �0.769E�06 0.421E�05 �0.742E�06 0.602E�05 �0.153E�05

150,000.0 0.421E�05 �0.107E�05 0.517E�05 �0.996E�06 0.822E�05 �0.216E�05

200,000.0 0.487E�05 �0.132E�05 0.593E�05 �0.120E�05 0.953E�05 �0.265E�05

300,000.0 0.596E�05 �0.166E�05 0.661E�05 �0.145E�05 0.117E�04 �0.337E�05

500,000.0 0.681E�05 �0.211E�05 0.726E�05 �0.181E�05 0.135E�04 �0.427E�05

Ne v 2PY3S, 183.1 8, C ¼ 0:99E+18 ................... 50,000.0 0.497E�06 0.301E�05 0.716E�06 0.291E�05 0.950E�06 0.588E�05

100,000.0 0.201E�05 0.524E�05 0.242E�05 0.482E�05 0.397E�05 0.105E�04

150,000.0 0.381E�05 0.671E�05 0.367E�05 0.582E�05 0.753E�05 0.136E�04

200,000.0 0.477E�05 0.764E�05 0.470E�05 0.671E�05 0.962E�05 0.154E�04

300,000.0 0.693E�05 0.923E�05 0.671E�05 0.778E�05 0.139E�04 0.188E�04

500,000.0 0.971E�05 0.106E�04 0.843E�05 0.886E�05 0.195E�04 0.217E�04

Ne v 2PY3D, 152.8 8, C ¼ 0:74E+18................... 50,000.0 0.169E�05 �0.441E�06 0.268E�05 �0.439E�06 0.321E�05 �0.860E�06

100,000.0 0.345E�05 �0.860E�06 0.465E�05 �0.829E�06 0.665E�05 �0.171E�05

150,000.0 0.465E�05 �0.120E�05 0.571E�05 �0.111E�05 0.908E�05 �0.241E�05

200,000.0 0.537E�05 �0.147E�05 0.655E�05 �0.134E�05 0.105E�04 �0.296E�05

300,000.0 0.658E�05 �0.184E�05 0.729E�05 �0.162E�05 0.129E�04 �0.375E�05

500,000.0 0.752E�05 �0.235E�05 0.801E�05 �0.202E�05 0.149E�04 �0.476E�05

Ne v 3SY3P, 3400.1 8, C ¼ 0:34E+21.................. 50,000.0 0.976E�03 �0.109E�02 0.148E�02 �0.106E�02 0.186E�02 �0.214E�02

100,000.0 0.210E�02 �0.190E�02 0.262E�02 �0.174E�02 0.406E�02 �0.379E�02

150,000.0 0.284E�02 �0.241E�02 0.331E�02 �0.210E�02 0.562E�02 �0.490E�02

200,000.0 0.342E�02 �0.275E�02 0.383E�02 �0.242E�02 0.671E�02 �0.557E�02

300,000.0 0.431E�02 �0.332E�02 0.430E�02 �0.278E�02 0.854E�02 �0.673E�02

500,000.0 0.513E�02 �0.383E�02 0.493E�02 �0.318E�02 0.102E�01 �0.778E�02

Ne v 3SY3P, 1620.9 8, C ¼ 0:64E+20.................. 50,000.0 0.281E�03 �0.127E�03 0.428E�03 �0.125E�03 0.535E�03 �0.248E�03

100,000.0 0.550E�03 �0.234E�03 0.702E�03 �0.217E�03 0.106E�02 �0.469E�03

150,000.0 0.712E�03 �0.312E�03 0.868E�03 �0.279E�03 0.140E�02 �0.630E�03

200,000.0 0.831E�03 �0.364E�03 0.974E�03 �0.317E�03 0.163E�02 �0.739E�03

300,000.0 0.100E�02 �0.442E�03 0.106E�02 �0.383E�03 0.198E�02 �0.897E�03

500,000.0 0.114E�02 �0.535E�03 0.117E�02 �0.443E�03 0.224E�02 �0.109E�02

Ne v 3PY3D, 1762.1 8, C ¼ 0:76E+20................. 50,000.0 0.407E�03 �0.509E�04 0.610E�03 �0.507E�04 0.774E�03 �0.992E�04

100,000.0 0.762E�03 �0.997E�04 0.965E�03 �0.964E�04 0.147E�02 �0.198E�03

150,000.0 0.961E�03 �0.140E�03 0.118E�02 �0.130E�03 0.188E�02 �0.282E�03

200,000.0 0.112E�02 �0.172E�03 0.130E�02 �0.158E�03 0.218E�02 �0.346E�03

300,000.0 0.131E�02 �0.220E�03 0.140E�02 �0.191E�03 0.258E�02 �0.446E�03

500,000.0 0.145E�02 �0.279E�03 0.154E�02 �0.242E�03 0.285E�02 �0.567E�03

Ne v 3PY3D, 1264.5 8, C ¼ 0:47E+20................. 50,000.0 0.241E�03 �0.220E�04 0.356E�03 �0.220E�04 0.458E�03 �0.429E�04

100,000.0 0.442E�03 �0.434E�04 0.553E�03 �0.422E�04 0.856E�03 �0.864E�04

150,000.0 0.550E�03 �0.617E�04 0.674E�03 �0.576E�04 0.108E�02 �0.124E�03

200,000.0 0.639E�03 �0.759E�04 0.735E�03 �0.705E�04 0.125E�02 �0.153E�03

300,000.0 0.735E�03 �0.987E�04 0.792E�03 �0.855E�04 0.145E�02 �0.200E�03

500,000.0 0.815E�03 �0.126E�03 0.864E�03 �0.109E�03 0.160E�02 �0.255E�03

Ne v 3PY3D, 2136.8 8, C ¼ 0:11E+21................. 50,000.0 0.831E�03 �0.281E�03 0.120E�02 �0.274E�03 0.159E�02 �0.548E�03

100,000.0 0.150E�02 �0.505E�03 0.183E�02 �0.470E�03 0.291E�02 �0.101E�02

150,000.0 0.185E�02 �0.666E�03 0.222E�02 �0.584E�03 0.361E�02 �0.135E�02

200,000.0 0.215E�02 �0.762E�03 0.240E�02 �0.674E�03 0.422E�02 �0.155E�02

300,000.0 0.244E�02 �0.927E�03 0.260E�02 �0.801E�03 0.485E�02 �0.188E�02

500,000.0 0.272E�02 �0.110E�02 0.284E�02 �0.921E�03 0.539E�02 �0.224E�02



TABLE 2—Continued

Transition

T

(K)

wHþ

(8)
dHþ

(8)
wHeþ

(8)
dHeþ

(8)
wHeþþ

(8)
dHeþþ

(8)

Ne v 3PY3D, 4087.1 8, C ¼ 0:41E+21................. 50,000.0 0.273E�02 �0.107E�02 0.398E�02 �0.104E�02 0.520E�02 �0.209E�02

100,000.0 0.501E�02 �0.192E�02 0.616E�02 �0.178E�02 0.975E�02 �0.383E�02

150,000.0 0.622E�02 �0.252E�02 0.751E�02 �0.220E�02 0.122E�01 �0.510E�02

200,000.0 0.728E�02 �0.288E�02 0.818E�02 �0.255E�02 0.143E�01 �0.584E�02

300,000.0 0.839E�02 �0.351E�02 0.887E�02 �0.302E�02 0.166E�01 �0.710E�02

500,000.0 0.941E�02 �0.413E�02 0.972E�02 �0.346E�02 0.186E�01 �0.843E�02

Ne v 3P-3D, 2176.0 8, C ¼ 0:12E+21.................. 50,000.0 0.856E�03 �0.276E�03 0.124E�02 �0.269E�03 0.164E�02 �0.538E�03

100,000.0 0.154E�02 �0.499E�03 0.189E�02 �0.463E�03 0.300E�02 �0.997E�03

150,000.0 0.190E�02 �0.660E�03 0.229E�02 �0.580E�03 0.373E�02 �0.133E�02

200,000.0 0.221E�02 �0.757E�03 0.247E�02 �0.668E�03 0.435E�02 �0.154E�02

300,000.0 0.252E�02 �0.920E�03 0.268E�02 �0.798E�03 0.500E�02 �0.187E�02

500,000.0 0.280E�02 �0.109E�02 0.293E�02 �0.915E�03 0.555E�02 �0.224E�02

Ne v 3PY3D, 3158.2 8, C ¼ 0:32E+21................. 50,000.0 0.203E�02 �0.972E�03 0.290E�02 �0.938E�03 0.389E�02 �0.190E�02

100,000.0 0.362E�02 �0.168E�02 0.439E�02 �0.154E�02 0.707E�02 �0.336E�02

150,000.0 0.449E�02 �0.213E�02 0.530E�02 �0.186E�02 0.879E�02 �0.433E�02

200,000.0 0.520E�02 �0.244E�02 0.568E�02 �0.214E�02 0.102E�01 �0.493E�02

300,000.0 0.589E�02 �0.293E�02 0.618E�02 �0.245E�02 0.117E�01 �0.595E�02

500,000.0 0.663E�02 �0.337E�02 0.678E�02 �0.281E�02 0.132E�01 �0.686E�02

Ne v 2PY3S, 166.2 8, C ¼ 0:12E+19 ................... 50,000.0 0.322E�06 0.217E�05 0.473E�06 0.211E�05 0.615E�06 0.424E�05

100,000.0 0.141E�05 0.382E�05 0.166E�05 0.354E�05 0.278E�05 0.764E�05

150,000.0 0.266E�05 0.496E�05 0.268E�05 0.429E�05 0.525E�05 0.100E�04

200,000.0 0.348E�05 0.562E�05 0.342E�05 0.496E�05 0.704E�05 0.114E�04

300,000.0 0.499E�05 0.686E�05 0.488E�05 0.582E�05 0.994E�05 0.139E�04

500,000.0 0.713E�05 0.793E�05 0.629E�05 0.663E�05 0.145E�04 0.162E�04

Ne v 2PY3D, 141.9 8, C ¼ 0:99E+18................... 50,000.0 0.116E�05 �0.224E�06 0.188E�05 �0.223E�06 0.220E�05 �0.436E�06

100,000.0 0.244E�05 �0.444E�06 0.337E�05 �0.433E�06 0.470E�05 �0.883E�06

150,000.0 0.336E�05 �0.636E�06 0.416E�05 �0.600E�06 0.652E�05 �0.128E�05

200,000.0 0.391E�05 �0.791E�06 0.482E�05 �0.735E�06 0.767E�05 �0.159E�05

300,000.0 0.481E�05 �0.104E�05 0.546E�05 �0.913E�06 0.944E�05 �0.211E�05

500,000.0 0.558E�05 �0.134E�05 0.601E�05 �0.117E�05 0.111E�04 �0.270E�05

Ne v 2PY3D, 141.2 8, C ¼ 0:11E+19................... 50,000.0 0.123E�05 �0.552E�06 0.196E�05 �0.547E�06 0.232E�05 �0.108E�05

100,000.0 0.258E�05 �0.106E�05 0.352E�05 �0.100E�05 0.497E�05 �0.211E�05

150,000.0 0.355E�05 �0.144E�05 0.434E�05 �0.133E�05 0.693E�05 �0.289E�05

200,000.0 0.413E�05 �0.175E�05 0.503E�05 �0.154E�05 0.812E�05 �0.354E�05

300,000.0 0.512E�05 �0.212E�05 0.569E�05 �0.188E�05 0.101E�04 �0.429E�05

500,000.0 0.596E�05 �0.270E�05 0.629E�05 �0.226E�05 0.119E�04 �0.548E�05

Ne v 3SY3P, 2260.6 8, C ¼ 0:23E+21.................. 50,000.0 0.426E�03 �0.307E�03 0.659E�03 �0.300E�03 0.809E�03 �0.599E�03

100,000.0 0.875E�03 �0.554E�03 0.114E�02 �0.515E�03 0.169E�02 �0.111E�02

150,000.0 0.118E�02 �0.731E�03 0.141E�02 �0.641E�03 0.232E�02 �0.148E�02

200,000.0 0.138E�02 �0.837E�03 0.162E�02 �0.740E�03 0.270E�02 �0.170E�02

300,000.0 0.172E�02 �0.102E�02 0.180E�02 �0.882E�03 0.340E�02 �0.206E�02

500,000.0 0.198E�02 �0.121E�02 0.202E�02 �0.101E�02 0.394E�02 �0.247E�02

Ne v 3SY3P, 1947.6 8, C ¼ 0:17E+21.................. 50,000.0 0.335E�03 �0.198E�03 0.517E�03 �0.194E�03 0.636E�03 �0.386E�03

100,000.0 0.676E�03 �0.362E�03 0.879E�03 �0.335E�03 0.131E�02 �0.723E�03

150,000.0 0.901E�03 �0.481E�03 0.109E�02 �0.426E�03 0.177E�02 �0.970E�03

200,000.0 0.105E�02 �0.556E�03 0.124E�02 �0.487E�03 0.206E�02 �0.113E�02

300,000.0 0.129E�02 �0.676E�03 0.137E�02 �0.586E�03 0.256E�02 �0.137E�02

500,000.0 0.148E�02 �0.812E�03 0.153E�02 �0.676E�03 0.294E�02 �0.166E�02

Ne v 3SY3P, 1856.0 8, C ¼ 0:15E+21.................. 50,000.0 0.315E�03 �0.207E�03 0.483E�03 �0.202E�03 0.598E�03 �0.403E�03

100,000.0 0.636E�03 �0.373E�03 0.819E�03 �0.347E�03 0.123E�02 �0.746E�03

150,000.0 0.847E�03 �0.492E�03 0.102E�02 �0.432E�03 0.166E�02 �0.996E�03

200,000.0 0.990E�03 �0.564E�03 0.116E�02 �0.498E�03 0.194E�02 �0.114E�02

300,000.0 0.122E�02 �0.686E�03 0.128E�02 �0.594E�03 0.242E�02 �0.139E�02

500,000.0 0.140E�02 �0.814E�03 0.143E�02 �0.681E�03 0.278E�02 �0.166E�02

Ne v 3PY3D, 1941.0 8, C ¼ 0:17E+21................. 50,000.0 0.514E�03 �0.143E�03 0.766E�03 �0.141E�03 0.978E�03 �0.280E�03

100,000.0 0.963E�03 �0.270E�03 0.121E�02 �0.251E�03 0.186E�02 �0.538E�03

150,000.0 0.121E�02 �0.361E�03 0.148E�02 �0.328E�03 0.237E�02 �0.726E�03

200,000.0 0.141E�02 �0.431E�03 0.163E�02 �0.373E�03 0.276E�02 �0.872E�03

300,000.0 0.165E�02 �0.521E�03 0.176E�02 �0.457E�03 0.326E�02 �0.105E�02

500,000.0 0.183E�02 �0.646E�03 0.193E�02 �0.532E�03 0.363E�02 �0.132E�02

Ne v 3PY3D, 1697.1 8, C ¼ 0:13E+21................. 50,000.0 0.408E�03 �0.878E�04 0.607E�03 �0.869E�04 0.777E�03 �0.171E�03

100,000.0 0.758E�03 �0.167E�03 0.951E�03 �0.158E�03 0.147E�02 �0.333E�03

150,000.0 0.950E�03 �0.226E�03 0.116E�02 �0.209E�03 0.186E�02 �0.455E�03

200,000.0 0.111E�02 �0.274E�03 0.128E�02 �0.240E�03 0.216E�02 �0.555E�03

300,000.0 0.128E�02 �0.331E�03 0.138E�02 �0.292E�03 0.254E�02 �0.670E�03

500,000.0 0.142E�02 �0.420E�03 0.150E�02 �0.349E�03 0.281E�02 �0.853E�03



calculations is within �20%, which is within the limits of pre-
dicted accuracy of the semiclassical method (Griem 1974).

3. RESULTS AND DISCUSSION

By combining the SUPERSTRUCTURE code for calculating
energy levels and oscillator strengths and the code for the Stark
broadening calculations, we calculated Stark broadening param-
eters ab initio. Calculated Stark broadeningwidths (FWHMs) and
shifts for a perturber density of 1017 cm�3 and temperatures from
50,000 up to 500,000 K are shown in Table 1 for electron-impact
broadening and in Table 2 for broadening by proton and singly
and doubly charged helium ion collisions.

In order to check the error introduced by Bates & Damgaard
(1949) method for oscillator strengths, often used when more
reliable data are not available, we have also calculated oscillator
strengths using the Coulomb approximation. Obtained results are
used for Stark broadening parameter calculations. The obtained

parameters are compared in Table 1 with present results for which
oscillator strengths from SUPERSTRUCTURE code are used.
We can see that the difference is tolerable.

We also specify a parameter C (Dimitrijević & Sahal-Bréchot
1984), which gives an estimate for the maximal perturber density
for which the line may be treated as isolated, when it is divided
by the corresponding FWHM. For each value given in Table 1 the
collision volume V multiplied by the perturber density N is
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Transition

T

(K)

wHþ

(8)
dHþ

(8)
wHeþ

(8)
dHeþ

(8)
wHeþþ

(8)
dHeþþ

(8)

Ne v 3PY3D, 1599.7 8, C ¼ 0:11E+21................. 50,000.0 0.373E�03 �0.120E�03 0.551E�03 �0.118E�03 0.710E�03 �0.234E�03

100,000.0 0.694E�03 �0.221E�03 0.863E�03 �0.205E�03 0.134E�02 �0.442E�03

150,000.0 0.867E�03 �0.295E�03 0.106E�02 �0.264E�03 0.170E�02 �0.595E�03

200,000.0 0.101E�02 �0.345E�03 0.116E�02 �0.300E�03 0.199E�02 �0.701E�03

300,000.0 0.117E�02 �0.419E�03 0.125E�02 �0.364E�03 0.233E�02 �0.850E�03

500,000.0 0.131E�02 �0.509E�03 0.137E�02 �0.420E�03 0.260E�02 �0.104E�02

Ne v 3PY3D, 1805.0 8, C ¼ 0:17E+21................. 50,000.0 0.496E�03 �0.179E�03 0.729E�03 �0.175E�03 0.945E�03 �0.349E�03

100,000.0 0.919E�03 �0.325E�03 0.114E�02 �0.302E�03 0.178E�02 �0.650E�03

150,000.0 0.115E�02 �0.432E�03 0.139E�02 �0.381E�03 0.225E�02 �0.872E�03

200,000.0 0.134E�02 �0.497E�03 0.152E�02 �0.437E�03 0.263E�02 �0.101E�02

300,000.0 0.155E�02 �0.604E�03 0.165E�02 �0.524E�03 0.307E�02 �0.123E�02

500,000.0 0.172E�02 �0.724E�03 0.180E�02 �0.603E�03 0.344E�02 �0.148E�02

Ne v 3PY3D, 2029.1 8, C ¼ 0:20E+21................. 50,000.0 0.617E�03 �0.126E�03 0.912E�03 �0.125E�03 0.118E�02 �0.246E�03

100,000.0 0.114E�02 �0.240E�03 0.142E�02 �0.226E�03 0.220E�02 �0.478E�03

150,000.0 0.142E�02 �0.324E�03 0.173E�02 �0.300E�03 0.278E�02 �0.652E�03

200,000.0 0.165E�02 �0.393E�03 0.189E�02 �0.344E�03 0.323E�02 �0.795E�03

300,000.0 0.190E�02 �0.474E�03 0.204E�02 �0.418E�03 0.377E�02 �0.960E�03

500,000.0 0.210E�02 �0.601E�03 0.223E�02 �0.499E�03 0.417E�02 �0.122E�02

Ne v 3PY3D, 1891.4 8, C ¼ 0:18E+21................. 50,000.0 0.550E�03 �0.168E�03 0.810E�03 �0.165E�03 0.105E�02 �0.327E�03

100,000.0 0.101E�02 �0.310E�03 0.126E�02 �0.288E�03 0.197E�02 �0.620E�03

150,000.0 0.126E�02 �0.414E�03 0.154E�02 �0.370E�03 0.248E�02 �0.833E�03

200,000.0 0.147E�02 �0.483E�03 0.168E�02 �0.420E�03 0.289E�02 �0.982E�03

300,000.0 0.170E�02 �0.587E�03 0.181E�02 �0.510E�03 0.337E�02 �0.119E�02

500,000.0 0.189E�02 �0.712E�03 0.198E�02 �0.589E�03 0.375E�02 �0.145E�02

Notes.—Proton- (H+), singly and doubly charged helium- (He+, He++) impact broadening parameters (FWHM-w and shift-d ) for Ne v lines calculated using
SUPERSTRUCTURE oscillator strengths, for a perturber density of 1017 cm�3. Transitions and averaged wavelength for the multiplet (in 8) are also given. We can
consider line as isolated up to perturber density equal to C/w (Dimitrijević & Sahal-Bréchot 1984).

TABLE 3

Present Results for Stark Broadening Full Width at Half-Intensity

Maximum (W
SC
) Compared with Values from Uzelac et al. (1993)

Transition

Wm

(8) Wm /WG Wm /WDK Wm /WHB Wm /WSC

3s 3Po � 3p 3D, 2265.7 8...... 0.64 1.28 1.71 1.32 1.16

Notes.—Wm: experimental Stark width.WG: Stark width calculated using ap-
proximate semiclassical method (Griem 1974, eq. [526]). WDK: Stark width cal-
culated using modified semiempirical formula (Dimitrijević & Konjević 1980).
WHB: Stark width calculated using classical-path approximation of Hey and Breger
(Hey& Breger 1980). The electron density is 2:85 ; 1018 cm�3. The temperature
is 298,000 K.

Fig. 1.—FWHM for the 3s3PoY3p 3Dmultiplet (k ¼ 2265:78) as a function
of electron temperature for the densityN ¼ 1017 cm�3. The solid line denotes our
calculations with the semiclassical perturbation method (Sahal-Bréchot 1969a,
1969b); the dashed line denotes results of Dimitrijević (1993) obtained by the
modified semiempirical approach (Dimitrijević & Konjević 1980).
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much less than one, and the impact approximation is valid (Sahal-
Bréchot 1969a, 1969b). When the impact approximation is not
valid, the ion broadening contributionmay be estimated by using
the quasistatic approach (Griem1974; Sahal-Bréchot 1991). In the
region where neither approximation is valid, a unified-type theory
should be used. For example, in Barnard et al. (1974) a simple
analytical formula for such a case is given.

In Table 3 and Figure 1 is shown the comparison between our
results and the experimental (Uzelac et al. 1993) and theoret-
ical Stark widths (Uzelac et al. 1993; Dimitrijević 1993) for the
3s 3PoY3p 3D multiplet. In Uzelac et al. (1993) Stark widths are
calculated using the simplified semiclassicalmethod (Griem1974;
eq. [526];WG), the modified semiempirical formula (Dimitrijević
& Konjević 1980, eqs. [7]Y[9]; WDK), and a classical-path ap-
proximation of Hey and Breger (Hey &Breger 1980;WHB). The
calculations of Dimitrijević (1993) are performed by using themod-
ified semiempirical approach (Dimitrijević & Konjević 1980). The
experimental value for this multiplet is Wm ¼ 0:64 8, and our
result is WSC ¼ 0:55 8. The impact approximation for colli-
sions with ions is valid (Cimp ’ 10�8; Ben Nessib et al. 1996).
WSC ¼ We þWion, where We is the electron impact Stark width
andWion is the ionic-impact Stark width (We ¼ 0:495 8,Wion ¼
0:059 8). Only collisions with protons are taken into account.
Line broadening by other ion perturbers (Ne ii, Ne iii, and Ne iv)
is neglected. The quadrupolar contribution coefficientsBi, Bf , and
Bif of this multiplet have been evaluated following the expression

of the quadrupole term for complex atoms with a two-electron
configuration l1l2LS (Sahal-Bréchot 1974).
We have reported results of Stark broadening parameters cal-

culation for 26 spectral lines of Ne v. Obtained results are in rela-
tively good agreement with experimental result of Uzelac et al.
(1993). Such temperatures are of interest for the modeling and
analysis of X-ray spectra, such as the spectra obtained byChandra,
modeling of some hot star atmospheres (e.g., PG 1195), sub-
photospheric layers, soft X-ray lasers, and laser-produced plasmas.
Higher temperatures are of interest for fusion plasma as well as
for stellar interiors.
We see that using the SUPERSTRUCTURE code one obtains

a set of energy levels and oscillator strengths, enabling an ab initio
calculation of Stark broadening parameters. This is suitable espe-
cially for multicharged ions when other theoretical and experi-
mental atomic data scare. This work also suggest that the set of
oscillator strength values obtained with the Bates and Damgaard
approximation may be useful for Stark broadening calculations
when more reliable data are not available.

This work is a part of the project 146001 ‘‘The influence of
collisional processes on astrophysical plasmas line shapes,’’ sup-
ported by the Ministry of Science and Environment Protection
of Serbia.
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ABSTRACT

We present a study of optical Fe ii emission in 302 active galactic nuclei (AGNs) selected from the Sloan Digital
Sky Survey. We group the strongest Fe ii multiplets into three groups according to the lower term of the transition
(b 4F , a 6S, and a 4G terms). These approximately correspond to the blue, central, and red parts, respectively, of
the “iron shelf” around Hβ. We calculate an Fe ii template that takes into account transitions into these three terms
and an additional group of lines, based on a reconstruction of the spectrum of I Zw 1. This Fe ii template gives a
more precise fit of the Fe ii lines in broad-line AGNs than other templates. We extract Fe ii, Hα, Hβ, [O iii], and
[N ii] emission parameters and investigate correlations between them. We find that Fe ii lines probably originate
in an intermediate line region. We note that the blue, red, and central parts of the iron shelf have different relative
intensities in different objects. Their ratios depend on continuum luminosity, FWHM Hβ, the velocity shift of Fe ii,
and the Hα/Hβ flux ratio. We examine the dependence of the well-known anti-correlation between the equivalent
widths of Fe ii and [O iii] on continuum luminosity. We find that there is a Baldwin effect for [O iii] but an inverse
Baldwin effect for the Fe ii emission. The [O iii]/Fe ii ratio thus decreases with Lλ5100. Since the ratio is a major
component of the Boroson & Green Eigenvector 1 (EV1), this implies a connection between the Baldwin effect
and EV1 and could be connected with AGN evolution. We find that spectra are different for Hβ FWHMs greater
and less than ∼3000 km s−1, and that there are different correlation coefficients between the parameters.

Key words: atomic processes – galaxies: active – quasars: emission lines

Online-only material: machine-readable table

1. INTRODUCTION

Optical Fe ii (λλ4400–5400) emission is one of the most
interesting features in active galactic nucleus (AGN) spectra.
The emission arises from numerous transitions of the complex
Fe ii ion. Fe ii emission is seen in almost all type-1 AGN
spectra and it is especially strong in narrow-line Seyfert 1s
(NLS1s). It can also appear in the polarized flux of type-2 AGNs
when a hidden broad-line region (BLR) can be seen. Origin
of the optical Fe ii lines, the mechanisms of their excitation,
and location of the Fe ii emission region in AGN are still
open questions. There are also many correlations between Fe ii

emission and other AGN properties which need a physical
explanation.

Some of the problems connected with Fe ii emission are as
follows.

1. There have been suggestions that Fe ii emission cannot
be explained with standard photoionization models (see
Collin & Joly 2000; Collin-Souffrin et al. 1980, and ref-
erences therein). To explain the Fe ii emission, additional
mechanisms of excitation have been proposed: (a) contin-
uum fluorescence (Phillips 1978a, 1979), (b) collisional
excitation (Joly 1981, 1987, 1991; Veron et al. 2006),
(c) self-fluorescence among Fe ii transitions (Netzer &
Wills 1983), and (d) fluorescent excitation by the Lyα and
Lyβ lines (Penston 1988; Verner et al. 1999).

2. There are uncertainties about where the Fe ii emission-line
region is located in an AGN. A few proposed solutions are
that the Fe ii lines arise: (a) in the same emission region
as the broad Hβ line (Boroson & Green 1992), (b) in the
accretion disk near the central black hole, which produces
the double-peaked broad Balmer emission lines (Collin-

Souffrin et al. 1980; Zhang et al. 2006), (c) in a region
that can be heated by shocks or from an inflow, located
between BLR and narrow-line region (NLR)—the so-called
the intermediate line region (ILR; Marziani & Sulentic
1993; Popović et al. 2004, 2007, 2009; Hu et al. 2008b;
Kuehn et al. 2008), and (d) and in the shielded, neutral,
outer region of a flattened BLR (Gaskell et al. 2007; Gaskell
2009).

3. It has long been established that the Fe ii emission is
correlated with the radio, X-ray, and IR continua. Fe ii

lines are stronger in spectra of radio-quiet (RQ) AGNs than
in radio-loud (RL) objects (Osterbrock 1977; Bergeron &
Kunth 1984). But, if we consider RL AGNs, Fe ii emission
is stronger in core dominant (CD) AGNs than in lobe
dominant (LD) AGNs (Setti & Woltjer 1977; Joly 1991).
The relative strength of the Fe ii lines correlates with the
soft X-ray slope, but anti-correlates with X-ray luminosity
(Wilkes et al. 1987; Boller et al. 1996; Lawrence et al.
1997). Strong optical Fe ii emission is usually associated
with strong IR luminosity (Low et al. 1989; Lipari et al.
1993), but it is anti-correlated with IR color index α(60,25)
(Wang et al. 2006).

4. Many correlations have been observed between Fe ii and
other emission lines. Boroson & Green (1992) give a
number of correlations between the equivalent width (EW)
of Fe ii and properties of the [O iii] and Hβ lines. The
most interesting are the anti-correlations of EW Fe ii versus
EW [O iii]/EW Hβ, EW Fe ii versus peak [O iii], EW
Fe ii/EW Hβ versus peak [O iii], and the correlation of EW
Fe ii/EW Hβ versus Hβ asymmetry. An anti-correlation
between EW Fe ii and FWHM of Hβ has also been found
(Gaskell 1985; Zheng & Keel 1991; Boroson & Green
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1992). These correlations dominate the first eigenvector
of the principal component analysis of Boroson & Green
(1992; hereinafter EV1). Correlations between EV1 and
some properties of C iv λ1549 lines have also been pointed
out (Baskin & Laor 2004). With increasing continuum
luminosity, the EW of the C iv lines decreases (the so-
called Baldwin effect, Baldwin 1977; Wang et al. 1995),
while the blueshift of the C iv line and the EW of Fe ii

increase. Recently, Dong et al. (2009) have found the
Baldwin effect to be related to EV1. Fe ii lines are usually
strong in AGN spectra with low-ionization broad absorption
lines (BALs; Harting & Baldwin 1986; Boroson & Meyers
1992).

Searching for a physical cause of these correlations may
help in understanding of the origin of Fe ii emission. Some of
physical properties which may influence these correlations are
the Eddington ratio (L/LEdd; Boroson & Green 1992; Baskin
& Laor 2004), black hole mass (MBH), and inclination angle
(Miley & Miller 1979; Wills & Browne 1986; Marziani et al.
2001).

In addition to these properties, Fe ii emission strength may
vary with evolution of AGNs. For example, Lipari & Terlevich
(2006) have explained some properties of AGN (as BALs, Fe ii

strength, radio properties, emission line width, luminosity of
narrow lines, etc.) by an “evolutive unification model.” In this
model, accretion arises from the interaction between nuclear
starbursts and the supermassive black hole. This would mean
that not only the orientation, but also the evolutionary state of
an AGN influence its spectral properties. Thus, young AGNs
have strong Fe ii, BALs, and weak radio emission, also the
NLR is compact and faint, and broad lines are relatively narrow.
In contrast with this, old AGNs have weak Fe ii, no BALs,
strong radio emission with extended radio lobes, the NLR is
extended and bright, and the broad lines have greater velocity
widths.

In this paper, we investigate the Fe ii emitting region by
analyzing the correlations between the optical Fe ii lines and
the other emission lines in a sample of 302 AGNs from the
Sloan Digital Sky Survey (SDSS). To do this we construct
an Fe ii template. The strongest Fe ii multiplets within the
4400–5500 Å range are sorted into three groups, according to
the lower terms of the transitions: 3d6(3F2)4s 4F , 3d54s2 6S,
and 3d6(3G)4s 4G (which we will hereinafter refer to as the F,
S, and G groups of lines). The F group mainly contains the lines
from the Fe ii multiplets 37 and 38 and describes the blue part
of the Fe ii shelf relative to Hβ. The S group of lines describes
the part of Fe ii emission under Hβ and [O iii] and contains
lines from multiples 41, 42, and 43 Fe ii. Finally, the G group
contains lines from multiplets 48 and 49, and describes the red
part of the Fe ii shelf. A simplified Grotrian diagram of these
transitions is shown in Figure 1. We separately analyze their
relationships with other lines in AGN spectra (Hβ, [O iii], Hα,
[N ii]). In this way, we try to connect details of the Fe ii emission
with physical properties of the AGN emission regions in which
these lines arise. Each of the Fe ii multiplet groups has specific
characteristics, which may be reflected in a different percent
of correlations with other lines, and gives us more information
about the complex Fe ii emission region.

The paper is organized as follows: in Section 2, we describe
the procedure of sample selection and details of analysis; our
results are presented in Section 3; in Section 4 we give discussion
of obtained results, and finally in Section 5 we outline our
conclusions.
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Figure 1. Top: Grotrian diagram showing the strongest Fe ii transitions in the
4400–5500 Å region. Middle: Lines are separated into three groups according to
the lower level of transition: F (dashed line), S (solid line), and G (dash-dotted
line). Bottom: the lines from the three line groups (solid line) and lines measured
from I Zw 1 (represented with dots).

2. THE SAMPLE AND ANALYSIS

2.1. The AGN Sample

Spectra for our data sample are taken from the seventh data
release (Abazajian et al. 2009) of the SDSS. For the purposes
of the work, we chose AGNs with the following characteristics.

1. High signal-to-noise ratio (S/N > 20).
2. Good pixel quality (profiles are not affected by distortions

due to bad pixels on the sensors, the presence of strong
foreground or background sources).

3. High-redshift confidence (zConf > 0.95) and with z � 0.7
in order to cover the optical Fe ii lines around Hβ and [O iii]
lines.

4. Negligible contribution from the stellar component. We
controlled for this by having the EWs of typical absorption
lines be less than 1 Å (EW CaK 3934 Å, Mg 5177 Å, and
Hδ 4102 Å > −1).4 Because of this it was not necessary to
remove a host galaxy starlight contribution.

5. Presence of the narrow [O iii] and the broad Hβ component
(FWHM Hβ > 1000 km s−1).

We found 497 AGNs using the mentioned criteria. However,
on inspection of the spectra we found that in some of them

4 For some objects we were able to find estimates of the stellar component in
the literature and to confirm that the host galaxy fraction is indeed small in our
sample (see Appendix A).
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Figure 2. Distribution of continuum luminosity (left) and cosmological redshift (right) in the AGN sample.

the Fe ii line emission is within the level of noise and could
not be properly fitted, so we excluded these objects from further
analysis (see Appendix A). As a result, our final sample contains
302 spectra, from which 137 have all Balmer lines, and the
rest are without the Hα line (due to cosmological redshifts).
The sample distribution by continuum luminosity (λ5100) and
by cosmological redshift is given in Figure 2. Corrections for
Galactic extinction were made using an empirical selective
extinction function computed for each spectrum on the basis
of Galactic extinction coefficients given by Schlegel (1998)
and available from the NASA/IPAC Extragalactic Database.5

Finally, all spectra were de-redshifted.
To subtract the continuum, we used the DIPSO software,

finding the continuum level by using continuum windows given
in the paper of Kuraszkiewicz et al. (2002; see Figure 3).
The used continuum windows are 3010–3040 Å, 3240–3270 Å,
3790–3810 Å, 4210–4230 Å, 5080–5100 Å, 5600–5630 Å, and
5970–6000 Å. We used the same procedure to subtract the con-
tinuum in all objects. Continuum subtraction may cause sys-
temic errors in the estimation of line parameters and continuum
luminosity. We estimated that the error bars are smaller than
5%, especially within the Hα+[N ii] region and in the red part
of the “iron shelf.”

We considered two spectral ranges: 4400–5500 Å and
6400–6800 Å. In the first range, dominant lines are the numer-
ous Fe ii lines, [O iii] λλ4959, 5007, Hβ and He ii λ4686, and
in the second range, Hα and [N ii] λλ6548, 6583.

To investigate correlations between the Fe ii multiplets and
other lines in spectra, we fit all considered lines with Gaussians.
The optical Fe ii lines were fitted with a template calculated as
described in the next section.

2.2. The Fe ii (λλ4400–5500) Template

A number of authors have created an Fe ii template in
the UV and optical range (see Vestergaard & Wilkes 2001,
and references therein). Boroson & Green (1992) applied an
empirical template by removing all lines which are not Fe ii,
from the spectrum of I Zw 1. Similarly, Veron-Cetty et al. (2004)
constructed an Fe ii template by identifying systems of broad and
of narrow Fe ii lines in the I Zw 1 spectrum, and measuring their
relative intensities. Dong et al. (2008) improve on that template
by using two parameters of intensity—one for the broad and the

5 http://nedwww.ipac.caltech.edu/
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Figure 3. Example of removing the continuum from the spectrum of SDSS
J075101.42 + 29174000.00; the level of the continuum is determined by
interpolating between the chosen points at wavelengths without emission lines
(top). The spectrum without continuum emission is shown at the bottom.

other for the narrow Fe ii lines. All these empirical templates
are defined by the line width and the line strength, implying that
relative strengths of the lines in the Fe ii multiplets are the same
in all objects.

In theoretical modeling, significant effort has been made to
calculate the iron emission by including a large number of Fe ii

atomic levels, going to high energy (Verner et al. 1999; Sigut &
Pradhan 2003; Collin-Souffrin et al. 1980; Bruhweiler & Verner
2008). Bruhweiler & Verner (2008) calculated Fe ii emission

http://nedwww.ipac.caltech.edu/
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using the CLOUDY code and the 830 level Fe ii model. In this
model, energies go up to 14.6 eV, producing 344,035 atomic
transitions. For their calculations they used solar abundances
for a range of physical conditions such as the flux of ionizing
photons [ΦH], hydrogen density [nH], and microturbulence [ξ ].

Using existing Fe ii templates, we found that empirical and
theoretical models can generally fit NLSy1 Fe ii lines well, but
that in some cases of spectra with broader Hβ lines, the existing
models did not provide as good fit.

One of the problems in the analysis of Fe ii emission is
that it consists of numerous overlapping lines. This makes
the identification and determination of relative intensities very
difficult. Therefore, the list of Fe ii lines used for the fit of the
Fe ii emission, as well as their relative intensities, is different
in different models (Veron-Cetty et al. 2004; Bruhweiler &
Verner 2008). Also, there is significant disagreement in values
of oscillator strengths in different atomic data sources (Fuhr
et al. 1981; Giridhar & Ferro 1995; Kurucz 1990).

To investigate the Fe ii emission, we made an Fe ii template
taking into account the following: (1) the majority of multiplets
dominant in the optical part (λλ4400–5500), whose lines can be
clearly identified in AGN spectra, have one of the three specific
lower terms of their transitions: F, S, or G; and (2) beside these
lines there are also lines whose origin is not well known but
which presumably originate from higher levels.

We constructed an Fe ii template consisting of 50 Fe ii emis-
sion lines, identified as the strongest within the 4400–5500 Å
range. Thirty-five of them are sorted into three line groups ac-
cording to the lower term of their transition (F, S, and G). The
F group consists of 19 lines (mainly multiplets 37 and 38) and
dominates in the blue shelf of the iron template (4400–4700 Å).
The S group consists of five lines (multiplets 41, 42, and 43) and
describes the Fe ii emission covering the [O iii] and Hβ region
of the spectrum and some of emission from the red Fe ii bump
(5150–5400 Å), and the G lines (11 lines from multiplets 48 and
49) dominate in the red bump (5150–5400 Å; see Figure 1).

We assume that the profiles of each of lines can be represented
by a Gaussian, described by width (W), shift (d),6 and intensity
(I). Since all Fe ii lines from the template probably originate in
the same region, with the same kinematical properties, values
of d and W are assumed to be the same for all Fe ii lines in the
case of one AGN.

Since the population of the lower term is influenced by
transition probabilities and excitation temperature, we assumed
that the relative intensities between lines within a line group (F,
S, or G) can be obtained approximately from

I1

I2
=

(
λ2

λ1

)3
f1

f2
· g1

g2
· e−(E1−E2)/kT , (1)

where I1 and I2 are the intensities of lines with the same lower
term, λ1 and λ2 are the wavelengths of the transition, g1 and
g2 are the statistical weights for the upper energy levels, f1
and f2 are the oscillator strengths, E1 and E2 are the energies
of the upper levels of transitions, k is the Boltzmann constant,
and T is the excitation temperature. Details can be found in
Appendix C. The excitation temperature is the same for all tran-
sitions in the case of partial local thermodynamic equilibrium
(LTE) (see Griem 1997), but as it is shown in Appendix C,
Equation (1) may also be used in some non-LTE cases.

6 Here we used W = WD
λ0

, d = Δλ
λ0

, where WD = σ
√

2 is the Doppler width,
Δλ is the shift, and σ is the velocity dispersion.

Figure 4. Distribution of the excitation temperatures for the sample of 302
AGNs. Temperatures are obtained by fits using Equation (1). The mean value
and dispersion are shown in the figure.

Lines from the three above mentioned groups explain about
75% of the Fe ii emission in the observed range (4400–5500 Å),
but about 25% of Fe ii emission cannot be explained with
permitted lines for which the excitation energies are close to
the lines of the three groups. The missing Fe ii emission is
around ∼4450 Å, ∼4630 Å, ∼5130 Å, and ∼5370 Å.

There are some indications that fluorescence processes may
have a role in producing some Fe ii lines (Verner et al. 1999;
Hartman & Johansson 2000). Processes like self-fluorescence,
continuum fluorescence, or Lyα and Lyβ pumping could supply
enough energy to excite the Fe ii lines with a high energy
of excitation, which could provide one of the explanations
for emission within these wavelength regions. To complete
the template for approximately 25% of missing Fe ii flux, we
selected 15 lines from the Kurutz database7 with wavelengths
close to those of the extra emission, upper level excitation
energies of up to ∼13 eV, and strong oscillator strengths. We
measured their relative intensities in I Zw 1 which has a well-
studied spectrum (Veron-Cetty et al. 2004), with strong and
narrow Fe ii lines. Relative intensities of these 15 lines were
obtained by making the best fit of the I Zw 1 spectrum with the
Fe ii lines from the F, S, and G line groups. The extra lines are
represented in Figure 1 (bottom), with a dotted line.

Our template of Fe ii is described by seven free fitting
parameters; the first six being width, shift, and four parameters
of intensity (for the F, S, and G line groups and for the lines with
relative intensities obtained from I Zw 1). The seventh parameter
is the excitation temperature included in the calculation of
relative intensities within F, S, and G line groups.

We found that for the majority of objects, the excitation
temperature obtained from our fit is within the range of
9000 K–11,000 K (see Figure 4), which agrees well with the-
oretical predictions (Collin & Joly 2000). However, as it can
be seen in Equation (1), our fit is not very sensitive to the tem-
perature, especially for T > 8000 K. Equation (1) is also very
approximate, so estimated temperatures should be treated with
caution.

To estimate the error in the excitation temperature, we found
our best fit for a number of objects. We then changed only the

7 http://www.pmp.uni-hannover.de/cgi-bin/ssi/test/kurucz/sekur.html

http://www.pmp.uni-hannover.de/cgi-bin/ssi/test/kurucz/sekur.html
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Table 1
A List of the 35 Strongest Fe ii Lines within the 4400–5500 Å Region Used to Calculate the Fe ii Template

Wavelength Multiplet Transition gf Ref. Relative Intensity

T = 5000 K T = 10,000 K T = 15,000 K

4472.929 37 b 4F5/2–z 4Fo
3/2 4.02E-04 1 0.033 0.036 0.037

4489.183 37 b 4F7/2–z 4Fo
5/2 1.20E-03 1 0.105 0.110 0.111

4491.405 37 b 4F3/2–z 4Fo
3/2 2.76E-03 1 0.226 0.243 0.249

4508.288 38 b 4F3/2–z 4Do
1/2 4.16E-03 2 0.345 0.367 0.375

4515.339 37 b 4F5/2–z 4Fo
5/2 3.89E-03 2 0.333 0.348 0.353

4520.224 37 b 4F9/2–z 4Fo
7/2 2.50E-03 3 0.235 0.233 0.233

4522.634 38 b 4F5/2–z 4Do
3/2 9.60E-03 3 0.827 0.859 0.870

4534.168 37 b 4F3/2–z 4Fo
5/2 3.32E-04 3 0.028 0.029 0.030

4541.524 38 b 4F3/2–z 4Do
3/2 8.80E-04 3 0.075 0.078 0.079

4549.474 38 b 4F7/2–z 4Do
5/2 1.10E-02 4 1.000 1.000 1.000

4555.893 37 b 4F7/2–z 4Fo
7/2 5.20E-03 3 0.477 0.474 0.474

4576.340 38 b 4F5/2–z 4Do
5/2 1.51E-03 4 0.136 0.136 0.136

4582.835 37 b 4F5/2–z 4Fo
7/2 7.80E-04 3 0.070 0.070 0.070

4583.837 38 b 4F9/2–z 4Do
7/2 1.44E-02 2 1.420 1.353 1.331

4620.521 38 b 4F7/2–z 4Do
7/2 8.32E-04 4 0.080 0.076 0.075

4629.339 37 b 4F9/2–z 4Fo
9/2 4.90E-03 4 0.497 0.459 0.447

4666.758 37 b 4F7/2–z 4Fo
9/2 6.02E-04 4 0.060 0.055 0.054

4993.358 36 b 4F9/2–z 6P o
7/2 3.26E-04 4 0.041 0.030 0.027

5146.127 35 b 4F7/2–z 6Fo
7/2 1.22E-04 5 0.016 0.011 0.010

4731.453 43 a 6S5/2–z 4Do
7/2 1.20E-03 2 0.025 0.030 0.032

4923.927 42 a 6S5/2–z 6P o
3/2 2.75E-02 4 0.656 0.693 0.706

5018.440 42 a 6S5/2–z 6P o
5/2 3.98E-02 4 1.000 1.000 1.000

5169.033 42 a 6S5/2–z 6P o
7/2 3.42E-02 1 0.929 0.854 0.831

5284.109 41 a 6S5/2–z 6Fo
7/2 7.56E-04 2 0.022 0.019 0.018

5197.577 49 a 4G5/2–z 4Fo
3/2 7.92E-03 5 0.532 0.620 0.652

5234.625 49 a 4G7/2–z 4Fo
5/2 8.80E-03 3 0.615 0.695 0.723

5264.812 48 a 4G5/2–z 4Do
3/2 1.08E-03 1 0.075 0.084 0.087

5276.002 49 a 4G9/2–z 4Fo
7/2 1.148e-02 2 0.861 0.928 0.951

5316.615 49 a 4G11/2–z 4Fo
9/2 1.17E-02 4 1.000 1.000 1.000

5316.784 48 a 4G7/2–z 4Do
5/2 1.23E-03 5 0.089 0.097 0.099

5325.553 49 a 4G7/2–z 4Fo
7/2 6.02E-04 4 0.044 0.047 0.048

5337.732 48 a 4G5/2–z 4Do
5/2 1.28E-04 5 0.009 0.010 0.010

5362.869 48 a 4G9/2–z 4Do
7/2 1.82E-03 5 0.142 0.146 0.148

5414.073 48 a 4G7/2–z 4Do
7/2 1.60E-04 5 0.012 0.012 0.013

5425.257 49 a 4G9/2–z 4Fo
9/2 4.36E-04 5 0.035 0.035 0.035

Notes. In the first column are wavelengths (in air), in the second multiplet numbers (Giridhar & Ferro 1995), in
the third are terms of transitions, in the fourth are gf values used for the template calculation, in the fifth are the
references for the source of oscillator strengths, and in the 6th–8th columns are relative intensities, calculated for
T = 5000 K, 10,000 K, and 15,000 K. Intensities of lines from the F, S, and G groups are normalized to intensities
of the λ4549.474, λ5018.44, and λ5316.6 lines (respectively).
References. (1) Fuhr et al. 1981; (2) Giridhar & Ferro 1995; (3) NIST Atomic Spectra Database (http://physics.
nist.gov/PhysRefData/ASD/); (4) Kurucz 1990; (5) http://www.pmp.uni-hannover.de/cgi-bin/ssi/test/kurucz/sekur.html.

excitation temperature while keeping the other fit parameters
fixed. We thus found χ2

max for which the fit is still reasonable.
After that, we constructed χ2 versus T and measured the
dispersion in temperature at 0.1(χ2

max −χ2
min). We obtained error

bars that were mostly within the range ±25%, with the tendency
for higher temperature to have a greater uncertainty. Therefore,
in further analysis, we will not consider the temperatures
obtained from the fit.

The wavelengths of the 50 template lines are presented in
Tables 1 and 2. For the 35 lines from the three line groups we give
multiplet names, configurations of the transitions generating
those lines, oscillator strengths, and the relative intensities.
The intensities have been calculated using the Equation (1)
for excitation temperatures T = 5000, 10,000, and 15,000 K
(Table 1). For the 15 lines for which relative intensities were

measured in I Zw 1, we give wavelengths, configurations, and
oscillator strengths taken from Kurucz database, as well as their
measured relative intensities (Table 2).

The purpose of dividing the Fe ii emission into four groups is
to investigate the correlations between the iron lines that arise
from different multiplets and some spectral properties, and to
compare them with results obtained for the total Fe ii within the
observed range. Also, a template that has more parameters may
give a better fit, since relative intensities among Fe ii lines can
be different even in the similar AGN spectra, as is, for example,
the case for spectra of I Zw 1 and Mrk 42 (as, e.g., Phillips
1978b).

We applied this template to our sample of 302 AGNs from
SDSS database, and we compare it with other theoretical and
empirical models (see Appendix B). We found that the template

http://physics.nist.gov/PhysRefData/ASD/
http://physics.nist.gov/PhysRefData/ASD/
http://www.pmp.uni-hannover.de/cgi-bin/ssi/test/kurucz/sekur.html
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fits Fe ii emission very well (Figure 23 and Figure 24). In
the cases when the Fe ii emission of an object has different
properties from I Zw 1, small disagreements are noticed in
the lines for which the relative intensity was obtained from
I Zw 1. However, the Fe ii emission in these objects shows
larger disagreement with the empirical and theoretical models
considered in Appendix B (see Figure 25). Although our Fe ii

template has more free parameters than other templates used
for fitting the Fe ii emission, it enables more precise fits of Fe ii

lines in some AGNs (especially with very broad Hβ line) than
the other Fe ii templates we considered.

2.3. Emission-line Decomposition and Fitting Procedure

We assume that broad emission lines (BELs) arise in two or
more emission regions (Brotherton et al. 1994; Popović et al.
2004; Bon et al. 2006, 2009; Ilić et al. 2006), so that their
profiles are sums of Gaussians with different shifts, widths, and
intensities, which reflect the physical conditions of the emitting
regions where the components arise.

For this reason, we fit the emission lines we considered
([O iii] λλ4959, 5007, Hβ, He ii λ4686, Hα and [N ii] λλ6548,
6583) with a sum of Gaussians, describing one Gaussian with
three parameters (width, intensity, and shift from the transition
wavelength).

Both lines of the [O iii] λλ4959, 5007 doublet originate from
the same lower energy level and both have a negligible optical
depth since the transitions are strongly forbidden. Taking this
into account, we assumed that the [O iii] λ4959 and [O iii] λ5007
lines have the same emission-line profile. We fit each line of
the doublet with either a single Gaussian, or, in the case of a
significant asymmetry, with two Gaussians. The Gaussian that
describes the [O iii] λ4959 has the same width and shift as the
one which describes the [O iii] λ5007 line, and we took their
intensity ratio to be 2.99 (Dimitrijević et al. 2007). [N ii] λλ6548,
6583 were fitted using the same procedure, with an intensity
ratio of the doublet components of ≈3. The He ii λ4686 line
was fitted with one broad Gaussian.

To fit the Balmer lines, a number of Gaussian functions were
used for each line. It is usually assumed that there are two
components for Hα and Hβ: a narrow component representing
the NLR, and a broad one representing the BLR. However, the
broad emission lines (BELs) are very complex and cannot be
properly explained by single Gaussian (which would indicate
an isotropic spherical region). Moreover, there are some papers
(Brotherton et al. 1994; Corbin & Boroson 1996; Popović et al.
2004; Ilić et al. 2006; Bon et al. 2006, 2009; Hu et al. 2008a)
where the broad lines are assumed to be emitted from two
kinematically different regions: a “Very Broad Line Region”
(VBLR) and an ILR. We therefore tested fitting the broad lines
with one and two Gaussians. We found that in most AGNs in
our sample, the fit with two Gaussians was significantly better
than the fit with one Gaussian.

To apply a uniform model of the line-fitting procedure, we
assumed that Balmer lines have three components from the
NLR, ILR, and VBLR. We exclude four spectra from the
sample in which the Hα line could not be decomposed in
this way, so finally our sample contains 133 spectra (from
137) with all Balmer lines that could be analyzed within the
6400–6800 Å range. To check this assumption on the rest of
the spectra, we examined the corresponding correlations and
found that the luminosities and widths of the NLR, ILR, and
VBLR components of Hα are highly correlated with the same
parameters of the NLR, ILR, and VBLR components of Hβ.

Table 2
List of the Lines Taken from Kurucz Databasea

Wavelength Transitions gf Relative Intensity

4418.957 y 4G5/2–e 4F3/2 1.45E-02 3.00
4449.616 y 4G9/2–e 4F7/2 2.58E-02 1.50
4471.273 y 4D5/2–f 4D3/2 6.40E-03 1.20
4493.529 y 4G10/2–e 4F9/2 3.74E-02 1.60
4614.551 y 6P5/2– 6D7/2 2.69E-03 0.70
4625.481 x 4D1/2–f 4D1/2 8.51E-03 0.70
4628.786 x 4D5/2–f 4D5/2 1.83E-02 1.20
4631.873 x 4D3/2–f 4D3/2 1.34E-02 0.60
4660.593 d54s2 2G7/2–(4G)sp 2G7/2 1.15E-03 1.00
4668.923 x 4D5/2–f 4D7/2 3.13E-03 0.90
4740.828 y 6P5/2–e 6F7/2 1.98E-03 0.50
5131.210 y 4P5/2–e 4D5/2 2.13E-03 1.1
5369.190 e 4D5/2– 4D5/2 1.23E-03 1.45
5396.232 x 4F5/2–f 4D3/2 2.80E-03 0.40
5427.826 b 4G11/2–w 4F9/2 2.17E-02 1.40

Notes. In the first column are wavelengths (in air), in the second oscillator
strengths, and in the third relative intensities measured in I Zw 1.
a http://www.pmp.uni-hannover.de/cgi-bin/ssi/test/kurucz/sekur.html.

This is in favor of our three-component decomposition (Table 3).
For the 133 objects, which have both Hβ and Hα lines, it can
be noticed that 16 spectra have large redshifts of the VBLR Hβ
component relative to VBLR of Hα, which causes disagreement
and reduces the correlation between the VBLR shifts of the
rest of objects. Without these 16 objects, Hβ and Hα VBLR
components correlate in width and shift, with coefficient of
correlation ∼ 0.40, P < 0.0001. An example of shifts between
the Hα and Hβ VBLR components is shown in Figure 5.
The AGN SDSS J111603.13 + 020852.2 has its VBLR Hβ
component redshifted by ≈4258 km s−1, while shift of the Hα
VBLR component is ≈−1200 km s−1.

We assume that all narrow lines (and narrow components
of the broad lines) originate from the same NLR, and thus
expect that these lines will have the same shifts and widths. We
therefore took the Gaussian parameters of the shift and width of
[O iii], [N ii], and the NLR components of Hβ and Hα to have
the same values.

We separately fit lines from the 4400–5500 Å range (Fe ii

lines, [O iii], He ii, and Hβ) with 23 free parameters, and lines
from the 6400–6800 Å range (Hα and [N ii]) with eight free
parameters. We applied a χ2 minimization routine (Popović
et al. 2004) to obtain the best fit. Examples of an AGN spectrum
fit in both ranges are shown in Figures 6 and 7.

2.4. Line Parameters

We compared the shifts, widths, EWs, and luminosities of the
lines. The shifts and widths were obtained directly from the fit
(parameters of width and shift). Luminosities were calculated
using the formulae given in Peebles (1993), with adopted
cosmological parameters ΩM = 0.27, ΩΛ = 0.73, and Ωk = 0.
We adopt a Hubble constant, H o = 71 km s−1Mpc−1. The
continuum luminosity was obtained from the average value of
the continuum flux measured between 5100 Å (λλ5095–5100
and λλ5100–5105). EWs were measured with respect to the
continuum below the lines. The continuum was estimated by
subtracting all fitted lines from the observed spectra. Then, the
line of interest (or the Fe ii template), which is fitted separately,
is added to the continuum. EWs are obtained by normalizing
the lines on continuum level, and by measuring their fluxes
(see Figure 8). To determine the full width at half-maximum

http://www.pmp.uni-hannover.de/cgi-bin/ssi/test/kurucz/sekur.html
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Figure 5. Balmer lines in the SDSS J111603.13 + 020852.2 spectrum. Top: Hβ

with a highly redshifted Hβ VBLR component; bottom: Hα where the VBLR
component is not redshifted.

(FWHM) of the broad component of the Balmer lines, the
VBLR and ILR components from the fit are considered as it
is shown in Figure 9. The broad Balmer line (VBLR+ILR) is
then normalized on unity, and the FWHM is measured at half
of the maximum intensity.

3. RESULTS

3.1. The Ratios of Fe ii Line Groups versus Other
Spectral Properties

Some objects have relative intensities of Fe ii lines similar to
I Zw 1, while others show significant disagreement, which
usually shows up as stronger iron emission in the blue bump
(mainly F lines) than one in the red bump (mainly G lines),

comparing to I Zw 1. That objects could be fitted well with the
template model which assumes that relative intensities between
the Fe ii lines from different line groups (F, S, and G) are
different for different objects.

Difference between the relative intensities of the Fe ii lines
from different parts of iron shelf (blue, red, and central) can
be illustrated well with histograms of distribution of the Fe ii

group ratio (F/G, F/S, and G/S) for the sample (Figure 10).
The average value of the F/G luminosity ratio is 1.44 ± 0.55, of
the F/S ratio 1.97 ± 1.05, and of the G/S ratio 1.39 ± 0.46.8 We
found that the majority of objects have Fe ii group ratios close
to the average values, but still a significant number of objects
are showing a difference since the intensity ratios of Fe ii line
groups vary in different objects (see Figure 10). The ratios of the
Fe ii line groups in I Zw 1 are indicated by the vertical dashed
lines (F/G = 1.10, F/S = 1.56, and G/S = 1.41).

We analyzed the flux ratios of the Fe ii multiplet groups and
the total Fe ii flux (see histograms in Figure 11), and we found
that lines from multiplets 37 and 38 (group F) generally have
the largest contribution to the total Fe ii emission within the
4400–5500 Å range (about 32%), while group S contributes
about 18% and G about 23%. As expected, there are very strong
correlations between the EWs of Fe ii line groups (Table 4).

Since line intensities and their ratios are indicators of physical
properties of the plasma where those lines arise, we have
investigated relations among the ratios of Fe ii line groups
with various spectral properties. A correlation between the
FWHM Hβ and the EW Fe ii emission has previously been
found (Gaskell 1985; Boroson & Green 1992; Sulentic et al.
2009). Consequently, one can expect that FWHM Hβ may
be connected with the Fe ii line group ratios. We therefore
investigated correlations between the ratios of the Fe ii groups
(F/G, F/S, and G/S) and Hβ FWHM. We excluded the
three outliers, which have negligible flux for the S group. As
it can be seen in Figure 12 (first panel) there are different
trends for spectra with FWHM Hβ less than and greater than
∼3000 km s−1. Therefore, we divided the sample into two sub-
samples: 158 objects with FWHM Hβ < 3000 km s−1 and 141
objects with FWHM Hβ > 3000 km s−1 (see Figure 12 and
Table 5). A similar subdivision of AGN samples was performed
by Sulentic et al. (2002, 2009) and Zamfir et al. (2010), but
for FWHM Hβ ≈ 4000 km s−1 as the limiting FWHM of the
subdivision. We found that FWHM Hβ ≈ 3000 km s−1 is a
more appropriate place to divide the objects into two groups,
since all objects with strongly redshifted VBLR Hβ component
(see Figure 5) belong to the FWHM Hβ > 3000 km s−1 sub-
sample. Sulentic et al. (2002) also noticed that AGNs with
FWHM Hβ >4000 km s−1 have a larger redshifted VBLR Hβ
(∼5000 km s−1).

In Table 5, we present the correlations between the luminosity
ratios of the Fe ii line groups and other spectral properties such
as FWHM Hβ, Doppler width of Hβ broad components, width
and shift of iron lines, and continuum luminosity (Lλ5100). They
are examined for the total sample and for two sub-samples,
divided according to FWHM Hβ, and denoted in Table 5 as
(1) for FWHM Hβ < 3000 km s−1 and (2) for Hβ FWHM >
3000 km s−1.

We found a difference in the correlations for those two
sub-samples. For the Hβ FWHM > 3000 km s−1 sub-sample
(2), all three ratios (F/G, F/S, and G/S) increase as Hβ
width increases. On the other hand, for the Hβ FWHM <

8 Here we give the averaged ratio value and dispersion.
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 4400  4475  4550  4625  4700  4775  4850  4925  5000  5075  5150  5225  5300  5375  5450

N
or

m
al

iz
ed

 in
te

ns
ity

Wavelength (in Å)

[O III]
Hβ

(NLR, ILR and VBLR)

He II λ4686 Å

Fe II (λλ 4472−4731 Å) Fe II (λλ 5169−5325 Å)Fe II (λ 5018 Å)

Fe II (λ 4924 Å)

A

B

C

Figure 6. Spectrum of SDSS J141755.54 + 431155.8 in the 4400–5500 Å region: (A) the observed spectra (dots) and the best fit (solid line). (B) Hβ fit with the sum
of three Gaussians representing emission from the NLR, ILR, and VBLR. The [O iii] λλ4959, 5007 lines are fitted with two Gaussians for each line of the doublet and
He ii λ4686 is fitted with one broad Gaussian. The Fe ii template is denoted with a dashed line, and also represented separately in panel C (bottom).

Table 3
Correlations between Widths, Shifts, and Luminosities of the NLR, ILR, and VBLR Components of the Hα and Hβ Lines

Correlation (Hα and Hβ) r P A B

Hα NLR width vs. Hβ NLR width 0.99 <0.0001 6.19 ± 2.81 0.97 ± 0.01
Hα ILR width vs. Hβ ILR width 0.91 <0.0001 165.37 ± 43.29 0.74 ± 0.03
Hα VBLR width vs. Hβ VBLR width 0.50 (0.42) <0.0001 1863.15 ± 352.50 0.54 ± 0.08

Hα NLR shift vs. Hβ NLR shift 0.97 <0.0001 16.40 ± 3.58 0.91 ± 0.02
Hα ILR shift vs. Hβ ILR shift 0.90 <0.0001 −1.86 ± 16.97 1.09 ± 0.05
Hα VBLR shift vs. Hβ VBLR shift 0.18 (0.41) 0.041 (<0.0001) −93.64 ± 45.30 0.06 ± 0.03

L Hα NLR vs. L Hβ NLR 0.93 <0.0001 3.40 ± 1.29 0.93 ± 0.03
L Hα ILR vs. L Hβ ILR 0.96 <0.0001 1.93 ± 1.08 0.97 ± 0.03
L Hα VBLR vs. L Hβ VBLR 0.96 <0.0001 0.70 ± 1.03 0.99 ± 0.02

Notes. The values in brackets are for the sample without the 16 objects with highly redshifted Hβ VBLR components
(>4000 km s−1). The coefficient of correlation (r) is in the second column, the P-value which is a measure of
significance of the correlation is given in the third column, and in the next columns are the coefficients A and B from
the fit with a linear function: Hβ = A + B · Hα. The slopes are from regressions where X is taken as the independent
variable.

3000 km s−1 sub-sample (1) no correlation is observed between
these properties.

The observed correlation between the G/S group ratio
and Hβ FWHM may be caused by intrinsic reddening since
reddening increases as objects get more edge-on (Gaskell
et al. 2004) and the Hβ FWHM also increases (Wills &
Browne 1986). However, this cannot explain the F/G and F/S
correlation with Hβ FWHM, and also, a strong influence of
reddening on the G/S ratio is not expected because of the close
wavelengths of lines from those groups.

We also studied correlations between continuum luminosity
(Lλ5100) and Fe ii group ratios, since these may indicate excita-
tion processes in the emitting region. We found that the F/G
and F/S ratios decrease in objects where the continuum level is
higher. Observed correlations are stronger for the Hβ FWHM

< 3000 km s−1 sub-sample (F/G versus Lλ5100: r = −0.51,
P < 0.0001 and F/S versus Lλ5100: r = −0.41, P < 0.0001).
The ratio of G/S seems not to be dependent on continuum
luminosity.

These correlations are the opposite of what would be ex-
pected from reddening, since reddening decreases with lumi-
nosity (Gaskell et al. 2004). There are a few effects that could
destroy the expected reddening effect: (1) incorrect continuum
subtraction; (2) host galaxy fraction which depends on the Ed-
dington ratio; and (3) a different contribution of starlight in
SDSS fiber which depends on the luminosity of the host galaxy
and the redshift (see Gaskell & Kormendy 2009). There is a
small possibility that these effects are important. As we already
noted, the error bar in the continuum subtraction is smaller than
5%. Also, we examined whether the host galaxy contributions
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Figure 8. Example of measuring EWs of the Fe ii group of lines. Top: fit
spectrum (SDSS J020039.15−084554.9); middle: Fe ii lines and continuum;
bottom: Fe ii lines normalized on the continuum level.

have influence on considered correlations. We found no correla-
tions between the host galaxy fraction (determined in λ5100 Å)
and Fe ii group ratios.9 The correlations appear instead to be

9 The amount of stellar continuum is taken from Vanden Berk et al. (2006)
for 106 common objects (see Appendix A).
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Table 4
Correlations Between Equivalent Widths (EWs) of the Fe ii F, S, and G

Multiplet Groups

X Y r P A B

EW Fe ii F EW Fe ii
6S 0.76 <0.0001 0.21 ± 1.00 0.66 ± 0.03

EW Fe ii F EW Fe ii
4G 0.80 <0.0001 −0.17 ± 1.29 0.96 ± 0.04

EW Fe ii
6S EW Fe ii

4G 0.83 <0.0001 5.39 ± 0.95 0.14 ± 0.04

Notes. Relationships are fitted with function Y = A + B · X. The coefficient of
correlations, r, the corresponding measure of the significance of correlations, P,
as well as the A and B coefficients, are shown in the table.

connected with a weaker Baldwin effect for the F group (see
Table 7).

We also investigated the correlation of the log(L Hα/L Hβ)
with ratios of Fe ii groups. We found correlations with F/G
(r = −0.36, P < 0.0001) and with F/S ratio (r = −0.34,
P < 0.0001), but there is no correlation with G/S (Figure 13,
Table 6), i.e., between the ratio of red and central parts. There
is a possibility that these correlations are caused by intrinsic
reddening.

3.2. Connection between Kinematical Properties of Fe ii Lines
and Balmer Lines (Hα and Hβ)

We assume that the broadening of the lines arises by the
Doppler effect caused by random velocities of emission clouds,
and that the shifts of lines are a consequence of systemic motions
of the emitting gas. We therefore studied the kinematical
connection among emission regions by analyzing relationships
between their widths and shifts obtained from our best fits.

The Doppler widths of Fe ii and Balmer lines (Hβ and Hα)
are compared in Figure 14. On the X-axis we present Fe ii

width and on the Y-axis the widths of the Hβ (first panel)
and Hα (second panel) components. The widths of the NLR
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I Zw 1
I Zw 1

I Zw 1

Figure 10. Distribution of the ratios of luminosities of the three Fe ii groups (F, S, and G). The mean value and the dispersion of the distribution are given in the plots.
We indicate with a dashed vertical line the ratio of Fe ii groups we obtained in the I Zw 1 spectrum.

Figure 11. Distribution of the ratios of total Fe ii (4400–5500 Å) and Fe ii groups (F, S, and G). The mean value and the dispersion of the distribution are shown.

Figure 12. Relationship between F/S and Hβ FWHM, for total sample (left), sub-sample of Hβ FWHM < 3000 km s−1 (middle), and the sub-sample of Hβ FWHM
> 3000 km s−1 (right).

Figure 13. Relationship between Fe ii group ratios and the Balmer decrement.

components are denoted by triangles, the ILR components with
circles, and the VBLR components with squares. Dotted lines
show the average values of the widths: vertical lines for Fe ii

components and horizontal lines for Hβ (or Hα). For the sample
of 302 AGNs (first panel), the average value of Fe ii width and
dispersion of the sample is 1430±440 km s−1, while the average
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Table 5
Correlations Between the Ratio of Fe ii Line Groups and Spectral Properties

Hβ FWHM w Hβ ILR w Hβ VBLR w Fe ii sh Fe ii log λL5100

F/G r 0.28 0.24 0.29 0.18 −0.27 −0.32
P 7.13E-7 2.49E-5 2.37E-7 0.002 2.75E-6 1.82E-8

(1) F/G r −0.10 −0.02 0.16 0.001 −0.10 −0.51
P 0.20 0.831 0.046 0.987 0.189 5.72E-12

(2) F/G r 0.36 0.27 0.31 0.17 −0.30 −0.36
P 1.22E-5 0.001 1.82E-4 0.043 3.31E-4 8.98E-6

F/S r 0.41 0.26 0.16 0.20 −0.27 −0.15
P 1.95E-13 4.05E-6 0.004 5.47E-4 2.44E-6 0.011

(1) F/S r −0.21 −0.18 0.07 −0.23 −0.11 −0.41
P 0.009 0.027 0.407 0.004 0.182 7.90E-8

(2) F/S r 0.59 0.33 0.12 0.25 −0.29 −0.18
P 1.35E-14 5.08E-5 0.157 0.002 5.29E-4 0.035

G/S r 0.26 0.16 0.03 0.07 −0.11 0.06
P 3.92E-6 0.004 0.646 0.213 0.048 0.312

(1) G/S r −0.09 −0.17 −0.09 −0.26 0.003 0.14
P 0.243 0.036 0.277 0.001 0.965 0.076

(2) G/S r 0.44 0.28 0.01 0.15 −0.13 0.006
P 6.15E-8 8.26E-4 0.867 0.07 0.113 0.935

Notes. In the third column is FWHM of broad Hβ (ILR+VBLR), in the fourth and fifth columns are the Doppler
widths of ILR and VBLR Hβ components, in the sixth and seventh the Doppler width and shift of Fe ii lines, and in
the eighth column is the continuum luminosity at 5100 Å. Correlation coefficients are calculated for the total sample,
for objects with Hβ FWHM < 3000 km s−1 (1) and with Hβ FWHM > 3000 km s−1 (2). The correlations with
P < 0.0001 are printed in boldface.

Table 6
The Relationship Between log(L Hα/L Hβ) and the Ratios of the Fe ii Groups

log(L Hα/L Hβ)

log(F/G) r −0.36
P <0.0001

log(F/S) r −0.34
P <0.0001

log(G/S) r 0.004
P 0.962

values for Hβ components are 300 ± 150 km s−1 (NLR),
1570 ± 700 km s−1 (ILR), and 4360 ± 1440 km s−1 (VBLR).
For the selected sample of 133 AGNs that have the Hα line
in the spectra (second panel), the averaged value of the Fe ii

width is 1310 ± 410 km s−1 and for the Hα components:
240 ± 90 km s−1 (NLR), 1160 ± 560 km s−1 (ILR), and 4060 ±
1650 km s−1 (VBLR). It is obvious that the averaged Fe ii width
(∼1400 km s−1) is very close to the average widths of the
ILR Hβ and Hα components (1568 km s−1 and 1156 km s−1,
respectively), while the averaged widths of NLR and VBLR
components are significantly different from the Fe ii width.

Relationships among the widths of the Fe ii and ILR compo-
nents are also presented in Figure 15 (Table 7). The correlation
between the Fe ii width and the width of Hα ILR is r = 0.77,
P < 0.0001, and between the Fe ii width and the Hβ ILR width
it is r = 0.73, P < 0.0001. We also found a correlation between
the widths of Fe ii and the VBLR (r = 0.66, P < 0.0001 for
the Hα VBLR, and r = 0.45, P < 0.0001 for Hβ VBLR).

Relationships between the shifts of Fe ii and Hα and Hβ com-
ponents were also considered (Table 7). We found correlations
with the shifts of the Hα ILR (r = 0.30, P = 0.0004) and the
Hβ ILR component (r = 0.39, P < 0.0001), but no correlation
between the shift of Fe ii and the shifts of other Hα and Hβ
components.

We found that Fe ii lines tend to have an averaged redshift
of 270 ± 180 km s−1 with respect to the transition wave-
length, and with respect to narrow lines 100 ± 240 km s−1

(see Figure 16).

3.3. Correlations between the Fe ii Line Groups and Other
Emission Lines

Correlations between the luminosity of the Fe ii multiplet
groups, total Fe ii, and luminosities of the [N ii] and [O iii] lines
are presented in Table 8. In the L [N ii] versus L Fe ii plot, seven
outliers are observed with negligible [N ii]. They are probably
caused by an underestimate in the fit of the [N ii] lines due to the
blending with the Hα line. Without these outliers, the correlation
is ∼0.70, P < 0.0001. There is no correlation between L [N ii]/
L [O iii] and L Fe ii.

We analyzed relationships among the luminosities of the Fe ii

line groups and the NLR, ILR, and VBLR Hα components
(Table 8). All three Hα components are correlated with the
Fe ii line groups. Correlations are stronger with the ILR and
VBLR components than with the NLR components. The same
analysis was carried out for the luminosities of Fe ii line groups
and the NLR, ILR, and VBLR components of Hβ (Table 8).
The NLR component of Hβ also has a weaker correlation with
Fe ii lines (r ∼ 0.60, P < 0.0001) than broad Hβ components
(r ∼ 0.90, P < 0.0001).

We also investigated the anti-correlations between EW Fe ii

and EW [O iii], and between EW Fe ii and EW [O iii]/EW
Hβ (Boroson & Green 1992). We confirmed the existence of
these relationships in our sample, with Fe ii lines separated
into F, S, and G line groups (Figure 17, Table 9). A difference
from Boroson & Green (1992), who measured the EWs of all
lines referring to the continuum level at the λ4861, is that we
calculated the EWs by estimating the continuum below all the
Fe ii lines considered (see Figure 8). Note also that Boroson
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Figure 14. Widths of the Fe ii lines compared with the widths of the Hβ (left) and Hα (right) components. On the X-axis are the widths of Fe ii, and on Y-axis are the
widths of the NLR (triangles), ILR (circles), and VBLR (squares) components of Hβ (Hα). The dotted vertical line shows the average value of Fe ii widths, while the
dotted horizontal lines show the average values of the Hβ (Hα) components. The average value of the Fe ii lines is the same as or very close to the average width value
of the ILR components of Hβ and Hα.

α

Figure 15. Correlation between the widths of Fe ii and the Hβ ILR (left), Hα ILR (middle), and Hα VBLR components (right). In all cases, correlations are observed
(r = 0.67, 0.72, 0.62), indicating kinematical connection between these emission regions.

Table 7
Relationships Between the Fe ii Width and the Widths of the NLR, ILR, and VBLR Components of the Hα and Hβ (Left), and the Same but for the Shifts (Right)

width Fe ii Corr. shift Fe ii Corr.

w Hα NLR r 0.01 No sh Hα NLR r 0.02 No
P 0.871 P 0.84
A 232.71 ± 27.12 A 149.78 ± 8.88
B 0.00 ± 0.02 B 0.00 ± 0.02

w Hα ILR r 0.77 Yes sh Hα ILR r 0.30 Yes, weak
P <0.0001 P 0.0004
A −94.35 ± 111.64 A 66.10 ± 26.11
B 0.96 ± 0.08 B 0.26 ± 0.07

w Hα VBLR r 0.66 Yes sh Hα VBLR r 0.01 No
P <0.0001 P 0.930
A 609.84 ± 356.76 A −49.14 ± 44.47
B 2.63 ± 0.26 B 0.01 ± 0.12

w Hβ NLR r 0.05 No sh Hβ NLR r 0.00 No
P 0.401 P 0.928
A 275.84 ± 30.17 A 165.22 ± 9.63
B 0.02 ± 0.02 B 0.00 ± 0.03

w Hβ ILR r 0.73 Yes sh Hβ ILR r 0.39 Yes
P < 0.0001 P <0.0001
A −114.23 ± 94.28 A 55.32 ± 14.80
B 1.17 ± 0.06 B 0.32 ± 0.04

w Hβ VBLR r 0.45 Yes sh Hβ VBLR r −0.17 No
P <0.0001 P 0.003
A 2241.03 ± 251.81 A 1301.87 ± 96.29
B 1.48 ± 0.17 B −0.83 ± 0.28

Notes. Relationships are fitted with function Y = A + B · X. The coefficient of correlations, r, the corresponding
measure of the significance of correlations, P, as well as the A and B coefficients, are shown in the table.
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Table 8
Correlations Between Luminosities (L) of the Fe ii Lines (Total Fe ii, F, S, and G Line Groups) and Luminosities of [N ii], [O iii], and Hα and Hβ Components

log(L Fe ii total) log(LF) log(LS) log(LG) log(L I Zw 1 Group)

log(L [N ii]) r 0.73 0.72 0.67 0.73 0.72
P <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

log(L [N ii]/L [O iii]) r 0.06 0.08 0.08 0.10 0.02
P 0.51 0.38 0.35 0.25 0.84

log(L Hα NLR) r 0.76 0.74 0.71 0.75 0.77
P <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

log(L Hα ILR) r 0.91 0.90 0.84 0.89 0.90
P <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

log(L Hα VBLR) r 0.90 0.89 0.82 0.87 0.90
P <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

log(L Hβ NLR) r 0.64 0.63 0.61 0.63 0.64
P <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

log(L Hβ ILR) r 0.93 0.93 0.88 0.92 0.92
P <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

log(L Hβ VBLR) r 0.95 0.95 0.90 0.93 0.95
P <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Notes. Relationships are fitted with the function Y = A+B ·X. The coefficient of correlations, r, and the corresponding
measure of the significance of correlations, P, are shown in the table.

Table 9
The Same as in Table 8, but for EWs

EW Fe ii Total EW F EW S EW G EW I Zw 1 Group

EW [N ii] r −0.27 −0.20 −0.22 −0.27 −0.25
P 0.002 0.02 0.01 0.001 0.004

EW [O iii] r −0.39 −0.40 −0.37 −0.42 −0.20
P <0.0001 <0.0001 <0.0001 <0.0001 0.0006

EW [O iii]/EW Hβ r −0.46 −0.47 −0.43 −0.45 −0.28
P <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

EW Hα NLR r −0.18 −0.18 −0.18 0.19 −0.06
P 0.04 0.04 0.04 0.02 0.49

EW Hα ILR r −0.23 −0.17 −0.18 −0.29 −0.16
P 0.007 0.04 0.04 7E-4 0.06

EW Hα VBLR r −0.28 −0.23 −0.28 −0.34 −0.12
P 0.001 0.007 1E-4 <0.0001 0.18

EW Hβ NLR r 0.01 0.01 −0.09 −0.04 0.15
P 0.90 0.91 0.11 0.46 0.01

EW Hβ ILR r −0.02 0.02 0.07 −0.07 −0.08
P 0.70 0.69 0.25 0.24 0.18

EW Hβ VBLR r 0.12 0.11 0.11 0.04 0.21
P 0.03 0.07 0.07 0.52 0.0003

& Green (1992) used mainly measurements from lines from
multiplets 37 and 38.

We found a correlation between total EW Fe ii and EW
[O iii]: r = −0.39, P < 0.0001. The correlation coefficient
was significantly lower for the lines obtained from I Zw 1
(r = −0.20, P = 0.0006) than for the other three groups (see
Table 9). We also analyzed relationships between EW Fe ii line
groups and EW [O iii]/EW Hβ. For total EW Fe ii, we found
r = −0.46, P < 0.0001 (Figure 17, right), but for lines from I
Zw 1 group we found r = −0.28, P < 0.0001.

No significant correlations were found between EW Fe ii and
EW [N ii] lines (Table 9).

We also investigated whether there were any trends between
EWs of Fe ii F, S, G line groups and EWs of NLR, ILR,
and VBLR Hα and Hβ components (Table 9). We found no
significant correlations, besides a small correlation detected for
EW Hα VBLR versus EW Fe ii G.

The correlations between EW Fe ii and the Doppler widths
of Hβ components are also considered (Table 10). As was
expected, an inverse correlation was found between EW Fe ii

and the widths of the broad Hβ components (ILR and VBLR,
as well as for the Hβ FWHM, r ∼ −0.30, P < 0.0001). These
correlations are part of EV1. But, contrary to this, we found a
positive correlation (r = 0.30, P < 0.0001) between the EW
Fe ii and the width of NLR component.

3.4. Relations Among Emission-line Strength and
Continuum Luminosity

In Section 3.3. we have confirmed the anti-correlation EW
Fe ii versus EW [O iii] (also EW Fe ii versus EW [O iii]/
EW Hβ). To try to understand the underlying physics which
governs this anti-correlation, we examined its dependence of
the continuum luminosity and redshift.
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Figure 16. Distribution of the Fe ii shift with respect to the transition wavelength (left) and distribution of the Fe ii shift with respect to the [O iii] lines (right).

Figure 17. Relationship between the EW [O iii] λ5007 vs. EW Fe ii (left) and EW [O iii]/EW Hβ vs. EW Fe ii (right).

Table 10
The Equivalent Width of Fe ii versus the Widths of the Hβ Components

EW Fe ii

Width Hβ NLR r 0.30
P <0.0001

Width Hβ ILR r −0.31
P <0.0001

Width Hβ VBLR r −0.34
P <0.0001

Hβ FWHM r −0.30
P <0.0001

Because of selection effects, cosmological redshift, z, and
continuum luminosity are highly correlated in our sample, so
it is difficult to clearly distinguish which influence dominates
in some correlations. Since our sample has a more uniform
redshift distribution than continuum luminosity distribution (see
Figure 2), we binned EWs of the [O iii] and Fe ii lines within the
z = 0–0.7 range, using a Δz = 0.1 bin size. The binned data are
presented in Figure 18. It can be seen that as redshift increases
in the z < 0.4 range, EW Fe ii also increases, but EW [O iii]
decreases (Figure 18). For z > 0.4, the trend is not so obvious,
probably due to the larger scatter of the data at higher redshifts.

We derived correlation coefficients for the ratios of the [O iii],
Fe ii, and Hβ lines and Lλ5100 (also with redshift, see Figure 19,
Table 11). A significant anti-correlation was found for the ratio
of EW [O iii]/EW Fe ii versus Lλ5100 and for EW [O iii]/EW

Figure 18. Relationship between the EWs, EW [O iii]λ5007, and EW Fe ii,
binned for cosmological redshift. The error bars are the dispersions in each
sub-sample within different redshift bins.

Fe ii versus z (r = −0.46, P = 0 and r = −0.48, P = 0,
respectively). We found that the ratios of EW [O iii]/EW Hβ
and EW Hβ NLR/EW Fe ii also decrease as Lλ5100 (redshift)
increases. As in the previous case, the difference between the
P-values for correlation with Lλ5100 and with z is very small,
so we cannot tell which effect dominates. In contrast to this,
for EW Hβtotal/EW Fe ii versus Lλ5100, no significant trend is
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Figure 19. First panel: EW [O iii]/EW Fe ii ratio vs. continuum luminosity (λL5100); second panel: the same for EW [O iii]/EW Hβ ratio. Objects with redshift within
range z < 0.1 are denoted with open squares, 0.1 < z < 0.2 with filled triangles, 0.2 < z < 0.3 with open circles, 0.3 < z < 0.4 with filled squares, 0.4 < z < 0.5
with open triangles, 0.5 < z < 0.6 with filled circles, and 0.6 < z < 0.7 with stars. [O iii] includes only the λ5007 component.

Table 11
Correlations for the Total Sample (First and Second Columns), the Sub-sample with FWHM Hβ < 3000 km s−1 (1), and Sub-sample with FWHM Hβ >

3000 km s−1 (2)

log λL5100 log z (1) log λL5100 (1) log z (2) log λL5100 (2) log z

log (EW [O iii]/EW Fe ii) r −0.46 −0.48 −0.44 −0.45 −0.55 −0.56
P 0 0 5.67E-9 1.89E-9 1.69E-12 6.40E-13

log(EW[O iii]/EW Hβ) r −0.49 −0.48 −0.43 −0.43 −0.50 −0.49
P 0 0 1.66E-8 2.00E-8 2.14E-10 5.85E-10

log(EWHβtotal/EW Fe ii) r −0.19 −0.28 −0.28 −0.31 −0.45 −0.49
P 0.001 1.30E-6 4.00E-4 5.47E-5 2.40E-8 9.53E-10

log(EWHβ NLR/EW Fe ii) r −0.42 −0.42 −0.52 −0.51 −0.31 −0.31
P 2.35E-14 4.75E-14 2.42E-12 7.17E-12 2.22E-4 1.97E-4

log(EW[O iii]) r −0.43 −0.42 −0.33 −0.32 −0.54 −0.53
P 4.00E-15 1.60E-14 1.89E-5 4.16E-5 3.35E-12 1.37E-11

log(EW Fe iitotal) r 0.30 0.39 0.47 0.53 0.36 0.41
P 1.89E-7 3.82E-12 7.05E-10 6.09E-13 1.06E-5 4.16E-7

log(EW Fe ii F) r 0.16 0.26 0.23 0.28 0.27 0.35
P 0.004 5.99E-6 0.003 2.81E-4 0.001 2.36E-5

log(EW Fe ii S) r 0.33 0.40 0.52 0.58 0.37 0.39
P 3.87E-9 1.04E-12 1.87E-12 8.88E-16 4.57E-6 1.37E-6

log(EW Fe ii G) r 0.44 0.50 0.61 0.65 0.50 0.51
P 1.78E-15 0 0 0 2.52E-10 9.89E-11

log(EW Fe ii I Zw 1 group) r 0.32 0.23 0.31 0.39 0.13 0.18
P 1.77E-8 4.58E-5 8.33E-5 4.29E-7 0.120 0.031

log(EW Hβ NLR) r −0.36 −0.33 −0.44 −0.41 −0.21 −0.20
P 2.05E-10 6.78E-9 8.87E-9 8.79E-8 0.010 0.015

log(EW Hβ ILR) r 0.08 0.03 −0.04 −0.04 −0.11 −0.08
P 0.161 0.545 0.611 0.603 0.21 0.315

log(EW Hβ VBLR) r 0.16 0.17 0.41 0.44 −0.09 −0.09
P 0.006 0.002 6.98E-8 9.53E-9 0.292 0.271

Note. The correlations with P < 0.0001 are given in bold print.

observed, but for EW Hβtotal/EW Fe ii versus z, there is a weak
correlation (r = 0.28, P = 1.3E-6).

Because of discrepancies in the properties observed between
sub-samples within different Hβ FWHM ranges (see Sec-
tion 3.1), we analyzed the relationships separately for the sub-
samples with FWHM Hβ < 3000 km s−1 and FWHM Hβ >
3000 km s−1. It will be noticed that, in general, all the correla-
tions considered are stronger for the FWHM Hβ > 3000 km s−1

sub-sample than for spectra with narrower Hβ lines (see Ta-
ble 11). The only exception is the correlation of EW Hβ NLR/

EW Fe ii versus Lλ5100, which is more significant for the FWHM
Hβ < 3000 km s−1 sub-sample.

It is interesting to connect these anti-correlations (EW Fe ii

versus EW [O iii] and considered ratios versus Lλ5100) with the
Baldwin effect. Baskin & Laor (2004) confirmed a correlation
between the Baldwin effect and some of the emission parameters
which define EV1 correlations (which are related to EW
[O iii]–EW Fe ii anti-correlation). Also, it has been found that
the [O iii] lines show a strong Baldwin effect (Dietrich et al.
2002). On the other hand, no Baldwin effect has been noticed
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Figure 20. Baldwin effect is significant for the [O iii] lines (first panel), while an inverse Baldwin effect is detected for the optical Fe ii lines (second panel). Symbols
have the same meaning as in Figure 19.

for the optical Fe ii and Hβ lines (Dietrich et al. 2002), or
even an inverse Baldwin Effect has been reported: Croom et al.
(2002) found an inverse Baldwin effect in Hβ and Netzer &
Trakhtenbrot (2007) found one for both Hβ and optical Fe ii

lines.
Because of this, we examined the dependence of the EWs of

Fe ii, Hβ and [O iii] lines versus Lλ5100 and z in our sample.
Since Hβ is decomposed in NLR, ILR, and VBLR and the
iron lines are separated in the groups, they can be considered
in more detail. Also, we performed separate analyses for the
sub-samples with different Hβ FWHM ranges (Table 11).

Analyzing the total sample (i.e., the whole Hβ FWHM
range), it is obvious that Fe ii lines show an inverse Baldwin
effect, which is especially strong for the central (r = 0.33,
P < 0.0001) and red part (r = 0.44, P < 0.0001) of the
Fe ii shelf (S and G groups), as well as for the group of lines
from I Zw 1 (r = 0.32, P < 0.0001). The correlation of total
Fe ii versus Lλ5100 is presented in Figure 20. What is interesting
is that a strong inverse Baldwin effect is not observed for the
F lines (blue part; r = 0.16, P = 0.004). In the relationship
between Hβ components and continuum luminosity for the total
sample, no trend is observed for broad Hβ (ILR and VBLR), but
it can be noticed that the narrow Hβ component anti-correlates
with continuum luminosity (r = −0.36, P < 0.0001),—i.e.,
they show a Baldwin effect—as well as the [O iii] lines, for
which the previously found trend is confirmed (r = −0.43,
P < 0.0001—see Figure 20).

If we compare these correlations with the corresponding
correlations with redshift, it is obvious that the iron lines (total
Fe ii and the multiplet groups) correlate more strongly with
redshift than with luminosity. In the case of other lines we
consider, the difference between the correlations with Lλ5100
and z, is not so significant. Generally, it seems that the lines
which show an inverse Baldwin effect (Fe ii and Hβ VBLR)
correlate more significantly with redshift than with luminosity,
while the lines which show a (normal) Baldwin effect ([O iii]
and Hβ NLR) have more significant correlations with continuum
luminosity.

We find that the coefficients of correlations between the EWs
of lines and the continuum luminosity (and z) depend on the
Hβ FWHM range of the sub-sample. It seems that continuum
luminosity affects iron lines and Hβ more for the sub-sample
with narrower Hβ line (FWHM Hβ < 3000 km s−1). In that
sub-sample, all Fe ii groups show a stronger inverse Baldwin
effect, Hβ NLR decreases more strongly with an increase in

continuum luminosity, and an inverse Baldwin effect is also
observed for Hβ VBLR (r = 0.41, P < 0.0001). This is not
seen in the FWHM Hβ > 3000 km s−1 sub-sample. In contrast
with this the Baldwin effect is stronger in the [O iii] lines for the
FWHM Hβ > 3000 km s−1 sub-sample.

4. DISCUSSION

From our analysis of optical Fe ii lines (λλ4400–5400), we
can try to investigate physical and kinematical characteristics
of the Fe ii emitting region in AGN as well as the connection
between the Fe ii and other emission regions. We have investi-
gated above correlations between the Fe ii emission properties
and some spectral features. Correlations of the Fe ii lines were
considered separately for different multiplet groups, which en-
able more detailed analysis. Here we give some discussion of
the results we have obtained.

4.1. The Fe ii Line Group Ratios—Possible Physical
Conditions in the Fe ii Emitting Region

Although we used very simple approximations to calculate
the intensities of the observed Fe ii lines, we found that the
calculated intensities can satisfactorily fit the Fe ii shelf within
the 4400–5500 Å range. This approach is very simplified, but in
some cases, it enables a better fit than much more complicated
theoretical models (see Appendix B). We included excitation
temperature in our calculation and found that it is in the most
cases around 10,000 K (9646 ± 2143 K); see Figure 4. Roughly
the estimated temperature of the Fe ii emitting region from our
fitting (assumed template) is in a good agreement with the
prediction given earlier in literature (∼7000 K; Joly 1987).

We found that the most intensive emission in the optical part
arises in transitions with the lower term b 4F (multiplets 37 and
38). We also considered the ratios of multiplet groups. The line
ratios may indicate some physical properties. For example, it has
been shown that the Balmer line ratios are velocity dependent
in AGNs (see, e.g., Shuder 1982, 1984; Crenshaw 1986; Stirpe
1990, 1991; Snedden & Gaskell 2007) and this is probably
related to a range of physical conditions (electron temperature
and density) and to the radiative transfer effects (see, e.g.,
Popović 2003, 2006). In general, the ratios between the F, G,
and S groups indicate the ratio between the blue, red, and central
parts of the Fe ii shelf around Hβ lines. As can be seen in Table 5,
there is correlation between the F/G, F/S, and G/S ratios
versus FWHM of Hβ line. It is interesting that this correlation
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is not present when we consider the cases where FWHM(Hβ) <
3000 km s−1. We should note here that for the case FWHM(Hβ)
< 3000 km s−1 we had only ΔFWHM(Hβ) ≈ 2000 km s−1 and
this may affect the obtained results. As we mentioned above,
the separation of the sample into two sub-samples according
to the Hβ FWHM is similar as given in Sulentic et al. (2009,
and reference therein). It seems that the characteristics of the
Pop A (FWHM Hβ < 4000 km s−1) and B (FWHM Hβ >
4000 km s−1) of AGNs (as proposed by the above-mentioned
authors) can be recognized in the Fe ii line ratios: namely, the
correlations and trends observed in Table 5 indicate that the
ratios of blue and red (as well as blue and central) parts of Fe ii

shelf anti-correlate with continuum luminosity more strongly in
Pop A than in Pop B. Also, for Pop B, all considered flux ratios
(F/G, F/S, and G/S) increase with increasing Hβ width and
with decreasing Fe ii shift, while that trend is not observed in
Pop A.

The observed anti-correlations of the F/G and F/S ratios
versus Lλ5100 could be affected by the differing degrees of the
inverse Baldwin effect observed for the Fe ii lines from the three
line groups since the EWs of the S and G groups increase more
significantly with Lλ5100 (r = 0.33 and r = 0.43, P < 0.0001,
respectively) than those of the F group (r = 0.16, P = 0.04,
see Table 11). Note here that the ratio of G/S does not correlate
with the continuum. Also, since the inverse Baldwin effect for
the S and G groups is stronger for the FWHM Hβ <3000 km s−1

sub-sample, the correlations of F/G and F/S versus Lλ5100 are
stronger for FWHM Hβ < 3000 km s−1 (Table 5).

From the above-mentioned correlations, we can ask some
intriguing questions about the physical conditions and processes
in the Fe ii emitting region: (1) Which processes cause the
increase of Fe ii EW with increasing Lλ5100? Note that the EWs
of the majority of the other emission lines in AGN spectra
decrease with increasing Lλ5100 (see Dietrich et al. 2002); (2)
Why is the inverse Baldwin effect correlation lower for the F
group compared with the S and G groups?; and (3) What causes
that inverse Baldwin effect for Fe ii (in S and G) to be more
significant in the sub-sample with FWHM Hβ < 3000 km s−1

than in one with a broader Hβ line? Answering some of these
questions may lead to a better understanding of the complex
Fe ii emitting region.

4.2. Location of the Fe ii Emitting Region

Marziani & Sulentic (1993) and Popović et al. (2004) noted
earlier that Fe ii lines may originate in the ILR, which may be
the transition from the torus to the BLR. Recently, other authors
also found that the optical Fe ii emission may arise from a region
in the outer parts of the BLR or several times larger than the Hβ
one (Hu et al. 2008b; Kuehn et al. 2008; Popović et al. 2004,
2007, 2009; Gaskell et al. 2007).

To explore the kinematics of the Fe ii emitting region, which
may indicate the location of the Fe ii emission, we compared
the derived widths and shifts of the Fe ii and the Hβ and Hα
components. As can be seen in Figures 14 and 15, there is an
indication that Fe ii emitting region is located as the IL-emitting
region. Moreover, the correlation between the Doppler widths
of the Fe ii and IL regions is significantly higher than for the
VBLR and NLR. There is no significant correlation between
the Doppler widths of the Fe ii and NL regions (r = 0.01,
P = 0.87 for Hα, r = 0.05, P = 0.40 for Hβ), but there is
a correlation between the Fe ii and VBLR regions (r = 0.66,
P < 0.0001 for Hα, r = 0.45, P < 0.0001 for Hβ). This
may indicate that one more component of the Fe ii lines is

arising from the VBLR. Note here that, due to the complex Fe ii

template, we assumed only one component for each Fe ii line
(see Section 2.2). The reasonable fits of the Fe ii shelf indicate
that the VBLR component of Fe ii should be significantly weaker
than the ILR one.

These indications are also supported by the correlation
between the shift of the Fe ii lines and the ILR components
of Hα and Hβ. The distribution of the Fe ii line shifts is shown
in Figure 16. The shift is obtained with respect to the transition
wavelength (Figure 16, left) and with respect to the narrow
lines (Figure 16, right). We found that Fe ii lines are slightly
redshifted, which is in agreement with the results of Hu et al.
(2008b). But in this case, the average value of the Fe ii shift
relative to the transition wavelength is 270 ± 180 km s−1, while
the average value of the Fe ii shift with respect to the narrow
lines is 100 ± 240 km s−1. This implies a significantly smaller
redshift than that found in Hu et al. (2008b). A slightly redshifted
Fe ii emission may indicate that Fe ii lines arise in an inflowing
region (see Gaskell 2009).

4.3. EW Fe ii versus EW [O iii] Anti-correlation

One of the problems mentioned in Section 1 is the anti-
correlation between the EWs of the [O iii] and Fe ii lines which
is related to EV1 in the analysis of Boroson & Green (1992).
Some physical causes proposed to explain EV1 correlations are
(1) Eddington ratio L/LEdd (Boroson & Green 1992; Baskin
& Laor 2004), (2) black hole mass MBH, and (3) inclination
angle (Miley & Miller 1979; Wills & Browne 1986; Marziani
et al. 2001). Wang et al. (2006) also suggested that EV1 may be
related to AGN evolution.

To try to understand the EW Fe ii versus EW [O iii] anti-
correlation, we examined its relationship to continuum luminos-
ity and redshift (see Section 3.4, Table 11). We found an anti-
correlation between the EW [O iii]/EW Fe ii ratio and Lλ5100.
Also, we examined the relations of EWs of Fe ii and [O iii]
lines versus Lλ5100. We confirmed a strong Baldwin effect for
[O iii] lines, and an inverse Baldwin effect for EW Fe ii lines,
i.e., we found that as continuum luminosity increases, EW Fe ii

also increases, but EW [O iii] decreases. This implies that the
EW Fe ii–EW [O iii] anti-correlation may be influenced by a
Baldwin effect for [O iii] and an inverse Baldwin effect for Fe ii

lines. Also, in our analysis we found that the strength of the
Baldwin effect depends on the Hβ FWHM of the sample (see
Table 11). Note that Hβ FWHM is one of the parameters in EV1.
As it is mentioned in Section 1, some indications of the con-
nection between the Baldwin effect and EV1 have been given
in Baskin & Laor (2004) and Dong et al. (2009). Ludwig et al.
(2009) found that the significance of the EV1 relationships is a
strong function of continuum luminosity, i.e., the relationships
between EW Fe ii, EW [O iii], and Hβ FWHM can be detected
only in a high-luminosity sample of AGNs (logλL5100 > 44.7),
as well as a Baldwin effect for [O iii] lines.10

The origin of the Baldwin effect is still not understood and is a
matter of debate. The increase of the continuum luminosity may
cause a decrease of the covering factor, or changes in the spectral
energy distribution (softening of the ionizing continuum) which
may result in the decrease of EWs. The inclination angle may
also be related to Baldwin effect (for review see Green et al.
2001). The physical properties which are usually considered to
be a primary cause of the Baldwin effect are MBH (Warner et al.

10 The majority of objects in our sample have continuum luminosities in the
range 44.5 < logλL5100 < 46 range (see Figure 2).
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2003; Xu et al. 2008), L/L� (Boroson & Green 1992; Baskin
& Laor 2004), and changes in gas metallicity (Dietrich et al.
2002). Also, a connection between the Baldwin effect and AGN
evolution is possible (see Green et al. 2001).

We investigated whether the correlations observed between
Lλ5100 and the EWs of the lines (as well as EW [O iii]
versus EW Fe ii) are primarily caused by evolution. Since
continuum luminosity is strongly correlated with cosmological
redshift in our sample, it is difficult to separate luminosity from
evolutionary effects. The exceptions are correlations of EW Fe ii

versus z, as well as the ratio EW Hβtotal/EW Fe ii versus z, which
are significantly stronger than correlations of the same quantities
with Lλ5100. This implies that the inverse Baldwin effect of Fe ii

may be governed first of all by an evolutionary effect. This result
is in agreement with results of Green et al. (2001).

5. CONCLUSIONS

In this paper, we have investigated the characteristic of the
Fe ii emission region, using the sample of 302 AGNs from
SDSS. To analyze the Fe ii emission, an Fe ii template was
constructed by grouping the strongest Fe ii multiplets into three
groups, according to the atomic properties of transitions.

We have investigated the correlations of these Fe ii groups
and their ratios with other lines in spectra. In this way, we tried
to find some physical connection between the Fe ii and other
emitting regions, as well as to connect Fe ii atomic structure
with the physical properties of the emitting plasma.

We also investigated the kinematical connection between
Fe ii and the Balmer emission region. In particular, the anti-
correlation of EW Fe ii–EW [O iii] and its possible connection
with AGN luminosity and evolution were analyzed. From our
investigation we can outline the following conclusions.

1. We have proposed here an optical Fe ii template for the
4400–5500 Å range, which consists of three groups of
Fe ii multiplets, grouped according to the lower terms of
transitions (F, S, and G), and an additional group of lines
reconstructed from the I Zw 1 spectrum. We found that the
template can satisfactorily fit the Fe ii lines. In spectra in
which Fe ii emission lines have different relative intensities
than in I Zw 1, this template fits better than empirical and
theoretical templates based on the I Zw 1 spectrum (see
more in Appendix B). Using this template, we are able to
consider different groups of transitions which contribute
to the blue, central, and red parts of Fe ii shelf around
the Hβ+[O iii] lines.

2. We find that the ratios of different parts of the iron shelf
(F/G, F/S, and G/S) depend on some spectral properties
such as continuum luminosity, Hβ FWHM, the shift of Fe ii,
and the Hα/Hβ flux ratio. Also, it is noticed that spectra
with Hβ FWHM greater and less than ∼3000 km s−1

have different properties, which is reflected in significantly
different coefficients of correlation between the parameters.

3. We found that the Fe ii emission is mainly characterized
with a random velocity of ∼1400 km s−1 that corresponds
to the ILR origin, which is also supported by the signif-
icant correlation between the width of Fe ii and Hα, Hβ
ILR widths. This is in agreement with the previous in-
vestigations (Popović et al. 2004; Hu et al. 2008b; Kuehn
et al. 2008), but unlike the earlier investigations, we found
a slight correlation with the width of VBLR. Therefore, it
is possible that Fe ii is partly produced in the VBLR and
cannot be resolved from continuum luminosity. Also, we

found that the Fe ii lines are slightly redshifted relative to
the narrow lines (∼100 km s−1; see Figure 16).

4. The Balmer lines were decomposed into NLR, ILR, and
VBLR components and relationships among Hβ compo-
nents and some spectral properties were investigated. We
found a positive correlation between the width of narrow
lines and EW Fe ii (r = 0.30, P < 0.0001), while the width
of the broad Hβ components anti-correlates with EW Fe ii.
Also, we found a Baldwin effect in the case of the Hβ NLR
component, while the ILR component showed no corre-
lation with continuum luminosity, and the VBLR compo-
nent shows an inverse Baldwin effect for the FWHM <
3000 km s−1 sub-sample.

5. We confirm in our sample the anti-correlation between
EW Fe ii and EW [O iii], which is related to EV1 in
Boroson & Green (1992), and we examined its dependence
on the continuum luminosity and redshift. We found an
inverse Baldwin effect for Fe ii lines from the central
and red parts of the Fe ii shelf (S and G), but for Fe ii

lines from blue part (F), no correlation was observed.
A Baldwin effect was confirmed for the [O iii] lines.
Since EW Fe ii increases, and EW [O iii] decreases with
increases of continuum luminosity (and also the trend of
decreasing of the EW [O iii]/EW Fe ii ratio with luminosity
is obvious), the observed EW Fe ii versus EW [O iii] anti-
correlation is probably due to the same physical reason that
causes the Baldwin effect. Moreover, it is observed that the
coefficients of correlation due to Baldwin effect depend on
the Hβ FWHM range of a sub-sample, which also implies
the connection between the Baldwin effect and EV1. A
decreasing trend is observed for EW [O iii]/EW Hβ versus
continuum luminosity.

6. We found that the EW of the Fe ii lines and the EW Hβtotal/
EW Fe ii ratio have a stronger correlation with redshift
than with continuum luminosity. This implies that the
inverse Baldwin effect of Fe ii may be primarily caused
by evolution.
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Figure 21. Example of a spectrum rejected because of strong noise which
inhibited a precise fit to the iron lines.
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APPENDIX A

THE SAMPLE SELECTION

Using an SQL search with the requirements mentioned in
Section 2.1, we obtained 497 AGN spectra with broad emission
lines. From that number, 188 spectra were rejected because of
noise in the iron emission line region. An example of the rejected
spectrum is shown in Figure 21. Also, three spectra were rejected
because of bad pixels, and one because of very strong double-
peak emission in Hβ (SDSS J154213.91+183500.0).

Three more spectra with broad Hβ and practically with-
out the Fe ii emission were rejected since it was not possi-
ble to fit the Fe ii lines (SDSS J132756.15+111443.6, SDSS
J104326.47+110524.2, and SDSS J083343.47+074654.5).
These three spectra are shown in Figure 22. There is also a
possibility that in these three objects the Fe ii lines are very
broad and weak so that they cannot be distinguished from the
continuum emission.

The sample contains 302 AGN spectra (tables with the SDSS
identification and obtained parameters from the best fit are
available electronically only in Table 12). To test the host
galaxy contribution in the selected sample of 302 AGNs, we
have compared our sample with the set of AGNs for which the
host galaxy fraction is determined in Vanden Berk et al. (2006).
We found 106 common objects. In the case of 48 AGNs (45%
of the sample), there is practically no host galaxy contribution
(0%), and in the rest of the objects, the contribution of the host
galaxy is mainly smaller than 20%.

APPENDIX B

COMPARISON WITH OTHER Fe ii TEMPLATES

We compared two Fe ii templates (one empirical and one
theoretical) with our template. The empirical Fe ii template was
taken from Dong et al. (2008) using 46 broad and 95 narrow lines
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Figure 22. Three spectra with broad Hβ line and without Fe ii emission.

identified by Veron-Cetty et al. (2004) in the I Zw 1 spectrum
within a 4400–5500 Å range. The Fe ii lines were fitted with
six free parameters (the width, shift, and intensity for narrow
lines and the width, shift and intensity for broad lines). We also
considered the theoretical model from Bruhweiler & Verner
(2008) calculated for log[nH/(cm−3)] = 11, [ξ ]/(1 km s−1) =
20, and log[ΦH/(cm−2 s−1)] = 21, since we found that this gave
the best fit for those values of physical parameters. With this
model, Fe ii lines were fitted with three free parameters (width,
shift, and intensity).

Figure 23 shows the spectrum of SDSS J020039.15−
084554.9, an object in which the iron lines have relative inten-
sities similar to I Zw 1. We fit that spectrum with our template
(a), with a template based on line intensities from I Zw 1 (Dong
et al. 2008) (b), and with a template calculated by the CLOUDY
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Table 12
Parameters Used in Analyses of 302 AGN Samples

Name z log (λL5100) L Hβtotal FWHM Hβa w Hβ NLRb Shift Hβ NLRc Hβ NLR/Hβtotal w Hβ ILR shift Hβ ILR Hβ ILR/Hβtotal

(SDSS J) (1040erg s−1) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1)

000011.96+000225.29 0.478863 45.3826 856.7333 2835.2357 498.5579 −105.7368 0.0076 1245.3918 529.8802 0.3365
001224.03−102226.29 0.228075 45.1422 591.3836 2954.4480 377.8284 223.7951 0.0261 1285.4801 −1606.9775 0.2439
001335.38−095120.92 0.061570 44.0851 29.5634 3523.3501 172.2847 174.0595 0.0095 1975.1616 205.5797 0.6776
003618.41−105503.04 0.408479 45.4659 1106.6096 3246.2611 245.4581 217.2596 0.0096 1672.2153 132.8410 0.5109
004222.29−103743.70 0.423970 45.7358 2176.6337 2900.9095 313.0313 292.0068 0.0138 1431.1402 55.9203 0.4321
005812.85+160201.37 0.210642 45.2320 707.2841 3936.3637 278.4203 156.4947 0.0096 2262.8155 39.5246 0.7531
012159.82−010224.35 0.054234 44.2039 58.2980 4217.2466 226.8500 106.1595 0.1208 2469.0427 380.6375 0.6997
013418.19+001536.76 0.399966 45.6719 2193.5488 4562.5384 376.7642 409.5435 0.0204 1740.6250 −87.2726 0.2812
014631.99+133506.34 0.688737 45.9144 2420.6242 3593.5713 113.2796 45.6614 0.0087 1913.9080 325.8444 0.5801
014723.28+144320.92 0.432697 45.1977 365.7338 1657.0512 217.5084 269.9151 0.1000 671.3043 47.7360 0.2271
014942.51+001501.73 0.552141 46.0557 4681.0997 3940.7601 494.1209 96.5871 0.0348 2157.2436 364.4667 0.6578
015950.24+002340.91 0.162741 45.2646 677.2004 2970.4073 294.6930 196.7538 0.0655 1716.0900 207.0487 0.6449
020039.16−084555.01 0.431919 45.2859 512.0838 1589.0594 188.2487 133.3627 0.0603 967.1185 349.9747 0.4435
020435.19−093155.02 0.623804 45.6721 1345.1493 2072.8652 116.4124 335.5667 0.0145 1094.7521 306.1241 0.4650
021707.88−084743.41 0.291441 45.2660 335.3650 2347.9672 187.1275 111.6547 0.0149 1183.1579 146.4486 0.4298

Notes.
a Only broad Hβ components included.
b Doppler width of Hβ NLR and central [O iii] components.
c Shift of Hβ NLR and central [O iii] components.

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content.)
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Figure 23. Examples of fits to SDSS J020039.15−084554.9: (a) with our
template, (b) with the empirical template of Dong et al. (2008), and (c) with the
theoretical template of Bruhweiler & Verner (2008). Since this AGN has iron
emission equally strong in blue and red iron bumps (as I Zw 1), all three models
fit the observed lines well.
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Figure 24. Examples of fits to SDSS J141755.54 + 431155.8: (a) with our
template, (b) with the empirical template of Dong et al. (2008), and (c) with
the theoretical template of Bruhweiler & Verner (2008). Iron emission is a bit
stronger in the blue bump than in red. Our model fits this spectrum slightly
better than the other two.
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Figure 25. Examples of fits to SDSS J111603.13 + 020852.2: (a) with our
template, (b) with the empirical template of Dong et al. (2008), and (c) with the
theoretical template of Bruhweiler & Verner (2008). In this object, iron emission
is much stronger in blue than in red bump. Our template shows disagreement
for lines whose relative intensity is taken from I Zw 1, but the other three
wavelength regions based on our three line groups fit the observed Fe ii well.
The other two models cannot fit this kind of Fe ii emission well.

code (Bruhweiler & Verner 2008) (c). We found that for this
object all three templates fit the iron lines well.

In the case of SDSS J141755.54 + 431155.8, however (Fig-
ure 24), the iron lines in the blue bump are slightly stronger com-
pared with those in the red, and our model fits the iron emission
slightly better than the other two templates. The discrepancy be-
tween the blue and red Fe ii bumps is especially emphasized in
the spectrum of the object SDSS J111603.13 + 020852.2 (Fig-
ure 25), which makes a significant difference for comparison
with the Fe ii properties of the I Zw 1 object. In this case, our
template shows a small disagreement for the lines whose relative
intensity is taken from I Zw 1, but other two models, cannot fit
well this type of the Fe ii emission. Disagreement is particularly
strong in the blue bump (i.e., in the multiplets 37 and 38 of the
F group).

APPENDIX C

THE RELATIVE INTENSITIES OF Fe ii LINES

To estimate the relative intensities of Fe ii lines within the
three groups, we stated that the intensity of a line (m → n)
should be proportional to the number of emitters (Nm)
(Osterbrock 1989; Griem 1997), i.e., for optically thin plasma
(for Fe ii lines) one can write: Imn = const· Amn

λmn

∫ 	

0 Nmdx, where
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Amn is the probability of the transition, λmn is the transition
wavelength, and 	 is the depth of the emitting region.

Of course, the density of emitters can be non-uniform across
the region, but we can approximate here that it is uniform, and in
the case of non-thermodynamical equilibrium it could be written
(Osterbrock 1989) as

Nm ∼ b(T ,Ne)gm exp(−Emn/kT ),

where b(T, Ne) represents deviation from thermodynamical
equilibrium. In the case of lines which have the same lower
level, one may approximate the ratio as (Griem 1997)

I1

I2
= b1(T ,Ne)

b2(T ,Ne)

(
λ2

λ1

)3
f1

f2
· g1

g2
· e−(E1−E2)/kT . (C1)

Assuming that b1(T ,Ne)
b2(T ,Ne) ≈ 1 we obtained Equation (1) for

estimation of line ratios within one group.
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ABSTRACT

In this paper, the influence of chemi-ionization processes in H ∗(n � 2) + H (1s) collisions, as well as the influence
of inverse chemi-recombination processes on hydrogen atom excited-state populations in solar photosphere, are
compared with the influence of concurrent electron–atom and electron–ion ionization and recombination processes.
It has been found that the considered chemi-ionization/recombination processes dominate over the relevant
concurrent processes in almost the whole solar photosphere. Thus, it is shown that these processes and their
importance for the non-local thermodynamic equilibrium modeling of the solar atmosphere should be investigated
further.

Key words: atomic processes – Sun: atmosphere

1. INTRODUCTION

In order to improve the modeling of the solar photosphere, as
well as to model atmospheres of other similar and cooler stars
where the main constituent is also hydrogen, it is necessary to
take into account the influence of all the relevant collisional
processes on the excited-atom populations in weakly ionized
hydrogen plasmas. This is important for modeling since a
strong connection between the changes in atom excited-state
populations and the electron density exists in weakly ionized
plasmas. For example, with an increase of the electron density,
caused by a growth of the excited hydrogen atom population,
the rate of thermalization by electron–atom collisions in the
stellar atmosphere will become higher. A consequence will be
that the radiative source function of the line center will be more
closely coupled to the Planck function, making the synthesized
spectral lines stronger for a given model structure, affecting
the accuracy of plasma diagnostics and determination of the
atmospheric pressure.

Therefore, in previous papers (Mihajlov et al. 1997, 2003a,
2003b, 2007b), just a group of chemi-ionization and chemi-
recombination atom collisional processes in weakly ionized lay-
ers of stellar atmospheres (ionization degree less than 10−3) was
studied. In order to demonstrate the significance of these pro-
cesses it was necessary to compare their efficiency, from the as-
pect of their influence on the free electron and excited atom pop-
ulations, with the efficiency of the known concurrent processes
of electron–atom impact ionization, electron–electron–ion re-
combination, and electron–ion photo-recombination. In the
helium case, considered in Mihajlov et al. (2003b), it was es-
tablished that the efficiency of chemi-ionization and chemi-
recombination processes in weakly ionized layers of the exam-
ined DB white dwarf atmospheres was significantly greater than
the efficiency of the relevant electron–atom and electron–ion
processes or at least comparable to them. In the hydrogen case,
considered in Mihajlov et al. (1997, 2003a, 2007b) in connection
with solar and M red dwarf atmospheres, the relevant chemi-
ionization processes are

H ∗(n) + H (1s) ⇒ H +
2 + e, (1)

H ∗(n) + H (1s) ⇒ H (1s) + H + + e, (2)

and the corresponding inverse recombination processes are

H +
2 + e ⇒ H ∗(n) + H (1s), (3)

H (1s) + H + + e ⇒ H ∗(n) + H (1s), (4)

where H ∗(n) is hydrogen in one of the excited states with the
principal quantum number n � 2, H +

2 is the hydrogen molecular
ion in the ground electronic state (1Σ+

g), and e is a free electron.
Consequently, in this case the efficiency of the chemi-ionization
and chemi-recombination processes has to be compared with
the efficiency of the processes

H ∗(n) + e ⇒ H + + 2e, (5)

H + + 2e ⇒ H ∗(n) + e, (6)

H + + e ⇒ H ∗(n) + ελ, (7)

where ελ is the energy of a photon with wavelength λ.
Let us emphasize the fact that in this paper we focus only

on the hydrogen case, since our main aim is to draw attention
of astronomers to the processes (1)–(4), and to show that the
importance of these processes for non-local thermodynamic
equilibrium (LTE) modeling of solar atmosphere should be
investigated. For this purpose, it should be demonstrated that in
the solar photosphere the efficiency of these processes is greater
than, or at least comparable to, the efficiency of processes (5)–(7)
within those ranges of values of n � 2 and temperature T which
are relevant to the chosen solar atmosphere model. However,
by now only for chemi-recombination processes (3) and (4) it
was qualitatively shown that for 4 � n � 8 their efficiency is
comparable with the efficiency of the concurrent processes (6)
and (7) in a part of the solar photosphere (see Mihajlov et al.
1997).

Therefore, the results of new complete calculations are
presented here, which are necessary for achieving the aim of
this work. All the calculations are performed on the basis of
the well-known model C of the solar atmosphere from Vernazza
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et al. (1981), since it is only for this model that all the data
needed for various calculations are provided in tabular form.
Certainly, we keep in mind also that in Stix (2002) this model
is cited as practically the single adequate non-LTE model of the
solar atmosphere.

Besides all that is mentioned above, the fact that the processes
(1)–(4) are very important for the solar photosphere is supported
by the results obtained in Mihajlov et al. (2003a, 2007b),
where these processes were included ab initio in a non-LTE
modeling of an M red dwarf atmosphere with the effective
temperature Teff = 3800 K, using PHOENIX code (see Baron
& Hauschildt 1998; Hauschildt et al. 1999; Short et al. 1999). A
fact was established that including even the chemi-ionization/
recombination only for 4 � n � 8 generates significant changes
(by up to 50%), at least in the populations of hydrogen-atom
excited states with 2 � n � 20, and if all these processes (with
n � 2) are included, a significant change (somewhere up to 2–3
times) is also generated of the free electron density Ne, and, as
one of further consequences, significant changes in hydrogen
line profiles. Keeping in mind that the compositions of the solar
and the considered M red dwarf’s photospheres are practically
the same and the values of hydrogen-atom density, Ne, and T
in these photospheres change within similar regions (Vernazza
et al. 1981; Mihajlov et al. 2007b), one can expect that the
influence of processes (1)–(4) on the hydrogen-atom excited
states and free-electron populations in the solar atmosphere will
be at least close to their influence in that of the M red dwarf, and
that these processes will be very important for weakly ionized
layers of the solar atmosphere.

Finally, let us note the fact concerning a group of colli-
sion ion–atom radiative processes. Namely, in several papers
(Mihajlov & Dimitrijević 1986, 1992; Mihajlov et al. 1993,
1994a, 1994b, 2007a; Ermolaev et al. 1995; Ignjatović et al.
2009) it was suggested that these processes should be included
in the stellar atmosphere models, and recently it was actually
realized in Fontenla et al. (2009) and D. Koester (2010, pri-
vate communication). Due to a principal similarity between
the mechanisms of processes (1)–(4) and these radiative pro-
cesses, one can hope that the chemi-ionization/recombination
processes will be also included in the stellar atmosphere models.

In this paper all the needed theoretical data, about the
chemi-ionization and chemi-recombination processes (1)–(4),
are given in Section 2, while in Section 3 the obtained results
are presented (in figures) demonstrating the significance of the
considered processes. Apart from that, all the data used for the
calculation of the rate coefficients of processes (1)–(4) are given
here in three tables.

2. THEORY

2.1. The Chemi-ionization Processes: n � 5

Here we will consider processes (1)–(4) within the regions
n � 5 and 2 � n � 4 separately. Within the first region we
will determine the rate coefficients for the chemi-ionization
processes (1) and (2) directly, using the principle of thermo-
dynamical balance for determination of the rate coefficients for
the inverse chemi-recombination processes (3) and (4).

The parameters that are needed in further considerations
are the following: rn ∼ n2—the characteristic radius of
Rydberg atom H ∗(n); R—the inter-nuclear distance in the colli-
sion system H ∗(n)+H (1s); and U1(R) and U2(R)—the adiabatic
potential energies of the ground and the first exited electronic
states of molecular ion H +

2 .

In accordance with the previous papers (Mihajlov et al. 1997,
2003a, 2003b, 2007b) we will treat processes (1) and (2) with
n � 5 on the basis of dipole resonant mechanism, which was
introduced in the considerations of Smirnov & Mihajlov (1971)
for inelastic processes in thermal [H ∗(n) + H (1s)] collisions.
This means that such processes are considered as a result of
resonant energy conversion within the electronic component of
the collisional system H ∗(n) + H (1s), which is realized inside
the region

R � rn, (8)

where the system H ∗(n) + H (1s) can be presented as [H + +
H (1s)] + en, and which is caused by the dipole part of the inter-
action of the outer electron en with the subsystem [H + +H (1s)].
Already in Devdariani et al. (1978) just chemi-ionization pro-
cesses in atom–Rydberg-atom collisions (the case of alkali metal
atoms) were described on the basis of the same mechanism. Af-
ter that, the methods based on the dipole resonant mechanism
have been used in practice for investigation of chemi-ionization
processes until now (see, for example, Beterov et al. 2005 and
Ignjatović & Mihajlov 2005). Application of this mechanism
is particularly successful within the so-called decay approxi-
mation, which was examined in Janev & Mihajlov (1980) and
immediately demonstrated to be suitable for any inelastic pro-
cesses in slow [H ∗(n)+H (1s)] collisions. Let us note that in the
previous papers (Mihajlov et al. 2003a, 2003b, 2007b) a method
from Mihajlov & Dimitrijević (1992) and Mihajlov et al. (1996)
was used, which is based on this approximation.

Only the decay approximation will be used here for
processes (1) and (2) with n � 5. First, it is assumed that
in the region, Equation (8), the electronic state of the subsys-
tem [H + + H (1s)] can be approximated well by one of the
two adiabatic electronic states of the molecular ion H +

2 : the
ground one |1Σ+

g�rmi, R > and the first excited |1Σ+
u�rmi, R >,

and the state of the outer electron en—by one of the hydro-
gen Rydberg states |n, l,m, �r >. Then, it is assumed that, in
the case of chemi-ionization processes (1) and (2), we can
consider that the subsystem [H + + H (1s)] is in the first ex-
cited electronic state |1Σ+

u�rmi, R > with a probability of 1/2,
which means that we can describe the relative inter-nuclear
motion as going on in the reflective potential U2(R). Finally,
it means that we can expect (as a result of the mentioned
electron–dipole interaction) a decay of the initial electronic
state |n, l,m, �r; 1Σ+

u�rmi, R >= |n, l,m, �r > |1Σ+
u�rmi, R > of

the system [H + + H (1s)] + en, with a transition to the final state
|ε, l′,m′, �r; 1Σ+

g�rmi, R >= |ε, l′,m′, �r > |1Σ+
g�rmi, R > in a nar-

row neighborhood of the resonant point R = Rn;ε , which is the
root of the equation

U12(R) ≡ U2(R) − U1(R) = ε − εn. (9)

Here, εn
∼= −I/n2 and ε are the energies of the initial (bound)

and final (free) states of the outer electron and I is the ionization
potential of the ground-state hydrogen atom. Here it is important
that we have almost resonant simultaneous transitions: of
the subsystem [H + + H (1s)] to the ground electronic state
|1Σ+

g�rmi, R >, and of the outer electron to one of the free states
|ε, l′,m′, �r >.

In accordance with Janev & Mihajlov (1980), Mihajlov &
Dimitrijević (1992), and Mihajlov et al. (1996), we will charac-
terize processes (1) and (2) by quantities Wn(R), P (a)

ci (n; ρ,E),
and P (b)

ci (n; ρ,E). The first quantity has the meaning of mean
decay velocity of the considered system’s initial state and is

2
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given by relations

Wn(R) = 1

n2
·
∑
l,m

2π

h̄
· | < 1u; n, l,m,

∣∣∣∣e2 · �r · �rmi

r3

∣∣∣∣εk, l
′,m′;

1g+ > |2 · g(ε), (10)

where e is the electron charge, |1g, ε, l′,m′ >= |ε, l′,m′, �r >
|1Σ+

g�rmi, R >, |1u, n, l,m >= |n, l,m, �r > |1Σ+
u�rmi, R >, and

g(ε) is the density of the free single-electron states in the energy
space. Following Janev & Mihajlov (1980) and Ignjatović &
Mihajlov (2005), we will transform Equation (10) to the simple
form

Wn(R) = 4

3
√

3n5
D2

12(R)Gnk,

D12(R) = | < 1Σ+
u�rmi, R|rmi;R|1Σ+

g�rmi, R > |, (11)

where rmi;R is the projection of �rmi on the inter-nuclear axis,
Gnk ≡ σph(n, k)/σKr

ph (n, k) is the generalized Gaunt factor, de-
fined in Johnson (1972), σph(n, k) is the mean photo-ionization
cross section of the atom H ∗(n) for the given ε, and σKr

ph (n, k)
is the same photo-ionization cross section, but in Kramers’s
approximation (Kramers 1923; Sobel’man 1979).

The quantities P (a)
ci (n; ρ,E) and P (b)

ci (n; ρ,E) are the proba-
bilities of the realization of the chemi-ionization processes (1)
and (2), respectively, for given ρ and E. In the previous papers
(Mihajlov & Dimitrijević 1992; Mihajlov et al. 1996, 2003a,
2003b, 2007b), the influence of the initial state’s decay (during
the collision) on its amplitude was neglected in order to simplify
the procedure that was used. However, it generates errors that
are larger than 10% for n � 8. Consequently, in this work the
said influence is taken into account and a procedure similar to
the ones from Janev & Mihajlov (1980) and Ignjatović & Miha-
jlov (2005) is used. Therefore, we will present here only the final
expressions for the ionization probabilities P (a,b)

ci (n; ρ,E), the
partial cross sections σ (a,b)

ci (n;E), and the corresponding partial
rate coefficients K (a,b)

ci (n; T ), where T is the temperature of the
considered plasma, using additional parameters Rn, R0, and RE,
which are the roots of equations

U12(R) = |εn|, U2(R) = E, U12(R) = E, (12)

respectively.
In the case when only one of the processes (1) and 2) is

realized, the ionization probabilities are obtained in the form

P (a,b)
ci (n, ρ,E) = 1

2

(
1 − e

−2
∫ Rn
R0

Wn(R)dR

vrad

)
, (13)

and in the case of realization of both processes we have it that

P (a)
ci (n, ρ,E) = 1

2

(
1 − e

−2
∫ RE
R0

Wn(R)dR

vrad

)
e
− ∫ Rn

RE

Wn(R)dR

vrad , (14)

P (b)
ci (n, ρ,E) = 1

2

(
1 − e

− ∫ Rn
RE

Wn(R)dR

vrad

) (
1 + e

−2
∫ Rn
R0

Wn(R)dR

vrad

)
,

(15)
where ρ and E = mredv

2/2 are the impact parameter and the
atom–Rydberg-atom impact energy, respectively (mred being the
reduced mass of the collision system).

vrad = vrad(ρ,E;R) is the radial inter-nuclear velocity, which
is given by

vrad(ρ,E;R) =
√

2

mred

[
E − U2(R) − Eρ2

R2

]
. (16)

Then, from Equations (13)–(16) the partial cross sections
σ (a,b)

ci (n;E) are determined, namely,

σ (a,b)
ci (n,E) = 2π

∫ ρ
(a,b)
max (E)

0
P (a,b)

ci (n, ρ,E)ρdρ, (17)

where ρmax
(1a,b)(E) is the upper limit of values ρ, at which the

corresponding region R is reached for a given E.
After that, the partial rate coefficients for the chemi-ionization

processes (1) and (2) with n � 5 are determined by expressions

K (a,b)
ci (n, T ) =

∫ Emax

E
(a,b)
min (n)

vσ (a,b)
ci (n,E)f (v; T )dv, (18)

where σ (a,b)
ci (n,E) is defined by Equation (17), v is the

atom–Rydberg-atom impact velocity, f (v; T ) is the veloc-
ity distribution function for the given temperature T, and
E(a,b)

min (n) = 0 if U2(Rn) � 0; E(a,b)
min = U2(Rn) if U2(Rn) > 0;

E(a)
max = U2(R0;1) = U2(R0;1), where R0;1 is such a point that

U1(R0;1) = 0; E(b)
max = ∞.

Finally, using partial rate coefficients K (a,b)
ci (n, T ), we will

determine the total one, namely,

Kci(n, T ) = K (a)
ci (n, T ) + K (b)

ci (n, T ), (19)

which characterizes the efficiency of the chemi-ionization pro-
cesses (1) and (2) together.

2.2. The Chemi-recombination Processes: n � 5

Under the conditions which exist in the solar atmosphere,
we can determine the chemi-recombination rate coefficients (as
functions of T) from the principle of thermodynamical balance
for processes (1, 2) and (3, 4), namely,

K (a)
ci (n, T )·NnN1 = Kdr(n, T )·N (eq)

mi Ne ≡ K (a)
cr (n, T )·N1NaiNe

(20)

K (b)
ci · NnN1 = K (b)

cr (n, T ) · N1NaiNe, (21)

where the chemi-ionization rate coefficient K (a)
cr (n, T ) is ex-

pressed through the dissociative recombination rate coefficient
Kdr(n, T ) by relation

K (a)
cr (n, T ) ≡ Kdr(n, T ) · χ−1(T ), χ (T ) =

(
NaiN1

N
(eq)
mi

)
,

(22)
where N1 and Nn denote the densities of ground- and excited-
state hydrogen atoms, respectively, while Nai and N

(eq)
mi are the

densities of atomic ions H + and molecular ions H +
2 , respectively.

The index “eq” denotes that molecular ion density corresponds
to thermodynamical equilibrium condition for given T. Factor
χ (T ) can be determined as in Mihajlov et al. (2007a) in
connection with the contribution of H + + H (1s) radiative
collision processes to the solar atmosphere’s opacity in UV
and VUV region.

Taking quantity K (a)
cr (n, T ) as the rate coefficient for

process (3), we can characterize both chemi-recombination
processes (3) and (4) in a similar way. Namely, in accordance
with Equations (20) and (21), rate coefficients K (a)

cr (n, T ) and
K (b)

cr (n, T ) are given by relations

K (a,b)
cr (n, T ) = K (a,b)

ci (n, T ) · S−1
n (T ),

Sn(T ) ≡ NiNe

Nn

= 1

n2
· mkBT

2πh̄2 · exp

(
− In

kBT

)
, (23)
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Figure 1. Basic plasma parameters, for the solar model of Vernazza et al. (1981),
as a function of height h.

where m is the electron mass and kB is the Boltzmann constant.
Consequently, using such partial rate coefficients, we can
introduce here the total one, i.e.,

Kcr(n, T ) = K (a)
cr (n, T ) + K (b)

cr (n, T ), (24)

which characterizes the efficiency of processes (3) and (4)
together for n � 5.

2.3. The Chemi-ionization/Recombination
Processes: 2 � n � 4

The reason why the regions n � 5 and 2 � n � 4 are being
considered separately is the behavior of the adiabatic potential
curves of atom–atom systems H ∗(n) + H (1s). Namely, in the
first region the atom–atom curves lie above the adiabatic curve
of the ion–ion system H + + H−(1s2) for any R, and the dipole
resonant mechanism can be applied for n � 5 without any
exceptions, while in the other region there are points where the
atom–atom curves cross the ion–ion one and application of this
mechanism generates some errors (see Janev & Mihajlov 1979).
Since the corresponding cross points for n � 4 are so far from
the point R = 0 that their existence could be neglected for
n = 4 and 3, and with some caution even for n = 2, the dipole
resonant mechanism was applicable, for example, in Mihajlov
& Dimitrijević (1992) and Mihajlov et al. (1996) for n = 4
and in Zhdanov & Chibisov (1976) for n = 3. However, now
we can determine the values of rate coefficients K (a)

cr (n, T ) of
dissociative recombination process (3) for n = 2, 3, and 4 using
the results deduced from the experimental data of Jones (1977),
presented in Janev et al. (1987).

Due to this fact and the mentioned errors, we use here semi-
empirical rate coefficients K (a)

cr (n = 3, T ) and K (a)
cr (n = 4, T ),

which are obtained from Janev et al. (1987), for the dominant
processes of the dissociative recombination, i.e., for process (3)
with n = 3 and 4. The corresponding chemi-ionization rate
coefficients K (a)

ci (n = 3, T ) and K (a)
ci (n = 4, T ) are then

obtained from the principle of thermodynamical balance, as
it has been described above. For relatively minor chemi-
ionization/recombination processes, i.e., for processes (1)
and (3) with n = 2, we use here rate coefficients K (a)

ci (n = 2, T )
and K (a)

cr (n = 2, T ), which are 10%–30% greater than the cor-
responding coefficients obtained using the data from Janev et al.
(1987), in accordance with the calculated results from Urbain
et al. (1991) and Rawlings et al. (1993). It gives a possibility

Figure 2. Parameter η(n) = N (H ∗)(n)/N (eq)(H ∗)(n), as a function of height h.
The index “eq” denotes that excited atom densities correspond to thermody-
namical equilibrium conditions for given T.

to compensate the decrease of rate coefficients K (a)
ci (n � 5, T )

and K (a)
cr (n � 5, T ) in comparison with the corresponding ones

obtained using Janev et al. (1987), due to the fact that here,
unlike Janev et al. (1987), the decay of the considered system’s
initial electronic state has been taken into account. For other
chemi-ionization and recombination processes (2) and (4) with
2 � n � 4, whose contribution could really be neglected, the
corresponding rate coefficients will be determined (in accor-
dance with what was said above) by extrapolation of those from
the region n � 5. Finally, let us note that in further considera-
tions for chemi-ionization and recombination processes (1)–(4)
with n < 5 we will use also total rate coefficients, which are
given by the same expressions (19) and (24), but for 2 � n � 4.

3. RESULTS AND DISCUSSION

3.1. The Considered Model of the Solar Photosphere

In accordance with the aim of this work, we consider here
model C of solar atmosphere from Vernazza et al. (1981).
Namely, this is a non-LTE model which is still actual (see
Stix 2002), and it is only for this model that all the quantities
necessary for our calculations are available in tabular form
as functions of height (h) in solar photosphere. In Figure 1,
basic plasma parameters for this model are shown. In Figure 2,
deviations of non-LTE populations of excited hydrogen atom
states with 2 � n � 8 in solar photosphere within the C
model of Vernazza et al. (1981) are illustrated. One can see that
these deviations are particularly pronounced for n = 2. Around
h = 500 km N (H ∗(n = 2)) is one-half of the corresponding
equilibrium density, and for h larger than 1000 km it is around
10 times greater. These deviations rapidly decrease with an
increase of n. However, even for n = 8 this deviation is around
40% around h = 500 km, illustrating the importance of taking
into account the considered processes ab initio in the modeling
of solar atmosphere.

3.2. The Calculated Chemi-ionization/Recombination
Rate Coefficients

The values of the total chemi-ionization and recombination
rate coefficients Kci(n, T ) and Kcr(n, T ), obtained in the de-
scribed way, are presented in Tables 1 and 2, respectively. These
tables cover the regions 2 � n � 8 and 4000 K � T � 10000 K
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Table 1
Calculated Values of Coefficient Kci (cm3 s−1) as a Function of n and T

T (K) n

2 3 4 5 6 7 8

4000 0.150E−11 0.619E−09 0.126E−08 0.576E−09 0.554E−09 0.463E−09 0.366E−09
4250 0.202E−11 0.549E−09 0.106E−08 0.617E−09 0.583E−09 0.482E−09 0.378E−09
4500 0.260E−11 0.501E−09 0.900E−09 0.656E−09 0.611E−09 0.500E−09 0.389E−09
4750 0.324E−11 0.488E−09 0.833E−09 0.694E−09 0.637E−09 0.517E−09 0.400E−09
5000 0.403E−11 0.495E−09 0.815E−09 0.730E−09 0.662E−09 0.533E−09 0.410E−09
5250 0.504E−11 0.501E−09 0.800E−09 0.765E−09 0.686E−09 0.548E−09 0.420E−09
5500 0.623E−11 0.500E−09 0.782E−09 0.799E−09 0.709E−09 0.563E−09 0.428E−09
5750 0.756E−11 0.493E−09 0.764E−09 0.832E−09 0.731E−09 0.576E−09 0.437E−09
6000 0.909E−11 0.490E−09 0.757E−09 0.864E−09 0.752E−09 0.589E−09 0.445E−09
6250 0.108E−10 0.502E−09 0.766E−09 0.895E−09 0.772E−09 0.602E−09 0.453E−09
6500 0.128E−10 0.519E−09 0.783E−09 0.924E−09 0.791E−09 0.613E−09 0.460E−09
7000 0.175E−10 0.540E−09 0.808E−09 0.981E−09 0.827E−09 0.635E−09 0.473E−09
7500 0.232E−10 0.574E−09 0.848E−09 0.103E−08 0.860E−09 0.655E−09 0.485E−09
8000 0.300E−10 0.609E−09 0.891E−09 0.108E−08 0.892E−09 0.674E−09 0.497E−09
8500 0.380E−10 0.650E−09 0.939E−09 0.113E−08 0.920E−09 0.691E−09 0.507E−09
9000 0.470E−10 0.688E−09 0.986E−09 0.118E−08 0.948E−09 0.707E−09 0.516E−09
9500 0.574E−10 0.733E−09 0.104E−08 0.122E−08 0.973E−09 0.722E−09 0.525E−09
10000 0.689E−10 0.787E−09 0.109E−08 0.126E−08 0.997E−09 0.736E−09 0.533E−09

Table 2
Calculated Values of Recombination Coefficient Kcr (cm6 s−1) as a Function of n and T

T (K) n

2 3 4 5 6 7 8

4000 0.190E−27 0.732E−27 0.390E−27 0.114E−27 0.977E−28 0.831E−28 0.709E−28
4250 0.130E−27 0.458E−27 0.257E−27 0.102E−27 0.880E−28 0.753E−28 0.645E−28
4500 0.918E−28 0.305E−27 0.177E−27 0.914E−28 0.799E−28 0.688E−28 0.591E−28
4750 0.666E−28 0.223E−27 0.135E−27 0.828E−28 0.730E−28 0.631E−28 0.544E−28
5000 0.506E−28 0.174E−27 0.110E−27 0.755E−28 0.671E−28 0.582E−28 0.503E−28
5250 0.403E−28 0.138E−27 0.912E−28 0.693E−28 0.619E−28 0.540E−28 0.467E−28
5500 0.331E−28 0.111E−27 0.763E−28 0.639E−28 0.575E−28 0.502E−28 0.436E−28
5750 0.275E−28 0.889E−28 0.645E−28 0.592E−28 0.535E−28 0.469E−28 0.407E−28
6000 0.233E−28 0.731E−28 0.558E−28 0.551E−28 0.500E−28 0.440E−28 0.382E−28
6250 0.201E−28 0.627E−28 0.498E−28 0.514E−28 0.469E−28 0.413E−28 0.360E−28
6500 0.176E−28 0.548E−28 0.451E−28 0.482E−28 0.441E−28 0.389E−28 0.339E−28
7000 0.139E−28 0.421E−28 0.374E−28 0.427E−28 0.393E−28 0.348E−28 0.304E−28
7500 0.114E−28 0.341E−28 0.322E−28 0.382E−28 0.354E−28 0.314E−28 0.275E−28
8000 0.964E−29 0.284E−28 0.283E−28 0.345E−28 0.321E−28 0.286E−28 0.250E−28
8500 0.834E−29 0.243E−28 0.253E−28 0.314E−28 0.293E−28 0.261E−28 0.229E−28
9000 0.731E−29 0.211E−28 0.229E−28 0.287E−28 0.269E−28 0.240E−28 0.211E−28
9500 0.654E−29 0.187E−28 0.209E−28 0.264E−28 0.248E−28 0.222E−28 0.195E−28
10000 0.590E−29 0.169E−28 0.194E−28 0.245E−28 0.230E−28 0.206E−28 0.181E−28

which are relevant for solar photosphere considered on the basis
of C model from Vernazza et al. (1981).

Relative contribution of partial chemi-ionization and recom-
bination processes for given n and T characterizes corresponding
branch coefficients X(a,b)

ci (n, T ), namely,

X(a,b)
ci (n, T ) = K (a,b)

ci (n, T )

Kci(n, T )
, X(a,b)

cr (n, T ) = K (a,b)
cr (n, T )

Kcr(n, T )
.

(25)
Since X(b)

ci,cr(n, T ) = 1 − X(a)
ci,cr(n, T ) and X(a,b)

ci (n, T ) =
X(a,b)

cr (n, T ) ≡ X(a,b)(n, T ), it is enough to present only
the values of one of the coefficients X(a,b)(n, T ). Here, the
values of the coefficient X(a)(n, T ), which directly describe
relative contributions of the associative ionization and disso-
ciative recombination processes (1) and (3), are presented in
Table 3.

3.3. Comparison of Fluxes of the Considered Processes

Let Ici(n, T ) and Icr(n, T ) be the total chemi-ionization and
chemi-recombination fluxes caused by the processes (1, 2) and
(3, 4), i.e.,

Ici(n, T ) = Kci(n, T ) · NnN1,

Icr(n, T ) = Kcr(n, T ) · N1NiNe, (26)

and Ii;ea(n, T ), Ir;eei(n, T ), and Ir;ph(n, T ) be the fluxes caused
by ionization and recombination processes (5), (6), and (7), i.e.,

Ii;ea(n, T ) = Kea(n, T ) · NnNe,

Ir;eei(n, T ) = Keei(n, T ) · NiNeNe,

Ir;ph(n, T ) = Kph(n, T ) · NiNe, (27)

where N1, Nn, Ni, and Ne are, respectively, the densities of the
ground and excited states of a hydrogen atom, of ion H +, and
of free electron in the considered plasma with given T.
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Figure 3. Behavior of the quantity F
(ab)
i;ea (n) given by Equation (5), as a function

of height h.

Table 3
Calculated Values of Coefficient X(a) ≡ K

(a)
ci /Kci = K

(a)
cr /Kcr as a

Function of n and T

T (K) n

2 3 4 5 6 7 8

4000 0.998 0.955 0.877 0.507 0.408 0.335 0.281
4250 0.969 0.934 0.827 0.484 0.388 0.318 0.266
4500 0.924 0.907 0.765 0.463 0.371 0.303 0.254
4750 0.872 0.881 0.709 0.443 0.354 0.289 0.242
5000 0.819 0.857 0.664 0.425 0.339 0.277 0.231
5250 0.769 0.831 0.619 0.408 0.325 0.265 0.221
5500 0.721 0.800 0.568 0.393 0.312 0.254 0.212
5750 0.673 0.764 0.515 0.378 0.300 0.244 0.203
6000 0.627 0.728 0.466 0.364 0.288 0.235 0.196
6250 0.585 0.699 0.430 0.351 0.278 0.226 0.188
6500 0.546 0.672 0.399 0.339 0.268 0.218 0.182
7000 0.474 0.610 0.336 0.317 0.250 0.204 0.169
7500 0.414 0.558 0.289 0.297 0.235 0.190 0.158
8000 0.363 0.510 0.250 0.280 0.221 0.179 0.149
8500 0.321 0.469 0.220 0.264 0.208 0.169 0.141
9000 0.287 0.429 0.193 0.250 0.197 0.160 0.133
9500 0.258 0.398 0.174 0.237 0.187 0.151 0.126
10000 0.234 0.376 0.160 0.225 0.177 0.144 0.120

Using these expressions, we will first calculate quantities
Fi(n, T ) given by

Fi(n, T ) = Ici(n, T )

Ii;ea(n, T )
= Kci(n, T )

Kea(n, T )
· N1Ne, (28)

which characterize the relative efficiency of partial chemi-
ionization processes (1, 2) together and the impact
electron–atom ionization (5) in the considered plasma. The total
chemi-ionization and recombination rate coefficients Kci(n, T )
are determined here by the method described in the previous sec-
tion, and impact ionization rate coefficients Kea(n, T ) are taken
from Vriens & Smeets (1980). In Figure 3, the behavior of the
quantities Fi,ea(n, T ) for 2 � n � 8 as functions of height h is
shown, according to the data (N1, Ne, and T) from Vernazza et al.
(1981) for solar photosphere. One can see that the efficiency of
the considered chemi-ionization processes in comparison with
the electron–atom impact ionization is dominant for 2 � n � 6
and becomes comparable for n = 7 and 8.

However, in order to compare the relative influence of the
chemi-ionization processes (1) and (2) together to that of the

Figure 4. Behavior of the quantity Fi;ea(2; 8) given by Equation (29), as a
function of height h.

impact electron–atom ionization process (5) on the whole block
of the excited hydrogen atom states with 2 � n � 8, we will
calculate quantity Fi,ea;2−8(T ), given by

Fi,ea;2−8(T ) =
∑8

n=2 Ici(n, T )∑8
n=2 Ii;ea(n, T )

=
∑8

n=2 Kci(n, T ) · Nn∑8
n=2 Kea(n, T ) · Nn

· N1Ne, (29)

which can reflect the influence of the existing populations of
excited hydrogen atom states within a non-LTE model of the
solar atmosphere. In Figure 4, the behavior of the quantity
Fi,ea;2−8(T ) as functions of height h is shown according to
the same data from Vernazza et al. (1981). As one can see,
the real influence of the chemi-ionization processes on the
total populations of states with 2 � n � 8 remains dominant
with respect to the concurrent electron–atom impact ionization
processes almost in the whole photosphere (50 km � h � 750
km). This means that the chemi-ionization processes influence
the radiative properties of the whole solar atmosphere in the
optical region considerably.

Then, in order to compare the relative influence of
chemi-recombination processes (3) and (4) together and
electron–electron–H + ion recombination process (6) on the
same block of excited hydrogen atom states with 2 � n � 8,
we calculated quantity Fr,eei;2−8(T ), given by

Fr,eei;2−8(T ) =
∑8

n=2 Icr(n, T )∑8
n=2 Ir;eei(n, T )

=
∑8

n=2 Kcr(n, T )∑8
n=2 Keei(n, T )

· N1

Ne

,

(30)
taking rate coefficients Keei(n, T ) also from Vriens & Smeets
(1980). In Figure 5, the behavior of this quantity as a function
of height h is shown. One can see that the considered chemi-
recombination processes dominate with respect to the concur-
rent electron–electron–ion recombination processes within the
region 100 km � h � 650 km. Consequently, the considered
chemi-recombination processes are also very significant for the
optical properties of the solar photosphere.

Finally, we compared the relative influence of chemi-
recombination processes (3) and (4) together and photo-
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Figure 5. Behavior of the quantity Fr;eei(2; 8) given by Equation (30), as a
function of height h.

Figure 6. Behavior of the quantity Fr;ph(2; 8) given by Equation (31), as a
function of height h.

recombination electron–H + ion process (7), also within
the block of the excited hydrogen atom states with 2 �
n � 8. For that sake we calculated quantity Fr,ph;2−8(T ),
given by

Fr,ph;2−8(T ) =
∑8

n=2 Icr(n, T )∑8
n=2 Ir;ph(n, T )

=
∑8

n=2 Kcr(n, T )∑8
n=2 Kph(n, T )

· N1,

(31)
taking rate coefficients Kph(n, T ) from Sobel’man (1979). This
is necessary since in Mihajlov et al. (1997) only the states
4 � n � 8 were considered. Still, it was a natural expectation
that the inclusion of states with n = 2 and 3 will increase the
influence of photo-recombination electron–ion processes. The
behavior of quantity Fr,ph;2−8(T ) as a function of h is shown
in Figure 6. One can see that here a domination of the chemi-
recombination processes with 2 � n � 8 over the electron–ion
photo-recombination processes is confirmed (although to a
slightly lesser extent) in a significant part of the photosphere
(−50 km � h � 600 km).

4. CONCLUSION

The obtained results demonstrate the fact that the considered
chemi-ionization/recombination processes must have a very
significant influence on the optical properties of the solar
photosphere in comparison with the concurrent electron–atom
impact ionization and electron–ion recombination processes.
Thus, it is shown that the importance of these processes for
non-LTE modeling of solar atmosphere should be necessarily
investigated.

This work was supported by the Ministry of Science and
Technological Development of Serbia as a part of the project
“Influence of collisional processes on astrophysical plasma line
shapes” (Project number 176002).
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STARK BROADENING EFFECT IN STELLAR ATMOSPHERES: Nd II LINES
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ABSTRACT
The inÑuence of the Stark broadening mechanism on line shapes and equivalent widths in stellar

atmospheres was considered. The test of this inÑuence was done for 38 astrophysically important Nd II

lines for di†erent types of stellar atmospheres. Moreover, the electron-impact widths for 284 Nd II lines
are given. For calculation of the electron-impact widths we use the modiÐed semiempirical method.
Subject headings : atomic data È plasmas È stars : chemically peculiar

1. INTRODUCTION

The atomic data are needed for various problems in
astrophysics. For example, the reliability of the element
abundance determinations in stellar atmospheres depends
on a number of factors, where atomic data (transition prob-
abilities, collisional widths, etc.) are among the most impor-
tant. One of the needed set of atomic data for line synthesis
are the electron-impact widths. They are needed in order to
solve various problems in astrophysics and physics, for
example, diagnostics and modeling of laboratory and stellar
plasma, investigation of its physical properties and for
abundance determination. These investigations provide
information useful for the modeling of stellar evolution, e.g.,
abundance studies in stellar atmospheres provide evidence
of the chemical composition of the stellar primordial cloud,
of processes occurring within the stellar interior, and the
dynamic processes occurring in the stellar atmospheres.

Spectroscopic data for rare earth elements (REE) are of
interest for astrophysics since the lines of the ionized REE
are present in stellar spectra. Moreover, the REE are over-
abundant in CP stars in a wide temperature domain (see,
e.g., Jaschek & Jaschek 1974 ; Bonsack & Wol† 1980 ;
Magazzu & Cowley 1986 ; Ryabchikova & Ptitsyn 1986 ;
Cowley & Greenberg 1988 ; VanÏt Veer et al. 1988 ; Sada-
kane 1993 ; Kupka et al. 1996 ; Gelbmann et al. 1997 ; Ryab-
chikova et al. 1997, 1999 ; Cowley et al. 2000), and the
atomic data for REE are needed in order to solve the astro-
physical problems such as the relative abundance of r- and
s-process elements in metal poor Halo stars and the evolu-
tion of CP stars (Cowley 1984 ; Sneden et al. 1996). Usually,
REE abundance analysis is based on the lines for the
Ðrst ionization stages, which have experimentally deter-
mined oscillator strengths. In some CP stars, e.g., HD
101065 (Cowley et al. 2000), very large excesses of REE are
presented.

The lines of Nd II are observed in spectra of CP stars as
well as in spectra of other stars (see e.g., Guthrie 1985 ;
Adelman 1987, 1994 ; Sadakane 1993 ; Cowley et al. 2000).
Due to conditions in stellar atmospheres, the Nd II lines are
dominant in comparison with Nd I and Nd III lines, e.g., in
spectra of HD 101065, a roAp star, Cowley et al. (2000)
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found 71 lines of Nd II and only six and seven lines of Nd I

and Nd III, respectively. It is the reason why for determi-
nation of neodymium abundance in spectra of CP and
other stars the Nd II lines are usually used. On the other
side, due to complexity of Nd II spectrum, it is very difficult
to obtain atomic data (oscillator strengths, Stark widths,
etc.) needed for astrophysical purposes. In order to provide
a complete set of Stark broadening data of astrophysical
interest, we started a project to calculate such data for a
number of spectral lines of REE (see &Popovic�

1998a ; et al. 1999). Here we presentDimitirjevic� Popovic�
Stark widths for 284 Nd II lines. Also, in order to stress the
Stark broadening mechanism importance for di†erent types
of stars, we have analyzed the electron-impact e†ect inÑu-
ence on spectral line shapes and equivalent widths in the
case of 38 Nd II lines which are observed in stellar spectra.

2. METHOD OF CALCULATION

When there is no enough atomic data for more sophisti-
cated calculations, one may use the modiÐed semiempirical
approach (MSE, & 1980, 1987 ;Dimitrijevic� Konjevic�

& 1986), tested several times forDimitrijevic� Krs— ljanin
complex spectra (see, e.g., & 1996a,Popovic� Dimitrijevic�
1996b, 1997). This method, applicable only for the Stark
broadening of isolated, nonhydrogenic ion lines, has been
described several times & 1980 ;(Dimitrijevic� Konjevic�

& 1986 ; &Dimitrijevic� Krs— ljanin Popovic� Dimitrijevic�
1996b, 1997, 2000) and here will not be repeated.

Compared with the semiclassical perturbation approach,
the modiÐed semiempirical approach needs less atomic
data. In fact, if there are no perturbing levels strongly vio-
lating the assumed approximation, we need only the energy
levels with *n\ 0 and for, e.g., the line widthl

if
@ \ l

if
^ 1,

calculations, since all perturbing levels with needed*nD 0,
for a full semiclassical investigation, are lumped together
and approximately estimated.

The accuracy of the MSE approximation is assumed to
be about ^50% & 1980). It was(Dimitrijevic� Konjevic�
shown in & (1996b, 1998b) that thePopovic� Dimitrijevic�
MSE approach, even in the case of the emitters with very
complex spectra (e.g., Xe II and Kr II), gives a very good
agreement with experimental measurements (in the interval
^30%).

In the case of Nd II lines, due to a very complex spectrum,
it was not possible to adequately use the MSE approach, so
we use the simpliÐed version of this approach given by

& (1987) and we calculated only theDimitrijevic� Konjevic�
Stark widths. This formula is better than older approximate
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formula of Cowley (1971) often used for Stark width estima-
tions when more sophisticated methods are not applicable.

Atomic energy levels needed for the calculations have
been taken from Martin et al. (1978).

3. RESULTS AND DISCUSSION

The results of our calculations are presented in Table 1.
In order to present our results in a more convenient form
for synthetic spectrum calculations, all data calculated for
di†erent temperature were Ðtted with the following expres-
sion :

W (rad s~1)\ A0 T ~1@2 . (1)

Here W is a full width at half maximum (FWHM) expressed
in rad s ~1 per electron, and the constant is determinedA0numerically in order to obtain the best Ðt. The correspond-
ing values of are given in Table 1 together with thelog A0widths (FWHM in logarithmic form) per electron for
T \ 10,000 K. Also, the electron-impact widths for
T \ 10,000 K and m~3 are given in Table 1. ThisN

e
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temperature (T \ 10,000 K) was chosen as the most repre-
sentative for A-type stars where the Stark broadening
becomes the dominant pressure broadening mechanism due
to hydrogen ionization. This kind of presentation is similar
to that, used in the most complete set of atomic line param-
eters calculations by Kurucz (1993a) for Fe-peak elements.

In order to test the importance of the electron-impact
broadening e†ect in stellar atmospheres, we have synthe-
sized the line proÐles of 38 Nd II lines using SYNTH code
(Piskunov 1992) and the Kurucz ATLAS9 code for stellar
atmosphere models (Kurucz 1993b) in the temperature
range of K, and 3.0 ¹ log g ¹ 5.0. The6000 ¹ Teff ¹ 16,000
SYNTH code uses logW (rad s~1) per electron for
T \ 10,000 K as an input parameter.

For the spectrum synthesis it is more convenient to use
the parameters than to take Stark widths for each tem-A0perature, which we have calculated. In Figure 1 the com-
parison between calculated data ( Ðlled circles) and the Ðt
with equation (1) (solid line) for Nd II j \ 4013.3 is shown.A�
We present also the result of an approximate temperature

FIG. 1.ÈStark widths for the Nd II 4013.3 line as a function of elec-A�
tron temperature. Calculated data are shown by Ðlled circles. Data
obtained with the di†erent approximations are shown by the solid line (eq.
[1]) and dashed line (eq. [2]), respectively.

TABLE 1

THE ELECTRON-IMPACT BROADENING PARAMETERS FOR Nd II LINES

j w
Transition (A� ) log (W )a log (A0) (A� )b

6s 6I13@2 È6p 6H15@20 . . . . . . . 3555.9 [5.304 [3.304 0.332
6s 4I11@2 È6p 4I13@20 . . . . . . . . 3560.3 [5.296 [3.296 0.339
6s 6I11@2 È6p 6H13@20 . . . . . . . 3576.0 [5.325 [3.325 0.320
6s 4I13@2 È6p 4I15@20 . . . . . . . . 3577.5 [5.273 [3.273 0.361
6s 4I9@2 È6p 4I11@20 . . . . . . . . . 3592.6 [5.324 [3.324 0.324
6s 6I9@2 È6p 6H11@20 . . . . . . . . 3600.7 [5.344 [3.344 0.311
6s 6I7@2 È6p 6H9@20 . . . . . . . . . 3646.3 [5.356 [3.356 0.310
6s 4I9@2 È6p 4H9@20 . . . . . . . . . 3650.5 [5.329 [3.329 0.331
6s 6I9@2 È6p 6H9@20 . . . . . . . . . 3715.8 [5.354 [3.354 0.323
6s 6I15@2 È6p 6H15@20 . . . . . . . 3716.7 [5.299 [3.299 0.367
6s 6I13@2 È6p 6H13@20 . . . . . . . 3724.5 [5.320 [3.320 0.351
6s 6I11@2 È6p 6H11@20 . . . . . . . 3729.1 [5.339 [3.339 0.337
6s 4I13@2 È6p 4I13@20 . . . . . . . . 3753.5 [5.290 [3.290 0.382
6s 6I7@2 È6p 6H7@20 . . . . . . . . . 3753.7 [5.366 [3.366 0.321
6s 4I9@2 È6p 4H7@20 . . . . . . . . . 3764.5 [5.340 [3.340 0.343
6s 4I15@2 È6p 4I15@20 . . . . . . . . 3776.5 [5.267 [3.267 0.409
6s 6I15@2 È6p 6I17@20 . . . . . . . . 3781.4 [5.305 [3.305 0.375
6s 4I11@2 È6p 4I11@20 . . . . . . . . 3785.3 [5.318 [3.318 0.365
6s 6I11@2 È6p 6I13@20 . . . . . . . . 3806.0 [5.346 [3.346 0.346
6s 6I13@2 È6p 6I15@20 . . . . . . . . 3806.4 [5.328 [3.328 0.361
6s 4I9@2 È6p 4I9@20 . . . . . . . . . . 3806.4 [5.343 [3.343 0.348
6s 6I9@2 È6p 6I11@20 . . . . . . . . . 3808.2 [5.362 [3.362 0.334
6s 6I7@2 È6p 4I7@20 . . . . . . . . . . 3815.8 [5.371 [3.371 0.328
6s 6I15@2 È6p 4K15@20 . . . . . . . 3823.5 [5.309 [3.309 0.380
6s 6I9@2 È6p 6H7@20 . . . . . . . . . 3827.4 [5.363 [3.363 0.336
6s 4I11@2 È6p 4H9@20 . . . . . . . . 3849.6 [5.323 [3.323 0.373
6s 6I13@2 È6p 4H15@20 . . . . . . . 3852.7 [5.331 [3.331 0.366
6s 6I11@2 È6p 6H9@20 . . . . . . . . 3852.8 [5.350 [3.350 0.351
6s 6I7@2 È6p 6I9@20 . . . . . . . . . . 3864.4 [5.375 [3.375 0.334
6s 6I7@2 È6p 6H5@20 . . . . . . . . . 3864.5 [5.375 [3.375 0.334
6s 6I11@2 È6p 4K13@20 . . . . . . . 3870.1 [5.351 [3.351 0.353
6s 6I13@2 È6p 4H13@20 . . . . . . . 3880.6 [5.334 [3.334 0.370
6s 6I11@2 È6p 4K9@20 . . . . . . . . 3881.4 [5.352 [3.352 0.355
6s 6I9@2 È6p 4I11@20 . . . . . . . . . 3881.8 [5.368 [3.368 0.342
6s 6I13@2 È6p 6H11@20 . . . . . . . 3891.0 [5.334 [3.334 0.371
6s 4I15@2 È6p 4K17@20 . . . . . . . 3892.6 [5.277 [3.277 0.424
6s 6I15@2 È6p 6H13@20 . . . . . . . 3901.3 [5.315 [3.315 0.390
6s 6I17@2 È6p 6H15@20 . . . . . . . 3902.9 [5.293 [3.293 0.411
5d 6K13@2 È6p 4H13@20 . . . . . . 3905.2 [5.530 [3.530 0.238
6s 4I9@2 È6p 4K11@20 . . . . . . . . 3906.9 [5.351 [3.351 0.360
6s 4I13@2 È6p 4K15@20 . . . . . . . 3908.9 [5.304 [3.304 0.402
6s 6I15@2 È6p 4H15@20 . . . . . . . 3912.2 [5.316 [3.316 0.392
6s 4I11@2 È6p 4K13@20 . . . . . . . 3922.0 [5.329 [3.329 0.382
6s 6I9@2 È6p 6I9@20 . . . . . . . . . . 3942.6 [5.372 [3.372 0.349
6s 6I11@2 È6p 6I11@20 . . . . . . . . 3952.2 [5.358 [3.358 0.363
6s 6I7@2 È6p 6I7@20 . . . . . . . . . . 3953.3 [5.381 [3.381 0.344
6s 4I15@2 È6p 4I13@20 . . . . . . . . 3973.2 [5.284 [3.284 0.435
6s 6I17@2 È6p 6I17@20 . . . . . . . . 3974.3 [5.299 [3.299 0.420
6s 6I13@2 È6p 6I13@20 . . . . . . . . 3974.7 [5.341 [3.341 0.382
6s 4I11@2 È6p 4I9@20 . . . . . . . . . 3983.4 [5.334 [3.334 0.390
6s 6I15@2 È6p 6I15@20 . . . . . . . . 3991.2 [5.322 [3.322 0.402
6s 6I7@2 È6p 6I7@20 . . . . . . . . . . 3992.8 [5.384 [3.384 0.348
6s 6I13@2 È6p 4K15@20 . . . . . . . 3995.8 [5.343 [3.343 0.384
6s 4I13@2 È6p 4I11@20 . . . . . . . . 4004.4 [5.311 [3.311 0.415
6s 6I17@2 È6p 6K19@20 . . . . . . . 4013.3 [5.302 [3.302 0.426
6s 6I9@2 È6p 6I9@20 . . . . . . . . . . 4019.9 [5.378 [3.378 0.358
6s 6I13@2 È6p 4K13@20 . . . . . . . 4021.9 [5.344 [3.344 0.388
6s 6I13@2 È6p 4K15@20 . . . . . . . 4022.4 [5.344 [3.344 0.388
6s 4I11@2 È6p 4I9@20 . . . . . . . . . 4023.3 [5.337 [3.337 0.395
6s 4I9@2 È6p 4I9@20 . . . . . . . . . . 4024.1 [5.360 [3.360 0.374
6s 4I15@2 È6p 4H17@20 . . . . . . . 4032.9 [5.288 [3.288 0.444
6s 6I11@2 È6p 4I13@20 . . . . . . . . 4041.9 [5.364 [3.364 0.374
6s 6I15@2 È6p 6K17@20 . . . . . . . 4062.2 [5.327 [3.327 0.411
6s 6I9@2 È6p 6I11@20 . . . . . . . . . 4070.4 [5.381 [3.381 0.365



TABLE 1ÈContinued

j w
Transition (A� ) log (W )a log (A0) (A� )b

6s 6I9@2 È6p 6I7@20 . . . . . . . . . . 4076.4 [5.382 [3.382 0.365
6s 6I11@2 È6p 6I9@20 . . . . . . . . . 4097.1 [5.368 [3.368 0.381
6s 6I13@2 È6p 6K15@20 . . . . . . . 4110.6 [5.351 [3.351 0.399
6s 6I13@2 È6p 6I11@20 . . . . . . . . 4134.5 [5.352 [3.352 0.402
6s 4I11@2 È6p 4K11@20 . . . . . . . 4135.8 [5.345 [3.345 0.410
6s 6I13@2 È6p 4K11@20 . . . . . . . 4136.3 [5.352 [3.352 0.402
6s 4I15@2 È6p 4K15@20 . . . . . . . 4147.7 [5.297 [3.297 0.460
6s 6I11@2 È6p 6K13@20 . . . . . . . 4157.2 [5.372 [3.372 0.389
6s 4I13@2 È6p 4K13@20 . . . . . . . 4157.8 [5.322 [3.322 0.436
6s 6I15@2 È6p 6I13@20 . . . . . . . . 4176.7 [5.335 [3.335 0.427
6s 6I9@2 È6p 6K11@20 . . . . . . . . 4178.4 [5.389 [3.389 0.378
6s 6I17@2 È6p 6I15@20 . . . . . . . . 4206.7 [5.316 [3.316 0.453
6s 6I9@2 È6p 6K11@20 . . . . . . . . 4233.5 [5.392 [3.392 0.385
6s 6I17@2 È6p 6K17@20 . . . . . . . 4285.7 [5.321 [3.321 0.464
6s 6I7@2 È6p 6K9@20 . . . . . . . . . 4304.7 [5.404 [3.404 0.387
6s 6I15@2 È6p 6K15@20 . . . . . . . 4326.9 [5.345 [3.345 0.448
6s 6I11@2 È6p 6K11@20 . . . . . . . 4352.5 [5.384 [3.384 0.415
6s 6I13@2 È6p 6K13@20 . . . . . . . 4359.3 [5.367 [3.367 0.433
6s 4I13@2 È6p 4K11@20 . . . . . . . 4398.8 [5.338 [3.338 0.471
6s 6I9@2 È6p 6K9@20 . . . . . . . . . 4402.0 [5.402 [3.402 0.407
6s 4I15@2 È6p 4K13@20 . . . . . . . 4429.1 [5.315 [3.315 0.503
6s 4I15@2 È6p 6K17@20 . . . . . . . 4457.6 [5.317 [3.317 0.508
6s 4I13@2 È6p 6K15@20 . . . . . . . 4464.2 [5.341 [3.341 0.481
6s 6I9@2 È6p 4I11@20 . . . . . . . . . 4507.8 [5.407 [3.407 0.421
5d 6L 17@2 È6p 6K19@20 . . . . . . 4518.0 [5.621 [3.621 0.258
6s 6I13@2 È6p 6K11@20 . . . . . . . 4574.5 [5.378 [3.378 0.464
6s 6I17@2 È6p 6K15@20 . . . . . . . 4581.4 [5.339 [3.339 0.510
5d 6L 15@2 È6p 6K17@20 . . . . . . 4591.0 [5.668 [3.668 0.240
6s 6I11@2 È6p 6K9@20 . . . . . . . . 4595.6 [5.397 [3.397 0.448
6s 6I15@2 È6p 6K13@20 . . . . . . . 4603.5 [5.360 [3.360 0.489
5d 6L 13@2 È6p 6K15@20 . . . . . . 4667.4 [5.713 [3.713 0.223
5d 6K15@2 È6p 6I17@20 . . . . . . . 4716.0 [5.610 [3.610 0.289
5d 6L 11@2 È6p 6K13@20 . . . . . . 4742.2 [5.756 [3.756 0.209
5d 6K13@2 È6p 6I15@20 . . . . . . . 4783.1 [5.651 [3.651 0.271
5d 6L 19@2 È6p 6K19@20 . . . . . . 4799.3 [5.615 [3.615 0.296
5d 6K11@2 È6p 6I13@20 . . . . . . . 4804.8 [5.684 [3.684 0.253
5d 6K9@2 È6p 6I11@20 . . . . . . . . 4815.3 [5.714 [3.714 0.237
5d 6L 17@2 È6p 6K17@20 . . . . . . 4866.1 [5.662 [3.662 0.273
5d 6I13@2 È6p 6H15@20 . . . . . . . 4909.1 [5.592 [3.592 0.326
5d 6L 15@2 È6p 6K15@20 . . . . . . 4932.0 [5.708 [3.708 0.252
5d 6I11@2 È6p 6H13@20 . . . . . . . 4980.9 [5.629 [3.629 0.309
5d 6K17@2 È6p 6I17@20 . . . . . . . 4987.0 [5.604 [3.604 0.327
5d 6L 13@2 È6p 6K13@20 . . . . . . 4990.8 [5.750 [3.750 0.234
5d 6L 11@2 È6p 6K11@20 . . . . . . 4998.0 [5.785 [3.785 0.217
5d 6I7@2 È6p 6H9@20 . . . . . . . . . 5025.0 [5.690 [3.690 0.273
5d 6K9@2 È6p 6I9@20 . . . . . . . . . 5032.2 [5.738 [3.738 0.245
5d 6I9@2 È6p 6H11@20 . . . . . . . . 5033.9 [5.663 [3.663 0.292
5d 6K11@2 È6p 6I11@20 . . . . . . . 5040.2 [5.710 [3.710 0.262
5d 6K15@2 È6p 6I15@20 . . . . . . . 5046.8 [5.645 [3.645 0.305
5d 6K17@2 È6p 6K19@20 . . . . . . 5048.5 [5.611 [3.611 0.331
5d 6K13@2 È6p 6I13@20 . . . . . . . 5052.0 [5.679 [3.679 0.283
5d 6L 21@2 È6p 6K19@20 . . . . . . 5132.0 [5.609 [3.609 0.343
5d 6K15@2 È6p 6K17@20 . . . . . . 5160.9 [5.656 [3.656 0.311
5d 6I15@2 È6p 6H15@20 . . . . . . . 5172.2 [5.587 [3.587 0.367
5d 6L 19@2 È6p 6K17@20 . . . . . . 5194.0 [5.656 [3.656 0.316
5d 6I7@2 È6p 6H7@20 . . . . . . . . . 5231.3 [5.710 [3.710 0.282
5d 6I13@2 È6p 6H13@20 . . . . . . . 5236.3 [5.624 [3.624 0.345
5d 6L 17@2 È6p 6K15@20 . . . . . . 5251.0 [5.701 [3.701 0.290
5d 6K9@2 È6p 6I7@20 . . . . . . . . . 5252.2 [5.761 [3.761 0.253
5d 6I9@2 È6p 6H9@20 . . . . . . . . . 5261.8 [5.685 [3.685 0.303
5d 6K13@2 È6p 6K15@20 . . . . . . 5273.5 [5.701 [3.701 0.293
5d 6L 13@2 È6p 6K11@20 . . . . . . 5274.8 [5.780 [3.780 0.244
5d 6K11@2 È6p 6I9@20 . . . . . . . . 5278.3 [5.733 [3.733 0.272
5d 6I11@2 È6p 6H11@20 . . . . . . . 5283.2 [5.658 [3.658 0.325
5d 6L 15@2 È6p 6K13@20 . . . . . . 5294.6 [5.744 [3.744 0.267
5d 4K11@2 È6p 4I13@20 . . . . . . . 5297.2 [5.572 [3.572 0.399

TABLE 1ÈContinued

j w
Transition (A� ) log (W )a log (A0) (A� )b

5d 6I15@2 È6p 6I17@20 . . . . . . . . 5298.4 [5.598 [3.598 0.375
5d 4K13@2 È6p 4I15@20 . . . . . . . 5300.3 [5.533 [3.533 0.436
5d 6K19@2 È6p 6I17@20 . . . . . . . 5303.7 [5.598 [3.598 0.376
5d 6K13@2 È6p 6I11@20 . . . . . . . 5312.9 [5.704 [3.704 0.295
5d 6L 11@2 È6p 6K9@20 . . . . . . . 5321.2 [5.819 [3.819 0.227
5d 4L 15@2 È6p 4K17@20 . . . . . . 5328.0 [5.556 [3.556 0.418
5d 6K15@2 È6p 6I13@20 . . . . . . . 5347.1 [5.674 [3.674 0.321
5d 6K17@2 È6p 6I15@20 . . . . . . . 5358.4 [5.639 [3.639 0.349
5d 6K19@2 È6p 6K19@20 . . . . . . 5373.4 [5.604 [3.604 0.380
5d 6K11@2 È6p 6K13@20 . . . . . . 5378.4 [5.743 [3.743 0.277
5d 6I13@2 È6p 6I15@20 . . . . . . . . 5399.6 [5.639 [3.639 0.355
5d 4L 13@2 È6p 4K15@20 . . . . . . 5401.3 [5.601 [3.601 0.387
5d 6K9@2 È6p 6K11@20 . . . . . . . 5422.9 [5.777 [3.777 0.260
5d 6I11@2 È6p 6I13@20 . . . . . . . . 5438.8 [5.672 [3.672 0.333
5d 6G13@2 È6p 6H15@20 . . . . . . 5442.7 [5.582 [3.582 0.411
5d 6I7@2 È6p 6I9@20 . . . . . . . . . . 5448.8 [5.730 [3.730 0.293
5d 6I7@2 È6p 6H5@20 . . . . . . . . . 5449.0 [5.730 [3.730 0.293
5d 6I9@2 È6p 6I11@20 . . . . . . . . . 5449.0 [5.702 [3.702 0.312
5d 6I17@2 È6p 6H15@20 . . . . . . . 5480.2 [5.581 [3.581 0.417
5d 6G7@2 È6p 6H9@20 . . . . . . . . 5486.4 [5.681 [3.681 0.332
5d 6K17@2 È6p 6K17@20 . . . . . . 5487.2 [5.650 [3.650 0.357
5d 6I9@2 È6p 6H7@20 . . . . . . . . . 5488.5 [5.705 [3.705 0.314
5d 6I11@2 È6p 6H9@20 . . . . . . . . 5534.9 [5.680 [3.680 0.339
5d 6I15@2 È6p 6H13@20 . . . . . . . 5536.8 [5.619 [3.619 0.391
5d 6I13@2 È6p 6H11@20 . . . . . . . 5571.4 [5.653 [3.653 0.366
5d 6K15@2 È6p 6K15@20 . . . . . . 5595.9 [5.695 [3.695 0.335
5d 6G5@2 È6p 6H7@20 . . . . . . . . 5604.2 [5.703 [3.703 0.329
5d 6I17@2 È6p 6I17@20 . . . . . . . . 5622.1 [5.593 [3.593 0.428
5d 6K13@2 È6p 6K13@20 . . . . . . 5690.0 [5.737 [3.737 0.314
5d 4K13@2 È6p 4I13@20 . . . . . . . 5696.0 [5.565 [3.565 0.468
5d 6I17@2 È6p 6K19@20 . . . . . . . 5700.4 [5.599 [3.599 0.434
5d 6I7@2 È6p 6I7@20 . . . . . . . . . . 5707.7 [5.752 [3.752 0.305
5d 6K11@2 È6p 6K11@20 . . . . . . 5709.8 [5.772 [3.772 0.292
5d 4K15@2 È6p 4I15@20 . . . . . . . 5711.9 [5.526 [3.526 0.515
5d 6I15@2 È6p 6I15@20 . . . . . . . . 5719.7 [5.633 [3.633 0.403
5d 6I9@2 È6p 6I9@20 . . . . . . . . . . 5728.4 [5.725 [3.725 0.327
5d 6G7@2 È6p 6H7@20 . . . . . . . . 5733.3 [5.701 [3.701 0.347
5d 6I11@2 È6p 6I11@20 . . . . . . . . 5742.4 [5.697 [3.697 0.351
5d 6G11@2 È6p 6H13@20 . . . . . . 5742.8 [5.615 [3.615 0.424
5d 6H13@2 È6p 6H15@20 . . . . . . 5744.3 [5.577 [3.577 0.463
5d 6I13@2 È6p 6I13@20 . . . . . . . . 5744.7 [5.666 [3.666 0.377
5d 6G9@2 È6p 6H11@20 . . . . . . . 5746.3 [5.650 [3.650 0.392
5d 4L 17@2 È6p 4K17@20 . . . . . . 5755.8 [5.548 [3.548 0.497
5d 4G5@2 È6p 4H7@20 . . . . . . . . 5771.4 [5.652 [3.652 0.393
5d 6K9@2 È6p 6K9@20 . . . . . . . . 5805.6 [5.810 [3.810 0.276
5d 4K11@2 È6p 4I11@20 . . . . . . . 5811.1 [5.612 [3.612 0.437
5d 4L 15@2 È6p 4K15@20 . . . . . . 5817.9 [5.594 [3.594 0.457
5d 6G3@2 È6p 6H5@20 . . . . . . . . 5827.4 [5.723 [3.723 0.340
5d 6G13@2 È6p 6H13@20 . . . . . . 5847.9 [5.613 [3.613 0.441
5d 6G5@2 È6p 6H5@20 . . . . . . . . 5854.7 [5.723 [3.723 0.344
5d 6I15@2 È6p 6K17@20 . . . . . . . 5866.6 [5.644 [3.644 0.414
5d 6K19@2 È6p 6K17@20 . . . . . . 5873.0 [5.644 [3.644 0.415
5d 4L 13@2 È6p 4K13@20 . . . . . . 5888.3 [5.639 [3.639 0.422
5d 6H5@2 È6p 6H7@20 . . . . . . . . 5894.4 [5.698 [3.698 0.369
5d 4G7@2 È6p 4H9@20 . . . . . . . . 5944.8 [5.623 [3.623 0.445
5d 6H7@2 È6p 6H9@20 . . . . . . . . 5967.2 [5.673 [3.673 0.401
5d 6K17@2 È6p 6K15@20 . . . . . . 5981.5 [5.688 [3.688 0.388
5d 4K15@2 È6p 4K17@20 . . . . . . 5981.6 [5.545 [3.545 0.541
5d 6G7@2 È6p 6H5@20 . . . . . . . . 5995.8 [5.721 [3.721 0.362
5d 6I9@2 È6p 6I7@20 . . . . . . . . . . 6015.2 [5.747 [3.747 0.343
5d 6H9@2 È6p 6H11@20 . . . . . . . 6032.8 [5.645 [3.645 0.436
5d 6I13@2 È6p 6K15@20 . . . . . . . 6032.9 [5.687 [3.687 0.396
5d 6H11@2 È6p 6H13@20 . . . . . . 6043.3 [5.610 [3.610 0.475
5d 6G9@2 È6p 6H9@20 . . . . . . . . 6045.3 [5.671 [3.671 0.413
5d 4I13@2 È6p 4I15@20 . . . . . . . . 6045.4 [5.520 [3.520 0.584
5d 4I11@2 È6p 4I13@20 . . . . . . . . 6049.9 [5.559 [3.559 0.536
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TABLE 1ÈContinued

j w
Transition (A� ) log (W )a log (A0) (A� )b

5d 6I11@2 È6p 6I9@20 . . . . . . . . . 6053.5 [5.720 [3.720 0.370
5d 4K13@2 È6p 4K15@20 . . . . . . 6061.7 [5.590 [3.590 0.500
5d 6K13@2 È6p 6K11@20 . . . . . . 6062.3 [5.765 [3.765 0.334
5d 6K15@2 È6p 6K13@20 . . . . . . 6067.3 [5.731 [3.731 0.363
5d 6I13@2 È6p 6I11@20 . . . . . . . . 6084.5 [5.691 [3.691 0.399
5d 6I17@2 È6p 6I15@20 . . . . . . . . 6098.7 [5.627 [3.627 0.465
5d 6I15@2 È6p 6I13@20 . . . . . . . . 6108.4 [5.660 [3.660 0.432
5d 6K11@2 È6p 6K9@20 . . . . . . . 6135.6 [5.804 [3.804 0.313
5d 4K11@2 È6p 4K13@20 . . . . . . 6139.7 [5.635 [3.635 0.463
5d 6G11@2 È6p 6H11@20 . . . . . . 6148.4 [5.643 [3.643 0.455
5d 4I9@2 È6p 4I11@20 . . . . . . . . . 6158.2 [5.607 [3.607 0.497
5d 6H15@2 È6p 6H15@20 . . . . . . 6163.2 [5.570 [3.570 0.541
5d 6H5@2 È6p 6H5@20 . . . . . . . . 6172.1 [5.718 [3.718 0.387
5d 4K15@2 È6p 4I13@20 . . . . . . . 6174.2 [5.557 [3.557 0.560
5d 6I11@2 È6p 6K13@20 . . . . . . . 6185.6 [5.729 [3.729 0.379
5d 6H13@2 È6p 6H13@20 . . . . . . 6197.5 [5.608 [3.608 0.502
5d 6I9@2 È6p 6K11@20 . . . . . . . . 6240.2 [5.762 [3.762 0.356
5d 4G7@2 È6p 4H7@20 . . . . . . . . 6253.2 [5.644 [3.644 0.470
5d 6H7@2 È6p 6H7@20 . . . . . . . . 6260.4 [5.692 [3.692 0.422
5d 6I17@2 È6p 6K17@20 . . . . . . . 6266.0 [5.637 [3.637 0.479
5d 6G13@2 È6p 6H11@20 . . . . . . 6269.0 [5.641 [3.641 0.475
5d 4L 19@2 È6p 4K17@20 . . . . . . 6279.0 [5.540 [3.540 0.602
5d 4K13@2 È6p 4I11@20 . . . . . . . 6294.5 [5.605 [3.605 0.522
5d 4K17@2 È6p 4I15@20 . . . . . . . 6307.5 [5.516 [3.516 0.642
5d 4I9@2 È6p 4H9@20 . . . . . . . . . 6330.2 [5.617 [3.617 0.512
5d 4L 17@2 È6p 4K15@20 . . . . . . 6331.8 [5.586 [3.586 0.551
5d 6H15@2 È6p 6I17@20 . . . . . . . 6343.2 [5.581 [3.581 0.559
5d 6G9@2 È6p 6H7@20 . . . . . . . . 6346.4 [5.691 [3.691 0.435
5d 6H9@2 È6p 6H9@20 . . . . . . . . 6363.1 [5.666 [3.666 0.462
5d 6I7@2 È6p 6K9@20 . . . . . . . . . 6367.2 [5.800 [3.800 0.340
5d 4L 13@2 È6p 4K11@20 . . . . . . 6383.8 [5.672 [3.672 0.460
5d 4L 15@2 È6p 4K13@20 . . . . . . 6386.9 [5.631 [3.631 0.505
5d 4K11@2 È6p 4I9@20 . . . . . . . . 6391.7 [5.651 [3.651 0.484
5d 6H13@2 È6p 6I15@20 . . . . . . . 6427.5 [5.622 [3.622 0.523
5d 6I15@2 È6p 6K15@20 . . . . . . . 6435.2 [5.681 [3.681 0.457
5d 4I15@2 È6p 4I15@20 . . . . . . . . 6466.9 [5.514 [3.514 0.678
5d 6G11@2 È6p 6H9@20 . . . . . . . 6491.9 [5.664 [3.664 0.484
5d 6H11@2 È6p 6H11@20 . . . . . . 6494.1 [5.638 [3.638 0.514
5d 6H5@2 È6p 6I7@20 . . . . . . . . . 6506.2 [5.739 [3.739 0.409
5d 4G9@2 È6p 4H9@20 . . . . . . . . 6518.8 [5.615 [3.615 0.547
5d 4I13@2 È6p 4I13@20 . . . . . . . . 6565.7 [5.551 [3.551 0.642
5d 6H7@2 È6p 6I9@20 . . . . . . . . . 6574.4 [5.711 [3.711 0.445
5d 6H7@2 È6p 6H5@20 . . . . . . . . 6574.7 [5.711 [3.711 0.445
5d 6I13@2 È6p 6K13@20 . . . . . . . 6584.4 [5.722 [3.722 0.435
5d 4K15@2 È6p 4K15@20 . . . . . . 6606.2 [5.582 [3.582 0.605
5d 6I11@2 È6p 6K11@20 . . . . . . . 6628.0 [5.756 [3.756 0.408
5d 4K17@2 È6p 4K17@20 . . . . . . 6638.0 [5.535 [3.535 0.681
5d 6H9@2 È6p 6I11@20 . . . . . . . . 6639.0 [5.682 [3.682 0.485
5d 6H13@2 È6p 6H11@20 . . . . . . 6672.5 [5.635 [3.635 0.546
5d 4K11@2 È6p 4K11@20 . . . . . . 6680.3 [5.667 [3.667 0.509
5d 4I9@2 È6p 4H7@20 . . . . . . . . . 6681.0 [5.637 [3.637 0.545
5d 4K13@2 È6p 4K13@20 . . . . . . 6681.9 [5.627 [3.627 0.559
5d 6H15@2 È6p 6H13@20 . . . . . . 6687.9 [5.601 [3.601 0.595
5d 6H9@2 È6p 6H7@20 . . . . . . . . 6697.7 [5.686 [3.686 0.490
5d 4I11@2 È6p 4I11@20 . . . . . . . . 6729.5 [5.598 [3.598 0.605
5d 6H11@2 È6p 6I13@20 . . . . . . . 6730.7 [5.651 [3.651 0.536
5d 6I9@2 È6p 6K9@20 . . . . . . . . . 6752.3 [5.795 [3.795 0.388
5d 4I9@2 È6p 4I9@20 . . . . . . . . . . 6814.2 [5.645 [3.645 0.558
5d 4I15@2 È6p 4K17@20 . . . . . . . 6814.8 [5.532 [3.532 0.722
5d 6H11@2 È6p 6H9@20 . . . . . . . 6878.5 [5.659 [3.659 0.550
5d 4G9@2 È6p 4H7@20 . . . . . . . . 6891.5 [5.635 [3.635 0.584
5d 6I17@2 È6p 6K15@20 . . . . . . . 6919.0 [5.674 [3.674 0.537
5d 6H13@2 È6p 6I13@20 . . . . . . . 6922.6 [5.648 [3.648 0.570
5d 4I11@2 È6p 4H9@20 . . . . . . . . 6935.4 [5.609 [3.609 0.627
5d 6H7@2 È6p 6I7@20 . . . . . . . . . 6955.1 [5.732 [3.732 0.475
5d 6H15@2 È6p 6I15@20 . . . . . . . 6956.5 [5.614 [3.614 0.623

TABLE 1ÈContinued

j w
Transition (A� ) log (W )a log (A0) (A� )b

5d 4I13@2 È6p 4K15@20 . . . . . . . 7056.3 [5.576 [3.576 0.701
5d 6H9@2 È6p 6I9@20 . . . . . . . . . 7058.3 [5.705 [3.705 0.521
5d 4I15@2 È6p 4I13@20 . . . . . . . . 7065.9 [5.544 [3.544 0.755
5d 6I15@2 È6p 6K13@20 . . . . . . . 7066.6 [5.716 [3.716 0.509
5d 6I13@2 È6p 6K11@20 . . . . . . . 7088.0 [5.750 [3.750 0.473
5d 4I9@2 È6p 4K11@20 . . . . . . . . 7143.2 [5.661 [3.661 0.590
5d 4I11@2 È6p 4K13@20 . . . . . . . 7174.2 [5.620 [3.620 0.654
5d 4G11@2 È6p 4H9@20 . . . . . . . 7196.5 [5.605 [3.605 0.681
5d 6H11@2 È6p 6I11@20 . . . . . . . 7202.0 [5.675 [3.675 0.581
5d 6I11@2 È6p 6K9@20 . . . . . . . . 7208.7 [5.788 [3.788 0.448
5d 4K13@2 È6p 4K11@20 . . . . . . 7327.2 [5.658 [3.658 0.625
5d 4K15@2 È6p 4K13@20 . . . . . . 7349.7 [5.618 [3.618 0.690
5d 4I13@2 È6p 4I11@20 . . . . . . . . 7373.9 [5.590 [3.590 0.741
5d 4K17@2 È6p 4K15@20 . . . . . . 7416.0 [5.571 [3.571 0.782
5d 6H13@2 È6p 6I11@20 . . . . . . . 7422.1 [5.672 [3.672 0.621
5d 6H9@2 È6p 6I7@20 . . . . . . . . . 7499.0 [5.725 [3.725 0.561
5d 4I11@2 È6p 4I9@20 . . . . . . . . . 7520.7 [5.635 [3.635 0.694
5d 6H15@2 È6p 6I13@20 . . . . . . . 7540.2 [5.641 [3.641 0.689
5d 4I15@2 È6p 4K15@20 . . . . . . . 7637.4 [5.569 [3.569 0.834
5d 6H11@2 È6p 6I9@20 . . . . . . . . 7698.1 [5.696 [3.696 0.632
5d 4I13@2 È6p 4K13@20 . . . . . . . 7911.2 [5.611 [3.611 0.811
5d 4I11@2 È6p 4K11@20 . . . . . . . 7923.5 [5.651 [3.651 0.742
5d 4I15@2 È6p 4K13@20 . . . . . . . 8649.0 [5.604 [3.604 0.987
5d 4I13@2 È6p 4K11@20 . . . . . . . 8832.2 [5.642 [3.642 0.943

a Stark widths W (rad s~1) per electron for T \ 10,000 K.
b Stark widths W in for electron temperature of T \ 10,000 K andA�

electron density of m~3.N
e
\ 1023

scaling performed as

W
T

\ W
Tm

AT
T
m

B~1@2
(2)

K) that may be used in astrophysics for ion(T
m

\ 10,000
lines (dashed line, Fig. 1).

As we can see from Figure 1, if a high accuracy is not
necessary, equations (1) and (2) provide a good approx-
imation, especially for large-scale calculations.

For 38 Nd II lines we have analyzed the inÑuence of
electron-impact broadening mechanism on equivalent
widths. We have synthesized the line proÐles with and
without taking the electron-impact broadening mechanism
for di†erent type of stellar atmospheres. First, we have syn-
thesized all considered line proÐles for neodymium abun-
dance of A\ log (Nd/H)\ [7.0, and two values of
log g \ 4.0 and 4.5 for di†erent e†ective temperatures

All considered lines have similar(Teff \ 6000È16,000).
dependence on e†ective temperature ; as an example in
Figure 2, we show the ratio of the equivalent widths

as a function of the e†ective temperature for(EWSt/EW0)Nd II 4013.3 line. As one can see from Figure 2 theA�
maximum of the electron-impact broadening inÑuence on
equivalent widths is in the e†ective temperature range

K. One should note here, that the SolarTeff \ 8000È10,000
value for neodymium abundance is [10.55 which is three
orders of magnitude lower than used in Figure 2, so that
solar Nd II lines would be weak and relatively insensitive to
the damping widths.

The dependence of electron-impact broadening inÑuence
on equivalent width vs. abundance of neodymium is investi-
gated, and one example for Nd II j \ 4062.2 line is pre-A�
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FIG. 2.ÈRatio of equivalent widths for the Nd II 4013.3 line calcu-A�
lated with a Stark broadening e†ect and without it as a(EWSt) (EW0)function of e†ective temperature. Results for log g \ 4.0 and for log g \ 4.5
are shown by the solid and dashed lines, respectively.

sented in Figure 3. The inÑuence is higher for higher
abundance of neodymium, as expected. Similar results are
obtained in the case of variation of e†ective surface gravity.
One Ðnds that this e†ect is more important in the case of the
stars with higher values of surface gravity (Fig. 4).

FIG. 3.ÈRatio of for the Nd II 4062.2 line as a function ofEWSt/EW0 A�
neodymium abundance. Results for log g \ 4.0 and 4.5 are shown by the
solid and dashed lines, respectively.

FIG. 4.ÈRatio of the equivalent widths as a function ofEWSt/EW0log g for the Nd II 4062.2 line. Results for log g \ 4.0 and 4.5 are shownA�
by the solid and dashed lines, respectively.

In order to point out the type of stars where the electron-
impact broadening e†ect is the most important, we sum-
marized this inÑuence in di†erent types of stellar
atmospheres, considering the minimum and maximum
inÑuence for all studied lines. The result is shown in Figure
5, where equivalent widths ratio vs. stellar spectral type is
presented. As one can see from Figure 5, the most important
inÑuence of Stark broadening mechanism is in the A-type
stellar atmospheres. Taking into account that Stark width
depends on electron density (N) the e†ect is dominant in hot
star atmospheres where electron density is higher (Fig. 6),
since hydrogen becomes ionized. One can expect that the

FIG. 5.ÈMaximum (top line) and minimum (bottom line) of the ratio of
the equivalent widths for di†erent types of stars. The maximumEWSt/EW0and minimum value for all 38 Nd II lines considered are summarized.
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FIG. 6.ÈAverage electron densities through the whole atmosphere
(open circles) and for layers where the neodymium ion density is at
maximum (T \ 7000È9000 K, Ðlled circles), as a function of the e†ective
temperature corresponding to spectral types from G to B.

Stark broadening inÑuence should be higher for hotter
stars, but considering that Nd II ion is created in a part of
stellar atmosphere with corresponding plasma parameters
this is not the case. Starting from the fact that ionization
potential of Nd II is 10.73 eV, consequently the layers where
Nd II ion density is maximal have electron temperature

between 7000 and 9000 K, we have calculated the averaged
electron density in these layers of stellar atmosphere for
di†erent stellar types for log g \ 4.0, and as one can see
from Figure 6, the averaged electron density decreases with
e†ective temperature. This is the reason why the maximal
inÑuence of Stark broadening e†ect in the case of Nd II is in
A-type stellar atmospheres.

4. CONCLUSION

In order to provide Stark broadening data for REE, we
have calculated the Stark widths for 284 Nd II lines by using
the MSE formalism. For a sample of 38 Nd II spectral lines,
observed earlier in stellar atmospheres, we have analyzed
the inÑuence of Stark broadening mechanism on equivalent
widths. The Stark broadening mechanism is very important
for A and B type of stellar atmospheres as well as for white
dwarfs atmospheres, and one has to take into account this
e†ect for investigations, analysis and modeling of such
stellar atmospheres. Also, we obtained that neglecting this
mechanism, we introduce an error between 10% and 45% in
the equivalent width determination, and corresponding
errors in abundance determination.

We hope that the Stark broadening data and the qualita-
tive analyze presented here, will be of interest for stellar
spectroscopy, for CP star research and for laboratory
plasma spectroscopy, too.

This work has been supported by the Ministry of Science
and Technology of Serbia through the project Astrom-
etrical, Astrodynamical, and Astrophysical Research and by
the Federal Ministry of Development, Science, and
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ABSTRACT
Stark widths of 42 single (Ne II), 10 double (Ne III), and Ðve triple-charged (Ne IV) neon ion spectral

lines, interesting for astrophysics, have been measured in a linear low-pressure pulsed arc at electron
temperatures of 31,000 and 34,500 K and electron densities of 0.95] 1023 and 1.83] 1023 m~3 . The
measured width values have been compared with the theoretical data calculated by us using semiclassical
perturbation formalism. Our measured and calculated Stark width values have also been compared with
existing experimental and theoretical data.
Subject headings : plasmas È methods : laboratory È line : proÐles È atomic data

1. INTRODUCTION

The interest in Stark-broadening data of good quality for
as large a number of spectral lines as possible of various
emitters has been additionally stimulated in last 10 years by
the development of space astronomy, with which an exten-
sive amount of spectroscopic information over large spec-
tral regions of all kinds of celestial objects has been and will
be collected. There is a number of astrophysical problems
for which Stark-broadening data are of interest. Such prob-
lems are, e.g., stellar spectra analysis and synthesis and
stellar plasma investigations, diagnostics, and modeling.
Stark broadening is the main broadening mechanism in O-,
A-, and B-type star atmospheres, as well as in white dwarfs
(see, e.g., & Ryabchikova 1999). ThePopovic� , Dimitrijevic� ,
available abundance analyses for early-type stars show that
about 10%È20% of A and B stars have abundance anom-
alies, including anomalies in isotopic compositions
(Leckrone et al. 1993). The abundance anomalies in these
stars, called CP stars, have been caused by di†erent hydro-
dynamic processes in the outer stellar layers (aided and
mitigated by magnetic Ðelds, weak stellar winds, turbulence,
rotation mixing, etc.). In order to investigate these pro-
cesses, atomic data for numerous lines of various emitters,
including Stark-broadening data, are needed, since the
stellar chemical composition is not known a priori. Such
investigations, in which Stark-broadening data are of inter-
est, provide us with useful information for the modeling of
stellar evolution. As an example, the abundance studies of
stellar atmospheres provide evidence for the chemical com-
position of the stellar primordial cloud, the processes
occurring within the stellar interior, and the dynamic pro-
cesses in stellar atmospheres (see, e.g., Popovic� ,

& 2001). Besides in white dwarfsMilovanovic� , Dimitrijevic�
and hot stars of B and A types, Stark broadening may be
important in cooler star atmospheres as, e.g., a solar one.
For example, the inÑuence of Stark broadening within a
spectral series increases with the increase of the principal

1 vladimir=†.bg.ac.yu.
2 mdimitrijevic=aob.bg.ac.yu.
3 steva=†.bg.ac.yu.

quantum number of the upper level, and consequently the
Stark-broadening contribution may become signiÐcant
even in the spectrum of the Sun and cooler stars. Reliable
Stark-broadening data are also needed for the determi-
nation of chemical abundances of elements from equivalent
widths of absorption lines and for the estimation of the
radiative transfer through the stellar plasmas, especially in
subphotospheric layers, as well as for opacity calculations.
Stark broadening is of interest as well for radiative acceler-
ation considerations, nucleosynthesis research, and other
astrophysical topics.

Neon is the most abundant element in the universe after
H, He, O, and C, and it is one of the products of hydrogen
and helium burning in the orderly evolution of stellar inte-
riors, for example (Trimble 1991). After the hydrogen-,
helium-, and carbon-burning periods end in massive stars,
neon burning starts. Neon also occurs in supernovae ejecta
(Thieleman, Nomoto, & Yokoi 1986 ; Woosley, Pinto, &
Weaver 1988). We note as well that Ne III lines have been
identiÐed in the spectrum of a solar active region (Thomas
& Neupert 1994). Moreover, Sigut (1999) recently provided
non-LTE equivalent widths for Ne I, so that the astro-
physical importance of Stark broadening of spectral lines of
neon in various ionization stages is obvious.

The knowledge of the Stark width values of the single
(Ne II), double (Ne III), and triple (Ne IV) charged neon
spectral lines is of interest also for plasma diagnostic pur-
poses. Namely, from the Stark width values, it is possible to
obtain the basic plasma parameters, such as the electron
temperature (T ) and electron density (N), essential for the
modeling of various cosmic plasmas. Moreover, neon is
present in many laboratory light sources and lasers as the
working gas.

From the Ðrst investigation of Ne II Stark shifts (Pretty
1931 ; Maissel 1959 ; MandelÏshtam 1962 ; MandelÏshtam et.
al. 1963 ; Mazing & Vrublevskaya 1962), Stark widths of
Ne II spectral lines have been investigated in several ex-
periments (Mazing & Vrublevskaya 1962 ; MandelÏshtam
1962 ; MandelÏshtam et al. 1963 ; &Platis— a, Dimitrijevic� ,

1978 ; Pittman & 1986 ; et al. 1987 ;Konjevic� Konjevic� Puric�
Uzelac et al. 1993 ; & 1999 ;Blagojevic� , Popovic� , Konjevic�
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del Val, Aparicio, & Mar 2000) and in one (Griem 1974)
theoretical publication. Moreover, Ne II Stark width esti-
mates using regularities and systematic trends have been
performed by & (1981), Bertu-Puric� , Lakic� evic� , Glavonjic�
celli & Di Rocco (1993), and et al. (1999). It shouldDjeniz— e
be pointed out that in a number of the mentioned experi-
ments no signiÐcant results on the electron temperature and
density have been reported, making the normalization of
the Stark width values impossible. Thus, these results
cannot be included in the comparison with our new Stark
width data. In the case of the Ne III lines, four experiments
deal with the Stark widths measurements &(Konjevic�
Pittman 1987 ; et al. 1988 ; Uzelac et. al. 1993 ;Puric�

& 2000), and seven papersBlagojevic� , Popovic� , Konjevic�
& 1981, 1987 ; & Pittman(Dimitrijevic� Konjevic� Konjevic�

1987 ; 1988a, 1988b ; Uzelac, et al. 1993 ;Dimitrijevic�
et al. 2000) contain theoretical calculations ofBlagojevic�

these values. Measured Stark width values of Ne IV spectral
lines are presented in only two papers et al. 1988 ;(Puric�
Uzelac et al. 1993), and their calculated values are given in
Ðve publications & 1981, 1987 ;(Dimitrijevic� Konjevic�

1988a, 1988b ; Uzelac et al. 1993). Moreover,Dimitrijevic�
et al. (1988) estimated Stark widths of Ne III and Ne IVPuric�

lines by using regularities and systematic trends.
We have measured Stark FWHM (full width at half-

maximum; W ) of 42 Ne II spectral lines, at two discharge
conditions, belonging to 24 multiplets, in six transitions.
Stark widths in two multiplets (3p 4D0È4s 4P, 3p 4P0È4s 4P)
from them have not yet been investigated. Stark width
values for 13 Ne II spectral lines are the Ðrst published data.
Theoretical calculations for the W values investigated in
this work exist only for the spectral lines from seven multi-
plets (Griem 1974). These calculations are based on the
semiclassical theory. In the case of the Ne III and Ne IV

spectral lines, we have measured Stark FWHM for 10 and
Ðve lines, respectively. The Ne III spectral lines investigated
belong to Ðve multiplets in three transitions, and two from
these multiplets (3p@ 3FÈ3d@ 3F0 and 3p@ 3DÈ3d@ 3D0) have
not yet been investigated. The W values for four Ne III

spectral lines are the Ðrst published data. The Ðve Ne IV

spectral lines investigated belong to two multiplets in one
transition. One of them (3s 2PÈ3p 2D0) was not investigated
before, and the W values for three Ne IV lines are the Ðrst
published data, according to atomic line shape biblio-
graphies (Fuhr, Wiese, & Roszman 1972 ; Fuhr, Roszman,
& Wiese 1974 ; Fuhr, Martin, & Spect 1975 ; Fuhr, Miller, &
Martin 1978 ; Fuhr & Lesage 1993 ; Lesage & Fuhr 1999),
covering the period 1889È1999. We have performed calcu-
lations of Ne II, Ne III, and Ne IV W values using the semi-
classical perturbation formalism (SCPF; Sahal-Bre� chot
1969a, 1969b) innovated several times (Sahal- 1974 ;Bre� chot
Fleurier, & Chapelle 1977 ; &Sahal-Bre� chot, Dimitrijevic�

1984, 1996b ; &Sahal-Bre� chot Dimitrijevic� , Sahal-Bre� chot,
Bommier 1991).

Measurements were performed in optically thin neon
plasma created in the linear, low-pressure, pulsed-arc dis-
charge at two various plasma conditions.

2. EXPERIMENT

The modiÐed version of the linear, low-pressure pulsed
arc et al. 1991 ; & Labat 1992 ;(Djeniz— e Djeniz— e, Srec� kovic� ,

& 1998 ; etDjeniz— e, Milosavljevic� , Srec� kovic� Milosavljevic�
al. 2000) has been used as a plasma source. A pulsed dis-
charge was driven in a quartz discharge tube with an inner

diameter of 5 mm and an e†ective plasma length of 7.2 cm
(Fig. 1 in et al. 1991 ; et al. 1998). The tubeDjeniz— e Djeniz— e
had end-on quartz windows. On the opposite side of the
electrodes, the glass tube was expanded in order to reduce
the erosion of the glass wall and the sputtering of the elec-
trode material onto the quartz windows. The working gas
was pure neon at a Ðlling pressure of 133 Pa in a Ñowing
regime. Spectroscopic observations of isolated spectral lines
were made end-on along the axis of the discharge tube. A
capacitor of 14 kF was charged up to 1.5 and 2.5 kV, respec-
tively. The line proÐles were recorded using a step-by-step
technique with a photomultiplier (EMI 9789 QB) and a
grating spectrograph (Zeiss PGS-2, reciprocal linear disper-
sion of 0.73 nm mm~1 in Ðrst order) system. The instrumen-
tal FWHM of 0.008 nm was determined using the narrow
spectral lines emitted by the hollow-cathode discharge. The
recorded proÐles of these lines are Gaussian in shape, with
an 8% accuracy, within the range of the investigated spec-
tral line wavelengths. The spectrograph exit slit (10 km)
with the calibrated photomultiplier was traversed along the
spectral plane in micrometric wavelength steps (0.0073 nm).
The averaged photomultiplier signal (Ðve shots at the same
spectral range) was digitized using an oscilloscope inter-
faced to a computer. A sample output is shown in Figure 1.

Plasma reproducibility was monitored by the Ne II line
radiation and the discharge current (it was found to be
within 3%). Discharge characteristics were determined by
analyzing the Rogowski coil signal. The values found at an
1.5 and 2.5 kV bank voltage are as follows : the discharge
current is 1.82 and 2.95 kA, the discharge period is 68 and
70 ks, the thermal resistance is 0.46 and 0.44 ), and the
decrement is 2.8 and 2.6, respectively. A typical Rogowski
coil signal is presented in Figure 2.

The measured proÐles were of the Voigt type because of
the convolutions of the Lorentzian, Stark, and Gaussian
proÐles from Doppler and instrumental broadening. For
the electron density and temperature of our experiments,
the Lorentzian fraction in the Voigt proÐle was dominant
(over 88%). Van der Waals and resonance broadening were
estimated to be smaller by more than an order of magnitude
in comparison with Stark, Doppler, and instrumental

FIG. 1.ÈRecorded spectrum with several investigated Ne II lines at 17
ks after the beginning of the discharge, with a U \ 2.5 kV bank voltage
and a p \ 133 Pa gas pressure.
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FIG. 2.ÈTemporal evolution of the Rogowski coil (R) and interferome-
try (I) signals.

broadening. The standard deconvolution procedure (Davies
& Vaughan 1963) was computerized using the least-square
algorithm. The Stark widths were measured with ^12%
estimated uncertainties for Ne II and ^15% estimated
uncertainties for Ne III and Ne IV spectral lines at a given
electron density and temperature. The estimated uncer-
tainties come from the experimental technique and method
used. Other uncertainties found, for example, in deÐning the
length of the plasma (with possibly pronounced inhomoge-
neous end layers due to the expansion of the glass tube
behind the electrodes), in the deconvolution procedure, and
in the self-absorption tests are each 1 order of magnitude
smaller. Consequently, the total error will not be signiÐ-
cantly higher than the estimated one. Great care was taken
to minimize the inÑuence of self-absorption on Stark width
determinations. The opacity was checked by measuring
relative line intensity (I) ratios within the low-lying multi-
plet No. 1 in the Ne II spectrum during the decaying plasma
(369.419 and 366.419 nm). The values obtained were com-
pared with calculated ratios of the products of the sponta-
neous emission probabilities (A) and the corresponding
statistical weights (g) of the upper levels of the lines. The
necessary atomic data were taken from Wiese, Smith, &
Glennon (1966), Lide (1994), and NIST (2001).4 It turns out
that these ratios di†ered by less than ^14% (in a wide part
of the decaying plasma; see Fig. 3), testifying to the absence
of self-absorption (Griem 1964 ; Wiese 1968).

In the 15th microsecond after the beginning of the dis-
charge (when the Ne II proÐles were analyzed at a lower
electron density), the theoretical ratio is only 14%I1/I2below the averaged experimental data. It should be pointed
out that the experimental ratio is within a constantI1/I2^3% accuracy during the whole plasma-decay period. This
fact also testiÐes to the absence of self-absorption. The con-
stant di†erence among measured and calculated line inten-
sity ratios can be explained & 2001) by(Djeniz— e Bukvic�
taking into account the high uncertainties (^50%) of the
transition probabilities used. The same conclusions about
self-absorption can also be obtained in the cases of the
Ne III and Ne IV spectral lines. So, the e†ective plasma

4 Available at http ://physics.nist.gov.

FIG. 3.ÈIntensity ratio of two Ne II spectral lines belonging to(I1/I2)the same multiplet, during the plasma decay. The solid line shows the
theoretical prediction (Wiese et al. 1966) ; the Ðlled circles show our mea-
sured values with a ^6% accuracy.

length used can be treated as optically thin for the Ne II,
Ne III, and Ne IV spectral line radiation investigated.

The plasma parameters were determined using standard
diagnostic methods (Rompe & Steenbeck 1967). Thus, the
electron temperature (T ) was determined from the Boltz-
mann plot of the relative intensities of 14 Ne II spectral
lines (331.98, 336.06, 337.18, 341.48, 341.69, 341.77,
350.36, 356.83, 366.41, 369.42, 429.04, 439.19, 440.93, and
441.32 nm) within an energy interval of 7.1 eV for corre-
sponding upper levels, with an estimated error of ^6%,
assuming the existence of LTE, according to the criterion
from Griem (1964).

The Boltzmann plot obtained in the 15th microsecond
after the beginning of the discharge is presented in the
Figure 4 as an example. All necessary atomic data were
taken from Wiese et. al. (1966), Lide (1994), NIST (2001),
and Striganov & Sventickij (1966). The existing scatter
between obtained values within the same multiplet can be
explained by taking into account the high uncertainties of
the existing A values. The electron temperature decay is
presented in Figure 5. The electron density (N) decay was
measured using a well-known single-laser interferometry
technique (Ashby et al. 1965) for the 632.8 nm He-Ne laser
wavelength, with an estimated error of ^7% (quarter-fringe
uncertainties of four fringes for U \ 1.5 kV bank energy

FIG. 4.ÈBoltzmann plot on the basis of 14 Ne II spectral lines at 15 ks
after the beginning of the discharge, with a U \ 1.5 kV bank voltage and a
p \ 133 Pa gas pressure.



118 MILOSAVLJEVICŠ , DIMITRIJEVICŠ , & DJENIZ‹ E

FIG. 5.ÈTemporal evolution of the electron temperatures (T ) and elec-
tron densities (N) during the plasma decay at various discharge conditions.

and quarter-fringe uncertainties of seven fringes for U \ 2.5
kV bank energy). Temporal evolution of the typical interfer-
ometry signal is presented in Figure 2. The electron density
decay is presented in Figure 5.

At 15 and 17 ks after the beginning of the discharge, when
the Ne II, Ne III, and Ne IV spectral line proÐles were
analyzed, the electron temperatures found were 31,000 and
34,500 K, and the electron densities were 0.95] 1023 and
1.83] 1023 m~3 for the 1.5 and 2.5 kV bank voltage,
respectively.

3. METHOD OF CALCULATION

The semiclassical perturbation formalism, as well as the
corresponding computer code (Sahal- 1969a,Bre� chot
1969b), has been updated and optimized several times
(Sahal- 1974 ; Fleurier et al. 1977 ; &Bre� chot Dimitrijevic�

1984, 1996b ; et al. 1991). TheSahal-Bre� chot Dimitrijevic�
calculation procedure, with the discussion of updatings
and validity criteria, has been brieÑy reviewed, e.g., in

& (1996a, 1996b), so that onlyDimitrijevic� Sahal-Bre� chot
the basic details of calculations will be presented here. Stark
full width (W ) at half-maximum (FWHM) and shift (d) of an
isolated spectral line, may be expressed as (Sahal-Bre� chot
1969a, 1969b ; Fleurier et al. 1977)

W \ N
P

vf (v)dv
C

;
i{Ei

p
ii{
(v)] ;

f{Ef
p
ff{(v)] pel

D
] W

R
,

d \ N
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P
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RD
2no do sin 2/

p
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where N is the electron density, f (v) is the Maxwellian
velocity distribution function for electrons, o denotes the
impact parameter of the incoming electron, i and f denote
the initial and Ðnal atomic energy levels, and i@, f @ denote
their corresponding perturber levels, while gives theW

Rcontribution of the Feshbach resonances (Fleurier et al.
1977). The inelastic cross section can be expressed byp

j, j@(v)an integral over the impact parameter of the transition
probability asP
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and the elastic cross section is given by

pel\ 2nR22]
P
R2

RD
8no do sin2 d ,
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q
2)1@2 . (3)

The phase shifts and due, respectively, to the polar-/
p

/
q
,

ization potential (r~4) and the quadrupolar potential (r~3),
are given in ° 3 of (1969a, p. 102). Here isSahal-Bre� chot RDthe Debye radius. All the cuto†s, and areR1, R2, R3,
described in ° 1 of (1969b, p. 324). For theSahal-Bre� chot
electrons, hyperbolic paths due to the attractive Coulomb
force were used, while for perturbing ions, the paths were
di†erent, since the force is repulsive. The formulae for the
ion impact widths and shifts are analogous to equations
(1)È(3), without the resonance contribution to the width.
The di†erence in calculation of the corresponding transition
probabilities and phase shifts as functions of the impact
parameter in equations (2) and (3) is in the ion perturber
trajectories, which are inÑuenced by the repulsive Coulomb
force instead of an attractive one, as for electrons.

Atomic energy levels not found (or revised) in Moore
(1971) and Bashkin & Stoner (1978) have been taken from
Quinet, Palmeri, & (1994) for Ne II, from Persson,Bie� mont

& (1991) for Ne III, and from KramidaWahlstro� n, Jo� nsson
et al. (1999) for Ne IV. Corresponding ionization potentials
for Ne III and Ne IV have been taken from Persson et al.
(1991) and Kramida et al. (1999), and they di†er from pre-
viously used values 1964). One should mention that(Edle� n
Ne II, Ne III, and Ne IV spectra are not well known, so the set
of perturbing atomic energy levels needed for a semiclassi-
cal perturbation method calculation, with the usual average
accuracy of ^30%, is not complete.

4. RESULTS

The results of the measured Stark FWHM values at(W
m
)

obtained electron temperatures (T ) and densities (N) are
shown in Table 1 for the Ne II spectral lines and in Table 2
for the Ne III and Ne IV spectral lines. Ratios of areW

m
/Wthalso given, where is the Stark FWHM calculated by usWthusing the SCPF. Our calculated SCPF values at an 1023Wthm~3 electron density are presented in Table 3 for Ne II lines

and in Table 4 for the Ne III and Ne IV lines, respectively.
Theoretical W values are given for the mean (SjT) wave-
length in a multiplet. The width of each multiplet com-
ponent can be easily evaluated if one takes into account
that the line width is proportional to j2.

5. DISCUSSION

In order to make the comparison between measured and
calculated Stark width values easier, the theoretical Stark
FWHM dependence on the electron temperature, together
with the values of the other authors and our experimental
results at an electron density of 1 ] 1023 m~3, are presented
graphically in Figures 6 and 7.

In the case of the most investigated Ne II spectral lines
(Fig. 6), the existing calculated W values have been present-
ed by Griem (1974 ; on the basis of the semiclassical [G]
approach) and Uzelac et al. (1993 ; on the basis of the modi-
Ðed semiempirical [SEM] approximation). Moreover, theo-
retical Stark width values, calculated on the basis of the
classical path (HB) approximation (Hey & Breger 1980a,



TABLE 1

MEASURED STARK FWHM VALUES FOR THE Ne II SPECTRAL LINES(W
m
)

j T N W
m

Transition Multiplet (nm) (104 K) (1023 m~3) (pm) W
m
/Wth W

m
/WG

3sÈ3p . . . . . . . 4PÈ4P0 (1) 369.419 3.10 0.95 11.6 0.82 0.95
3.45 1.83 20.5 0.78 0.90

366.411 3.10 0.95 11.2 0.80 0.92
3.45 1.83 19.6 0.76 0.86

4PÈ4D0 (2) 333.487 3.10 0.95 13.3 1.13 1.19
3.45 1.83 20.7 0.94 0.98

336.063 3.10 0.95 12.5 1.04 1.12
3.45 1.83 21.8 0.97 1.03

332.716 3.10 0.95 14.0 1.19 1.25
3.45 1.83 22.0 1.00 1.04

4PÈ4S0 (4) 300.166 3.10 0.95 8.2 0.82 . . .
3.45 1.83 14.6 0.79 . . .

302.886 3.10 0.95 8.0 0.79 . . .
3.45 1.83 15.0 0.80 . . .

2PÈ2D0 (5) 372.708 3.10 0.95 12.8 0.85 0.90
3.45 1.83 22.5 0.80 0.84

2PÈ2P0 (7) 332.375 3.10 0.95 15.0 1.19 . . .
3.45 1.83 23.8 1.02 . . .

337.828 3.10 0.95 14.6 1.12 . . .
3.45 1.83 24.2 1.00 . . .

3s@È3p@ . . . . . . 2DÈ2F0 (9) 356.853 3.10 0.95 13.2 1.00 . . .
3.45 1.83 23.2 0.95 . . .

2DÈ2P0 (10) 331.975 3.10 0.95 12.0 1.03 . . .
3.45 1.83 22.1 1.02 . . .

3pÈ3d . . . . . . 4P0È4D (8) 303.448 3.10 0.95 10.1 0.73 0.93
3.45 1.83 19.8 0.76 0.96

302.704 3.10 0.95 11.1 0.80 1.03
3.45 1.83 20.5 0.79 1.00

303.773 3.10 0.95 11.2 0.81 1.04
3.45 1.83 20.9 0.80 1.02

4D0È4D (12) 332.920 3.10 0.95 12.8 0.75 . . .
3.45 1.83 24.3 0.77 . . .

335.790 3.10 0.95 13.0 0.76 . . .
3.45 1.83 24.7 0.77 . . .

332.029 3.10 0.95 12.7 0.75 . . .
3.45 1.83 24.5 0.77 . . .

337.410 3.10 0.95 12.9 0.74 . . .
3.45 1.83 24.5 0.75 . . .

336.289 3.10 0.95 12.8 0.74 . . .
3.45 1.83 24.5 0.76 . . .

337.939 3.10 0.95 12.8 0.73 . . .
3.45 1.83 24.3 0.74 . . .

2D0È4F (19) 333.078 3.10 0.95 16.1 0.90 . . .
3.45 1.83 27.8 0.83 . . .

2D0È2F (20) 341.771 3.10 0.95 14.0 0.74 0.91
3.45 1.83 25.1 0.70 0.86

341.482 3.10 0.95 14.5 0.77 0.95
3.45 1.83 26.2 0.73 0.90

2D0È2D (21) 341.682 3.10 0.95 15.6 0.85 . . .
3.45 1.83 29.6 0.86 . . .

2D0È4P (22) 337.187 3.10 0.95 14.3 0.76 . . .
3.45 1.83 26.5 0.73 . . .

2S0È2P (28) 350.361 3.10 0.95 16.5 0.81 0.98
3.45 1.83 29.6 0.78 0.92

2P0È2P (41) 369.709 3.10 0.95 17.6 0.77 . . .
3.45 1.83 32.0 0.74 . . .

362.806 3.10 0.95 17.5 0.79 . . .
3.45 1.83 32.0 0.77 . . .

4S0È2D (33) 365.993 3.10 0.95 17.6 0.84 . . .
3.45 1.83 31.8 0.81 . . .

363.275 3.10 0.95 17.5 0.85 . . .
3.45 1.83 31.7 0.81 . . .

4S0È4F (31) 357.126 3.10 0.95 17.4 0.82 . . .
3.45 1.83 31.8 0.79 . . .
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TABLE 1ÈContinued

j T N W
m

Transition Multiplet (nm) (104K) (1023m~3) (pm) W
m
/Wth W

m
/WG

4S0È4P (34) 356.584 3.10 0.95 17.7 0.73 0.97
3.45 1.83 31.8 0.70 0.92

3p@È3d@ . . . . . . 2P0È2P 341.138 3.10 0.95 16.7 0.91 . . .
3.45 1.83 30.9 0.90 . . .

3pÈ4s . . . . . . . 2P0È2P 337.728 3.10 0.95 16.0 0.55 . . .
3.45 1.83 28.7 0.53 . . .

4DÈ4P 303.965 3.10 0.95 15.9 0.68 . . .
3.45 1.83 28.9 0.65 . . .

303.598 3.10 0.95 16.4 0.70 . . .
3.45 1.83 29.3 0.67 . . .

303.079 3.10 0.95 16.2 0.69 . . .
3.45 1.83 29.3 0.67 . . .

4P0È4P 278.002 3.45 1.83 20.7 0.56 . . .
3dÈ4f . . . . . . . 4FÈ4F0 (56) 439.194 3.45 1.83 107.8 . . . . . .

440.930 3.10 0.95 101.3 . . . . . .
3.45 1.83 185.4 . . . . . .

4FÈ4G0 (57) 429.040 3.10 0.95 93.1 . . . . . .
3.45 1.83 170.2 . . . . . .

NOTES.ÈMeasured Stark FWHM values for the Ne II spectral lines at an observed electron(W
m
)

temperature (T ) and electron density (N). Here and present the ratios between ourW
m
/Wth W

m
/WGmeasured and our calculated values (Table 3) and GriemÏs (1974) theoretical values(W

m
) (Wth) (WG),

respectively.

TABLE 2

MEASURED STARK FWHM VALUES FOR THE Ne III AND Ne IV(W
m
)

SPECTRAL LINES

j W
m

Emitter Transition Multiplet (nm) (pm) W
m
/Wth

Ne III . . . . . . 3sÈ3p 5S0È5P 259.004 13.5 1.05
(11 UV) 259.360 12.1 0.94

259.568 14.1 1.10
3S0È3P 267.864 14.1 0.95

(12 UV) 267.790 15.0 1.00
3s@È3p@ 3D0È3F 261.003 15.9 1.22

261.341 14.1 1.08
261.587 15.0 1.15

3p@È3d@ 3FÈ3F0 226.491 12.1 1.10
3DÈ3D0 209.554 14.1 1.48

Ne IV . . . . . . 3sÈ3p 4PÈ4D0 237.216 11.5 1.06
235.252 12.1 1.12
235.796 12.1 1.12

2PÈ2D0 236.549 15.0 1.21
236.328 15.9 1.29

NOTES.ÈMeasured Stark FWHM values for the Ne III and Ne IV(W
m
)

spectral lines at an observed electron temperature of 34,500 K and an elec-
tron density of 1.83 ] 1023 m~3. Here presents the ratio betweenW

m
/Wthour measured and calculated values based on SCPF (Table 4).(W

m
) (Wth)

1980b, 1982), are also presented in the work by Uzelac et al.
(1993).

On the basis of Tables 1 and 3 and Figure 6, one can
conclude that our measured W values agree, to within
experimental accuracy, with existing experimental Stark
width values in the case of the 3sÈ3p and 3pÈ3d transitions.
Our calculated SCPF Stark width values, in general, lie
above SEM and G values and agree, especially in the case of
the multiplets Nos. 2, 5, 7, 9, and 10 (which belong to the
3sÈ3p and 3s@È3p@ transitions), with our experimental W
data and results from other experimental works (see Fig. 6).

Generally, our values lie, on average, up to 7% and 20%W
mbelow our SCPF values in the case of the 3sÈ3p and 3pÈ3d

transitions, respectively (see values in Table 1). InW
m
/Wththe case of the higher lying multiplet in the 3pÈ4s transition,

this discrepancy is higher. The averaged ratios areW
m
/Wth0.63. One of the reasons for the higher discrepancies in

higher lying multiplets is the noncompleteness of the atomic
energy levels needed for a reliable calculation, which are
larger for higher lying multiplets. Because of this reason it
was not possible to calculate Stark widths for Ne II

3d 4FÈ4f 4F0 and 3d 4FÈ4f 4G0 multiplets.
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TABLE 3

ELECTRON STARK FWHM CALCULATED USING SCPF FOR THE Ne II SPECTRAL LINES

T (104 K)
SjT

TRANSITION (nm) 0.5 1 2 3 3.1 3.45 5 10

3s 4PÈ3p 4P0 . . . . . . . 372.51 34.6 25.0 18.1 15.3 15.2 14.6 13.1 11.3
3s 4PÈ3p 4D0 . . . . . . . 334.33 28.4 20.6 14.9 12.7 12.5 12.1 10.8 9.47
3s 4PÈ3p 4S0 . . . . . . . 298.83 23.3 16.9 12.3 10.5 10.4 10.0 9.06 7.99
3s 2PÈ3p 2D0 . . . . . . . 371.41 35.1 25.4 18.6 15.9 15.7 15.2 13.8 12.2
3s 2PÈ3p 2P0 . . . . . . . 334.27 29.5 21.4 15.7 13.5 13.4 12.9 11.8 10.5
3s@ 2DÈ3p@ 2F0 . . . . . . 357.21 31.2 22.6 16.5 14.1 13.9 13.4 12.1 10.7
3s@ 2DÈ3p@ 2P0 . . . . . . 333.78 27.7 20.1 14.7 12.6 12.4 12.0 10.9 9.63
3p 4P0È3d 4D . . . . . . . 304.01 30.0 22.4 16.9 14.9 14.7 14.3 13.2 11.9
3p 4D0È3d 4D . . . . . . 335.26 36.7 27.3 20.7 18.2 18.1 17.6 16.2 14.7
3p 2D0È3d 4F . . . . . . . 342.15 40.2 29.8 22.7 20.0 19.9 19.4 17.9 16.4
3p 2D0È3d 2F . . . . . . . 337.56 39.4 29.3 22.2 19.7 19.5 19.0 17.6 16.1
3p 2D0È3d 2D . . . . . . 343.23 39.2 29.3 22.3 19.6 19.4 18.9 17.5 16.0
3p 2D0È3d 4P . . . . . . . 335.26 39.0 29.0 22.1 19.6 19.5 19.0 17.7 16.2
3p 2S0È3d 2P . . . . . . . 347.31 42.0 31.4 23.9 21.2 21.1 20.5 19.1 17.7
3p 2P0È3d 2P . . . . . . . 365.18 46.7 35.0 26.8 23.8 23.6 23.0 21.5 19.9
3p 4S0È3d 2D . . . . . . . 365.00 43.9 33.0 25.1 22.2 22.0 21.5 19.9 18.3
3p 4S0È3d 4F . . . . . . . 363.78 44.8 33.4 25.5 22.6 22.4 21.9 20.4 18.7
3p 4S0È3d 4P . . . . . . . 356.00 45.8 35.2 28.0 25.6 25.4 25.0 24.1 23.8
3p@ 2P0È3d@ 2P . . . . . . 342.27 39.1 29.2 22.2 19.6 19.4 18.9 17.5 16.0
3p 2P0È4s 2P . . . . . . . 341.23 65.2 46.1 34.2 31.3 31.1 30.4 29.1 27.3
3p 4D0È4s 4P . . . . . . . 304.53 53.9 37.6 27.6 25.0 24.8 24.2 23.0 21.3
3p 4P0È4s 4P . . . . . . . 278.52 45.5 31.7 23.2 20.9 20.8 20.3 19.2 17.6

NOTES.ÈElectron Stark FWHM (W in pm) calculated using SCPF (eqs. [1]È[3]) for the Ne II spectral
lines at a 1023 m~3 electron density and an electron temperature of up to T \ 100,000 K. SjT is the mean
wavelength of the multiplet.

TABLE 4

ELECTRON STARK FWHM (W IN PM) CALCULATED USING SCPF FOR THE Ne III AND Ne IV

SPECTRAL LINES

T (104 K)
SjT

EMITTER TRANSITION (nm) 2 3.45 5 10 20 30 50

Ne III . . . . . . 3s 5SÈ3p 5P0 259.31 9.16 7.03 5.94 4.50 3.61 3.24 2.66
3s 3S0È3p 3P 267.90 10.6 8.13 6.88 5.25 4.24 3.82 3.39
3s@ 3D0È3p@ 3F 261.18 9.31 7.14 6.03 4.58 3.68 3.31 2.94
3p@ 3FÈ3d@ 3F0 226.51 7.71 6.03 5.13 3.98 3.25 2.96 2.67
3p@ 3DÈ3d@ 3D0 209.24 6.66 5.20 4.43 3.42 2.80 2.54 2.30

Ne IV . . . . . . 3s 4PÈ3p 4D0 236.20 7.83 5.92 4.98 3.67 2.83 2.48 2.14
3s 2PÈ3p 2D0 237.67 8.95 6.75 5.69 4.20 3.25 2.86 2.47

NOTES.ÈElectron Stark FWHM (W in pm) calculated using SCPF (eqs. [1]È[3]) for the Ne III and Ne IV

spectral lines at a 1023 m~3 electron density and an electron temperature of up to T \ 500,000 K. SjT is
the mean wavelength of the multiplet.

The recently measured values presented by del Val et al.
(2000 ; 48 Ne II lines) lie 25%, on average, above all other
experimental and theoretical Stark FWHM values (see
Fig. 6).

It should be pointed out that SCPF and G values show
similar behavior at electron temperatures higher than
40,000È50,000 K and that both lie above SEM predictions
(multiplets Nos. 2 and 7 in Fig. 6). HeyÏs predictions (HB)
agree with our calculated (SCPF) values at temperatures
higher than 30,000 K. Finally, we can conclude that the
agreement between existing experimental and theoretical
(G, HB, and SCPF) W values, to within the accuracy of the
experiments and the uncertainties of the theories, is satisfac-
tory. The only exceptions are the values from Uzelac
et al. (1993) of electron temperatures obtained at 73,000
and 82,000 K. These lie below G, HB, and SCPF theoreti-

cal values but show agreement with SEM theoretical
predictions.

In the case of the Ne III and Ne IV spectral lines, the W
values were been calculated on the basis of various approx-
imations initiated by Griem (1974) and &Dimitrijevic�

(1981). Thus, SE and SEM denote the results ofKonjevic�
semiempirical predictions from Griem (1968) and modiÐed
semiempirical predictions using equations (4) and (5) and
equations (7)È(10), respectively, from &Dimitrijevic�

(1981). Here G and GM denote W values obtainedKonjevic�
on the basis of the simpliÐed semiclassical approximations
(Griem 1974). For the GM values, the Gaunt factor thresh-
old value is modiÐed & 1980). Theo-(Dimitrijevic� Konjevic�
retical W values from Uzelac et al. (1993), calculated by
using the quasi-classical Gaunt factor method (Hey &
Breger 1980a, 1980b, 1982), have also been taken into



FIG. 6.ÈStark FWHM (W in 0.1 nm) dependence on the electron temperature for the most investigated Ne II spectral lines belonging to various
transitions at a 1 ] 1023 m~3 electron density. The dotted lines show our calculations using SCPF. The Ðlled circles show our experimental results. The
results found by other authors are shown by the following symbols : inverted open triangles, et al. (1978) ; open triangles, & Pittman (1986) ;Platis— a Konjevic�
circled crosses, Pittman & (1986) ; open squares, et al. (1987) ; open circles, Uzelac et al. (1993) ; circled plus signs, et al. (1999) ; andKonjevic� Puric� , Blagojevic�
asterisks, del Val et al. (2000). Here G, SEM, and HB denote calculated W values on the basis of the semiclassical (Griem 1974), modiÐed semiempirical

& 1980 ; Uzelac et al. 1993), and quasi-classical Gaunt factor methods (Hey & Breger 1980a, 1980b, 1982), respectively. The error bars(Dimitrijevic� Konjevic�
include the uncertainties of the width (^12%), electron density (^7%), and temperature measurements (^6%).
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FIG. 7.ÈStark FWHM (W in 0.1 nm) dependence on the electron tem-
perature for the most investigated Ne III and Ne IV spectral lines belonging
to the 3sÈ3p and 3s@È3p@ transitions at a 1 ] 1023 m~3 electron density. The
dotted lines show our calculations using SCPF. The Ðlled circles show our
experimental results. The results found by other authors are shown by the
following symbols : open triangles, & Pittman (1987) ; openKonjevic�
squares, et al. (1988) ; open circles, Uzelac et al. (1993), and invertedPuric�
open triangles, et al. (2000). Plus signs denote calculations usingBlagojevic�
the quasi-classical Gaunt factor method (Hey & Breger 1980a, 1980b,
1982) performed only for the plasma parameters observed in the experi-
ments in Uzelac et al. (1993), & Pittman (1987), and et al.Konjevic� Puric�
(1988). Here G, GM, SE, and SEM denote calculated W values on the basis
of the semiclassical, simpliÐed semiclassical, semiempirical, and modiÐed
semiempirical approaches, respectively, performed by &Dimitrijevic�

(1981). The error bars include the uncertainties of the widthKonjevic�
(^15%), electron density (^7%), and temperature (^6%) measurements.

account. The latest values are presented only at electron
temperatures observed in various experiments devoted to
Ne III and Ne IV Stark width determination up to the year
1993.

On the basis of Tables 2 and 3 and Figure 7, one can
conclude that our measured and calculated SCPF Ne III

and Ne IV Stark FWHM values show satisfactory mutual
agreement. It should be pointed out that our measured and
calculated Stark FWHM values lie above all other experi-
mental and theoretical data (see Fig. 7).

It should be pointed out that our SCPF values lie about
10% above theoretical predictions made by the simpliÐed
semiclassical (G) approximation in the case of the Ne III

lines and much higher in the case of the Ne IV lines (see
Fig. 7). Our and values are the Ðrst published dataW

m
Wthfor the Ne IV 3s2PÈ3p 2D0 multiplet.

Such ratios of SCPF values and simpliÐed semiclassical
(G, GM) and semiempirical (SE, SEM) values are typical as
for other emitters (see, e.g., 1996, and referencesDimitrijevic�
therein).

6. CONCLUSION

On the basis of the agreement found among experimental
and theoretical Stark FWHM values, we can conclude that
these represent convenient atomic data for the Ne II spectral
lines, belonging to the multiplets Nos. 2, 5, 7, 9, and 10,
needed in plasma spectroscopy.

In the case of the investigated Ne III and Ne IV spectral
lines, our measured and calculated W values lie above all
other Stark FWHM data, especially in the case of the Ne IV

lines. New measurements at electron temperatures higher
than 40,000 K can contribute to the clariÐcation of this fact.

We hope as well that our semiclassical perturbation
results for Ne II, Ne III, and Ne IV lines will be useful for
astrophysical and laboratory plasma research, diagnostics,
and modeling.

In order to underline the astrophysical interest of pre-
sented results, it is of interest to mention that the experi-
mental temperatures (31,000 and 34,500 K) are the typical
e†ective temperatures for late O-type stars. For example,
for the O9 spectral type, in which Stark broadening is the
principal pressure broadening mechanism (see, e.g., Griem
1974), the e†ective temperature is 32,600 K (Lang 1992).
One should take into account, however, that within a stellar
atmosphere model the temperature of interest varies, so
that, e.g., for the Kurucz (1993) model of a typical B star,
with an e†ective temperature of 16,000 K and a log of
surface gravity equal to four, the temperature varies
between 8600 and 47,000 K. For an A-type star with an
e†ective temperature of 10,000 K and the same surface
gravity, the temperature of interest is between 5800 and
29,000 K. Taking into account that scaling with electron
density within the interval of interest is practically linear,
our experimental and theoretical data cover plasma
conditions of interest for A-, B-, and O-type stars, as well as
white dwarfs, in which hydrogen is mainly ionized and
Stark broadening is the principal pressure broadening
mechanism.

This work is a part of the project ““ Astrometrical,
Astrodynamical, and Astrophysical Investigations,ÏÏ sup-
ported by the Ministry of Science and Technology of the
Republic of Serbia.
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ABSTRACT

The influence of symmetrical chemi-ionization and chemi-recombination processes on the helium atom
Rydberg states’ population in weakly ionized layers of helium-rich DB white dwarfs has been investigated.
The ionization processes in He�ðnÞ þHeð1s2Þ collisions and their inverse recombination processes Heþ2 þ e
and Heð1s2Þ þHeþ þ e have been considered in domains of principal quantum numbers n � 3 and tempera-
tures 12; 000 K � Teff � 30; 000 K. These processes have been treated within the frame of the semiclassical
theory developed earlier. Their contributions to the Rydberg state populations have been compared with
electron-electron-ion recombination, electron-excited atom ionization, and electron-ion photorecombina-
tion processes. Results showed that these processes can be dominant ionization/recombination mechanisms
in helium-rich DB white dwarf atmosphere layers for log g ¼ 7 and 8 and Teff � 20; 000 K and have to be
implemented in relevant models of weakly ionized helium plasmas.

Subject headings: atomic processes — stars: atmospheres — white dwarfs

1. INTRODUCTION

This work continues our investigations of the influence of
ion-atom collisional processes on the properties of weakly
ionized layers of helium-rich DB white dwarf atmospheres.
It has been demonstrated inMihajlov &Dimitrijević (1992),
Mihajlov, Dimitrijević, & Ignjatović (1994a), and Mihajlov
et al. (1995) that the processes of absorption and emission
of electromagnetic radiation due to Heþð1sÞ and Heð1s2Þ
collisions have a strong influence on the optical character-
istics of DB white dwarf atmospheric layers. In plasma
conditions, however, the ion-atom collisional complexes
intensively interact not only with the EM field but also with
charged particles, most importantly with free electrons.
Consequently, it was necessary to consider processes based
on eþHeþð1sÞ þHeð1s2Þ collisions. Moreover, in a weakly
ionized plasma the collisional complexes similar to the ion-
atom one should be taken into account. These complexes
consist of atoms in ground and highly excited (Rydberg)
states and interact with an outer weakly bound electron of
the Rydberg atom. Therefore, in helium plasmas the
processes to be investigated are based on Heð1s2Þ þHe�ðnÞ
collisions, with He�ðnÞ representing the helium atom in a
Rydberg state. The role of these complexes will be analyzed
in a manner similar to the role of ion-atom complexes in a
solar photosphere and lower chromosphere (Mihajlov et al.
1996, 1997b, 1999; Mihajlov, Ignjatović, & Dimitrijević
1998). We will consider the chemi-recombination processes
resulting from free electron scattering on the collisional
symmetrical ion-atom complexes and chemi-ionization
processes during symmetrical atom–Rydberg atom colli-
sions. The ionization/recombination processes with

molecular ions in weakly bound rovibrational states will
also be included. Therefore, for weakly ionized helium
plasma of a DB white dwarf photosphere, the following
chemi-ionization processes,

He�ðnÞ þHe ) Heþ2 þ e ; ð1aÞ

He�ðnÞ þHe ) HeþHþ þ e ; ð1bÞ

and the corresponding chemi-recombination processes,

Heþ2 þ e ) He�ðnÞ þHe ; ð2aÞ

HeþHeþ þ e ) He�ðnÞ þHe ; ð2bÞ

are considered. He and Heþ are in their ground states 1s2

and 1s, respectively, He�ðnÞ is the helium atom in the highly
excited (Rydberg) state with the principal quantum number
n41, and Heþ2 is the molecular ion in the weakly bound
rovibrational state belonging to its ground electronic state
(1�u). Themain reasons for including (1a) and (2a) channels
with molecular ions are the same as in the case of hydrogen
plasmas, discussed in detail in Mihajlov & Ljepojević (1982)
andMihajlov, Ljepojević, & Dimitrijević (1992).

The chemi-ionization (eqs. [1a]–[1b]) and chemi-
recombination (eqs. [2a]–[2b]) processes are investigated as
mechanisms which may influence populations of helium
atom Rydberg states. We will assume that the principal
quantum number n � 3, as in Mihajlov et al. (1996, 1997a,
1999) and Djurić &Mihajlov (2001). The influence of exam-
ined processes is determined by comparison with other rele-
vant ionization and recombination processes, namely,
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electron-Rydberg atom impact ionization,

He�ðnÞ þ e ) Heþ þ eþ e ; ð3Þ

electron-electron-ion recombination,

Heþ þ eþ e ) He�ðnÞ þ e ; ð4Þ

and electron-ion photorecombination,

Heþ þ e ) He�ðnÞ þ �phot ; ð5Þ

where �phot denotes the emitted photon energy. The previous
results for solar photosphere demonstrated that the influ-
ence of the chemi-ionization and chemi-recombination
processes on Rydberg atom states populations is important,
and in some layers even dominant in comparison with other
ionization and recombination processes (Mihajlov et al.
1997b, 1998). It was found that the radiative ion-atom colli-
sional processes are much more important for the helium-
rich DB white dwarf than the solar photosphere (Mihajlov
et al. 1994b, 1995). Taking into account these differences,
we can expect that the importance of the chemi-ionization
and chemi-recombination processes in the case of a helium-
rich DB white dwarf atmosphere will be considerably
greater than in the case of a solar photosphere.

2. THEORY

2.1. Chemi-Ionization/Recombination Processes

The importance of the chemi-recombination (eqs. [1a]–
[1b]) and chemi-ionization (eqs. [2a]–[2b]) processes in a
given plasma, relative to other recombination and ioniza-
tion processes, is determined by comparing corresponding
fluxes. This is performed under the standard assumption
that in photosphere plasmas Te ¼ Ta ¼ T , where Te and Ta

are the electron and atom temperatures and T is their
common value. Under this assumption the deviation from
LTE in a given plasma is manifested through the departure
of the excited atom state populations from Boltzman’s dis-
tribution. The possible cause of such deviations from LTE
in the solar atmosphere is ongoing radiation (Vernazza,
Avrett, & Loser 1981; Mihajlov et al. 1997b). Therefore,
it is necessary to take into account all processes which
can influence the excited atom state populations, particu-
larly ionization/recombination processes (1) and (2).

Let I
ða;bÞ
i ðn; TÞ and I

ða;bÞ
r ðn; TÞ denote ionization and

recombination fluxes conditioning population and depop-
ulation of excited He�ðnÞ atomic states due to processes
(1a)–(2b), respectively. By definition, we have

I
ðaÞ
i ðn; TÞ ¼ K

ðaÞ
i ðn;TÞ �NðHeÞ �NðHe�ðnÞÞ ;

I
ðbÞ
i ðn; TÞ ¼ K

ðbÞ
i ðn;TÞ �NðHeÞ �NðHe�ðnÞÞ ; ð6Þ

where NðHeÞ and NðHe�ðnÞÞ denote Heð1s2Þ atom and
He�ðnÞ Rydberg atom (n � 3) densities, and K

ðaÞ
i ðn; TÞ

and K
ðbÞ
i ðn; TÞ denote rate coefficients of processes (1a)

and (1b). We also have

I
ðaÞ
r ðn; TÞ ¼ K

ðaÞ
dr ðn;TÞ �NðHeþ2 Þ �NðeÞ ;

I
ðbÞ
r ðn; TÞ ¼ K

ðbÞ
r ðn;TÞ �NðHeÞ �NðHeþÞ �NðeÞ ; ð7Þ

where NðHeþÞ, NðeÞ, and NðHeþ2 Þ denote Heþð1sÞ ion, free

electron, and Heþ2 molecular ion (in weakly bound rovibra-
tional states) densities, and K

ðaÞ
dr ðn;TÞ and K

ðbÞ
r ðn;TÞ denote

the rate coefficients of processes (2a) and (2b). The rate coef-
ficient of process (2a) is denoted with K

ðaÞ
dr since this is a

process of dissociative recombination. Following our
method presented in Mihajlov et al. (1997a), flux I

ðaÞ
r ðn; TÞ

generated by chemi-recombination processes (eq. [2a]) is
expressed as

I
ðaÞ
r ðn; TÞ ¼ K

ðaÞ
r ðn;TÞ �NðHeÞ �NðHeþÞ �NðeÞ ; ð8Þ

whereK
ðaÞ
r ðn;TÞ is given by the expression

K
ðaÞ
r ðn;TÞ ¼ K

ðaÞ
dr ðn;TÞ � NðHeÞNðHeþÞ

NðHeþ2 Þ

� ��1

: ð9Þ

We are interested in the total influence of processes (1a)
and (1b) on the depopulation, and the total influence of
processes (2a) and (2b) on the population of helium atom
excited states. Consequently, we will consider the total
chemi-ionization I

ðabÞ
i ðn; TÞ and chemi-recombination

I
ðabÞ
r ðn; TÞ fluxes, where

I
ðabÞ
i ðn; TÞ ¼ I

ðaÞ
i ðn; TÞ þ I

ðbÞ
i ðn; TÞ ;

I
ðabÞ
r ðn; TÞ ¼ I

ðaÞ
r ðn; TÞ þ I

ðbÞ
r ðn; TÞ : ð10Þ

From equations (6)–(8) it follows that these fluxes can be
expressed as

I
ðabÞ
i ðn;TÞ ¼ K

ðabÞ
i ðn;TÞ �NðHeÞ �NðHe�ðnÞÞ ; ð11Þ

I ðabÞr ðn;TÞ ¼ K ðabÞ
r ðn;TÞ �NðHeÞ �NðHeþÞ �NðeÞ ; ð12Þ

where total chemi-ionization and chemi-recombination rate
coefficients K

ðabÞ
i ðn; TÞ and K

ðabÞ
r ðn;TÞ are similarly defined

as

K
ðabÞ
i ðn; TÞ ¼ K

ðaÞ
i ðn; TÞ þ K

ðbÞ
i ðn; TÞ ;

K
ðabÞ
r ðn;TÞ ¼ K

ðaÞ
r ðn;TÞ þ K

ðbÞ
r ðn;TÞ : ð13Þ

The rate coefficientK
ðaÞ
r ðn;TÞ is given by equation (9).

The rate coefficients of the processes (1a)–(2b) have been
determined by a method based on the semiclassical theory
developed for hydrogen and alkalis in Mihajlov & Janev
(1981), Mihajlov & Ljepojević (1982), and Mihajlov et al.
(1992). This theory is based on the mechanism of resonant
energy exchange within the electronic component of the
symmetrical atom–Rydberg atom system collision, intro-
duced in Smirnov & Mihajlov (1972), with more details to
be found in Janev & Mihajlov (1979, 1980). The semiclassi-
cal theory has been adapted for helium in Mihajlov et al.
(1996). The method used here is finalized and reviewed in
detail inMihajlov et al. (1997a).

Within the frame of the method used here, chemi-ioniza-
tion rate coefficients K

ðaÞ
i ðn;TÞ, K ðbÞ

i ðn;TÞ, and K
ðabÞ
i ðn;TÞ

are determined directly, while chemi-recombination rate
coefficients K

ðaÞ
r ðn;TÞ, K ðbÞ

r ðn;TÞ, and K
ðabÞ
r ðn;TÞ are deter-

mined using the thermodynamical balance principle. For
example, a simple way to find the partial rate coefficient
K

ðaÞ
r ðn;TÞ given by equation (9) is by using the thermody-

namic balance principle and the partial chemi-ionization
rate coefficient K

ðaÞ
i ðn;TÞ. The chemi-ionization and

370 MIHAJLOV ET AL. Vol. 147



chemi-recombination processes are additionally character-
ized by the parametersX

ðabÞ
ir;a;bðn;TÞ

X
ðabÞ
ir;a;bðn;TÞ ¼ I

ða;bÞ
i ðn;TÞ
I
ðabÞ
i ðn;TÞ

¼ I
ða;bÞ
r ðn;TÞ
I
ðabÞ
r ðn;TÞ

; ð14Þ

which describe the relative importance of the particular
channel (‘‘ a ’’ and ‘‘ b ’’) of the considered processes. From
equations (6)–(8), (11), (12), and (14), it follows that

X
ðabÞ
ir;a ðn;TÞ ¼ K

ðaÞ
i ðn;TÞ

K
ðabÞ
i ðn;TÞ

¼ K
ðaÞ
r ðn;TÞ

K
ðabÞ
r ðn;TÞ

: ð15Þ

The procedure to obtain chemi-ionization and chemi-
recombination rate coefficients K

ða;bÞ
i ðn;TÞ, K

ðabÞ
i ðn;TÞ,

K
ða;bÞ
r ðn;TÞ, and K

ðabÞ
r ðn;TÞ is described in detail in

Mihajlov et al. (1997a), and the final expressions are

K
ða;bÞ
i ðn;TÞ ¼ 2�

33=2
n�5a20v0

Z Rn

Rmin

exp
�U2ðRÞ

kT

� �

� X ða;bÞðR;TÞR
4dR

a50
; ð16Þ

K
ðabÞ
i ðn;TÞ ¼ 2�

33=2
n�5a20v0

Z Rn

Rmin

exp
�U2ðRÞ

kT

� �
R4dR

a50
; ð17Þ

K
ða;bÞ
r ðn;TÞ ¼ ð2�Þ5=2

33=2
ð�hea0Þ2

ðmkTÞ3=2
n�3 exp

In
kT

� �

�
Z Rn

Rmin

exp
U12ðRÞ
kT

�U1ðRÞ
kT

� �

� X ða;bÞðR;TÞR
4dR

a50
; ð18Þ

K ðabÞ
r ðn;TÞ ¼ ð2�Þ5=2

33=2
ð�hea0Þ2

ðmkTÞ3=2
n�3 exp

In
kT

� �

�
Z Rn

Rmin

exp
U12ðRÞ
kT

�U1ðRÞ
kT

� �

� X ðabÞðR;TÞR
4dR

a50
: ð19Þ

The variable In denotes the ionization energy of He�ðnÞ
atoms, U12ðRÞ ¼ U2ðRÞ �U1ðRÞ, R is the internuclear dis-
tance, andU1ðRÞ andU2ðRÞ are the ground and first excited
electronic states of the molecular ion Heþ2 (see Gupta &
Madsen 1967). The upper integration limit Rn is the largest
root of the equation: U12ðRÞ ¼ In, and its values for differ-
ent n can be found inMihajlov et al. (1997a). The lower inte-
gration limit, Rmin ¼ 1, is determined empirically. The
functions X ðaÞðR;TÞ and X ðbÞðR;TÞ are defined by relations
X ðaÞðR;TÞ ¼ �ð3=2; �U1ðRÞ=kTÞ=�ð3=2Þ if U1ðRÞ < 0,
where �ðx; yÞ and �ðxÞ are incomplete and complete
gamma functions, and X ðaÞðR;TÞ ¼ 0 if U1ðRÞ � 0, and
X ðbÞðR;TÞ ¼ 1� X ðaÞðR;TÞ.

The total chemi-ionization and chemi-recombination rate
coefficients, K

ðabÞ
i ðn;TÞ and K

ðabÞ
r ðn;TÞ, in the temperature

range 7000 K � T � 30; 000 K and principal quantum
numbers n ¼ 3 10, are shown in Figures 1 and 2. The curves
K

ðabÞ
i ðn ¼ 3;TÞ and K

ðabÞ
i ðn ¼ 4;TÞ in Figure 1 show an

intersection close to the lower limit (7000 K) of the consid-
ered temperature range. The intersection occurs because
processes (1a)–(1b) have an energy threshold which
increases when n decreases. Because of this, when T
decreases every rate coefficient K

ðabÞ
i ðn;TÞ decreases

faster than any other rate coefficient K
ðabÞ
i ðn0;TÞ with

n0 > n, and in domains of sufficiently low temperatures the
intersection of the curves occurs.

Fig. 1.—Total chemi-ionization rate coefficients,K
ðabÞ
i ðn; TÞ, with 7000 K � T � 30; 000 K and for principal quantum numbers n ¼ 3 10
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The function X
ðabÞ
ir;a ðn;TÞ is shown in Figure 3. From this

figure and the definition ofX
ðabÞ
ir;b ðn;TÞ it can be seen that the

values of both parameters, in the temperature range
7000 K � T � 30; 000 K, are of the same order of magni-
tude. Consequently, in a given temperature domain the

contributions of ‘‘ a ’’ and ‘‘ b ’’ channels of chemi-ionization
(eqs. [1a]–[1b]) and chemi-recombination (eqs. [2a]–[2b])
processes in the population/depopulation of helium atom
Rydberg states are comparable, which justifies the inclusion
of both the ‘‘ a ’’ and ‘‘ b ’’ channels.

Fig. 2.—Same as in Fig. 1 but for the total chemi-recombination rate coefficientsK
ðabÞ
r ðn; TÞ

Fig. 3.—Same as in Fig. 1 but for the parameter X
ðabÞ
ir;a ðn; TÞ, characterizing the relative importance of the particular channel (‘‘ a ’’ and ‘‘ b ’’) for the

chemi-ionization and chemi-recombination processes.
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2.2. Other Ionization/Recombination Processes

Fluxes generated in electron-excited atom impact ioniza-
tion (eq. [3]) and electron-electron-ion recombination (eq.
[4]) processes are given by expressions

I
ðeaÞ
i ðn;TÞ ¼ �

ðeaÞ
i ðn;TÞ �NðHe�ðnÞÞ �NðeÞ ; ð20Þ

I ðeeiÞr ðn;TÞ ¼ �ðeeiÞ
r ðn;TÞ �NðHeþÞ �NðeÞ �NðeÞ ; ð21Þ

and the ionization and recombination rate coefficients
�
ðeaÞ
i ðn;TÞ and �

ðeeiÞ
r ðn;TÞ are determined by semiempirical

expressions from Vriens & Smeets (1980).
Fluxes generated in electron-ion photorecombination

(eq. [5]) processes are given by the expression

I
ðeiÞ
phr ðn;TÞ ¼ �

ðeiÞ
phrðn;TÞ �NðHeþÞ �NðeÞ ; ð22Þ

and the photorecombination rate coefficients �
ðeiÞ
phrðn;TÞ

could be determined in accordance with Sobel’man (1979).
However, these constants are determined here using rela-
tions found in our previous work on collisional ion-atom
radiative processes (Mihajlov, Dimitrijević, & Ignjatović
1993;Mihajlov et al. 1995).

3. RESULTS AND DISCUSSION

The relative importance of chemi-ionization (eqs. [1a]–
[1b]) and chemi-recombination (eqs. [2a]–[2b]) processes in
comparison with electron-excited atom impact ionization
(eq. [3]), electron-electron-ion recombination (eq. [4]) and
electron-ion photorecombination (eq. [5]) processes is
characterized by parameters F

ðabÞ
ir ðn;TÞ and F

ðabÞ
phr ðn;TÞ,

defined as ratios of the corresponding fluxes:

F
ðabÞ
ir ðn;TÞ ¼ I

ðabÞ
i ðn;TÞ
I
ðeaÞ
i ðn;TÞ

¼ I
ðabÞ
r ðn;TÞ
I
ðeeiÞ
r ðn;TÞ

;

F
ðab;eiÞ
phr ðn;TÞ ¼ I

ðabÞ
r ðn;TÞ
I
ðeiÞ
phr ðn;TÞ

: ð23Þ

From equations (11)–(12) and (20)–(23), it follows that
these parameters can be shown in the form

F
ðabÞ
ir ðn;TÞ ¼ K

ðabÞ
i ðn;TÞ

�
ðeaÞ
i ðn;TÞ

� �ae ¼
K

ðabÞ
r ðn;TÞ

�
ðeeiÞ
r ðn;TÞ

� �ae ; ð24Þ

F
ðab;eiÞ
phr ðn;TÞ ¼ K

ðabÞ
r ðn;TÞ �NðHeÞ

�
ðeiÞ
phrðn;TÞ

; ð25Þ

where �ae denotes He atom and free electron densities ratio

�ae ¼
NðHeÞ
NðeÞ : ð26Þ

In the case of the DBwhite dwarf photosphere, all param-
eters have been determined for 12; 000 K � Teff �
30; 000 K and log g ¼ 7 and 8. The results presented are for
the temperature range 12; 000 K � Teff � 24; 000 K and
log g ¼ 8. The value of log g is chosen following Mihajlov et
al. (1995), where the same DB white dwarf models have
been analyzed with respect to radiative ion-atom collisional
processes. The results for log g ¼ 7 are qualitatively the

same. For temperatures Teff > 24; 000 K, electron-excited
atom impact ionization (eq. [3]) and electron-electron-ion
recombination processes (eq. [4]) are dominant. The proc-
esses considered here are compared via parameters
F

ðabÞ
ir ðn;TÞ and F

ðabÞ
phr ðn;TÞ, and the corresponding results

are shown in Figures 4–7 and Figures 8–9, respectively.
These parameters are shown as functions of log � , where � is
the Rosseland optical depth. Temperatures and atom and
electron densities needed to determine F

ðabÞ
ir ðn;TÞ and

F
ðabÞ
phr ðn;TÞ for given � have been taken from Koester’s

(1980) DB white dwarf models for given Teff and log g
values. Figures 4, 5, 6, and 7 are related to Teff ¼ 12; 000,
14,000, 16,000, and 18,000 K, while Figures 8 and 9 are
related to Teff ¼ 12; 000 and 24,000 K, respectively.

Our results show that for the lower temperatures the
chemi-ionization (eqs. [1a]–[1b]) and chemi-recombination
(eqs. [2a]–[2b]) processes are absolutely dominant over
electron-excited atom ionization (eq. [3]) and electron-
electron-atom recombination (eq. [4]) processes, for
n ¼ 3, 4, and 5 for almost all log � < 0 values. For n ¼ 6,
7, and 8 and in the same log � range, processes (1a)–(2b)
are comparable with processes (3) and (4). This is illus-
trated in Figures 4 and 5, where Teff ¼ 12; 000 and
14,000 K. With the increase of temperature the influence
of processes (1a)–(2b) decreases, which is manifested by
the decrease of the F

ðabÞ
ir ðn;TÞ values. For example,

F
ðabÞ
ir ðn;TÞ values for n ¼ 3 and 4 decrease from �102 for

Teff ¼ 12; 000 K and �10 for Teff ¼ 16; 000 K, down to
�0.1 for Teff ¼ 20; 000 K and �0.01 for Teff ¼ 24; 000 K.
This behavior indicates the effective temperature range
where it is particularly important to take into account
processes (1a)–(2b) for correct calculations of excited
helium atom state populations.

It should be noted that the increase/decrease of popula-
tions with a principal quantum number n for considered
plasma conditions causes the population increase/decrease
of all states with a principal quantum number larger than n.
Consequently, the increase/decrease of the populations
with 3 � n � 8 due to chemi-ionization (eqs. [1a]–[1b]) and
chemi-recombination (eqs. [2a]–[2b]) processes causes an
increase/decrease of all excited states’ populations with
n > 8, for the temperature and free electron density
corresponding to the given log � .

Regarding the relative importance of chemi-
recombination (eqs. [2a]–[2b]) processes in comparison with
photorecombination (eq. [5]), our results show that proc-
esses (2a)–(2b) are dominant within the whole effective
temperature range 12; 000 K � Teff � 30; 000 K for n > 4
within the log � > �3 range. For n ¼ 3 and 4 the processes
(1a)–(2b) are dominant within the log � > �4 range. These
results are illustrated in Figures 8 and 9, with Teff ¼ 12; 000
and 24,000 K.

Functions F
ðabÞ
ir and F

ðabÞ
phr have several shallow local mini-

mums/maximums, mainly in the range logð�Þ 2 ð�3; �2Þ.
This behavior was notified and analyzed in detail with
respect to Heþ þHe radiative collisional processes in the
same plasma (Mihajlov et al. 1995). The local oscillations of
functions F

ðabÞ
ir and F

ðabÞ
phr are caused by the temperature

oscillations in helium-rich DB white dwarf plasma models,
defined in Koester (1980) and used in this paper. Relatively
small temperature fluctuations can produce the following
effects: (a) pronounced oscillations in particles’ densities
because of the high ionization potential of helium atoms
and (b) changes in rate coefficient values for all ionization/
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recombination processes considered. This is shown in
Figures 4–9.

The presented results show a considerably greater
influence of the chemi-ionization (eqs. [1a]–[1b]) and chemi-

recombination (eqs. [2a]–[2b]) processes on populations of
highly excited atomic states in the case of a helium-rich DB
white dwarf atmosphere than in the case of the solar atmo-
sphere (Mihajlov et al. 1997b). The reason for this is much

Fig. 4.—Parameter F
ðabÞ
ir ðn; TÞ as a function of the logarithm of Rosseland optical depth log � , for principal quantum numbers n ¼ 3 10, with

Teff ¼ 12; 000K and log g ¼ 8.

Fig. 5.—Same as in Fig. 4 but forTeff ¼ 14; 000K
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larger neutral atom densities in the DB white dwarf atmo-
sphere than in the solar photosphere, which react with the
same densities of free electrons. This is the consequence of a
much higher (for almost 11 eV) ionization potential of

helium atoms than of hydrogen. Therefore, for the same
pressures and temperatures (�10,000 K) the ionization
degree of the helium plasma is several orders of magnitude
lower than that of the hydrogen plasma.

Fig. 6.—Same as in Fig. 4 but forTeff ¼ 16; 000K

Fig. 7.—Same as in Fig. 4 but forTeff ¼ 18; 000K
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4. CONCLUSION

The influence of the chemi-ionization (eqs. [1a]–[1b]) and
chemi-recombination (eqs. [2a]–[2b]) processes shown in
this paper must be taken into account for the ab initio
modeling of helium-rich DB white dwarf atmospheres, for

log g ¼ 7 and 8 and Teff � 20; 000 K, since they would influ-
ence the basic structure of the atmosphere model. These
results and similar ones for hydrogen solar plasma
(Mihajlov et al. 1997b) clearly proved the importance of the
symmetrical chemi-ionization and chemi-recombination
processes in weakly ionized layers of stellar atmospheres.

Fig. 8.—Parameter F
ðabÞ
phr ðn; TÞ as a function of the logarithm of Rosseland optical depth log � , for principal quantum numbers n ¼ 3 10, with

Teff ¼ 12; 000K and log g ¼ 8.

Fig. 9.—Same as in Fig. 8 but forTeff ¼ 24; 000K
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Further investigations of these processes should be
performed by including them in sophisticated stellar
atmosphere models and corresponding computing codes.

This work is part of the projects ‘‘ Radiation and
Transport Properties of the Non-ideal Laboratory and

Ionospheric Plasma ’’ (project no. 1466) and ‘‘ Influence of
Collisional Processes on Astrophysical Plasma Lineshapes ’’
(project no. GA 1195) and was supported by theMinistry of
Science, Technologies, and Development of Serbia.
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Djurić, Z., & Mihajlov, A. A. 2001, J. Quant. Spectrosc. Radiat. Transfer,
70, 285

Gupta, B. K., &Madsen, F. A. 1967, J. Chem. Phys., 47, 48
Janev, R. K., &Mihajlov, A. A. 1979, Phys. Rev., 20, 1890
———. 1980, Phys. Rev., 21, 819
Koester, D. 1980, A&AS, 39, 401
Mihajlov, A. A., &Dimitrijević, M. S. 1992, A&A, 256, 305
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Spectrosc. Radiat. Transfer, 55, 141
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Mihajlov, A. A., & Ljepojević, N. N. 1982, Proc. Symp. Phys. Ionized
Gases, Contributed Papers (Dubrovnik), 385
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ABSTRACT On the basis of available experimental and the-
oretical data the role of the Stark effect in the homogeneous
line broadening of the green and blue laser lines in a hollow
cathode He-Cd+ laser discharge is discussed. It is found, that
at typical laser discharge parameters, for the 538 nm line the
Stark line-width amounts to ∆νs(538 nm) = 290 MHz, which is
comparable with the natural line-width broadened by collisions
with neutral atoms ∆νc(538 nm) = 370 MHz. For the 442 nm
line, however, both are significantly smaller: ∆νs(442 nm) =
83 MHz and ∆νc(442 nm) = 200 MHz. The increased homo-
geneous line-width can result in single mode operation for the
green line, while for the blue one it does not.

PACS 32.70.Jz; 32.60.+i

1 Introduction

It is well known that ionic lines can be effectively
excited in a hollow cathode (HC) discharge due to the pres-
ence of high energy electrons. It was first used for laser pur-
poses in 1970 for the excitation of the He-Cd+ laser, where
strong oscillation was observed at several red, green and blue
Cd+ transitions [1]. Since then a lot of metal vapor and noble
gas HC laser transitions were found [2, 3].

An interesting feature of the HC lasers is that – in case
of TEM00 transversal mode operation – they oscillate usu-
ally in a single axial mode without any optical selection. This
property has been attributed to the large homogeneous line-
width due to the collisional line broadening at the relatively
large filling pressures or to the short lifetimes of the con-
tributing levels. This assumption was proved for several HC
systems [4]. It is curious, however, that while single mode op-
eration in HC lasers was first found at the He-Cd+ green laser
transitions [5], recent studies have shown that the processes
mentioned are not sufficient to explain single mode operation
here [6].

The aim of this work is to show, that in HC laser dis-
charges, the Stark broadening, in some cases, can be com-
parable with the broadening by collisions with neutral atoms

� Fax: +36-1/392-2215, E-mail: csillag@szfki.hu

and especially at the green Cd+ transitions. This fact has to
be taken into account in explaining the single mode operation.
It is shown too, that, in contrast, the multi-mode operation of
the blue He-Cd+ laser can be attributed to the small natural,
neutral atom collision-, and Stark-broadening. A short review
of HC discharge properties and results of theoretical calcula-
tions of the Stark broadening of these transitions are given for
typical HC discharge conditions.

2 The green and blue Cd+ transitions

Due to the doublet level structure there are two
green transitions: 533.75 nm and 537.80 nm (5d 2D3/2,5/2 ←
4 f 2 F0

5/2,7/2) respectively. The excitation of the 4 f 2F0
5/2,7/2

upper levels is assumed to be rather complex. A partial way
of excitation is cascading from the 7g 2G9/2 level, but the
main way is assumed to be a very effective de-excitation of
highly excited Cd+ ions by collisions with low energy elec-
trons present in the HC discharge [7, 8].

Due to the large doublet splitting of the upper state 2D
there is a blue transition 441.56 nm (5p 2P0

3/2 ← 5s2 2D5/2)
and an ultraviolet one 325.02 nm (5p 2P0

1/2 ← 5s2 2D3/2).
The main excitation mechanism is accepted to be Penning ion-
isation of ground state Cd atoms by inelastic collisions with
metastable He atoms [3].

3 The HC laser discharge

For laser purposes the discharge inside the cathode
is used for excitation. Different HC geometries are applied;
most frequently the “longitudinal” or “transversal” system. In
the first case the discharge tube consists of a series of cylin-
drical cathodes and anodes. In the second one either a long
cylindrical cathode is slotted and the anode is positioned out-
side the cathode but parallel with it, or there are a series of
holes in the wall of a long cathode with anode rods inside
the holes. The typical pressure in the tube is 10–25 hPa. It
was found that the efficiency of the laser excitation depends
on the HC geometry which can be attributed to the different
electron energy distributions in them. The distributions have
generally a nearly Maxwellian low energy part with a high
energy tail [9–11]. The mean electron energy of the low en-
ergy part amounts to Ee = 0.1–1 eV, while the high energy tail
can rise up to the cathode voltage which is commonly several
hundred Volts.
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For laser purposes the high energy tail is of most impor-
tance, as this allows an effective population of high lying
atomic or ionic levels, and therefore less attention was paid to
the low energy electrons. But in several cases – like the Cd+
green lines – they play an important role too. From the point of
view of the Stark broadening, this low electron energy part is
important: In a He-Zn+ laser discharge, which is very similar
to the He-Cd+ one, it was found that in the middle of the cath-
ode the electron density Ne, amounts to 5 ×1013–1014 cm−3,
about two orders of magnitude larger, than that in the posi-
tive column of a glow discharge [12]. The electron density
is proportional to the current density on the cathode surface,
which is 50–100 mA cm−2 in a typical HC laser discharge.
The actual values of the parameters Ee and Ne depend on the
construction, the cathode voltage, the filling gas, and its pres-
sure in the discharge tube. Different model calculations and
measurements are available [13, 14]. Especially for the He-Cd
gas mixture, in a transversal slotted hollow cathode discharge
laser tube – studied by us earlier [6, 23], at 20–25 hPa filling
pressure, and at ∼ 100 mA cm−2 current density, Ee ∼ 0.2 eV
and Ne ∼ 1014 cm−3 can be assumed as a good estimation.

4 Stark broadening of the Cd+ lines

Both experimental and theoretical results are avail-
able for the Stark broadening of the green and blue Cd+ lines.
Kusch and Oberschelp [15] have measured the half-widths of
both and Djeniže et al. [16] has measured that of the blue line
in a high temperature plasma of a pulsed discharge tube. The
results of Kusch and Oberschelp [15] are considerably larger.
In a critical analysis of existing experimental data, performed
by Konjević et al. [17], it was stated that considering the high-
density conditions and rather large dimensions of the em-
ployed pulse discharge, self absorption could be significant,
but no check of it has been reported. Consequently, the accu-
racy, D, in their notation (uncertainties larger than 50 percent)
is attributed to these results. In a critical analysis of Konjević
et al. [18], the accuracy of results of Djeniže et al. [16], for
blue line, is evaluated to be, B, (uncertainties within 30 per-
cent) for T = 23 000 K and C (uncertainties within 50 percent)
for T = 30 000 K. Theoretical calculations were performed by
Djeniže et al. [16], and Popović et al. [19], using different ap-
proaches of the semiempirical theory [20–22].

4.0.1 The 538 nm Cd+ line. In HC discharges, only broaden-
ing due to collisions with neutral atoms was studied experi-
mentally for the 538 nm line [6], therefore the Stark broad-
ening of this line is treated here. Due to large uncertainties
of the line widths ws (full widths at half maxima) measured
by Kusch and Oberschelp [15], and discussed in [17] – the
ws value of Popović et al. [19], calculated within the modi-
fied semi-empirical approach [21], was used in extrapolating
it to HC laser conditions: Te = 2300 K electron temperature
(Ee ∼ 0.2 eV), and Ne = 1014 cm−3 electron density respec-
tively. At extrapolation it was assumed, that ws is proportional
to T−1/2

e and to Ne. This extrapolation resulted in:

ws,extr(λ = 538 nm, Te = 2300 K, Ne = 1014 cm−3)

= 2.75 ×10−4 nm ,

Te Width (FWHM) Shift
(K) (nm) (MHz) (nm) (MHz)

1000 0.978×10−4 150.4 0.862×10−5 13.3
2000 0.566×10−4 87.0 0.702×10−5 10.8
5000 0.336×10−4 51.7 0.598×10−5 9.19

10 000 0.244×10−4 37.5 0.466×10−5 7.16
20 000 0.178×10−4 27.4 0.346×10−5 5.32
50 000 0.120×10−4 18.4 0.240×10−5 3.69

TABLE 1 Electron-impact broadening full half-widths (FWHM) and
shifts for the Cd II 441.56 nm (5p2 P0

3/2 ← 5s2 2D5/2) spectral line at a per-
turber density of 1.0×1014 cm−3 and temperatures from 1000 K up to
50 000 K

or in frequency units:

∆νs,extr(λ = 538 nm, Te = 2300 K, Ne = 1014 cm−3)

= 290 MHz .

4.0.2 The 442 nm Cd+ line. The Stark-width of the 441.6 nm
Cd+ line at Te = 23 000 K and Ne = 1017 cm−3 was meas-
ured by Kusch and Oberschelp [15], and Djeniže et al. [16],
and calculated by Djeniže et al. [16], and Popović et al. [19],
using different approaches of the semiempirical theory [20–
22]. Since there exists a complete set of atomic data needed
for a full semiclassical perturbation approach [23–25], we
performed such calculations and our semiclassical results for
Stark full width at half maximum (FWHM) are shown in
Table 1 for an electron density of 1014 cm−3 and temperatures
T = 1000–50 000 K.

For HC laser plasma conditions, i.e. for low electron den-
sities and electron temperatures, the calculation yielded:

ws,calc(λ = 442 nm, Te = 2300 K, Ne = 1014 cm−3)

= 0.542 ×10−4 nm ,

or in frequency units:

∆νs,calc(λ = 442 nm, Te = 2300 K, Ne = 1014 cm−3)

= 83.3 MHz .

This value is about 3.5 times smaller than that for the green
line.

5 Single mode operation conditions

The mode structure of a laser is affected by many
parameters like the resonator length L, the maximum of the
gain coefficient g0, the passive losses a, the saturation pa-
rameter ps, and above all, the ratio of the homogeneous
(Lorentzian) line-width to the inhomogeneous (Doppler) one
in the frequency distribution of the gain curve ∆νL/∆νD. The
effect of these parameters on the mode structure of lasers was
studied by Troicki’ [26] on a He-Ne laser both experimentally
and theoretically. He studied the laser mode pattern at differ-
ent g0/a and ∆νL/∆νD values by increasing the gas pressure
in the gain tube. He derived critical values of ∆νL/∆νD de-
pending on the ratio X = g0/a, above which single mode
operation takes place. His calculations agreed well with the
experiments. As the main parameters L, g0, a and ps of a typ-
ical HC He-Cd+ laser do not differ significantly from those
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of a He-Ne laser, the results of Troicki’ can be applied also
for the green HC He-Cd+ laser. At g0/a ∼ 3–4, at which such
values are typical for this laser [27], the critical value for sin-
gle mode operation of a HC He-Cd+ laser can be estimated as:
∆νL/∆νD ∼ 0.30–0.32.

6 Results and discussion

We consider now the problem of single mode oper-
ation of the green He-Cd+ laser. The broadening by collisions
with neutral atoms was studied earlier in a HC He-Cd dis-
charge tube at a moderate current density of about
10 mA cm−2 [6]. For the 538 nm line a broadening constant
of 12 MHz/hPa was measured, and at 23 hPa – at the typi-
cal pressure for the green HC He-Cd+ laser – 370 MHz was
measured as the He-impact broadened line-width for this line.
Due to the small current density, the Stark-broadening here is
estimated to be only ∼ 30 MHz, which is less then the meas-
uring error. (It has to be mentioned, however, that an increase
of 26 MHz compared to the expected zero pressure line-width
has been actually observed, but it was attributed to the uncer-
tainty in the knowledge of the reflectivity of the Fabry Perot
interferometer mirrors.)

InaHClaserdischargeacurrentdensityof∼100 mA cm−2

or more is applied. The Doppler line-width amounts to
∆νD = 1200–1300 MHz. As the natural line-width broad-
ened by collisions with neutral atoms is only about 28%–31%
of the Doppler line-width, this ratio is too small to explain
the observed single mode operation. We have seen, how-
ever, that for the green line – at HC laser conditions – the
Stark line-width (i.e. the broadening due to collisions of
Cd+ ions with slow electrons) amounts to 290 MHz which
is already comparable to the broadening due to collisions of
Cd+ ions with neutral He atoms. These two broadenings are
Lorentzian and therefore the half-widths can be added re-
sulting in a homogeneous line-width of ∼ 660 MHz which is
about 50% of the Doppler width. This ratio is already large
enough to result in single mode operation of the green He-Cd+
laser.

At the blue He-Cd+ laser the situation differs from that of
the green one. Here the natural line-width is only 47 MHz [28]
and the broadening constant due to collisions with He atoms
was found to be ∼ 6.5 MHz/hPa [29]. The resulting line-
width at 23 hPa pressure amounts to ∼ 200 MHz. If we add
to this the Stark half-width, it results only ∼ 283 MHz. So the
homogeneous line-width is here only 18% of the inhomoge-
neous (Doppler) one which is estimated to be ∼ 1600 MHz

using Cd monoisotope. Therefore the blue HC He-Cd+ laser
always operates in multi-mode.

As a conclusion it can be stated, that Stark broadening
in HC laser discharges can give a significant contribution to
the homogeneous line-width, but its actual role depend on the
properties of the atomic or ionic levels involved.
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1. Introduction

Research in atomic and molecular collision processes and spectral line broadening has
been very active since our last report (Peach, Dimitrijević & Stancil 2009). Given the
large volume of the published literature and the limited space available, we have at-
tempted to identify work most relevant to astrophysics. Since our report can not be
comprehensive, additional publications can be found in the databases at the web ad-
dresses listed in the final section. Elastic and inelastic collisions among electrons, atoms,
ions, and molecules are included and charge transfer can be very important in collisions
between heavy particles.

Numerous meetings on collision processes and line broadening have been held through-
out the report period. Important international meetings that provide additional sources
of data through their proceedings are: the 19th International Conference on Spectral
Line Shapes (ICSLS) (Gigosos & González 2008), the 7th Serbian Conference on Spec-
tral Line Shapes in Astrophysics (SCSLSA) (Popović & Dimitrijević 2009), the XXVI
International Conference on Photonic, Electronic, and Atomic Collisions (ICPEAC)
(Orel et al. 2009), the 20th ICSLS (Lewis & Predoi-Cross 2010), the 22nd International
Conference on Atomic Physics (ICAP) (Bachor, Drummond & Hannaford 2011), and
the 7th International Conference on Atomic and Molecular Data and their Applications
(Bernotas, Karazija & Rudzikas 2011). The 8th SCSLSA and the XXVIIth ICPEAC took
place in June and July 2011 and their proceedings will be published in Baltic Astronomy
and Journal of Physics: Conference Series, respectively.

2. Electron collisions with atoms and molecules

Collisions of electrons with atoms, molecules and atomic and molecular ions are the
major excitation mechanism for a wide range of astrophysical environments. In addition,
electron collisions play an important role in ionization and recombination, contribute to
cooling and heating of the gas, and may contribute to molecular fragmentation and for-
mation. In the following sections we summarize recent work on collisions for astrophys-
ically relevant species, including elastic scattering, excitation, ionization, dissociation,
recombination and electron attachment and detachment.

A review has been published of the atomic data necessary for the non-LTE analysis
of stellar spectra (Mashonkina 2009). Other references are listed below for scattering by
the atoms and molecules specified.

1

http://arxiv.org/abs/1211.1481v1
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2.1. Electron scattering by neutral atoms

Elastic scattering: H (screened Coulomb interactions) (Zhang et al. 2010), Mg (Zatsarinny et al. 2009),
Ar (Gargioni & Grosswendt 2008), I (Zatsarinny et al. 2011), Mn, Cu, Zn, Ni, Ag, Cd
(Felfli et al. 2011), Rb, Cs, Fr (Gangwar et al. 2010).

Excitation: H (screened Coulomb interactions) (Zhang et al. 2010, Zhang et al. 2011),
He(21,3S) (Wang et al. 2009, Wang et al. 2010), He, Ne (Kretinin et al. 2008), Mg (Zatsarinny et al. 2009),
Ar (Gargioni & Grosswendt 2008).

Ionization: He (Bray et al. 2010, Ren et al. 2011), He(21S) (Wang et al. 2010), Ar (Gargioni & Grosswendt 2008).

Total cross section: Na (Jiao et al. 2010).

2.2. Electron scattering by atomic ions

Elastic scattering: Mg+, Ca+ (Mitroy & Zhang 2008).

Excitation: Hydrogen isoelectronic sequence Cr23+–Ni27+ (Malespin et al. 2011), Lithium
isoelectronic sequence Be+–Kr33+ (Liang & Badnell 2011), Ne3+, Ne6+ (Ludlow et al. 2011),
Neon isoelectronic sequence Na+–Kr26+ (Liang & Badnell 2010), Sodium isoelectronic
sequence Mg+–Kr25+ (Liang et al. 2009b), Mg4+ (Hudson et al. 2009), Mg8+ (Del Zanna et al. 2008),
Si9+ (Liang et al. 2009a), S8+–S11+ (Liang et al. 2011), K+ (Tayal & Zatsarinny 2010),
Fe10+ (Del Zanna et al. 2010), Fe12+ (Storey & Zeippen 2010), Fe18+ (Butler & Badnell 2008),
Ni10+ (Aggarwal & Keenan 2008a), Ni18+ (Aggarwal & Keenan 2008c).

Recombination: H+ (Chluba et al. 2010), N+ (Fang et al. 2011), Aluminium isoelectronic
sequence Si+–Zn17+ (Abdel-Naby et al. 2011), Argon isoelectronic sequence K+–Zn12+

(Nikolić et al. 2010), Fe7+, Fe8+ (Schmidt et al. 2008), Selenium ions Seq+, q = 1 − 6
(Sterling & Witthoeft 2011).

Energy levels, radiative and excitation rates: O3+ (Aggarwal & Keenan 2008b, Keenan et al. 2009),
O6+ (Aggarwal & Keenan 2008d), Si+ (Bautista et al. 2009), Ar17+ (Aggarwal et al. 2008),
Selenium ions Seq+, q = 1− 6 (Sterling & Witthoeft 2011).

X-ray line emission: Na9+ (Phillips et al. 2010).
Radiative and Auger decay: Aluminium ions Alq+, q = 0− 11 (Palmeri et al. 2011).

2.3. Electron scattering by molecules

Elastic scattering: H2O (Liu & Zhou 2010), (H2O)2 (Bouchiha et al. 2008), Li2 (Tarana & Tennyson 2008),
CO (Allan 2010), NH (Rajvanshi & Baluja 2010), NO2 (Munjal et al. 2009), S2 (Rajvanshi & Baluja 2011),
SO2 (Machado et al. 2011), SOS (Kaur et al. 2010), S3 (Kaur et al. 2011).
Electron exchange: O2, NO, NO2 (Holtkötter & Hanne 2009).

Excitation: H2 (Kretinin et al. 2008), Li2 (Tarana & Tennyson 2008), CO (Allan 2010),
N2 (Kato et al. 2010, Johnson et al. 2010, Mavadat et al. 2011), NH (Rajvanshi & Baluja 2010),
NO2 (Munjal et al. 2009), S2 (Rajvanshi & Baluja 2011), SOS (Kaur et al. 2010), S3 (Kaur et al. 2011),
C2H4 (da Costa et al. 2008).

Ionization: N2 (Gochitashvili et al. 2010), NH (Rajvanshi & Baluja 2010), SiCl, SiCl2,
SiCl3, SiCl4 (Kothari et al. 2011), SO, SO2 (Vinodkumar et al. 2008), SOS (Kaur et al. 2010),
S2 (Rajvanshi & Baluja 2011), S3 (Kaur et al. 2011).

Total cross sections: SO, SO2, SO2Cl2, SO2ClF, SO2F2 (Joshipura & Gangopadhyay 2008),
SO2 (Machado et al. 2011), C2H4O (Szmytkowski et al. 2008), CH3OH, CH3NH2 (Vinodkumar et al. 2008).

Dissociative processes: H2 (Celiberto et al. 2009, Bellm et al. 2010, Celiberto et al. 2011),
HCl (Fedor et al. 2010), HCl, DCl, HBr, DBr (Fedor et al. 2008), C2H2 (Chourou & Orel 2008).
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Attachment: C2H, C2N (Harrison & Tennyson 2011).

2.4. Electron scattering by molecular ions

Detachment: C−

2 (Halmová et al. 2008).
Excitation: C−

2 (Halmová et al. 2008), CO+ (Stäuber & Bruderer 2009).
Rotational cooling: HD+ (Shafir et al. 2009).

Dissociative and recombination processes: HD+ (Fifirig & Stroe 2008, Takagi et al. 2009,
Stroe & Fifirig 2011), H+

3 (Glośık et al. 2009), HF+ (Roos et al. 2008, Roos et al. 2009),
CH+

3 , CD
+

3 (Bahati et al. 2009), CD3OCD+

2 , (CD3)2OD+ (Hamberg et al. 2010a), CD3CDOD+,
CH3CH2OH+

2 (Hamberg et al. 2010b).

3. Collisions between heavy particles

A review entitled ‘Energetic ion, atom and molecule reactions and excitation in H2

discharges’ has recently been published (Phelps 2009). Other references are listed below
for the atomic and molecular processes specified.

3.1. Collisions between neutral atoms and atomic ions

Inelastic scattering: H + H (Barklem et al. 2011), Na + H (Barklem et al. 2010).
Excitation: H + H+ (Winter 2009).

Charge transfer processes: H, D, T + He2+ (Stolterfoht et al. 2010), H− + H+, mutual
neutralization (Stenrup et al. 2009), H + H+ (Winter 2009), H + Li2+ (Mančev 2009),
H + B5+, C4+ (Barragán et al. 2010), H + C3+, O3+, Si3+ (Guevara et al. 2011), H+ +
Li+, Be2+, B3+, C4+ (Samanta & Purkait 2011), He + H+ (Guzmán et al. 2009, Harris et al. 2010,
Fischer et al. 2010), He + H+, He2+ (Zapukhlyak & Kirchner 2009), He + H+, He+,
He2+ (Schöffler et al. 2009), He + 3He2+ (Alessi et al. 2011), He + He2+, Li+, Li2+, Li3+,
C6+, O8+ (Samanta et al. 2011), He + C3+ (Wu et al. 2009b), He + N3+ (Liu et al. 2011b),
He + O3+ (Kamber et al. 2008, Wu et al. 2009a), He, Ne, Ar, Kr, Xe + C3+ (Santos et al. 2010),
He+ + He+ (Mančev 2009),
Li + H, H+ (Cabrera-Trujillo et al. 2008), Li + H+ (Liu et al. 2011a), Ne + C2+, C3+,
O2+, O3+ (Ding et al. 2008), Na + H ion-pair production (Barklem et al. 2010), Mg +
H+, He2+ (Kumari et al. 2011), Mg + Cs+ (Sabido et al. 2008), Ar + H+ (Cabrera-Trujillo et al. 2009),
Ar + O3+ (Kamber et al. 2008).

Ionization: H + H+ (Winter 2009), He + H+ (Guzmán et al. 2009), He + He2+ (Ogurtsov et al. 2011),
He, Ne, Ar, Kr, Xe + H+ (Miraglia & Gravielle 2008), He, Ne, Ar, Kr, Xe + C3+

(Santos et al. 2010), Li+, Na+, K+, Rb+ + H+ (Miraglia & Gravielle 2008).

Detachment: C−, O−, F−, Na−, Si−, S−, Cl−, Ge− + He, Ne, Ar (Jalbert et al. 2008),
F−, Cl−, Br−, I− + H+ (Miraglia & Gravielle 2008).

Energy loss and stopping cross sections: Li + H, H+ (Cabrera-Trujillo et al. 2008), H,
D, T + He2+ (Cabrera-Trujillo et al. 2011).

3.2. Collisions between atoms and molecules

Dissociative processes: H2O + H+ (Monce et al. 2009), H2O + He+ (Garcia et al. 2008).

Radiative association: H2 + H− (Ayouz et al. 2011).

Excitation and/or fragmentation: CN− +H2 (Agúndez et al. 2010), CO+ +H (Andersson et al. 2008),
CO+

2 + He (González-Magaña et al. 2008), CO+ + H, H2 (Stäuber & Bruderer 2009).

Charge transfer processes: D2, O2, H2O, CO2 + O3+ (Kamber et al. 2008), H2 + He2+
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(Khoma et al. 2009), CH3 + H+ (Nagao et al. 2008), CO2 + He+ (Lin & Mayer 2010),
HCl + C2+ (Rozsályi et al. 2011).

Ionization and/or capture: H2O + H+, He2+, C6+ (Illescas et al. 2011), C2H4 + H+

(Getahun et al. 2010), N2 + H+ (Gochitashvili et al. 2010).

4. Stark broadening

Knowledge of Stark broadening parameters (line widths and shifts) for a large number
of atomic transitions is very important for the analysis, interpretation and modelling of
stellar spectra, circumstellar conditions and H II regions. For hot dense stars such as
white dwarfs this is often the most important broadening mechanism.

4.1. Developments in line broadening theory

Rosato et al. (2009) have reexamined the Stark broadening of hydrogen lines in the pres-
ence of a magnetic field and developed an impact theory for ions, valid for low electron
densities (Ne 6 1014 cm−3), which takes into account the Zeeman splitting of the atomic
energy levels. Rosato et al. (2010) have also studied numerically the role of time order-
ing in such plasmas, by using a simulation code that accounts for the evolution of the
microscopic electric field generated by the charged particles moving close to the atom.
Calisti et al. (2010) have developed a very fast method to account for the dynamical
effects of charged particles on the spectral line shape emitted by plasmas, based on a
formulation of the frequency fluctuation model.
Ab initio calculations of Stark broadening parameters, i.e. calculations where the re-

quired atomic energy levels and oscillator strengths are determined during the calcu-
lation and are not taken from other sources, have been considered and reviewed by
Ben Nessib (2009). A book has recently been published (Gordon & Sorochenko 2009)
that gives a detailed account of the surprising discovery in the 1960’s of the radio recom-
bination lines and their subsequent analysis. Even now some features have still not been
satisfactorily explained.

4.2. Isolated lines

For isolated lines Stark broadening is dominated by collisions with plasma electrons.
Broadening parameters have been determined theoretically for:
One line from the 3s-3p transition array for each of the spectra Si XI, Ti XI, Cr XIII,

Cr XIV, Fe XV, Fe XVI, Ni XVIII and Fe XXIII and two lines from the array for K VIII,
Ca IX, Sc X and Ti XI (Elabidi & Sahal-Bréchot 2011); two lines for 3s-3p transitions
for ions C IV, N V, O VI, F VII, Na IX, Mg X, Al XI, Si XII and P XIII and one line for
Ne VIII (Elabidi et al. 2009); the 2s-2p resonance doublets of C IV, N V, O VI, F VII
and Ne VIII ions (Elabidi et al. 2011). These calculations all use a quantum mechanical
approach.
For five lines of Cu I (Zmerli et al. 2010) and the lines Ne I 837.8 nm (Christova et al. 2010b)

and Ar I 737.2 nm (Christova et al. 2010a), new Stark broadening parameters are ob-
tained using a semiclassical perturbation approach. A semi-empirical approach, which
uses a set of wave functions obtained from Hartree-Fock relativistic calculations and in-
cludes core polarization effects, has been applied to 58 lines of Pb IV (Alonso-Medina et al. 2010)
and 171 lines of Sn III (Alonso-Medina & Colón 2011).
Broadening parameters have been obtained experimentally for the following numbers

of lines:
34 Pb I (Alonso-Medina 2008), 25 Pb III (Alonso-Medina 2011), 34 Pb IV and 4



COLLISION PROCESSES 5

Pb V (Bukvić et al. 2011), 28 Cd III (Djeniže et al. 2009, Bukvić et al. 2009b), 13 Si
I, 15 Si II, 28 Si III and 9 Si IV (Bukvić et al. 2009a), 29 (Bukvić et al. 2008) and 19
(Djurović et al. 2011) Ar III, 30 Kr III (Ćirǐsan et al. 2011), 12 Ne II, 8 Kr II and 5
Xe II (Peláez et al. 2010b), 38 Xe II (Peláez et al. 2009a, Peláez et al. 2009b), 10 Xe III
(Peláez et al. 2009b), 5 Au I and 26 Au II (Djeniže 2009), 9 Sb III (Djeniže 2008), 15 Mn I
and 10
Fe I (Zielinska et al. 2010), 21 Fe II (Aragón et al. 2011) and C I 833.5 nm (Bartecka et al. 2011).

The regularities and systematic trends of Stark broadening parameters and reasons for
deviations have been investigated within the multiplets (Peláez et al. 2010b, Peláez et al. 2009a),
along the homologous sequence of singly-ionized noble gases (Peláez et al. 2010a), within
the spectral series (Christova et al. 2010a) and along isoelectronic sequences (Elabidi et al. 2009,
Elabidi et al. 2011). Also the dependence of electron- and proton-impact Stark widths
on the upper-level ionization potential within different series of spectral lines of neu-
tral magnesium (Tapalaga et al. 2011) and as a function of charge on the atomic core
(Elabidi & Sahal-Bréchot 2011) have been evaluated and discussed. This kind of trend
and regularity analysis can be useful for the prediction of Stark broadening parameters
and therefore for the spectroscopic diagnostic of astrophysical plasmas.

4.3. Transitions in hydrogenic and helium-like systems

Stark-broadened line profiles of the hydrogen Brackett series have been computed within
the Model Microfield Method for the conditions of stellar atmospheres and circumstel-
lar envelopes (Stéhle & Fouquet 2010), and Tremblay & Bergeron (2009) have performed
improved calculations for the Stark broadening of hydrogen lines in dense plasmas typical
of white-dwarf atmospheres. The central asymmetry of the Hβ line has been measured
and analysed (Djurović et al. 2009) and new experimental results for Hα and Hγ have
been published (Mijatović et al. 2010a, Mijatović et al. 2010b).

Omar (2010, 2011) published new calculations for the Stark broadening of the He I
lines at 504.8 nm, 388.9 nm, 318.8 nm, 667.8 nm and 501.6 nm formed in a dense plasma.
Tables of Stark broadening for the He I 447.1 nm line have been generated using computer
simulations (Gigosos & González 2009). This line and its forbidden component have also
been studied theoretically (González et al. 2011) and experimentally (Ivković et al. 2010,
González et al. 2011). Gao et al. (2008) have carried out experiments for the He I 388.9
nm and 706.5 nm lines.

5. Broadening by neutral atoms and molecules

The analysis of experimental molecular spectra in order to extract line shape param-
eters is often very difficult. Line shapes can be affected by collisional narrowing and
the dependence of collisional broadening and shifting on molecular speed. When these
effects are sufficiently important, fitting Voigt profiles to experimental spectra produces
systematic errors in the parameters retrieved. Here the experimental and theoretical re-
sults selected have been confined to the basic atomic and molecular data required for a
description of the pressure broadening and shift of lines and molecular bands.

Since the last report an important book has been published (Hartman et al. 2008) that
gives a comprehensive review of experimental and theoretical work on collisional effects
in molecular spectra. In the following sections the items are labelled by ‘E’ and ‘T’ to
indicate experimental work and theoretical analysis, respectively.
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5.1. Broadening and shift of atomic lines

New research has been published in the period 2008-2011 and the transitions studied to-
gether with the perturbing atoms or molecules are listed below. The work is theoretical
except where indicated by ’E’.

H: line wings of Lyα broadened by H and He (Allard et al. 2009a, Allard & Christova 2009);
line wings of Lyγ by H+ (Allard et al. 2009b) and Hα by H (Allard et al. 2008).
He: self broadening of line 3s3S–2p3P (Allard et al. 2009c, Allard et al. 2011).
Li: self broadening of resonance line (Reggami et al. 2009); resonance line broadened by
He (Peach & Whittingham 2009, Peach 2010a, Peach 2010b); 2s-3d transition broadened
by Ne and Ar (Rosenberry & Stewart 2011).
Na: resonance line broadened by H (Peach 2010b); lines 3s-3p and 3p-3d broadened by
He (Peach & Whittingham 2009, Peach 2010a, Peach 2010b).
K: self broadening of resonance line (Reggami et al. 2009) and line wings (Talbi et al. 2008).
K, Rb and Cs: self broadening of principal series (E) (Vadla et al. 2009).
Rb: 5s-5p D2 line, broadening by He, CH4, C2H6, C3H8, n-C4H10 (E) (Zameroski et al. 2011).
Cs: 6s-6p D2 line, broadening by 3He, H2, HD, D2, N2, CH4, C2H6, CF4 (E) (Pitz et al. 2010).

5.2. Broadening and shift of molecular lines

Much new data have been published since the last report was prepared. The molecules
are listed below with their perturbing atomic or molecular species and are labelled by
‘E’ and ‘T’ to indicate experimental work and theoretical analysis, respectively.

H2-Ar: collision-induced absorption (T) (Tran et al. 2011b).
D2-Kr: collision-induced absorption (E) (Abu-Kharma et al. 2010).
HI: lines broadened by N2 (E) (Domanskaya et al. 2011).
HBr: self broadening (E) (Domanskaya et al. 2009).
HI and HBr: lines broadened by rare gases (E) (Domanskaya et al. 2009).
HDO: lines broadened by CO2 (T) (Gamache et al. 2011).
HCl: lines broadened and shifted by N2, He, Ar and Xe (E) (Hurtmans et al. 2009).
HCN: lines broadened by N2, O2 and air (E) (Yang et al. 2008).
H2CO: lines broadened by H2CO and N2 (E+T) (Jacquemart et al. 2010).
HNO3: lines broadened by N2 (T) (Laraia et al. 2009).
HO2: lines broadened by N2 (E) (Miyano & Tonokura 2011).
H2O2: lines broadened by N2, O2 and air (E) (Sato et al. 2010).
H2O: lines broadened by H2 (E) (Krupnov 2010), (T) (Wiesenfeld & Faure 2010); by
H2 and He (E) (Dick et al. 2010); by N2 (E) (Lavrentieva et al. 2010; by N2 and O2 (T)
(Gamache & Laraia 2009); by O2 (E) (Petrova et al. 2011; by H2O (E) (Lisak et al. 2009,
Ptashnik & Smith 2010); by H2O, N2, O2 (E+T) (Cazzoli et al. 2008, Cazzoli et al. 2009,
Koshelev 2011); by air (T) (Voronin et al. 2010); by CO2 (T) (Sagawa et al. 2009); by
H2, He, N2, O2 and CO2 (E) (Dick et al. 2009b); by rare gases (E+T) (Fiadzomor et al. 2008).
CH4: lines broadened by N2 (T) (Gabard & Boudon 2010); by N2 and O2 (E) (Lyulin et al. 2009);
by CH4 (E) (Smith et al. 2010, Lyulin et al. 2011); by CH4 and N2 (E) (McRaven et al. 2011);
by O2 and air (E) (Martin & Lepère 2009); by air (E) (Smith et al. 2009, Smith et al. 2011).
C2H2: broadened by H2 (T) (Thibault et al. 2011a); by H2 and D2 (E+T) (Thibault et al. 2009);
by N2 (E) (Dhyne et al. 2009, Fissiaux et al. 2009, Dhyne et al. 2010); by C2H2 (E)
(Li et al. 2010, Povey et al. 2011, Dhyne et al. 2011); by He and Ar (T) (Ivanov & Buzykin 2010);
by Ne and Kr (E) (Nguyen et al. 2009a).
C2H4: lines broadened by C2H4 (E) (Flaud et al. 2011); by Ar (E+T) (Nguyen et al. 2009b).
C2H6: lines broadened by N2 (E) (Blanquet et al. 2009); by C2H6 and N2 (E) (Devi et al. 2010b,
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Devi et al. 2010c); by O2 and air (E) (Fissiaux et al. 2010).
CH3Br: lines broadened by N2 (T) (Boussetta et al. 2011); by CH3Br, N2 and O2 (E)
(Hoffman & Davies 2009); by CH3Br (T) (Goméz et al. 2010).
CH3F: lines broadened by CH3F and He (E) (Koubek et al. 2011).
CO: lines broadened by CO, N2 and O2 (E) (Koshelev & Markov 2009); by H2, N2, O2,
CO, CO2 and He (E) (Dick et al. 2009a).
CO2: by O2 (E) (Devi et al. 2010a); by CO2 (E+T) (Predoi-Cross et al. 2010, Tran et al. 2011a);
by CO2, N2 and O2 (E) (Li et al. 2008); by air (T) (Hartmann 2009), (E) (Gulidova et al. 2010),
(E+T) (Lamouroux et al. 2010); by He (E) (Deng et al. 2009); by air and Ar (E) (Farooq et al. 2010).
Cs2: lines broadened by Cs2 (E) (Misago et al. 2009).
N2: lines broadened by H2 (T) (Goméz et al. 2011); by N2 (E+T) (Thibault et al. 2011b).
NH3: lines broadened by H2 and He (E) (Hanley et al. 2009); by He (T) (Dhib 2010; by
NH3 (E) (Aroui et al. 2009, Guinet et al. 2011); by NH3 and O2 (E+T) (Nouri et al. 2009).
O2: lines broadened by O2 (E) (Lisak et al. 2010, Wójtewicz et al. 2011); by O2 and OO
isotopologues (E) (Long et al. 2011); by O2 and air (E) (Long et al. 2010).
O2-CO2: collision-induced absorption (E) (Vangvichith et al. 2009).
O3: lines broadened by air (Drouin & Gamache 2008); by N2 and air (E+T) (Tran et al. 2011c).
OH: lines broadened by N2, H2O and Ar (E) (Hwang et al. 2008).
OCS lines broadened by N2, O2 and OCS (E) (Koshelev & Tretyakov 2009); by N2 and
O2 (E) (Galalou et al. 2011).
I2: lines broadened by Ar (E) (Phillips & Perram 2008).

6. Databases

Some useful databases are:
Vienna Atomic Line Database (VALD) of atomic data for analysis of radiation from

astrophysical objects, containing central wavelengths, energy levels, statistical weights,
transition probabilities and line broadening parameters for all chemical elements of astro-
nomical importance. It can be found at http://vald.astro.univie.ac.at/ (Kupka et al. 1999).
The database of Robert L. Kurucz comprises atomic line parameters, including line

broadening. An update to this database is discussed by Kurucz 2011.
(http://kurucz.harvard.edu)
CHIANTI database (Dere et al. 2009) contains a critically evaluated set of up-to-

date atomic data for the analysis of optically thin collisionally ionized astrophysical
plasmas. It lists experimental and calculated wavelengths, radiative data and rates for
electron and proton collisions, see websites http://sohowww.nascom.nasa.gov/solarsoft
and http://www.damtp.cam.ac.uk/user/astro/chianti/.
CDMS – Cologne Database for Molecular Spectroscopy, see website

http://www.ph1.uni-koeln.de/vorhersagen/, provides recommendations for spectroscopic
transition frequencies and intensities for atoms and molecules of astronomical interest in
the frequency range 0-10 THz, i.e. 0-340 cm−1 (Müller et al. 2005).
BASECOL database (http://basecol.obspm.fr) contains excitation rate coefficients for

ro-vibrational excitation of molecules by electrons, He and H2 and it is mainly used for
the study of interstellar, circumstellar and cometary atmospheres.
TIPTOPbase (http://cdsweb.u-strasbg.fr/topbase/home.html) contains:

(i) TOPbase, that lists atomic data computed in the Opacity Project; namely LS-coupling
energy levels, gf-values and photoionization cross sections for light elements (Z 6 26) of
astrophysical interest and
(ii) TIPbase that lists intermediate-coupling energy levels, transition probabilities and

http://vald.astro.univie.ac.at/
http://kurucz.harvard.edu
http://sohowww.nascom.nasa.gov/solarsoft
http://www.damtp.cam.ac.uk/user/astro/chianti/
http://www.ph1.uni-koeln.de/vorhersagen/
http://basecol.obspm.fr
http://cdsweb.u-strasbg.fr/topbase/home.html
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electron impact excitation cross sections and rates for astrophysical applications (Z 6

28), computed by the IRON Project.
HITRAN – (HIgh-resolution TRANsmission molecular absorption database) is at

http://www.cfa. harvard.edu/hitran/ (Rothman et al. 2009). It lists individual line pa-
rameters for molecules in the gas phase (microwave through to the UV), photoabsorption
cross-sections for many molecules, and refractive indices of several atmospheric aerosols.
A high temperature extension to HITRAN is HITEMP (To access the HITEMP data:
ftp to cfa-ftp.harvard.edu; user = anonymous; password = e-mail address). It contains
data for water, CO2, CO, NO and OH (Rothman et al. 2010).
GEISA – (Gestion et Etude des Informations Spectroscopiques Atmosphériques) is

a computer-accessible spectroscopic database, designed to facilitate accurate forward
radiative transfer calculations using a line-by-line and layer-by-layer approach. It can be
found at http://ether.ipsl.jussieu.fr/etherTypo/?id=950 (Jacquinet-Husson et al. 2008).
NIST – The National Institute of Standards and Technology hosts a number of useful

databases for Atomic and Molecular Physics. A list can be found at
http://www.nist.gov/srd/atomic.cfm. Among them are: An atomic spectra database and
three bibliographic databases providing references on atomic energy levels and spectra,
transition probabilities and spectral line shapes and line broadening.
STARK-B database (http://stark-b.obspm.fr) contains theoretical widths and shifts

of isolated lines of atoms and ions due to collisions with charged perturbers, obtained
using the impact approximation (Sahal-Bréchot 2010).
The European FP7 project will finish at the end of 2012. The virtual Atomic and

Molecular Data Centre (VAMDC - http://www.vamdc.eu/) is being created with the
aim of building an accessible and interoperable e-infrastructure for atomic and molecu-
lar data that will upgrade and integrate European (and other) A&M database services
(Dubernet et al. 2011, Rixon et al. 2011).
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Bukvić, S., Žigman, V., Srećković, A. & Djeniže, S. 2008, JQSRT, 109, 2869
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Ćirǐsan, M., Peláez, R. J., Djurović, S., et al. 2011, PhRvA, 83, 012513
da Costa, R. F., Bettega, M. H. F. & Lima, M. A. P. 2008, PhRvA, 77, 042723
Del Zanna, G., Rozum, I. & Badnell, N. R. 2008 A&A, 487, 1203
Del Zanna, G., Storey, P. J. & Mason, H. E. 2010 A&A, 514, A40
Deng, W., Mondelain, D., Thibault, F., et al. 2009, JMoSp, 256, 102
Dere, K. P., Landi, E., Young, P. R., et al. 2009, A&A, 498, 915
Devi, V. M., Benner, D. C., Miller, C. E. & Predoi-Cross, A. 2010a, JQSRT, 111, 2355
Devi, V. M., Benner, D. C., Rinsland, C. P., et al. 2010b, JQSRT, 111, 2481
Devi, V. M., Rinsland, C. P., Benner, D. C., et al. 2010c, JQSRT, 111, 1234
Dhib, M. 2010, JMoSp, 259, 80
Dhyne, M., Fissiaux, L., Populaire, J.-C. & Lepère, M. 2009, JQSRT, 110, 358
Dhyne, M., Joubert, P., Populaire, J.-C. & Lepère, M. 2010, JQSRT, 111, 973
Dhyne, M., Joubert, P., Populaire, J.-C. & Lepère, M. 2011, JQSRT, 112, 969
Dick, M. J., Drouin, B. J., Crawford, T. J. & Pearson, J. C. 2009a, JQSRT, 110, 628
Dick, M. J., Drouin, B. J. & Pearson, J. C. 2009b, JQSRT, 110, 619
Dick, M. J., Drouin, B. J. & Pearson, J. C. 2010, PhRvA, 81, 022706
Ding, B. W., Chen, X. M., Yu, D. Y., et al. 2008, PhRvA, 78, 062718



10 DIVISION XII / COMMISSION 14 / WORKING GROUP

Djeniže, S. 2008, Phys. Lett. A, 372, 6658
Djeniže, S. 2009, Spectrochim. Acta B, 64, 242
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Djurović, S., Mar, S., Peláez, R. J. & Aparicio, J. A. 2011, MNRAS, 414, 1389
Domanskaya, A. V., Bulanin, M. O., Kerl, K., & Maul, C. 2009, JMoSp, 253, 20
Domanskaya, A. V., Asfin, R. E., Maul, C., et al. 2011, JMoSp, 265, 69
Drouin, B. J. & Gamache, R. R. 2008, JMoSp, 251, 194
Dubernet, M. L., Boudon, V., Culhane, J. L., et al. 2011, JQSRT, 111, 2151
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V Milosavljević1, S Djeniže1 and M S Dimitrijević2
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Abstract
On the basis of the experimentally determined 26 prominent neutral neon
(Ne I) line shapes (in the 3s–3p, 3s–3p′, 3s′–3p′, 3s′–3p and 3p–3d transitions)
we have obtained electron (We) and ion (Wi) contributions to the total
Stark width (Wt). Stark widths are also calculated using the semiclassical
perturbation formalism for electrons and protons as perturbers up to 50 000 K
electron temperatures. We made comparison of our measured and calculated
We data and compared both of them with available experimental and theoretical
We values.

1. Introduction

In thermal plasmas at local thermodynamic equilibrium (LTE), and for temperatures of about
1–2 eV (an electron density of about 1 × 1023 m−3), the dominant pressure broadening
mechanism is caused by collision processes with electrons and ions. Stark broadening in
plasmas is important not only for theoretical understanding, but also for experimental methods,
e.g. as a diagnostic tool. Plasma broadened and shifted spectral line profiles have been used
for a number of years as a basis of an important non-interfering plasma diagnostic technique.
Numerous theoretical and experimental efforts have been made to provide reliable data for
such applications. This technique becomes, in some cases, the most sensitive and sometimes
the only possible plasma diagnostic tool.

Classical emission laboratory plasmas spectroscopy has been mainly applied to optically
thin plasma where absorption of the emitted radiation is negligible. Investigation of line
profiles of atomic neon in medium dense plasmas, at about 1 × 1023 m−3, is of particular
interest for verifying predictions of theoretical approximations. Since neon is a constituent of
laboratory plasmas the Ne I spectral line shapes represent important sources of information
about the physical conditions in the place of birth of the radiation.

0953-4075/04/132713+12$30.00 © 2004 IOP Publishing Ltd Printed in the UK 2713
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Stark broadening of spectral lines is the dominant pressure broadening mechanism
also in some astrophysical objects such as chemically peculiar A-type stars and white
dwarf atmospheres. Moreover, even for cooler stars such as Solar-type ones, the Stark
broadening data are needed also for the analysis and modelling of subphotospheric layers [1].
Consequently knowledge of the Stark broadening parameters of spectral lines is of interest
for diagnostic, modelling and consideration of astrophysical, laboratory and technological
plasmas. Particularly, from such data, it is possible to obtain the basic plasma parameters,
such as the electron temperature and electron density.

In order to underline the astrophysical importance of neon data one should say that neon
is the most abundant element in the universe after hydrogen, helium, oxygen and carbon, and it
is for example [2] one of the products of hydrogen and helium burning in the orderly evolution
of stellar interiors.

Stark broadening of neutral neon (Ne I) spectral lines has been studied experimentally
several times [3–16]. The most complete existing calculation is in [17]. Also in [18]
calculations have been performed for the Ne I 650.7 nm (3s–3p) spectral line using five
different theoretical approaches. Results [18] are presented graphically and it is not easy to
use them for detailed comparison. In [19] the quasistatic Stark broadening constant C4 was
calculated and some theoretical estimates exist also in [10].

Due to large uncertainties of the theoretically determined Stark broadening parameters
(e.g. ±30% for the semiclassical method as estimated in [17]), the mutual agreement of
experimental values independently obtained in various laboratories permits us to single out
some lines as particularly reliable and suitable for diagnostic purposes.

Since the dependence of Stark broadening parameters on temperature is still not known
with a large accuracy, it is of interest also to have experimental results in a wide temperature
range.

Our experimental W
exp
e and W

exp
i values, presented here for 26 Ne I lines, are separated

from the measured total Stark width using the line deconvolution procedure described in
[20–22] which has already been applied for some He I [23–25], Ar I [26] and Kr I [27] lines.
We note as well that in [28, 29] static (A) and dynamic (D) ion parameters, respectively, have
been determined for a number of the Ne I lines considered here.

Using the semiclassical perturbation formalism (SCPF) (updated several times) [30–35],
we have calculated WTw

e values for 25 Ne I lines and also the WTw
i values, generated by protons

which are the main component in the astrophysical plasmas. Our values are compared with
available experimental and theoretical data.

The basic plasma parameters, i.e. electron temperature (T D) and electron density (ND),
have been obtained by using the line deconvolution procedure directly from the Ne I line
profiles and also measured (T exp and N exp) using independent, well-known, experimental
diagnostical techniques. Excellent agreement was found among the two sets of the obtained
parameters (T D and T exp; and ND and N exp). Such a method is applicable for optically
thin plasmas. For optically thick plasmas, the situation is more complicated due to weak
asymmetry of the spectral line profile caused by self-absorption [17, 36].

2. Experiment and deconvolution procedure

A modified version of the linear low pressure pulsed arc [37–40] has been used as a
plasma source. A pulsed discharge was driven in a pyrex tube of 5 mm inner diameter
and effective plasma length of 7.2 cm (figure 1 in [38]). The working gas was neon (99.9%
purity) at 133 Pa filling pressure in flowing regime. A capacitor of 14 µF was charged up to
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Figure 1. The recorded Ne I 640.225 nm line profile (o) with its fitting K function (dotted line) in
the 25th µs after the beginning of the discharge at U = 1.5 kV bank voltage and P = 133 Pa gas
pressure. This figure is an extension of figure 3.4.2 in [21]. Wt,We and Wi denote measured total,
electron and ion Stark widths. WD is the Doppler width determined at a measured T and N. Wins
is the instrumental width.

1.5 kV (experiment a) and 2.5 kV (experiment b), respectively. The complete experimental
procedure with the set-up system used is described in [40]. Recorded Ne I spectral line profile
with deconvolution fitting function, as an example, is shown in figure 1.

The absence of self-absorption was checked using the method described in [41]. The
electron temperature (T exp) was determined from the Boltzmann plot of the relative intensities
of 14 Ne II spectral lines (331.98 nm, 336.06 nm, 337.18 nm, 341.48 nm, 341.69 nm,
341.77 nm, 350.36 nm, 356.83 nm, 366.41 nm, 369.42 nm, 429.04 nm, 439.19 nm, 440.93
nm and 441.32 nm) within energy interval of 7.1 eV for corresponding upper levels, with
an estimated error of ±6%, assuming the existence of LTE, according to the criterion from
[36]. All necessary atomic data were taken from [42–44]. The electron temperature decays
are presented in figure 2. The electron density (N exp) decay was measured using a well-
known single laser interferometry technique [45] for the 632.8 nm He–Ne laser wavelength
with an estimated error of ±7%. The electron density decays are presented also in figure 2.
The T D and ND values obtained by deconvolution procedure [20] are also presented in
figure 2. The experimental W

exp
e , W

exp
i and W

exp
t values are obtained using the deconvolution

procedure.
The total line Stark FWHM (full-width at a half intensity maximum, Wt) is a function of

We and Wi i.e.

Wt = f (We,Wi), (1)

where We and Wi are the electron and ion contributions, respectively. For a non-
hydrogenic, isolated neutral atom line the ion broadening is not negligible and the line
profiles are described by an asymmetric K function (see equation (3) and [20, 26]). The
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(a)

(b)

Figure 2. Electron temperature (T ) and density (N) decays. Full lines represent measured data
using independent experimental techniques. Dashed lines represent plasma parameters obtained
using our line deconvolution procedure in different plasmas ((a) for 1.5 kV bank energy, (b) for
2.5 kV bank energy). Error bars represent estimated accuracies of the measurements (±6% and
±7% for T and N, respectively) and deconvolutions (±12%).

total Stark width with dynamic ion contribution
(
W

dyn
t

)
and with static ion contribution

(W st
t ;W st

t = W
dyn
t for D = 1) [17, 46, 47] may be calculated from the equation:

W
dyn
t ≈ We[1 + 1.75AD(1 − 0.75R)], (2)

where R is the ratio of the mean ion separation to the Debye length. A is the quasi-static ion
broadening parameter (see equation (224) in [17]) and D is a coefficient of the ion-dynamic
contribution [26].

When D = 1 the influence of the ion-dynamical effect is negligible and the line shape is
treated using the quasi-static ion approximation. From equations in [20, 26] it is possible to
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obtain the plasma parameters (N and T ) and the line broadening characteristics (Wt,We, Wi, A

and D). One can see that the ion contribution, expressed in terms of the A and D parameters,
directly determines the ion width (Wi) component in the total Stark width (equations (1)
and (2)).

K(λ) = Ko + Kmax

∫ ∞

−∞
exp(−t2) ·




∫ ∞

0

HR(β)

1 +
(
2

λ−λo− WG
2
√

ln 2
t

We
− αβ2

)2
dβ


 dt. (3)

Here WG is the Gaussian FWHM width given by (4) (i.e equation (2.3) in [20]).

WG = 2

√
2 ln 2kT

m

λo

c
. (4)

Where T is the emitter equivalent kinetic temperature, m is its mass, and k and c are the
Boltzmann constant and velocity of light, respectively.

All other details about the asymmetric K function (3) and the complete numerical
procedure for deconvolution of recorded spectral lines are described in earlier publications
[20–22, 26, 29].

3. Method of calculation

A description of the semiclassical perturbation formalism used here is given in
[30–35, 48]. For electrons hyperbolic paths due to the attractive Coulomb force were used,
while for perturbing ions the paths are different since the force is repulsive. The expected
accuracy of the semiclassical perturbation approach is ±30%.

Within the semiclassical perturbation formalism, we have calculated electron- and proton-
impact line widths for 25 spectral lines of neutral neon. Energy levels have been taken from
[49]. Oscillator strengths have been calculated by using the method of Bates and Damgaard
[50, 51]. For higher levels, the method described in [52] has been used. The results obtained
for Stark widths (FWHM) of 25 spectral lines of neutral neon are shown in table 2, for perturber
density of 1022 m−3 and temperatures T = 2500–50 000 K.

For each value given in table 2, the collision volume (V ) multiplied by the perturber
density (N) is much less than 1 and the impact approximation is valid [17, 30–35, 48]. When
the impact approximation is not valid, the ion broadening contribution may be estimated by
using the quasi-static approach ([17] or [53]).

In the region where neither of these two approximations is valid, a unified type theory
should be used. For example, in [46], simple analytical formulae for such a case are given.
The accuracy of the results obtained decreases when broadening by ion interactions becomes
important.

4. Results and discussion

Our experimentally obtained W
exp
t ,W

exp
e and W

exp
i data are shown in table 1 together with the

ratios W
exp
e

/
WG

e and W
exp
e

/
WTw

e where G and Tw denote theoretical values from [17] and this
work (see table 2), respectively.

Calculated Stark FWHM values (WTw) generated by electrons and protons for 25 Ne I lines
in the 3s–3p, 3s–3p′, 3s′–3p′, 3s′–3p and 3p–4d transitions using semiclassical perturbation
formalism are presented in table 2.

The measured N exp and T exp decays are presented in figure 2 together with the averaged
(within 26 Ne I lines) ND and T D values obtained using the line profile deconvolution procedure
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Table 1. Measured total Stark FWHM (W exp
t in pm within ±12% accuracy), electron and ion

(Ne+, Ne2+, . . . ) Stark widths (W exp
e and W

exp
i in pm within ±12% accuracy) at measured electron

temperatures T exp (in 103 K) and electron densities Nexp (in 1022 m−3). The indices G and Tw
denote theoretical data taken from [17] and this work (see table 2), respectively at a given T exp and
N exp.

Transition Multiplet λ (nm) T exp N exp W
exp
t W

exp
e W

exp
i W

exp
e /WG

e W
exp
e /W

Tw
e

3s–3p [3/2]0
2–[1/2]1 703.241 3.30 6.7 44 39 5 0.86 1.10

3.65 8.8 56 50 6 0.81 1.03
[3/2]0

1–[1/2]1 724.517 3.30 6.7 46 43 3 0.87 1.14
3.65 8.8 61 52 9 0.77 1.00

[3/2]0
1–[1/2]0 607.434 3.30 6.7 34 31 3 0.88

3.65 8.8 44 40 4 0.84
[3/2]0

2–[3/2]2 614.306 3.30 6.7 37 32 5 0.97
3.65 8.8 47 41 6 0.91

[3/2]0
2–[3/2]1 621.728 3.30 6.7 43 39 4 1.16

3.65 8.8 53 48 5 1.04
[3/2]0

1–[3/2]2 630.479 3.30 6.7 37 32 5 0.92
3.65 8.8 51 44 7 0.93

[3/2]0
1–[3/2]1 638.299 3.30 6.7 30 27 3 0.76

3.65 8.8 40 34 6 0.70
[3/2]0

2–[5/2]3 640.225 3.30 6.7 36 31 5 0.72 0.92
3.65 8.8 45 38 7 0.65 0.83

[3/2]0
2–[5/2]2 633.443 3.30 6.7 35 30 5 0.91

3.65 8.8 41 34 7 0.75
[3/2]0

1–[5/2]2 650.653 3.30 6.7 36 33 3 0.74 0.95
3.65 8.8 45 41 4 0.67 0.86

3s–3p′ [3/2]0
2–[1/2]1 588.190 3.30 6.7 29 25 4 0.83

3.65 8.8 37 31 6 0.75
[3/2]0

1–[1/2]1 603.000 3.30 6.7 37 32 5 1.01
3.65 8.8 48 41 7 0.94

[3/2]0
2–[3/2]2 594.483 3.30 6.7 32 27 5 0.72 0.90

3.65 8.8 43 37 6 0.73 0.90
[3/2]0

2–[3/2]0
1 597.553 3.30 6.7 40 36 4 1.18

3.65 8.8 50 44 6 1.05
[3/2]0

1–[3/2]2 609.616 3.30 6.7 30 28 2 0.70 0.88
3.65 8.8 39 35 4 0.64 0.81

[3/2]0
1–[3/2]1 612.846 3.30 6.7 26 22 4 0.69

3.65 8.8 36 30 6 0.68

3s′–3p′ [1/2]0
1–[1/2]1 659.895 3.30 6.7 36 31 5 0.81

3.65 8.8 50 43 7 0.82
[1/2]0

1–[1/2]0 585.249 3.30 6.7 42 35 7 0.88
3.65 8.8 54 45 9 0.84

[1/2]0
0–[1/2]1 616.359 3.30 6.7 32 28 4 0.85

3.65 8.8 44 38 6 0.84
[1/2]0

1–[3/2]2 667.828 3.30 6.7 41 37 4 0.73 0.97
3.65 8.8 55 50 5 0.73 0.96

[1/2]0
1–[3/2]1 671.704 3.30 6.7 39 36 3 0.93

3.65 8.8 50 46 4 0.87
[1/2]0

0–[3/2]1 626.650 3.30 6.7 35 31 4 0.74 0.92
3.65 8.8 46 41 5 0.72 0.89

[1/2]0
0–[3/2]1 653.288 3.30 6.7 36 30 6 0.65 0.82

3.65 8.8 44 37 7 0.59 0.74
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Table 1. (Continued.)

Transition Multiplet λ (nm) T exp N exp W
exp
t W

exp
e W

exp
i W

exp
e /WG

e W
exp
e /W

Tw
e

3s′–3p [1/2]0
1–[3/2]2 692.947 3.30 6.7 38 35 3 0.62 0.84

3.65 8.8 50 45 5 0.59 0.79
[1/2]0

1–[5/2]1 717.394 3.30 6.7 42 39 3 0.92
3.65 8.8 53 49 4 0.85

3p–4d [3/2]2–[5/2]0
3 597.463 3.30 6.7 42 36 6

3.65 8.8 53 45 8

Figure 3. Ratios of the experimental W
exp
e and theoretical WTh

e electron Stark widths versus
electron temperature (T ) for the Ne I lines in the 3s–3p transition (see also table 1). Empty and
filled symbols are related to the Griem’s (1974) (G) theoretical values and ones calculated by us
(Tw) taken from table 2. ◦, our experimental results and those of other authors: �, [6]; ��, [7]; �,
[11]; ♦, [12] and �, [16].
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Table 2. Our calculated Ne I Stark FWHM (WTw in pm) for electrons (a) and protons (b) as
perturbers for various temperatures (T ) at 1022 m−3 perturber density.

T (×103 K)

λ (nm) 2.5 5.0 10.0 20.0 30.0 50.0

703.241 a 2.89 2.93 3.23 4.18 5.05 6.34
3s[3/2]0

2–3p[1/2]1 b 1.58 1.59 1.59 1.59 1.59 1.59
724.517 a 3.04 3.09 3.43 4.47 5.41 6.80
3s[3/2]0

1–3p[1/2]1 b 1.68 1.68 1.68 1.68 1.69 1.69
607.434 a 2.76 2.95 3.30 4.21 5.05 6.36
3s[3/2]0

1–3p[1/2]0 b 1.53 1.54 1.55 1.56 1.57 1.59
614.306 a 2.60 2.74 3.06 3.93 4.76 6.03
3s[3/2]0

2–3p[3/2]2 b 1.47 1.48 1.48 1.49 1.50 1.51
621.728 a 2.59 2.71 3.03 3.93 4.78 6.06
3s[3/2]0

2–3p[3/2]1 b 1.47 1.48 1.49 1.49 1.50 1.51
630.479 a 2.70 2.84 3.19 4.15 5.06 6.42
3s[3/2]0

1–3p[3/2]2 b 1.55 1.55 1.56 1.57 1.57 1.58
638.299 a 2.68 2.81 3.17 4.16 5.08 6.45
3s[3/2]0

1–3p[3/2]1 b 1.55 1.56 1.57 1.57 1.58 1.58
640.225 a 2.57 2.67 3.01 3.95 4.84 6.15
3s[3/2]0

2–3p[5/2] b 1.49 1.50 1.50 1.51 1.51 1.51
633.443 a 2.57 2.68 3.01 3.94 4.81 6.11
3s[3/2]0

2–3p[5/2] b 1.49 1.49 1.50 1.50 1.50 1.51
650.653 a 2.67 2.78 3.16 4.18 5.13 6.51
3s[3/2]0

1–3p[5/2] b 1.57 1.57 1.58 1.58 1.58 1.59
588.190 a 2.39 2.50 2.78 3.59 4.35 5.51
3s[3/2]0

2–3p′[1/2]1 b 1.34 1.34 1.35 1.36 1.36 1.37
603.000 a 2.47 2.58 2.91 3.78 4.61 5.85
3s[3/2]0

1–3p′[1/2]1 b 1.40 1.41 1.42 1.42 1.43 1.43
594.483 a 2.37 2.47 2.77 3.59 4.37 5.53
3s[3/2]0

2–3p′[3/2]2 b 1.34 1.35 1.35 1.36 1.36 1.37
597.553 a 2.37 2.46 2.76 3.59 4.37 5.55
3s[3/2]0

2–3p′[3/2]1 b 1.34 1.35 1.35 1.36 1.36 1.37
609.616 a 2.46 2.56 2.89 3.79 4.63 5.88
3s[3/2]0

1–3p′[3/2]2 b 1.41 1.42 1.42 1.42 1.43 1.43
612.846 a 2.46 2.55 2.88 3.79 4.64 5.89
3s[3/2]0

1–3p′[3/2]1 b 1.41 1.42 1.42 1.43 1.43 1.43
659.895 a 3.17 3.36 3.70 4.63 5.49 6.83
3s′[1/2]0

1–3p′[1/2]1 b 1.69 1.70 1.71 1.73 1.74 1.75
585.249 a 3.36 3.75 4.21 5.07 5.75 6.85
3s′[1/2]0

1–3p′[1/2]0 b 1.65 1.68 1.71 1.75 1.77 1.81
616.359 a 2.84 3.02 3.29 4.04 4.72 5.84
3s′[1/2]0

0–3p′[1/2]1 b 1.48 1.49 1.50 1.52 1.53 1.54
667.828 a 2.92 3.04 3.45 4.56 5.59 7.10
3s′[1/2]0

2–3p′[3/2]2 b 1.69 1.70 1.70 1.71 1.71 1.72
671.704 a 2.92 3.03 3.45 4.57 5.61 7.12
3s′[1/2]0

1–3p′[3/2]1 b 1.70 1.70 1.71 1.71 1.71 1.72
626.650 a 2.64 2.74 3.05 3.92 4.77 6.04
3s′[1/2]0

0–3p′[3/2]1 b 1.48 1.49 1.49 1.50 1.50 1.51
653.288 a 3.03 3.20 3.51 4.40 5.22 6.50
3s′[1/2]0

0–3p′[3/2]1 b 1.62 1.63 1.64 1.66 1.66 1.68
692.947 a 3.22 3.39 3.83 5.02 6.14 7.80
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Table 2. (Continued.)

T (×103 K)

λ (nm) 2.5 5.0 10.0 20.0 30.0 50.0

3s′[1/2]0
1–3p[3/2]2 b 1.87 1.87 1.88 1.89 1.90 1.91

717.394 a 3.47 3.64 4.00 5.06 6.04 7.56
3s′[1/2]0

1–3p[5/2]1 b 1.89 1.90 1.91 1.92 1.94 1.95

Figure 4. Same as in figure 3 but for the Ne I lines in the 3s–3p′ and 3s′–3p′ transitions. In addition:
+, for the ratios of experimental data from [15] related to the Griem’s (1974) (G) theoretical values;
and ×, for their ratios related to our calculated (Tw) values.

for Ne I lines. One can conclude that the agreement between N exp and ND values is excellent
(within 3% on average) in the two plasmas investigated. This fact confirms homogeneity of
the investigated plasma in the linear part of our light source (see figure 1 in [38]). In the case
of the electron temperature the situation is similar. The agreement between the two sets of the
electron temperature decays (T exp and T D) is also excellent (within 2% on average).
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Figure 5. Same as in figure 3 but for the Ne I lines in the 3s′–3p′ and 3s′–3p transitions.

In order to make the comparison between the measured
(
W

exp
e

)
and calculated

(
WTh

e

)
electron width values easier, the dependence of the ratio W

exp
e

/
WTh

e on the electron
temperature is presented graphically in figures 3–5. Experimental W

exp
e data are related

to the Griem’s (1974) (G) and our calculated (Tw) values taken from table 2.
We have found that the widths generated by protons show weak dependence on the

electron temperature and are about three times smaller than the widths generated by electrons
(see table 2) at T = 30 000 K.

All our measured W
exp
e values lie below Griem’s (1974) WG

e values at about 29%
(averaged through 10 lines). The greatest disagreement between them was found for the
case of the 653.288 nm and 692.947 nm Ne I lines. Most of the W

exp
e values of the other

authors lie also below Griem’s data (see figures 3–5).
All calculated WTw

e values (see table 2), generated by electrons, are smaller than WG
e

values at about 20%, but these are also higher than our measured ones. Within estimated
experimental accuracy of ±12% our W

exp
e values agree with our calculated ones

(
WTw

e

)
for

the ten Ne I lines and all obtained ratios of our experimental and theoretical values are within
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1.0 ± 0.3 interval which is less than combined experimental (±12%) and theoretical (±30%)
error.

We have found that the electron contribution
(
W

exp
e

)
to the total Stark widths is about

82%. At our plasma parameters the neon ions (Ne II, Ne III, . . . ) contribute about 18%
(on average) to the total Stark widths.

The W
exp
e values from [11] (∇ in figures 3–5) obtained at 10 000 K electron temperature

are about 2.5 times higher from other experimental data. This is, probably, caused by unreliable
measured electron density. We have excluded these values from all comparisons. Our W

exp
e

and WTw
e values are within ±20% on average in agreement with recently published [16] data

for 19 Ne I lines.
Very good agreement was found among all existing W

exp
e and WTw

e values for the 626.650,
671.704, 717.394, 703.241, 724.517, 633.443, 588.190, 609.616 and 616.359 nm Ne I spectral
lines in a wide range of electron temperatures.

5. Conclusion

It has been found that the electron contribution to the total Stark widths is about 82% and the
neon ions contribute 18% (on average) to the total Stark widths. Generally, our measured and
calculated electron Stark widths are smaller than those presented in [17] by about 20% on
average.

In the electron temperature range between 10 000 K and 40 000 K very good agreement
has been found among all existing W

exp
e and our WTw

e values for the 626.650, 671.704, 717.394,
703.241, 724.517, 633.443, 588.190, 609.616 and 616.359 nm Ne I spectral lines.
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[13] Deinezhenko A L and Protasevich E T 1988 Opt. Spektrosk. (USSR) 65 303
[14] Windholz L and Neureiter C 1988 Phys. Rev. A 37 1978
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[21] Milosavljević V 2001 PhD Thesis Faculty of Physics, University of Belgrade, Belgrade (unpublished)
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[41] Djeniže S and Bukvić S 2001 Astron. Astrophys. 365 252
[42] NIST—Atomic Spectra Data Base Lines (wavelength order) 2003 Online at http://physics.nist.gov
[43] Wiese W L, Smith M W and Glennnon B M 1966 Atomic Transition Probabilities, vol I Hydrogen Through

Neon (Washington, DC: US Department of Commerce, National Bureau of Standards) (NSRDS-NBS4)
[44] Striganov R A and Sventickij N S 1966 Tablicy Spektral’nykh linij (Moskva: Atomizdat)
[45] Ashby D E T F, Jephcott D F, Malein A and Raynor F A 1965 Appl. Phys. B: Photophys. Laser Chem. 36 29
[46] Barnard A J, Cooper J and Smith E W 1974 J. Quant. Spectrosc. Radiat. Transfer 14 1025
[47] Kelleher D E 1981 J. Quant. Spectrosc. Radiat. Transfer 25 191
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Abstract. The Virtual Atomic and Molecular Data Centre (VAMDC; http:
//www.vamdc.eu) is a European-Union-funded collaboration between several
groups involved in the generation, evaluation, and use of atomic and molecular
data. VAMDC aims at building a secure, documented, flexible and interop-
erable e-Science environment-based interface to existing atomic and molecular
databases. The global infrastructure of this project uses technologies derived
from the International Virtual Observatory Alliance (IVOA). The infrastruc-
ture, as well as the first database prototypes will be described.

Key words: astronomical databases: virtual observatory tools – physical data
and processes: atomic data, molecular data

1. INTRODUCTION

VAMDC is an initiative funded by the EU. In this paper we will describe the
infrastructure built to create a complete Virtual Observatory dedicated to Atomic
and Molecular Data (Dubernet et al. 2010). This project takes advantage of the
experience acquired in astronomy by the IVOA. The Virtual Observatory infras-
tructure and technologies were used to obtain some important results in Galactic
(Zolotukhin & Chilingarian 2011; Zolotukhin, this meeting) and extragalactic as-
trophysics (Padovani et al. 2004; Chilingarian et al. 2009; Chilingarian, this
meeting). We will present different elements required to develop this infrastruc-
ture.

The Virtual Observatory is an architecture made of components usually hidden
from the end users but necessary to allow them to reach and automatically compare
data coming from various sources. We will describe the following components:

• The Data Model that provides a complete and shared descriptions of all data
sources;

• The Data Access Layer which allows to query all resources of all data
providers in a standard way;

• The data exchange format allowing to retrieve data and metadata in a stan-
dardized way;

• The registry: as the core of the information system, it centralizes all the
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data services compliant with VAMDC and contains a first level of content and
capability description.

2. THE VAMDC INFRASTRUCTURE

Further information on the VAMDC infrastructure is available on the project
web site available at http://www.vamdc.eu and updated regularly.

2.1. The data model

The standard model for the data exchange within VAMDC is a modified
version of the International Atomic Energy Agency’s XML Schema for Atoms,
Molecules and Solids (XSAMS), commonly referred to as VAMDC-XSAMS. The
overall structure of the schema consists of specifying physical processes in terms of
physical states. Physical states of atoms, molecules, ions, elementary particles and
solids are indeed described as unambiguously as possible. States can be specified
with any number of levels of detail and in different coupling schemes. Processes
between states can be described using a reference to an initial and a final state, as
well as a process type. The numerical data for processes can be tabulated, or pre-
sented in terms of parameters for a fitting procedure with provision for specifying
the exact nature of the fitting function. Different types of differential cross sections
as well as total cross sections can be accommodated. Finally, since the origin and
history of the data are necessary for data quality assessment purposes, the schema
requires strict requirements on the traceability of the data, with the mandatory
inclusion of information on the data sources and methods used to generate specific
sets of data.

2.2. The data access layer

The protocol used to access the data is TAP-VAMDC, based on the IVOA
Table Access Protocol (TAP), a protocol designed to access tabular data and cata-
logues. This very generic protocol is designed for accessing relational databases. It
supports different query languages (Astronomical Data Query Language (ADQL),
Parameter Query Language (PQL) etc.). VAMDC defines a specific query lan-
guage VSS1 (VAMDC SQL Sub-set) directly derived from a subset of SQL92.
The service returns results in the VAMDC-XSAMS format. TAP is implemented
over the HTTP protocol using standard HTTP GET and POST requests and con-
ventions. As of now, TAP-VAMDC implements only the synchronous mode of
TAP.

A TAP-VAMDC query looks like :
http://MyURLService.com/tap/sync/&
REQUEST=doQuery&
LANG=VSS1&
FORMAT=XSAMS&
QUERY=SELECT+*+WHERE+RadTransWavelengthExperimentalValue+

Metadata access
As the query language is directly derived from SQL, the queries can be eas-

ily constructed by a user familiar with this language. The query parameters are
related to the database content. A specific syntax provides access to them and
presents them in a standard way. Within the IVOA, this is known as VOSI (Virtual
Observatory Support Interface). VOSI provides all the metadata information for
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a given service such as: (1) the availability URL to inform about the service avail-
ability status; (2) a capability describing the functional capability of the service
(TAP and query languages supported, web interface service, Common Executive
Architecture for numerical codes etc.) with the specific access URLs provided for
each feature; (3) a table giving the structure of the data table in the databases
and containing the names of data tables, primary keys, foreign keys etc.

Standardized data output format for exchange
By default, the output of the TAP-VAMDC service is provided in the VAMDC-

XSAMS compatible form. The description of the service output capability is
presented in VOSI.

2.3. Registry

The VAMDC registry uses the International Virtual Observatory (IVOA) reg-
istry technology. The registry is the core of the information system. It consists of
a database holding metadata that describes all the VAMDC resources, and a web
service. The IVOA registry defines interfaces on how to query and share resources.
The software is developed in a way that conforms to standard interfaces in order
to allow scientific programs to access particular resources. A resource in this con-
text is represented in XML form and is stored in the registry. A resource may
describe anything about an observatory, a particular instrument, another registry,
and services such as catalogue or table services or cone searches. Extensions can
be added if necessary and this functionality is made available for VAMDC. As of
now, in the case of VAMDC a resource in the registry can be :

• a collection of A-M data;

• a web service giving access to the data;

• a scientific code to run on A-M data;

• a service to run a code on a computational grid;

• an organization.

The access protocol to query the registry, the XML description of a resource
and the data exchange format are fully described in the VAMDC documentation.

2.4. VAMDC interface and tools

End users can take advantage of the web interface to discover services, perform
a query to access data and retrieve the results from a different data service in a
common format. The information retrieved is sufficiently self-described to allow
cross correlation.

Figure 1 shows the current interface to access VAMDC data. A standard web
interface contains a simple graphical view to define and filter the type of data
requested by the user.

VAMDC offers a client prototype for the cross-federation and cross-matching
of spectroscopic and collisional data.

There are also tools to help publishing data, aimed at the data providers.
Two software packages are already available with documentation and tutorials
describing how to install and use them: (1) a package based on the DJANGO
CMS; and (2) a package implemented in JAVA over TOMCAT.
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Fig. 1. The VAMDC Web portal

2.5. VAMDC infrastructure maintenance and control

As a Virtual Observatory is a complex set of tools and services distributed
all over the world, and which have to be available and fully compliant to the
standards, we needed to develop a set of tools to ensure the reliability of the whole
system. We monitor all registered services using NAGIOS (The Industry Standard
In IT Infrastructure Monitoring). A validator has been developed to ensure the
compliance of services to the standards.

3. VAMDC FOR ASTROPHYSICS

VAMDC is an ongoing project that is due by the end of 2012. Detailed descrip-
tion of VAMDC, its structure and purposes is given by Dubernet et al. (2010).
22 Atomic and Molecular databases are a part of the VAMDC consortium. Orig-
inally, all of them were created for some special field of scientific (mostly as-
tronomical and atmospheric) research, which specified their individual structure
and content. At present, 14 databases are prepared in the VAMDC-XSAMS for-
mat and their A&M data are available to the end user through the User Portal
(http://portal.vamdc.eu/vamdc-portal-level-2/). A short description of some of
these databases is given below.

3.1. Atomic line and processes databases

VALD contains over 150 line lists, 1.1 million atomic lines for detailed spectral
analysis and over 50 million lines for opacity calculations (predicted lines) provided
by all major spectroscopy centers across the world. Diatomic molecules data (TiO)
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are currently included. It was created in 1995 for precisely modeling the spectra
and the atmospheric structure of stars hotter that the Sun, including magnetic
CP stars. It contains radiative data for 84 elements up to Z = 92 (U) in the first
6 ionization stages.
CHIANTI is a database for the analysis of optically thin collisionally-ionized
plasmas. It is the preferred reference database in solar physics. It contains wave-
lengths and radiative data and rates for electron and proton collisions for highly
charged ions with Z ≤ 30 (up to Zn).
TIPTOPbase (with OPserver) contains radiative atomic data, photoionization
cross-sections and electron impact excitation cross-sections on elements with Z ≤

28 (up to Ni). It is used for mean opacity calculations in stellar modeling and in
NLTE line formation calculations.
Spectr-W3 contains experimental and calculated data on wavelengths, energy
levels, ionization potentials, transition probabilities for ∼ 450000 atomic lines.
The most complete data is available for highly charged ions.

3.2. Molecular line and processes databases

HITRAN – HIgh-resolution TRANsmission molecular absorption database is the
largest database for atmospheric research and planetology. The line-by-line portion
of HITRAN contains spectroscopic parameters for 42 molecules. It also provides
absorption cross-section parameters and aerosol indices of refraction. In total,
HITRAN currently contains data for about 2× 106 individual transitions.
CDMS (Cologne Database for Molecular Spectroscopy) provides recommended
values of transition frequencies and intensities for molecules. It is used for studying
the terrestrial atmosphere in the 0−340 cm−1 wavenumber range. CDMS is cross
correlated with its US counterpart, the JPL sub-millimeter catalogue, which is
now a member of the VAMDC consortium as well.
BASECOL provides excitation rate coefficients for ro-vibrational excitation of
molecules by electrons, He and H 2. BASECOL is mainly used for the study of
interstellar and circumstellar media as well as cometary atmospheres.
CDCD (Carbon Dioxide Spectroscopic Databank) contains calculated spectral
line parameters for 7 isotopologues of carbon dioxide in the 5−12784 cm−1 wavenum-
ber range.
S&MPO (Spectroscopy & Molecular Properties of Ozone), a database which con-
tains well-established data on spectral line parameters for the ozone molecule (ex-
perimental UV cross-sections, for example).
UMIST, a database for astrochemistry which provides a fundamental set of
reaction-rate data and related software for use in chemical kinetic modeling of
astronomical regions (star formation regions, for example).

Why do we need a unique interface to all these DB’s? Let us consider a couple
of examples from astrospectroscopy.

In solar-like stars and cooler objects, the emerged line radiation consists of
millions of atomic and molecular lines. Molecular lines appear as blends to the
atomic lines in the visible spectral region. Figure 2 represents a part of the solar
spectrum in the region of the famous Mg I triplet at 5167–83 Å. Atomic-line
data from VALD describes the observed spectrum fairly well; however, for a full
description, we need data for C2 molecule transitions (contour lines) that may be
extracted from molecular databases like HITRAN, together with the VALD data.
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Fig. 2. The observed solar spectrum in the region of the 5167–83 Å Mg I triplet
(shadowed area). Synthetic spectrum calculations with atomic lines only are shown by
full line. Spectral regions with molecular C2 lines are indicated by contour lines.

Ground-based spectroscopic observations in the near ultraviolet region are now
available with modern CCD cameras, extending up to ∼ 3000 Å. However, proper
continuum fits in the 3000–3400 Å range, so spectral analysis requires knowledge of
the ozone molecule absorption in the Earth’s atmosphere. Figure 3 demonstrates
that all depressions seen in a non-normalized stellar spectrum have roughly the
same shape as broad features in the ozone absorption curve taken from the S&MPO
database. Thus, one cannot make a proper analysis of the atomic spectrum in the
near UV without taking into account ozone absorption.

4. CONCLUSIONS

We have presented how the infrastructure of VAMDC has been designed with
the aim of being a Virtual Observatory. This short presentation can be completed
by the project documentation already available on the web site of VAMDC.

VAMDC is a virtual Observatory for Atomic and Molecular data that takes
advantage of the work already done in the IVOA. It is a European program in
development within the FP7 framework. However, VAMDC is already able to
deliver results. Users who wish to test the system in the present status, before
the end of the project, are welcome to contact the PI (Marie-Lise Dubernet). A
contact form is available on the project web site.
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Fig. 3. The non-normalized spectrum of an 11 000 K star in the near ultraviolet range
as observed with the UVES spectrograph. Depressions due to ozone molecule absorption
(red dashed line) are clearly seen.
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Abstract. Most of the Broad Absorption Lines (BALs) in quasars show
very complex profiles. An idea to explain these profiles is that the dynamical
systems of broad line regions are not homogeneous but consist of a number
of dense regions or ion populations with different physical parameters. This
approach is used to study the ultraviolet C IV resonance lines in the spectra of
a group of high ionization BAL quasars, using the Gauss-Rotation model.

Key words: quasars: absorption lines

1. INTRODUCTION

Approximately 10% of all quasars exhibit broad, blue-shifted absorption lines.
The outflow velocity of the regions producing these lines can reach (0.1–0.2) c.
Usually, in their spectra we observe the lines of atoms with high ionization, such
as C IV at λ = 1549 Å, Si IV at λ = 1397 Å, NV at λ = 1240 Å and Lyα. In some
cases, low ionization lines, such as Mg II at λ = 2798 Å and Al III at λ = 1857 Å,
also exhibit broad absorption lines (see, e.g., Hamann et al. 1993; Crenshaw et al.
2003). These Broad Absorption Lines (BALs) have different shapes; some types
of these objects may also have differences in their continua (Reichard et al. 2003).

The spectra of the BAL quasars usually are interpreted as a combination of
(1) a broad-band continuum arising from the central engine, (2) broad emission
lines coming from the broad emission line regions (usually designated as BLRs or
BELRs), emerging near the quasar center, and (3) superposed broad absorption
lines, originating in a separate outlying region, so called Broad Absorption Line
Region (BALR) (see also Lyratzi et al. 2009). However, it is also possible, that
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both the emission and absorption lines originate in the same line-forming region
(Branch et al. 2002).

An important question is: what is the physical connection between the standard
BLRs and BALRs? It is known that at least a part of BLRs originate in the wind
outflowing from the accretion disks (see Murray & Chiang 1998; Popović et al.
2004).

Another question is: where are BALRs placed with respect to the quasar cen-
ters and BLRs? To answer this question, one should investigate kinematical prop-
erties of the emission and absorption lines.

Disk wind models (Murray & Chiang 1998; Proga et al. 2000; Williams et
al. 1999) explain many properties of BAL quasars, but it is unclear if they can
explain the full range of BAL profiles and column densities. BALs are caused by
outflowing gas intrinsic to the quasar, and are not produced by galaxies along the
line of sight (as is the case for most narrow-absorption systems).

Determining whether a quasar contains a BALR is a complicated task. The
standard method is to calculate the ‘balnicity’ index (BI), defined by Weymann
et al. (1991).

Here we present some ideas directed to explain the complex structure of BALs
in quasars and investigate the ultraviolet C IV resonance lines in the spectra of a
group of high ionization BAL (Hi-BAL) quasars using the Gauss-Rotation model
(GR model).

2. THE MULTI-STRUCTURE OF BALs

Most of BALs in quasars exhibit very complex profiles. This means that we
cannot fit them with a known physical distribution. An idea is that the dynamical
systems of BLRs are not homogeneous but consist of a number of dense regions
or ion populations with different physical parameters.

Each of these dense regions gives an independent classical absorption line.
If the source regions rotate with a large velocity and move radially with lower
velocities, the produced lines have large widths and small shifts. As a result, they
are blended among themselves as well as with the main spectral lines forming a
complicated profiles. A similar model is used to explain the complex profiles of
broad lines in the spectra of hot emission-line stars (Danezis et al. 2006, 2007;
Lyratzi et al. 2009). Based on this idea, we study BALs by the ultraviolet C IV
resonance lines in the spectra of 30 Hi-BAL QSOs using the GR model (Danezis
et al. 2006, 2007; Lyratzi et al. 2009).

We assume that broad emission and absorption line regions are composed of
a number of successive independent absorbing/emitting density layers of matter
originating in the disk wind. The absorbing regions have three apparent velocities
(projected on the line-of-sight of an observer): radial velocity (Vrad) of the BALR,
random velocity of the ions (Vrand) in the BALR and the rotational velocity (Vrot)
of the BALR.

3. DATA AND SPECTRAL ANALYSIS

In order to study the C IV resonance lines (1548.187 and 1550.772 Å) we apply
the GR model to the spectra of 30 Broad Absorption Line Quasars (BAL QSOs)
taken from the Sloan Digital Sky Survey (SDSS) Data Release 7. The SDSS
imaging survey uses a wide-field multi-CCD camera (Gunn et al. 1998). The
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Fig. 1. Four examples of the fitted spectra. Black lines show the observed spectra
and grey lines – theoretical line profiles given by the GR model. The lower panels show
differences between the observed spectra and the corresponding theoretical profiles.

spectra cover the optical range 3800–9200 Å at a resolution of 1800–2100.
In Figure 1 we give some examples of the fitted spectra. The black line cor-

responds to the observed spectra and the grey line corresponds to the theoretical
line profiles given by the GR model. The lower lines present the residuals, i.e., the
differences between the observed spectrum and the theoretical profile.

We studied all the absorption lines that follow the first Balnicity Index crite-
rion, i.e. the lines that are located between 3000 and 25 000 km/s blueward of the
C IV emission, what means that these lines come from the studied BAL quasars.
Then, from all these lines we accepted as BALs only those which follow the rest
Balnicity Index criteria, i.e., the absorption lines are at least 2000 km/s broad and
for them the absorption falls at least 10% below the continuum. We found that
25 of the 30 quasars of our sample have broad absorption lines.

4. RESULTS AND CONCLUSIONS

Using the GR model, we were able to fit the complex profiles of the studied
C IV lines with 1 to 5 absorption components. For them we calculated the values
of the kinematical parameters (rotational, radial and random velocities), as well as
the column density and the absorbed energy. The calculated values of kinematical
parameters only, are given in Tables 1 and 2.

It seems that the dynamical systems of BLRs are not homogeneous but consist
of a number of density regions or ion populations with different physical parame-
ters. Each one of these density regions gives us an independent classical absorption
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Table 1. Radial velocities (km/s).

Object name (SDSS) Vrad1 Vrad2 Vrad3 Vrad4 Vrad5

J001025.90+005447.6 –15092 –10642
J001438.28-010750.1 –17026
J001502.26+001212.4 –19348
J002127.88+010420.1 –14624
J003551.98+005726.4 –6192
J004041.39-005537.3 –17220
J004118.59+001742.4 –13931 –7740
J004323.43-001552.4 –20896 –12770
J004732.73+002111.3 –17414
J005355.15-000309.3 –17026 –11609
J005419.99+002727.9 –17607 –8513
J010241.04-004208.9 –17414 –11802 –4063
J010336.40-005508.7 –17800 –4063
J011227.60-011221.7 –21283 –16446 –8513 –6385
J015024.44+004432.99 –7546 –3483
J015048.83+004126.29 –18381
J021327.25-001446.92 –5321 –3096
J023908.99-002121.42 –17414 –8513
J025747.75-000502.91 –7352
J031828.91-001523.17 –17994 –13157
J102517.58+003422.17 –17994
J104109.86+001051.76 –9867
J104152.62-001102.18 –22637 –16059 –9287
J104841.03+000042.81 –19348
J110041.20+003631.98 –14704 –10061 –5417

Mean –17757 –12818 –8416 –5829 –3676

line.
As we can see in Tables 1 and 2, the GR model is able to reproduce accu-

rately the complex profiles of Hi-BAL QSOs and to calculate a group of physical
parameters of the corresponding BALRs.

The absorption lines which follow the BI criteria satisfy the following conclu-
sions: (1) their radial velocities are between –3676± 410 km/s and –17757± 2171
km/s; (2) their random velocities are between 1117± 302 km/s and 2952± 1704
km/s; (3) the column density of all the absorption components of both doublet
lines is almost the same, with the mean value –3.35×10−10 ± 0.24× 10−10 cm−2;
(4) the absorbed energy is –5.52± 1.32 eV for λ 1548.187 Å and –4.79± 1.26 eV
for λ 1550.772 Å.
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Table 2. Rotational and random velocities (km/s).

Object name (SDSS) Vrot1 Vrot2 Vrot3 Vrot4 Vrot5 Vrand1 Vrand2 Vrand3 Vrand4 Vrand5

J001025.90+005447.6 600 600 1596 1368
J001438.28-010750.1 100 6155
J001502.26+001212.4 100 6155
J002127.88+010420.1 100 6155
J003551.98+005726.4 100 787
J004041.39-005537.3 3000 4559
J004118.59+001742.4 100 100 2508 1824
J004323.43-001552.4 3000 3000 2736 2736
J004732.73+002111.3 100 4332
J005355.15-000309.3 100 100 912 912
J005419.99+002727.9 3000 550 2280 2052
J010241.04-004208.9 50 50 50 1824 1824 798
J010336.40-005508.7 100 100 3420 1596
J011227.60-011221.7 550 550 550 550 1596 1254 912 798
J015024.44+004432.99 1500 2200 1368 1140
J015048.83+004126.29 50 4104
J021327.25-001446.92 100 100 912 935
J023908.99-002121.42 30 30 2280 2280
J025747.75-000502.91 100 2280
J031828.91-001523.17 2000 2000 456 570
J102517.58+003422.17 50 2508
J104109.86+001051.76 100 798
J104152.62-001102.18 50 50 50 1140 1140 1140
J104841.03+000042.81 50 2052
J110041.20+003631.98 50 70 50 2280 2280 912

Mean 1830 1538 550 550 2952 1510 1582 852 1117
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Danezis. E, Nikolaidis D., Lyratzi E. et al. 2007, PASJ, 59, 827
Gunn J. E., Carr M., Rockosi C. et al. 1998, AJ, 116, 3040
Hamann F., Korista K. T., Morris S. L. 1993, ApJ, 415, 541
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Abstract. White dwarf and pre-white dwarfs are the best types of stars for
the application of Stark broadening research results in astrophysics, since in the
atmospheres of these stars physical conditions are very favorable for this line
broadening mechanism – in hot hydrogen-deficient white dwarfs and pre-white
dwarfs Teff = 75 000–180 000 K and log g = 5.5–8 [cgs]. Even for much cooler
DA and DB white dwarfs with typical effective temperatures of 10 000 K–20 000
K, Stark broadening is usually the dominant broadening mechanism. In this
review, Stark broadening in white dwarf spectra is considered, and the attention
is drawn to the STARK-B database (http://stark-b.obspm.fr/), containing the
parameters needed for analysis and synthesis of white dwarf spectra, as well
as for the collective efforts to develop the Virtual Atomic and Molecular Data
Center.

Key words: stars: white dwarfs – Stark broadening, line profiles – databases

1. INTRODUCTION

Stellar spectroscopy is a powerful tool for investigation of stellar plasma – the
temperatures in particular atmospheric layers, their chemical composition, as well
as the surface gravity, spectral type and effective temperature of the star. For such
purposes, in a number of cases, the influence of collisions with charged particles on
emitting/absorbing atoms and ions is important in astrophysical plasmas, which
results in the Stark broadening of spectral lines.

Physical conditions in the astrophysical plasmas are exceptionally different,
so the Stark broadening is of interest in extreme conditions – from interstellar
molecular clouds, where typical electron temperatures are ∼ 30 K or smaller and
typical electron densities Ne = 2–15 cm−3 (see e.g. Dimitrijević 2010), to the tem-
peratures 106–107 K and electron densities 1022–1024 cm−3. Especially favorable
conditions for the Stark broadening are white dwarf and pre-white-dwarf atmo-
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spheres, where this broadening mechanism is usually dominant in comparison with
the concurrent one – thermal Doppler broadening.

In this work, we will consider Stark broadening in white dwarf spectra and
the corresponding results obtained by members of the Group for Astrophysical
Spectroscopy at the Belgrade Astronomical Observatory, and their partners from
France, Tunisia, Russia and Canada. Also, the attention will be drawn to the
STARK-B database (http://stark-b.obspm.fr/), containing Stark broadening pa-
rameters needed for white dwarf spectra analysis and synthesis, as well as to
the new collective effort to develop Virtual Atomic and Molecular Data Center
(VAMDC - http://vamdc.org/ – Dubernet et al. 2010, Rixon et al. 2011).

2. STELLAR PLASMA RESEARCH AND STARK BROADENING

As an example of the application of Stark broadening for astrophysical plasma
research, we will draw attention that line profiles enter the modeling of stellar
atmospheric layers when we determine quantities such as the absorption coefficient
and the optical depth τν . Let us take the direction of gravity as z-direction,
dealing with a stellar atmosphere. If the atmosphere is in macroscopic mechanical
equilibrium, with ρ is denoted gas density, the optical depth is

τν =

∫ ∞

z

κνρdz, (1)

κν = N(A, i)ϕν
πe2

mc
fij , (2)

where κν is the absorption coefficient at a frequency ν, N(A, i) is the volume
density of radiators in the state i, fij is the absorption oscillator strength, m is
the electron mass and ϕν is spectral line profile.

Stark broadening may be also important for radiative transfer and opacity cal-
culations, abundances, surface gravity and chemical composition determination,
spectra analysis, interpretation and synthesis and astrophysical plasma modeling.
In the following, we will give several examples of the investigations of Stark broad-
ening in stellar plasma, performed in the Group for Astrophysical Spectroscopy at
the Belgrade Astronomical Observatory.

In a number of papers, the influence of Stark broadening on Au II (Popović et
al. 1999b), Zr II and Zr III (Popović et al. 2001a), Nd II (Popović et al. 2001b),
Co III (Tankosić et al. 2003), Ge I (Dimitrijević et al. 2003a), Si I (Dimitrijević et
al. 2003b), Ga I (Dimitrijević et al. 2004), Cd I (Simić et al. 2005), Cr II (Dimitri-
jević et al. 2007) and Te I (Simić et al. 2009) spectral lines was considered in the
spectra of chemically peculiar A-type stars, and in each case deeper atmospheric
layers are found where the contribution of this broadening mechanism is dominant
or could not be neglected in comparison with the Doppler broadening. In order
to provide the corresponding Stark broadening data for rare-earth peak in ele-
mental abundances distribution, Popović et al. (1999a) considered the influence
of collisions with charged particles on rare earth ion lines in Ap star atmospheres
(La II, La III, Eu II and Eu III) and found that the errors in equivalent width syn-
thesis and corresponding abundance determination may be important and should
be taken into account.

In order to demonstrate the influence of Stark broadening in atmospheres of
hot stars, Figure 1 shows the Stark widths for Te I 6s 5So – 7p 5P (5125.2 Å)
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Fig. 1. Thermal Doppler and Stark widths for Te I 6s 5So – 7p 5P (5125.2 Å) multiplet as
functions of Rosseland optical depth for an A-type star (Teff = 10 000 K, log g = 4.5).

Fig. 2. A comparison between the observed Si I, 6155 Å line profile in the spectrum of Ap
star 10 Aql (thick line) and synthetic spectra calculated with Stark widths and shifts from Table
1 in Dimitrijević et al. (2003b) and Si abundance stratification (thin line), with the same Stark
parameters but for homogeneous Si distribution (dashed line), and with Stark width calculated
by approximation formulae for the same stratification (dotted line).

multiplet (Simić et al. 2009), compared with the thermal Doppler widths for a
model (Teff =10 000 K, log g = 4.5) of A-type star atmosphere (Kurucz 1979).
Namely thermal Doppler broadening in stellar atmospheres is not a negligible
broadening mechanism, and the comparison of the Stark and thermal Doppler
widths may give an estimate on the importance of this effect. We note, however,
that due to differences in the Gauss distribution function for the Doppler profile
and the Lorentz distribution for Stark, even when the Stark width is smaller, this
broadening mechanism may be significant in line widths. One can see in Figure
1, that in deeper atmospheric layers the Stark broadening mechanism becomes
first comparable and than dominates in comparison with the thermal Doppler
broadening.
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The influence of Stark broadening and stratification on neutral silicon lines
in the spectra of normal late A star HD 32115 and Ap stars HD 122970 and 10
Aql was investigated in Dimitrijević et al. (2003b). It was demonstrated that the
synthetic profile of λ = 6155.13 Å Si I line fits much better to the observed one
when Stark broadening is included.

3. WHITE DWARFS

From the aspect of the Stark broadening in stellar plasmas, white dwarfs are
of particular interest. The first white dwarf, 40 Eridani, was discovered by W.
Herschel on 1783 March 31. The second was Sirius B, the existence of which was
predicted by Bessel in 1844; it was discovered by Alvan Graham Clarck in 1862.
In 1950 one hundred of these stars were known, in 1999 – about 2000, and in the
Sloan Digital Sky Survey more than 9000 white dwarfs are discovered.

Traditional division of white dwarfs is into hydrogen-rich (DA) and helium-
rich (DB), where ‘D’ denotes degenerate objects. Due to gravitational separation
in the absence of macroscopic motions like stellar wind or convection, the most
abundant elements dominate by several orders of magnitude (Koester 2010), with
rare exceptions. While the heavier elements diffuse downward, the lightest ones
rest floating on the top of the atmosphere. The origin of H-deficient stars is the
late helium shell flash in which white dwarf or post Asymptotic Giant Branch
(AGB) star reignites helium shell burning, eliminating the rest of hydrogen in this
violent event. Post AGB stars are also of great interest from the point of view
of need and applicability of the Stark broadening data. Namely, AGB are stars
which have terminated hydrogen and helium but not carbon burning. They form
a sequence of bright red giants – AGB, and they are more luminous than the red
giant branch stars, which have electron-degenerate helium cores. We note that
AGB is often divided in AGB stars with carbon-oxygen cores and Super AGB
(SAGB) stars with heavier elements in the cores.

White dwarfs of DA and DB types have effective temperatures between around
10 000 K and 40 000 K, so that the Stark broadening is important in analysis and
modeling of their atmospheres and spectra. When the effective temperature of a
cooling white dwarf becomes so low that neither helium nor hydrogen lines are
present, the spectrum becomes only continuum (DC type). If in the spectra of
hydrogen-rich or helium-rich atmospheres lines of various metals (but not carbon
lines which will be discussed later) are seen, white dwarfs belong to DZ, DAZ
or DBZ types. Such metals are considered to be accreted from outside, from
interstellar matter or from some tidally disrupted asteroid (Koester 2010).

The non-DA white dwarfs are most interesting from the point of view of Stark
broadening of non-hydrogen lines. They are divided to the following types: (1)
DO, with 40 000 K < Teff < 100 000 K (120 000 K according to Dreizler & Werner
1996) with the He II lines and the effective Stark broadening (Hamdi et al. 2008),
(2) DB, with 12 000 K < Teff < 40 000 K with He I lines, and (3) DQ, with 4000 K
< Teff < 12 000 K, with C lines and C2 Swan band in the spectrum. It is assumed
that carbon in the DQ white dwarfs is extracted from deeper layers by the growing
convective zone (Koester 2010).

McGraw et al. (1979) discovered the first object of a new class of hot hydrogen-
deficient degenerate stars, PG1159-035. In the atmospheres of PG1159 stars, a
mixture of helium, carbon and oxygen is present. Most likely, they experienced a
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very late thermal pulse which eliminated the rest of hydrogen, mixed helium with
carbon, oxygen and other elements from the envelope and returned them back from
white dwarf phase to the post-AGB phase. PG1195 objects are very interesting
for applications of results of Stark broadening investigations (Werner et al. 1991),
with effective temperatures ranging from Teff = 100 000 K to 140 000 K. They have
high surface gravity (log g = 7), and their photospheres are dominated by helium
and carbon with a significant amount of oxygen (C/He = 0.5 and O/He = 0.13)
(Werner et al. 1991). Their spectra, strongly influenced by Stark broadening, are
dominated by He II, C IV, OVI and NV lines.

Nugent et al. (1983) discovered a faint blue star of the PG1195 type, H 1504+65,
which is not only hydrogen-, but also helium-deficient, with the atmosphere of
carbon and oxygen in equal amounts. This is the hottest known star with Teff of
170 000± 20 000 K, or a ‘bare core of the former AGB star’, according to Werner
& Wolff (1999).

The need for abundant and reliable Stark broadening data for a number of
trace elements, was highly stimulated by the Far Ultraviolet Spectroscopic Ex-
plorer satellite (FUSE), which provided astronomers with a great number of high
resolution spectra of hot evolved stars within the wavelength range 907–1187 Å.
Fontaine et al. (2008) note that FUSE range includes ‘high density of transitions
associated with numerous ionization levels of several elements such as: C, N, O,
Si, S, P, Cl, Ne, Ar, V, Mn, Cr, Fe, Co, Ni, Ge, As, Se, Zr, Te, I and Pb among
others.’ For analysis and synthesis of spectra and modeling of atmospheres of
hot white dwarfs, PG1159 stars, hot B subdwarfs, post Asymptotic Giant Branch
(AGB) objects such as Central Stars of Planetary Nebulae (CSPN), observed by
FUSE, accurate Strak broadening data for great number of spectral lines of var-
ious atoms and their ions are needed. However, as it was pointed out in Rauch
et al. (2007), line broadening data for many species and their ions are missing
in the literature. Moreover, some existing data are provided within insufficient
temperature and density ranges, and the extrapolation to the plasma conditions
in line forming regions introduces additional errors.

A new type of hot DQ white dwarfs with Teff = 18 000–24 000 K and carbon-rich
atmospheres, has been discovered recently by Dufour et al. (2007, 2008), enabling
them to propose an evolutionary sequence of white dwarfs from H1504+65 and
PG1195 objects to hot DO, DB and DQ types. In the newly discovered class of
hot DQ white dwarfs, hydrogen and helium are absent; their spectra are domi-
nated by the C II lines, while O II lines are also present (Dufour 2011). For the
investigation and modeling of these stars, and in order to understand their origin
and evolution, the accurate determination of surface gravity is essential. However,
the interpretation and analysis of these new objects was humped by the lack of
the corresponding Stark broadening data.

Members of the Group for Astrophysical Spectroscopy considered the influence
of Stark broadening for DA, DB and DO white dwarf atmospheres (Popović et al.
1999b; Tankosić et al. 2003; Milovanović et al. 2004; Simić et al. 2006; Hamdi et
al. 2008) and found that for these stars Stark broadening is dominant in practically
all atmospheric layers.

As an example, Simić et al. (2006) considered the influence of Stark broadening
on Cu III, Zn III and Se III spectral lines in DB white dwarf atmospheres for 4s 2F
– 4p 2Go (λ = 1774.4 Å), 4s 3D – 4p 3Po (λ=1667.9 Å) and 4p5s 3Po - 5p 3D (λ
= 3815.5 Å) by using the corresponding model with Teff = 15 000 K and log g =
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Fig. 3. Thermal Doppler and Stark widths for Cu III 4s 2F – 4p 2Go (λ = 1774.4 Å), Zn III
4s 3D – 4p 3Po (λ = 1667.9 Å) and Se III 4p5s 3Po – 5p 3D (λ = 3815.5 Å) spectral lines for a
model of the DB white dwarf atmosphere with Teff = 15 000 K and log g = 7, as a function of
the optical depth τ5150.

7 (Wickramasinghe 1972). For this analysis, optical depth points at the standard
wavelength λs = 5150 Å (τ5150) are used as in Wickramasinghe (1972). One can
see in Figure 3 that the thermal Doppler broadening has a much less importance
in comparison with the Stark broadening mechanism. Comparing Figures 1 and
3 one can see that the importance of Stark broadening is much greater for DB
white dwarf atmospheres than for A-type stars. This is the consequence of larger
electron densities due to larger log g and Teff , so that electron-impacts producing
Stark broadening are more effective.

For example, Figure 4 shows that the Stark width of the Se III 3815.5 Å line is
larger than the Doppler width even by two orders of magnitude within the range
of optical depths considered.

Hamdi et al. (2008) considered the broadening on SiVI lines in DO white dwarf
spectra for 50 000≤Teff ≤ 100000 K and for 6≤ log g≤ 9 atmosphere models. They
found that the influence of Stark broadening increases with log g and is dominant
in broad regions of the considered DO atmospheres.

Currently, within a wide international collaboration (Canada, France, Tunisia,
Serbia), the work on the Stark broadening of carbon and oxygen lines in hot DQ
spectra (Dufour et al. 2011) is in progress.

Reliable Stark broadening data for white dwarf research may be found in the
STARK-B database (http://stark-b.obspm.fr), dedicated for modeling of stellar
atmospheres, analysis and synthesis of stellar spectra, as well as for laboratory
plasma research, inertial fusion plasma, laser development and investigations of
plasmas in various technologies. This database enters also in the European FP7
project ‘Virtual Atomic and Molecular Data Centre’ (VAMDC, P.I. Marie Lise
Dubernet) with the following aims: (i) to build a secure, flexible and interoper-
able e-science environment based interface to the existing atomic and molecular
databases; (ii) to coordinate groups involved in the generation, evaluation and use
of atomic and molecular data, and (iii) to provide a forum for training of potential
users (Dubernet et al. 2010; Rixon et al. 2011).

In future, a mirror site will be a part of the Serbian Virtual Observatory
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Fig. 4. Thermal Doppler and Stark widths for Se III spectral line 5s 3Po – 5p 3D (λ
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(SerVO, http://www.servo.aob.rs/∼darko, P.I. Darko Jevremović). The main goal
of the SerVO is to place the data, obtained by Serbian astronomers, into the VO
with a compatible format, in particular the digitized photographic plates from the
Belgrade Astronomical Observatory archive, in order to make them accessible to
scientific community, as well as to provide astronomers in Serbia with VO tools
for their research (Jevremović et al. 2009)
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Popović L.Č., Dimitrijević M. S., Ryabchikova T. 1999a, A&A, 350, 719
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Abstract. The Virtual Atomic and Molecular Data Centre (VAMDC) is
an EU-FP7 project devoted to build a common electronic infrastructure for
the exchange and distribution of atomic and molecular data. Within VAMDC
scientists from many different disciplines in atomic and molecular physics col-
laborate with users of their data and also with scientists and engineers from the
information and communication technology community. In this presentation an
overview of the current status of VAMDC and its capabilities are provided. In
the second part of the presentation I will focus on one of the databases which
have become part of the VAMDC platform, the Vienna Atomic Line Data Base
(VALD). VALD has developed into a well-known resource of atomic data for
spectroscopy particularly in astrophysics. A new release, VALD-3, will provide
numerous improvements over its predecessor. This particularly relates to the
data contents where new sets of atomic data for both precision spectroscopy
(i.e., with data for observed energy levels) as well as opacity calculations (i.e.,
with data involving predicted energy levels) have been included. Data for se-
lected diatomic molecules have been added and a new system for data distribu-
tion and data referencing provides more convenience in using the third release
of VALD.

Key words: databases: catalogs – atomic data – molecular data

1. INTRODUCTION

The Virtual Atomic and Molecular Data Centre (VAMDC) has been founded
to develop an interoperable electronic infrastructure for the exchange of atomic
and molecular data. It unites 15 administrative partners who represent 24 teams
from six European Union member states (Austria, France, Germany, Italy, Swe-
den, United Kingdom) as well as the Russian Federation, Serbia and Venezuela.
Scientists from a wide variety of disciplines in atomic and molecular physics are
involved in VAMDC as well as scientists and engineers from information and com-
munication technology. Since many partners of VAMDC have already developed
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specialized databases in their own field and many of them maintain a close con-
nection to both data producer and data user communities, these resources were a
natural asset of VAMDC from its very beginning.

The key difference of VAMDC to the databases provided by any of its contrib-
utors is that the newly developed electronic infrastructure allows access to each
of these data resources through a single portal. The effort required by users in
finding and retrieving data can thus be minimized, while the datasets themselves
become available to a much wider community.

One of the databases integrated into the VAMDC framework is VALD, the
Vienna Atomic Line Data Base (Piskunov et al. 1995; Kupka et al. 1999; Ryabchi-
kova et al. 1999; Heiter et al. 2008). Developed and maintained at three of the
VAMDC partner institutions, VALD has served as one of the databases selected
for prototype implementations of VAMDC. The data collection available at VALD
has been greatly enhanced as a result of very close collaboration with the data
producers. Through the development of VAMDC a new functionality has been
added. This new release, denoted VALD-3, has now reached a state of development
which soon will permit its official distribution to the user community.

In the following section, the main concepts and capabilities of VAMDC are
described. Its current status and further development plans are then reviewed.
Finally, the most important improvements of VALD-3 over previous releases are
briefly described. A final section summarizes these developments and looks forward
to new releases of VAMDC.

2. CONCEPTS AND CAPABILITIES OF VAMDC

Atomic and molecular data have been collected and assessed in various data-
bases which underpin a wide range of physics in applied research and industrial
development. Many of them have been built to serve specific needs. VALD is one
such examples with its own advantages, special tools and limitations. Heteroge-
neous data sets have been collected in different formats and with a varied degree of
completeness. Specialized extraction tools exist for most of the databases, which
often significantly contribute to their popularity. However, this development has
also created problems: data often exist in duplicated form, sometimes also within
a database, which requires non-trivial selection criteria when using them. More-
over, different user interfaces have to be handled each time a different database
is being accessed. Thus access may be restricted and the available data may be
fragmentary as a result of the collection process.

The main outcome expected from the VAMDC project is to
• develop and extend standards for interoperability of resources on atomic and

molecular data;
• implement its concepts for the selected databases;
• allow easy access to numerous data resources;
• query of those resources with dedicated protocols and query languages;
• allow asynchronous transfer of large amounts of data;
• create a safe environment for publishing the latest sets of atomic and molec-

ular data;
• link data producers more closely with data users.
The key benefits expected from using VAMDC are the possibilities to
• find any type of atomic and molecular data with a single click;
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• have uniform access to the published data;
• allow cross-matching of different data sets;
• allow wide access to the latest published data.
The clientele of VAMDC includes people working in the fields of astrophysics,

astronomy, planetary science, atmospheric science, fusion science, plasma science,
radiation sciences and in the application of such research in e.g. industrial devel-
opment, for instance, in the lighting industry.

The data exchange with databases that are part of VAMDC is organized
through a web-based transport protocol. A user interface and an automatic in-
terface are supported. This also allows access of the data through procedures
developed for the international virtual observatory (Quinn et al. 2004). Publish-
ing tools of data producers can access the system in a similar fashion. Mirroring
and synchronization of the capabilities developed within VAMDC ensures a highly
reliable service. This is backed up by an archiving strategy for long-term preser-
vation of the distributed contents.

The transport protocol of VAMDC handles database queries for the status and
data content (registry update), the query and data transfer between the user and
the VAMDC portal as well as between specific databases and the portal. The
transport protocol is self-descriptive (XML description of the data sent including
units, formats etc. based on an extension of the XSAMS data format of Dubernet
et al. 2009). It is also efficient for large data sets through using compressed bi-
nary tables. The interface to each database is fully compatible with the VAMDC
transport on the outside (i.e., how the data resource is seen by a VAMDC user),
but tuned to the specific database on the inside (i.e., how VAMDC sees a data
resource). Functionalities of this interface include converting incoming queries to
the internal query format and converting the database extraction to the transport-
compatible VAMDC output format. Further capabilities are the ability to respond
to VAMDC-specific queries such as registry updates (to keep track of which re-
sources are available at what location) and collecting accounting information.

For a more detailed discussion of the scope of the VAMDC project the reader
is referred to Dubernet et al. (2010) and to http://www.vamdc.eu/.

3. STATUS AND DEVELOPMENT OF VAMDC

An overview on the ‘Level 1 Release’ of VAMDC has been provided by Rixon
et al. (2011). Achievements during this period included first prototypes of the
protocol and XSAMS data model which were used to develop and provide archive-
data services for a small selection of databases: VALD (Piskunov et al. 1995;
Kupka et al. 1999; Ryabchikova et al. 1999; Heiter et al. 2008), XstarDB (Bautista
& Kallman 2001), BASECOL (Dubernet et al. 2006) and CDMS (Müller et al.
2005).

Subsequently, protocols and data models have been further refined and a test
web-site has been set up with a registry browser which enables users to access
data contents from a much larger number of databases. In Table 1 we list the
databases included in the Level 2 release of VAMDC which are accessible through
the registry browser at the time of writing this paper and further databases for
which access is just being prepared. All of them are expected to be available upon
completion of the Level 2 release. Work on further databases is in progress.

Detailed references concerning these databases can be found in Dubernet et
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Table 1. Databases accessible through the VAMDC Level 2 Release registry browser.
Further information include the VAMDC node hosting the database, and its availability
(all databases including those in preparation (in prep.) will become accessible at the
most recent portal level). References to the original description are listed in column 5.

Database Node Status Portal Reference
BASECOL LPMAA available Level 2 Dubernet et al. 2006
CDMS Köln available Level 2 Müller et al. 2005
CDSD IAO (LTS) Russia available Level 2 Perevalov & Tashkun 2008

CHIANTI Cambridge / MSSL available Level 2 Dere et al. 2009
Ethylen Reims available Level 2 see S&MPO and vadmc.eu
HITRAN UCL available Level 2 Rothman et al. 2009

UDfA (UMIST) Manchester / QUB (Belfast) available Level 2 Woodall et al. 2007
VALD Uppsala University (mirror) available Level 2 see text
GhoSST Grenoble available Level 1 Schmitt et al. 2009
Lund data Uppsala University available Level 1 various

Methane lines Dijon available Level 1 see S&MPO and vadmc.eu
S&MPO Reims available Level 1 Mikhailenko et al.

Spectr-W3 RFNC–VNIITF available Level 1 Faenov et al. 2002
KIDA Bordeaux in prep. kida.obs.u-bordeaux1.fr
Stark-B Paris-Meudon in prep. Jevremović et al. 2009

TipTopBase IVIC / Cambridge in prep. Cunto et al. 1993

al. (2010), on the VAMDC website (http://www.vamdc.eu/), the Wiki page of
VAMDC (http://voparis-twiki.obspm.fr/twiki/bin/view/VAMDC/WebHome) and
the VAMDC newsletter available through these resources. After the Level 2 re-
lease a larger user community will be invited to test the VAMDC portal and its
capabilities and the feedback will be used to improve the final release.

4. IMPROVEMENTS IN VALD-3

VALD was created by an international team of researchers (Piskunov et al.
1995; Kupka et al. 1999; Ryabchikova et al. 1999; Heiter et al. 2008). A lot of its
early development occurred during small workshops at the Institute for Astronomy
at the University of Vienna which became the site of the main server with mirror
sites of the database installed at Uppsala University and the Institute of Astronomy
of the Russian Academy of Sciences in Moscow. Today most of the software
development and work on integrating molecular data into VALD is performed at
Uppsala University. Most of the atomic data collection and systematic testing of
the data distributed through VALD occurs at the Institute of Astronomy of the
Russian Academy of Sciences in Moscow.

Ahead of the VALD-3 release, the database contains over 160 line lists and
over 66 million atomic lines provided by all major spectroscopy centres across the
world. The mirror sites in Vienna, Uppsala and Moscow serve nearly 1500 users
from more than 50 countries. On average 30 requests are being processed per day.

VALD was designed to compile accurate and complete line lists for stellar at-
mospheres and spectroscopy. Line lists included within it are evaluated to provide
a ranking which is used to prefer in the case of duplicated entries one set of data
over another. The database was designed to be expandable with respect to data
and content to allow simple access through customized extraction software, fast
access to individual data entries, and allow either an overview of parameters from
different sources or, as an alternative choice, extract sets of the best available
data according to data ranking lists and compile data references for citing original
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sources.
To this end before adding a data set to the database the data have to be

converted first into a standard format with units which are commonly used in
astrophysics. Multiple extraction layers within VALD allow accessing and merging
of the data and prepare output for different applications. Requests can be posed
as e-mails or issued through a web interface. Originally data were sent back only
by e-mail, although as part of VALD-3 a possibility for downloading much larger
responses to user requests will be offered (internally, data output can simply be
streamed into files or standard text input interfaces).

Several quantities must be known about a line when adding its data to VALD:
central wavelength, species identifier, log(gf), and energies as well as total angular
momentum quantum numbers of lower and upper levels of the transition. These are
the most crucial data for calculating absorption lines (in local thermal equilibrium)
and they are also used for deciding on how to merge line lists from different sources.
Lines are considered to be identical, if they originate from the same species, have
identical total angular momentum quantum numbers for both levels and differ by
less than a threshold with respect to wavelength and energy of both levels.

Further data entries which can be added for a spectral line included within
the VALD database are Landé-factors of both energy levels, damping constants
for natural line broadening as well as quadratic Stark effect and Van-der-Waals
broadening, term designations and information on accuracy or comments on mul-
tiplets, as well as some multipurpose flags.

For spectral lines where both energy levels are experimentally known the
mandatory data entries are usually sufficient to uniquely distinguish them and
avoid erroneous identification of duplicates. Since lines with at least one predicted
energy level have a very low ranking, such data will be rejected, when misidentified
with a spectral line with observed energy levels, which results in the worst case in
not putting out a (usually very weak) predicted line. No false information can be
generated this way in an entry put out as a response to a request to the database.
Such a potential loss only affects statistical opacity calculations for model atmo-
spheres, since for precision spectroscopy data with even just one predicted energy
level is useless because of an unacceptable uncertainty in wavelength of the tran-
sition. It is important to note here that also term designations may be uncertain
for some spectral lines and that their notation can be incoherent among different
sources. Hence, using them as an additional criterion for line identification was
not an option when VALD was originally created. The introduction of such a
consistent notation for the line data stored is still an ongoing project.

The ranking provided by the VALD team uses quality determinations based
on error estimates from original sources, comparisons with existing alternative
sources, and applications in astrophysics (user feedback). A re-ranking is possible
and has occurred on several occasions. General guidelines for this process are
that experimental data are preferred over calculations (with few exceptions) and
data with individual error estimates are considered more reliable. Line lists from
homogeneous sources with high accuracy data are given priority over sources which
are inhomogeneous or have low quality data. To add flexibility to this process users
can change the ranking for the merging process.

While the first two releases of VALD, dating from 1995 and 1999 (with a sub-
sequent number of data updates) were accomplished by a rather small team of
researchers, the VALD-3 release is now being prepared by a much larger group
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which is a consortium of scientists from different institutions. Already the core
group working in Uppsala, Moscow and Vienna is twice as large and includes
U. Heiter, N. Piskunov, H.C. Stempels as well as P. Barklem and O. Kochukhov
at Uppsala University, R. Kildiyarova, Yu. Pakhomov and T. Ryabchikova at In-
stitute of Astronomy in Moscow, with both sides supported by further researchers
working primarily on VAMDC, and F. Kupka, T. Rank-Lüftinger, W.W. Weiss at
University of Vienna, where further researchers have contributed to earlier stages
of VALD-3 (L. Fossati, N. Nesvacil, M. Obbrugger, Ch. Stütz). There is also a
very close collaboration with many of the leading data producers in the area of
interest for VALD. This originally included the spectroscopy group at the Univer-
sity of Wisconsin headed by J. E. Lawler and E. A. Den Hartog, the spectroscopy
group at Lund University (H. Nilsson et al.), the Dream Database team (Biémont
et al. 1999), as well as B. Plez at the Université de Montpellier and R. L. Kurucz
at CfA in Harvard, the team of J.S. Sobeck et al. at the University of Texas at
Austin, and the team at Imperial College London, headed by J. C. Pickering and
R. J. Blackwell-Whitehead. The list of data provides is still growing at this point.

In VALD-3, data are still sorted as a function of wavelength and still stored
in a special compressed format allowing semi-direct access to individual entries.
The data stored therein still contains for each spectral line a species description,
wavelength (inside the database consistently in Å for vacuum conditions), energies
of lower and upper levels (now in cm−1), total angular momentum quantum num-
ber, oscillator strength in the form of log gf , Landé-factors of both energy levels,
damping constants, but also more information on the accuracy of log gf , and in
addition to the data reference, a full designation of level and term name.

Publishing a new dataset in VALD-3 still means adding a new data file to
the existing set, while data description continues to be stored in various support
files (i.e., a list of species, and a configuration file which stores ranks for every
field in each file to allow merging data from different sources). An important
change is that references for each data set are now provided in BibTEX format.
Indeed, the origin of each entry is now accessible even for merged line lists such
as BELLHEAVY (cf. Kurucz 1992).

In addition to many smaller new lists the New Kurucz Calculations (2006–
2010) for Fe-peak elements have been included into the data. All these additions
allow much more accurate matching of absorption line spectra of various types of
stars. The model-based selection of lines within VALD, a very popular tool among
users, has also been improved to make estimates of the contribution to opacities
and predictions of the line strength more accurate and convenient.

5. OUTLOOK AND CONCLUSIONS

In spite of its improvements the upcoming VALD-3 release is subject to a
number of restrictions: the range of ionization stages is limited (neutral up to 8
times ionized) and only simple molecules will be included in VALD-3 (basically
diatomics: TiO, CO, CN, CH, C2, FeH). Generally missing data include collisional
transition probabilities and advanced broadening approximations, among others.
Since the VALD consortium has neither the personnel nor the expertise to fix
these deficiencies, even frequent VALD users may sometimes want to look for
alternatives. One possible solution is to access the VAMDC data resources.

With its very wide range of atomic and molecular databases VAMDC can offer
a common access portal to a large variety of data collections through platform
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and database independent methods. It thus can provide benefits for both current
users of the databases participating in VAMDC and to novice users searching for
information on atomic and molecular data who will no longer have to learn how
to use a multitude of interfaces.

A number of conferences will provide opportunities for testing VAMDC and
also offer tutorials on how to use its capabilities. The third annual VAMDC
Conference which will take place in Vienna, Austria, on 2012 February 21–24 (see
http://www.vamdc.eu/) is one such opportunity, as is the VAMDC Regional Work-
shop and School in Atomic and Molecular Data, which is to take place in Belgrade,
Serbia, on 2012 June 7–9 (http://poincare.matf.bg.ac.rs/˜andjelka/VAMDC/). It
is hoped that in the future VAMDC will become the reference location in the
internet where to look for atomic and molecular data.
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Abstract. White dwarf stars are traditionally found to have surface com-
positions made primarily of hydrogen or helium. However, a new family has
recently been uncovered, the so-called hot DQ white dwarfs, which have sur-
face compositions dominated by carbon and oxygen with little or no trace of
hydrogen and helium (Dufour et al. 2007, 2008, 2010). Deriving precise at-
mospheric parameters for these objects (such as the effective temperature and
the surface gravity) requires detailed modeling of spectral line profiles. Stark
broadening parameters are of crucial importance in that context. We present
preliminary results from our new generation of model atmospheres including the
latest Stark broadening calculations for C II lines and discuss the implications
as well as future work that remains to be done.

Key words: stars: white dwarfs, fundamental parameters, Stark broadening

1. INTRODUCTION

A new spectral class of white dwarf stars with surface compositions dominated
by carbon and oxygen, the hot DQs, has recently been discovered (Dufour et al.
2007). The first generation of model atmospheres used to analyze these stars
revealed that they were both hydrogen and helium deficient and that all of them
are clustered in a very narrow range of effective temperatures between 18 000
and 23 000 K (Dufour et al. 2008). Follow-up high signal-to-noise spectroscopic
observations of these rare white dwarfs using the MMT (6.5 m) and the Keck (10
m) telescopes also revealed Zeeman splitted line profiles in more than half of these
stars, indicating the presence of strong surface magnetic fields in the mega Gauss
range (Dufour et al. 2009, 2010). Luminosity variations have also been observed
in five of the 14 known hot DQ white dwarfs (Montgomery et al. 2008; Barlow
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et al. 2008; Dunlap et al. 2010; Dufour et al. 2011), opening up a new window
through which one may study these stars by means of asteroseismology.

One of our main challenges is now to successfully explain and understand the
extraordinary properties and characteristics of these stars, as well as the place they
occupy in stellar evolution. In order to achieve this, atmospheric parameters (ef-
fective temperatures, surface gravities, surface chemical compositions, etc.) must
be determined accurately. Of particular importance is a better determination of
the surface gravity since this would severely constrain the mass of the progen-
itors via the initial-to-final mass relationship. For example, an extremely high
surface gravity may indicate that these white dwarf stars have evolved from some
of the most massive stars on the main sequence that do not explode as supernovae.
As such, they could have cores made of elements much heavier than carbon and
oxygen.

In the context of carbon/oxygen dominated atmosphere, it is very important
to have good Stark broadening damping constants in order to derive meaningful
atmospheric parameters from line profiles. However, Stark damping constants
for all of the hundreds of C II lines, from UV to optical, observed in hot DQ
white dwarfs, are not readily available from the literature (for example, only a
few lines can be found in Griem 1974, Goly and Weniger 1982, Djenize et al.
1988, Blagojevic et al. 1999, Sreckovic et al. 2000, Mahmoudi et al. 2004 and
many other references, clearly insufficient for our needs). Moreover, since the first
detailed analysis of hot DQ white dwarfs presented in Dufour et al. (2007, 2008)
were based on low signal-to-noise ratio SDSS observations, the first generation of
hot DQ model atmospheres were built simply using the standard approximation
(see Castelli 2005): γs/Ne = 10−8n5

eff where γs is the Stark width of the line in
angular frequency units and neff is the effective quantum number (Kurucz line list
also gives damping constants for a few C II lines, but these values are listed only
for a single temperature of 10 000 K and are based on questionable approximations
as well). While this approximation, which is loosely a fit by Peytremann (1972)
to detailed calculations by Sahal-Bréchot & Segre (1971), was enough to reveal
the basic properties of hot DQ stars. However, this method is not appropriate for
a precise determination of atmospheric parameters, especially the surface gravity
from the high S/N spectroscopic data now available.

In order to go beyond these limitations from the input data in our stellar
modeling, we calculated widths and shifts for all the isolated lines of the C II ion
due to electron collisions, recalculated model atmosphere grids for hot DQs and
refitted the C II line profiles appropriately.

2. CALCULATIONS AND RESULTS

Stark broadening parameters were determined within the semi-classical per-
turbation method for 1002 C II lines between ∼ 400 and 10 000 Å in the VALD
database (see Larbi-Terzi et al. 2010, Sahal-Bréchot 2010 and Sahal-Bréchot et al.
2011). The calculations were performed for an electron density of 1017 cm−3 and
temperatures between 5000 K and 100 000 K. In order to facilitate the inclusion of
all these calculations in our stellar atmosphere code, we fitted, for each C II line,
a smooth function of the form log(w) = D1 + D2 log(T ) + D3 (log(T ))2, where
w is the FWHM width in angstroms. The Di for each line can easily be imple-
mented into our line list in order to get the correct width for the temperature and
electron density at each depth of a given model atmosphere. It is noted that the
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Table 1. Stark widths for the strong C II 4267 line (Ne = 1017 cm−3).

T (K) Width (Å)
5000 2.08

10 000 1.67
20 000 1.37
30 000 1.26
50 000 1.16

new Stark widths calculated here are significantly different than those obtained
from the above approximation. Moreover, we now explicitly take into account the
variation of the width with the temperature in the model atmosphere calculations,
a variation that is not simply proportional to T−1/2, the expected dependency ac-
cording to simple classical calculations (Table 1 shows, for example, the result of
the new Stark broadening calculations for the strong C II 4267 line). The widths
are scaled linearly with electron density, a reasonable approximation that is valid
for the densities of interest here (electron densities of the order of Ne ∼ 1018 cm−3

are reached only in the deepest layers where τR > 10).
Using these state-of-the-art Stark broadening parameters for C II lines, we next

computed a new model atmosphere grid for hot DQ stars. This new generation
of model atmosphere also includes several improvements over those presented in
Dufour et al. (2008). The numerous modifications made to our code will be
reported in details in a forthcoming publication. Our grid covers a range from
Teff = 16 000 to 25 000 K in steps of 1000 K, from log g = 7.5 to 10.0, in steps
of 0.5 dex, and from log (C/H) = +3.0 to 0.0, in steps of 1.0 dex. This grid has
been calculated with a fixed value of C/O = 1.0 for this exploratory study, a value
appropriate for SDSS J1153+0056 according to a preliminary inquiry. Proper
navigation in the C/O dimension will be done in due time.

We first focus on the simpler objects which do not show signs of magnetic
line splitting (limits of about 300–400 kG given the spectral resolution of our ob-
servations). Our spectroscopic fitting procedure relies on the standard nonlinear
least-squares method of Levenberg-Marquardt, and is similar to that described
in Dufour et al. (2008). Figure 1 shows an example of our best fit solution for
SDSS J1153+0056. We refrain, however, from giving final atmospheric parame-
ters at this point since, in this preliminary study, we calculated only one grid with
a fixed oxygen abundance. Moreover, new oxygen line Stark width calculations,
which are currently underway, will also need to be included to replace the approx-
imation used in our grid. As a consequence, it is expected that the atmospheric
parameters that we derive here will change slightly when all the correct ingredients
are put together and the parameter space explored appropriately.

Nevertheless, we can already notice significant improvements in the quality of
our fits compared to our first generation of models (see Fig. 2 of Dufour et al.
2009, for example). Quantitatively, we also observe significant difference between
the parameters determined in Dufour et al. (2008) and those found with our
new model atmosphere grid. For egzample, we find surface gravities much higher
than log g∼ 8 reported in Dufour et al. (2008), with our values in the vicinity
of log g∼ 9. Such differences are due to a combination of several factors: better
S/N ratio spectroscopic observations, improved continuum opacities, new Stark
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Fig. 1. Fit of a model to the carbon lines for the hot DQ SDSS J1153+0056. Oxygen
lines, which are not fitted, are indicated by tick marks. The thick line is the best solution
obtained by fitting the optical (MMT) data. The insert shows the Hα region (SDSS
spectroscopic observations). The C/O ratio is fixed to 1 in this preliminary analysis.
This represent a significant improvement over the ‘first generation’ fits of Dufour et al.
(2009, see their Fig. 2).

broadening parameters and the presence of large amount of oxygen that was pre-
viously unnoticed. It thus appear that hot DQ stars are among the most massive
white dwarfs known. Unfortunately, as noted above, there are still more calcu-
lations that remain to be completed before we can provide a better quantitative
assessment of this affirmation. We must, however, remain cautious about such
interpretation since it is possible that the line profile appears broader as a result
of unresolved components of lines slightly split by a weak magnetic field. Further
high resolution spectropolarimetric observations, which we hope to obtain soon,
should alleviate this issue.

3. CONCLUSIONS

A new generation of model atmospheres, including state-of-the-art C II Stark
broadening data, is used for a detailed modeling of hot DQ white dwarfs. The new
Stark broadening data calculated specifically for this work will soon be available
in the STARK-B database (http://stark-b.obspm.fr/).

Fits of the modeled line profiles to high S/N spectroscopic data yield atmo-
spheric parameters that are significantly different from those presented in Dufour
et al. (2008). As a consequence, it is now believed that the hot DQ stars might
be among the most massive isolated white dwarfs that can be formed by standard
stellar evolutionary channels. However, further calculations are still required be-
fore more precise atmospheric parameters can be published with confidence. For
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instance, O I, O II and C I Stark broadening data also need to be incorporated in
our model atmosphere calculations.

Future work will also focus on modeling of the UV region (spectroscopic data
from HST/COS are now available for 5 hot DQs, see Dufour et al. (2010). For such
hot stars, most of the flux is emitted in that part of the electromagnetic spectrum.
Furthermore, model atmospheres including magnetic fields with different geometry
will need to be developed for the analysis of the majority of hot DQs. As the
spectroscopic modeling of the hot DQ stars gains in maturity, and more accurate
atmospheric parameters become available, a better understanding of the origin
and evolution of these strange stars should soon emerge.
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Abstract. Stark broadening theory is currently operated for calculating
widths and shifts of spectral lines that are needed for spectroscopic diagnos-
tics and modeling in astrophysics, laboratory and technological plasmas. We
have calculated a great number of data, obtained through the impact semi-
classical perturbation theory: tables have been published for neutral atom and
ion emitters, and typical temperatures, electron and ion densities. They are
currently implemented in the STARK-B database which participates in the Eu-
ropean effort within the Virtual Atomic and Molecular Data Centre. Despite
of that, a great number of data are still missing and their orders of magnitude
would be welcome. In the present paper, we will revisit and compare a great
number of the impact Stark widths and shifts, by considering their semiclassi-
cal perturbation expressions. We will also provide fitting formulae which are
essential for the modeling codes of stellar atmospheres and envelopes.

Key words: atomic data – atomic processes – line: profiles – astronomical
databases

1. INTRODUCTION

Pressure broadening of spectral lines arises when an atom, ion or molecule
which emits or absorbs light in a gas or a plasma, is perturbed by its interactions
with the other particles of the medium. In the present paper, we will consider
atom or ion emitters and electron and ion colliders. This so-called Stark broad-
ening has been extensively investigated for about 50 years. The results are now
currently used for spectroscopic diagnostics and modeling. In astrophysics, with
the increasing sensitivity of observations and spectral resolution in all domains of
wavelengths, from far UV to infrared, it has become possible to develop realistic
models of interiors and atmospheres of stars and interpret their evolution and the
creation of elements through nuclear reactions. This requires the knowledge of
numerous profiles, especially for trace elements, which are used as useful probes
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for abundance determinations. For white dwarfs in particular, Stark broadening is
the dominant line broadening process. Hence, calculations based on a simple but
enough accurate and fast method, are useful for obtaining numerous results. Ab
initio calculations are a growing domain of development. Nowadays, the access to
such data via an on-line database becomes crucial. This is the object of STARK-B
(Sahal-Bréchot et al. 2008), which is a collaborative project between the Paris Ob-
servatory and the Astronomical Observatory of Belgrade. This database contains
calculated widths and shifts of isolated lines of atoms and ions due to electron and
ion collisions. It is devoted to modeling and spectroscopic diagnostics of stellar
atmospheres and envelopes. In addition, it is relevant to laboratory plasmas, laser
equipments and technological plasmas. It is a part of the Virtual Atomic and
Molecular Data Centre (VAMDC, Dubernet et al. 2010; Rixon et al. 2010), which
is a collaboration between groups involved in the generation and use of atomic and
molecular data, funded by the European Union.

In the present paper, we will briefly recall the important points of the the-
ory. Then we will revisit the orders of magnitudes and trends of the widths and
shifts in the impact approximation for electron and ion colliders. This is useful
for providing interpolation or extrapolation formulae for missing data, since it is
impossible to calculate all the data necessary to the modeling. We will also provide
fitting formulae, which are essential for the modeling codes of stellar atmospheres
and stellar envelopes. The coefficients of our proposed fitting formulae will be
implemented in STARK-B.

2. REMIND OF THE IMPACT LINE BROADENING FOR ISOLATED LINES

Stark broadening theory in the impact approximation is based on the founding
papers by Baranger (1958a,b,c). The impact approximation is the first basic one:
ρ being a typical impact parameter and v the relative velocity. The duration of a
collision or collision time τ = ρ/v must be much smaller than the mean interval
between two collisions which is of the order of the inverse of the line width w
(in angular frequency units). So the collisions between the radiating atom (or
ion) act in dependently and are additive. It is quite always valid for electron
collisions and is generally valid for collisions with positive ions in the conditions of
stellar atmospheres (Sahal-Bréchot 1969a,b). The second basic approximation is
the complete collision approximation: the radiating atom has no time to emit (or
absorb) a photon during the collision process. In other words, the collision time
τ must be very much smaller than the time interval be tween two emissions (or
absorptions) of photons. The latter is of the order of the inverse of the detuning
∆ω. So, in the far wings, the atom can emit photons before the perturber has any
time to move, and thus the process becomes quasistatic. In the line center, the
impact approximation and the complete collision approximation are together valid,
and the line broadening theory becomes an application of the theory of collisions
between the radiating atom and the surrounding perturbers.

Then we will limit our study to the case of isolated lines: the levels of the i−f
transition broadened by collisions do not overlap with the neighbouring perturbing
levels which are likely to modify the broadening by introducing optical coherences.
So we will consider in the present paper neither hydrogen nor hydrogenic ionic lines,
nor some specific helium lines and nor some lines arising from Rydberg levels.

This leads to a Lorentz line profile characterized by a width w (full half-width
at half-maximum) and a shift d which depend on the physical conditions of the
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medium (temperature T and density N of the perturbers). Owing to the impact
approximation, w and d are proportional to the density. The width of the i−f line
can be expressed as a sum over the inelastic cross-sections σii′(v) and σff ′(v) (i′

and f ′ are the so-called perturbing levels) and over an elastic contribution σel(v)
that are integrated over the Maxwell distribution of velocities f(v). The shift can
be expressed in terms of another elastic contribution, cf. Baranger (1958c).

In addition, the Debye screening effect which can be important at high den-
sities must be taken into account. This decreases w and d which are thus not
proportional to the density.

Finally, we will remark that the fine and hyperfine structure can be neglected
during collisions with electrons. This is due to the fact that the electron spin of
the atom has no time to rotate (Larmor precession) during the collision time τ ,
because the relative velocity atom-perturber v is large. Consequently, but only
in LS coupling, the widths and shifts due to electron collisions are equal for the
different lines of a multiplet. Departures from LS coupling can be important for
heavy atoms or for highly charged ions and then the fine structure widths and
shifts can be different. For collisions with ions, the relative velocity is smaller,
and the preceding condition is not completely fulfilled for the electronic spin, but
the widths and shifts of the fine structure line are not very different. In fact,
the hyperfine structure is always negligible during the collisions. However, if the
fine structure (or hyperfine structure) splitting is not negligible, the components
must be added (taking into account their shift and their relative intensities) for
obtaining the global profile. This is the case of the hyperfine Mn II lines (Popović
et al. 2008) and of the fine hydrogen Balmer lines (Stehlé 1985).

3. THE SEMICLASSICAL-PERTURBATION THEORY-SCP

Most of our calculations have been performed with the semi-classical-perturbation
method (SCP) developed by Sahal-Bréchot (1969a,b) and further papers: Sahal-
Bréchot (1974) for complex atoms, Fleurier et al. (1977) for inclusion of Feshbach
resonances in elastic cross-sections of radiating ions, and by Mahmoudi et al.
(2009) for very complex atoms. The numerical codes have been updated and op-
erated by Dimitrijević & Sahal-Bréchot (1984) and then by many further papers.
The accuracy is about 20% for the widths but less for the shifts, due to oscillations
in the integration over the impact parameters in the neighbourhood of the cut-off
region. Other methods are briefly reminded by Sahal-Bréchot (2010).

We now focus on the physical quantities that enter the expressions of w and
d. This permits to understand their behaviours and trends as functions of atomic
structure (oscillator strengths fii′ , fff ′ , energy levels Ei, Ei′ , Ef , Ef ′), temper-
ature T , charges of the radiating ion ZA and perturber ZP , reduced mass atom-
perturber µ. The incoming perturber moves along a straight path (neutral radi-
ating atom) or a hyperbola for a radiating ion (Sahal-Bréchot 1969a,b). We refer
to Sahal-Bréchot (1969a,b) for all the required formulae which will not be recalled
here. We will only have a look on the results. We will focus on widths because
shifts are often less accurate. First, we consider the role of collision strengths.

We begin by lines of neutral atoms on the example of Mg I lines (Dimitrijević &
Sahal-Bréchot 1996 and STARK-B). Figure 1 shows the width of Mg I 3s1S−3p1P o

as a function of the temperature T in K, for an electronic density of 1012 cm−3. The
difference of energy between the initial (or final) level and the closest perturbing
level is ∆Emin = 8451.64 cm−1, and ∆Emin/kT = 1.2 at 5000 K. Rather distant
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Fig. 1. Mg I 3s1S − 3p1P o. Left panel: the line widths w in angular frequency
units as a function of the temperature T in K, the electronic density is 1012 cm−3.
Full lines are for total widths, dotted lines for elastic contributions, dashed lines for
inelastic contributions, circles for electrons, diamonds for protons, triangles for a soup
of ions. Right panel: contribution of the polarization potential, in percent of the elastic
contribution.

levels are involved, hence at those temperatures inelastic collisions are completely
negligible for impact ions. Elastic collisions are mostly due to the quadrupolar
potential (cf. right panel of Figure 1), and since the quadrupolar contribution
does not depend on the reduced mass, this explains why the width due to impact
proton and the soup of ions (same charge as that of protons) are equal.

Table 1 shows the increasing contribution of impact ions when higher levels are
involved. It displays the ratio of the width due to electron collisions to the width
due to Fe II collisions as a function of T for Mg I n + 1, l + 1 − n, l, with l = n.
The width due to impact ions becomes higher than that due to impact electrons.

Table 1. Mg I n+1, l+1− n, l, with l = n: the ratio of the widths due to electron
collisions to the width due to Fe II collisions as a function of T (in 103 K). N = 1010

cm−3.

T (103 K) 6h− 5g 7i− 6h 8j − 7i 9k − 8j 10l − 9k

2.5 5.08 3.59 2.30 1.440 0.720
4.5 4.35 2.80 1.71 0.998 0.474
6.0 3.97 2.48 1.45 0.800 0.400

Figure 2 shows the details of the contributions for two lines : Mg I 5g1G −
6h1Ho, where the closest perturbing level is such as ∆Emin = 89.04 cm−1, and
Mg I 9k − 10l, where ∆Emin = 0.04 cm−1. The inelastic contribution of impact
ions increases, and the contribution of the quadrupole term becomes negligible: it
is less than 4% for electrons and less than 1% for ions.

Then we consider the case of ion lines on the example of the Li-like AlXI ion
(Dimitrijević & Sahal-Bréchot 1994 and STARK-B). We begin with the case of the
resonance line 2s−2p (Figure 3), ∆Emin = 1.8446 106 cm−1, and ∆Emin/kT = 2.6
at 5 105 K. Coulomb repulsion is high for colliding ions, and their contributions
are less than 10%. The quadrupole part of the elastic contribution is predominant.
Proton contribution is higher than He III contribution at high temperatures, ow-
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Fig. 2. Left panel: Mg I 5g1G−6h1Ho. Right panel: Mg I 9k−10l. The line widths w
in angular frequency units as a function of the temperature T in K, the electronic density
is 1010 cm−3. Full lines are for total widths, dashed lines for inelastic contributions,
dotted lines for elastic contributions, circles for electrons; triangles for Fe II ions.

Fig. 3. AlXI 2s2S − 2p2P o. The line widths w are in angular frequency units,
N = 1018 cm−3. Full lines are for total widths, dashed lines for inelastic contribution,:
dotted lines for elastic contributions; dot-dashed lines for quadrupole contribution, dotted
lines without circles for Feshbach resonances, circles for electrons, diamonds for protons,
triangles for He III ions. Left panel is for impact electrons, right panel – for impact ions.

ing to the decrease of the Coulomb repulsion. For elastic electron collisions, the
quadrupole part is dominant, but Feshbach resonances are important at low tem-
peratures. The case of the 2p − 5s line is completely different, because the 5s
level is rather close to the 5p one: ∆Emin/kT = 1.39 10−2 at 5 105 K. So the
Coulomb repulsion is rather small for colliding ions, and the ionic width increases
and becomes higher than the one due to electrons. The highest contribution is due
to He III. This is due to the charge- and the reduced mass- effect. This is shown
in Figure 4. The polarization potential prevails for elastic collisions because the
involved levels are high.

This study explains why the widths due to impact ions of Cr I lines (Dimitrijević
et al. 2005) are larger than the widths due to electrons: there are perturbing
levels that are very close to the upper ones (4.26 and 14.14 cm−1). This abnormal
situation is due to configuration interaction effects.

Concerning the behaviour with the charge of the perturber, the widths and the
shifts increase linearly with ZP (e.g., Dimitrijević 1999), as expected by the SCP
formulae.
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Fig. 4. AlXI 2p2S − 5s2P o. The line widths w are in angular frequency units,
N = 1018 cm−3. Full lines are for total widths, dashed lines for inelastic contributions,
dotted lines for elastic contributions, circles for electrons, diamonds for protons, triangles
for He III ions.

Fig. 5. Behaviour of the principal quantum number n for line widths of the series
3s − np (arbitrary units). Dots are results of the calculations. Full line: least squares
polynomial fitting (4th order), M0= n. The coefficients of the fitting, χ2 and the corre-
lation factor R2, are given in the insert. Left panel is for Na I, right panel – for Li II.

Second, we consider the effect of atomic structure and the charge of the radi-
ating ion ZA. It is expected than the width increases as n4 when the principal
quantum number n increases. This is shown in Figure 5.

The widths are predicted to vary as Z−2
eff , with Zeff = ZA+1. Fig. 20 of Elabidi

et al. (2009) shows a −1.84 slope for the 3s− 3p transitions from C IV to PXIII.
Now let we look at the influence of the chosen atomic structure for the SCP cal-

culations. Larbi-Terzi et al. (2009), on the example of the widths of the C II 3d−nf
series, have shown that the differences in the results are very weak (less than 1%)
when the Coulomb approximation with quantum defect (Bates & Damgaard 1949)
oscillator strengths are used, compared to the TOPBASE R-matrix calculations
(Cunto et al. 1973). In fact, C II is a simple atom and a simple atomic structure is
sufficient. However, when highly charged ions or moderately charged ions like SiV
(Ben Nessib et al. 2004) or NeV (Hamdi et al. 2007) are concerned, the choice
of a good atomic structure becomes important. For these two ions, the difference
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Fig. 6. Example of fitting corresponding to Equation (1) for Mg I 4f1F o − 6g1G at
1011 cm−3. Left panel is the line width, right panel is the shift/width, the x-axis is
the temperature in K. Dots are the results of the SCP calculations; electron collisions.
Fitting is shown as the full line. The fitting coefficients (a, b, c), χ2 and R2 are given in
the insert.

can attain 25–30% between the Bates & Damgaard approximation and the more
sophisticated method SUPERSTRUCTURE (Nussbaumer & Storey 1978).

Finally, the behaviour of the fine structure widths of a multiplet are not very
sensitive to the fine structure splitting: for the 3s − 3p multiplets of the Li-like
series, the ratio of the widths of the two components attains 1.12 only for PXIII
(Elabidi et al. 2009). This is quite negligible by looking at the accuracy of the
calculations.

4. FITTING FORMULAE AS THE FUNCTIONS OF TEMPERATURE

The theory and the SCP formulae show that the widths vary as T−1/2 at
low temperature and as log(T )/T 1/2 at high temperatures (e.g., see Elabidi et al.
2009). But this is not sufficient for the users. Astrophysics need fitting formulae
and coefficients as functions of temperature for each line. In fact, such fitting
coefficients are easier to enter the computing codes than tables providing widths
and shifts for a set of temperatures. So, for the astrophysical needs, we have
obtained a simple but accurate fitting formula based on the least-squares method.
It is logarithmic + second degree polynomial:

log(w) = a0 + a1 log(T ) + a2 [log(T )]
2
,

d/w = b0 + b1 log(T ) + b2 [log(T )]
2
.

(1)

Another fitting formula, w = C + ATB , was proposed by Dimitrijević et al.
(2007). The present one is more accurate, due to the second degree term of the
expansion. However, none of them have a real physical sense.

Figure 6 shows an example of such fitting for Mg I 4f1F o−6g1G at 1011 cm−3

(Dimitrijević & Sahal-Bréchot 1996, and other related papers cited in STARK-B).
The fit is excellent for the width, but not so good for the shift: this happens due
to the fact that the accuracy of the shift calculation can be low at small shifts.
This bad shift example has been deliberately chosen for testing the accuracy of
the fitting formula.

The present coefficients will be placed at STARK-B in a near future under the
form of complementary tables for each line.
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5. CONCLUSION

We hope that the present study will help the users to interpret the results of
SCP calculations, to obtain interpolated and extrapolated data that are absent
in the STARK-B tables, and to include the provided fitting coefficients into their
modeling codes for stellar atmospheres and interiors.
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Dimitrijević M. S. 1999, Serbian AJ, 159, 65
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Abstract. Using the GR model, we analyze the ultraviolet Si IV resonance
lines in the spectra of 19 Be stars of different spectral subtypes, in order to detect
the presence of absorption components and to analyze their characteristics.
From this analysis we can calculate the values of a group of physical parameters,
such as the apparent rotational and radial velocities, the random velocities of
the ion thermal motions, as well as the absorbed energy and the logarithm of
the column density of the independent regions of matter which produce the
main and the satellite components of the studied spectral lines.
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1. INTRODUCTION

The ultraviolet resonance lines of Si IV at 1393.755 and 1402.77 Å have peculiar
profiles in the spactra of Be-type stars, which indicate a multicomponent nature
of their origin. This doublet is usually a strong feature in the spectra of early-type
stars and is a useful tool for the study of the structure of stellar atmospheres.
Many researchers have studied the existence of absorption components, which
accompany the Si IV resonance lines in the spectra of Be-type stars and which are
of circumstellar or interstellar origin (e.g., Underhill 1975; Snow et al. 1979; Sapar
& Sapar 1992). Lyratzi et al. (2006), applying the model proposed by Danezis et
al. (2003), investigated the presence of absorption components in the vicinity of
the Si IV resonance lines in 68 Be-type stars and their kinematical characteristics.

In this paper, using the new Gauss-Rotation model (Danezis et al. 2007),
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Table 1. Kinematical parameters for the studied Be stars (in km/s) determined from
the two Si/,IV resonance lines (1 and 2).

Star Spectral type Vrad1 Vrad2 Vrot1 Vrot2 Vrand1 Vrand2

HD 53367 B0 IVe –22 180 51
HD 44458 B1Vpe 10 –18 128 140 57 66
HD 58343 B2Vne –32 –22 118 128 44 38
HD 45910 B2 IIIe –65 –69 200 180 26 26
HD 41335 B2Vne –5 –7 113 100 64 53
HD 52721 B2Vne –30 –25 183 173 25 25
HD 37202 B2 IVp –73 –71 170 190 25 25
HD 32991 B2Ve 21 26 127 140 28 25
HD 58050 B2Ve 9 9 150 142 38 25
HD 37490 B3 IIIe –43 –43 125 100 53 51
HD 25940 B3Ve –40 –42 193 175 38 25
HD 183362 B3Ve –10 –11 158 140 51 51
HD 67888 B4 IIIpe 22 100 48
HD 89884 B5 IIIe –48 –56 117 115 42 51
HD 23480 B6 IVe –11 –15 103 100 39 38
HD 192044 B7Ve –18 –16 160 150 38 35
HD 29866 B8 IVne –43 –43 100 95 38 31
HD 199218 B8 IVnne –18 –12 95 90 36 33
HD 50138 B9 e 19 18 133 130 34 25

Mean –20±28 –23±28 140±34 135±32 41±11 37±13

Table 2. Absorbed energy (in eV) and logarithm of the column density in one or two
absorption components of the Si IV resonance lines.

λ 1392.755 Å λ 1402.772Å

Star Spectral type Eab1 Eab2 log CD1 log CD2 Eab1 Eab2 log CD1 log CD2

HD 53367 B0 IVe 0.18 11.47 0.15 11.37
HD 44458 B1Vpe 0.76 0.57 11.28 10.30 0.61 0.45 11.18 10.20
HD 58343 B2Vne 0.35 0.39 10.86 10.24 0.28 0.31 10.76 10.14
HD 45910 B2 IIIe 0.79 0.51 11.65 11.65 0.63 0.41 11.55 11.55
HD 41335 B2Vne 0.67 0.61 11.23 11.23 0.54 0.49 11.13 11.13
HD 52721 B2Vne 0.50 0.58 11.09 10.13 0.40 0.46 11.00 10.04
HD 37202 B2 IVp 0.67 0.57 11.22 10.70 0.54 0.46 11.13 10.61
HD 32991 B2Ve 0.30 0.19 10.88 10.25 0.24 0.15 10.78 10.15
HD 58050 B2Ve 0.54 0.58 11.13 10.73 0.43 0.46 11.04 10.64
HD 37490 B3 IIIe 0.65 0.62 11.21 10.11 0.52 0.50 11.11 10.01
HD 25940 B3Ve 0.28 0.24 10.85 10.85 0.23 0.20 10.75 10.75
HD 183362 B3Ve 0.66 0.56 11.27 9.97 0.52 0.45 11.17 9.87
HD 67888 B4 IIIpe 0.56 11.15 0.45 11.05
HD 89884 B5 IIIe 0.36 0.37 10.95 11.49 0.28 0.30 10.85 11.40
HD 23480 B6 IVe 0.29 0.28 10.67 10.93 0.23 0.23 10.58 10.83
HD 192044 B7Ve 0.26 0.22 10.81 10.08 0.21 0.20 10.71 9.99
HD 29866 B8 IVne 0.24 0.15 10.77 10.12 0.19 0.12 10.68 10.03
HD 199218 B8 IVnne 0.24 0.15 10.78 10.22 0.20 0.12 10.68 10.12
HD 50138 B9e 0.45 0.40 11.38 10.58 0.36 0.32 11.28 10.48

Mean 0.46 0.41 11.09 10.56 0.37 0.33 10.99 10.47
St. dev. 0.20 0.17 0.27 0.52 0.16 0.14 0.27 0.52

we analyze the Si IV resonance lines in the spectra of 19 Be stars of different
spectral subtypes. For this we calculate the models for grids of different physical
parameters: the apparent rotational and radial velocities, the random velocities of
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Fig. 1. The region around the Si IV resonance lines at 1393.755 and 1402.778 Å in
the spectrum of HD 29866 fitted to the synthetic line profiles of the model. Each of the
Si IV lines consists of two components. The graph below shows the differences between
the observed and the model line profiles.

the thermal motions of ions, as well as the absorbed energy and the the column
density of the distinct regions in the atmosphere and above it, which produce the
main and the satellite components of the studied spectral lines.

2. RESULTS

The spectrograms of 19 Be-stars, listed in Table 1, have been obtained with
the IUE satellite short wavelength range camera (SWP) at high resolution (0.1 to
0.3 Å). Table 1 also gives the values of the kinematical parameters measured for
the two Si IV lines: the apparent radial velocities (columns 3 and 4), rotational
velocities (columns 5 and 6) and the random velocities of the thermal motions of
ions in one or two satellite absorption components (columns 7 and 8). In Table 2 we
give the values of the absorbed energy (columns 3–4 and 7–8) and the logarithms
of column density (columns 5–6 and 9–10) for the same absorption components.

In Figure 1, we present the spectrum of a B2Ve star HD 29866 in the vicinity
of the Si IV doublet and the best fit of these lines to a model. The best fit has been
obtained with two absorption components. The graph below shows the differences
between the observed and the model line profiles.

We conclude that the values of the parameters of a set of Be stars calculated
using the new GR model (Danezis et al. 2007) are in agreement with the values
of the parameters calculated earlier by Lyratzi et al. (2006).
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Abstract. We present a review of our previous ab initio calculations of Stark
broadening parameters using semi-classical perturbation method for the calcu-
lation of Stark widths and shifts, and the SUPERSTRUCURE (SST) code for
the determination of atomic structure. SST code takes into account the config-
uration interactions and relativistic effects. New results are also presented for
some spectral lines of Pb IV. Energy levels and oscillator strengths are calculated
using Hartree-Fock relativistic approach, and the Stark broadening parameters
are determined using a semiclassical perturbation approach.

Key words: atomic data – atomic processes – lines: formation

1. INTRODUCTION

In atomic structure study, ab initio calculation of energy levels and radiative
parameters can be made, when no other data are taken from other sources, i.e.,
no semi-empirical adjustment of any parameter. Many methods can be used, as
for example, Hartree-Fock with relativistic corrections of Cowan (1981), a scaled
Thomas-Fermi-Dirac statistical potential employed in SST code (Eissner et al.
1974) and fully relativistic calculation based on multiconfiguration Dirac-Fock
method employed in GRASP code (Grant et al. 1980).

Energy levels and oscillator strengths are the main input data for the Stark
broadening parameter determination. Ab initio calculation of Stark broadening pa-
rameters can be made when the needed set of energy levels and oscillator strengths
are determined during the calculation, not taken from other sources.

The lack of atomic data makes Stark broadening determination impossible, es-
pecially when we use the semiclassical perturbation method (Sahal-Bréchot 1969a,b).
Indeed, this method needs a large set of energy levels and oscillator strengths com-
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paring with other methods such as the modified semi-empirical approach (Dim-
itrijević & Konjević 1980). Therefore, ab initio determination of Stark widths and
shifts is of great interest for ions for which the set of atomic data is not complete.
This method allows us to treat a large number of ions and transitions, thereby, we
contribute to the creation of a database as the STARK-B containing the calculated
widths and shifts of isolated lines due to electron and ion collisions. This database
is devoted for modeling and spectroscopic diagnostics of stellar atmospheres and
envelopes.

In our previous work (Ben Nessib et al. 2004; Hamdi et al. 2007; Hamdi et al.
2010), we have performed ab initio calculation of Stark broadening parameters for
SiV, NeV and CaV ions. Energy levels and oscillator strengths are determined
using the SST code, and Stark widths and shifts are calculated using the semi-
classical perturbation approach. All these results are reviewed in this paper. New
results are also presented for spectral lines of triply ionized lead (Pb IV). Atomic
data are determined using Hartree-Fock with relativistic correction method, and
the Stark broadening parameters are calculated using the semi-classical perturba-
tion method. Pb IV lines are of interest for modeling of hot star atmospheres, since
Pb IV is characterized by a strong resonance line and it is a candidate for spectro-
scopic detection in DA white dwarfs (Vennes et al. 2005). The Pb IV resonance
line is also detected in the photospheres of subdwarfs (O’Toole 2004).

2. AB INITIO DETERMINATION OF ATOMIC DATA

2.1. The SUPERSTRUCTURE code

The SST code was originally realized by Eissner et al. (1974). The wave
functions are of configuration mixing type, and each configuration is expanded
in terms of slater states. The radial functions Pnl are calculated in the scaled
Thomas-Fermi statistical potential V(λl) such that all Pnl of the same l are calcu-
lated in the same potential. The SST code was modified by Nussbaumer & Storey
(1978) so that each Pnl is calculated in the separate potential V(λnl). Parameters
λnl are determined variationally by optimizing the weighted sum of energy terms.
Relativistic corrections are introduced by means of Breit-Pauli approximation in
intermediate coupling. The Breit-Pauli Hamiltonian HBP can be written

HBP = Hnr +Hrc. (1)

Here Hnr is the non relativistic Hamiltonian and Hrc is a sum of relativistic cor-
rection operators. Hrc contains the one electron operators for the mass correction,
the Darwin contact term, the spin-orbit interaction in the field of the nucleus and
two electron operators for spin-orbit, spin-other orbit and spin-spin interactions.

2.2. The Cowan code

For theoretical calculations of atomic parameters needed for spectral line cal-
culations, we can use the Cowan code (Cowan 1981) structure package for atomic
calculations. The Cowan code consists of the following three programs:

1. RCN calculates the single configuration radial wave functions. In RCN,
there is a choice of four approximations to the true Hartree-Fock method, namely,
Hartree (H), Hartree-Fock-Slater (HFS), Hartree plus statistical exchange (HX)
and Hartree-Slater (HS). HX is the normal option since it is most efficient in
computations.
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2. RCN2 calculates the multiple-configuration radial integrals, dipole integrals
and Bessel integrals.

3. RCG calculates the angular factors, radiative data and collision strengths.
For the electric dipole transition, total transition probability from a state

γ′J ′M ′ to all states M of the level γJ is given by (Cowan 1981):

A =
64π4e2a20σ

3

3h(2J ′ + 1)
S, (2)

where σ =
|E(γ′)−E(γ)|

hc , c is the light velocity, h is Plank’s constant, e is elementary
charge, a0 is the Bohr radius and S is the dipole line strength defined as :

S =
∣∣∣⟨γJ ∥∥∥P(1)

∥∥∥ γ′J ′
⟩∣∣∣2 , (3)

where P(1) is the classical dipole moment of the atom measured in units of −ea0.
The weighted oscillator strength is given by :

gf =
8π2mca20σ

3h
S. (4)

In order to calculate gf , the corresponding value of the line strength must be
computed. The wavefunction |γJ⟩ is expanded in terms of a suitable set of the
basis functions |βJ⟩.

|γJ⟩ =
∑
β

Y γ
βJ |βJ⟩ (5)

3. AB INITIO DETERMINATION OF STARK BROADENING PARAMETERS

Using the calculated set of atomic data and the semiclassical perturbation
(SCP) method (Sahal-Bréchot 1969a,b) for the determination of Stark broadening
parameters, ab initio Stark widths and shifts can be obtained.

In the SCP approach, the full width at half maximum (W ) can be expressed
in terms of inelastic cross-section and elastic processes as

W = N

∫
vf(v)dv

∑
i′ ̸=i

σii′(v) +
∑
f ′ ̸=f

σff ′(v) + σel(v)

 ,

where N is the density of colliding perturber, f(v) is the Maxwell distribution of
the relative atom-perturber velocity v, σii′ and σff ′ are the inelastic cross-sections
between the initial level i (resp. f final level) and the perturbing levels i′ (resp.
f ′) of i − f transition. σel(v) represents the contribution of elastic collisions and
include Feshbach resonances when ion-electron [...???] are studied.

In Ben Nessib et al. (2004), ab initio Stark broadening parameters were ob-
tained for 16 multiplet of SiV. The energy levels and oscillator strengths were
calculated using the SST code (Eissner et al. 1974). Scaling parameters λl were
obtained by self-consistent energy minimization procedure on all term energies of
the eleven configurations: 2s22p6, 2s22p5 3ℓ, 2s 2p6 3ℓ, 2s22pResults were obtained
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for collisions with electrons and compared with the values calculated with Bates &
Damgaard (1949) approximation oscillator strengths. The broadening parameters
for proton, ionized helium and Si II were also given.

In Hamdi et al. (2007), Stark broadening parameters were calculated for 26
multiplets of NeV. Atomic data were carried out using the SST code. The adopted
atomic model includes 17 configurations: 2s22p2, 2s 2p3, 2p4, 2s22p 3ℓ, 2s 2p2

3ℓ, 2s22p 4ℓ, 2s 2p2 4ℓ (ℓ ≤ n − 1). The results are given for broadening by
electron, proton and singly and doubly charged helium ion collisions. Comparison
between the Stark widths obtained using the SST oscillator strengths and the
Bates and Damgaard approximation oscillator strengths show that the difference
is tolerable. The set of oscillator strength obtained using Bates and Damgaard
approximation may then be useful for the Stark broadening calculations when
more reliable data are not available. The Stark width for 3s 3P◦ – 3p 3D was
compared with theoretical and experimental results from Uzelac et al. (1993). We
have found the best agreement with the measured width.

Ab initio SCP Stark broadening parameters were also calculated for CaV lines
(Hamdi et al. 2010). The needed set of atomic data was obtained using the SST
code and 12 configurations of the atomic model. Such data may be of astrophysical
interest, since calcium in different ionization stages is observed in the atmospheres
of white dwarfs.

Triply ionized lead Pb IV belongs to gold isoelectronic sequence, its ground
state configuration is 4f145d106s. This is an interesting isoelectronic sequence with
filled subshells and a single electron in the outer shell. This ion is characterized
by a strong resonance line, and it is a candidate for spectroscopic detection in hot
DA white dwarfs (Vennes et al. 2005). O’Toole (2004) reported the discovery of
strong photospheric resonance lines of several heavy elements in the UV spectra of
more than two dozen sdB and sdOB stars at temperatures ranging from 22 000 K
to 40 000 K. Among these lines, several correspond to Pb IV ones. Pb IV 1313.1 Å
resonance line was detected by Proffitt et al. (2001) in the main-sequence B star
AV304.

Using the SCP approach, ab initio Stark broadening parameters are determined
for 11 transitions of Pb IV of the type 5d10nl – 5d10n′l′. The energy levels and os-
cillator strengths were carried out in the Hatree-Fock relativistic (HFR) approach
using the Cowan code. We adopt an atomic model including 43 configurations:
5d96s2, 5d96p2, 5d10ns (6≤ n ≤11), 5d10nd (6≤ n ≤11), 5d10ng (5≤ n ≤11),
5d96s7s, 5d96s6d (even parity) and 5d10np (6≤ n ≤11), 5d10nf (5≤ n ≤11),
5d10nh (6≤ n ≤11), 5d96s6p (odd parity).

Stark widths and shifts are shown in Table 1 for the perturber density N=1017

cm−3 and temperatures from 20 000 K up to 400 000 K for collisions with electrons,
protons and singly charged helium. Such temperatures are of interest for modeling
of sdB, sdBO and hot white dwarf atmospheres. We also specify a parameter C
(Dimitrijević & Sahal-Bréchot 1984), which gives an estimate for the maximal
perturber density for which the line may be treated as isolated. For each value
given in Table 1, the collision volume V multiplied by the perturber density N is
much less than 1, and the impact approximation is valid.

ACKNOWLEDGMENTS. This work is a part of the Project 146001, “Influ-
ence of collisional processes on astrophysical plasma lineshapes” supported by the
Ministry of Science and Technological Development of Serbia.
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Table 1. This table gives electron, proton and singly-charged helium impact broadening
parameters for Pb IV lines, for a perturber density of 1017 cm−3 and temperatures in
the range of 20 000 to 400 000 K. Transitions, wavelengths (in Å) and the parameter C
are also given. This parameter when divided to the corresponding Stark width gives an
estimate for the maximal perturber density for which the line may be treated as isolated.
We is the electron-impact full Stark width at half maximum, de is the electron-impact
Stark shift, WH+ is the proton-impact full Stark width at half maximum, dH+ is the
proton-impact Stark shift, WHe+ is the singly charged helium-impact full Stark width
at half maximum, dHe+ is the singly charged helium-impact Stark shift.

Transition T (kK) We de WH+ dH+ WHe+ dHe+

20 0.66E-02 -0.85E-04 0.31E-03 -0.24E-04 0.39E-03 -0.23E-04
6s 2S1/2 − 8p 2P3/2 30 0.58E-02 -0.39E-04 0.39E-03 -0.34E-04 0.47E-03 -0.32E-04

λ = 385, 5 Å 50 0.51E-02 -0.53E-04 0.48E-03 -0.51E-04 0.52E-03 -0.45E-04
C= 0.20E+19 100 0.45E-02 -0.32E-04 0.55E-03 -0.72E-04 0.59E-03 -0.62E-04

200 0.41E-02 -0.29E-04 0.61E-03 -0.91E-04 0.64E-03 -0.75E-04
400 0.37E-02 -0.35E-04 0.65E-03 -0.11E-03 0.66E-03 -0.89E-04
20 0.71E-02 -0.11E-03 0.30E-03 -0.88E-04 0.38E-03 -0.81E-04

6s 2S1/2 − 8p 2P1/2 30 0.62E-02 -0.42E-04 0.37E-03 -0.12E-03 0.45E-03 -0.10E-03

389.9 Å 50 0.54E-02 -0.12E-03 0.47E-03 -0.16E-03 0.51E-03 -0.14E-03
C= 0.17E+19 100 0.47E-02 -0.80E-04 0.55E-03 -0.21E-03 0.58E-03 -0.17E-03

200 0.42E-02 -0.67E-04 0.62E-03 -0.25E-03 0.63E-03 -0.21E-03
400 0.38E-02 -0.72E-04 0.67E-03 -0.30E-03 0.66E-03 -0.24E-03
20 0.52-E02 -0.13E-03 0.14E-03 -0.28E-05 0.20E-03 -0.28E-05
30 0.44E-02 -0.82E-04 0.19E-03 -0.44E-05 0.25E-03 -0.43E-05

6s 2S1/2 − 7p 2P3/2 50 0.36E-02 -0.48E-04 0.25E-03 -0.73E-05 0.31E-03 -0.71E-05

474.4 Å 100 0.29E-02 -0.53E-04 0.33E-03 -0.13E-04 0.36E-03 -0.12E-04
C= 0.67E+19 200 0.23E-02 -0.35E-04 0.38E-03 -0.20E-04 0.40E-03 -0.17E-04

400 0.20E-02 -0.39E-04 0.41E-03 -0.27E-04 0.43E-03 -0.22E-0
20 0.55E-02 -0.99E-04 0.13E-03 -0.11E-04 0.19E-03 -0.11E-04

6s 2S1/2 − 7p 2P1/2 30 0.47E-02 -0.74E-04 0.18E-03 -0.16E-04 0.24E-03 -0.16E-04

484.8 Å 50 0.38E-02 -0.11E-04 0.24E-03 -0.26E-04 0.30E-03 -0.24E-04
C= 0.60E+19 100 0.30E-02 -0.46E-04 0.32E-03 -0.41E-04 0.35E-03 -0.35E-04

200 0.25E-02 -0.11E-04 0.36E-03 -0.57E-04 0.39E-03 -0.48E-04
400 0.21E-02 -0.24E-04 0.41E-03 -0.71E-04 0.42E-03 -0.57E-04
20 0.15E-01 0.16E-02 0.80E-03 0.70E-03 0.92E-03 0.60E-03

6p 2P1/2 − 8d 2D3/2 30 0.13E-01 0.14E-02 0.11E-02 0.89E-03 0.11E-02 0.74E-03

500.8 Å 50 0.11E-01 0.16E-02 0.13E-02 0.11E-02 0.13E-02 0.88E-03
C= 0.15E+19 100 0.99E-02 0.14E-02 0.16E-02 0.13E-02 0.15E-02 0.11E-02

200 0.85E-02 0.13E-02 0.20E-02 0.16E-02 0.17E-02 0.13E-02
400 0.73E-02 0.11E-02 0.23E-02 0.18E-02 0.20E-02 0.14E-02
20 0.212E-01 0.62E-02 0.13E-02 0.13E-02 0.14E-02 0.11E-02

6p 2P3/2 − 8d 2D5/2 30 0.19E-01 0.53E-02 0.17E-02 0.16E-02 0.17E-02 0.13E-02

552.1 Å 50 0.17E-01 0.46E-02 0.22E-02 0.19E-02 0.19E-02 0.16E-02
C= 0.19E+19 100 0.16E-01 0.37E-02 0.27E-02 0.24E-02 0.24E-02 0.19E-02

200 0.15E-01 0.31E-02 0.33E-02 0.28E-02 0.27E-02 0.22E-02
400 0.14E-01 0.27E-02 0.38E-02 0.32E-02 0.33E-02 0.25E-02
20 0.18E-01 0.20E-02 0.97E-03 0.85E-03 0.11E-02 0.73E-03

6p 2P3/2 − 8d 2D3/2 30 0.16E-01 0.17E-02 0.13E-02 0.11E-02 0.13E-02 0.90E-03
553.0 A 50 0.14E-01 0.20E-02 0.16E-02 0.13E-02 0.15E-02 0.11E-02

C= 0.18E+19 100 0.12E-01 0.17E-02 0.20E-02 0.16E-02 0.18E-02 0.13E-02
200 0.10E-01 0.16E-02 0.24E-02 0.19E-02 0.21E-02 0.15E-02
400 0.89E-02 0.14E-02 0.28E-02 0.22E-02 0.24E-02 0.18E-02
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Table 1. Continued

Transition T (kK) We de WH+ dH+ WHe+ dHe+

20 0.14E-01 0.17E-02 0.42E-03 0.42E-03 0.51E-03 0.37E-03
6p 2P1/2 − 7d 2D3/2 30 0.12E-01 0.13E-02 0.57E-03 0.53E-03 0.65E-03 0.46E-03

592.7 Å 50 0.99E-02 0.12E-02 0.80E-03 0.70E-03 0.81E-03 0.58E-03
C= 0.17E+19 100 0.85E-02 0.12E-02 0.10E-02 0.87E-03 0.99E-03 0.71E-03

200 0.74E-02 0.11E-02 0.13E-02 0.10E-02 0.12E-02 0.84E-03
400 0.64E-02 0.10E-02 0.16E-02 0.12E-02 0.13E-02 0.97E-03
20 0.12E-01 0.32E-02 0.27E-03 0.51E-03 0.29E-03 0.44E-03

6p 2P1/2 − 8s 2S1/2 30 0.11E-01 0.28E-02 0.42E-03 0.64E-03 0.41E-03 0.55E-03

594.7 Å 50 0.93E-02 0.21E-02 0.66E-03 0.84E-03 0.62E-03 0.68E-03
C= 0.21E+19 100 0.81E-02 0.19E-02 0.97E-03 0.10E-02 0.82E-03 0.84E-03

200 0.70E-02 0.16E-02 0.12E-02 0.12E-02 0.10E-02 0.99E-03
400 0.61E-02 0.13E-02 0.16E-02 0.14E-02 0.12E-02 0.11E-02
20 0.16E-01 0.21E-02 0.55E-03 0.55E-03 0.66E-03 0.47E-03

6p 2P3/2 − 7d 2D5/2 30 0.14E-01 0.16E-02 0.73E-03 0.69E-03 0.85E-03 0.60E-03

663.4 Å 50 0.12E-01 0.15E-02 0.10E-02 0.91E-03 0.10E-02 0.75E-03
C= 0.56E+19 100 0.11E-01 0.16E-02 0.14E-02 0.11E-02 0.13E-02 0.91E-03

200 0.92E-02 0.14E-02 0.16E-02 0.13E-02 0.15E-02 0.11E-02
400 0.80E-02 0.13E-02 0.19E-02 0.15E-02 0.17E-02 0.13E-02
20 0.17E-01 0.21E-02 0.54E-03 0.53E-03 0.65E-03 0.46E-03

6p 2P3/2 − 7d 2D3/2 30 0.15E-01 0.15E-02 0.72E-03 0.67E-03 0.84E-03 0.59E-03

667.0 Å 50 0.13E-01 0.14E-02 0.10E-02 0.89E-03 0.10E-02 0.73E-03
C= 0.21E+19 100 0.11E-01 0.15E-02 0.13E-02 0.11E-02 0.13E-02 0.89E-03

200 0.93E-02 0.14E-02 0.16E-02 0.13E-02 0.15E-02 0.11E-02
400 0.81E-02 0.12E-02 0.20E-02 0.15E-02 0.17E-02 0.12E-02
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Abstract. The chemi-ionization processes in atom – Rydberg atom collisions,
as well as the corresponding chemi-recombination processes are considered as
factors of influence on the atom exited-state populations in weakly ionized lay-
ers of stellar atmospheres. The presented results are related to the photospheres
of the Sun and some M red dwarfs, as well as weakly ionized layers of DB white
dwarf atmospheres. It has been found that the mentioned chemi-ionization
and recombination processes dominate over the concurrent electron-atom and
electron-ion ionization and recombination processes in all parts of the consid-
ered stellar atmospheres. The obtained results demonstrate the fact that the
considered processes must have significant influence on the optical properties of
stellar atmospheres. It is shown that these processes and their importance for
non-local thermodynamic equilibrium (non-LTE) modeling of the solar atmo-
spheres should be investigated further.

Key words: stars: atomic processes

1. INTRODUCTION

Chemi-ionization processes in principle include the processes of associative ion-
ization

A∗(n) +X ⇒ AX+ + e, (1)

as well as the processes of Penning ionization

A∗(n) +X ⇒ A+X+ + e, (2)

where A, X and X+ are atoms and the atomic ions in their ground states, A∗(n)
– atom in a highly excited (Rydberg) state with the principal quantum number
n ≫ 1, and AX+ is the corresponding molecular ion in its ground electronic state.
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It is customary that in the case A = X chemi-ionization processes are treated
as symmetric, and in the case A ̸= X – as non-symmetric. Concerning Penning-
ionization processes let us draw attention to the fact that for all the processes which
can be described by the scheme (2), only those are treated as chemi-ionization
which go on in a similar way as the associative-ionization processes (1). Here, all
chemi-ionization processes are treated on the basis of dipole resonant mechanism,
which was introduced in the considerations in Smirnov & Mihajlov (1971) and was
described in details in Ignjatović & Mihajlov (2005) and Ignjatović et al. (2008).
The symmetric A = X chemi-ionization processes

A∗(n) +A ⇒ A+
2 + e, (3)

A∗(n) +A ⇒ A+A+ + e, (4)

and the corresponding inverse recombination processes,

A+
2 + e ⇒ A∗(n) +A, (5)

A+A+ + e ⇒ A∗(n) +A, (6)

where A = H(1s) or He(1s2), were theoretically considered by Mihajlov et al.
(1996, 1997b) as factors of influence on the populations of excited atoms in the
weakly ionized hydrogen and helium plasmas. It means that the efficiency of these
processes had to be compared with the efficiency of the processes

A∗(n) + e ⇒ A+ + 2e, (7)

A+ + 2e ⇒ A∗(n) + e, (8)

A+ + e ⇒ A∗(n) + ελ, (9)

where A = H(1s) or He(1s2) and ελ is the energy of a photon with wavelength
λ. For the considered conditions in Mihajlov et al. (1996, 1997b) the rate co-
efficients for all chemi-ionization and chemi-recombination processes (3)-(6) were
determined. It was found that under the mentioned conditions these processes
in the region n ≤ 10 are dominant or at least comparable with the concurrent
electron-atom and electron-ion processes (from the aspect of their influence on
excited-atom populations) when the ionization degree of the considered plasma is
≤ 10−3.

These results, as well as the experience gained earlier with radiation ion-atom
processes (Mihajlov & Dimitrijevic 1986, 1992, etc.), have suggested the idea that
the chemi-ionization processes (3), (4) and the chemi-recombination processes (5),
(6) should be of considerable interest from the aspect of their influence on
excited-atom populations for the weakly ionized layers of stellar atmospheres.
This was proven at a qualitative level for the hydrogen case (solar photosphere) in
Mihajlov et al. (1997a), and for the helium case (atmospheres of DB white dwarfs
with Teff = 12 000÷ 18 000K) in Mihajlov et al. (2003a).

Then, the influence of the chemi-ionization processes (3), (4) and the chemi-
recombination processes (5), (6) with A = H on the excited hydrogen atom popu-
lations was examined in much more detail in Mihajlov et al. (2003b), where these
processes were included ab initio in a non-LTE modeling of an M red dwarf atmo-
sphere with the effective temperature Teff = 3800 K, using PHOENIX code (see
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Baron & Hauschildt 1998). A fact was established that including even the chemi-
ionization and recombination only for 4 ≤ n ≤ 8, generates significant changes
(by up to 50%), at least in the populations of hydrogen-atom excited states with
2 ≤ n ≤ 20.

Later, again using the PHOENIX code for the case of the atmosphere of the
same red dwarf, the influence was examined of the processes (3-6) with n ≤ 10 on
the free electron density and the profiles of hydrogen atom spectral lines. It was
established that if all these processes (with n ≥ 2) are included, a significant change
(somewhere up to 2–3 times) for the free electron density, Ne, is generated and, as
one of further consequences, significant changes in the hydrogen line profiles take
place.

In this paper, one of our main aims is to draw attention to the importance of
all processes (1) – (4) with A = H for non-LTE modeling of the solar atmosphere.
For this purpose, it should be demonstrated that in the solar photosphere the
efficiency of these processes is greater than, or at least comparable to, the efficiency
of processes (7) – (9) with A = H within those ranges of values of n ≥ 2 and
temperature T which are relevant to the chosen solar atmosphere model. However,
until now, only for chemi-recombination processes (3) and (4) was qualitatively
shown that for 4 ≤ n ≤ 8 their efficiency is comparable to the efficiency of the
concurrent processes (8) and (9) in a part of the solar photosphere (see Mihajlov
et al. 1997a).

Besides the mentioned, the fact that the processes (1) – (4) can be important
for the solar photosphere is supported by the results obtained in Mihajlov et al.
(2003a, 2007) in connection with an M red dwarf atmosphere (Teff = 3800 K).

2. THE RATE COEFFICIENTS OF THE CHEMI-IONIZATION AND
RECOMBINATION PROCESSES

The corresponding partial rate coefficients of the chemi-ionization processes (3)

and (4) are denoted here with K
(a,b)
ci (n;T ), where T is the temperature of the con-

sidered plasma, and the partial rate coefficients of the inverse chemi-recombination

processes (5) and (6) – with K
(a,b)
cr (n;T ). Under the conditions which exist in the

solar atmosphere, we can determine the rate coefficients K
(a,b)
cr (n;T ) over the rate

coefficients K
(a,b)
ci (n;T ) from the principle of the thermodynamical balance for

processes (3), (4), (5) and (6) in the form

K
(a,b)
ci ·NnN1 = K(a,b)

cr (n, T ) ·N1NaiNe, (10)

whereN1 andNn denote the densities of ground- and excited-state hydrogen atoms
respectively. Using these partial rate coefficients we will determine the total ones,
namely,

Kci,cr(n, T ) = K
(a)
ci,cr(n, T ) +K

(b)
ci,cr(n, T ), (11)

which characterizes the efficiency of the considered chemi-ionization and chemi-
recombination processes together.

Here we will consider processes (3) – (6) with A = H within the regions n ≥ 5
and 2 ≤ n ≤ 4 separately. The reason for it is the behavior of the adiabatic
potential curves of atom-atom systems H∗(n)+H(1s). Namely, in the first region
the atom-atom curves lie above the adiabatic curve of the ion-ion system H+ +
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H−(1s2) for any R, and the dipole resonant mechanism can be applied for n ≥ 5
without any exceptions. Consequently, for n ≥ 5 we will determine the rate
coefficients of these processes following the previous papers (Mihajlov et al. 1997a,
2003a,b, 2007).

However, in the region n ≤ 4 there are points where the atom-atom curves
cross the ion-ion one and application of this mechanism generates some errors (see
Janev & Mihajlov 1979).

Due to this fact and the mentioned errors, we use here semi-empirical rate

coefficients K
(a)
cr,ci(n = 3, T ) and K

(a)
cr,ci(n = 4, T ), which are obtained on the

bases of the data from Janev et al. (1987). For relatively minor chemi-ionization

and recombination processes with n = 2 we use here rate coefficients K
(a)
ci (n =

2, T ) and K
(a)
cr (n = 2, T ), which are 10–30 percent greater than the corresponding

coefficients obtained using the data from Janev et al. (1987), in accordance with
the calculated results from Urbain et al. (1991) and Rawlings et al. (1993). It gives

a possibility to compensate the decrease of the rate coefficients K
(a)
ci (n ≥ 5, T ) and

K
(a)
cr (n ≥ 5, T ) in comparison with the corresponding ones obtained using Janev

et al. (1987), due to the fact that here, unlike Janev et al. (1987), the decay of
the considered system’s initial electronic state has been taken into account.

3. RESULTS AND DISCUSSION

In accordance with the aim of this work we consider here model C of solar
atmosphere from Vernazza et al. (1981). Namely, this is a non-LTE model which
is still actual (see Stix 2002), and it is only for this model that all the quantities
necessary for our calculations are available in tabular form as functions of height
(h) in solar photosphere.

Let Ici(n, T ), Icr(n, T ) be the total chemi-ionization and chemi-recombination
fluxes caused by the processes (3,4) and (5,6), i.e.,

Ici(n, T ) = Kci(n, T ) ·NnN1, Icr(n, T ) = Kcr(n, T ) ·N1NiNe, (12)

and Ii;ea(n, T ), Ir;eei(n, T ) and Ir;ph(n, T ) be the fluxes caused by ionization and
recombination processes (7), (8) and (9), i.e.

Ii;ea(n, T ) = Kea(n, T ) ·NnNe, Ir;eei(n, T ) = Keei(n, T ) ·NiNeNe,
Ir;ph(n, T ) = Kph(n, T ) ·NiNe,

(13)

where N1, Nn, Ni, and Ne are, respectively, the densities of the ground and excited
states of a hydrogen atom, of ion H+, and of free electron in the considered plasma
with given T .

Using these expressions, we will first calculate quantities Fi,ea(n, T ) given by

Fi,ea(n, T ) =
Ici(n, T )

Ii;ea(n, T )
=

Kci(n, T )

Kea(n, T )
·N1Ne, (14)

which characterize the relative efficiency of partial chemi-ionization processes (3)
and (4) together and the impact electron-atom ionization (7) in the considered
plasma. The impact ionization rate coefficients Kea(n, T ) are taken from Vriens &
Smeets (1980). In Figure the behavior of the quantities Fi,ea(n, T ) for 2 ≤ n ≤ 8
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Fig. 1. Behavior of the quantity F
(ab)
i;ea (n) given by Eq. (14), as a function of height h.

Fig. 2. Behavior of the quantity Fi;ea(2; 8) given by Eq. (15), as a function of height h.

as functions of height h is shown. One can see that the efficiency of the considered
chemi-ionization processes in comparison with the electron-atom impact ionization
is dominant for 2≤ n ≤6 and becomes comparable for n = 7 and 8.

Then, in order to compare the relative influence of the chemi-ionization pro-
cesses (3) and (4) together to that of the impact electron-atom ionization process
(7) on the whole block of the excited hydrogen atom states with 2 ≤ n ≤ 8, we
will calculate quantity Fi,ea;2−8(T ), given by

Fi,ea;2−8(T ) =

8∑
n=2

Ici(n, T )

8∑
n=2

Ii;ea(n, T )

=

8∑
n=2

Kci(n, T ) ·Nn

8∑
n=2

Kea(n, T ) ·Nn

·N1Ne, (15)

which can reflect the influence of the existing populations of excited hydrogen
atom states within a non-LTE model of solar atmosphere. In Figure the behavior
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of the quantity Fi,ea;2−8(T ) as functions of height h is shown. As one can see, the
real influence of the chemi-ionization processes on the total populations of states
with 2 ≤ n ≤ 8 remains dominant with respect to the concurrent electron-atom
impact ionization processes almost in the whole photosphere (50 km ≤ h ≤ 750
km).

Finally, we compared the relative influence of the chemi-recombination pro-
cesses (5) and (6) together and total influence of the electron – electron – H+

recombination process (8) and photo-recombination electron – H+ process (9) on
the same block of excited hydrogen atom states with 2 ≤ n ≤ 8. It was confirmed
a domination of the chemi-recombination processes with 2 ≤ n ≤ 8 over the men-
tioned concurrent processes in a significant part of the photosphere (50 km ≤ h ≤
600 km).

The obtained results demonstrate the fact that the considered chemi-ionization
and recombiontion processes must have a very significant influence on the optical
properties of the solar photosphere in comparison to the concurrent electron-atom
impact ionization and electron-ion recombination processes. Thus it is shown
that the importance of these processes for non-LTE modeling of solar atmosphere
should be necessarily investigated.
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Abstract. In order to complete data on Stark broadening parameters for
Ar I line in the visible spectrum, we determined Stark widths and shifts due
to electron, proton and ionized helium impacts, for nine lines (4191.0, 4259.4,
5912.1, 6043.2, 6045.0, 6752.9, 7503.9, 7514.6, 7724.2 Å), using jK coupling and
semiclassical-perturbation theory. The obtained results will enter the STARK-B
database, which is a part of the Virtual Atomic and Molecular Data Center.

Key words: physical data and processes: Stark broadening, line profiles,
databases

1. INTRODUCTION

Argon spectral lines, which are useful not only for laboratory and technological
plasmas but also were observed in stellar atmospheres, are of particular interest,
especially in the visible spectrum. Stark broadening parameters of spectral lines
are of interest for diagnostics, modeling and investigations of various plasmas in
laboratory, technology, fusion research, laser designing, as well as for analysis,
interpretation and synthesis of Ar I lines in stellar spectra.

As the continuation of our previous work on the theoretical determination
of Stark broadening of Ar I lines (Dimitrijević et al. 2003, 2007; Milosavljević
et al. 2003; Christova et al. 2010), and in order to supplement the STARK-
B database (http://stark-b.obspm.fr/), a part of Virtual Atomic and Molecular
Data Center (VAMDC - http://vamdc.org/, Dubernet et al. 2010; Rixon et al.
2011), we determined here Stark widths and shifts for nine lines at 4191.0, 4259.4,
5912.1, 6043.2, 6045.0, 6752.9, 7503.9, 7514.6, 7724.2 Å due to electron, proton
and ionized helium impacts, using the jK coupling and semiclassical-perturbation
theory (Sahal-Bréchot 1969a,b, 1974; Dimitrijević & Sahal-Bréchot 1984).



Stark broadening of several Ar I spectral lines 577

Table 1. Stark full widths at half intensity maximum (W ) and shifts (d) due
to electron, proton and ionized helium impacts for Ar I, for a perturber density of
1016 cm−3. The quantity C (given in Å cm−3), when divided by the corresponding
perturber width, gives an estimate for the maximum perturber density for which
tabulated data may be used. The validity of the impact approximation has been
estimated by checking if the collision volume (V ) multiplied by the perturber density
(N) is much less than one (Sahal-Bréchot 1969a,b). Asterisk denotes the values where
0.1<NV ≤ 0.5.

Electrons Protons Ionized helium

Transition T (K) W (Å) d (Å) W (Å) d (Å) W (Å) d (Å)

Ar I 4s-4p 2500 0.0761 0.0512 0.0333 0.0129 0.0322 0.0101
[3/2]1 − [1/2]0 5000 0.0851 0.0620 0.0341 0.0149 0.0329 0.0118

7514.6 Å 10 000 0.0967 0.0610 0.0350 0.0171 0.0335 0.0136
C = 0.27E+20 20 000 0.119 0.0586 0.0361 0.0195 0.0342 0.0156

30 000 0.135 0.0484 0.0369 0.0209 0.0347 0.0168
50 000 0.162 0.0389 0.0380 0.0229 0.0354 0.0184

Ar I 4s′-4p′ 2500 0.0740 0.0464 0.0336 0.0121 0.0328 0.00951
[1/2]1 − [1/2]0 5000 0.0820 0.0578 0.0343 0.0140 0.0334 0.0111

7503.9 Å 10 000 0.0929 0.0586 0.0351 0.0160 0.0339 0.0128
C = 0.35E+20 20 000 0.115 0.0569 0.0360 0.0182 0.0345 0.0146

30 000 0.131 0.0481 0.0367 0.0196 0.0349 0.0157
50 000 0.157 0.0385 0.0377 0.0215 0.0355 0.0172

Ar I 4s′-4p′ 2500 0.0665 0.0379 0.0307 0.00961 0.0301 0.00759
[1/2]0 − [1/2]1 5000 0.0713 0.0458 0.0312 0.0111 0.0305 0.00882

7724.2 Å 10 000 0.0795 0.0442 0.0316 0.0127 0.0309 0.0101
C = 0.44E+20 20 000 0.0990 0.0412 0.0322 0.0144 0.0312 0.0115

30 000 0.115 0.0342 0.0327 0.0155 0.0315 0.0124
50 000 0.141 0.0272 0.0333 0.0169 0.0319 0.0136

Ar I 4s′-5p′ 2500 0.142 0.0941 *0.0524 *0.0218 *0.0488 *0.0164
[1/2]1 − [1/2]0 5000 0.164 0.113 *0.0552 *0.0268 *0.0517 *0.0207

4259.4 Å 10 000 0.186 0.128 0.0577 0.0317 *0.0538 *0.0249
C = 0.39E+19 20 000 0.212 0.125 0.0605 0.0367 *0.0558 *0.0292

30 000 0.229 0.109 0.0624 0.0398 0.0571 0.0317
50 000 0.257 0.0908 0.0651 0.0439 0.0589 0.0350

Ar I 4s′-5p′ 2500 0.117 0.0793 *0.0451 *0.0176 *0.0424 *0.0134
[1/2]0 − [3/2]1 5000 0.134 0.0893 *0.0470 *0.0214 *0.0446 *0.0166

4191.0 Å 10 000 0.153 0.0997 0.0488 0.0252 *0.0461 *0.0198
C = 0.40E+19 20 000 0.177 0.0962 0.0509 0.0291 *0.0475 *0.0231

30 000 0.194 0.0837 0.0522 0.0315 0.0484 0.0251
50 000 0.220 0.0695 0.0542 0.0346 0.0497 0.0277

Ar I 4p-4d 2500 0.443 0.271 *0.135 *0.0591 *0.124 *0.0443
[1/2]1 − [3/2]2 5000 0.505 0.315 *0.142 *0.0730 *0.132 *0.0565

6752.9 Å 10 000 0.585 0.315 0.150 0.0867 *0.138 *0.0681
C = 0.60E+19 20 000 0.697 0.276 0.158 0.101 *0.144 *0.0798

30 000 0.773 0.241 0.163 0.109 0.148 0.0868
50 000 0.862 0.202 0.171 0.120 0.153 0.0960
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Table 1. Continued

Electrons Protons Ionized helium

Transition T (K) W (Å) d (Å) W (Å) d (Å) W (Å) d (Å)

Ar I 4p-4d′ 2500 0.650 0.430 *0.162 *0.0856
[1/2]1 − [3/2]1 5000 0.721 0.495 *0.178 *0.112

5912.1 Å 10 000 0.778 0.485 *0.194 *0.138 *0.167 *0.107
C = 0.22E+19 20 000 0.843 0.432 *0.212 *0.163 *0.181 *0.128

30 000 0.887 0.382 *0.224 *0.178 *0.190 *0.141
50 000 0.937 0.309 0.240 0.197 *0.202 *0.157

Ar I 4p-5d 2500 1.76 1.07
[5/2]2 − [7/2]3 5000 1.91 0.919

6043.2 Å 10 000 2.24 0.667
C = 0.11E+19 20 000 2.53 0.504

30 000 2.60 0.376 *0.636 *0.487
50 000 2.67 0.213 *0.690 *0.547

Ar I 4p′-6d 2500 * 4.89 * 2.86
[3/2]2 − [5/2]3 5000 * 5.31 * 3.14

6045.0 Å 10 000 * 5.73 * 3.01
C = 0.80E+18 20 000 6.32 2.36

30 000 6.61 1.92
50 000 6.78 1.48

2. RESULTS AND DISCUSSION

Stark broadening parameters for nine Ar I lines have been determined within
the semiclassical perturbation formalism, discussed in detail in Sahal-Bréchot
(1969a,b). The optimization and updates can be found in e.g. Sahal-Bréchot
(1974), Dimitrijević & Sahal-Bréchot (1984). Energy levels have been taken from
Bashkin & Stoner (1978). The obtained results for electron, proton and ionized
helium impact widths (FWHM) and shifts are shown in Table 1, for a perturber
density of 1016 cm−3 and temperatures between 2500 and 50 000 K. For perturber
densities lower than tabulated, Stark broadening parameters may be scaled lin-
early.

For each value given in Table 1, the collision volume (V ) multiplied by the
perturber density (N) is much less than one, and the impact approximation is
valid (Sahal-Bréchot 1969a). When the impact approximation is not valid, the ion
broadening contribution may be estimated by using quasistatic approach (Griem
1974 or Sahal-Bréchot 1991). In the region between where neither of these two
approximations is valid, a unified type theory should be used.

The accuracy of the results obtained decreases when broadening by ion inter-
actions becomes important.

For extrapolation of values from Table 1 towards higher electron densities, the
results start to deviate from linear behavior due to Debye screening. This effect is
more important for the shift than for the width and could be taken into account
by the approximative method described in Griem (1974).

The obtained results will enter the STARK-B database (http://stark-b.obs
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pm.fr/), which is a part of Virtual Atomic and Molecular Data Center (VAMDC
– http://vamdc.org/, Dubernet et al. 2010; Rixon et al. 2011). supported by
EU in the framework of the FP7 “Research Infrastructures – INFRA-2008-1.2.2 –
Scientific Data Infrastructures” initiative, with the aim to build an interoperable
e-Infrastructure for the exchange of atomic and molecular data.
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Abstract. In order to complete Stark broadening data for Ne II, and O III
lines, needed for analysis of stellar atmospheres, we determined, within the
semiclassical perturbation method, the missing Stark broadening parameters for
the broadening by collisions with protons and ionized helium, for 15 Ne II and 5
O III multiplets. Also, electron, proton and ionized helium impact broadening
parameters for an important Ne II multiplet in the visible part of the spectrum
and for three Ne III multiplets were calculated. The obtained data will be
included in the STARK-B database, which is a part of the Virtual Atomic and
Molecular Data Center.

Key words: physical data and processes: Stark broadening, line profiles,
databases

1. INTRODUCTION

The data on Stark broadening of spectral lines are of interest for diagnostics,
modeling and investigations of stellar atmospheres and other various plasmas in
astrophysics, laboratory, technology and fusion research. Such data obtained by
us using a semiclassical perturbation method, are organized in the STARK-B
database (http://stark-b.obspm.fr/), a part of the Virtual Atomic and Molecular
Data Center (VAMDC – http://vamdc.org/, Dubernet et al. 2010; Rixon et al.
2011), supported by EU in the framework of the FP7 Research Infrastructures-
INFRA-2008-1.2.2-Scientific Data Infrastructures initiative.
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Table 1. Stark full widths at half intensity maximum (W ) and shifts (d) due to
electron, proton and ionized helium impacts for Ne II, for a perturber density of 1017

cm−3. The quantity C (given in Å cm−3), when divided by the corresponding perturber
width, gives an estimate for the maximum perturber density for which tabulated data
may be used.

Electrons Protons Ionized helium

Transition T (K) W (Å) d (Å) W (Å) d (Å) W (Å) d (Å)

Ne II 5000 0.376 0.0257 0.0151 0.273E-02 0.0188 0.256E-02
3292.1 Å 10 000 0.281 0.0149 0.0224 0.502E-02 0.0259 0.437E-02

C = 0.11E+21 20 000 0.214 0.0133 0.0277 0.741E-02 0.0297 0.641E-02

3p2D
◦
-3d2P 30 000 0.190 0.0141 0.0300 0.869E-02 0.0318 0.716E-02

50 000 0.171 0.0147 0.0328 0.100E-01 0.0341 0.836E-02
100 000 0.157 0.0127 0.0356 0.120E-01 0.0357 0.998E-02

Table 2. Stark broadening parameters for Ne II multiplets for a perturber
density of 1017 cm−3. Designations are the same as in Table 1.

Protons Ionized helium

Transition T (K) W (Å) d (Å) W (Å) d (Å)

Ne II 5000 0.152E-01 0.276E-02 0.190E-01 0.260E-02
3375.6 Å 10 000 0.227E-01 0.510E-02 0.264E-01 0.445E-02

C = 0.13E+21 20 000 0.282E-01 0.755E-02 0.303E-01 0.653E-02

3p2D
◦
-3d2F 30 000 0.305E-01 0.888E-02 0.324E-01 0.729E-02

50 000 0.333E-01 0.102E-01 0.348E-01 0.853E-02
100 000 0.363E-01 0.122E-01 0.365E-01 0.101E-01

Ne II 5000 0.498E-02 -0.512E-03 0.716E-02 -0.508E-03
3572.1 Å 10 000 0.886E-02 -0.109E-02 0.109E-01 -0.104E-02

C = 0.36E+21 20 000 0.126E-01 -0.193E-02 0.140E-01 -0.172E-02

3s′2D-3p′2F
◦

30 000 0.141E-01 -0.236E-02 0.152E-01 -0.209E-02
50 000 0.154E-01 -0.304E-02 0.165E-01 -0.257E-02
100 000 0.173E-01 -0.371E-02 0.179E-01 -0.308E-02

Ne II 5000 0.475E-02 -0.200E-03 0.678E-02 -0.199E-03
3337.8 Å 10 000 0.832E-02 -0.439E-03 0.102E-01 -0.428E-03

C = 0.33E+21 20 000 0.117E-01 -0.824E-03 0.130E-01 -0.765E-03

3s′2D-3p′2P
◦

30 000 0.130E-01 -0.109E-02 0.140E-01 -0.958E-03
50 000 0.142E-01 -0.141E-02 0.152E-01 -0.123E-02
100 000 0.159E-01 -0.182E-02 0.165E-01 -0.152E-02

Ne II 5000 0.146E-01 0.221E-02 0.184E-01 0.211E-02
3422.7 Å 10 000 0.219E-01 0.417E-02 0.257E-01 0.374E-02

C = 0.14E+21 20 000 0.274E-01 0.632E-02 0.295E-01 0.549E-02

3p′2P-3d′2P
◦

30 000 0.297E-01 0.754E-02 0.316E-01 0.623E-02
50 000 0.324E-01 0.876E-02 0.340E-01 0.726E-02
100 000 0.353E-01 0.104E-01 0.357E-01 0.867E-02
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Table 2. Continued

Protons Ionized helium

Transition T (K) W (Å) d (Å) W (Å) d (Å)

Ne II 5000 0.106E-01 0.195E-02 0.136E-01 0.185E-02
3040.1 Å 10 000 0.161E-01 0.364E-02 0.191E-01 0.323E-02

C = 0.11E+21 20 000 0.205E-01 0.546E-02 0.220E-01 0.472E-02

3p4P
◦
-3d4D 30 000 0.222E-01 0.647E-02 0.236E-01 0.532E-02

50 000 0.243E-01 0.749E-02 0.254E-01 0.621E-02
100 000 0.265E-01 0.892E-02 0.268E-01 0.745E-02

Ne II 5000 0.134E-01 0.207E-02 0.170E-01 0.198E-02
3352.6 Å 10 000 0.202E-01 0.392E-02 0.238E-01 0.352E-02

C = 0.13E+21 20 000 0.255E-01 0.594E-02 0.274E-01 0.517E-02

3p4D
◦
-3d4D 30 000 0.276E-01 0.711E-02 0.294E-01 0.587E-02

50 000 0.301E-01 0.825E-02 0.317E-01 0.685E-02
100 000 0.329E-01 0.987E-02 0.333E-01 0.815E-02

Ne II 5000 0.153E-01 0.289E-02 0.192E-01 0.271E-02
3421.5 Å 10 000 0.229E-01 0.532E-02 0.267E-01 0.463E-02

C = 0.13E+21 20 000 0.285E-01 0.786E-02 0.306E-01 0.680E-02

3p2D
◦
-3d4F 30 000 0.309E-01 0.923E-02 0.328E-01 0.759E-02

50 000 0.338E-01 0.106E-01 0.353E-01 0.888E-02
100 000 0.368E-01 0.127E-01 0.370E-01 0.105E-01

Ne II 5000 0.171E-01 0.281E-02 0.212E-01 0.265E-02
3473.1 Å 10 000 0.254E-01 0.521E-02 0.292E-01 0.456E-02

C = 0.13E+21 20 000 0.312E-01 0.773E-02 0.335E-01 0.668E-02

3p2S
◦
-3d2P 30 000 0.337E-01 0.911E-02 0.359E-01 0.749E-02

50 000 0.368E-01 0.105E-01 0.385E-01 0.872E-02
100 000 0.398E-01 0.126E-01 0.402E-01 0.103E-01

Ne II 5000 0.192E-01 0.281E-02 0.238E-01 0.267E-02
3651.8 Å 10 000 0.285E-01 0.526E-02 0.328E-01 0.466E-02

C = 0.14E+21 20 000 0.349E-01 0.788E-02 0.375E-01 0.681E-02

3p2P
◦
-3d2P 30 000 0.377E-01 0.934E-02 0.401E-01 0.767E-02

50 000 0.411E-01 0.108E-01 0.430E-01 0.896E-02
100 000 0.443E-01 0.129E-01 0.450E-01 0.108E-01

Ne II 5000 0.152E-01 0.313E-02 0.190E-01 0.291E-02
3352.6 Å 10 000 0.227E-01 0.567E-02 0.263E-01 0.491E-02

C = 0.11E+21 20 000 0.282E-01 0.836E-02 0.302E-01 0.717E-02

3p2D
◦
-3d4P 30 000 0.306E-01 0.970E-02 0.324E-01 0.801E-02

50 000 0.334E-01 0.112E-01 0.348E-01 0.930E-02
100 000 0.362E-01 0.135E-01 0.364E-01 0.110E-01
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Table 2. Continued

Protons Ionized helium

Transition T (K) W (Å) d (Å) W (Å) d (Å)

Ne II 5000 0.131E-01 0.154E-01 0.141E-01 0.129E-01
3412.3 Å 10 000 0.229E-01 0.241E-01 0.234E-01 0.202E-01

C = 0.10E+21 20 000 0.339E-01 0.323E-01 0.305E-01 0.267E-01

3p2P
◦
-4s2P 30 000 0.393E-01 0.362E-01 0.347E-01 0.299E-01

50 000 0.462E-01 0.418E-01 0.405E-01 0.346E-01
100 000 0.549E-01 0.486E-01 0.470E-01 0.403E-01

Ne II 5000 0.152E-01 0.190E-02 0.192E-01 0.182E-02
3432.3 Å 10 000 0.228E-01 0.362E-02 0.266E-01 0.329E-02

C = 0.14E+21 20 000 0.284E-01 0.555E-02 0.305E-01 0.485E-02

3p2D
◦
-3d2D 30 000 0.307E-01 0.670E-02 0.327E-01 0.559E-02

50 000 0.334E-01 0.780E-02 0.351E-01 0.650E-02
100 000 0.361E-01 0.934E-02 0.366E-01 0.778E-02

Ne II 5000 0.176E-01 0.163E-02 0.221E-01 0.157E-02
3650.0 Å 10 000 0.263E-01 0.317E-02 0.306E-01 0.293E-02

C = 0.16E+21 20 000 0.325E-01 0.494E-02 0.351E-01 0.437E-02

3p4S
◦
-3d2D 30 000 0.351E-01 0.608E-02 0.375E-01 0.517E-02

50 000 0.382E-01 0.713E-02 0.403E-01 0.596E-02
100 000 0.412E-01 0.862E-02 0.422E-01 0.716E-02

Ne II 5000 0.177E-01 0.277E-02 0.221E-01 0.263E-02
3637.8 Å 10 000 0.264E-01 0.519E-02 0.306E-01 0.460E-02

C = 0.15E+21 20 000 0.327E-01 0.778E-02 0.351E-01 0.672E-02

3p4S
◦
-3d4F 30 000 0.353E-01 0.921E-02 0.376E-01 0.757E-02

50 000 0.386E-01 0.107E-01 0.404E-01 0.884E-02
100 000 0.418E-01 0.127E-01 0.423E-01 0.106E-01

Ne II 5000 0.179E-01 0.578E-02 0.220E-01 0.527E-02
3560.0 Å 10 000 0.268E-01 0.982E-02 0.306E-01 0.852E-02

C = 0.12E+21 20 000 0.334E-01 0.144E-01 0.353E-01 0.119E-01

3p4S
◦
-3d4P 30 000 0.364E-01 0.161E-01 0.379E-01 0.133E-01

50 000 0.402E-01 0.187E-01 0.411E-01 0.155E-01
100 000 0.444E-01 0.223E-01 0.435E-01 0.183E-01

In Djeniže et al. (2002) and Milosavljević et al. (2001) we determined Stark
broadening parameters due to collisions with electrons for 15 Ne II and 3 Ne III, and
in Srećković et al. (2001) electron-impact widths for 5 O III multiplets. However,
for stellar atmospheres research, Stark broadening data due to collisions with the
principal ionic perturbers, protons and ionized helium, are also useful. In order
to complete data to be included in the STARK-B database, we determined here
these additional data. Also, we determined within the semiclassical perturbation
method electron, proton and ionized helium impact broadening parameters for the



584 M. S. Dimitrijević, A. Kovačević, Z. Simić, S. Sahal-Bréchot

Table 3. Stark broadening parameters for Ne III multiplets for a perturber density of
1017 cm−3. Designations are the same as in Table 1.

Electrons Protons Ionized helium

Transition T (K) W (Å) d (Å) W (Å) d (Å) W (Å) d (Å)

Ne III 20 000 0.0931 -0.00108 0.00182 -0.478E-03 0.00256 -0.464E-03
2611.8 Å 50 000 0.0603 -0.00117 0.00340 -0.102E-02 0.00412 -0.912E-03

C = 0.25E+21 100 000 0.0458 -0.00157 0.00451 -0.145E-02 0.00482 -0.126E-02

3s′3D
◦
-3p′3F 200 000 0.0368 -0.00143 0.00515 -0.183E-02 0.00542 -0.153E-02

300 000 0.0331 -0.00144 0.00553 -0.205E-02 0.00573 -0.170E-02
500 000 0.0294 -0.00136 0.00597 -0.233E-02 0.00595 -0.193E-02

Ne III 20 000 0.0771 -0.207E-02 0.00290 -0.477E-04 0.00376 -0.476E-04
2265.1 Å 50 000 0.0515 -0.106E-03 0.00482 -0.120E-03 0.00544 -0.116E-03

C = 0.18E+21 100 000 0.0398 -0.133E-03 0.00571 -0.206E-03 0.00615 -0.189E-03

3p′3F-3d′3F
◦

200 000 0.0325 -0.717E-04 0.00643 -0.299E-03 0.00681 -0.263E-03
300 000 0.0296 -0.974E-04 0.00680 -0.361E-03 0.00702 -0.303E-03
500 000 0.0267 -0.890E-04 0.00707 -0.416E-03 0.00723 -0.346E-03

Ne III 20 000 0.0666 -0.254E-04 0.00249 0.306E-04 0.00323 0.306E-04
2092.4 Å 50 000 0.0443 0.554E-04 0.00414 0.775E-04 0.00466 0.753E-04

C = 0.15E+21 100 000 0.0342 0.833E-04 0.00490 0.136E-03 0.00527 0.127E-03

3p′3D-3d′3D
◦

200 000 0.0280 0.120E-03 0.00551 0.203E-03 0.00584 0.180E-03
300 000 0.0254 0.983E-04 0.00583 0.248E-03 0.00601 0.212E-03
500 000 0.0230 0.988E-04 0.00605 0.289E-03 0.00619 0.242E-03

important Ne II 2s22p4(3P)3p2D
◦
– 2s22p4(3P)3d2P multiplet in the visible part

of the spectrum, and the missing data for three O III multiplets.

2. RESULTS AND DISCUSSION

Stark broadening parameters have been determined within the semiclassical
perturbation formalism, discussed in detail in Sahal-Bréchot (1969a,b). The opti-
mization and updates can be found, e.g., in Sahal-Bréchot (1974), Dimitrijević &
Sahal-Bréchot (1984). All details of the calculation are in Djeniže et al. (2002) for
Ne II and Ne III and in Srećković et al. (2001) for O III, and will not be repeated
here. Obtained results for electron, proton and ionized helium impact broadening
parameters for Ne II, Ne III are presented in Tables 1–3. Table 4 contains the cor-
responding results for O III. Results are obtained for a perturber density of 1017

cm−3.

3. CONCLUSION

Using the semiclassical perturbation theory and the corresponding computer
code, we determined Stark broadening parameters due to collisions with protons
and helium ions for 15 Ne II and 5 O III multiplets, needed for stellar plasma re-
search, missing in Djeniže et al. (2002), Milosavljević et al. (2001) and Srećković
et al. (2001), where only electron-impact broadening data are given. The missing
data are also needed for the STARK-B database (http://stark-b.obspm.fr), con-
taining Stark broadening parameters for modeling stellar atmospheres, for stellar
spectra analysis and synthesis, for the laboratory plasma, inertial fusion plasma,
laser development and plasmas in technology investigations. It is a part of Virtual
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Table 4. Stark broadening parameters for O III multiplets. for a perturber
density of 1017 cm−3. Designations are the same as in Table 1.

Protons Ionized helium

Transition T (K) W (Å) d (Å) W (Å) d (Å)

OIII 20 000 0.504E-02 -0.213E-02 0.685E-02 -0.201E-02
3763.4 Å 50 000 0.921E-02 -0.406E-02 0.107E-01 -0.356E-02

C = 0.38E+21 100 000 0.118E-01 -0.560E-02 0.124E-01 -0.469E-02

3p3D-3s3P
◦

200 000 0.137E-01- 0.674E-02 0.141E-01 -0.564E-02
300 000 0.148E-01 -0.746E-02 0.148E-01 -0.624E-02
500 000 0.161E-01 -0.847E-02 0.156E-01 -0.700E-02

O III 20 000 0.424E-02 -0.148E-02 0.572E-02 -0.141E-02
3327.6 Å 50 000 0.761E-02 -0.289E-02 0.884E-02 -0.251E-02

C = 0.29E+21 100 000 0.958E-02 -0.397E-02 0.102E-01 -0.336E-02

3p3S-3s3P
◦

200 000 0.110E-01 -0.483E-02 0.115E-01 -0.402E-02
300 000 0.119E-01 -0.537E-02 0.120E-01 -0.445E-02
500 000 0.127E-01 -0.612E-02 0.125E-01 -0.503E-02

O III 20 000 0.417E-02 -0.723E-03 0.552E-02 -0.700E-03
2984.7 Å 50 000 0.719E-02 -0.152E-02 0.823E-02 -0.134E-02

C = 0.16E+21 100 000 0.871E-02 -0.212E-02 0.934E-02 -0.185E-02

3p1D-3s1P
◦

200 000 0.990E-02 -0.267E-02 0.104E-01 -0.223E-02
300 000 0.106E-01 -0.298E-02 0.108E-01 -0.249E-02
500 000 0.113E-01 -0.338E-02 0.112E-01 -0.280E-02

O III 20 000 0.747E-02 -0.366E-02 0.982E-02 -0.340E-02
4082.2 Å 50 000 0.133E-01 -0.656E-02 0.150E-01 -0.583E-02

C = 0.22E+21 100 000 0.166E-01 -0.886E-02 0.173E-01 -0.733E-02

3p′3D-3s′3P
◦

200 000 0.195E-01 -0.106E-01 0.196E-01 -0.881E-02
300 000 0.213E-01 -0.117E-01 0.207E-01 -0.980E-02
500 000 0.234E-01 -0.133E-01 0.217E-01 -0.108E-01

O III 20 000 0.131E-01 -0.336E-02 0.162E-01 -0.313E-02
4110.8 Å 50 000 0.208E-01 -0.610E-02 0.226E-01 -0.543E-02

C = 0.38E+21 100 000 0.243E-01 -0.832E-02 0.257E-01 -0.688E-02

3d′5P-3p′5S
◦

200 000 0.275E-01 -0.997E-02 0.284E-01 -0.831E-02
300 000 0.291E-01 -0.110E-01 0.293E-01 -0.914E-02
500 000 0.307E-01 -0.124E-01 0.304E-01 -0.102E-01

Atomic and Molecular Data Center – VAMDC, an European FP7 project (P.I.
Marie Lise Dubernet, Dubernetet et al. 2010; Rixon et al. 2010) with the aims:
(1) to build a secure, flexible and interoperable e-science environment based in-
terface to the existing atomic and molecular databases; (2) to coordinate groups
involved in the generation, evaluation and use of atomic and molecular data, and
(3) to provide a forum for training of potential users.

Also, we determined electron, proton and ionized helium impact broadening

parameters for the important Ne II 2s22p4(3P)3p2D
◦
- 2s22p4(3P)3d2P multiplet

in the visible part of the spectrum, and for 3 O III multiplets.
Due to high abundance of neon and oxygen in stellar atmospheres, we hope
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that the obtained results will be of interest for interpretation and synthesis of
stellar spectra and for a number of other investigations in astrophysics, physics
and plasma technologies.
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Abstract. Besides the need of Stark broadening parameters for a number of
problems in physics and plasma technology, in hot star atmospheres the condi-
tions exist where Stark widths are comparable and even larger than the thermal
Doppler widths. Using the semiclassical perturbation method we investigated
here the influence of collisions with charged particles for In III spectral lines.
We determined a number of Stark broadening parameters important for the
investigation of plasmas in the atmospheres of A-type stars and white dwarfs.
Also, we have compared the obtained results with existing experimental data.
The results will be included in the STARK-B database, the Virtual Atomic and
Molecular Data Center and the Serbian Virtual Observatory.

Key words: stars: atmospheres, spectral lines, Stark broadening

1. INTRODUCTION

Stark broadening parameters of indium spectral lines are of interest for a num-
ber of problems in astrophysics, physics and plasma technology. For example
indium is identified in the spectrum of HD 110066, an A-type chemically peculiar
star (Cowley et al. 1974).

Dimitrijević & Sahal-Bréchot (1999) determined, using semiclassical perturba-
tion theory (Sahal-Bréchot 1969a,b) Stark broadening parameters due to collisions
with electrons, protons and helium ions of 20 In III multiplets, for the effective tem-
peratures from 20 000 K to 50 000 K. Djeniže et al. (2006) obtained experimentally
Stark widths for sixteen In III spectral lines at a temperature of 13 000 K, without
citation of Dimitrijević & Sahal-Bréchot (1999).

In order to make a better comparison with their experimental results and
to provide the data of interest for hot stellar plasma research, we recalculated
Stark broadening parameters for ten In III spectral lines using the semiclassical
perturbation method (Sahal-Bréchot 1969ab) within four previously considered
multiplets (Dimitrijević & Sahal-Bréchot 1999), for which the experimental data
(Djeniže et al. 2006) exist. Differently with the previous work, we calculated
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the data for each line separately, and we increased the temperature range from
20 000–50 000 K to 10 000–100 000 K, to cover the temperature of the experimental
investigation. The obtained results are used to investigate the influence of Stark
broadening of the In III lines in the A-type stellar atmospheres.

2. RESULTS AND DISCUSSION

The calculations have been performed within the semiclassical perturbation
formalism, developed and discussed in detail in Sahal-Bréchot (1969a,b). This
formalism, as well as the corresponding computer code, have been optimized and
updated several times (e.g., see Sahal-Bréchot 1974; Dimitrijević & Sahal-Bréchot
1984; Dimitrijević et al. 1991, and the review by Dimitrijević 1996). The needed
atomic energy levels for Stark broadening calculations were taken from Bhatia
(1978).

Table 1 shows the Stark broadening parameters for electron, proton and helium
impacts (full widths at half intesity maximum, FWHM, and shifts) for ten In III
lines, obtained by using the semiclassical perturbation method for a perturber
density of 1017 cm−3 and temperatures from 10 000 K to 10 0000 K. The quantity
C (given in Å cm−3), when divided by the corresponding FWHM, gives an estimate
for the maximum perturber density for which tabulated data may be used.

In Table 2 we show a comparison between the experimental (Djeniže et al.
2006) and our theoretical results for Stark line widths. One can see a large dis-
agreement between both results. Ratio of experimental and theoretical widths
changes from 0.25 to 0.52, i.e., the experimental widths are two to four times
smaller than theoretical. A new experimental determination of Stark widths for
In III spectral lines would be important.

In order to investigate the influence of Stark broadening mechanism for the
In III lines in stellar plasma conditions, we calculated Stark widths for the Kurucz’s
(1979) model of the A-type atmosphere with Teff = 10 000 K and log g = 4.5) and
compared them with the Doppler broadening (see Figure 1). We found that the
photospheric layers exist where the Doppler and Stark widths are comparable and
even where the Stark width is dominant.

Additionally, we compared the thermal (Doppler) and total Stark widths and
the contribution of other collisional processes for the In III 6199.3 Å line for the
same model atmosphere. The contribution of elastic collisions is leading in the
total Stark widths (see Figure 2). The strong collisions, inelastic collisions inducing
transition from or to upper atomic energy levels and inelasic collisions for lower
levels are less important.

The obtained Stark broadening parameters will supplement the STARK-B
database (http://stark-b.obspm.fr), dedicated for modeling of stellar atmospheres,
analysis and synthesis of stellar spectra, as well as for investigations of laboratory
plasma, inertial fusion plasma, laser development and for plasmas in technology.
This database is a part of a FP7 project “Virtual Atomic and Molecular Data
Center” – VAMDC (P.I. Marie Lise Dubernet) with the following aims: (i) to
build a secure, flexible and interoperable e-science environment based interface to
the existing Atomic and Molecular databases; (ii) to coordinate groups involved
in the generation, evaluation and use of atomic and molecular data, and (iii) to
provide a forum for training of potential users (Dubernet et al. 2010; Rixon et al.
2011).
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Fig. 1. The Doppler and Stark widths for two In III lines at 2983.6 and 6199.3 Å as
functions of the Rosseland optical depth for an A-type star atmosphere (Teff = 10 000
K, log g = 4.5). One can see that the Stark broadening mechanism is absolutely domi-
nant in comparison with the thermal Doppler mechanism in deeper layers of the stellar
atmosphere (log τ > 1.0).
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Fig. 2. The thermal (Doppler) and total Stark line widths and the contribution of
other collisional processes to the total Stark width for the In III 6199.3 Å line as a function
of the Rosseland optical depth for a model atmosphere of A-type star (Teff = 10 000 K,
log g = 4.5).
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Table 1. Stark broadening parameters: widths (FWHM) and shifts for the In III
spectral lines obtained within semiclasical approach for a perturber density of 1017 cm−3

and the temperatures from 10 000 K to 100 000 K.

Transition T (K) We− (Å) de− (Å) Wp+ (Å) dp+ (Å) WHe+ (Å) dHe+ (Å)

10 000 0.358 0.637E-02 0.118E-01 0.244E-02 0.158E-01 0.232E-02
In III 13 000 0.319 0.698E-02 0.144E-01 0.317E-02 0.181E-01 0.291E-02

5d 2D3/2 − 4f 2Fo
5/2

20000 0.268 0.632E-02 0.181E-01 0.451E-02 0.222E-01 0.401E-02

2983.6 Å 30 000 0.231 0.608E-02 0.220E-01 0.575E-02 0.242E-01 0.500E-02
C = 0.77E+20 50 000 0.197 0.680E-02 0.248E-01 0.747E-02 0.267E-01 0.626E-02

100 000 0.167 0.636E-02 0.282E-01 0.921E-02 0.297E-01 0.748E-02

10 000 0.365 0.638E-02 0.120E-01 0.244E-02 0.161E-01 0.232E-02
In III 13 000 0.326 0.695E-02 0.147E-01 0.316E-02 0.185E-01 0.291E-02

5d 2D5/2 − 4f 2Fo
5/2

20 000 0.273 0.626E-02 0.185E-01 0.450E-02 0.226E-01 0.401E-02

3009.7 Å 30 000 0.236 0.602E-02 0.225E-01 0.575E-02 0.247E-01 0.500E-02
C = 0.79E+20 50 000 0.201 0.672E-02 0.252E-01 0.747E-02 0.272E-01 0.627E-02

100 000 0.170 0.627E-02 0.287E-01 0.921E-02 0.303E-01 0.751E-02

10 000 0.365 0.639E-02 0.120E-01 0.244E-02 0.161E-01 0.233E-02
In III 13 000 0.326 0.696E-02 0.147E-01 0.317E-02 0.184E-01 0.291E-02

5d 2D5/2 − 4f 2Fo
7/2

20 000 0.273 0.628E-02 0.185E-01 0.451E-02 0.226E-01 0.402E-02

3008.9 Å 30 000 0.236 0.604E-02 0.225E-01 0.576E-02 0.247E-01 0.501E-02
C = 0.78E+20 50 000 0.201 0.674E-02 0.252E-01 0.749E-02 0.272E-01 0.628E-02

100 000 0.170 0.629E-02 0.287E-01 0.923E-02 0.303E-01 0.753E-02

10 000 1.26 -0.112 0.426E-01 -0.133E-01 0.554E-01 -0.122E-01
In III 13 000 1.12 -0.701E-01 0.516E-01 -0.167E-01 0.640E-01 -0.153E-01

6s 2S1/2 − 6p 2Po
1/2

20 000 0.946 -0.710E-01 0.649E-01 -0.231E-01 0.774E-01 -0.196E-01

5250.3 Å 30 000 0.824 -0.599E-01 0.782E-01 -0.287E-01 0.841E-01 -0.248E-01
C= 0.48E+21 50 000 0.721 -0.635E-01 0.876E-01 -0.363E-01 0.929E-01 -0.294E-01

100 000 0.626 -0.622E-01 0.100 -0.436E-01 0.103 -0.355E-01
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Table 1. Continued

Transition T (K) We− (Å) de− (Å) Wp+ (Å) dp+ (Å) WHe+ (Å) dHe+ (Å)

10 000 1.49 -0.158 0.472E-01 -0.177E-01 0.616E-01 -0.161E-01
In III 13 000 1.33 -0.135 0.575E-01 -0.221E-01 0.711E-01 -0.201E-01

6s 2S1/2 − 6p 2Po
3/2

20 000 1.12 -0.118 0.727E-01 -0.303E-01 0.867E-01 -0.258E-01

5646.9 Å 30 000 0.967 -0.867E-01 0.883E-01 -0.378E-01 0.944E-01 -0.324E-01
C = 0.51E+21 50 000 0.842 -0.888E-01 0.996E-01 -0.470E-01 0.105 -0.381E-01

100 000 0.726 -0.852E-01 0.115 -0.563E-01 0.117 -0.459E-01

10 000 1.09 0.461 0.386E-01 0.389E-01 0.418E-01 0.324E-01
In III 13 000 0.996 0.408 0.454E-01 0.455E-01 0.502E-01 0.387E-01

6p 2Po
1/2

− 7s 2S1/2 20 000 0.860 0.338 0.630E-01 0.591E-01 0.625E-01 0.481E-01

4024.8 Å 30 000 0.785 0.285 0.763E-01 0.689E-01 0.711E-01 0.564E-01
C = 0.13E+21 50 000 0.728 0.251 0.918E-01 0.816E-01 0.825E-01 0.667E-01

100 000 0.666 0.196 0.114 0.976E-01 0.982E-01 0.777E-01

10 000 1.19 0.491 0.435E-01 0.426E-01 0.474E-01 0.354E-01
In III 13 000 1.09 0.434 0.511E-01 0.498E-01 0.568E-01 0.424E-01

6p 2Po
3/2

− 7s 2S1/2 20 000 0.942 0.358 0.705E-01 0.648E-01 0.703E-01 0.528E-01

4253.8 Å 30 000 0.864 0.302 0.853E-01 0.757E-01 0.799E-01 0.619E-01
C = 0.15E+21 50 000 0.804 0.267 0.102 0.896E-01 0.920E-01 0.729E-01

100 000 0.741 0.208 0.126 0.108 0.110 0.852E-01

10 000 1.62 -0.358E-01 0.681E-01 -0.112E-01 0.876E-01 -0.106E-01
In III 13 000 1.45 -0.365E-01 0.811E-01 -0.145E-01 0.101 -0.133E-01

5d 2D3/2 − 6p 2Po
1/2

20000 1.23 -0.426E-01 0.102 -0.206E-01 0.120 -0.182E-01

6199.3 Å 30 000 1.06 -0.372E-01 0.120 -0.261E-01 0.130 -0.228E-01
C = 0.61E+21 50 000 0.916 -0.456E-01 0.133 -0.339E-01 0.142 -0.283E-01

100 000 0.781 -0.449E-01 0.149 -0.416E-01 0.157 -0.339E-01

10 000 1.35 -0.173E-01 0.604E-01 -0.685E-02 0.774E-01 -0.658E-02
In III 13 000 1.21 -0.169E-01 0.716E-01 -0.896E-02 0.895E-01 -0.836E-02

5d 2D3/2 − 6p 2Po
3/2

20 000 1.03 -0.233E-01 0.895E-01 -0.129E-01 0.105 -0.117E-01

5724.6 Å 30 000 0.896 -0.210E-01 0.105 -0.170E-01 0.114 -0.145E-01
C = 0.56E+21 50 000 0.776 -0.271E-01 0.116 -0.219E-01 0.125 -0.187E-01

100 000 0.666 -0.269E-01 0.130 -0.275E-01 0.137 -0.225E-01

10 000 1.40 -0.187E-01 0.626E-01 -0.728E-02 0.801E-01 -0.698E-02
In III 13 000 1.26 -0.182E-01 0.741E-01 -0.951E-02 0.927E-01 -0.885E-02

5d 2D5/2 − 6p 2Po
3/2

20 000 1.07 -0.248E-01 0.928E-01 -0.136E-01 0.109 -0.124E-01

5821.2 Å 30 000 0.929 -0.224E-01 0.109 -0.180E-01 0.118 -0.154E-01
C = 0.57E+21 50 000 0.805 -0.288E-01 0.120 -0.231E-01 0.129 -0.198E-01

100 000 0.692 -0.287E-01 0.135 -0.290E-01 0.142 -0.237E-01

Table 2. Comparison between the experimental Wm and theoretical Wth results.

Transition λm (Å) Wm (Å) Wm
Wth

5d 2D3/2 − 4f 2Fo
5/2 2982.8 0.240 0.51

5d 2D5/2 − 4f 2Fo
5/2 3008.1 0.250 0.52

5d 2D5/2 − 4f 2Fo
7/2 3008.8 0.210 0.44

6s 2S1/2 − 6p 2Po
1/2 5248.8 0.717 0.43

6s 2S1/2 − 6p 2Po
3/2 5645.2 0.520 0.27

6p 2Po
1/2 − 7s 2S1/2 4023.8 0.545 0.37

6p 2Po
3/2 − 7s 2S1/2 4252.7 0.480 0.30

5d 2D3/2 − 6p 2Po
1/2 6197.7 0.800 0.37

5d 2D3/2 − 6p 2Po
3/2 5723.2 0.450 0.25

5d 2D5/2 − 6p 2Po
3/2 5819.5 0.520 0.28
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Abstract. Recently we proposed a method to determine the gas temperature
using the van der Waals broadening of atomic spectral lines for atmospheric
pressure Ar-He plasma. Here our investigations are continued by studying the
influence of Ar*-Ne interactions in order to enlarge the applicability of the
proposed method for the determination of gas temperature in argon – neon
mixtures. The Ar I 425.9 nm line is found to be suitable for the gas temperature
determination.
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Abstract. The following calendar systems, introduced in Europe from 18th to 20th cen-
tury, which were in use in Europe for a shorter or longer period by a larger or smaller
community, were reviewed and discussed: The French Revolutionary Calendar, the Theose-
bic calendar invented by Th. Kairis, the Revolutionary Calendar of the Soviet Union (or
’Bolshevik calendar’), the fascist calendar in Italy and the calendar of the Metaxas dicta-
torship in Greece before World War II. Also the unique of them which is still in use, the
New Rectified Julian calendar of the Orthodox Church, adopted according to proposition
of Milutin Milanković on the Congress of Orthodox Churches in 1923 in Constantinople, is
presented and discussed. At the end, difficulties to introduce a new calendar are discussed
as well.

Key words: Calendars: French Revolutionary, Theosebic, Italian fascist, of I. Metaxas,
Bol’shevik’s, New Rectified Julian

Introduction

In the history of calendar reforms the Julian calendar that prevailed for at
least 16 centuries was gradually replaced by the Gregorian one, from 1582 on-
wards. The Gregorian calendar was necessary, because it corrected the Julian
one and returned the vernal equinox in its true astronomical date; however,
it did not change the months, or the days of the week (their number and
names): it just changed the way of calculation of the leap years. After these
two calendars, five other political calendar systems and one ecclesiastic were
introduced in Europe, but none of political ones prevailed beyond its limited
(in time and place) political environment. In this work the following such
unsuccessful calendars are reviewed: The French Revolutionary Calendar, the
Theosebic calendar invented by Th. Kairis, the Revolutionary Calendar of
the Soviet Union (or ’Bolshevik calendar’), the fascist calendar in Italy and
the calendar of the Metaxas dictatorship in Greece before World War II. Also
the unique of them which is still in use, the New Rectified Julian calendar of
the Orthodox Church is presented and discussed.

Essentially, with the exception of the French Revolutionary Calendar (Le
Calendrier Républicain), which is well-known and studied in the international
bibliography, our effort is centered at the other 5 calendar systems, which
are much less known, especially the three of them: the Theosebic calendar,
the fascist calendar in Italy and the calendar of the Metaxas dictatorship in
Greece (1936-1940). At the end, difficulties to introduce a new calendar are
discussed as well.
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1 The French Revolutionary Calendar

After the Gregorian calendar, the next step of a calendar reform was taken in
France, after the French Revolution of 1789, which resulted in the abolishment
of monarchy and the declaration of Democracy. The French revolutionaries,
after breaking the bonds of the monarchy wanted to break also their links
with the religious-papal (as they perceived it) calendar, by reintroducing its
primal basis, the ancient Egyptian calendar. For this reason, they wanted to
create a calendar similar with one that would lead to the complete decoupling
of Church and the State. The first attacks against the Gregorian calendar,
accompanied by the respective calendar propositions for its reformation, took
place during the years 1785 to 1788.

The times were ripe, after the fall of Bastille in July 14, 1789, for the
French revolutionaries to ask with considerable intensity for a new calendar,
having as its starting point the first year of Democracy. So in 1793 the Na-
tional Assembly entrusted Charles Gilbert Romme, president of the public
education committee, with the calendar reform. He in turn assigned to the
famous mathematicians Joseph-Louis Lagrange and Gaspar Monge the task
to work on the technicalities of the issue. The results of the studies of the two
mathematicians were submitted to National Assembly in September 1793 and
were accepted immediately. At the same time it was decided that this new
calendar system would be applied soon. Indeed, the Calendrier Républicain
de la Rèvolution de 1789, as it was called, was accepted by the National
Assembly on October 5, 1793 and was voted on December 4, 1793. As the
starting point of its chronology was set a date of the recent past, namely
the September 22, 1792, known in the new calendar as 1 Vendèmiaire, the
date of the abolishment of monarchy and the declaration of democracy, which
accidentally coincided with the astronomical autumnal (fall) equinox. So the
New Year’s Day of the ’revolutionary’ civil year was the autumnal equinox of
each tropical year, with the chronology starting on September 22, 1792 or 1
Vendèmiaire of the Year 1.

The year of this ’democratic’ calendar consisted of 12 months of 30 days
each, followed by an extra 5 or 6 supplementary days (jours complémentaires),
which, added at the end of the 12th month, that is between the respective
dates 17 and 22 September, were completing the total number of the days of
the year. Thus, the total number of the days of the year was again 365 or 366
for leap years, keeping the tradition of the Julian calendar and its evolution,
the Gregorian calendar.

The day-and-night time interval, from one midnight to the next, was di-
vided into 10 hours and the 1/100 of such an hour was defined as the ’decimal
minute’. I.e. the French democrats abolished the hexadecimal system in time
keeping and established the simpler decimal one (each minute had also 100
seconds). The weeks, because they were related to the Jewish calendar, and
thus they had been adopted in interconnection with Religion, were aban-
doned and each month was divided into three décades. The names of the days
of the week were also abolished and the ten days of each 10-day span were
just called with their order: first, second, third,. . . , tenth day (primidi, duodi,
tridi, quartidi, quintidi, sextidi, septidi, octidi, nonidi, décadi). The last day
of each décade, the décadi, was a day of rest, dedicated to the worship of
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the Supreme Being. The names of the months had the same ending for each
three-month group and they were inspired by nature. They were invented
by the member of the National Assembly, poet Philippe Fabre d’Eglantine
(1750-1794). This poet and playwright had won (with his work Étude de la
nature, 1783) in 1783 the first prize in Toulouse’s flower festival; the prize was
a golden wild rose, which is called eglantine in French, and he adopted this
word as his nickname, with which he is known in history. Philippe Fabre was
a member of Danton’s group, and when his friend lost his political power, he
was accused of corruption because he had been involved in the scandalous
dissolution of the Society of Indies. For this reason he was beheaded together
with Danton and his followers on April 5, 1794.

The democratic calendar was permeated by an anti-Christian, rational-
istic and nature-loving spirit. The poetic names of the months of the year,
together with their meaning and the correlation with our months are as fol-
lows (Flammarion, 1955, p. 28):

Table I: The French Revolutionary Calendar

Season Month Meaning Correlation
Fall Vendèmiaire Vintager Sept. 22 - Oct. 21

Brumaire Foggy Oct. 22 - Nov. 20
Frimaire Chilly Nov. 21 - Dec. 20

Winter Nivôse Snowy Dec. 21 - Jan. 19
Pluviôse Rainy Jan. 20 - Feb. 18
Ventôse Windy Feb. 19 - March 20

Spring Germinal Of the sprouts March 21 - April 19
Floréal Flowery April 20 - May 19
Prairial Grassy May 20 - June 18

Summer Messidor Harvester June 19 - July 18
Thermidor Heat-giver July 19 - Aug. 17
Fructidor Fruit-giver Aug. 18 - Sept. 16

Jour de la Vertu Day of Virtue Sept. 17
Jour du Génie Day of Engineering Sept. 18
Jour du Travail Day of Work Sept. 19

Jour de l’ Opinion Day of Opinion Sept. 20
Jour des Récompenses Day of Rewards Sept. 21
Jour de la Révolution Day of Revolution

(Only in leap years) Sept.22

These Gregorian dates vary slightly because of leap years. Moreover, due
to incompatibility of Articles III (Every year begins in the midnight of the
day of autumnal equinox for Paris observatory) and X (. . . The fourth year
of a Franciade is Sextile) of Décret de la Convention nationale sur l’ère, le
commencement et l’organisation de l’année, et sur les noms des jours et des
mois, the calendar is not applicable after the year XVIII, since an additional
leap day for compatibility with tropical year is not needed for the Year XIX
(the fourth year of Franciade) but for Year XX (the fifth year of Franciade).
Consequently, exist different systems for the conversion after the year XVIII
and the corresponding dates are slightly different for different systems.

The five or six supplementary days were initially called Sans Culottides,
to honor the revolutionaries who didn’t wear the expensive trousers (culottes)
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of the aristocrats but long hairy pants instead. The French who were using
the calendar were saying: the first Sans Culottide, the second Sans Culottide,
etc. (la première sans culottide, la seconde sans culottide, etc.). The collective
name ’supplementary days’ (jours complémentaires) was given to the Sans
Culottides on 7 Fructidor of the Year III, i.e. on August 24, 1795.

The names of the saints associated with each date of the year in the
Christian calendars were replaced by names of trees, plants, flowers, fruits and
grains, since this calendar was designed to be free of Christian nomenclature
(Renouard, A.A., 1822).

The supplementary days, between 17th and 22nd September of the Gre-
gorian calendar, were dedicated: to Virtue (la Fête de la Vertu), Engineering
(la Fête du Génie), to Work (la Fête du Travail), to Opinion (la Fête de l’
Opinion), and to Rewards (la Fête des Récompenses).

The Day of the Opinion was especially important for its singular character:
on this date, every citizen had the right to freely express his opinion. At a
collective level, the citizens were judging publicly, albeit figuratively, all public
servants for their deeds. During this day, any kind of satire was permitted,
along with cartoons, satirical songs and many other smart jokes, which were
freely aimed towards those in power. It was then up to those in power to
disprove through its Virtue these humoristic accusations. For this reason,
this day was also considered to be dedicated to Actions and Virtue. The sixth
supplementary day added in the leap years was dedicated to the celebration
of the Revolution (la Fête de la Rèvolution). The first leap year of the new
calendar was decided to be the Year III. The four-year period between two
successive Days of the Revolution was called Franciade.

The wonderful French invention of calling the democratic calendar’s months
with names corresponding closely to the real climate of France was ridiculed
by the British (then adversaries of the French) with the following parody:

Fall: wheezy, sneezy, freezy
Winter: slippy, drippy, nippy
Spring: showery, flowery, bowery
Summer: hoppy, croppy, poppy
(Wilson P.W., 1937, p. 154). For Summer somewhere is given and: Wheatty,

Heaty, Sweety (The Historical Maritime Society, Nelson and His Navy - Rev-
olutionary Calendar, http://www.hms.org.uk/nelsonsnavyrevcalend.htm,

This rather poetic calendar was functional and efficient for France; how-
ever, it was disadvantageous for the working class, as it contained only one
day of rest every ten days and not one in seven, as it used to be. Its other
major weakness had to do with the fact that it was a calendar of limited
use, since it was used only in France, and thus isolated it calendarly, admin-
istratively, economically and in international relations issues from the rest
European countries.

For these reasons, but mainly for political purposes Napoleon the Great
agreed with the Pope in 1801 to restore Sunday in the calendar, as well as
the major Christian holidays: Christmas and the Easter. Finally, in 1806 the
French Revolutionary Calendar was abolished with the decree of 22 Fructidor
XIII signed by Napoleon and France adopted again the Gregorian calendar on
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Fig. 1. Colored drawing from 19th century. The person on the right side is wearing short
trousers of aristocrats - culottes.

11 Nivôse XIV that is in Gregorian date January 1st, 1806. The Revolutionary
Calendar had a short life, less than 13.5 years. However, some decades later,
an attempt was made to restore it, which is described below.

In 1870, emperor Napoleon III (1808-1873) lost a war with the Prussians
he was responsible for. This defeat had as a result the abdication of the
emperor on September 4, 1870 and the declaration of the Second Republic.
However, the Prussians advanced and occupied a part of Paris. The end of
the war came on March 1st, 1871, when Thierry’s government signed the
capitulation with the invaders.

The defeat and the humiliating terms of the treaty had as a result a new
revolution in Paris, on March 18, 1871. The people of Paris installed in the
Town Hall a communal administration, which passed in history under the
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Fig. 2. French Revolutionary calendar by Louis-Philibert Debucourt 1755-1832.

name "Paris Commune". The revolutionary commission that was formed or-
ganized the city’s defense. And one of its first actions was the revival of the
Revolutionary Calendar, the Calendrier Républicain de la Rèvolution, on May
10, 1871, which corresponded to the 18 Floréal of the Year 79. The ’Govern-
ment of National Salvation’ as Thierry’s government was known, found refuge
in Versailles. It managed to summon 100,000 men and with this army it at-
tacked Paris. After a couple of weeks of battles, in which more than 20,000
people died, the governmental army crushed the revolutionaries in the end of
May 1871, aided by the Prussians.

The quick end of this popular uprising brought once again the abolishment
of the Revolutionary-Democratic Calendar, this time forever, on May 28,
1871. So, the Commune in Paris restored French Revolutionary Calendar just
for a brief period (Wilson, P.W., 1937, p. 155 & p. 334).

Nevertheless, even today the French astronomical almanacs, as a tribute
towards the First French Republic, give along with the other calendars (Gre-
gorian, Julian, Islamic, Jewish and Coptic) the date correlation of the Rev-
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Fig. 3. French republican clock with combined decimal (inside) and traditional
(outside)hour-plate.

olutionary Calendar, which in 2009 is at its 217th Year (the first of January
2010 corresponded to 12 Nivôse 218).

2 The Theosebic calendar

The abolishment of the French Revolutionary-Democratic calendar discour-
aged other regimes from adopting some novel calendar system. Yet, the French
calendar inspired the Greek priest and scholar Theophilos Kairis to invent his
own ’Theosebic calendar’ who was also destined not to prevail at any place.
This was a variant of the French Revolutionary calendar, but under a religious
cover.

The monk and priest Theophilos Kairis (1784-1853), a thinker and scholar
from the island of Andros, who participated in the Greek War of Independence
of 1821, and is considered as one of the major ’Teachers of the Nation’, had
studied in the universities of Pisa and Paris. He was the creator of a cult,
’Theosebism’, and for this reason he was persecuted and he died in prison. His
original philosophical system was echoing the ideas of Theosophy, positivism
and mysticism.

Theophilos Kairis, influenced by the Western Christian-social philosophy,
was searching for the ’golden analogy’ among religious faith, scientific knowl-
edge and social justice. He did not accept the Christian chronology and, in-
spired by the French Revolutionary calendar (Calendrier Républicain de la
Rèvolution de 1789), he proposed the abandonment of the week and the di-
vision of each month in three ten-day intervals: "Twelve ’30-day’ months in
three groups of 10 days each (Theophilos Kairis, Code 53).
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Fig. 4. Theophilos Kairis.

He also changed the names of the months, into the following ones (Theo-
dossiou, E., & Danezis, E., 2000, pp. 337-338):

Table II: Month names in the Theosebic calendar, their meaning and equivalence

Name Meaning Correlation*
1 Theosebius Pius (of respect to God) 11/23 Sept.- 10/22 Oct.
2 Sopharetus Wise and virtuous 11/23 Oct.- 10/22 Nov.

(of Wisdom and Virtue)
3 Dicaeos Righteous (Just) 11/23 Nov.- 9/21 Dec.
4 Hagios Holy 10/22 Dec.- 8/20 Jan.
5 Agathius Good (Benevolent) 9/21 Jan.- 7/19 Feb.
6 Sthenius Courageous (of Power) 8/20 Feb.- 9/21 March
7 Agapius Beloved (of Love) 10/22 Mar.- 8/20 April
8 Charisius Graceful (of Grace) 9/21 April- 8/20 May
9 Macrothymus Forbearing 9/21 May- 7/19 June
10 Aeonius Eternal (Perpetual) 8/20 June- 7/19 July
11 Entheus Divine (’God-in-it’) 8/20 July- 6/18 Aug.
12 Sosius Savior (of Salvation) 7/19 Aug.- 5/17 Sept.

* The first date is according to Julian calendar and the second according
to Gregorian one, with a difference of 12 days as was in 19th century. For
conversion of dates from 20th and 21st century one should take into account
that the difference increased to 13 days. As in the case of French Revolutionary
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Calendar, dates slightly vary due to leap years (We note that in Portaz (1935,
p. 220) Gregorian dates are erroneously increased for one since was taken the
difference of 13 days as in 20th century).

The five or six days added for the completion of the tropical year were
the dates 18 to 22 September of the Gregorian calendar.

Theophilos Kairis knew that from an astronomical point of view there is
no special significance in setting the start of the year on January 1st and that
all ancient calendars were starting their year at one of the 4 characteristic
points of the solar apparent orbit, which are:

a) The two equinoxes - the vernal on March 21 and the autumnal on
September 23 - and

b) The solstices - the summer on June 22 and the winter on December 22.
The calendar system of Kairis, known as the ’Theosebic calendar’ had also

as its New Year’s Day the autumnal equinox. The first year of the Theosebic
chronology began on September 23, 1800 (Gregorian calendar). Actually, he
chose as the start of his calendar system the autumnal equinox, which used to
occur on September 11/23 (the first date refers to the Julian and the second
date to the Gregorian calendar, which then had a difference of 12 days between
them), like the ancient Greek calendars of the Dorians and the Macedonians.
The Dorian (Spartan) calendar started on the first new moon after the autum-
nal equinox, in the month Panamos, and the Macedonian calendar started in
the holy month Dios. But also his calendar model, the French Revolutionary-
Democratic calendar, started at the autumnal equinox (September 22 or
equivalently 1st Vendèmiaire of 1792 (Theodossiou & Danezis 2000, p. 338).

Correspondingly, the first year of the Theosebic chronology started on
September 11 / 23 (when that year occurred autumnal equinox) of 1800 AD
and ended on September 10 / 22 of 1801 AD. As we already noted, the
Theosebic year had 12 months of 30 days each (12 x 30 = 360), so that 5
days remained (or 6 for the leap years) for the completion of the solar year of
365 (or 366) days. These extra days, as in the ancient Greek calendars, were
called "induced days" and were inserted at the end of the Theosebic year, i.e.
before the 11th/23th of September of the "Christian" calendars (Julian and
Gregorian).

Similarly, as in the ancient Greek calendars, each month was divided into
10-day spans (decans); the first decan of each month was called "starting
decan of the month", the second one "middle decan of the month" and the
third one "decan of leaving or ending month", or "the decan after the twenty"
(Theodossiou & Danezis 1996, vol. I, pp. 360-364).

The specialist on Kairis late scholar Demetrios I. Polemis, director of the
Kairian Library in Andros, edited the correspondence of Theophilos Kairis,
which was published in three volumes. He divides these three volumes of
letters into three periods. The first volume contains the letters up to the
closure of the Orphanage (1839), the second volume contains the letters of
the period of his persecution and exile up to his return to Greece (1844) and
the third one contains letters written in Andros to various receivers until the
scholar’s death in 1853 (D. Polemis, vol. I, p. 22). In the second volume’s
introduction Polemis reports that a detailed description of the Theosebic
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calendar exists in the work Epitome of the Theosebic teaching and ethics
(London 1852, pp. 102-104) by Kairis. Also, as far as the decans are concerned,
Polemis writes the following:

"The decan is divided into ten days, the day into ten hours, the hour into
100 first minutes and the minute into 100 seconds. The days of the decan are
named First, Second,. . . . . . , Tenth or Holy". As Kairis writes, "the age of
the Theosebists" begins "from the first year of the nineteenth century of the
Christians and it is divided into five-year entheades". Therefore, the first
year of the Theosebic chronology started on September 11 / 23, 1800 [the first
year of 19th Century is not 1800 but 1801 - Remark of authors], and ended
on September 10 / 22, 1801. The days of September 6 to 10, 1801, were the
Epacts (induced days).

A complete Theosebic chronology is exposed in the letter No. 220: "33, or
9th of the entheas 9, to 3rd, the 1st of the middle [decan of] Sopharetus". The
year 33 began on September 11 / 23 of 1842 AD, while the 8th entheas was
completed on September 10 / 22, 1840 and the next day started the ninth enth-
eas, of which the third year was 1842-1843. Sopharetus is the second month
of the Theosebic calendar (October 11 / 23 to November 9 / 21). Therefore,
the first of the middle decan of this month is the October 21st / November 2nd

1842.
Kairis and the followers of his sect were using tables of corresponding

dates of the two calendars (Theosebic and Christian), some of which have
been preserved.") (Polemis, Introduction, vol. II, pp. 12-13).

Kairis considered the year 1801 ’as the year 1’ in his Theosebian calendar,
essentially a covert variation of the French revolutionary calendar cloaked in
religion and, being the after-clap of a calendar that did not survive, Kairis’s
calendar was also still-born.

Table III: The ”Times” of the day in the Theosebic calendar

Ecclesiastical "Hours" Kairian "Times"
Matins Time of prayer
Hours Time of studying and reading

Evensong Time of own profession
Compline Time of charity work
Midnight Time of irrevocable comfort (repose)

The nineteenth century is the first century of the Kairian measuring of
time. In his calendar he used the ancient Greek numbering; so in the year
µλ of the Kairian chronology (corresponding to 1852) the "Compendium of
Theosebian Doctrine and Ethics" was published in London. In this book, the
doctrinal background of Theosebism and the Kairian calendar are described
in detail. According to his ecclesiastical calendar, Kairis divided the ’night
and day’ -and not ’day and night’- into five periods "Times" of two hours
(ten hours in total divided in 100 minutes and each minute in 100 seconds -
Portaz, 1935, p. 220).

In his calendar, Kairis abolishes all Christian feasts (those of Jesus Christ,
of the Holy Mother, of Saints, etc.). He also replaces Sunday -the day of the
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Lord- with the ’Tithe’ (the tenth day), i.e. since he does not accept the divine
nature of Jesus Christ he abolishes also the day devoted to Him.

According to the principles of Theosebism, the believers, the God-pious
people, were gathering at the middle of the four seasons of the year, beginning
at the corresponding autumnal middle, celebrating the following: Entheogona,
Entheagona, Entheobia and Entheondia.

All these -untranslatable- terms were invented by Kairis. Their meanings
are difficult even in Greek and each one includes the word God (Theo, in
Greek).

We conclude that Kairis created his calendar with the new chronology in
order to use it in the religion or sect he introduced, in the ritual of which he
adds new prayers, new hymns and a new worship, thus creating his own special
theoretical and worshipping ritual, written in the ancient Dorian dialect.

Indeed, Kairis, among other things, being an admirer of the ancient Greek
spirit, formulated in the ancient Doric dialect of the Greek language a fully
operational hymnbook. He called the corresponding workers ’God’s ministers’
(Theagi). These Theagi or Hieragoi (Holy priests) were classified into five
orders: Deans, Readers, Hymnodists, Preachers and Ministers.

Of course, this calendar, unknown to the international literature as far
as we know, was never put in real use and became extinct with the death of
its inventor, together with the Theosebism cult (Theodossiou et al., 2007, p.
117).

3 The Revolutionary Calendar of the Soviet Union
(’Bolshevik calendar’)

The last major attempt for a calendar reform took place in 1929 by the
government of the Soviet Union (USSR), which adopted the Revolutionary
calendar (or ’Bolshevik calendar’).

To begin with, in 1918, the government formed after the October Rev-
olution replaced the Julian calendar with the Gregorian one, thus actually
harmonizing Russia with Western Europe from a calendar point of view; this
is why the celebration of the anniversary of the ’October Revolution’ was tak-
ing place on November 7 in the Soviet Union. However, the Russian Orthodox
Church never accepted the Gregorian calendar.

Different, much more radical change occurred in 1929. The idea was to
abolish Sunday as a rest day and to introduce a continuous production week
(nepereryvka). So in production, from the autumn of 1929 until near the end
of 1931, in parallel with Gregorian one, was introduced the calendar divided
into 72 five-day weeks (=360 days), three of which were split into two partial
weeks by five days of national holidays, but holidays were not a part of the
week so that each split week still had also five days. Each day of the five-day
week (pyatidnevka) was labeled by either one of five different colors or with
a Roman numeral from I to V or with the the names The First (pervyj), The
Second (vtoroj), The Third (tretij), The Fourth (chetvertyj) and the Fifth
(pyatyj). In fact, each worker obtained a color or a number to identify his or
her day of rest, so that every day, 80% of each factory’s staff worked, while
20% were resting.
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Fig. 5. Schema of Soviet pocket calendar for 1931. On Gregorian calendar are
denoted days of five days continuous production week. Five non-working days,
January 22 Day of memory on 9 January 1905, and Lenin, May 1-2, Days
of International and November 7-8, Days of Proletarian Revolution are excluded
(http://ru.wikipedia.org/wiki/Faĭl:Soviet calendar 1931 pocket 2.jpg)

In 1930 was proposed the Soviet Revolutionary Calendar with 12 months
of 30 days and five national holidays, not belonging to any month. It was
rejected and never introduced but in many western sources is erroneously
stated that the 72 five day weeks were organized in 12 months of 30 days, for
example in Parry Albert (1940, "The Soviet calendar", Journal of Calendar
Reform 10, p. 68).

However, the attempt to change the week was unsuccessful, and on Novem-
ber 21st, Sovet Narodnykh Komissarov (Sovnarkom) SSSR replaced the five-
day intervals with six-day intervals (shestidnevka), so that the year of 360
days consisted of 60 such intervals. This week was not with continuous pro-
duction, but 6, 12, 18, 24, and 30 day of a month were the days of rest.
At the end of February the last day was the day of rest or it was the 1st

of March. In months with 31 days, the work on this day was assumed as
a surplus and paid additionally. But neither system could take roots in the
people’s conscience. Therefore, in 1940 the Soviet government restored the
use of the initial Gregorian calendar in factories and enterprises and the an-
cient seven-day week, with its Saturdays and Sundays. It is interesting as well
that in addition to the Gregorian years, in some cases an additional date was
given as e.g. in Fig. 6: Twenty first year of the Socialist Revolution, where
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Fig. 6. From Soviet calendar for 1937 Translation of calendar page: Twenty first
year of the Socialist Revolution / 1937 DECEMBER 1937 / 12 / sixth day
of the six-day week / Day of elections to the Supreme Soviet of the USSR
(http://ru.wikipedia.org/wiki/Faĭl::Revolution kalendar.jpg)

this chronology was counted from the 7th November 1917. This was present
until the disintegration of Soviet Union in 1991 (see e.g. Shcherbinin 2008, p.
58).

The Revolutionary Calendar of the Soviet Union (’Bolshevik calendar’) is
described in detail in our published paper: Theodossiou, E., Manimanis, V.
N. and Danezis, E, 2002, "The Russians Calendars after the Christianization
of the country", JAAT 21, No. 1-3, June, pp. 149-153.

4 The Fascist calendar of Mussolini

The so-called ’Fascist calendar’ appeared (and ended) in fascist Italy. How-
ever, it was not really a different calendar, but merely the setting of a new
start for chronology, after the famous ’March towards Rome’ of the ’black-
shirted’ fascists, on October 28, 1922, which brought Mussolini on power.

Actually, according to Marla Stone: Using the French example, fascism
retroactively restarted the calendar in 1927, making 28 October 1922, the first
day of the first year of the new calendar I.I.I. Fascism declared it would re-
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Fig. 7. Plate at the Stock exchange in Milano with date according to fascist calendar.
Photo of Giovanni Dall’Orto.

place old allegiances and collective history. In this way, ’fascistization’ was
inextricably bound to ’nationalization’ (1993, p. 230).

So, the Fascist calendar started on 28 October 1922. The date in the
Fascist Era was written in Roman numerals. Thus, beginning in November,
the year 1922-1923 was set as fascist year I (or year I "di era fascista" - of the
Fascist Age). This year was written in Italian diaries together with the normal
year A.D.: next to the Christian year there was a Roman numeral indicating
the corresponding fascist year. For example, the day of Italy’s war declaration
against Greece was written as: 28 October 1940 - XIX (the number 19 written
as a Roman numeral).

According to Mark Antliff: The most dramatic instance of such social en-
gineering was the ’superimposition over the Gregorian Calendar’ of a fascist
time frame, in which 1922 became ’Year I’ of the fascist era, signaling a regen-
erative break from the plutocratic decadence of the immediate past. The new
calendar was then punctuated with certain days of national celebration, each
with a ’two fold mythical significance’. Thus March 23, Youth Day, commem-
orated the founding of Fasci; April 21, Labour Day, the founding of Rome;
May 24, Empire Day, the entry of Italy into the First World War; September
20, Italian Unity, the incorporation of Rome into the Kingdom of Italy; Oc-
tober 28, the fascist Revolution, the March of Rome. . . In this way ordinary
Italians were encouraged to experience the unfolding of time as a phenomenon
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Fig. 8. Year IX of fascist era on the Milano central railway station. Photo of Giovanni
Dall’Orto.

with a transcendental core on a par with metaphysical reality which underlay
Christianity (2004, pp. 149-150).

The year 1922 (October) to 1923 was considered the fascist year 1 - with
Latin digits: I. It was part of a date that was functioning in parallel with the
Gregorian calendar in all fascist documents and other printed material. For
example, the first of May of 1934 AD was accompanied by the fascist year
XII, while December 25, 1938, was accompanied by the fascist year XVII,
since December is after October and thus the fascist year had changed. As it
should be expected, the overthrowing of the fascist regime in Italy brought
with it the abolishment of this trivial calendar change.

5 The calendar of Metaxas dictatorship in Greece

It is interesting to note that Mussolini’s chronology was imitated in Greece
by the Ioannis Metaxas dictatorship (1936-1940), considering in turn 1936,
the year of its start, as ’year A′’, written with Greek numeral. In all official
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papers of the Greek dictatorship there were two chronologies: the Christian
year AD and the corresponding year of the dictatorship. For example, the day
of Italy’s war declaration against Greece was written as: 28 October 1940 -
year E′.

 

Fig. 9. The proceedings of the First Conference of Regional Administrators of the National
Youth Organization of 1939, where the year Delta (∆′) of the Metaxas dictatorship appears.

Needless to say, this way of year enumeration died together with the re-
spective regimes. Moreover, this action of the dictatorship is virtually un-
known to modern Greek society. It is not mentioned and has not been recorded
anywhere, with the exception of certain official documents and state archives
from that period, such as the proceedings of the First Conference of Regional
Administrators of the National Youth Organization of 1939, year Delta (∆′),
from where we learned about it.

6 The New Rectified Julian calendar of the Orthodox
Churches

Patriarch Meletios IV (1922-1923), head of the Orthodox Churches, convened
an Ecumenical Congress in Constantinople in May 1923, where one of the
principal topics of discussion was the reform of the Julian calendar. In the
Serbian delegation were Gavrilo Dožić and Milutin Milanković. At that time,
Dožić was the Metropolitan of Crna Gora and Primorje (Montenegro and the
Littoral), and later become Patriarch of the Serbian Orthodox Church. Mi-
lutin Milanković (Dalj, May 28, 1879-Belgrade, December 12, 1958) is world-
wide known for his groundbreaking work on the causal relationship of solar
heating to the phenomenon of the occurrence of the Ice Ages in Europe during
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the Quaternary Period. He developed an astronomical theory for the evolu-
tion of planetary climates and explained the phenomenon of the Earth’s Ice
Ages and polar motion.

Milutin Milanković, was the vice president of the Serbian Academy of
Sciences and Arts and director of the Belgrade Astronomical Observatory
(1948-1951). To honor to his scientific achievements in astronomy, a crater on
the far side of the Moon (coordinates +170o, +77o) was given his name at the
14th I.A.U. General Assembly in Brighton in 1970. His name was also given
to a crater on Mars (coordinates +147o, +55o) at the 15th I.A.U. General
Assembly in Sidney in 1973. In 1982, a small planet, discovered in 1930 by
Milorad Protić and Pero Djurković and provisionally designated 1936 GA,
received its permanent name: 1605 Milanković (Dimitrijević, 2002).

At the Ecumenical Congress representatives of Serbian and Romanian Or-
thodox Churches submitted two elaborate propositions (detailed description
of the calendar reform and of the Pan Orthodox Congress in Constantinople
is given in Milanković 1923, 1995, 1997, see also Dimitrijević 2002, Dimitri-
jević, Theodossiou 2002, Dimitrijević, Theodossiou, Mantarakis, 2008). The
proposition of Serbian delegation, formulated by Maksim Trpković, was to in-
troduce the intercalation rule that the secular years in centuries which when
divided by 9 have remainders of 0 or 4 will be leap years. Consequently, 7
days will be omitted from 9 centuries, and the calendar will be closer to the
tropical year than the Gregorian one, where the intercalation rule is that leap
years are only secular years where the number of centuries is divisible by four.
Moreover, the vernal equinox will always fall on March 21 or very close to it.

The Romanian delegation consisted of Archimandrite Julius Scriban and
Senator Dragici. They came with the following proposal for calendar reform
(Milanković 1923, 1997, Trajkovska, Ninković 2008): Each year is to have
364 days (exactly 52 weeks) so that every date has a fixed day in the week.
March, June, September and December have 31 days, and other months 30
days. An additional week is added every 5 years between June 31 and July 1,
whose number of days corrects the difference with the tropical year. The first
day of Easter is fixed at April 29, and all other holidays become fixed. This
proposition was presented to the Congress by Senator Dragici, but he told
to Milanković that the author was actually baron Gustav Bedeus from Sibiu,
who was not an Orthodox Christian so that it is not convenient to put his
name on the proposal. However, according to investigations of Trajkovska and
Ninković (2008), "A Resolution Concept for Conference of the Calendar of
Orthodox Churches in Constantinople on May 1, 1923", published in German
by Bedeus in Siebenbuergisch-Deutschen Tagesblatt (Daily of Germans from
Siebenburger - Seven towns or Transilvania in Romanian) differs from the
proposition of Senator Dragici.

Congress rejected both propositions. The Serbian, authored by Trpković,
since the year 2000 would not be a leap one as in the Gregorian calendar, and
after only 77 years a difference of one day between the Gregorian and New
Rectified Julian calendars would appear. The Congress concluded that the
better solution is to delete thirteen days in Julian calendar in order to put it
into line with Gregorian one, until 2100, when the one-day difference would
appear.
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Milutin Milanković obtained the task to develop a new proposal. He con-
cluded that the wish of the majority of participants was that calendar of the
Eastern Orthodox Church should not be identical with the Gregorian one,
but that the two should parallel one another as far as possible. Consequently,
instead to try to fix the date of the vernal equinox to March 21st, as in the
Trpković’s proposal, he tried to obtain the longest possible consonance of the
two calendars. He elaborated a new intercalation rule, that secular years are
leap years only provided that the number of centuries they belong to, when
divided by 9 yields the remainder 2 or 6. In such a way the new calendar
is more precise than the Gregorian one but consistent with it up to 2800,
i.e. for 877 years after the Ecumenical Congress in Constantinople. Another
advantage is that New Rectified Julian calendar of Orthodox Church will be
in better agreement with nature than Gregorian calendar. A disagreement of
one day with the tropical year will accumulate after almost 30,000 years!

Milanković presented to the Congress his new proposal signed by him and
Gavrilo Dožić, as the new proposition of the Serbian Orthodox Church, on
the session of May 23, 1923. In his historic speech to the Congress, he told the
delegates that if they only adopted to delete 13 days from Julian calendar,
the Orthodox Church would be in an inferior position in any future discussion
on the calendar question. With the proposition of the Serbian delegation, the
Orthodox Church could confidently enter into any negotiation on the calendar
question with Western Churches since they would have the most precise and
most scientific calendar in the Christian world. He underlined also that with
such a decision, the Orthodox Church would not be accepting the calendar of
the Roman-Catholic Church, but would be obtaining a better one.

Also at the Congress, Anthimos Metropolitan of Viziys proposed to de-
termine the exact date of Easter by astronomical methods with the help of
Observatories and Universities in Athens, Belgrade, Bucharest and Pulkovo.

Milutin Milanković formulated the final version of the calendar reform
that was adopted by the Congress, and signed on June 8th, 1923, by Patri-
arch Meletios IV, Metropolitan of Kyzikos, Kalinikos, Archbishop of North
America, Alexander, Metropolitan of Montenegro and Littoral Gavrilo Dožić,
Metropolitan of Nicaea, Vasilios, Metropolitan of Durachion, Jakub, Archi-
mandrite Julius Scriban, and Professors E. Antoniadis and Milutin Milanković.

The date of the official inception of the New Julian calendar was originally
set for October 1st, 1923, which will become October 14th, in order to omit
the 13 days of difference between Julian calendar and Tropical year. This was
the date when the calendar reform would be introduced in the Ecumenical
Patriarchate and in the Greek Churches, but without the part concerning the
Easter determination, where the old Julian calendar was retained, until all Or-
thodox Churches introduce the reform. Today, Patriarchates of Constantino-
ple, Alexandria and Antioch, Churches of Greece, Cyprus, Romania, Poland,
Finland, Bulgaria (from 1968) and Orthodox Church in America (Septem-
ber 1, 1983, see e.g. http://www.holy-trinity.org/modern/calen2.html) use
the "New", "Revised" or "Rectified" Julian calendar. On the other hand, the
Patriarchate of Jerusalem, and Churches of Russia and Serbia, along with
the monasteries on Mt. Athos, all continue to adhere to the Julian or Old
Calendar (see e.g. http://www.yalchicago.org/paschacalculation.html).
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7 Conclusions

From these six calendar systems that were devised from the late 18th to the
middle of the 20th century, survived up to now only New Julian calendar of
Orthodox Churches. This should be expected, since history History has shown
that calendar changes are accepted with great difficulty by the people, who
do not want to change calendar they are used to and the social and religious
habits that are associated with it. Even in the case of New Julian Calendar,
which dates are at that moment identical with Gregorian one, and only dates
of movable eclesiastic feasts are changed, the great resistance against it exist.
In Orthodox Churches which accepted it, sects of Old calendarians, refusing
its usage, were created.

From these 6 calendar systems, which were devised centuries after the
Gregorian calendar, the most discussed about in the international literature
is the French Revolutionary Calendar (Le Calendrier Républicain), since it is
associated with the famous French Revolution of 1789, which still moves and
influences European thought.

About New Julian Calendar was also written, in particular in Orthodox
sources. Then comes the Revolutionary Calendar of the Soviet Union (’Bol-
shevik calendar’), interwoven with a special period of the Soviet history, while
the Theosebic calendar of Th. Kairis is totally unknown internationally, since
only a few scholars or astronomers know about it in Greece.

Mussolini’s Fascist calendar is mentioned in the international literature,
but both it and the totally unheard of calendar of Metaxas dictatorship in
Greece are not separate calendar systems; they are rather a parallel writing of
the years next to the Gregorian calendar date that denoted the length of these
dictatorships, while in the case of Mussolini’s Fascist calendar some important
holidays are also mentioned. They essentially represented, as professor Sterios
Fassoulakis of the University of Athens writes, calendar systems of political
ideology (Istorica, 2001).

These cases strengthen the conclusion that it is difficult for a calendar
reform to prevail or even to survive for long. If they are not accepted by
several states, Church or some organization existing in a number of different
communities, the end of regime which implemented them is usually also the
end of such calendar systems
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Abstract. The evolution of the heliocentric theory in the antiquity has been analyzed,
from the first seeds in the Orphic Hymns to the emperor Julian, also called "the Apos-
tate" in the 4th century A.D. In particular the Orphic Hymns, views of Pythagoreans,
as well as the heliocentric ideas of Philolaus of Croton, Icetas, Ecphantus, Heraclides of
Pontos, Anaximander, Seleucus of Seleucia, Aristarchus of Samos and Emperor Julian were
analyzed.
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Хелиоцентричната система от орфическите химни и
питагорейците до император Юлиан

Е. Теодосиу, А. Даканалис, М. Димитрийевич, Р. Мантаракис

Проследено е развитието на хелиоцентричната теория в античността, от орфическипе
химни до император Юлиан, наричан в IV в сл.н.е. още "изменникът". Анализирани
са, в частност, орфическите химни, възгледите на питагорейците, както и хелиоцентрич-
ните идеи на Филолаус от Кротон, Икетас, Екфантус, Хераклидес от Понтос, Анакси-
мандер, Селеукус от Селеуциа, Аристархус от Самос и император Юлиан.

Introduction

Ever since early antiquity, philosophers and astronomers had been preoccu-
pied with the question concerning which of the heavenly bodies occupied the
center of the known world. The geocentric system, in accordance with its
egocentric formulation, placed our small planet in the center of the world,
a notion that seemed to fit the egocentric minds of the wise. Enjoying the
favor of the majority of the philosophers and astronomers, it dominated for
centuries. However, there were also opposite views in favor of the heliocentric
theory. Indeed, even before Aristarchus the Samian, seeds of the heliocen-
tric theory can be traced back to the Orphic Hymns and in the teachings
of Anaximander and the Pythagoreans. Later on Aristarchus the Samian
founded the heliocentric theory, which unfortunately did not prevail, unlike
its geocentric adversary which gained wide recognition, initially due to the
weight of Aristotle’s views, and later on due to those of the great astronomer
Claudius Ptolemy (2nd century A.D.).

Bulgarian Astronomical Journal 11, 2009, pp. 123–138
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Yet the heliocentric system had not been entirely forsaken. During the 4th
century A.D., emperor Julian -also called ”the Apostate”-, the last emperor
of the first Byzantine dynasty, became a fervent supporter. Julian held the
Earth as a planet which, like all other planets, went around the sun in a
circular orbit. Thus, Aristarchus’ theory had not been forgotten during the
first centuries A.D., but even enjoyed advocacy.

1 Orphic Hymns

The ancient teachings of Orpheus are considered to be the first mystic Greek
religion, with poems and hymns of great beauty. The Orphic Hymns consist
of 87 hexametric poems or 1200 verses in total, which have reached us under
the title ”Hymns of Orpheus to Musaeus”.

The hymns contain a breadth of astronomical information, partly ob-
scured by the use of a strongly poetic language, as well as interesting ideas
for the creation and the supreme being. This last piece of information tells
us that the hymns belong to a monotheistic cult, since the creation of the
Universe is ascribed to a single supreme force. We also come across the in-
teresting notions of Chaos and the cosmic egg, which led to the creation of
”Phanes”, he who is radiant and existent.

From eyes obscure thou wip’st the gloom of night, all-spreading splendour,
pure and holy light. Hence Phanes call’d, the glory of the sky,

on waving pinions thro’ the world you fly.
[V. TO PROTOGONUS, The Fumigation from Myrrh, verse 15

(see e.g.Orphic Hymns sine datum, or Orphicorum Fragmenta, 1922)]

Nearly all of the ancient Greek sages and writers drew inspiration from
themes found in the Orphic Hymns, and were thus influenced while formu-
lating their unique theories and teachings.

Let it be noted that in the Orphic Hymns, ”Chaos” stands for what
nowadays we would call space, ”Gaia” for the earth-mother (and not the
planet) whereas ”Eros” (love), stands for the creational force. In the same
hymn, we find a praise to Chaos which spans the aether, and was born from
the cosmic egg:

O Mighty first-begotten [Protogonos], hear my pray’r, two-fold, egg-born, and
wand’ring thro’ the aether...

[V. TO PROTOGONUS, The Fumigation from Myrrh, verse 1]

Let it also be noted that during the Homeric times, the Earth was per-
ceived as a circular flat disk which was surrounded by a vast circular river,
the Ocean. This notion is made evident in the following verse:

Old Ocean [Okeanos] too reveres thy high command, whose liquid arms
begirt the solid land.

[X. TO PAN, The Fumigation from Various Odors, verse 15]
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Fig. 1. Phanes: God of light, truth and justice. Here he appears to be surrounded by an
elliptical (egg-shaped) ecliptic with the zodiacal signs of the four basic elements. Above
and below him are the two halves of the cosmic egg, and between them, lies a flaming
Phanes, winged just like the creative Eros. In his right hand he holds thunder (like Zeus
does) and a scepter in his left, signifying his kingly place on the world. The curled snake
on him symbolizes the Earth, the cup stands for water, the wings for air and the torch for
fire. Its legs are shaped like a fork, just like those of the god Pan.

The hymns mention Heaven being the ruler of the world, revolving around
the Earth:

Great Heav’n [Ouranos], whose mighty frame no respite knows. . . Hear, world
ruler,. . . , forever whirling as a sphere around this earth

[III. TO HEAVEN: The Fumigation from Frankincense, verse 1]
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Fig. 2. The Homeric Universe: In the Universe of Homer’s times, the mountains can be
seen to rise over the surface of the great disk of the Earth, the Ocean spreading around
them, while the center is dominated by Mount Olympus which rises up to heaven. In its
highest peak, the all-seeing Zeus is seated, supervising both immortal gods and mortal men,
sometimes rewarding and sometimes punishing them. Beyond Olympus spreads Heaven,
supported by the pillars of Atlas. In heaven we can locate the Moon, the stars and the
constellations. In particular, in this figure we can distinguish -but not referred by Homer-
the constellations of Hydra, Corvus, Crater, Cancer, Leo, Gemini, Taurus as well as the
Pleiades open cluster (as cited in D. Cotsakis, 1976, p. 18)

Another verse suggests that the origins of the heliocentric system seem
to be located in the Orphic Hymns, as has been previously stressed by
Constantinos Chassapis (1967), the late Greek astronomer, and Maria Pap-
athanassiou (1978, 1980), assistant professor in the Mathematics Faculty at
the University of Athens:

Hear golden Titan! Glowing like gold, you who strides above, oh heavenly light. . .
. . . you who combines the epochs . . .You are the world ruler...

With your golden lyre, draw on the harmonious path of the world. . .
. . . [you] who wanders through fire and moves around in a circle

[VIII. To the Sun, verse 2]

The phrase ”[you who attracts] draw on the harmonious path of the world”
is striking since this could be a spermatic idea of the harmonious movement
of the planets around the Sun, a notion which was commonly used during
at least the first five (perhaps more) centuries B.C. If the planets are to be
included in the notion of the world, then the golden Sun could be seen as
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the attractive center of their harmonious orbits. One may therefore make
the assumption that the seeds of a heliocentric theory can be traced in the
Orphic Hymns.

Furthermore, on hymn (34): To Apollo, we find the following:

Loxias, the pure! . . . You mixed in equal parts winter and summer. . .
[XXXIV. To Apollo, verse 6,. . . and 20]

Thus, the ”Loxias” Sun (meaning ”tilted”) mixed the components of the
year and divided it in two equal parts, the summer and the winter. This is
a very important astronomical detail which has drawn some attention from
the astronomical community, because it has been linked to the dating of the
Orphic Hymns. If one were to view this information literally, he would look
back in time when the summer and winter were of exactly equal length. This
would place the Orphic Hymns -more or less- near the following dates: 1841
B.C. and 1366 B.C. (Chassapis, 1967 and Papathanassiou, 2003). This view
however, requires the assumption that ancient Greece possessed very capable
astronomers in early antiquity, an idea with little evidence to support it.

Another excerpt which, although referring to Hestia, seems to add to the
heliocentric aspect of the hymns, is Hymn (84) [To Hestia]

You who occupies the center of the home of the greatest and eternal fire.
[LXXXIV. To Hestia, verse 2]

In Orphicorum Fragmenta a fragment tell us about the rotation of the
Earth. This fragment says that Musaeus knew the path of the star and the
movement of the sphere around the Earth, as this round Earth revolves in
equal time period around its axis (Fr. 247 v. 24-26, pp. 261-262).

2 The Pythagoreans

Pythagoras founded his School at Croton in lower Italy, in c.540 B.C. He and
his followers held the view that the most important cosmological principle
were the numbers. In a way they were not mistaken, since it is in numbers that
today’s scientific thought is focused, for numbers identify with mathematical
harmony and, without them, science would have never existed in the first
place.

The Pythagorean School placed the foundations for the philosophy of
mathematics as well as for physics, by relating order and the harmony of
sound to the harmony of the Universe.

Virtually all of the students of Pythagoras were trained in astronomy,
but their studies of the motion and the distances of the planets were carried
out with a rather mystical approach. They believed in mystical and sacred
relations between the numbers and the phenomena that they describe. In
the Pythagorean view, the planetary distances were analogous to a heavenly
musical harmony, which was created by harmonious sounds. They believed
that this harmony was constantly created, being an eternal expression -of the
highest order- of the unique divine harmony.
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The Pythagoreans would have been delighted to see ideas very similar to
their own, used in contemporary science. For example, modern String theory
holds that everything on a microscopic level is a combination of vibrating
strings. The Pythagoreans, developers of the ”music and harmony of the
spheres”, would have seen particles as microscopic strings whose rhythmical
vibrations create other particles, i.e. ”the musical notes”. These notes, in
turn, create the music of the heavenly spheres. Thus though their eyes, our
whole world would seem like a musical symphony, composed with these notes.

Pythagoras’ School was a brotherhood, most likely in an almost reli-
gious sense, had various degrees of initiation, and may have been founded
after the manner of the Orphic communities. Its contribution to geometry,
music, arithmetic and astronomy was integral for the evolution of scientific
thought. Through geometry, as well as the harmony of sound and numbers,
the Pythagoreans developed the notion of perfection in the Universe, and
coined an appropriate word to describe it: ”Cosmos”. This name is derived
either from the word ”cosmo” which means ”to orderly arrange” or from the
world ”cosmema” which means ”jewel” (ornament). Pythagoras himself ap-
pears to be the first to use the word ”Cosmos”, according to the doxographer
Aetius: ”Pythagoras was the first to name the place of all things Cosmos, due
to its orderly nature” [Aetius, De Vestutis Placitis, II, 1, 1 (D. 327, 8)]

The Pythagorean School held that the essence of all things was the ”num-
ber”, a rather abstract notion, which could not be perceived through one’s
senses, but only through intellect. In this manner, the philosophers of this
school equated infinity with those material elements which could not be sub-
ject to measurement or definition. They introduced the notion of ”matter”,
which was perceived as an element that resisted every definition of its onto-
logical and moral imperfection.

Some elements of the Pythagorean cosmology have reached us through one
of Aristotle’s books, namely Metaphysics. According to the Pythagoreans, the
Cosmos was created after the ”One” initially came into being. The ”one” -or
”en” in Greek- served as the first principle, attracted the ”infinite” (apeiron)
to its own self, and bestowed on it with the ”limit” (peras). These last two
notions, the ”limit” and the ”infinite” have no clear meaning, but it has been
speculated that they could be referring to the prime and even numbers.

Aristotle also mentions the following: ”The elements of number, according
to them, are the Even and the Odd. Of these the former is limited and the
latter unlimited; Unity consists of both (since it is both odd and even) [note
of trans: either because by addition it makes odd numbers even and even
numbers odd (Alexander, Theo Smyrnaeus) or because it was regarded as the
principle of both odd and even numbers (Heath)]. Number is derived from
Unity; and numbers, as we have said, compose the whole sensible universe”
[Aristotle, Metaphysics, A5, 986, 15]

Aristotle provides us with a further comment on the Pythagorean ideas:
”It is absurd also, or rather it is one of the impossibilities of this theory, to
introduce generation of things which are eternal. There is no reason to doubt
whether the Pythagoreans do or do not introduce it; for they clearly state that
when the One had been constituted -whether out of planes of superficies or
seed or of something that they cannot explain- immediately the nearest part
of the Infinite began to be drawn in and limited by the Limit [note of trans:
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if numbers are eternal, it is absurd that they should be generated]. [Aristotle,
Metaphysics, 1091a, 14].

Another cosmological notion that the Pythagorean School of thought held
was that the Creation began from a unique single point, which continuously
expanded to infinity. It is evident that the Pythagoreans believed that the
Universe evolved from a spherically expanding infinitesimal core. This idea
once again, has been shared by some astronomers, who believe in a static
spherical universe whose existence began from an initial point.

Another idea that Pythagoras believed in was that the Earth was spherical
and immobile in the center of the Cosmos, which was spherical as well. ”..the
water, earth and air; these elements interchange and turn into one another
completely and combine to produce a universe animate, intelligent, spherical,
with the earth at its center, the earth itself too being spherical and inhabited
round about” [Diogenes Laertius, Lives of Eminent Philosophers, VIII, 25,
8-10].

Many Pythagoreans held an identical view of a spherical Earth, placed in
the center of the world, without being supported by anything. This was a novel
idea in its time, and is demonstrative of a clear progress when compared to
assumptions that were previously held by other Greek philosophers.

According to the late professor of astronomy, Demetrios Kotsakis, ”Pythago-
ras was the first who taught that the apparent motion of the sun on the ce-
lestial sphere from the east to the west, could be analyzed in to two distinct
motions: One daily from East to West, parallel to the equator, and one yearly
from West to East on the ecliptic” (Kotsakis, 1976, p. 28).

In the 6tth century B.C., some students and followers of Pythagoras, and
most importantly Philolaus of Croton, Heraclides of Pontus, Ecphantus of
Syracuse as well as others, believed in a ”pyrocentric” theory. This means that
they accepted that the element of fire was the ”first principle” of the Cosmos.
They believed that after the Creation, the element of fire accumulated in the
center of the Cosmos and its attraction to its neighboring parts was part of
the creation, formation and formulation of the various bodies that made up
the spherical Universe.

2.1 The ideas of Philolaus of Croton

Philolaus of Croton (450-500 B.C.), spread the pythagorean ideas concerning
the ”first principle”, by organizing and writing a synopsis of pythagorean
philosophy. It appears that he was the principle creator of the philosophical
notions of the ”limit”, the ”infinite” and the harmony between the two, which,
according to his views, was achieved due to the ”number”. He believed that
the Cosmos is unique and began its creation from the center, which was
occupied by fire. There, he placed the ”Anticthon”, (or Counter-earth - a
hypothetical invisible Earth), the Earth, the Moon, the Sun, the five planets
known at the time (Mercury, Venus, Mars, Jupiter and Saturn), and the
sphere of the fixed stars. Thus, ten heavenly bodies ”danced” around the
central fire, a number which the Pythagoreans held as sacred. It has been
speculated that the Anticthon was introduced exactly for this reason, namely
to raise the number of the celestial bodies to the sacred number ten.
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Fig. 3. Pythagorean Universe

It is told that Philolaus of Croton, along with Archippus, Lysis and few
others, survived the revolt against the Pythagoreans in Croton, which was
instigated by Cylon, an ex student of Pythagoras, who had been sent off
from the school for failing to comply with its principles. It is certain that
the teachings of Pythagoras and his students, their innovative theories, their
mysticism, as well as their aristocratic political tendencies caused the violent
reaction of their democratic adversaries, who either killed or exiled many
of them: ”Cylon of Croton. . . and those allied with him, hunted (killed) the
Pythagoreans down to the man. (Iamblichus Vita Pythagorii (V.P.) 248-249
ff).

Following this course of events, Philolaus left Croton and based himself
in Thebes, where he taught Pythagorean philosophy and wrote the books
Bachae and On Nature A, B and C (Cosmos, Nature and Soul respectively).
An extant fragment from his first book reads: ”The world is uniform, it
began its creation from the center, and from the center it expanded uniformly
upwards and downwards, keeping equal distances from the center” (Diels and
Kranz, 1996, Die Fragmente der Vorsokratiker).

Several sources provide information on some of his cosmological thoughts:
The initial One, the beginning of the creation of the Universe, is called Hestia
[On Nature, fragment 7, Stobaei Eclogae I 21, 8 (p. 189, 17 W)].

Diogenes Laertius mentions: According to Demetrius, in his work ”on men
of the same name”, Philolaus was the first to publish pythagorean treatises,
to which he gave the title ”On Nature”, beginning as follows: Nature in the
ordered universe was composed of unlimited and limiting elements, and so
was the whole universe and all that is therein [Diogenes Laertius, Lives of
Eminent Philosophers, 85 (A1 I 398, 20)].

The doxographer Aetius (Aet. I 3, 10), informs us (citing Theophrastus)
of the following: Philolaus believes that there is fire around the center of
the Universe, which he calls ”hestia of all” and ”house of Zeus”, ”mother
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Fig. 4. Anticthon: The hypothetical invisible Earth, which according to the Pythagoreans
occupied the antipodes of the Earth.

of the Gods”, ”altar, constraint and measure of nature”. There is another
fire which dwells in the outer region of the Universe. The center, he says,
came first by nature, and around it dance ten heavenly bodies: The sphere of
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fixed stars, then the five planets, then the Sun, then the Moon, followed by
the Earth and Anticthon, and after all these the fire of ”hestia”, which lies
around the center. The outer region, which surrounds the whole Universe, is
a place where the elements are in their pure state, unmixed, and that place
he calls ”Olympus”. All that lies beneath Olympus, namely the part where the
five planets along with the Sun and the Moon lie, he calls ”cosmos”, while
the area beneath those, the sublunar space . . . he calls ”heaven”. Wisdom is
relevant with the order which holds in the heavenly bodes, while virtue is
relevant with the disorder of the things which are subject to birth. The first
is perfect while the second is imperfect. [Aet. De Vestutis Placitis, II 7, 7 (D.
336, vermutlich Theophrast. im Poseidonios-Excerpt)].

The above are mentioned once again by Aetius: The Pythagorean Philo-
laus places the fire in the center (for it is the Universe’s focal point), secondly
he places the Anticthon, then, our habitat, the Earth comes third, placed op-
posite [from the Antictchon] and moving in a circle, that being the reason
for the beings of the Anticthon being invisible to the beings of the Earth. The
ruling power of the Universe lies in the central fire, which God placed, like a
keel, to base the foundation of the sphere that makes up the world”. [Aet. III
11, 3 (D. 337 from Theophrastus)].

¿From all of the above we can sum up that, according to Philolaus, ev-
erything in ”Olympus” and the ”Cosmos” never changed, while in the areas
up to the Moon, every being gifted with life was born, changed and finally
died. The Earth and all the other planets were rotating around Hestia with
the same direction but at different levels and with different speeds. Hestia
was invisible because it shed its light to the antipodes of the Earth, which
were impossible to get to. The Sun did not have its own light, but accepted
and accumulated the sun of Hestia.

Philolaus, through his questioning of the traditional geocentric cosmology,
set the foreground for Aristarchus’ heliocentric theory, which would clearly
dispute the central role of our small planet in the Universe. Even though
he did not specifically place the Sun in the center, the idea of the ”central
fire” certainly served as a basis for the heliocentric theory. Stavros Plakides
(1983-1990), a late Greek professor of Astronomy at the University of Athens,
speculated that Philolaus, after having experienced the violence in southern
Italy, avoided placing the Sun in the center of the Universe. Fear for his life
may have been the motive for adopting the milder approach of placing the
”central fire” instead (Plakides, 1974).

Diogenes Laertius, an important source from which we draw the views of
Philolaus, mentions that opinions were divided as to who claimed first that
the Earth is indeed moving: It is told that he [Philolaus] was the first to claim
that the Earth moves in a circle, while others ascribe it to Icetas of Syracuse
[Diog. Laert. Lives of Eminent Philosophers VIII, 84, 85)].

Aetius, another source, informs us that concerning the motion of the
Earth Philolaus taught the following: Others believe that the Earth is immo-
bile. Philolaus on the contrary, believes that the earth is moving in a circle
around the fire, tracing a tilted circle, just like the Sun and the Moon does
[Aet. De Vestutis Placitis III, 13, 1. 2. (D 378)]. Therefore, Philolaus came at
a disagreement with his master, and taught that the earth was not immobile
in the center of the world, but was circling the ”Central Fire”.
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Fig. 5. The world view of Philolaus. In the world view of Philolaus, the center is
occupied by the Central Fire, Anticthon (Counter-Earth, CE),The Earth, the Moon (M),
the Sun, and beyond those lie the spheres of the five planets and that of the fixed stars.
The crystalline spheres around the Central Fire are 10 (= 1+2+3+4), equal to the sum of
the first four numbers.

Diogenes Laertius also informs us that Plato bought a copy of the work of
Philolaus for the -astronomical at its time- price of 100 mnae: Some author-
ites, amongst them Satyrus, say that he wrote to Dion in Sicily instructing
him to purchase three Pythagorean books from Philolaus for 100 mnae [Diog.
Laertius, Lives of Eminent Philosophers, III 9].

Plato, according to Plutarch, studied the work of Philolaus carefully, and
after careful reading, nearing the end of his days -as the story goes by- was
convinced that the Earth is indeed moving around the Sun: As Theophrastus
informs us, Plato, near the end of his days had regrets for his older opinion, by
which he unfittingly placed the Earth at the center of the Universe [Platonicae
Quaestiones H1 915, vol. XIII1, 76-78]. The study of Philolaus may have
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been the reason for another change in the views of Plato: In Republic he
identifies the celestial equator with the ecliptic, an idea which he turns from
in Timaeus.

Aristotle, in his book On the Heavens (De Caelo), provided us with some
commentary on a few pythagorean views: These affirm that the center is
occupied by fire and that the Earth is one of the stars, and creates night and
day as it travels in a circle about the center [Aristotle, On the Heavens B,
13, 293a, 21-23]. Also, The Pythagoreans make a further point. Because the
most important part of the Universe -which is the center- ought more than
any to be guarded, they call the fire which occupies this place the Watch-tower
of Zeus, as if it were the center in an unambiguous sense, being at the same
time the geometrical center and the natural center of the thing itself. . . For
this reason there is no need for them to be alarmed about the universe, nor
to call in a guard for its mathematical center; they ought rather to consider
what sort of thing the true center is, and what is its natural place [Aristotle,
On the Heavens B, 13, 293b, 1-10].

The late professor of Astronomy at the University of Athens Demetrios
Cotsakis (1976) mentions that the creation of the world-view which Philo-
laus describes was indeed revolutionary for the scientific thought of the time.
He specifically mentions the views of the Italian astronomer Giovanni Schi-
aparelli (1835-1910), who wrote, as cited in Cotsakis (1976), the following,
concerning the views of the Pythagoreans and the system proposed by Philo-
laus: The system of Philolaus was not a fruit of some restless imagination, but
came through the torque and pull of one who sets the outcomes of observation
in accordance with a predetermined principle, which exists above the nature
of things. . .Appreciating this, and combining it to the fundamental theorems
of the Pythagorean Philosophy, the system of Philolaus naturally appears as
one of the most wonderful creations of human genius. His critics are inca-
pable of appreciating the power of research, which was necessary, in order to
unify the ideas of the roundness of the Earth, its levitation in space, and its
motion. Indeed, without these ideas, there would have been no Copernicus,
neither Kepler, nor Galileo or Newton [Cotsakis, 1976, p. 30].

2.2 The views of Icetas, Ecphantus and Heraclides of Pontus

Beyond the theories of Philolaus of Croton, there were other students of
Pythagoras which put forward novel ideas, like Icetas and Ecphantus of Syra-
cuse as well as Heraclides of Pontus.

Icetas of Syracuse claimed that the Heaven, the Sun, the Moon and the
stars were immobile, and the only thing that moved was the Earth. Concern-
ing his views, Cicero mentions the following: As Theophrastus says, Icetas
of Syracuse was of the opinion that the heaven, the Sun, the moon and the
stars (i.e. the planets) and all that is high above are immobile, and nothing
in the world is moving, apart from the Earth. But as it rotates around its
axis with the greatest possible speed, its motion causes all these phenomena
to appear, which would have appeared were the Earth immobile and heaven
rotated instead of it [Cicero, Academica priora II, xxxix, 123].
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It appears that this theory was embraced by both Ecphantus and Hera-
clides as well, both of which believed that the Earth moves rotating in space,
just like a wheel does around its axis.

Therefore, the students of Pythagoras were the ones to reduce our planet
to its real place and motions, while at the same time holding a pyrocentric
planetary theory, which certainly assisted Aristarchus of Samos (310-230 B.C)
to formulate his novel heliocentric theory.

According to Hippolytus, the Pythagorean Ecphantus appears to have
also followed an ”atomic theory” of Pythagorean inspiration, by ”giving
body” to units, which were directed and governed by some divine force,
”nous” (the mind). He also mentions that Ecphantus believed that the Earth
spins around its axis with an eastern direction, but does not change its place
in space. [Hippolytus Refutationis Omnium Haeresium I 15 (D. 566W. 28)].
These last two pieces of information are also mentioned by the doxographer
Aetius, who finds Heraclides in agreement with Ecphantus. [Aet. De Vetustis
Placitis, III, 13, 3 (D. 378)].

Heraclides in particular appears to have modified the atomic theory of
Leucippus and Democritus, proposing that the first material elements were
molecules and not atoms. According to him, the universe was composed of
small material molecules which did not share any connection.

3 The views of other Philosophers

3.1 Anaximander and Seleucus

So far we have mentioned the views of the Pythagoreans concerning the
motion of the Earth. However, even before the Pythagoreans, during the
6th century B.C., the great philosopher Anaximander, was most likely the
first Greek astronomer to talk about the motion of our planet around the
center of the world, which may have been the Sun. He also discovered other
fundamental astronomical facts, like the ”detachment” of the Earth, and its
axial rotation. This information can be found in the work ”Expositio rerum
mathematicarum ad legendum Platonem utilium” of Theon Smyrnaus (70-
135 B.C.), who lived during the reign of emperor Adrian (Theon of Smyrna,
1979).

Anaximander’s views were adopted by later philosophers like Empedo-
cles of Agrigentum (490-430 B.C.), Parmenides of Elea (early 5th century
B.C.), Aristarchus of Samos, Cleomedes (2nd or 3rd century B.C.) and sev-
eral Pythagoreans.

Another philosopher, which name is Seleucus of Seleucia (c. 2nd century
B.C.), was an astronomer of the hellenistic period from Anatolia, who sup-
ported a heliocentric theory of his own. Fragments of his work are found in
the works of Plutarch, Strabo, Aetius and Hippolytus. Hippolytus informs
us that the Earth was indeed moving, and that the Moon played a part in
its axial rotation as well as in its orbit around the Sun. [Philosophoumena,
Book C, 897C, 14-16]. The same source also informs us that he believed that
the Cosmos was infinite [Philosophoumena, Book ?, 886C, 6].
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Plutarch mentions a few of his other astronomical ideas [Platonicae Quaes-
tiones H1 915, vol. XIII1, 76-78]; unfortunately, all of the work of Seleucus
was lost and we have no knowledge of his heliocentric theory.

3.2 Aristarchus of Samos

After the Pythagoreans, appeared the great astronomer Aristarchus of Samos
(310-230 B.C.), the foremost introducer of the heliocentric theory as we know
from the book of Archimedes Arenarius [I 4-6 (3, 180-182), manuscript 2,
Cod. Laurent. Gr. 28]. Plutarch, also, writes about the heliocentric theory of
Aristarchus of Samos [De placitis philosophorum II, 24 (7, 355a)].

Aristarchus’ hypothesis was original and quite bold for its time. For this
reason Plutarch mentions that he was accused of atheism [De facie in orbe
lunae, 923A (15, vol. XII, p. 54)]. Aristarchus, according to Aetius was helped
to escape in Alexandria by his teacher Straton of Lampsacus (Aetius, Plac-
itorum Compositione book 7, 313b, 16-17).

It is apparent that apart from the fervent geocentrists, there were several
Greek thinkers whose philosophical thoughts disputed the validity of the
geocentric system.

Unfortunately, overcoming the objections of the heliocentrists, the geo-
centric system, as was formulated by Claudius Ptolemy (2nd century A.D.),
reigned for centuries, seconded by the weight of the views of Aristotle, whose
work was held as indisputable during the Dark Ages.

4 Emperor Julian

Yet faith in the heliocentric system had not been forsaken. During the 4th
century A.D. emperor Julian (336-363 A.D.) studied with care the works of
the ancient Greek philosophers, which he held in deep respect. His studies
took place in the philosophical schools of Athens. Enchanted by the beauty
of the ancient Greek spirit, he wished to revitalize it. He believed that the
Earth’s world order was influenced by a heavenly and divine hierarchy, in
which everything originated from the unique God, the illuminating Sun.

He was interested in philosophy as well as astronomy, and rose as a fer-
vent supporter of the heliocentric system. In his book Hymn to King Helios
dedicated to Sallust (Hymn to the king Sun dedicated to Sallust), he writes:
For that the planets dance about him as their king, in certain intervals, fired
in relation to him, and revolve in a circle with perfect accord, making cer-
tain halts, and pursuing to and from their orbit, as those who are learned in
the study of the spheres call their visible motions; and that the light of the
moon waxes and wanes varying in proportion to its distance from the Sun, is
I think, clear to all [Hymn to King Helios dedicated to Sallust, 135b, 1-6].

Therefore, Julian held the Earth as a planet, which revolved in a circular
orbit around the Sun. The Earth is moving, and along with it the other
planets in circular orbits around the Sun, in determined intervals i.e. constant
distances. The above clearly show that the theory of Aristarchus hadn’t been
forgotten, but during the 4th century A.D. enjoyed advocacy.
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Conclusion

Beyond the sperms of the heliocentric theory that we saw in the Orphic
Hymns, several scholars of Ancient Greece supported this ”heretical” for its
time view. Its main introducers were the Pythagorean philosophers Philolaus,
Icetas, Ecphantus, Heraclides and foremost Aristarchus of Samos, who gave
the Sun its rightful place in the Pythagorean ”central fire”.

The heliocentric theory did not prevail, and instead, the geocentric model,
elaborated by the great astronomer Claudius Ptolemy, reigned for centuries
in the West, since the undisputed Aristotle was in agreement with it.

Yet the heliocentric theory had not perished, since in the 4th century
A.D. the Emperor Julian, a believer in the divinity of the Sun, became a fer-
vent supporter. In the end, the heliocentric system faded away until the 16th
century when the great Polish clergyman and astronomer Mikolaj Kopernik
(Nicolaus Copernicus 1473-1543 A.D.), brought it back to light (Coperni-
cus, 1995). The hypotheses of Aristarchus of Samos and the preparation of
the Pythagoreans were the foundations for the great Polish astronomer’s
thoughts.

References

Aetius, 1879 (reprinted 1965), Placitorum Compositione (De Vetustis Placitis). Vol. IV 9,
8. in Diels Hermann: Doxographi Graeci. Berolini. Apud Walter De Gruyter et Socios,
Editio Quarta.

Archimedes, 1972, Arenarius in Opera Omnia, Bibliotheca Scriptorum Graecorum et Ro-
manorum Teubneriana. Ed. I. L. Heiberg, vol. II corrigenda Adiecit E. S. Stamatis.
Stutgardiae in Aedibus MCMLXXII.

Aristotle, 1956, The Metaphysics. Vol. I-IX, The Loeb Classical Library, Book XVII with
an English Translation by H. Rackham. London: William Heinemann Ltd. Cambridge,
Massachusetts: Harvard University Press.

Aristotle, 1953, On the Heavens (De Caelo). The Loeb Classical Library, with an English
Translation by W.K.C. Guthrie. M. A. London. William Heinemann Ltd. Cambridge,
Massachussets, Harvard University Press, MCMLIII (First printed 1933, reprinted
1936, 1947, 1953, 1956).

Chassapis Constantinos, 1967, The Greek Astronomy of the 2nd millennium B.C. according
the Orphic Hymns. PhD. Thesis, University of Athens [self edited], Athens [in Greek].

Cicero, 1961, Academica Priora, with an English Translation by H. Rackham, M.A. The
Loeb Classical Library. London. William Heinemann LtD. Cambridge, Massachussetes,
Harvard University Press. MCMLXI (First printed 1933, reprinted 1951, 1956, 1961).

Cicero Marcus Tullius, 1984, Academica. Publ. Lubrecht & Cramer, Ltd. October.
Copernicus Nicolaus, 1995, De Revolutionibus Orbium Coelestium, libri VI. On the Revolu-

tion of Heavenly Spheres. Trans. By Charles Glenn Wallis. Prometheus Books, October
1995.

Cotsakis Demetrios, 1976, The pioneers of Science and the creation of the World. Ed. Zoe,
Athens.

Diels Herman, 1996, Die Fragmente der Vorsokratiker, Herausgegeben von Walther Kranz.
Ester und Zweiter Band, Weidmann, Zurich.

Diogenes Laertius, 1925, Lives of Eminent Philosophers, vol. II, IX 34-35, pp. 3, 441-445.
Heinemann, London. The Loeb Classical Library; English translation by R.D. Hicks,
revised and reprint 1959.

Hippolytus,1857-1866, A Refutation of All Heresies: Refutationis Omnium Haeresium
(Filosofoumena). Patrologia Greca (P.G.) 16, In Origenes, Liber VII, 404-405, 339.
Typographi Brepols Editores Pontificii, Parisiis.

Iamblichus, 1965, Vita Pythagorii (V.P.) Life of Pythagoras, with the English translation
by Thomas Taylor in 1881, J. M. Watkins, 1965, p. 248-249ff.



138 E. Theodossiou et al.

Iuliani Imperatoris, 1875, Vol I. Oratio IV (To King Helios), 143 B. 146 D., Lipsiae Teubner.
Julian the Emperor 1954, The works of the emperor Julian, The Orations of Julian, IV.

Hymn to king Helios dedicated to Sallust. The Loeb Classical Library. Trans. By
Wilmer Cave Wright, Ph.D., William Heinemann Ltd. Cambridge, Massachusetts, Har-
vard University Press MCMLIV (First printed 1923, reprinted 1930, 1954).

Orphic Hymns, sine datum, Ed. Ideotheatro, Athens [in Greek].
Orphicorum Fragmenta, 1922, Ed. O. Kern, Weidmann.
Papathanassiou Maria, 1978, Cosmological and cosmogonical aspects in Greece during 2nd

millennium B.C. PhD. Thesis, University of Athens [self edited], Athens [in Greek].
Papathanassiou Maria, 1980, Aristarchus the Samian, Mathematical Review 20, Editions

of the Hellenic Mathematical Society, p. 91-120 [in Greek].
Papathanassiou Maria, 2003, Primordial astronomical learning. Elefterotypia-Historica,

Athens, January 2, 2003, p. 6-12 [in Greek].
Petrides, S., 2002, The Orphic Hymns, Astronomy in the Age of Ice [self edited], Athens

[in Greek].
Plakides Stavros, 1974, The Geocentric and the Heliocentric Theory. Parnassos 16, Athens

[in Greek].
Plutarch Chaeronsis, 1841, Scripta Moralia. Graece et Latine. Tomus Secundus. De placitis

Philosophorum Libri quinque. Parisiis. Editore Ambrosio Firmin Didot MDCCCXLI.
Stobaei Ioanni Eclogae, sine datum, Wachsmuth Dox. 336 B 20-337 B 10 and Bibliotheca

of the ancient Greek writers, Ed. Georgiades, Athens.
Theonis Smyrnaei, 1878, Philos. Platonici. Ed. Hiller. Lipsiae 1878, p. 198, 14-19.
Theon of Smyrna, 1979, Mathematics useful for understanding Plato or Pythagorean Arith-

metic, Music, Astronomy, Spiritual Disciplines. Trans. by Christos Toulis, Wizards
Bookshelf.



The cosmology of Democritus

E. Danezis1, E. Theodossiou1, M. S. Dimitrijević2,
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Космологията на Демокрит

Е.Данезис, E.Теодосиу, М.С.Димитрийeвич, A.Даканалис, Х.Катсавриас

Анализиран е космологичният светоглед на Демокрит.

1 Introduction

Democritus is one of the most famous natural philosophers of ancient Greece
– especially for his theory on the atoms. Information about Democritus is
supplied by the doxographer Diogenes Laertius (3rd century A.D.), who re-
ports:

Democritus was the son of Hegesistratus, though some say of Athenocri-
tus, and others again of Damasippus. He was a native of Abdera or, ac-
cording to some, of Miletus. He was a pupil of certain Magians and Chal-
daeans. . .Afterwards he met Leucippus and, according to some, Anaxagoras,
being forty years younger than the latter. . .As Apollodorus writes in his
“Chronika”, he should have been born during the eightieth Olympiad (460-
457 B.C.), while according to Thrasylos in his work with the title “The ones
before reading the books by Democritus”; he was born in the third year of the
seventy-seventh Olympiad (470-469 B.C.) being (as he says) one year younger
than Socrates. . .According to Demetrius in his book Men of the Same Name
and Antisthenes in his Successions of Philosophers, he travelled into Egypt
to learn geometry from the priests, and he also went into Persia to visit the
Chaldaeans as well as to the Red Sea. Some say that he was associated with
the Gymnosophists in India and went to Aethiopia. (Diogenes Laertius, 1925:
443-445).

Also the geographer Strabo writes:

And if one must believe Poseidonius, the ancient dogma about atoms orig-
inated with Mochus, a Sidonian, born before the Trojan times. (Strabo, 1967:
271).

Bulgarian Astronomical Journal 13, 2010, pp. 140–152
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Additionally Sextus Empiricus reports:

And Democritus and Epicurus, atoms, unless one should regard this opin-
ion as more ancient and –as the Stoic Poseidonius asserted– derived from a
certain Phoenician called Mochus. (Sextus Empiricus, 1968: 175).

Finally Diogenes Laertius writes that:

There are some who say that the study of philosophy had its beginning
among the barbarians. They urge that the Persians have had their Magi,
the Babylonians or Assyrians their Chaldaeans, and the Indians their Gym-
nosophists. . .Also they say that Mochus was a Phoenician, Zamolxis a Thra-
cian, and Atlas a Libyan. (Diogenes Laertius, 1925: 3).

From the above ancient Greek texts we can conclude that Democritus
had received a variety of studies. Thus, his philosophy –including the part
of natural philosophy– was influenced with the beliefs of the places he had
visited.

2 Some interesting views

Democritean view about ‘time’ may be seen from the following citation of
Sextus Empiricus:

It seems, too, that there is ascribed to the physicists Epicurus and Dem-
ocritus a conception of time such as this – Time is a day-like and a night-like
phantasm. (Sextus Empiricus, 1968: 301).

It is interesting that the time as perceived by Democritus and ordinary
people is what we call today ‘Newtonian time’, measured with our clocks
and calendars, constitutes only the projection of the Riemannian relativistic
dimension ‘time’ inside and over an Euclidean space or a Minkowski space,
i.e. a ghost of what is time in reality. As Albert Einstein writes:

For us, the sworn in physicists, the distinction between past, presence and
future is only an illusion, even if it is so persistent. [A letter of A. Einstein
to the family of his dead friend Michel Besso on March 21st 1955 – as cited
in Le Temps by Étienne Klein (1995: 38)].

Another interesting question considered by Democritus, was the problem
of the structure of our Galaxy. Democritus, according to Achilles Tatius (4th
century A.D.), believed that:

Others say that the Galaxy consists of very small and dense stars, that to
us appear united due to the large distance from heaven to Earth, as an object
powdered with many grains of salt. (Achilles Tatius, 1898: 55).
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Intuitively he assumed that the nature of the Milky Way is similar to the
observational fact obtained by Galileo Galilei 1610 A.D., when, turning his
small telescope towards it, he realized –as he reports in his book Nuncius
Sidereus (1610)–, that:

Est enim GALAXIA nihil aliud, quam innumerarum Stellarum coacer-
vatim consitarum congeries (in latin) or La GALASSIA infatti non e altro
che un ammasso di innumerabili stele disseminate a mucchi (in italian in
Avviso astronomico, 1610), that is in English translation: In fact the Galaxy
consists of a mass of innumerable stars, being placed one close to the other
by swarms.

Democritus also tried to understand the way our senses work. According
to the doxographer Aetius (1879: IV 8, 10.Λ.), as it is translated in Kirk’s et
al. book:

Leucippus, Democritus and Epicurus say that the perception and thought
arise when images enter from outside, neither occurs to anybody without an
image impinging. (Kirk G.S. et al., 1983: 428).

As we realize from the above passage, Democritus considers that the
senses are just the result being caused when ‘images’, radiations as we could
say today, of external origin (from the field of the real world of thinking)
stimulate the organs of our senses. The result of these stimuli (the senses)
does not, according to Democritus, consists an objective reality. As has al-
ready been mentioned, Charles Muses and Arthur M. Young in their book
Consciousness and Reality: The Human Pivot Point state:

All the objects we can observe are three-dimensional images formed by
waves stationary or moving under the influence of electromagnetic and nu-
clear processes. All the objects of the world are three-dimensional images
formed electromagnetically, images of a super hologram, if you wish. (Muses,
C. and Young, M.A., 1972: 33).

In addition, we note the views of Democritus on the equality of action
and reaction. As Aristotle states:

Democritus, however, in disagreement with all other philosophers, held a
view peculiar to himself. For he says that action and reaction are the same
and alike, for (he declares) it is not possible for things which are ‘other’ and
different to be affected by one another, but even if two things which are ‘other’
do act in any way upon one another, this occurs to them not in as much as
they are ‘other’, but because some identical property belongs to them both.
(Aristotle, 1965: 229).

The definition of action – reaction is: “For two interactive bodies, the
force from the first one is equal with the opposite of the force from the
other” (Alonso / Finn, 1980: 180).
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3 The terminology in the texts of Democritus

The most important thing, when we want to analyze the views which are
mentioned at the ancient texts from the modern point of view, is to study
in detail the meaning of the terms that appears. Simplicius (Phys. 28, 4. Λ)
according to Kirk et al. (1983), reports that:

He posited (Leucippus) innumerable elements in perpetual motion –namely
the atoms– and held that the number of their shapes was infinite, on the
ground that there was no reason why any atom should be of one shape rather
than another, for he observed too that coming-into-being and change are in-
cessant in the world. Further he held that not being exists as well as being,
and the two are equally the causes of thing coming-into-being. The nature of
atoms he supposed to compact and full, that, he said, was being, and it moved
in the void, which he called not being and held to exist no less than being.
In the same way his associate Democritus of Abdera posited as principles the
full and the void (Kirk G.S. et al., 1983: 416).

Or in another translation

Leucippus. . . posited the atoms as unlimited and ever moving elements
and an unlimited multitude of shapes among them on the grounds that they
are no more like this than like that since he observed that coming to be and
change are unceasing in things that are. Further, he posited that what is,
is no more than what is not, and both are equally causes of what comes to
be. For supposing the substance of atoms to be compact and full, he said it is
‘being’ and that is moves in the void, which he called ‘not being’ and which he
declares is not less than what is. His associate Democritus of Abdera likewise
posited the full and the void as principles, of which he calls the former ‘being’
and the latter ‘not being’ (Simpl. Commentary on Aristotle’s Physics 28. 4).

Most probably, as the previous thesis evidences, Democritus had more-
over understood that the field where our senses operate is but a subjective
arbitrary division our senses create out of the space of not-being (µη oν
= mi on), in order to perceive as sensed beings some interpretations (pro-
jections) of the properties of the not-beings. This view is supported by the
fact that Democritus believed, as we will see, that one (out of many) sensed
world is created when in the total ‘void’ space of the Universe (µη oν = mi
on), is formed a partial ‘great void’ (a section of a more general space of the
Universe), within which many bodies concentrate (Diogenes Laertius, 1925:
441-443).

Also Simplicius, according to Kirk et al. (1983), reports that:

Democritus. . . calls space by these names –the void, nothing, and the infinite–
while each individual atom he calls – thing [nothing without not], the compact,
and being (Aristotle on Democritus, quoted by Simplicius 294, 33, Kirk et
al., 1983: 414).
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It appears that Democritus describes the ‘τoπoς = topos’, i.e. what we call
today ‘mathematical space’, using the words void (κενoν = kenon), nothing
(oυδεν = ouden) or infinite (απειρoν = apeiron). The void for him coincides
with the notion of not being. The not being according to Democritus (quota-
tion 2) has an existence in no way inferior to that of the sensed being, since
it also possesses a nature and substance of its own.

Similarly he calls the being, full (πληρες), identifying it with the notion
of atoms, thus calling the being, compact (ναστoν = naston) and not (δεν =
den). The Greek word ‘δεν =den’ means, in exact English translation, ‘not’.
These words, if used alone, have no meaning both in Greek and English. They
simply declare the denial of the fact that follows.

As a conclusion, Democritus was supporting that only the atoms and the
void are true, the being and the not being, and these cannot be understood
with our senses. Everything else, everything we can see, hear or touch, is a
very small piece of the real world –creation of our senses– composed by these
“first elements”.

According to Aetius:

Others say that the sensed are physical, but Leucippus and Democritus
that we think them as such, from our personal opinion and our impressions.
Nothing is true or perceivable, except from the first elements, the atoms and
the void. For only these exist physically, and all the rest happen from differ-
ences in position, in class and in shape (Aetius, 1879: IV 9, 8).

Or another passage with the same meaning:

Leucippus and his associate Democritus declare the full and the empty
[void] to be the elements, calling the former ‘what is’ and the other ‘what is
not’. Of these the one, ‘what is’ is full and solid, the other, ‘what is not’, is
empty [void] and rare. (This is why they say that what is, is no more than
what is not, because the ‘void’ is no less than the body is). These are the
material causes of existing things (Aristotle, 1956: 31).

According to the famous physicist and astronomer John Archibald Wheeler:
The notions of time and space do not represent the nature of reality, but the
images of the human cognition (1968: 243).

This view is in agreement with the thoughts of the ancient Hindu philoso-
phers (it has already been reported that Democritus had traveled to India
and studied there), as the former Greek ambassador in India and writer D.C.
Velissaropoulos reports in his book The History of Indian Philosophy. In this
book writes that for this topic they believed that:

The feeling of the existence of separate and specific tangible objects, in-
stead of the realization of the real continuous flow, is the result of imaginary
and arbitrary divisions of the continuous and permanent flow of becoming
(1975: 283).

In the text of Democritean cosmology that follows, some words appear
with a specific meaning, which we must make clear. In the texts of the Loeb’s
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Classical Library there is the phrase ‘vast empty space’ but the exact trans-
lation of the phrase that Democritus uses is ‘great void = megala kena =
µεγαλα κενα’ (Democritus is not referring to the space which is empty of
matter). Also, the phrase ‘light ones’ is been used but the exact translation
is ‘thin’ (not by the ordinary meaning). This word describes a variety of bod-
ies similar to each other. We point out that the Greek word for thin is also
‘lepton’ (λεπτoν = lepton).

4 The cosmology of Democritus

In further we will analyze and comment the cosmological views of Democritus
and earlier of Leucippus. Let us see what Diogenes Laertius writes about the
views of Leucippus, which had been also accepted by Democritus:

[Leucippus believed that] the worlds are formed when atoms fall into the
void and are antangled with one another, and from their motion as they in-
crease in bulk arises the substance of the stars. . .This is how the worlds are
formed. In a given section many atoms of all manner of shapes are carried
from the unlimited into the vast empty space (great void). These collect to-
gether and form a single vortex (whirl), in which they jostle against each
other and, circling around in every possible way, separate off, by like atoms
joining like. And the atoms being so numerous that thy can no longer revolve
in equilibrium, the light ones pass into the empty space (great void) outside,
as if they were being winnowed, the remainder keep together and, becoming
entangled, go in their circuit together, and form a primary spherical system.
This parts off like shell (a thin material membrane is detached), enclosing
within it atoms of all kinds, and, as these are whirled round by virtue of
the resistance of the centre, the enclosing shell becomes thinner, the adjacent
atoms continually combining when they touch the vortex (whirl). And again,
even the outer shell grows larger by the influx of atoms from outside, and,
asit is carried round in the vortex (whirl), adds to it self-whatever atoms it
touches. And of these some portions are locked together and form a mass, at
first damp and miry, but, when they have dried and revolve with the universal
vortex (whirl), they afterwards take fire and form the substances of the stars
(Diogenes Laertius, 1925: 441-443).

The above text is the exact translation from the Loeb Classical Library
translation in which an important matter appears. We have used translations
from both Loeb Classical Library and G.S. Kirk et al. (1983) book and it
seems that they use different words to describe the very same thing. Anyway,
in order to avoid the possibility someone to misunderstand the meanings of
Democritus, we must make clear that the void (in this case the great void) is
not the empty space but a substance as real as the atoms and more full than
the materials. As a result, we found out more suitable the (word) ‘void’, and
not ‘empty space’, which we will use from now on. Similarly we use the word
‘whirl’ instead of ‘vortex’.

With this quotation as a basis, the main steps of the cosmic creation,
according to Leucippus and Democritus were the following:
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4.1 In the beginning there was the full and the void

Prior to the events described in the previous quotation, as already has been
mentioned, initially there was the total creation (not being = void = infinity),
inside which were floating the atoms (being). The system (being + not being)
was beyond the perceptual capabilities of the human senses, since (as already
has been mentioned) the atomic philosophers were supposing that: The full
and the void, i.e. the atoms and space, are true and objective realities outside
of the field of the human senses (Aetius, 1879: IV 9, 8 and Democritus, 2002:
13).

As can be seen, with the unified system [full + void] (= atoms + space)
Democritus replaces a previous Greek prehistoric system, that of the Orphic
Chaos and Erebos, without -of course- suggesting the identification of the
respective partial components of the system.

4.2 Creation of the ‘great voids’

As Diogenes Laertius reports: In a given section many atoms of all manner of
shapes are carried from the unlimited into the vast empty space (great void)
(Diogenes Laertius, 1925: 441).

In this phase, in the frame of the total original space of the Universe
(not being = void = infinity) many partial ‘great voids’ (megala kena =
µεγαλα κενα), i.e. smaller sub-spaces of the total space, are created.

It is an interesting fact that Democritus seems to be especially intrigued
about the ‘cause’ (the great voids) that, as we shall see, forced the atoms
to accumulate into small regions, and not about the cause that created the
great voids themselves. For this reason he fashions the notion of the partial
voids-spaces as the cause for the subsequent accumulation of the atoms, but
without explaining the physical process of their formation.

4.3 Local collapse of ‘atoms’ in the ‘great voids’, formation of
the ‘whirl’

As Diogenes Laertius reports: In a given section many atoms of all manner of
shapes are carried from the unlimited into the vast empty space (great void).
These collect together and form a single vortex (whirl), in which they jostle
against each other. (Diogenes Laertius, 1925: 441).

In this phase, non-perceivable parts of the being (atoms), originated from
the total non-perceivable creation of the Universe (infinity + atoms = void +
full = not being +being), tend to occupy the created ‘great voids’, generating
for each one of them a corresponding ‘whirl’ (δινη=dini). With the entry of
atoms inside the sub-spaces of the ‘great voids’ are created the perceivable
through the senses ‘worlds’, perhaps infinite in number and contained in the
total non-perceivable set ‘being + not being’ (atoms + void = Universe).

Also in the case of Democritean Cosmology the material is being led from
the funnel of the whirl to the edge of the cord, since, as we shall see the final
result of the whirl is a sphere of limited dimensions. At this point it should
be emphasized that Democritus and the other presocratic philosophers knew
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very well, as we shall see, the natural phenomenon of the whirl. This leads
to the conclusion that by the term Democritus refers to the specific and
known phenomenon of the whirl. Let be noted that in a common natural
whirl in general we can distinguish two regions, the funnel and its narrower
and tighter ending, similar to a twisted cord.

All the previous thoughts, as in the Cosmology of Alcman (Danezis et
al., 1999: 125-130), lead us to the conclusion that, if we want to describe
using modern scientific terminology the views of Leucippus and Democritus
in respect to what existed before the perceivable Universe was created and
to how we were led to the starting point of the cosmic creation, a convenient
possibility might be the creation of the Universe through a white hole. The
difference between the cosmological system of Alcman and the one of Leu-
cippus / Democritus is that the atomic philosophers, being experts on the
scientific knowledge of their time, expose in greater detail their views attach-
ing to them a series of scientific (for their era) explanations. The notion of
whirl in particular renders the cord of Alcman easier to understand, while
the spherical condensation of ‘not thin’ materials makes more concrete the
notion of the Alcmanian ‘τεκµωρ = tekmor’.

The coincidence of the views of Leucippus and Democritus about the
creation of the Universe with those of Alcman leads to questions, such as
whether the atomic philosophers knew the Alcmanian Cosmology and, more-
over, whether their views consist the lost or destroyed continuation of the text
of Alcman, where he continued the exposition of his cosmological proposal.

In the context of Democritean Cosmology appears, with a physical eti-
ology (explanation), the idea of the existence of many perceivable worlds
like ours within the frames of the created ‘great voids’. The idea of the exis-
tence of many ‘worlds’ inside successive ‘heavens’ consists an older presocratic
view. But the complete physical explanation and description of a Universe
including an infinite number of perceivable worlds was given by the atomic
philosophers and in particular Democritus.

Hippolytus, according to Kirk et al. (1983), refers that:

Democritus holds the same view as Leucippus about the elements, full and
void. . . he spoke as if the things that are were in constant motion in the void,
and there are innumerable worlds, which differ in size. In some worlds there
is no sun and moon, in others they are larger than in our world, and in others
more numerous. The intervals between the worlds are unequal, in some parts
there are more worlds, in others fewer, some are increasing, some at their
height, some decreasing, in some parts they are arising, in others failing. They
are destroyed by collision one with another. There are some worlds devoid of
living creatures or plants or any moisture (Hippolytus, 1857-1866: I, 13, 2,
Kirk G.S. et al. 1983: 418).

In this passage, as in several previous ones, one can clearly discern the
view that the natural laws can be different in the various worlds and hence
totally different events can be generated.

But let us see what the modern cosmological theories have to say about
the existence of many worlds. According to the inflation cosmological pro-
posal of A. Guth and A. Linde, in the original non-Euclidean, hence non-
perceivable, Universe there was two known scalar fields: The ‘inflation field’
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and the ‘Higgs field’. The inflation field and the associated phenomena are
the reason for the expansion of space (void, not being), while the Higgs field
is responsible for the kind of natural laws establishing themselves inside the
expanding space. These two fields, as it has been proved, exist everywhere
in the Universe, and their presence is betrayed from their influence on the
elementary particles.

However, the scalar fields are not constant and, as proved by quantum
physics, undergo unexpected fluctuations and variations. If the fluctuations
cause a large increase in the intensity of the inflation field, then in this region
the Universe begins to expand much faster, creating a bubble (generation of
a great void). This effect can be produced continuously in different regions
of the original non-perceivable Universe (creation of an infinite number of
great voids). This implies that if we conceive the Universe as a homogeneous
bubble, every new perturbation in it will create a new bubble of the uni-
verse (great void). In this way Andrei Linde (1989, 1990, 1994) and Alan
Guth (1984, 1988, 1989, 1998) answered the question that Leucippus and
Democritus could not answer: How the great voids are created.

As mentioned by the astronomer Martin Clatton Brok as cited by M.
Talbot:

By its own definition the word Universe includes everything. Therefore
it is preferable to speak about many worlds, imagining that the Universe
branches out to an infinite number of these. We know of only one such world.
There are open and closed worlds. There are some fully structured and some
chaotic. In some of them life never appears. In some others it exists, but in
an elementary form. Finally, in a very few worlds life thrives (Talbot, M.,
1993: 39).

The bubble spaces are initially limited by irregular limits that continually
smooth down, and tend to expand with velocities approaching the speed of
light. Later on, the limits of the bubbles can possibly shrink with much lower
velocities. On this basis, the Big Bang theory describes the creation of just
one bubble, inside which we find ourselves, and not of the total Universe of
the infinite bubbles.

It should be noted that, if in the original non-perceivable Universe there
were a set of specific natural laws, the Higgs field would have changed it
in the produced bubbles (great voids). This means that every bubble (great
void) will eventually have its own set of natural laws.

It should be mentioned that Linde’s model is an elaboration of the infla-
tion theory, which predicts the existence of a Universe with many bubbles in
space-time, perhaps ruled by different natural laws.

In 1982 American physicists Andreas Albrecht and Paul J. Steinhardt
(1982: 1220) announced similar results. It is interesting to note that the views
of the Universe that Leucippus and Democritus pioneered have an advantage
that are somewhat compatible with the cosmological views of contemporary
science.
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4.4 Formation of spherical system of perceivable matter with
simultaneous ejection of material in the external void

According to Diogenes Laertius:

And the atoms being so numerous that they can no longer revolve in equi-
librium, the light ones pass into the empty space (great void) outside, as if
they were being winnowed, the remainder keep together and, becoming en-
tangled, go in their circuit together, and form a primary spherical system
(Diogenes Laertius, 1925: 441).

Due to the rotating ‘whirl’, there is first a separation of the ‘similar’ from
the ‘dissimilar’. Next the rotation ceases and a system is created consisting
of ‘thin bodies’ ‘leptons’ (not small in dimensions, nor atoms) that advance
towards the external void (space) as if being hurled, while the rest, the ‘non-
thin’ (thick = hadra), remain united and becoming entangled approach each
other and form initially a spherical system. We must emphasize that the
Greek word for thin is ‘lepton = λεπτoν’ as the word leptons that describes
a certain category of particles and the word for not thin, ‘hadron = αδρoν’
as the word hadrons.

It is interesting to note that the new term ‘thin bodies’ is used in order to
set these bodies apart from all the others that have already been mentioned.

The hurling and the expansion of the ‘thin’ material according to Leucip-
pus and Democritus is not a result of the explosion of the spherical system
formed by the ‘non-thin’ materials, but instead they occur together with
the creation of the spherical condensation, as a result of events taking place
at the edge of the ‘whirl’, since there the ‘similar’ have separated from the
‘dissimilar’ and equilibrated, and the bodies cannot rotate anymore.

Consequently, Leucippus and Democritus support that from a mixture of
‘thin’ and ‘non-thin’ bodies (leptons + hadrons) that is in equilibrium and
does not rotate, the hurling of the thin ones towards the exterior creates an
opposite motion, a contraction, of the ‘non-thin’ ones, that tend to form a
small but dense spherical structure of matter.

As it is evident from the respective quotation, at the end of the whirl,
where it meets the great void, there is a limited in space, momentarily non-
rotating and in equilibrium, spherical condensation of ‘non-thin’ (not small
in dimensions or atoms) material. The sphere occupies a very small space
of the ‘great void’, because how else could be the described ‘thin’ material
hurled into the external space if the initial sphere occupied this space? It is
interesting that at the limits of the whirl, towards the region of the ‘great
void’, and before the formation of the spherical condensation, the material
of the non-perceivable Universe (space + atoms) consists of an ‘exotic’ for
our senses ‘matter’, indescribable by the atomic philosophers, that later on it
separates into two constituents, the ‘thin’ and the ‘non-thin’ (thick = hadra),
which in a later phase were to form the ‘matter’ that is known today to our
senses, according to the atomic philosophers.
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4.5 Formation of a thin membrane onset of a rotational motion
of the universe

According to Diogenes Laertius:

This parts off like shell (thin membrane), enclosing within it atoms of
all kinds, and, as these are whirled round by virtue of the resistance of the
centre, the enclosing shell becomes thinner, the adjacent atoms continually
combining when they touch the vortex (whirl). And again, even the outer shell
grows larger by the influx of atoms from outside, and, as it is carried round
in the vortex (whirl), adds to it self what ever atoms it touches. (Diogenes
Laertius, 1925: 441-443).

At this stage, from the central spherical condensation of ‘non-thin’ (hadrons)
material detaches a membrane, i.e. a thin shell of ‘non-thin’ matter. This
membrane starts rotating, while material from it is carried towards the cen-
tral spherical condensation ‘due to the whirl’. But which whirl? The original
‘whirl’ was carrying material from the non-perceivable Universe of the ‘being’
+ ‘not being’ to the world of the ‘great void’, that is the spherical accumula-
tion of ‘non-thin’ material we mentioned. On the contrary, the whirl referred
here leads from the ‘world’ of the ‘great void’ to the original spherical ac-
cumulation of ‘non-thin’. This means that the whirl mentioned here is of
opposite direction in respect to the first. In other words, the atomic philoso-
phers propose a cosmological system of two whirls of opposite polarity [(+)
and (-)]. The first evolves outside the world of the ‘great void’ and the second
inside. But both lead to a common region, which forms the beginning and
the end of the world of the ‘great void’.

5 Conclusions

If we summarize the views of Leucippus and Democritus about the structur-
ing of the Universe using the corresponding modern scientific terminology,
we can generally discern two periods:

1. The process before the creation of the spherical condensation and of the
great voids, when the Universe [being + not being = void + atoms] consisted
a non-perceivable entity (logos), a situation that Hesiod describes as Chaos
and Erebus: ‘From Chaos came forth Erebus and black Night’ (Theogony,
1914: 123).

2. The process after the creation of the great voids and of the spherical
condensation, which is interesting to analyze by phases:

a. Originally there is an initial spheroidal condensation in a small space
of a very large quantity of ‘thin’ and ‘non-thin’ material. The violent hurling
of the “thin” material forces as a reaction the “non-thin” material to contract
and to rotate violently.

b. The violent contraction of a very large mass of material creates inter-
nal energetic processes that generate and propagate outwards a shock wave,
resulting to the ejection through an explosion of a large quantity of matter
from the surface of the spherical condensation, i.e. of a material membrane
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that starts to rotate rapidly. It is interesting to note the similarities of these
processes with the processes when a star reaches the evolutionary phase of
a nova or of a supernova. The violent ejection of material from the surface
during this stellar phase, forces its central regions to contract violently, a
process that leads the star to become, according to its mass, a white dwarf,
a neutron star, or a black hole.

c. After the ejection of the membrane’s material, the remaining spherical
condensation, which should be enormous (the entire mass of the local Uni-
verse), continues to contract as a reaction, which has similarities with the
creation a black hole in modern science. The material of the membrane of
the surface layers that had been ejected revolves now around some kind of
modern black hole as some kind of modern accretion disk, being led towards
the singularity of the black hole, using modern terms.

This discussion leads to the conclusion that, back in the 5th century
B.C., Leucippus and Democritus had formulated a very pioneering view about
the creation and evolution of the Universe, which involves many, intuitively
developed, ideas which are not incompatible with modern science.
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Abstract. Pyramids, "Dragon Houses" ("Drakospita") and megalithic structures in gen-
eral create always a special interest. We postulate that, as happens with the Drakospita
of Euboea, the pyramid-like structures of Argolis (Eastern Peloponnese) were constructed
by the Dryops. It is known that, in addition to Euboea and some Cyclades islands, this
prehellenic people had also settled in Argolis, where they founded the city of Asine. We also
propose that the pyramids of Argolis and in particular the pyramid of Hellinikon village
were very likely, besides being a burial monument or guard house, might be served also for
astronomical observations.
Key words: Archaeoastronomy, Greek pyramids, Hellinikon, Drakospita, Dryops

Пирамидите на Гърция – древни меридианни обсерватории

Ефстратиос Теодосиу, Василиос Н. Маниманис,
Милан С. Димитрийевич, Марко Кациотис

Пирамидите, "драконовите домове" ("дракоспити") и мегалитните структури пред-
извикват винаги спeциален интерес. Ние приемаме, че както при дракоспита на остров
Еубоеа, пирамидовидните структури в Арголис (Източен Пелопонес) са били построени
от Дриопите. Известно e, че освен в Еубоеа и някои от Цикладските острави, този
пред-елински народ е пребивавал и в Арголис, където е основал град Азин. Ние
предполагаме че пирамидите в Арголис, и в частност пирамидата в селището Хелини-
кон, без да са погребални монументи или охранителни постройки, са твърде подобни
помежду си и са могли да служат и за астрономически наблюдения.

Introduction

The existence of pyramids, or rather pyramid-like buildings, in Greece has not
been widely known, as most people, even most researchers worldwide know
only of the Egyptian pyramids. Yet, it seems that there are several ancient
pyramid-like buildings in southern Greece, the most impressive of which is
the structure near the village Hellinikon in Argolis (Eastern Peloponnese).
Some of these buildings have suffered major and irreparable damages, as
their large stones were used through the centuries as raw material for the
construction of other buildings, such as churches, or even for the production
of lime in limekilns.

In the literature for this topic, the following pyramids are mentioned in
Greece (Lazos, 1995):

Bulgarian Astronomical Journal 19, 2012
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Table I

Name Locality Remarks
1. Hellinikon Hellinikon and Kephalari The best-preserved one
2. Ligourio Epidaurus Only its base exists
3. Dalamanara Epidaurus Only traces remain
4. Kambia = tower for fire-signaling Nea Epidaurus Preserved to some height
5. Sikyon (?) Corinthia (?) Only traces remain (?)
6. Viglafia Neapoli (Laconia) Only its base exists
7. Amfio near Thebes (Thiva) scalar

In addition to the above, two other singular structures have been referred
to as pyramid-like buildings: the cone-like pyramid in Khania (Crete), and
the Rock Pyramid forming the peak of Mt. Taygetos; however, the latter is
just the natural peak of the mountain, the tallest in Peloponnese (2,407 m).
Prof. I. Liritzis (1995 & 1997), assiduous researcher of such ancient megalithic
structures, supports the view that there are over 20 ancient Greek pyramids;
they refer to pyramid-like structures in Astros (in Kynouria, to the south of
Argolis), in Neochori of Phthiotida (they even date it in 11,000 BC), in Agios
Andreas of Mt. Parnassos, in Vathy (of Avlis, in northern Boeotia), and in
other places.

From all the above structures, only the Hellinikon pyramid to the south-
eastern edge of Argive plain is preserved in a relatively good condition. For
some of these structures, the data used in this study come from descrip-
tions and references by ancient travelers, for example the description and
comments of Pausanias (1985) for the Hellinikon pyramid, or from foreign
travelers of the 19th century AD (Blouet A. and Ravoisié, A., 1831, Curtius,
E.R., 1851).

1 References, studies and excavations

Although the pyramid-like buildings of Argolis stand out due to their form
and shape, the references to them, even from Greek antiquity, are rather
scarce.

Only the Greek traveler and geographer Pausanias (1985), writing in the
2ndnd century AD, mentions the Hellinikon pyramid in his Corinthiaka (2,
25, 7):

”Traveling from Argus to the region of Epidaurus, there is a building to
the right that resembles very much a pyramid and bears relief carved shields of
the shape of the Argolic shields. In this place Proetus had battled with Acrisius
for the throne and they say that the battle ended without a winner; for this
reason they were later reconciled, as none could achieve a decisive victory. It
is said that this was the first time that men and armies equipped with shields
clashed; for those that fell in this battle from both armies, since they were
compatriots and even relatives, a common tomb was built in that place.”

Thus, according to Pausanias, the pyramid was a common tomb, built
most probably by Proetus and Acrisius for the soldiers who died in a battle



The pyramids of Greece – ancient meridian observatories? 3

between them; a battle in which soldiers used shields for the first time. This
reference to mythical figures (Proetus, Acrisius) indicates that the building
was considered to be very old.

Fig. 1. The Hellinikon pyramid. Prof. E. Theodossiou (left) and the physicist N. Saridakis
(right)

Pausanias also mentions (Corinthiaka 2, 24, 7) that in adjacent areas
there were some polyandria (mass tombs) of the Argives killed in the battle
against the Spartans that was held in Hysiae (an acropolis next to the modern
village Akhladocampos) in 669 BC:

”And polyandria exist here for Argives who won in a battle against the
Lacedaemonians near Hysiae” (Corinthiaka 2, 24, 7).

So the ancient author considered the ’pyramid’ as one of these burial
monuments. Other researchers have suggested different possible uses (Lord,
1939, pp. 78-84).

The pyramids found in Greece are the only cases of pyramidal architec-
ture in the broader European region. The shape of the pyramid-like build-
ings, their static and architecture, probably classify some of them in the
pre-Pelasgic period (Lazos, 1987 & 1995). However, in a country rich in ar-
chaeological findings the ruins of these structures did not attract the interest
of researchers. Thus, their study is almost nonexistent and a mystery sur-
rounds them due to lack of adequate knowledge. There is still a chance that
some reference could still be discovered in Byzantine texts. Currently, the
next known reference to the ’Greek pyramids’ after Pausanias (2nd century
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AD) is from the first decade of 19th century. William Martin Leake toured
Peloponnese in 1806, when Greece was still under the Ottoman rule, and he
mentions the Hellinikon pyramid, which he visited on March 14, 1806, in his
book Travels on the Moréa (vol. II, pp. 340, 344). In it, he gives two drawings,
front view and top view of the buildings.

Fig. 2. The entrance of the Hellinikon pyramid with the eastern side. The entrance is
next to the SE corner. The width of the entrance is 1.35 m, while its top consists of two
converging stones that form a large capital Greek letter Λ.

In 1829 the French Scientific Mission in Moreas (Peloponnese) studied the
two pyramids (in villages Hellinikon and Ligourio) and published the results
in 1831 - in the three tomes of Abel Blouet and Ravoisié, Amable: Expedition
Scientifique de Morée, vol. II, 107.

In 1901, Th. Wiegand conducted a preliminary excavation (the first one,
1901, pp. 241-246) of the Hellinikon pyramid. Wiegand removed all the fill
from the floor of the pyramid, while the first Greek scientist who studied it
was the archaeologist Apostolos S. Arvanitopoulos in 1916 (pp.72-99). Apos-
tolos Arvanitopoulos believes that the monument dates to the Mycenean era
(1600 BC-1100 BC), while the archaeologist Christos Tsountas (1857-1934),
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the founder of Greek prehistoric archaeology, believes it is from the 6th cen-
tury BC (1893).

More excavations followed in the Hellinikon pyramid by R. Ehrich and
Mrs. Ann Hoskin-Ehrich, on August 1937, of the American School of Classic
Studies and Archaeology in Athens, while at about the same time R. Scran-
ton (1938) was excavating the Ligourio pyramid. Louis Lord, then director
of the American School of Classic Studies in Athens, edited the report (1938,
pp. 481-527) of these excavations based on the conclusions of the three ar-
chaeologists mentioned above, while he subsequently researched himself and
discovered several buildings in Argolis, mainly square archaic towers, which
were most probably the polyandria of Pausanias (Lord, 1939, pp. 78-84).
Amongst the findings in the pyramid of Hellinikon were a big pithos, the
floor of the long corridor and the room, re-carved from repairs entrance door
and parts of the wall, infill from earlier excavations, some ceramics of Proto-
helladic II period (2800-2500 BC), also room foundations and mortals from
later uses of the pyramid, as well as mixture disturb sediments with ceram-
ics of classical period, such as lamps, house ware and few coarse shards of
doubtful age and some roman lamps. The infill at the floor varies between
20-60 cm (Lord, 1938, pp. 508-538).

Louis Lord considers that the pyramids were not tombs, because their
doors were opening from inside; nor were they towers for fire-signaling, as
they were not built in elevated positions with a view. Lord believes they were
posts capable of housing a guard of a few men, which could control the road
to Tegea. However, he stresses that the peculiar pyramid-like construction is
a fact that remains unexplained (1938). There wasn’t a reason to build this
form of structure for this purpose, as an outpost with a small wall would
be the normal thing to do. What could be the purpose of these singular,
pyramid-like constructions? Also, Lord supports the idea that the pyramid
was from the early Hellenistic era, more specifically late 4thth century BC.

The topic appeared to close from an archaeological point of view, as the
American archaeologists had done a good job. The German archaeologist S.
Oppermann, with a relative publication in German (1971, pp. 45-52), made
known the two pyramids, in Hellinikon and Ligourio, to a wider German-
speaking public, without adding something to the topic from a research point
of view.

After about 15 years followed the researcher and author Christos Lazos,
with two publications on Greek pyramids (1984, 1987), and an article by
Helena Fracchia of the University of Toronto (1985, pp. 683-689), in 1986
Professor I. Liritzis published his book Archaeometry - Methods of dating in
archaeology, and in 1994 the civil engineer V. Katsiadramis made a static
study of the two pyramids and the corresponding figures (1994, pp. 9215-
9236). In 1994 appear a paper by Professor Ioannis Liritzis and another
one by the academician Theocharis et al. (1994, pp. 399-405) and the two
books, again by archaeometrist Professor Ioannis Liritzis (1995) and by au-
thor C. Lazos (1995), which exhaust the topic from the descriptive point of
view. Finally, Professor Ioannis Liritzis, in 1997, published an article about
the mystery of these pyramids and similarly Professor Theodore Spiropoulos
(2003).
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In practical, the real research work on the Greek pyramids started under
the supervision of the archaeometrist Professor Ioannis Liritzis and his group.
The dating of the pyramid was approached through five sub-projects:

1) Geophysical prospection inside and around the two main pyramids at
Hellenikon and Ligourio, where buried monuments were discovered (Theocharis
et. al., 1997, pp. 593-618).

2) The results of the above team directed the archaeological excavations
carried out by archaeologist A. Sampson (1996, pp. 56-61) and archaeologists
of the Archaeological Museum of Nauplion (Pikoulas, 1996, pp. 60-63; Piteros,
1995, pp. 11-13, and Piteros, 1998, pp. 344-394). Amongst the new findings
were foundations of rooms, ceramics of Classical, Hellenistic, Roman and
Protochristian periods, and Protohelladic II in the exterior foundations of
Hellenikon pyramid above the bedrock. A comparative study of masonries
was also made (Liritzis, 1995 & 1997, pp. 32-34).

3) Astronomical orientation of the long entrance corridor was found re-
lated to the rise of Orion’s belt occurring in circa 2000-2400 BC (Liritzis,
1998, pp. 10-21).

4) The dating of some parts of the over lied large megalithic blocks in
the wall, with the novel thermoluminescence dating method of rock surfaces.
Sampling was chosen for their firmness and lack of sun exposure of inter-
nal contact surfaces, by removing a few milligrams of powder from pieces
in firm contact. Seven pieces gave an age range of circa 2000-2500 BC. Lir-
itzis, 1994a, pp. 603-604; 1994b, 361-366; Theocharis et al. 1994, 399-405),
while two ceramic shards of non-diagnostic typology one from Hellenikon and
one from Ligourio pyramids dated by TL (ThermoLuminescence) and OSL
(Optically Stimulated Luminescence) gave concordant ages of 3000±250 BC
and 660±200 BC respectively (Liritzis et al., 1994, pp. 189-198). The novel
dating method has been well published by the initiator and others Liritzis et
al. 1997, pp. 479-496); Liritzis and Galloway, 1999, pp. 361-368; Habermann,
2000, pp. 847-851; Greilich et al. 2005, pp. 645-665; Morgenstein et al. 2003,
pp. 503-518; Liritzis and Vafiadou, 2005, pp. 25-38).

5) The mythological genealogy of Argolid has been cautiously interpreted.
It involves Inachus and his deluge and his descendants of Proetus and Acris-
sius that according to ancient traveler Pausanias (2nd c. AD) they fought for
domination but had a draw and erected Hellenikon pyramid, shown to be at
c. 2800 BC (Zangger, 1993; Liritzis and Raftopoulou, 1999, pp. 87-99)

2 The use of the pyramids

Pausanias, as is evident from his text, acknowledges that the purpose served
by the pyramids had been forgotten in his age (circa 150 AD) and for this
reason he writes about what the people were ’saying’ about it, mentioning
the hypotheses of being tombs and small military outposts.

The construction of these buildings, their dimensions and inclination,
being added to the fact that no tomb-associated findings (such as bones or
death ornaments) were found, lead to the conclusion that these structures
were rather a kind of small fort or an observatory (Kalleyia, 1995).
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The pyramids are dated by some archaeologists (Leake, 1846; Lord, 1938;
Fracchia, 1985; Piteros, 1998), based on their wall structure, in the 4th cen-
tury BC; the same archaeologists consider that they indicate the relations
between Egypt and Argos, a tradition reinforced by the mission of 3000 Ar-
give mercenaries in Egypt in 349 BC.

However, the Greek pyramids seem to have no relation to Egyptian ones
(interior plan, masonry, slope, size), though there were trade contacts between
the people of SE Mediterranean evidenced at least by the early presence of
Minoans, Myceneans and later on Greek colonizations, in the West, Asia Mi-
nor and the Levant and Egypt, e.g. Tel Kabri, Avaris, Meggido etc. (Barbara
and Wolf-Dietrich Neimeier, 1997, pp. 763-802).

Leake (1846, pp. 334-483), Vischer Wilhelm (1857, pp. 325-328) and oth-
ers support the burial monuments theory, which is rejected by Wiegand (1901,
pp. 241-246), who suggests that they can’t be tombs because of the mortar
used in their construction, a material hinting for him a building date in the
1st century BC. Other researchers, though, suggest that the mortar probably
does not belong to the original building but to a posterior conservation work.

The Egyptian pyramids were Pharaohs’ burial monuments, but they also
served for astronomical purposes: Cheops Pyramid was a huge meridian in-
strument, the largest ever constructed, while its main passage’s direction was
towards the pole star of its age, Thuban or Alpha Draconis (α Dra).

Helena Fracchia (1985) supports the view that the Argolis pyramids were
erected for the defense of the region, as fortifications incorporated into some
large farms, as she believes from her research of ancient farms in Attica.

Civil engineer V. Katsiadramis (1994), after his static study of the whole
Hellinikon monument, draws the conclusion that this building was in its initial
form most probably a truncated pyramid 3.60 m high. He suggests that it was
never complete up to its projected summit with stones or a roof of some kind,
not being an Egypt-like, mathematical pyramid. He adds that the truncated
pyramid shape ’is a very ancient worshipping tradition in Greece. . . . . . this
exact shape of the Elliniko building was intentionally chosen, as it combined
static and aesthetic requirements with the Greek worshipping tradition’ (Kat-
siadramis, 1994). He, thus, considers a worshipping use for the building; in
his view, it was a roofless sanctuary.

The Argolis pyramids continue to attract the interest of researchers. Pro-
fessor I. Liritzis in his book (1995) argues that their megaliths were used
as construction materials for churches and for lime production, in order to
explain the reason for the disappearance of the Astros, Sikyon and Viglafia
pyramids, which were reported by foreign travelers in early 19th century. C.
Lazos, an author specialized in the research and recording of the feats of
ancient Greek technology, in his book Pyramids of Greece (1995), provides a
complete list of the Greek pyramid-like structures.

Our team visited the Hellinikon and Lygourio pyramids and photographed
them; the architect, Marcos Katsiotis measured the dimensions of the Hellinikon
pyramid and drew the top view, a section and perspective drawing of this
pyramid, which is the best preserved one. But, finally, we used the drawings
made by the civil engineer Vassilios Katsiadramis, which exist in the current
Bibliography (1994, p. 9222).
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3 The Hellinikon pyramid

The Hellinikon pyramid is located 5 to 6 km to the southeastern edge of the
plain of Argolid, in the direction of the ancient road to Arcadia, between
the villages Hellinikon and Kefalari, where the Erasinos River sources are
(nowadays Kephalari). This is the best preserved pyramid (Fig. 1).

Fig. 3. Perspective drawing of the truncated pyramid of Hellinikon, made by civil engineer
Vassilios Katsiadramis (1994, p. 9222).

However, archaeometric measurements based on optical thermolumines-
cence conducted by prof. I. Liritzis at the Nuclear Dating Laboratory of the
University of Edinburgh and at the Archaeometry Laboratory of Democritos
Center (Theocharis et al. 1995) showed that at least the Hellinikon pyramid is
much older: circa 2700 BC. The optical thermoluminescence method is based
on laser technology that can be applied on stones from walls; unfortunately,
this method, used by Liritzis since 1986, although it is theoretically accepted,
had not yet been fully calibrated in that time (1995) and doubts can be raised
about this dating. At this point, if one remembers the geographer and trav-
eler Pausanias, who gives a hint for this monument about being built in the
Mycenaic period, one could find most probable this period as being in the
middle of the two datings mentioned above: from 1600 to 1100 BC.

The dimensions of the Hellinikon pyramid are 14.50 x 12.60 x 10.80 x 10.60
m. Many researchers have wondered whether there is any relationship with
the Egyptian pyramids, for example a correlation in their dating. Traditional
archaeological research, as we saw, dated these structures in the 4th century
BC, a much more recent date than the dates of the Egyptian pyramids.

Lois Lord (1938) dated both Hellinikon and Ligourio in the dawn of the
Hellenistic period, i.e. in the end of 4th century BC. The Greek archaeologists
E. Spathari, Chr. Piteros and G.A. Pikoulas also suggested (Chr. Piteros,
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1995; G.A. Pikoulas, 1996) that both pyramids were built in late 4th century
BC and that they were guardhouses or outposts. Th. Wiegand (1901) dated
the Hellinikon pyramid in 1st century BC. However, these datings must not
create a bias toward a more recent period, as archaeologist and Professor of
Prehistoric Archaeology at the University of Athens Theodore Spiropoulos
(1981), who discovered a pyramid in the shape of the Ampheio hill in Thebes,
dates it circa 2500 BC.

Fig. 4. Drawing of the truncated pyramid of Hellinikon, made by the civil engineer Vassilios
Katsiadramis (1994, p. 9222).

4 The Ligourio pyramid

The Ligourio pyramid is located in the foot of Mt. Arachnaeo, to the left
side of the road leading from Argos to Epidaurus, 1.5 km West of the village
of Ligourio. Its dimensions are approximately 14 (north side) x 12 x 12 x 12
m. Pausanias does not mention this pyramid at all and the first reference
to it comes from the ”French Scientific Mission in Moreas” (Blouet, A. and
Ravoisié, A., 1831). In the years that passed since the early 19th century the
pyramid, made of sandstone blocks, deteriorated to the point it is now almost
leveled. Only a couple of building stones have remained in their original po-
sitions; the rest were used for the construction of other buildings in Ligourio,
while some stones are incorporated in the Byzantine church of Agia Marina
(St. Marina).

The first excavations in the region were conducted by the American School
of Classic Studies of Athens, from 9 to 18 December 1936 and later from 1
to 9 August 1937.

Among the findings of the 1937 excavation, led by R. Scranton (1938,
7.4, pp. 528-538), was a stone axe (keltis) dated in the Neolithic Age, that is
prior to 3000 BC, a most intriguing fact that created certain connotations.
Scranton writes that ”the keltis, an isolated prehistoric artifact, does not
prove the existence of a Neolithic settlement at the site. It was probably just
transported there from a distant place as something curious”.

However, some researchers are skeptic about this view: How is it possible
for the Neolithic axe to have been preserved at a different site for 2500 years,
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to have been transported as something curious to the Ligourio pyramid in the
4th century BC and subsequently preserved at its new position for another
2300 years? It is a difficult question.

Fig. 5. Drawing of the truncated pyramid of Hellinikon, made by the civil engineer Vassilios
Katsiadramis (1994, p. 9222).

Nevertheless, most researchers date the Ligourio pyramid along with the
Hellinikon pyramid, around the 4th century BC.

Fig. 6. The Ligourio pyramid, as imaged by the French Scientific Mission in Moreas (Ex-
pedition Scientifique de Morée, 1831).
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In 1995 academician Petros Theocharis and his colleagues announced that
the optical thermoluminescence method gives an age for the Ligourio pyra-
mid of 4100 ± 600 years, that is it was built circa 2100 BC or about 600
years ’younger’ than the Hellinikon pyramid as dated with the same method,
although as far as it can be discerned the two pyramids are very similar.
The same researchers supported the view that both theses pyramids were
astronomical observatories!

On the contrary, archaeologist Christos Piteros, curator of antiquities in
Nafplio, supports (1995) a dating of the pyramids in the 4th century BC
- definitively no older than 450 BC. As for their purpose, he believes that
they were fortified out-posts-military observatories. Piteros is especially crit-
ical against the views of Theocharis et al. (1995). He strongly argues that
their views are misleading(!), since they reject consolidated views of archae-
ologists simply based on a ’magical unproved physical method for a purely
archaeological issue’.

The archaeologists excavators are reserved to accept without doubts the
Classical or Hellenistic age, while A. Sampson (1996, pp. 56-61) supports
such a younger age but his reserve to reject an earlier age is apparent.

So, up to now, there is no satisfying explanation of the reason behind the
construction of several reported small sized pyramids in Greece and about the
choice of their shape as a message tower or else. To summarize, the following
views have been supported about the Greek pyramids:

a) Purpose

1. Burial monuments - polyandria (Pausanias, 2nd century AD; Leake,
1846; Vischer, 1857).

2. A ’tomb identifier’, indicating the existence of an important person’s
tomb at a nearby site (hill), or even under it (Arvanitopoulos, 1916).

3. Fortified military outposts-guardhouses (Lord, 1938 & 1939; Wiegand,
1901; Fracchia, 1985; Spathari-Piteros-Pikoulas, 1995 & 1996).

4. Towers for fire -or smoke- signaling (Curtius, 1851).
5. Astronomical observatories - with an evident astronomical orientation,

after a relative study (Theocharis et al., 1994 & 1997; Kalleyia, 1995; Theo-
dossiou et al., 2002).

6. Sanctuaries (Katsiadramis, 1994).

b) Dating

1. 1600 to 1100 BC (Pausanias, 2nd century AD; Arvanitopoulos, 1916).

2. 6th century BC (Tsountas, 1893; Curtius, 1851).

3. 4th century BC (Leake, 1846; Lord, 1938 & 1939; Fracchia, 1985;
Spathari-Piteros-Pikoulas, 1995 & 1996).

4. 1st century BC (Wiegand, 1901).
5. 2100 BC for the Ligourio pyramid and 2730 BC for the Hellinikon

pyramid (Theocharis et al., 1994 & 1997).
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5 Conclusion

When excavations were made around the Greek pyramids in the early 1900s,
pottery fragments from the 4th century BC were found, and it was presumed
that the pyramids were also constructed then; that is, about the time of
Alexander the Great. Recent dating of crystals from internal surfaces of the
limestone blocks using thermoluminescence puts the construction times back
two millennia. The Hellenikon pyramid dates to 2730 B.C.; the Ligourio, to
2100 BC. This means that the Greek pyramids were built in roughly the same
time frame as the Egyptian pyramids (Hammond, 1997).

Why would the ancient Greeks want to build miniature pyramids? The
classical scholar Pausanias wrote in the 2nd century AD that the Hellenikon
pyramid was a cenotaph for the dead fallen in a fratricidal battle 4,000 years
ago. Nobody believed his story until now (Corliss, 1998).

The date and the purpose of even the two main Greek pyramids are not
known with any certainty. What it can be said is that these are carved and
not scalar; moreover they also differ from the Egyptian ones in the slope
inclination.

Archaeologists suggest that the Hellinikon pyramid can’t be a building
of the 3rd millennium BC; it must have been constructed at least after 2100
BC. The later corollary follows from a finding of the excavation conducted for
the Academy of Athens’ research: a proto-Hellenic ditch in the foundations
of the building. The proto-Hellenic period conventionally ends in circa 2100
BC, therefore archaeologists conclude that the pyramid was built definitely
after 2100 BC.

Archaeologists also stress that not even one ceramic fragment was dis-
covered in the pyramid sites dated from the two subsequent periods, the
meso-Hellenic and the Mycenaean period. If the pyramid was indeed a 3rd-
millenium construction, then the lack of ceramics would be a unique case.

The vast majority of archaeologists support the view that the pyramids
are buildings of the 4th century BC.

The disagreement among the experts extends to the purpose these struc-
tures served. Our team expresses its agreement with professor Theocharis and
his colleagues that the Greek pyramids could have an astronomical signifi-
cance, probably in addition with their use as burial monuments or military
outposts. We have also propose that the pyramids of Argolis and in particular
the pyramid of Hellinikon village were very likely, besides being a burial mon-
ument or guard house, one of the first meridian observatories (Theodossiou
et al., 2002).

To support this view there is the case of another Greek megalithic struc-
ture, the ’Drakospito’ (= dragon house) on top of Mt. Oche, which was
studied by our team and was shown to have an ancient Sirius-rise astro-
nomical orientation (Theodossiou et al. 2009). Besides, several astronomical
connotations have been proved in the case of the Egyptian pyramids.

For the Greek pyramids, the case is still open. We believe that a coor-
dinated effort of archaeologists, historians, astronomers, architects and ar-
chaeometrists is needed in order to reach definite conclusions as far as the
use of the pyramid-like structures in Greece is concerned.
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Abstract. The evolution of the heliocentric theory in the antiquity has been analyzed,
from the first seeds in the Orphic Hymns to the emperor Julian, also called "the Apos-
tate" in the 4th century A.D. In particular the Orphic Hymns, views of Pythagoreans,
as well as the heliocentric ideas of Philolaus of Croton, Icetas, Ecphantus, Heraclides of
Pontos, Anaximander, Seleucus of Seleucia, Aristarchus of Samos and Emperor Julian were
analyzed.
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Хелиоцентричната система от орфическите химни и
питагорейците до император Юлиан

Е. Теодосиу, А. Даканалис, М. Димитрийевич, Р. Мантаракис

Проследено е развитието на хелиоцентричната теория в античността, от орфическипе
химни до император Юлиан, наричан в IV в сл.н.е. още "изменникът". Анализирани
са, в частност, орфическите химни, възгледите на питагорейците, както и хелиоцентрич-
ните идеи на Филолаус от Кротон, Икетас, Екфантус, Хераклидес от Понтос, Анакси-
мандер, Селеукус от Селеуциа, Аристархус от Самос и император Юлиан.

Introduction

Ever since early antiquity, philosophers and astronomers had been preoccu-
pied with the question concerning which of the heavenly bodies occupied the
center of the known world. The geocentric system, in accordance with its
egocentric formulation, placed our small planet in the center of the world,
a notion that seemed to fit the egocentric minds of the wise. Enjoying the
favor of the majority of the philosophers and astronomers, it dominated for
centuries. However, there were also opposite views in favor of the heliocentric
theory. Indeed, even before Aristarchus the Samian, seeds of the heliocen-
tric theory can be traced back to the Orphic Hymns and in the teachings
of Anaximander and the Pythagoreans. Later on Aristarchus the Samian
founded the heliocentric theory, which unfortunately did not prevail, unlike
its geocentric adversary which gained wide recognition, initially due to the
weight of Aristotle’s views, and later on due to those of the great astronomer
Claudius Ptolemy (2nd century A.D.).

Bulgarian Astronomical Journal 11, 2009, pp. 123–138
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Yet the heliocentric system had not been entirely forsaken. During the 4th
century A.D., emperor Julian -also called ”the Apostate”-, the last emperor
of the first Byzantine dynasty, became a fervent supporter. Julian held the
Earth as a planet which, like all other planets, went around the sun in a
circular orbit. Thus, Aristarchus’ theory had not been forgotten during the
first centuries A.D., but even enjoyed advocacy.

1 Orphic Hymns

The ancient teachings of Orpheus are considered to be the first mystic Greek
religion, with poems and hymns of great beauty. The Orphic Hymns consist
of 87 hexametric poems or 1200 verses in total, which have reached us under
the title ”Hymns of Orpheus to Musaeus”.

The hymns contain a breadth of astronomical information, partly ob-
scured by the use of a strongly poetic language, as well as interesting ideas
for the creation and the supreme being. This last piece of information tells
us that the hymns belong to a monotheistic cult, since the creation of the
Universe is ascribed to a single supreme force. We also come across the in-
teresting notions of Chaos and the cosmic egg, which led to the creation of
”Phanes”, he who is radiant and existent.

From eyes obscure thou wip’st the gloom of night, all-spreading splendour,
pure and holy light. Hence Phanes call’d, the glory of the sky,

on waving pinions thro’ the world you fly.
[V. TO PROTOGONUS, The Fumigation from Myrrh, verse 15

(see e.g.Orphic Hymns sine datum, or Orphicorum Fragmenta, 1922)]

Nearly all of the ancient Greek sages and writers drew inspiration from
themes found in the Orphic Hymns, and were thus influenced while formu-
lating their unique theories and teachings.

Let it be noted that in the Orphic Hymns, ”Chaos” stands for what
nowadays we would call space, ”Gaia” for the earth-mother (and not the
planet) whereas ”Eros” (love), stands for the creational force. In the same
hymn, we find a praise to Chaos which spans the aether, and was born from
the cosmic egg:

O Mighty first-begotten [Protogonos], hear my pray’r, two-fold, egg-born, and
wand’ring thro’ the aether...

[V. TO PROTOGONUS, The Fumigation from Myrrh, verse 1]

Let it also be noted that during the Homeric times, the Earth was per-
ceived as a circular flat disk which was surrounded by a vast circular river,
the Ocean. This notion is made evident in the following verse:

Old Ocean [Okeanos] too reveres thy high command, whose liquid arms
begirt the solid land.

[X. TO PAN, The Fumigation from Various Odors, verse 15]
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Fig. 1. Phanes: God of light, truth and justice. Here he appears to be surrounded by an
elliptical (egg-shaped) ecliptic with the zodiacal signs of the four basic elements. Above
and below him are the two halves of the cosmic egg, and between them, lies a flaming
Phanes, winged just like the creative Eros. In his right hand he holds thunder (like Zeus
does) and a scepter in his left, signifying his kingly place on the world. The curled snake
on him symbolizes the Earth, the cup stands for water, the wings for air and the torch for
fire. Its legs are shaped like a fork, just like those of the god Pan.

The hymns mention Heaven being the ruler of the world, revolving around
the Earth:

Great Heav’n [Ouranos], whose mighty frame no respite knows. . . Hear, world
ruler,. . . , forever whirling as a sphere around this earth

[III. TO HEAVEN: The Fumigation from Frankincense, verse 1]
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Fig. 2. The Homeric Universe: In the Universe of Homer’s times, the mountains can be
seen to rise over the surface of the great disk of the Earth, the Ocean spreading around
them, while the center is dominated by Mount Olympus which rises up to heaven. In its
highest peak, the all-seeing Zeus is seated, supervising both immortal gods and mortal men,
sometimes rewarding and sometimes punishing them. Beyond Olympus spreads Heaven,
supported by the pillars of Atlas. In heaven we can locate the Moon, the stars and the
constellations. In particular, in this figure we can distinguish -but not referred by Homer-
the constellations of Hydra, Corvus, Crater, Cancer, Leo, Gemini, Taurus as well as the
Pleiades open cluster (as cited in D. Cotsakis, 1976, p. 18)

Another verse suggests that the origins of the heliocentric system seem
to be located in the Orphic Hymns, as has been previously stressed by
Constantinos Chassapis (1967), the late Greek astronomer, and Maria Pap-
athanassiou (1978, 1980), assistant professor in the Mathematics Faculty at
the University of Athens:

Hear golden Titan! Glowing like gold, you who strides above, oh heavenly light. . .
. . . you who combines the epochs . . .You are the world ruler...

With your golden lyre, draw on the harmonious path of the world. . .
. . . [you] who wanders through fire and moves around in a circle

[VIII. To the Sun, verse 2]

The phrase ”[you who attracts] draw on the harmonious path of the world”
is striking since this could be a spermatic idea of the harmonious movement
of the planets around the Sun, a notion which was commonly used during
at least the first five (perhaps more) centuries B.C. If the planets are to be
included in the notion of the world, then the golden Sun could be seen as
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the attractive center of their harmonious orbits. One may therefore make
the assumption that the seeds of a heliocentric theory can be traced in the
Orphic Hymns.

Furthermore, on hymn (34): To Apollo, we find the following:

Loxias, the pure! . . . You mixed in equal parts winter and summer. . .
[XXXIV. To Apollo, verse 6,. . . and 20]

Thus, the ”Loxias” Sun (meaning ”tilted”) mixed the components of the
year and divided it in two equal parts, the summer and the winter. This is
a very important astronomical detail which has drawn some attention from
the astronomical community, because it has been linked to the dating of the
Orphic Hymns. If one were to view this information literally, he would look
back in time when the summer and winter were of exactly equal length. This
would place the Orphic Hymns -more or less- near the following dates: 1841
B.C. and 1366 B.C. (Chassapis, 1967 and Papathanassiou, 2003). This view
however, requires the assumption that ancient Greece possessed very capable
astronomers in early antiquity, an idea with little evidence to support it.

Another excerpt which, although referring to Hestia, seems to add to the
heliocentric aspect of the hymns, is Hymn (84) [To Hestia]

You who occupies the center of the home of the greatest and eternal fire.
[LXXXIV. To Hestia, verse 2]

In Orphicorum Fragmenta a fragment tell us about the rotation of the
Earth. This fragment says that Musaeus knew the path of the star and the
movement of the sphere around the Earth, as this round Earth revolves in
equal time period around its axis (Fr. 247 v. 24-26, pp. 261-262).

2 The Pythagoreans

Pythagoras founded his School at Croton in lower Italy, in c.540 B.C. He and
his followers held the view that the most important cosmological principle
were the numbers. In a way they were not mistaken, since it is in numbers that
today’s scientific thought is focused, for numbers identify with mathematical
harmony and, without them, science would have never existed in the first
place.

The Pythagorean School placed the foundations for the philosophy of
mathematics as well as for physics, by relating order and the harmony of
sound to the harmony of the Universe.

Virtually all of the students of Pythagoras were trained in astronomy,
but their studies of the motion and the distances of the planets were carried
out with a rather mystical approach. They believed in mystical and sacred
relations between the numbers and the phenomena that they describe. In
the Pythagorean view, the planetary distances were analogous to a heavenly
musical harmony, which was created by harmonious sounds. They believed
that this harmony was constantly created, being an eternal expression -of the
highest order- of the unique divine harmony.
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The Pythagoreans would have been delighted to see ideas very similar to
their own, used in contemporary science. For example, modern String theory
holds that everything on a microscopic level is a combination of vibrating
strings. The Pythagoreans, developers of the ”music and harmony of the
spheres”, would have seen particles as microscopic strings whose rhythmical
vibrations create other particles, i.e. ”the musical notes”. These notes, in
turn, create the music of the heavenly spheres. Thus though their eyes, our
whole world would seem like a musical symphony, composed with these notes.

Pythagoras’ School was a brotherhood, most likely in an almost reli-
gious sense, had various degrees of initiation, and may have been founded
after the manner of the Orphic communities. Its contribution to geometry,
music, arithmetic and astronomy was integral for the evolution of scientific
thought. Through geometry, as well as the harmony of sound and numbers,
the Pythagoreans developed the notion of perfection in the Universe, and
coined an appropriate word to describe it: ”Cosmos”. This name is derived
either from the word ”cosmo” which means ”to orderly arrange” or from the
world ”cosmema” which means ”jewel” (ornament). Pythagoras himself ap-
pears to be the first to use the word ”Cosmos”, according to the doxographer
Aetius: ”Pythagoras was the first to name the place of all things Cosmos, due
to its orderly nature” [Aetius, De Vestutis Placitis, II, 1, 1 (D. 327, 8)]

The Pythagorean School held that the essence of all things was the ”num-
ber”, a rather abstract notion, which could not be perceived through one’s
senses, but only through intellect. In this manner, the philosophers of this
school equated infinity with those material elements which could not be sub-
ject to measurement or definition. They introduced the notion of ”matter”,
which was perceived as an element that resisted every definition of its onto-
logical and moral imperfection.

Some elements of the Pythagorean cosmology have reached us through one
of Aristotle’s books, namely Metaphysics. According to the Pythagoreans, the
Cosmos was created after the ”One” initially came into being. The ”one” -or
”en” in Greek- served as the first principle, attracted the ”infinite” (apeiron)
to its own self, and bestowed on it with the ”limit” (peras). These last two
notions, the ”limit” and the ”infinite” have no clear meaning, but it has been
speculated that they could be referring to the prime and even numbers.

Aristotle also mentions the following: ”The elements of number, according
to them, are the Even and the Odd. Of these the former is limited and the
latter unlimited; Unity consists of both (since it is both odd and even) [note
of trans: either because by addition it makes odd numbers even and even
numbers odd (Alexander, Theo Smyrnaeus) or because it was regarded as the
principle of both odd and even numbers (Heath)]. Number is derived from
Unity; and numbers, as we have said, compose the whole sensible universe”
[Aristotle, Metaphysics, A5, 986, 15]

Aristotle provides us with a further comment on the Pythagorean ideas:
”It is absurd also, or rather it is one of the impossibilities of this theory, to
introduce generation of things which are eternal. There is no reason to doubt
whether the Pythagoreans do or do not introduce it; for they clearly state that
when the One had been constituted -whether out of planes of superficies or
seed or of something that they cannot explain- immediately the nearest part
of the Infinite began to be drawn in and limited by the Limit [note of trans:
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if numbers are eternal, it is absurd that they should be generated]. [Aristotle,
Metaphysics, 1091a, 14].

Another cosmological notion that the Pythagorean School of thought held
was that the Creation began from a unique single point, which continuously
expanded to infinity. It is evident that the Pythagoreans believed that the
Universe evolved from a spherically expanding infinitesimal core. This idea
once again, has been shared by some astronomers, who believe in a static
spherical universe whose existence began from an initial point.

Another idea that Pythagoras believed in was that the Earth was spherical
and immobile in the center of the Cosmos, which was spherical as well. ”..the
water, earth and air; these elements interchange and turn into one another
completely and combine to produce a universe animate, intelligent, spherical,
with the earth at its center, the earth itself too being spherical and inhabited
round about” [Diogenes Laertius, Lives of Eminent Philosophers, VIII, 25,
8-10].

Many Pythagoreans held an identical view of a spherical Earth, placed in
the center of the world, without being supported by anything. This was a novel
idea in its time, and is demonstrative of a clear progress when compared to
assumptions that were previously held by other Greek philosophers.

According to the late professor of astronomy, Demetrios Kotsakis, ”Pythago-
ras was the first who taught that the apparent motion of the sun on the ce-
lestial sphere from the east to the west, could be analyzed in to two distinct
motions: One daily from East to West, parallel to the equator, and one yearly
from West to East on the ecliptic” (Kotsakis, 1976, p. 28).

In the 6tth century B.C., some students and followers of Pythagoras, and
most importantly Philolaus of Croton, Heraclides of Pontus, Ecphantus of
Syracuse as well as others, believed in a ”pyrocentric” theory. This means that
they accepted that the element of fire was the ”first principle” of the Cosmos.
They believed that after the Creation, the element of fire accumulated in the
center of the Cosmos and its attraction to its neighboring parts was part of
the creation, formation and formulation of the various bodies that made up
the spherical Universe.

2.1 The ideas of Philolaus of Croton

Philolaus of Croton (450-500 B.C.), spread the pythagorean ideas concerning
the ”first principle”, by organizing and writing a synopsis of pythagorean
philosophy. It appears that he was the principle creator of the philosophical
notions of the ”limit”, the ”infinite” and the harmony between the two, which,
according to his views, was achieved due to the ”number”. He believed that
the Cosmos is unique and began its creation from the center, which was
occupied by fire. There, he placed the ”Anticthon”, (or Counter-earth - a
hypothetical invisible Earth), the Earth, the Moon, the Sun, the five planets
known at the time (Mercury, Venus, Mars, Jupiter and Saturn), and the
sphere of the fixed stars. Thus, ten heavenly bodies ”danced” around the
central fire, a number which the Pythagoreans held as sacred. It has been
speculated that the Anticthon was introduced exactly for this reason, namely
to raise the number of the celestial bodies to the sacred number ten.
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Fig. 3. Pythagorean Universe

It is told that Philolaus of Croton, along with Archippus, Lysis and few
others, survived the revolt against the Pythagoreans in Croton, which was
instigated by Cylon, an ex student of Pythagoras, who had been sent off
from the school for failing to comply with its principles. It is certain that
the teachings of Pythagoras and his students, their innovative theories, their
mysticism, as well as their aristocratic political tendencies caused the violent
reaction of their democratic adversaries, who either killed or exiled many
of them: ”Cylon of Croton. . . and those allied with him, hunted (killed) the
Pythagoreans down to the man. (Iamblichus Vita Pythagorii (V.P.) 248-249
ff).

Following this course of events, Philolaus left Croton and based himself
in Thebes, where he taught Pythagorean philosophy and wrote the books
Bachae and On Nature A, B and C (Cosmos, Nature and Soul respectively).
An extant fragment from his first book reads: ”The world is uniform, it
began its creation from the center, and from the center it expanded uniformly
upwards and downwards, keeping equal distances from the center” (Diels and
Kranz, 1996, Die Fragmente der Vorsokratiker).

Several sources provide information on some of his cosmological thoughts:
The initial One, the beginning of the creation of the Universe, is called Hestia
[On Nature, fragment 7, Stobaei Eclogae I 21, 8 (p. 189, 17 W)].

Diogenes Laertius mentions: According to Demetrius, in his work ”on men
of the same name”, Philolaus was the first to publish pythagorean treatises,
to which he gave the title ”On Nature”, beginning as follows: Nature in the
ordered universe was composed of unlimited and limiting elements, and so
was the whole universe and all that is therein [Diogenes Laertius, Lives of
Eminent Philosophers, 85 (A1 I 398, 20)].

The doxographer Aetius (Aet. I 3, 10), informs us (citing Theophrastus)
of the following: Philolaus believes that there is fire around the center of
the Universe, which he calls ”hestia of all” and ”house of Zeus”, ”mother



Heliocentrism from Orphic Hymns to Julian 131

Fig. 4. Anticthon: The hypothetical invisible Earth, which according to the Pythagoreans
occupied the antipodes of the Earth.

of the Gods”, ”altar, constraint and measure of nature”. There is another
fire which dwells in the outer region of the Universe. The center, he says,
came first by nature, and around it dance ten heavenly bodies: The sphere of
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fixed stars, then the five planets, then the Sun, then the Moon, followed by
the Earth and Anticthon, and after all these the fire of ”hestia”, which lies
around the center. The outer region, which surrounds the whole Universe, is
a place where the elements are in their pure state, unmixed, and that place
he calls ”Olympus”. All that lies beneath Olympus, namely the part where the
five planets along with the Sun and the Moon lie, he calls ”cosmos”, while
the area beneath those, the sublunar space . . . he calls ”heaven”. Wisdom is
relevant with the order which holds in the heavenly bodes, while virtue is
relevant with the disorder of the things which are subject to birth. The first
is perfect while the second is imperfect. [Aet. De Vestutis Placitis, II 7, 7 (D.
336, vermutlich Theophrast. im Poseidonios-Excerpt)].

The above are mentioned once again by Aetius: The Pythagorean Philo-
laus places the fire in the center (for it is the Universe’s focal point), secondly
he places the Anticthon, then, our habitat, the Earth comes third, placed op-
posite [from the Antictchon] and moving in a circle, that being the reason
for the beings of the Anticthon being invisible to the beings of the Earth. The
ruling power of the Universe lies in the central fire, which God placed, like a
keel, to base the foundation of the sphere that makes up the world”. [Aet. III
11, 3 (D. 337 from Theophrastus)].

¿From all of the above we can sum up that, according to Philolaus, ev-
erything in ”Olympus” and the ”Cosmos” never changed, while in the areas
up to the Moon, every being gifted with life was born, changed and finally
died. The Earth and all the other planets were rotating around Hestia with
the same direction but at different levels and with different speeds. Hestia
was invisible because it shed its light to the antipodes of the Earth, which
were impossible to get to. The Sun did not have its own light, but accepted
and accumulated the sun of Hestia.

Philolaus, through his questioning of the traditional geocentric cosmology,
set the foreground for Aristarchus’ heliocentric theory, which would clearly
dispute the central role of our small planet in the Universe. Even though
he did not specifically place the Sun in the center, the idea of the ”central
fire” certainly served as a basis for the heliocentric theory. Stavros Plakides
(1983-1990), a late Greek professor of Astronomy at the University of Athens,
speculated that Philolaus, after having experienced the violence in southern
Italy, avoided placing the Sun in the center of the Universe. Fear for his life
may have been the motive for adopting the milder approach of placing the
”central fire” instead (Plakides, 1974).

Diogenes Laertius, an important source from which we draw the views of
Philolaus, mentions that opinions were divided as to who claimed first that
the Earth is indeed moving: It is told that he [Philolaus] was the first to claim
that the Earth moves in a circle, while others ascribe it to Icetas of Syracuse
[Diog. Laert. Lives of Eminent Philosophers VIII, 84, 85)].

Aetius, another source, informs us that concerning the motion of the
Earth Philolaus taught the following: Others believe that the Earth is immo-
bile. Philolaus on the contrary, believes that the earth is moving in a circle
around the fire, tracing a tilted circle, just like the Sun and the Moon does
[Aet. De Vestutis Placitis III, 13, 1. 2. (D 378)]. Therefore, Philolaus came at
a disagreement with his master, and taught that the earth was not immobile
in the center of the world, but was circling the ”Central Fire”.
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Fig. 5. The world view of Philolaus. In the world view of Philolaus, the center is
occupied by the Central Fire, Anticthon (Counter-Earth, CE),The Earth, the Moon (M),
the Sun, and beyond those lie the spheres of the five planets and that of the fixed stars.
The crystalline spheres around the Central Fire are 10 (= 1+2+3+4), equal to the sum of
the first four numbers.

Diogenes Laertius also informs us that Plato bought a copy of the work of
Philolaus for the -astronomical at its time- price of 100 mnae: Some author-
ites, amongst them Satyrus, say that he wrote to Dion in Sicily instructing
him to purchase three Pythagorean books from Philolaus for 100 mnae [Diog.
Laertius, Lives of Eminent Philosophers, III 9].

Plato, according to Plutarch, studied the work of Philolaus carefully, and
after careful reading, nearing the end of his days -as the story goes by- was
convinced that the Earth is indeed moving around the Sun: As Theophrastus
informs us, Plato, near the end of his days had regrets for his older opinion, by
which he unfittingly placed the Earth at the center of the Universe [Platonicae
Quaestiones H1 915, vol. XIII1, 76-78]. The study of Philolaus may have
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been the reason for another change in the views of Plato: In Republic he
identifies the celestial equator with the ecliptic, an idea which he turns from
in Timaeus.

Aristotle, in his book On the Heavens (De Caelo), provided us with some
commentary on a few pythagorean views: These affirm that the center is
occupied by fire and that the Earth is one of the stars, and creates night and
day as it travels in a circle about the center [Aristotle, On the Heavens B,
13, 293a, 21-23]. Also, The Pythagoreans make a further point. Because the
most important part of the Universe -which is the center- ought more than
any to be guarded, they call the fire which occupies this place the Watch-tower
of Zeus, as if it were the center in an unambiguous sense, being at the same
time the geometrical center and the natural center of the thing itself. . . For
this reason there is no need for them to be alarmed about the universe, nor
to call in a guard for its mathematical center; they ought rather to consider
what sort of thing the true center is, and what is its natural place [Aristotle,
On the Heavens B, 13, 293b, 1-10].

The late professor of Astronomy at the University of Athens Demetrios
Cotsakis (1976) mentions that the creation of the world-view which Philo-
laus describes was indeed revolutionary for the scientific thought of the time.
He specifically mentions the views of the Italian astronomer Giovanni Schi-
aparelli (1835-1910), who wrote, as cited in Cotsakis (1976), the following,
concerning the views of the Pythagoreans and the system proposed by Philo-
laus: The system of Philolaus was not a fruit of some restless imagination, but
came through the torque and pull of one who sets the outcomes of observation
in accordance with a predetermined principle, which exists above the nature
of things. . .Appreciating this, and combining it to the fundamental theorems
of the Pythagorean Philosophy, the system of Philolaus naturally appears as
one of the most wonderful creations of human genius. His critics are inca-
pable of appreciating the power of research, which was necessary, in order to
unify the ideas of the roundness of the Earth, its levitation in space, and its
motion. Indeed, without these ideas, there would have been no Copernicus,
neither Kepler, nor Galileo or Newton [Cotsakis, 1976, p. 30].

2.2 The views of Icetas, Ecphantus and Heraclides of Pontus

Beyond the theories of Philolaus of Croton, there were other students of
Pythagoras which put forward novel ideas, like Icetas and Ecphantus of Syra-
cuse as well as Heraclides of Pontus.

Icetas of Syracuse claimed that the Heaven, the Sun, the Moon and the
stars were immobile, and the only thing that moved was the Earth. Concern-
ing his views, Cicero mentions the following: As Theophrastus says, Icetas
of Syracuse was of the opinion that the heaven, the Sun, the moon and the
stars (i.e. the planets) and all that is high above are immobile, and nothing
in the world is moving, apart from the Earth. But as it rotates around its
axis with the greatest possible speed, its motion causes all these phenomena
to appear, which would have appeared were the Earth immobile and heaven
rotated instead of it [Cicero, Academica priora II, xxxix, 123].
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It appears that this theory was embraced by both Ecphantus and Hera-
clides as well, both of which believed that the Earth moves rotating in space,
just like a wheel does around its axis.

Therefore, the students of Pythagoras were the ones to reduce our planet
to its real place and motions, while at the same time holding a pyrocentric
planetary theory, which certainly assisted Aristarchus of Samos (310-230 B.C)
to formulate his novel heliocentric theory.

According to Hippolytus, the Pythagorean Ecphantus appears to have
also followed an ”atomic theory” of Pythagorean inspiration, by ”giving
body” to units, which were directed and governed by some divine force,
”nous” (the mind). He also mentions that Ecphantus believed that the Earth
spins around its axis with an eastern direction, but does not change its place
in space. [Hippolytus Refutationis Omnium Haeresium I 15 (D. 566W. 28)].
These last two pieces of information are also mentioned by the doxographer
Aetius, who finds Heraclides in agreement with Ecphantus. [Aet. De Vetustis
Placitis, III, 13, 3 (D. 378)].

Heraclides in particular appears to have modified the atomic theory of
Leucippus and Democritus, proposing that the first material elements were
molecules and not atoms. According to him, the universe was composed of
small material molecules which did not share any connection.

3 The views of other Philosophers

3.1 Anaximander and Seleucus

So far we have mentioned the views of the Pythagoreans concerning the
motion of the Earth. However, even before the Pythagoreans, during the
6th century B.C., the great philosopher Anaximander, was most likely the
first Greek astronomer to talk about the motion of our planet around the
center of the world, which may have been the Sun. He also discovered other
fundamental astronomical facts, like the ”detachment” of the Earth, and its
axial rotation. This information can be found in the work ”Expositio rerum
mathematicarum ad legendum Platonem utilium” of Theon Smyrnaus (70-
135 B.C.), who lived during the reign of emperor Adrian (Theon of Smyrna,
1979).

Anaximander’s views were adopted by later philosophers like Empedo-
cles of Agrigentum (490-430 B.C.), Parmenides of Elea (early 5th century
B.C.), Aristarchus of Samos, Cleomedes (2nd or 3rd century B.C.) and sev-
eral Pythagoreans.

Another philosopher, which name is Seleucus of Seleucia (c. 2nd century
B.C.), was an astronomer of the hellenistic period from Anatolia, who sup-
ported a heliocentric theory of his own. Fragments of his work are found in
the works of Plutarch, Strabo, Aetius and Hippolytus. Hippolytus informs
us that the Earth was indeed moving, and that the Moon played a part in
its axial rotation as well as in its orbit around the Sun. [Philosophoumena,
Book C, 897C, 14-16]. The same source also informs us that he believed that
the Cosmos was infinite [Philosophoumena, Book ?, 886C, 6].
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Plutarch mentions a few of his other astronomical ideas [Platonicae Quaes-
tiones H1 915, vol. XIII1, 76-78]; unfortunately, all of the work of Seleucus
was lost and we have no knowledge of his heliocentric theory.

3.2 Aristarchus of Samos

After the Pythagoreans, appeared the great astronomer Aristarchus of Samos
(310-230 B.C.), the foremost introducer of the heliocentric theory as we know
from the book of Archimedes Arenarius [I 4-6 (3, 180-182), manuscript 2,
Cod. Laurent. Gr. 28]. Plutarch, also, writes about the heliocentric theory of
Aristarchus of Samos [De placitis philosophorum II, 24 (7, 355a)].

Aristarchus’ hypothesis was original and quite bold for its time. For this
reason Plutarch mentions that he was accused of atheism [De facie in orbe
lunae, 923A (15, vol. XII, p. 54)]. Aristarchus, according to Aetius was helped
to escape in Alexandria by his teacher Straton of Lampsacus (Aetius, Plac-
itorum Compositione book 7, 313b, 16-17).

It is apparent that apart from the fervent geocentrists, there were several
Greek thinkers whose philosophical thoughts disputed the validity of the
geocentric system.

Unfortunately, overcoming the objections of the heliocentrists, the geo-
centric system, as was formulated by Claudius Ptolemy (2nd century A.D.),
reigned for centuries, seconded by the weight of the views of Aristotle, whose
work was held as indisputable during the Dark Ages.

4 Emperor Julian

Yet faith in the heliocentric system had not been forsaken. During the 4th
century A.D. emperor Julian (336-363 A.D.) studied with care the works of
the ancient Greek philosophers, which he held in deep respect. His studies
took place in the philosophical schools of Athens. Enchanted by the beauty
of the ancient Greek spirit, he wished to revitalize it. He believed that the
Earth’s world order was influenced by a heavenly and divine hierarchy, in
which everything originated from the unique God, the illuminating Sun.

He was interested in philosophy as well as astronomy, and rose as a fer-
vent supporter of the heliocentric system. In his book Hymn to King Helios
dedicated to Sallust (Hymn to the king Sun dedicated to Sallust), he writes:
For that the planets dance about him as their king, in certain intervals, fired
in relation to him, and revolve in a circle with perfect accord, making cer-
tain halts, and pursuing to and from their orbit, as those who are learned in
the study of the spheres call their visible motions; and that the light of the
moon waxes and wanes varying in proportion to its distance from the Sun, is
I think, clear to all [Hymn to King Helios dedicated to Sallust, 135b, 1-6].

Therefore, Julian held the Earth as a planet, which revolved in a circular
orbit around the Sun. The Earth is moving, and along with it the other
planets in circular orbits around the Sun, in determined intervals i.e. constant
distances. The above clearly show that the theory of Aristarchus hadn’t been
forgotten, but during the 4th century A.D. enjoyed advocacy.
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Conclusion

Beyond the sperms of the heliocentric theory that we saw in the Orphic
Hymns, several scholars of Ancient Greece supported this ”heretical” for its
time view. Its main introducers were the Pythagorean philosophers Philolaus,
Icetas, Ecphantus, Heraclides and foremost Aristarchus of Samos, who gave
the Sun its rightful place in the Pythagorean ”central fire”.

The heliocentric theory did not prevail, and instead, the geocentric model,
elaborated by the great astronomer Claudius Ptolemy, reigned for centuries
in the West, since the undisputed Aristotle was in agreement with it.

Yet the heliocentric theory had not perished, since in the 4th century
A.D. the Emperor Julian, a believer in the divinity of the Sun, became a fer-
vent supporter. In the end, the heliocentric system faded away until the 16th
century when the great Polish clergyman and astronomer Mikolaj Kopernik
(Nicolaus Copernicus 1473-1543 A.D.), brought it back to light (Coperni-
cus, 1995). The hypotheses of Aristarchus of Samos and the preparation of
the Pythagoreans were the foundations for the great Polish astronomer’s
thoughts.
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3 322127 Needles, Street, Chatsworth, California 91311, USAetheodos�phys.uoa.grmdimitrijevi�aob.bg.a.yuzanispetros�soal.rr.om(Researh report)Abstrat. The evolution of the helioentri theory in the antiquity has been analyzed, fromthe �rst seeds in the Orphi Hymns to the emperor Julian, also alled "the Apostate" in the4th entury A.D. In partiular the Orphi Hymns, views of Pythagoreans, the helioentriideas of Philolaus of Croton, Ietas, Ephantus, Heralides of Pontos, Anaximander, Seleuusof Seleuia, Aristarhus of Samos and Emperor Julian were analyzed.Key words: Helioentri system, Orphi Hymns, Pythagoreans, Philolaus, Anaximander,Aristarhus, Emperor JulianIntrodutionEver sine early antiquity, philosophers and astronomers had been preoupiedwith the question onerning whih of the heavenly bodies oupied the enterof the known world. The geoentri system, in aordane with its egoen-tri formulation, plaed our small planet in the enter of the world, a notionthat seemed to �t the egoentri minds of the wise. Enjoying the favor of themajority of the philosophers and astronomers, it dominated for enturies. How-ever, there were also opposite views in favor of the helioentri theory. Indeed,even before Aristarhus the Samian, seeds of the helioentri theory an betraed bak to the Orphi Hymns and in the teahings of Anaximander andthe Pythagoreans. Later on Aristarhus the Samian founded the helioentritheory, whih unfortunately did not prevail, unlike its geoentri adversarywhih gained wide reognition, initially due to the weight of Aristotle's views,and later on due to those of the great astronomer Claudius Ptolemy (2ndentury A.D.).Yet the helioentri system had not been entirely forsaken. During the 4thentury A.D., emperor Julian -also alled "the Apostate"-, the last emperor ofthe �rst Byzantine dynasty, beame a fervent supporter. Julian held the Earthas a planet whih, like all other planets, went around the sun in a irular orbit.Thus, Aristarhus' theory had not been forgotten during the �rst enturiesA.D., but even enjoyed advoay.1 Orphi HymnsThe anient teahings of Orpheus are onsidered to be the �rst mysti Greekreligion, with poems and hymns of great beauty. The Orphi Hymns onsist of87 hexametri poems or 1200 verses in total, whih have reahed us under thetitle "Hymns of Orpheus to Musaeus".Bulgarian Astronomial Journal 11, 2008



2 Theodossiou et al.The hymns ontain a breadth of astronomial information, partly obsuredby the use of a strongly poeti language, as well as interesting ideas for thereation and the supreme being. This last piee of information tells us thatthe hymns belong to a monotheisti ult, sine the reation of the Universe isasribed to a single supreme fore. We also ome aross the interesting notionsof Chaos and the osmi egg, whih led to the reation of "Phanes", he who isradiant and existent.From eyes obsure thou wip'st the gloom of night, all-spreading splendour,pure and holy light. Hene Phanes all'd, the glory of the sky,on waving pinions thro' the world you �y.[V. TO PROTOGONUS, The Fumigation from Myrrh, verse 15(see e.g.Orphi Hymns sine datum, or Orphiorum Fragmenta, 1922)℄Nearly all of the anient Greek sages and writers drew inspiration fromthemes found in the Orphi Hymns, and were thus in�uened while formulatingtheir unique theories and teahings.Let it be noted that in the Orphi Hymns, "Chaos" stands for what nowa-days we would all spae, "Gaia" for the earth-mother (and not the planet)whereas "Eros" (love), stands for the reational fore. In the same hymn, we�nd a praise to Chaos whih spans the aether, and was born from the osmiegg:O Mighty �rst-begotten [Protogonos℄, hear my pray'r, two-fold, egg-born, andwand'ring thro' the aether. . .[V. TO PROTOGONUS, The Fumigation from Myrrh, verse 1℄Let it also be noted that during the Homeri times, the Earth was pereivedas a irular �at disk whih was surrounded by a vast irular river, the Oean.This notion is made evident in the following verse:Old Oean [Okeanos℄ too reveres thy high ommand, whose liquid armsbegirt the solid land.[X. TO PAN, The Fumigation from Various Odors, verse 15℄The hymns mention Heaven being the ruler of the world, revolving aroundthe Earth:Great Heav'n [Ouranos℄, whose mighty frame no respite knows. . . Hear, worldruler,. . . , forever whirling as a sphere around this earth[III. TO HEAVEN: The Fumigation from Frankinense, verse 1℄Another verse suggests that the origins of the helioentri system seem to beloated in the Orphi Hymns, as has been previously stressed by ConstantinosChassapis (1967), the late Greek astronomer, and Maria Papathanassiou (1978,1980), assistant professor in the Mathematis Faulty at the University ofAthens:Hear golden Titan! Glowing like gold, you who strides above, oh heavenly light. . .. . . you who ombines the epohs . . .You are the world ruler...



Helioentrism from Orphi Hymns to Julian 3

Fig. 1. Phanes: God of light, truth and justie. Here he appears to be surrounded by anelliptial (egg-shaped) elipti with the zodiaal signs of the four basi elements. Above andbelow him are the two halves of the osmi egg, and between them, lies a �aming Phanes,winged just like the reative Eros. In his right hand he holds thunder (like Zeus does) anda septer in his left, signifying his kingly plae on the world. The urled snake on himsymbolizes the Earth, the up stands for water, the wings for air and the torh for �re. Itslegs are shaped like a fork, just like those of the god Pan.With your golden lyre, draw on the harmonious path of the world. . .. . . [you℄ who wanders through �re and moves around in a irle[VIII. To the Sun, verse 2℄The phrase "[you who attrats℄ draw on the harmonious path of the world"is striking sine this ould be a spermati idea of the harmonious movement of
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Fig. 2. The Homeri Universe: In the Universe of Homer's times, the mountains an be seento rise over the surfae of the great disk of the Earth, the Oean spreading around them, whilethe enter is dominated by Mount Olympus whih rises up to heaven. In its highest peak,the all-seeing Zeus is seated, supervising both immortal gods and mortal men, sometimesrewarding and sometimes punishing them. Beyond Olympus spreads Heaven, supported bythe pillars of Atlas. In heaven we an loate the Moon, the stars and the onstellations. Inpartiular, in this �gure we an distinguish -but not referred by Homer- the onstellationsof Hydra, Corvus, Crater, Caner, Leo, Gemini, Taurus as well as the Pleiades open luster(as ited in D. Cotsakis, 1976, p. 18)the planets around the Sun, a notion whih was ommonly used during at leastthe �rst �ve (perhaps more) enturies B.C. If the planets are to be inludedin the notion of the world, then the golden Sun ould be seen as the attrativeenter of their harmonious orbits. One may therefore make the assumptionthat the seeds of a helioentri theory an be traed in the Orphi Hymns.Furthermore, on hymn (34): To Apollo, we �nd the following:Loxias, the pure! . . . You mixed in equal parts winter and summer. . .[XXXIV. To Apollo, verse 6,. . . and 20℄Thus, the "Loxias" Sun (meaning "tilted") mixed the omponents of theyear and divided it in two equal parts, the summer and the winter. This isa very important astronomial detail whih has drawn some attention fromthe astronomial ommunity, beause it has been linked to the dating of theOrphi Hymns. If one were to view this information literally, he would lookbak in time when the summer and winter were of exatly equal length. Thiswould plae the Orphi Hymns -more or less- near the following dates: 1841B.C. and 1366 B.C. (Chassapis, 1967 and Papathanassiou, 2003). This view



Helioentrism from Orphi Hymns to Julian 5however, requires the assumption that anient Greee possessed very apableastronomers in early antiquity, an idea with little evidene to support it.Another exerpt whih, although referring to Hestia, seems to add to thehelioentri aspet of the hymns, is Hymn (84) [To Hestia℄You who oupies the enter of the home of the greatest and eternal �re.[LXXXIV. To Hestia, verse 2℄In Orphiorum Fragmenta a fragment tell us about the rotation of theEarth. This fragment says that Musaeus knew the path of the star and themovement of the sphere around the Earth, as this round Earth revolves inequal time period around its axis (Fr. 247 v. 24-26, pp. 261-262).2 The PythagoreansPythagoras founded his Shool at Croton in lower Italy, in .540 B.C. He andhis followers held the view that the most important osmologial priniplewere the numbers. In a way they were not mistaken, sine it is in numbers thattoday's sienti� thought is foused, for numbers identify with mathematialharmony and, without them, siene would have never existed in the �rst plae.The Pythagorean Shool plaed the foundations for the philosophy of math-ematis as well as for physis, by relating order and the harmony of sound tothe harmony of the Universe.Virtually all of the students of Pythagoras were trained in astronomy, buttheir studies of the motion and the distanes of the planets were arried outwith a rather mystial approah. They believed in mystial and sared re-lations between the numbers and the phenomena that they desribe. In thePythagorean view, the planetary distanes were analogous to a heavenly musi-al harmony, whih was reated by harmonious sounds. They believed that thisharmony was onstantly reated, being an eternal expression -of the highestorder- of the unique divine harmony.The Pythagoreans would have been delighted to see ideas very similar totheir own, used in ontemporary siene. For example, modern String the-ory holds that everything on a mirosopi level is a ombination of vibrat-ing strings. The Pythagoreans, developers of the "musi and harmony of thespheres", would have seen partiles as mirosopi strings whose rhythmialvibrations reate other partiles, i.e. "the musial notes". These notes, in turn,reate the musi of the heavenly spheres. Thus though their eyes, our wholeworld would seem like a musial symphony, omposed with these notes.Pythagoras' Shool was a brotherhood, most likely in an almost religioussense, had various degrees of initiation, and may have been founded afterthe manner of the Orphi ommunities. Its ontribution to geometry, musi,arithmeti and astronomy was integral for the evolution of sienti� thought.Through geometry, as well as the harmony of sound and numbers, the Pythagore-ans developed the notion of perfetion in the Universe, and oined an appropri-ate word to desribe it: "Cosmos". This name is derived either from the word"osmo" whih means "to orderly arrange" or from the world "osmema" whihmeans "jewel" (ornament). Pythagoras himself appears to be the �rst to usethe word "Cosmos", aording to the doxographer Aetius: "Pythagoras was the



6 Theodossiou et al.�rst to name the plae of all things Cosmos, due to its orderly nature" [Aetius,De Vestutis Plaitis, II, 1, 1 (D. 327, 8)℄The Pythagorean Shool held that the essene of all things was the "num-ber", a rather abstrat notion, whih ould not be pereived through one'ssenses, but only through intellet. In this manner, the philosophers of thisshool equated in�nity with those material elements whih ould not be sub-jet to measurement or de�nition. They introdued the notion of "matter",whih was pereived as an element that resisted every de�nition of its ontolog-ial and moral imperfetion.Some elements of the Pythagorean osmology have reahed us through oneof Aristotle's books, namely Metaphysis. Aording to the Pythagoreans, theCosmos was reated after the "One" initially ame into being. The "one" -or"en" in Greek- served as the �rst priniple, attrated the "in�nite" (apeiron)to its own self, and bestowed on it with the "limit" (peras). These last twonotions, the "limit" and the "in�nite" have no lear meaning, but it has beenspeulated that they ould be referring to the prime and even numbers.Aristotle also mentions the following: "The elements of number, aordingto them, are the Even and the Odd. Of these the former is limited and the latterunlimited; Unity onsists of both (sine it is both odd and even) [note of trans:either beause by addition it makes odd numbers even and even numbers odd(Alexander, Theo Smyrnaeus) or beause it was regarded as the priniple of bothodd and even numbers (Heath)℄. Number is derived from Unity; and numbers,as we have said, ompose the whole sensible universe" [Aristotle, Metaphysis,A5, 986, 15℄Aristotle provides us with a further omment on the Pythagorean ideas:"It is absurd also, or rather it is one of the impossibilities of this theory, tointrodue generation of things whih are eternal. There is no reason to doubtwhether the Pythagoreans do or do not introdue it; for they learly state thatwhen the One had been onstituted -whether out of planes of super�ies or seedor of something that they annot explain- immediately the nearest part of theIn�nite began to be drawn in and limited by the Limit [note of trans: if numbersare eternal, it is absurd that they should be generated℄. [Aristotle, Metaphysis,1091a, 14℄.Another osmologial notion that the Pythagorean Shool of thought heldwas that the Creation began from a unique single point, whih ontinuouslyexpanded to in�nity. It is evident that the Pythagoreans believed that theUniverse evolved from a spherially expanding in�nitesimal ore. This ideaone again, has been shared by some astronomers, who believe in a statispherial universe whose existene began from an initial point.Another idea that Pythagoras believed in was that the Earth was spherialand immobile in the enter of the Cosmos, whih was spherial as well. "..thewater, earth and air; these elements interhange and turn into one anotherompletely and ombine to produe a universe animate, intelligent, spherial,with the earth at its enter, the earth itself too being spherial and inhabitedround about" [Diogenes Laertius, Lives of Eminent Philosophers, VIII, 25, 8-10℄.Many Pythagoreans held an idential view of a spherial Earth, plaed inthe enter of the world, without being supported by anything. This was a novel



Helioentrism from Orphi Hymns to Julian 7idea in its time, and is demonstrative of a lear progress when ompared toassumptions that were previously held by other Greek philosophers.Aording to the late professor of astronomy, Demetrios Kotsakis, "Pythago-ras was the �rst who taught that the apparent motion of the sun on the elestialsphere from the east to the west, ould be analyzed in to two distint motions:One daily from East to West, parallel to the equator, and one yearly from Westto East on the elipti" (Kotsakis, 1976, p. 28).In the 6tth entury B.C., some students and followers of Pythagoras, andmost importantly Philolaus of Croton, Heralides of Pontus, Ephantus ofSyrause as well as others, believed in a "pyroentri" theory. This meansthat they aepted that the element of �re was the "�rst priniple" of the Cos-mos. They believed that after the Creation, the element of �re aumulated inthe enter of the Cosmos and its attration to its neighboring parts was partof the reation, formation and formulation of the various bodies that made upthe spherial Universe.

Fig. 3. Pythagorean Universe
2.1 The ideas of Philolaus of CrotonPhilolaus of Croton (450-500 B.C.), spread the pythagorean ideas onern-ing the "�rst priniple", by organizing and writing a synopsis of pythagoreanphilosophy. It appears that he was the priniple reator of the philosophialnotions of the "limit", the "in�nite" and the harmony between the two, whih,aording to his views, was ahieved due to the "number". He believed that theCosmos is unique and began its reation from the enter, whih was oupiedby �re. There, he plaed the "Antithon", (or Counter-earth - a hypothetialinvisible Earth), the Earth, the Moon, the Sun, the �ve planets known at thetime (Merury, Venus, Mars, Jupiter and Saturn), and the sphere of the �xedstars. Thus, ten heavenly bodies "daned" around the entral �re, a number



8 Theodossiou et al.whih the Pythagoreans held as sared. It has been speulated that the An-tithon was introdued exatly for this reason, namely to raise the number ofthe elestial bodies to the sared number ten.

Fig. 4. Antithon: The hypothetial invisible Earth, whih aording to the Pythagoreansoupied the antipodes of the Earth.



Helioentrism from Orphi Hymns to Julian 9It is told that Philolaus of Croton, along with Arhippus, Lysis and fewothers, survived the revolt against the Pythagoreans in Croton, whih was in-stigated by Cylon, an ex student of Pythagoras, who had been sent o� fromthe shool for failing to omply with its priniples. It is ertain that the teah-ings of Pythagoras and his students, their innovative theories, their mystiism,as well as their aristorati politial tendenies aused the violent reation oftheir demorati adversaries, who either killed or exiled many of them: "Cylonof Croton. . . and those allied with him, hunted (killed) the Pythagoreans downto the man. (Iamblihus Vita Pythagorii (V.P.) 248-249 �).Following this ourse of events, Philolaus left Croton and based himself inThebes, where he taught Pythagorean philosophy and wrote the books Bahaeand On Nature A, B and C (Cosmos, Nature and Soul respetively). An extantfragment from his �rst book reads: "The world is uniform, it began its reationfrom the enter, and from the enter it expanded uniformly upwards and down-wards, keeping equal distanes from the enter" (Diels and Kranz, 1996, DieFragmente der Vorsokratiker).Several soures provide information on some of his osmologial thoughts:The initial One, the beginning of the reation of the Universe, is alled Hestia[On Nature, fragment 7, Stobaei Elogae I 21, 8 (p. 189, 17 W)℄.Diogenes Laertius mentions: Aording to Demetrius, in his work "on menof the same name", Philolaus was the �rst to publish pythagorean treatises,to whih he gave the title "On Nature", beginning as follows: Nature in theordered universe was omposed of unlimited and limiting elements, and so wasthe whole universe and all that is therein [Diogenes Laertius, Lives of EminentPhilosophers, 85 (A1 I 398, 20)℄.The doxographer Aetius (Aet. I 3, 10), informs us (iting Theophrastus)of the following: Philolaus believes that there is �re around the enter of theUniverse, whih he alls "hestia of all" and "house of Zeus", "mother of theGods", "altar, onstraint and measure of nature". There is another �re whihdwells in the outer region of the Universe. The enter, he says, ame �rst bynature, and around it dane ten heavenly bodies: The sphere of �xed stars,then the �ve planets, then the Sun, then the Moon, followed by the Earth andAntithon, and after all these the �re of "hestia", whih lies around the enter.The outer region, whih surrounds the whole Universe, is a plae where theelements are in their pure state, unmixed, and that plae he alls "Olympus".All that lies beneath Olympus, namely the part where the �ve planets alongwith the Sun and the Moon lie, he alls "osmos", while the area beneath those,the sublunar spae . . . he alls "heaven". Wisdom is relevant with the orderwhih holds in the heavenly bodes, while virtue is relevant with the disorder ofthe things whih are subjet to birth. The �rst is perfet while the seond isimperfet. [Aet. De Vestutis Plaitis, II 7, 7 (D. 336, vermutlih Theophrast.im Poseidonios-Exerpt)℄.The above are mentioned one again by Aetius: The Pythagorean Philolausplaes the �re in the enter (for it is the Universe's foal point), seondly heplaes the Antithon, then, our habitat, the Earth omes third, plaed opposite[from the Antithon℄ and moving in a irle, that being the reason for thebeings of the Antithon being invisible to the beings of the Earth. The rulingpower of the Universe lies in the entral �re, whih God plaed, like a keel, tobase the foundation of the sphere that makes up the world". [Aet. III 11, 3 (D.337 from Theophrastus)℄.



10 Theodossiou et al.>From all of the above we an sum up that, aording to Philolaus, every-thing in "Olympus" and the "Cosmos" never hanged, while in the areas upto the Moon, every being gifted with life was born, hanged and �nally died.The Earth and all the other planets were rotating around Hestia with the samediretion but at di�erent levels and with di�erent speeds. Hestia was invisiblebeause it shed its light to the antipodes of the Earth, whih were impossibleto get to. The Sun did not have its own light, but aepted and aumulatedthe sun of Hestia.Philolaus, through his questioning of the traditional geoentri osmology,set the foreground for Aristarhus' helioentri theory, whih would learly dis-pute the entral role of our small planet in the Universe. Even though he did notspei�ally plae the Sun in the enter, the idea of the "entral �re" ertainlyserved as a basis for the helioentri theory. Stavros Plakides (1983-1990), alate Greek professor of Astronomy at the University of Athens, speulated thatPhilolaus, after having experiened the violene in southern Italy, avoided pla-ing the Sun in the enter of the Universe. Fear for his life may have been themotive for adopting the milder approah of plaing the "entral �re" instead(Plakides, 1974).Diogenes Laertius, an important soure from whih we draw the views ofPhilolaus, mentions that opinions were divided as to who laimed �rst that theEarth is indeed moving: It is told that he [Philolaus℄ was the �rst to laim thatthe Earth moves in a irle, while others asribe it to Ietas of Syrause [Diog.Laert. Lives of Eminent Philosophers VIII, 84, 85)℄.Aetius, another soure, informs us that onerning the motion of the EarthPhilolaus taught the following: Others believe that the Earth is immobile. Philo-laus on the ontrary, believes that the earth is moving in a irle around the �re,traing a tilted irle, just like the Sun and the Moon does [Aet. De VestutisPlaitis III, 13, 1. 2. (D 378)℄. Therefore, Philolaus ame at a disagreementwith his master, and taught that the earth was not immobile in the enter ofthe world, but was irling the "Central Fire".Diogenes Laertius also informs us that Plato bought a opy of the work ofPhilolaus for the -astronomial at its time- prie of 100 mnae: Some authorites,amongst them Satyrus, say that he wrote to Dion in Siily instruting him topurhase three Pythagorean books from Philolaus for 100 mnae [Diog. Laertius,Lives of Eminent Philosophers, III 9℄.Plato, aording to Plutarh, studied the work of Philolaus arefully, andafter areful reading, nearing the end of his days -as the story goes by- wasonvined that the Earth is indeed moving around the Sun: As Theophrastusinforms us, Plato, near the end of his days had regrets for his older opinion, bywhih he un�ttingly plaed the Earth at the enter of the Universe [PlatoniaeQuaestiones H1 915, vol. XIII1, 76-78℄. The study of Philolaus may have beenthe reason for another hange in the views of Plato: In Republi he identi�esthe elestial equator with the elipti, an idea whih he turns from in Timaeus.Aristotle, in his book On the Heavens (De Caelo), provided us with someommentary on a few pythagorean views: These a�rm that the enter is o-upied by �re and that the Earth is one of the stars, and reates night andday as it travels in a irle about the enter [Aristotle, On the Heavens B, 13,293a, 21-23℄. Also, The Pythagoreans make a further point. Beause the mostimportant part of the Universe -whih is the enter- ought more than any to beguarded, they all the �re whih oupies this plae the Wath-tower of Zeus,
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Fig. 5. The world view of Philolaus. In the world view of Philolaus, the enter is oupiedby the Central Fire, Antithon (Counter-Earth, CE),The Earth, the Moon (M), the Sun, andbeyond those lie the spheres of the �ve planets and that of the �xed stars. The rystallinespheres around the Central Fire are 10 (= 1+2+3+4), equal to the sum of the �rst fournumbers.as if it were the enter in an unambiguous sense, being at the same time thegeometrial enter and the natural enter of the thing itself. . . For this reasonthere is no need for them to be alarmed about the universe, nor to all in aguard for its mathematial enter; they ought rather to onsider what sort ofthing the true enter is, and what is its natural plae [Aristotle, On the HeavensB, 13, 293b, 1-10℄.The late professor of Astronomy at the University of Athens DemetriosCotsakis (1976) mentions that the reation of the world-view whih Philolausdesribes was indeed revolutionary for the sienti� thought of the time. Hespei�ally mentions the views of the Italian astronomer Giovanni Shiaparelli(1835-1910), who wrote, as ited in Cotsakis (1976), the following, onern-



12 Theodossiou et al.ing the views of the Pythagoreans and the system proposed by Philolaus: Thesystem of Philolaus was not a fruit of some restless imagination, but amethrough the torque and pull of one who sets the outomes of observation inaordane with a predetermined priniple, whih exists above the nature ofthings. . .Appreiating this, and ombining it to the fundamental theorems ofthe Pythagorean Philosophy, the system of Philolaus naturally appears as oneof the most wonderful reations of human genius. His ritis are inapable ofappreiating the power of researh, whih was neessary, in order to unify theideas of the roundness of the Earth, its levitation in spae, and its motion. In-deed, without these ideas, there would have been no Copernius, neither Kepler,nor Galileo or Newton [Cotsakis, 1976, p. 30℄.2.2 The views of Ietas, Ephantus and Heralides of PontusBeyond the theories of Philolaus of Croton, there were other students of Pythago-ras whih put forward novel ideas, like Ietas and Ephantus of Syrause aswell as Heralides of Pontus.Ietas of Syrause laimed that the Heaven, the Sun, the Moon and the starswere immobile, and the only thing that moved was the Earth. Conerning hisviews, Ciero mentions the following: As Theophrastus says, Ietas of Syrausewas of the opinion that the heaven, the Sun, the moon and the stars (i.e. theplanets) and all that is high above are immobile, and nothing in the world ismoving, apart from the Earth. But as it rotates around its axis with the greatestpossible speed, its motion auses all these phenomena to appear, whih wouldhave appeared were the Earth immobile and heaven rotated instead of it [Ciero,Aademia priora II, xxxix, 123℄.It appears that this theory was embraed by both Ephantus and Heralidesas well, both of whih believed that the Earth moves rotating in spae, justlike a wheel does around its axis.Therefore, the students of Pythagoras were the ones to redue our planetto its real plae and motions, while at the same time holding a pyroentriplanetary theory, whih ertainly assisted Aristarhus of Samos (310-230 B.C)to formulate his novel helioentri theory.Aording to Hippolytus, the Pythagorean Ephantus appears to have alsofollowed an "atomi theory" of Pythagorean inspiration, by "giving body" tounits, whih were direted and governed by some divine fore, "nous" (themind). He also mentions that Ephantus believed that the Earth spins aroundits axis with an eastern diretion, but does not hange its plae in spae.[Hippolytus Refutationis Omnium Haeresium I 15 (D. 566W. 28)℄. These lasttwo piees of information are also mentioned by the doxographer Aetius, who�nds Heralides in agreement with Ephantus. [Aet. De Vetustis Plaitis, III,13, 3 (D. 378)℄.Heralides in partiular appears to have modi�ed the atomi theory ofLeuippus and Demoritus, proposing that the �rst material elements weremoleules and not atoms. Aording to him, the universe was omposed ofsmall material moleules whih did not share any onnetion.



Helioentrism from Orphi Hymns to Julian 133 The views of other Philosophers3.1 Anaximander and SeleuusSo far we have mentioned the views of the Pythagoreans onerning the motionof the Earth. However, even before the Pythagoreans, during the 6th enturyB.C., the great philosopher Anaximander, was most likely the �rst Greek as-tronomer to talk about the motion of our planet around the enter of theworld, whih may have been the Sun. He also disovered other fundamentalastronomial fats, like the "detahment" of the Earth, and its axial rotation.This information an be found in the work "Expositio rerum mathematiarumad legendum Platonem utilium" of Theon Smyrnaus (70-135 B.C.), who livedduring the reign of emperor Adrian (Theon of Smyrna, 1979).Anaximander's views were adopted by later philosophers like Empedo-les of Agrigentum (490-430 B.C.), Parmenides of Elea (early 5th enturyB.C.), Aristarhus of Samos, Cleomedes (2nd or 3rd entury B.C.) and severalPythagoreans.Another philosopher, whih name is Seleuus of Seleuia (. 2nd enturyB.C.), was an astronomer of the hellenisti period from Anatolia, who sup-ported a helioentri theory of his own. Fragments of his work are found inthe works of Plutarh, Strabo, Aetius and Hippolytus. Hippolytus informs usthat the Earth was indeed moving, and that the Moon played a part in itsaxial rotation as well as in its orbit around the Sun. [Philosophoumena, BookC, 897C, 14-16℄. The same soure also informs us that he believed that theCosmos was in�nite [Philosophoumena, Book ?, 886C, 6℄.Plutarh mentions a few of his other astronomial ideas [Platoniae Quaes-tiones H1 915, vol. XIII1, 76-78℄; unfortunately, all of the work of Seleuus waslost and we have no knowledge of his helioentri theory.3.2 Aristarhus of SamosAfter the Pythagoreans, appeared the great astronomer Aristarhus of Samos(310-230 B.C.), the foremost introduer of the helioentri theory as we knowfrom the book of Arhimedes Arenarius [I 4-6 (3, 180-182), manusript 2,Cod. Laurent. Gr. 28℄. Plutarh, also, writes about the helioentri theory ofAristarhus of Samos [De plaitis philosophorum II, 24 (7, 355a)℄.Aristarhus' hypothesis was original and quite bold for its time. For thisreason Plutarh mentions that he was aused of atheism [De faie in orbelunae, 923A (15, vol. XII, p. 54)℄. Aristarhus, aording to Aetius was helped toesape in Alexandria by his teaher Straton of Lampsaus (Aetius, PlaitorumCompositione book 7, 313b, 16-17).It is apparent that apart from the fervent geoentrists, there were severalGreek thinkers whose philosophial thoughts disputed the validity of the geo-entri system.Unfortunately, overoming the objetions of the helioentrists, the geo-entri system, as was formulated by Claudius Ptolemy (2nd entury A.D.),reigned for enturies, seonded by the weight of the views of Aristotle, whosework was held as indisputable during the Dark Ages.



14 Theodossiou et al.4 Emperor JulianYet faith in the helioentri system had not been forsaken. During the 4thentury A.D. emperor Julian (336-363 A.D.) studied with are the works ofthe anient Greek philosophers, whih he held in deep respet. His studiestook plae in the philosophial shools of Athens. Enhanted by the beautyof the anient Greek spirit, he wished to revitalize it. He believed that theEarth's world order was in�uened by a heavenly and divine hierarhy, inwhih everything originated from the unique God, the illuminating Sun.He was interested in philosophy as well as astronomy, and rose as a fer-vent supporter of the helioentri system. In his book Hymn to King Heliosdediated to Sallust (Hymn to the king Sun dediated to Sallust), he writes:For that the planets dane about him as their king, in ertain intervals, �redin relation to him, and revolve in a irle with perfet aord, making ertainhalts, and pursuing to and from their orbit, as those who are learned in thestudy of the spheres all their visible motions; and that the light of the moonwaxes and wanes varying in proportion to its distane from the Sun, is I think,lear to all [Hymn to King Helios dediated to Sallust, 135b, 1-6℄.Therefore, Julian held the Earth as a planet, whih revolved in a iru-lar orbit around the Sun. The Earth is moving, and along with it the otherplanets in irular orbits around the Sun, in determined intervals i.e. onstantdistanes. The above learly show that the theory of Aristarhus hadn't beenforgotten, but during the 4th entury A.D. enjoyed advoay.ConlusionBeyond the sperms of the helioentri theory that we saw in the OrphiHymns, several sholars of Anient Greee supported this "heretial" for itstime view. Its main introduers were the Pythagorean philosophers Philolaus,Ietas, Ephantus, Heralides and foremost Aristarhus of Samos, who gavethe Sun its rightful plae in the Pythagorean "entral �re".The helioentri theory did not prevail, and instead, the geoentri model,elaborated by the great astronomer Claudius Ptolemy, reigned for enturies inthe West, sine the undisputed Aristotle was in agreement with it.Yet the helioentri theory had not perished, sine in the 4th entury A.D.the Emperor Julian, a believer in the divinity of the Sun, beame a ferventsupporter. In the end, the helioentri system faded away until the 16th enturywhen the great Polish lergyman and astronomer Mikolaj Kopernik (NiolausCopernius 1473-1543 A.D.), brought it bak to light (Copernius, 1995). Thehypotheses of Aristarhus of Samos and the preparation of the Pythagoreanswere the foundations for the great Polish astronomer's thoughts.ReferenesAetius, 1879 (reprinted 1965), Plaitorum Compositione (De Vetustis Plaitis). Vol. IV 9,8. in Diels Hermann: Doxographi Graei. Berolini. Apud Walter De Gruyter et Soios,Editio Quarta.Arhimedes, 1972, Arenarius in Opera Omnia, Bibliothea Sriptorum Graeorum et Ro-manorum Teubneriana. Ed. I. L. Heiberg, vol. II orrigenda Adieit E. S. Stamatis.Stutgardiae in Aedibus MCMLXXII.
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Шест календарни системи в европейската история
от ХVIII до ХХ век

Ефстатиос Теодосиу, Василиос Маниманис, Милан Димитрийевич

Радгладани са и са обсъдени следните календарни системи, въвеждани в Европа от
от ХVII до ХХ век и използвани дълго или кратко от големи или малки общества:
Френският революционен календар,Теосебичният календар, измислен от Теофилос
Кайрис, Революционният календар на Съветския Съюз (Болшевишкият календар),
Фашисткият календар в Италия и календарът на Метакса-диктатурата в Гърция
преди Втората световна война. Представен и обсъден е също така и единственият
такъв календар, който все още се използва, Новият ректифициран юлиански календар
на Източно-православната църква, възприет по предложение на Милутин Миланкович
на конгрес на Източно-православната църква през 1923 г в Истанбул. Накрая са
дискутирани и трудностите пред въвеждането на нов календар.

Introduction

In the history of calendar reforms the Julian calendar that prevailed for at
least 16 centuries was gradually replaced by the Gregorian one, from 1582 on-
wards. The Gregorian calendar was necessary, because it corrected the Julian
one and returned the vernal equinox in its true astronomical date; however,
it did not change the months, or the days of the week (their number and
names): it just changed the way of calculation of the leap years. After these
two calendars, five other political calendar systems and one ecclesiastic were
introduced in Europe, but none of political ones prevailed beyond its limited

Bulgarian Astronomical Journal 16, 2011



110 Theodossiou et al.

(in time and place) political environment. In this work the following such
unsuccessful calendars are reviewed: The French Revolutionary Calendar, the
Theosebic calendar invented by Th. Kairis, the Revolutionary Calendar of
the Soviet Union (or ’Bolshevik calendar’), the fascist calendar in Italy and
the calendar of the Metaxas dictatorship in Greece before World War II. Also
the unique of them which is still in use, the New Rectified Julian calendar of
the Orthodox Church is presented and discussed.

Essentially, with the exception of the French Revolutionary Calendar (Le
Calendrier Républicain), which is well-known and studied in the international
bibliography, our effort is centered at the other 5 calendar systems, which
are much less known, especially the three of them: the Theosebic calendar,
the fascist calendar in Italy and the calendar of the Metaxas dictatorship in
Greece (1936-1940). At the end, difficulties to introduce a new calendar are
discussed as well.

1 The French Revolutionary Calendar

After the Gregorian calendar, the next step of a calendar reform was taken in
France, after the French Revolution of 1789, which resulted in the abolishment
of monarchy and the declaration of Democracy. The French revolutionaries,
after breaking the bonds of the monarchy wanted to break also their links
with the religious-papal (as they perceived it) calendar, by reintroducing its
primal basis, the ancient Egyptian calendar. For this reason, they wanted to
create a calendar similar with one that would lead to the complete decoupling
of Church and the State. The first attacks against the Gregorian calendar,
accompanied by the respective calendar propositions for its reformation, took
place during the years 1785 to 1788.

The times were ripe, after the fall of Bastille in July 14, 1789, for the
French revolutionaries to ask with considerable intensity for a new calendar,
having as its starting point the first year of Democracy. So in 1793 the Na-
tional Assembly entrusted Charles Gilbert Romme, president of the public
education committee, with the calendar reform. He in turn assigned to the
famous mathematicians Joseph-Louis Lagrange and Gaspar Monge the task
to work on the technicalities of the issue. The results of the studies of the two
mathematicians were submitted to National Assembly in September 1793 and
were accepted immediately. At the same time it was decided that this new
calendar system would be applied soon. Indeed, the Calendrier Républicain
de la Rèvolution de 1789, as it was called, was accepted by the National
Assembly on October 5, 1793 and was voted on December 4, 1793. As the
starting point of its chronology was set a date of the recent past, namely
the September 22, 1792, known in the new calendar as 1 Vendèmiaire, the
date of the abolishment of monarchy and the declaration of democracy, which
accidentally coincided with the astronomical autumnal (fall) equinox. So the
New Year’s Day of the ’revolutionary’ civil year was the autumnal equinox of
each tropical year, with the chronology starting on September 22, 1792 or 1
Vendèmiaire of the Year 1.

The year of this ’democratic’ calendar consisted of 12 months of 30 days
each, followed by an extra 5 or 6 supplementary days (jours complémentaires),
which, added at the end of the 12th month, that is between the respective
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dates 17 and 22 September, were completing the total number of the days of
the year. Thus, the total number of the days of the year was again 365 or 366
for leap years, keeping the tradition of the Julian calendar and its evolution,
the Gregorian calendar.

The day-and-night time interval, from one midnight to the next, was di-
vided into 10 hours and the 1/100 of such an hour was defined as the ’decimal
minute’. I.e. the French democrats abolished the hexadecimal system in time
keeping and established the simpler decimal one (each minute had also 100
seconds). The weeks, because they were related to the Jewish calendar, and
thus they had been adopted in interconnection with Religion, were aban-
doned and each month was divided into three décades. The names of the days
of the week were also abolished and the ten days of each 10-day span were
just called with their order: first, second, third,. . . , tenth day (primidi, duodi,
tridi, quartidi, quintidi, sextidi, septidi, octidi, nonidi, décadi). The last day
of each décade, the décadi, was a day of rest, dedicated to the worship of
the Supreme Being. The names of the months had the same ending for each
three-month group and they were inspired by nature. They were invented
by the member of the National Assembly, poet Philippe Fabre d’Eglantine
(1750-1794). This poet and playwright had won (with his work Étude de la
nature, 1783) in 1783 the first prize in Toulouse’s flower festival; the prize was
a golden wild rose, which is called eglantine in French, and he adopted this
word as his nickname, with which he is known in history. Philippe Fabre was
a member of Danton’s group, and when his friend lost his political power, he
was accused of corruption because he had been involved in the scandalous
dissolution of the Society of Indies. For this reason he was beheaded together
with Danton and his followers on April 5, 1794.

The democratic calendar was permeated by an anti-Christian, rationalistic
and nature-loving spirit. The poetic names of the months of the year, together
with their meaning and the correlation with our months are as follows (Flam-
marion, 1955, p. 28):

These Gregorian dates vary slightly because of leap years. Moreover, due
to incompatibility of Articles III (Every year begins in the midnight of the
day of autumnal equinox for Paris observatory) and X (. . . The fourth year
of a Franciade is Sextile) of Décret de la Convention nationale sur l’ère, le
commencement et l’organisation de l’année, et sur les noms des jours et des
mois, the calendar is not applicable after the year XVIII, since an additional
leap day for compatibility with tropical year is not needed for the Year XIX
(the fourth year of Franciade) but for Year XX (the fifth year of Franciade).
Consequently, exist different systems for the conversion after the year XVIII
and the corresponding dates are slightly different for different systems.

The five or six supplementary days were initially called Sans Culottides,
to honor the revolutionaries who didn’t wear the expensive trousers (culottes)
of the aristocrats but long hairy pants instead. The French who were using
the calendar were saying: the first Sans Culottide, the second Sans Culottide,
etc. (la première sans culottide, la seconde sans culottide, etc.). The collective
name ’supplementary days’ (jours complémentaires) was given to the Sans
Culottides on 7 Fructidor of the Year III, i.e. on August 24, 1795.
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Table I: The French Revolutionary Calendar

Season Month Meaning Correlation
Fall Vendèmiaire Vintager Sept. 22 - Oct. 21

Brumaire Foggy Oct. 22 - Nov. 20
Frimaire Chilly Nov. 21 - Dec. 20

Winter Nivôse Snowy Dec. 21 - Jan. 19
Pluviôse Rainy Jan. 20 - Feb. 18
Ventôse Windy Feb. 19 - March 20

Spring Germinal Of the sprouts March 21 - April 19
Floréal Flowery April 20 - May 19
Prairial Grassy May 20 - June 18

Summer Messidor Harvester June 19 - July 18
Thermidor Heat-giver July 19 - Aug. 17
Fructidor Fruit-giver Aug. 18 - Sept. 16

Jour de la Vertu Day of Virtue Sept. 17
Jour du Génie Day of Engineering Sept. 18
Jour du Travail Day of Work Sept. 19

Jour de l’ Opinion Day of Opinion Sept. 20
Jour des Récompenses Day of Rewards Sept. 21
Jour de la Révolution Day of Revolution

(Only in leap years) Sept.22

The names of the saints associated with each date of the year in the
Christian calendars were replaced by names of trees, plants, flowers, fruits and
grains, since this calendar was designed to be free of Christian nomenclature
(Renouard, A.A., 1822).

The supplementary days, between 17th and 22nd September of the Grego-
rian calendar, were dedicated: to Virtue (la Fête de la Vertu), Engineering
(la Fête du Génie), to Work (la Fête du Travail), to Opinion (la Fête de l’
Opinion), and to Rewards (la Fête des Récompenses).

The Day of the Opinion was especially important for its singular character:
on this date, every citizen had the right to freely express his opinion. At a
collective level, the citizens were judging publicly, albeit figuratively, all public
servants for their deeds. During this day, any kind of satire was permitted,
along with cartoons, satirical songs and many other smart jokes, which were
freely aimed towards those in power. It was then up to those in power to
disprove through its Virtue these humoristic accusations. For this reason,
this day was also considered to be dedicated to Actions and Virtue. The sixth
supplementary day added in the leap years was dedicated to the celebration
of the Revolution (la Fête de la Rèvolution). The first leap year of the new
calendar was decided to be the Year III. The four-year period between two
successive Days of the Revolution was called Franciade.

The wonderful French invention of calling the democratic calendar’s months
with names corresponding closely to the real climate of France was ridiculed
by the British (then adversaries of the French) with the following parody:

Fall: wheezy, sneezy, freezy
Winter: slippy, drippy, nippy
Spring: showery, flowery, bowery
Summer: hoppy, croppy, poppy
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Fig. 1. Colored drawing from 19th century. The person on the right side is wearing short
trousers of aristocrats - culottes.

(Wilson P.W., 1937, p. 154). For Summer somewhere is given and: Wheat-
ty, Heaty, Sweety (The Historical Maritime Society, Nelson and His Navy -
Revolu-tionary Calendar, http://www.hms.org.uk/nelsonsnavyrevcalend.htm,

This rather poetic calendar was functional and efficient for France; howev-
er, it was disadvantageous for the working class, as it contained only one day
of rest every ten days and not one in seven, as it used to be. Its other major
weakness had to do with the fact that it was a calendar of limited use, since
it was used only in France, and thus isolated it calendarly, administrative-
ly, economically and in international relations issues from the rest European
countries.
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Fig. 2. French Revolutionary calendar by Louis-Philibert Debucourt 1755-1832.

For these reasons, but mainly for political purposes Napoleon the Great
agreed with the Pope in 1801 to restore Sunday in the calendar, as well as
the major Christian holidays: Christmas and the Easter. Finally, in 1806 the
French Revolutionary Calendar was abolished with the decree of 22 Fructidor
XIII signed by Napoleon and France adopted again the Gregorian calendar on
11 Nivôse XIV that is in Gregorian date January 1st, 1806. The Revolutionary
Calendar had a short life, less than 13.5 years. However, some decades later,
an attempt was made to restore it, which is described below.

In 1870, emperor Napoleon III (1808-1873) lost a war with the Prussians
he was responsible for. This defeat had as a result the abdication of the
emperor on September 4, 1870 and the declaration of the Second Republic.
However, the Prussians advanced and occupied a part of Paris. The end of



Six calendar systems in the European history 115

Fig. 3. French republican clock with combined decimal (inside) and traditional
(outside)hour-plate.

the war came on March 1st, 1871, when Thierry’s government signed the
capitulation with the invaders.

The defeat and the humiliating terms of the treaty had as a result a new
revolution in Paris, on March 18, 1871. The people of Paris installed in the
Town Hall a communal administration, which passed in history under the
name "Paris Commune". The revolutionary commission that was formed or-
ganized the city’s defense. And one of its first actions was the revival of the
Revolutionary Calendar, the Calendrier Républicain de la Rèvolution, on May
10, 1871, which corresponded to the 18 Floréal of the Year 79. The ’Govern-
ment of National Salvation’ as Thierry’s government was known, found refuge
in Versailles. It managed to summon 100,000 men and with this army it at-
tacked Paris. After a couple of weeks of battles, in which more than 20,000
people died, the governmental army crushed the revolutionaries in the end of
May 1871, aided by the Prussians.

The quick end of this popular uprising brought once again the abolishment
of the Revolutionary-Democratic Calendar, this time forever, on May 28,
1871. So, the Commune in Paris restored French Revolutionary Calendar just
for a brief period (Wilson, P.W., 1937, p. 155 & p. 334).

Nevertheless, even today the French astronomical almanacs, as a trib-
ute towards the First French Republic, give along with the other calendars
(Grego-rian, Julian, Islamic, Jewish and Coptic) the date correlation of the
Revolutio-nary Calendar, which in 2009 is at its 217th Year (the first of Jan-
uary 2010 corresponded to 12 Nivôse 218).
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2 The Theosebic calendar

The abolishment of the French Revolutionary-Democratic calendar discour-
aged other regimes from adopting some novel calendar system. Yet, the French
calendar inspired the Greek priest and scholar Theophilos Kairis to invent his
own ’Theosebic calendar’ who was also destined not to prevail at any place.
This was a variant of the French Revolutionary calendar, but under a religious
cover.

The monk and priest Theophilos Kairis (1784-1853), a thinker and scholar
from the island of Andros, who participated in the Greek War of Independence
of 1821, and is considered as one of the major ’Teachers of the Nation’, had
studied in the universities of Pisa and Paris. He was the creator of a cult,
’Theosebism’, and for this reason he was persecuted and he died in prison. His
original philosophical system was echoing the ideas of Theosophy, positivism
and mysticism.

Fig. 4. Theophilos Kairis.

Theophilos Kairis, influenced by the Western Christian-social philosophy,
was searching for the ’golden analogy’ among religious faith, scientific knowle-
dge and social justice. He did not accept the Christian chronology and, in-
spired by the French Revolutionary calendar (Calendrier Républicain de la
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Rèvolution de 1789), he proposed the abandonment of the week and the di-
vision of each month in three ten-day intervals: "Twelve ’30-day’ months in
three groups of 10 days each (Theophilos Kairis, Code 53).

He also changed the names of the months, into the following ones (Theodos-
siou, E., & Danezis, E., 2000, pp. 337-338):

Table II: Month names in the Theosebic calendar, their meaning and equivalence

Name Meaning Correlation*
1 Theosebius Pius (of respect to God) 11/23 Sept.- 10/22 Oct.
2 Sopharetus Wise and virtuous 11/23 Oct.- 10/22 Nov.

(of Wisdom and Virtue)
3 Dicaeos Righteous (Just) 11/23 Nov.- 9/21 Dec.
4 Hagios Holy 10/22 Dec.- 8/20 Jan.
5 Agathius Good (Benevolent) 9/21 Jan.- 7/19 Feb.
6 Sthenius Courageous (of Power) 8/20 Feb.- 9/21 March
7 Agapius Beloved (of Love) 10/22 Mar.- 8/20 April
8 Charisius Graceful (of Grace) 9/21 April- 8/20 May
9 Macrothymus Forbearing 9/21 May- 7/19 June
10 Aeonius Eternal (Perpetual) 8/20 June- 7/19 July
11 Entheus Divine (’God-in-it’) 8/20 July- 6/18 Aug.
12 Sosius Savior (of Salvation) 7/19 Aug.- 5/17 Sept.

* The first date is according to Julian calendar and the second according
to Gregorian one, with a difference of 12 days as was in 19th century. For
conversion of dates from 20th and 21st century one should take into account
that the difference increased to 13 days. As in the case of French Revolutionary
Calendar, dates slightly vary due to leap years (We note that in Portaz (1935,
p. 220) Gregorian dates are erroneously increased for one since was taken the
difference of 13 days as in 20th century).

The five or six days added for the completion of the tropical year were
the dates 18 to 22 September of the Gregorian calendar.

Theophilos Kairis knew that from an astronomical point of view there is
no special significance in setting the start of the year on January 1st and that
all ancient calendars were starting their year at one of the 4 characteristic
points of the solar apparent orbit, which are:

a) The two equinoxes - the vernal on March 21 and the autumnal on
September 23 - and

b) The solstices - the summer on June 22 and the winter on December 22.
The calendar system of Kairis, known as the ’Theosebic calendar’ had also

as its New Year’s Day the autumnal equinox. The first year of the Theose-
bic chronology began on September 23, 1800 (Gregorian calendar). Actually,
he chose as the start of his calendar system the autumnal equinox, which
used to occur on September 11/23 (the first date refers to the Julian and
the second date to the Gregorian calendar, which then had a difference of
12 days between them), like the ancient Greek calendars of the Dorians and
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the Macedonians. The Dorian (Spartan) calendar started on the first new
moon after the autumnal equinox, in the month Panamos, and the Macedo-
nian calendar started in the holy month Dios. But also his calendar mod-
el, the French Revolutionary-Democratic calendar, started at the autumnal
equinox (September 22 or equivalently 1st Vendèmiaire of 1792 (Theodossiou
& Danezis 2000, p. 338).

Correspondingly, the first year of the Theosebic chronology started on
September 11 / 23 (when that year occurred autumnal equinox) of 1800 AD
and ended on September 10 / 22 of 1801 AD. As we already noted, the
Theosebic year had 12 months of 30 days each (12 x 30 = 360), so that 5
days remained (or 6 for the leap years) for the completion of the solar year of
365 (or 366) days. These extra days, as in the ancient Greek calendars, were
called "induced days" and were inserted at the end of the Theosebic year, i.e.
before the 11th/23th of September of the "Christian" calendars (Julian and
Gregorian).

Similarly, as in the ancient Greek calendars, each month was divided into
10-day spans (decans); the first decan of each month was called "starting
decan of the month", the second one "middle decan of the month" and the
third one "decan of leaving or ending month", or "the decan after the twenty"
(Theodossiou & Danezis 1996, vol. I, pp. 360-364).

The specialist on Kairis late scholar Demetrios I. Polemis, director of the
Kairian Library in Andros, edited the correspondence of Theophilos Kairis,
which was published in three volumes. He divides these three volumes of
letters into three periods. The first volume contains the letters up to the
closure of the Orphanage (1839), the second volume contains the letters of
the period of his persecution and exile up to his return to Greece (1844) and
the third one contains letters written in Andros to various receivers until the
scholar’s death in 1853 (D. Polemis, vol. I, p. 22). In the second volume’s
introduction Polemis reports that a detailed description of the Theosebic
calendar exists in the work Epitome of the Theosebic teaching and ethics
(London 1852, pp. 102-104) by Kairis. Also, as far as the decans are concerned,
Polemis writes the following:

"The decan is divided into ten days, the day into ten hours, the hour into
100 first minutes and the minute into 100 seconds. The days of the decan are
named First, Second,. . . . . . , Tenth or Holy". As Kairis writes, "the age of
the Theosebists" begins "from the first year of the nineteenth century of the
Christians and it is divided into five-year entheades". Therefore, the first
year of the Theosebic chronology started on September 11 / 23, 1800 [the first
year of 19th Century is not 1800 but 1801 - Remark of authors], and ended
on September 10 / 22, 1801. The days of September 6 to 10, 1801, were the
Epacts (induced days).

A complete Theosebic chronology is exposed in the letter No. 220: "33, or
9th of the entheas 9, to 3rd, the 1st of the middle [decan of] Sopharetus". The
year 33 began on September 11 / 23 of 1842 AD, while the 8th entheas was
completed on September 10 / 22, 1840 and the next day started the ninth enth-
eas, of which the third year was 1842-1843. Sopharetus is the second month
of the Theosebic calendar (October 11 / 23 to November 9 / 21). Therefore,
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the first of the middle decan of this month is the October 21st / November 2nd

1842.
Kairis and the followers of his sect were using tables of corresponding

dates of the two calendars (Theosebic and Christian), some of which have
been preserved.") (Polemis, Introduction, vol. II, pp. 12-13).

Kairis considered the year 1801 ’as the year 1’ in his Theosebian calendar,
essentially a covert variation of the French revolutionary calendar cloaked in
religion and, being the after-clap of a calendar that did not survive, Kairis’s
calendar was also still-born.

Table III: The ”Times” of the day in the Theosebic calendar

Ecclesiastical "Hours" Kairian "Times"
Matins Time of prayer
Hours Time of studying and reading

Evensong Time of own profession
Compline Time of charity work
Midnight Time of irrevocable comfort (repose)

The nineteenth century is the first century of the Kairian measuring of
time. In his calendar he used the ancient Greek numbering; so in the year
µλ of the Kairian chronology (corresponding to 1852) the "Compendium of
Theosebian Doctrine and Ethics" was published in London. In this book, the
doctrinal background of Theosebism and the Kairian calendar are described
in detail. According to his ecclesiastical calendar, Kairis divided the ’night
and day’ -and not ’day and night’- into five periods "Times" of two hours
(ten hours in total divided in 100 minutes and each minute in 100 seconds -
Portaz, 1935, p. 220).

In his calendar, Kairis abolishes all Christian feasts (those of Jesus Christ,
of the Holy Mother, of Saints, etc.). He also replaces Sunday -the day of the
Lord- with the ’Tithe’ (the tenth day), i.e. since he does not accept the divine
nature of Jesus Christ he abolishes also the day devoted to Him.

According to the principles of Theosebism, the believers, the God-pious
people, were gathering at the middle of the four seasons of the year, beginning
at the corresponding autumnal middle, celebrating the following: Entheogona,
Entheagona, Entheobia and Entheondia.

All these -untranslatable- terms were invented by Kairis. Their meanings
are difficult even in Greek and each one includes the word God (Theo, in
Greek).

We conclude that Kairis created his calendar with the new chronology in
order to use it in the religion or sect he introduced, in the ritual of which he
adds new prayers, new hymns and a new worship, thus creating his own special
theoretical and worshipping ritual, written in the ancient Dorian dialect.

Indeed, Kairis, among other things, being an admirer of the ancient Greek
spirit, formulated in the ancient Doric dialect of the Greek language a fully
operational hymnbook. He called the corresponding workers ’God’s ministers’
(Theagi). These Theagi or Hieragoi (Holy priests) were classified into five
orders: Deans, Readers, Hymnodists, Preachers and Ministers.
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Of course, this calendar, unknown to the international literature as far
as we know, was never put in real use and became extinct with the death of
its inventor, together with the Theosebism cult (Theodossiou et al., 2007, p.
117).

3 The Revolutionary Calendar of the Soviet Union
(’Bolshevik calendar’)

The last major attempt for a calendar reform took place in 1929 by the
government of the Soviet Union (USSR), which adopted the Revolutionary
calendar (or ’Bolshevik calendar’).

To begin with, in 1918, the government formed after the October Rev-
olution replaced the Julian calendar with the Gregorian one, thus actually
harmonizing Russia with Western Europe from a calendar point of view; this
is why the celebration of the anniversary of the ’October Revolution’ was tak-
ing place on November 7 in the Soviet Union. However, the Russian Orthodox
Church never accepted the Gregorian calendar.

Fig. 5. Schema of Soviet pocket calendar for 1931. On Gregorian calendar are
denoted days of five days continuous production week. Five non-working days,
January 22 Day of memory on 9 January 1905, and Lenin, May 1-2, Days
of International and November 7-8, Days of Proletarian Revolution are excluded
(http://ru.wikipedia.org/wiki/Faĭl:Soviet calendar 1931 pocket 2.jpg)
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Different, much more radical change occurred in 1929. The idea was to
abolish Sunday as a rest day and to introduce a continuous production week
(nepereryvka). So in production, from the autumn of 1929 until near the end
of 1931, in parallel with Gregorian one, was introduced the calendar divided
into 72 five-day weeks (=360 days), three of which were split into two partial
weeks by five days of national holidays, but holidays were not a part of the
week so that each split week still had also five days. Each day of the five-day
week (pyatidnevka) was labeled by either one of five different colors or with
a Roman numeral from I to V or with the the names The First (pervyj), The
Second (vtoroj), The Third (tretij), The Fourth (chetvertyj) and the Fifth
(pyatyj). In fact, each worker obtained a color or a number to identify his or
her day of rest, so that every day, 80% of each factory’s staff worked, while
20% were resting.

In 1930 was proposed the Soviet Revolutionary Calendar with 12 months
of 30 days and five national holidays, not belonging to any month. It was
rejected and never introduced but in many western sources is erroneously
stated that the 72 five day weeks were organized in 12 months of 30 days, for
example in Parry Albert (1940, "The Soviet calendar", Journal of Calendar
Reform 10, p. 68).

However, the attempt to change the week was unsuccessful, and on Nove-
mber 21st, Sovet Narodnykh Komissarov (Sovnarkom) SSSR replaced the
five-day intervals with six-day intervals (shestidnevka), so that the year of
360 days consisted of 60 such intervals. This week was not with continuous
production, but 6, 12, 18, 24, and 30 day of a month were the days of rest.
At the end of February the last day was the day of rest or it was the 1st

of March. In months with 31 days, the work on this day was assumed as
a surplus and paid additionally. But neither system could take roots in the
people’s conscience. Therefore, in 1940 the Soviet government restored the use
of the initial Gregorian calendar in factories and enterprises and the ancient
seven-day week, with its Saturdays and Sundays. It is interesting as well that
in addition to the Gregorian years, in some cases an additional date was
given as e.g. in Fig. 6: Twenty first year of the Socialist Revolution, where
this chronology was counted from the 7th November 1917. This was present
until the disintegration of Soviet Union in 1991 (see e.g. Shcherbinin 2008, p.
58).

The Revolutionary Calendar of the Soviet Union (’Bolshevik calendar’) is
described in detail in our published paper: Theodossiou, E., Manimanis, V.
N. and Danezis, E, 2002, "The Russians Calendars after the Christianization
of the country", JAAT 21, No. 1-3, June, pp. 149-153.

4 The Fascist calendar of Mussolini

The so-called ’Fascist calendar’ appeared (and ended) in fascist Italy. Howev-
er, it was not really a different calendar, but merely the setting of a new start
for chronology, after the famous ’March towards Rome’ of the ’black-shirted’
fascists, on October 28, 1922, which brought Mussolini on power.

Actually, according to Marla Stone: Using the French example, fascism
retroactively restarted the calendar in 1927, making 28 October 1922, the first
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Fig. 6. From Soviet calendar for 1937 Translation of calendar page: Twenty first
year of the Socialist Revolution / 1937 DECEMBER 1937 / 12 / sixth day
of the six-day week / Day of elections to the Supreme Soviet of the USSR
(http://ru.wikipedia.org/wiki/Faĭl::Revolution kalendar.jpg)

day of the first year of the new calendar I.I.I. Fascism declared it would re-
place old allegiances and collective history. In this way, ’fascistization’ was
inextricably bound to ’nationalization’ (1993, p. 230).

So, the Fascist calendar started on 28 October 1922. The date in the
Fascist Era was written in Roman numerals. Thus, beginning in November,
the year 1922-1923 was set as fascist year I (or year I "di era fascista" - of the
Fascist Age). This year was written in Italian diaries together with the normal
year A.D.: next to the Christian year there was a Roman numeral indicating
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Fig. 7. Plate at the Stock exchange in Milano with date according to fascist calendar.
Photo of Giovanni Dall’Orto.

the corresponding fascist year. For example, the day of Italy’s war declaration
against Greece was written as: 28 October 1940 - XIX (the number 19 written
as a Roman numeral).

According to Mark Antliff: The most dramatic instance of such social en-
gineering was the ’superimposition over the Gregorian Calendar’ of a fascist
time frame, in which 1922 became ’Year I’ of the fascist era, signaling a regen-
erative break from the plutocratic decadence of the immediate past. The new
calendar was then punctuated with certain days of national celebration, each
with a ’two fold mythical significance’. Thus March 23, Youth Day, commem-
orated the founding of Fasci; April 21, Labour Day, the founding of Rome;
May 24, Empire Day, the entry of Italy into the First World War; September
20, Italian Unity, the incorporation of Rome into the Kingdom of Italy; Oc-
tober 28, the fascist Revolution, the March of Rome. . . In this way ordinary
Italians were encouraged to experience the unfolding of time as a phenomenon
with a transcendental core on a par with metaphysical reality which underlay
Christianity (2004, pp. 149-150).

The year 1922 (October) to 1923 was considered the fascist year 1 - with
Latin digits: I. It was part of a date that was functioning in parallel with the
Gregorian calendar in all fascist documents and other printed material. For
example, the first of May of 1934 AD was accompanied by the fascist year
XII, while December 25, 1938, was accompanied by the fascist year XVII,
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Fig. 8. Year IX of fascist era on the Milano central railway station. Photo of Giovanni
Dall’Orto.

since December is after October and thus the fascist year had changed. As it
should be expected, the overthrowing of the fascist regime in Italy brought
with it the abolishment of this trivial calendar change.

5 The calendar of Metaxas dictatorship in Greece

It is interesting to note that Mussolini’s chronology was imitated in Greece
by the Ioannis Metaxas dictatorship (1936-1940), considering in turn 1936,
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the year of its start, as ’year A′’, written with Greek numeral. In all official
papers of the Greek dictatorship there were two chronologies: the Christian
year AD and the corresponding year of the dictatorship. For example, the day
of Italy’s war declaration against Greece was written as: 28 October 1940 -
year E′.

 

Fig. 9. The proceedings of the First Conference of Regional Administrators of the National
Youth Organization of 1939, where the year Delta (∆′) of the Metaxas dictatorship appears.

Needless to say, this way of year enumeration died together with the
respective regimes. Moreover, this action of the dictatorship is virtually u-
nknown to modern Greek society. It is not mentioned and has not been
recorded anywhere, with the exception of certain official documents and state
archives from that period, such as the proceedings of the First Conference
of Regional Administrators of the National Youth Organization of 1939, year
Delta (∆′), from where we learned about it.
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6 The New Rectified Julian calendar of the Orthodox
Churches

Patriarch Meletios IV (1922-1923), head of the Orthodox Churches, convened
an Ecumenical Congress in Constantinople in May 1923, where one of the
principal topics of discussion was the reform of the Julian calendar. In the
Serbian delegation were Gavrilo Dožić and Milutin Milanković. At that time,
Dožić was the Metropolitan of Crna Gora and Primorje (Montenegro and the
Littoral), and later become Patriarch of the Serbian Orthodox Church. Mi-
lutin Milanković (Dalj, May 28, 1879-Belgrade, December 12, 1958) is world-
wide known for his groundbreaking work on the causal relationship of solar
heating to the phenomenon of the occurrence of the Ice Ages in Europe during
the Quaternary Period. He developed an astronomical theory for the evolu-
tion of planetary climates and explained the phenomenon of the Earth’s Ice
Ages and polar motion.

Milutin Milanković, was the vice president of the Serbian Academy of
Sciences and Arts and director of the Belgrade Astronomical Observatory
(1948-1951). To honor to his scientific achievements in astronomy, a crater on
the far side of the Moon (coordinates +170o, +77o) was given his name at the
14th I.A.U. General Assembly in Brighton in 1970. His name was also given
to a crater on Mars (coordinates +147o, +55o) at the 15th I.A.U. General
Assembly in Sidney in 1973. In 1982, a small planet, discovered in 1930 by
Milorad Protić and Pero Djurković and provisionally designated 1936 GA,
received its permanent name: 1605 Milanković (Dimitrijević, 2002).

At the Ecumenical Congress representatives of Serbian and Romanian Or-
thodox Churches submitted two elaborate propositions (detailed description
of the calendar reform and of the Pan Orthodox Congress in Constantinople
is given in Milanković 1923, 1995, 1997, see also Dimitrijević 2002, Dimitri-
jević, Theodossiou 2002, Dimitrijević, Theodossiou, Mantarakis, 2008). The
propo-sition of Serbian delegation, formulated by Maksim Trpković, was to
introduce the intercalation rule that the secular years in centuries which when
divided by 9 have remainders of 0 or 4 will be leap years. Consequently, 7
days will be omitted from 9 centuries, and the calendar will be closer to the
tropical year than the Gregorian one, where the intercalation rule is that leap
years are only secular years where the number of centuries is divisible by four.
Moreover, the vernal equinox will always fall on March 21 or very close to it.

The Romanian delegation consisted of Archimandrite Julius Scriban and
Senator Dragici. They came with the following proposal for calendar reform
(Milanković 1923, 1997, Trajkovska, Ninković 2008): Each year is to have
364 days (exactly 52 weeks) so that every date has a fixed day in the week.
March, June, September and December have 31 days, and other months 30
days. An additional week is added every 5 years between June 31 and July 1,
whose number of days corrects the difference with the tropical year. The first
day of Easter is fixed at April 29, and all other holidays become fixed. This
proposition was presented to the Congress by Senator Dragici, but he told
to Milanković that the author was actually baron Gustav Bedeus from Sibiu,
who was not an Orthodox Christian so that it is not convenient to put his
name on the proposal. However, according to investigations of Trajkovska and
Ninković (2008), "A Resolution Concept for Conference of the Calendar of
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Orthodox Churches in Constantinople on May 1, 1923", published in German
by Bedeus in Siebenbuergisch-Deutschen Tagesblatt (Daily of Germans from
Siebenburger - Seven towns or Transilvania in Romanian) differs from the
proposition of Senator Dragici.

Congress rejected both propositions. The Serbian, authored by Trpković,
since the year 2000 would not be a leap one as in the Gregorian calendar, and
after only 77 years a difference of one day between the Gregorian and New
Rectified Julian calendars would appear. The Congress concluded that the
better solution is to delete thirteen days in Julian calendar in order to put it
into line with Gregorian one, until 2100, when the one-day difference would
appear.

Milutin Milanković obtained the task to develop a new proposal. He con-
cluded that the wish of the majority of participants was that calendar of the
Eastern Orthodox Church should not be identical with the Gregorian one,
but that the two should parallel one another as far as possible. Consequently,
instead to try to fix the date of the vernal equinox to March 21st, as in the
Trpković’s proposal, he tried to obtain the longest possible consonance of the
two calendars. He elaborated a new intercalation rule, that secular years are
leap years only provided that the number of centuries they belong to, when
divided by 9 yields the remainder 2 or 6. In such a way the new calendar
is more precise than the Gregorian one but consistent with it up to 2800,
i.e. for 877 years after the Ecumenical Congress in Constantinople. Another
advantage is that New Rectified Julian calendar of Orthodox Church will be
in better agreement with nature than Gregorian calendar. A disagreement of
one day with the tropical year will accumulate after almost 30,000 years!

Milanković presented to the Congress his new proposal signed by him and
Gavrilo Dožić, as the new proposition of the Serbian Orthodox Church, on
the session of May 23, 1923. In his historic speech to the Congress, he told the
delegates that if they only adopted to delete 13 days from Julian calendar,
the Orthodox Church would be in an inferior position in any future discussion
on the calendar question. With the proposition of the Serbian delegation, the
Orthodox Church could confidently enter into any negotiation on the calendar
question with Western Churches since they would have the most precise and
most scientific calendar in the Christian world. He underlined also that with
such a decision, the Orthodox Church would not be accepting the calendar of
the Roman-Catholic Church, but would be obtaining a better one.

Also at the Congress, Anthimos Metropolitan of Viziys proposed to deter-
mine the exact date of Easter by astronomical methods with the help of
Observatories and Universities in Athens, Belgrade, Bucharest and Pulkovo.

Milutin Milanković formulated the final version of the calendar reform
that was adopted by the Congress, and signed on June 8th, 1923, by Patri-
arch Meletios IV, Metropolitan of Kyzikos, Kalinikos, Archbishop of North
America, Alexander, Metropolitan of Montenegro and Littoral Gavrilo Dožić,
Metropo-litan of Nicaea, Vasilios, Metropolitan of Durachion, Jakub, Archi-
mandrite Julius Scriban, and Professors E. Antoniadis and Milutin Milanković.

The date of the official inception of the New Julian calendar was originally
set for October 1st, 1923, which will become October 14th, in order to omit the
13 days of difference between Julian calendar and Tropical year. This was the
date when the calendar reform would be introduced in the Ecumenical Patri-
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archate and in the Greek Churches, but without the part concerning the East-
er determination, where the old Julian calendar was retained, until all Ortho-
dox Churches introduce the reform. Today, Patriarchates of Constanti-nople,
Alexandria and Antioch, Churches of Greece, Cyprus, Romania, Poland, Fin-
land, Bulgaria (from 1968) and Orthodox Church in America (September
1, 1983, see e.g. http://www.holy-trinity.org/modern/calen2.html) use the
"New", "Revised" or "Rectified" Julian calendar. On the other hand, the
Patriarchate of Jerusalem, and Churches of Russia and Serbia, along with
the monasteries on Mt. Athos, all continue to adhere to the Julian or Old
Calendar (see e.g. http://www.yalchicago.org/paschacalculation.html).

7 Conclusions

From these six calendar systems that were devised from the late 18th to the
middle of the 20th century, survived up to now only New Julian calendar of
Orthodox Churches. This should be expected, since history History has shown
that calendar changes are accepted with great difficulty by the people, who
do not want to change calendar they are used to and the social and religious
habits that are associated with it. Even in the case of New Julian Calendar,
which dates are at that moment identical with Gregorian one, and only dates
of movable eclesiastic feasts are changed, the great resistance against it exist.
In Orthodox Churches which accepted it, sects of Old calendarians, refusing
its usage, were created.

From these 6 calendar systems, which were devised centuries after the
Gregorian calendar, the most discussed about in the international literature
is the French Revolutionary Calendar (Le Calendrier Républicain), since it is
associated with the famous French Revolution of 1789, which still moves and
influences European thought.

About New Julian Calendar was also written, in particular in Orthodox
sources. Then comes the Revolutionary Calendar of the Soviet Union (’Bolshe-
vik calendar’), interwoven with a special period of the Soviet history, while
the Theosebic calendar of Th. Kairis is totally unknown internationally, since
only a few scholars or astronomers know about it in Greece.

Mussolini’s Fascist calendar is mentioned in the international literature,
but both it and the totally unheard of calendar of Metaxas dictatorship in
Greece are not separate calendar systems; they are rather a parallel writing of
the years next to the Gregorian calendar date that denoted the length of these
dictatorships, while in the case of Mussolini’s Fascist calendar some important
holidays are also mentioned. They essentially represented, as professor Sterios
Fassoulakis of the University of Athens writes, calendar systems of political
ideology (Istorica, 2001).

These cases strengthen the conclusion that it is difficult for a calendar
reform to prevail or even to survive for long. If they are not accepted by
several states, Church or some organization existing in a number of different
communities, the end of regime which implemented them is usually also the
end of such calendar systems
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Milanković, M.: 1997, Memories, experiences, cognition, Selected works of Milutin Mi-
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Abstract. Pyramids, "Dragon Houses" ("Drakospita") and megalithic structures in gen-
eral create always a special interest. We postulate that, as happens with the Drakospita
of Euboea, the pyramid-like structures of Argolis (Eastern Peloponnese) were constructed
by the Dryops. It is known that, in addition to Euboea and some Cyclades islands, this
prehellenic people had also settled in Argolis, where they founded the city of Asine. We also
propose that the pyramids of Argolis and in particular the pyramid of Hellinikon village
were very likely, besides being a burial monument or guard house, might be served also for
astronomical observations.
Key words: Archaeoastronomy, Greek pyramids, Hellinikon, Drakospita, Dryops

Пирамидите на Гърция – древни меридианни обсерватории?

Ефстратиос Теодосиу, Василиос Н. Маниманис,
Милан С. Димитрийевич, Марко Кациотис

Пирамидите, "драконовите домове" ("дракоспити") и мегалитните структури пред-
извикват винаги спeциален интерес. Ние приемаме, че както при дракоспита на остров
Еубоеа, пирамидовидните структури в Арголис (Източен Пелопонес) са били построени
от Дриопите. Известно e, че освен в Еубоеа и някои от Цикладските острави, този
пред-елински народ е пребивавал и в Арголис, където е основал град Азин. Ние
предполагаме че пирамидите в Арголис, и в частност пирамидата в селището Хелини-
кон, без да са погребални монументи или охранителни постройки, са твърде подобни
помежду си и са могли да служат и за астрономически наблюдения.

Introduction

The existence of pyramids, or rather pyramid-like buildings, in Greece has not
been widely known, as most people, even most researchers worldwide know
only of the Egyptian pyramids. Yet, it seems that there are several ancient
pyramid-like buildings in southern Greece, the most impressive of which is
the structure near the village Hellinikon in Argolis (Eastern Peloponnese).
Some of these buildings have suffered major and irreparable damages, as
their large stones were used through the centuries as raw material for the
construction of other buildings, such as churches, or even for the production
of lime in limekilns.

In the literature for this topic, the following pyramids are mentioned in
Greece (Lazos, 1995):

Bulgarian Astronomical Journal 16, 2011
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Table I

Name Locality Remarks
1. Hellinikon Hellinikon and Kephalari The best-preserved one
2. Ligourio Epidaurus Only its base exists
3. Dalamanara Epidaurus Only traces remain
4. Kambia = tower for fire-signaling Nea Epidaurus Preserved to some height
5. Sikyon (?) Corinthia (?) Only traces remain (?)
6. Viglafia Neapoli (Laconia) Only its base exists
7. Amfio near Thebes (Thiva) scalar

In addition to the above, two other singular structures have been referred
to as pyramid-like buildings: the cone-like pyramid in Khania (Crete), and
the Rock Pyramid forming the peak of Mt. Taygetos; however, the latter is
just the natural peak of the mountain, the tallest in Peloponnese (2,407 m).
Prof. I. Liritzis (1995 & 1997), assiduous researcher of such ancient megalithic
structures, supports the view that there are over 20 ancient Greek pyramids;
they refer to pyramid-like structures in Astros (in Kynouria, to the south of
Argolis), in Neochori of Phthiotida (they even date it in 11,000 BC), in Agios
Andreas of Mt. Parnassos, in Vathy (of Avlis, in northern Boeotia), and in
other places.

From all the above structures, only the Hellinikon pyramid to the south-
eastern edge of Argive plain is preserved in a relatively good condition. For
some of these structures, the data used in this study come from descrip-
tions and references by ancient travelers, for example the description and
comments of Pausanias (1985) for the Hellinikon pyramid, or from foreign
travelers of the 19th century AD (Blouet A. and Ravoisié, A., 1831, Curtius,
E.R., 1851).

1 References, studies and excavations

Although the pyramid-like buildings of Argolis stand out due to their form
and shape, the references to them, even from Greek antiquity, are rather
scarce.

Only the Greek traveler and geographer Pausanias (1985), writing in the
2ndnd century AD, mentions the Hellinikon pyramid in his Corinthiaka (2,
25, 7):

”Traveling from Argus to the region of Epidaurus, there is a building to
the right that resembles very much a pyramid and bears relief carved shields of
the shape of the Argolic shields. In this place Proetus had battled with Acrisius
for the throne and they say that the battle ended without a winner; for this
reason they were later reconciled, as none could achieve a decisive victory. It
is said that this was the first time that men and armies equipped with shields
clashed; for those that fell in this battle from both armies, since they were
compatriots and even relatives, a common tomb was built in that place.”

Thus, according to Pausanias, the pyramid was a common tomb, built
most probably by Proetus and Acrisius for the soldiers who died in a battle
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between them; a battle in which soldiers used shields for the first time. This
reference to mythical figures (Proetus, Acrisius) indicates that the building
was considered to be very old.

Fig. 1. The Hellinikon pyramid. Prof. E. Theodossiou (left) and the physicist N. Saridakis
(right)

Pausanias also mentions (Corinthiaka 2, 24, 7) that in adjacent areas
there were some polyandria (mass tombs) of the Argives killed in the battle
against the Spartans that was held in Hysiae (an acropolis next to the modern
village Akhladocampos) in 669 BC:

”And polyandria exist here for Argives who won in a battle against the
Lacedaemonians near Hysiae” (Corinthiaka 2, 24, 7).

So the ancient author considered the ’pyramid’ as one of these burial
monuments. Other researchers have suggested different possible uses (Lord,
1939, pp. 78-84).

The pyramids found in Greece are the only cases of pyramidal architec-
ture in the broader European region. The shape of the pyramid-like build-
ings, their static and architecture, probably classify some of them in the
pre-Pelasgic period (Lazos, 1987 & 1995). However, in a country rich in ar-
chaeological findings the ruins of these structures did not attract the interest
of researchers. Thus, their study is almost nonexistent and a mystery sur-
rounds them due to lack of adequate knowledge. There is still a chance that
some reference could still be discovered in Byzantine texts. Currently, the
next known reference to the ’Greek pyramids’ after Pausanias (2nd century
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AD) is from the first decade of 19th century. William Martin Leake toured
Peloponnese in 1806, when Greece was still under the Ottoman rule, and he
mentions the Hellinikon pyramid, which he visited on March 14, 1806, in his
book Travels on the Moréa (vol. II, pp. 340, 344). In it, he gives two drawings,
front view and top view of the buildings.

Fig. 2. The entrance of the Hellinikon pyramid with the eastern side. The entrance is
next to the SE corner. The width of the entrance is 1.35 m, while its top consists of two
converging stones that form a large capital Greek letter Λ.

In 1829 the French Scientific Mission in Moreas (Peloponnese) studied the
two pyramids (in villages Hellinikon and Ligourio) and published the results
in 1831 - in the three tomes of Abel Blouet and Ravoisié, Amable: Expedition
Scientifique de Morée, vol. II, 107.

In 1901, Th. Wiegand conducted a preliminary excavation (the first one,
1901, pp. 241-246) of the Hellinikon pyramid. Wiegand removed all the fill
from the floor of the pyramid, while the first Greek scientist who studied it
was the archaeologist Apostolos S. Arvanitopoulos in 1916 (pp.72-99). Apos-
tolos Arvanitopoulos believes that the monument dates to the Mycenean era
(1600 BC-1100 BC), while the archaeologist Christos Tsountas (1857-1934),



134 E. Theodossiou et al.

the founder of Greek prehistoric archaeology, believes it is from the 6th cen-
tury BC (1893).

More excavations followed in the Hellinikon pyramid by R. Ehrich and
Mrs. Ann Hoskin-Ehrich, on August 1937, of the American School of Classic
Studies and Archaeology in Athens, while at about the same time R. Scran-
ton (1938) was excavating the Ligourio pyramid. Louis Lord, then director
of the American School of Classic Studies in Athens, edited the report (1938,
pp. 481-527) of these excavations based on the conclusions of the three ar-
chaeologists mentioned above, while he subsequently researched himself and
discovered several buildings in Argolis, mainly square archaic towers, which
were most probably the polyandria of Pausanias (Lord, 1939, pp. 78-84).
Amongst the findings in the pyramid of Hellinikon were a big pithos, the
floor of the long corridor and the room, re-carved from repairs entrance door
and parts of the wall, infill from earlier excavations, some ceramics of Proto-
helladic II period (2800-2500 BC), also room foundations and mortals from
later uses of the pyramid, as well as mixture disturb sediments with ceram-
ics of classical period, such as lamps, house ware and few coarse shards of
doubtful age and some roman lamps. The infill at the floor varies between
20-60 cm (Lord, 1938, pp. 508-538).

Louis Lord considers that the pyramids were not tombs, because their
doors were opening from inside; nor were they towers for fire-signaling, as
they were not built in elevated positions with a view. Lord believes they were
posts capable of housing a guard of a few men, which could control the road
to Tegea. However, he stresses that the peculiar pyramid-like construction is
a fact that remains unexplained (1938). There wasn’t a reason to build this
form of structure for this purpose, as an outpost with a small wall would
be the normal thing to do. What could be the purpose of these singular,
pyramid-like constructions? Also, Lord supports the idea that the pyramid
was from the early Hellenistic era, more specifically late 4thth century BC.

The topic appeared to close from an archaeological point of view, as the
American archaeologists had done a good job. The German archaeologist S.
Oppermann, with a relative publication in German (1971, pp. 45-52), made
known the two pyramids, in Hellinikon and Ligourio, to a wider German-
speaking public, without adding something to the topic from a research point
of view.

After about 15 years followed the researcher and author Christos Lazos,
with two publications on Greek pyramids (1984, 1987), and an article by
Helena Fracchia of the University of Toronto (1985, pp. 683-689), in 1986
Professor I. Liritzis published his book Archaeometry - Methods of dating in
archaeology, and in 1994 the civil engineer V. Katsiadramis made a static
study of the two pyramids and the corresponding figures (1994, pp. 9215-
9236). In 1994 appear a paper by Professor Ioannis Liritzis and another
one by the academician Theocharis et al. (1994, pp. 399-405) and the two
books, again by archaeometrist Professor Ioannis Liritzis (1995) and by au-
thor C. Lazos (1995), which exhaust the topic from the descriptive point of
view. Finally, Professor Ioannis Liritzis, in 1997, published an article about
the mystery of these pyramids and similarly Professor Theodore Spiropoulos
(2003).
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In practical, the real research work on the Greek pyramids started under
the supervision of the archaeometrist Professor Ioannis Liritzis and his group.
The dating of the pyramid was approached through five sub-projects:

1) Geophysical prospection inside and around the two main pyramids at
Hellenikon and Ligourio, where buried monuments were discovered (Theocharis
et. al., 1997, pp. 593-618).

2) The results of the above team directed the archaeological excavations
carried out by archaeologist A. Sampson (1996, pp. 56-61) and archaeologists
of the Archaeological Museum of Nauplion (Pikoulas, 1996, pp. 60-63; Piteros,
1995, pp. 11-13, and Piteros, 1998, pp. 344-394). Amongst the new findings
were foundations of rooms, ceramics of Classical, Hellenistic, Roman and
Protochristian periods, and Protohelladic II in the exterior foundations of
Hellenikon pyramid above the bedrock. A comparative study of masonries
was also made (Liritzis, 1995 & 1997, pp. 32-34).

3) Astronomical orientation of the long entrance corridor was found re-
lated to the rise of Orion’s belt occurring in circa 2000-2400 BC (Liritzis,
1998, pp. 10-21).

4) The dating of some parts of the over lied large megalithic blocks in
the wall, with the novel thermoluminescence dating method of rock surfaces.
Sampling was chosen for their firmness and lack of sun exposure of inter-
nal contact surfaces, by removing a few milligrams of powder from pieces
in firm contact. Seven pieces gave an age range of circa 2000-2500 BC. Lir-
itzis, 1994a, pp. 603-604; 1994b, 361-366; Theocharis et al. 1994, 399-405),
while two ceramic shards of non-diagnostic typology one from Hellenikon and
one from Ligourio pyramids dated by TL (ThermoLuminescence) and OSL
(Optically Stimulated Luminescence) gave concordant ages of 3000±250 BC
and 660±200 BC respectively (Liritzis et al., 1994, pp. 189-198). The novel
dating method has been well published by the initiator and others Liritzis et
al. 1997, pp. 479-496); Liritzis and Galloway, 1999, pp. 361-368; Habermann,
2000, pp. 847-851; Greilich et al. 2005, pp. 645-665; Morgenstein et al. 2003,
pp. 503-518; Liritzis and Vafiadou, 2005, pp. 25-38).

5) The mythological genealogy of Argolid has been cautiously interpreted.
It involves Inachus and his deluge and his descendants of Proetus and Acris-
sius that according to ancient traveler Pausanias (2nd c. AD) they fought for
domination but had a draw and erected Hellenikon pyramid, shown to be at
c. 2800 BC (Zangger, 1993; Liritzis and Raftopoulou, 1999, pp. 87-99)

2 The use of the pyramids

Pausanias, as is evident from his text, acknowledges that the purpose served
by the pyramids had been forgotten in his age (circa 150 AD) and for this
reason he writes about what the people were ’saying’ about it, mentioning
the hypotheses of being tombs and small military outposts.

The construction of these buildings, their dimensions and inclination,
being added to the fact that no tomb-associated findings (such as bones or
death ornaments) were found, lead to the conclusion that these structures
were rather a kind of small fort or an observatory (Kalleyia, 1995).
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The pyramids are dated by some archaeologists (Leake, 1846; Lord, 1938;
Fracchia, 1985; Piteros, 1998), based on their wall structure, in the 4th cen-
tury BC; the same archaeologists consider that they indicate the relations
between Egypt and Argos, a tradition reinforced by the mission of 3000 Ar-
give mercenaries in Egypt in 349 BC.

However, the Greek pyramids seem to have no relation to Egyptian ones
(interior plan, masonry, slope, size), though there were trade contacts between
the people of SE Mediterranean evidenced at least by the early presence of
Minoans, Myceneans and later on Greek colonizations, in the West, Asia Mi-
nor and the Levant and Egypt, e.g. Tel Kabri, Avaris, Meggido etc. (Barbara
and Wolf-Dietrich Neimeier, 1997, pp. 763-802).

Leake (1846, pp. 334-483), Vischer Wilhelm (1857, pp. 325-328) and oth-
ers support the burial monuments theory, which is rejected by Wiegand (1901,
pp. 241-246), who suggests that they can’t be tombs because of the mortar
used in their construction, a material hinting for him a building date in the
1st century BC. Other researchers, though, suggest that the mortar probably
does not belong to the original building but to a posterior conservation work.

The Egyptian pyramids were Pharaohs’ burial monuments, but they also
served for astronomical purposes: Cheops Pyramid was a huge meridian in-
strument, the largest ever constructed, while its main passage’s direction was
towards the pole star of its age, Thuban or Alpha Draconis (α Dra).

Helena Fracchia (1985) supports the view that the Argolis pyramids were
erected for the defense of the region, as fortifications incorporated into some
large farms, as she believes from her research of ancient farms in Attica.

Civil engineer V. Katsiadramis (1994), after his static study of the whole
Hellinikon monument, draws the conclusion that this building was in its initial
form most probably a truncated pyramid 3.60 m high. He suggests that it was
never complete up to its projected summit with stones or a roof of some kind,
not being an Egypt-like, mathematical pyramid. He adds that the truncated
pyramid shape ’is a very ancient worshipping tradition in Greece. . . . . . this
exact shape of the Elliniko building was intentionally chosen, as it combined
static and aesthetic requirements with the Greek worshipping tradition’ (Kat-
siadramis, 1994). He, thus, considers a worshipping use for the building; in
his view, it was a roofless sanctuary.

The Argolis pyramids continue to attract the interest of researchers. Pro-
fessor I. Liritzis in his book (1995) argues that their megaliths were used
as construction materials for churches and for lime production, in order to
explain the reason for the disappearance of the Astros, Sikyon and Viglafia
pyramids, which were reported by foreign travelers in early 19th century. C.
Lazos, an author specialized in the research and recording of the feats of
ancient Greek technology, in his book Pyramids of Greece (1995), provides a
complete list of the Greek pyramid-like structures.

Our team visited the Hellinikon and Lygourio pyramids and photographed
them; the architect, Marcos Katsiotis measured the dimensions of the Hellini-
kon pyramid and drew the top view, a section and perspective drawing of this
pyramid, which is the best preserved one. But, finally, we used the drawings
made by the civil engineer Vassilios Katsiadramis, which exist in the current
Bibliography (1994, p. 9222).
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3 The Hellinikon pyramid

The Hellinikon pyramid is located 5 to 6 km to the southeastern edge of the
plain of Argolid, in the direction of the ancient road to Arcadia, between
the villages Hellinikon and Kefalari, where the Erasinos River sources are
(nowadays Kephalari). This is the best preserved pyramid (Fig. 1).

Fig. 3. Perspective drawing of the truncated pyramid of Hellinikon, made by civil engineer
Vassilios Katsiadramis (1994, p. 9222).

However, archaeometric measurements based on optical thermolumines-
cence conducted by prof. I. Liritzis at the Nuclear Dating Laboratory of the
University of Edinburgh and at the Archaeometry Laboratory of Democritos
Center (Theocharis et al. 1995) showed that at least the Hellinikon pyramid is
much older: circa 2700 BC. The optical thermoluminescence method is based
on laser technology that can be applied on stones from walls; unfortunately,
this method, used by Liritzis since 1986, although it is theoretically accepted,
had not yet been fully calibrated in that time (1995) and doubts can be raised
about this dating. At this point, if one remembers the geographer and trav-
eler Pausanias, who gives a hint for this monument about being built in the
Mycenaic period, one could find most probable this period as being in the
middle of the two datings mentioned above: from 1600 to 1100 BC.

The dimensions of the Hellinikon pyramid are 14.50 x 12.60 x 10.80 x 10.60
m. Many researchers have wondered whether there is any relationship with
the Egyptian pyramids, for example a correlation in their dating. Traditional
archaeological research, as we saw, dated these structures in the 4th century
BC, a much more recent date than the dates of the Egyptian pyramids.

Lois Lord (1938) dated both Hellinikon and Ligourio in the dawn of the
Hellenistic period, i.e. in the end of 4th century BC. The Greek archaeologists
E. Spathari, Chr. Piteros and G.A. Pikoulas also suggested (Chr. Piteros,
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1995; G.A. Pikoulas, 1996) that both pyramids were built in late 4th century
BC and that they were guardhouses or outposts. Th. Wiegand (1901) dated
the Hellinikon pyramid in 1st century BC. However, these datings must not
create a bias toward a more recent period, as archaeologist and Professor of
Prehistoric Archaeology at the University of Athens Theodore Spiropoulos
(1981), who discovered a pyramid in the shape of the Ampheio hill in Thebes,
dates it circa 2500 BC.

Fig. 4. Drawing of the truncated pyramid of Hellinikon, made by the civil engineer Vassilios
Katsiadramis (1994, p. 9222).

4 The Ligourio pyramid

The Ligourio pyramid is located in the foot of Mt. Arachnaeo, to the left
side of the road leading from Argos to Epidaurus, 1.5 km West of the village
of Ligourio. Its dimensions are approximately 14 (north side) x 12 x 12 x 12
m. Pausanias does not mention this pyramid at all and the first reference
to it comes from the ”French Scientific Mission in Moreas” (Blouet, A. and
Ravoisié, A., 1831). In the years that passed since the early 19th century the
pyramid, made of sandstone blocks, deteriorated to the point it is now almost
leveled. Only a couple of building stones have remained in their original po-
sitions; the rest were used for the construction of other buildings in Ligourio,
while some stones are incorporated in the Byzantine church of Agia Marina
(St. Marina).

The first excavations in the region were conducted by the American School
of Classic Studies of Athens, from 9 to 18 December 1936 and later from 1
to 9 August 1937.

Among the findings of the 1937 excavation, led by R. Scranton (1938,
7.4, pp. 528-538), was a stone axe (keltis) dated in the Neolithic Age, that is
prior to 3000 BC, a most intriguing fact that created certain connotations.
Scranton writes that ”the keltis, an isolated prehistoric artifact, does not
prove the existence of a Neolithic settlement at the site. It was probably just
transported there from a distant place as something curious”.

However, some researchers are skeptic about this view: How is it possible
for the Neolithic axe to have been preserved at a different site for 2500 years,
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to have been transported as something curious to the Ligourio pyramid in the
4th century BC and subsequently preserved at its new position for another
2300 years? It is a difficult question.

Fig. 5. Drawing of the truncated pyramid of Hellinikon, made by the civil engineer Vassilios
Katsiadramis (1994, p. 9222).

Nevertheless, most researchers date the Ligourio pyramid along with the
Hellinikon pyramid, around the 4th century BC.

Fig. 6. The Ligourio pyramid, as imaged by the French Scientific Mission in Moreas (Ex-
pedition Scientifique de Morée, 1831).
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In 1995 academician Petros Theocharis and his colleagues announced that
the optical thermoluminescence method gives an age for the Ligourio pyra-
mid of 4100 ± 600 years, that is it was built circa 2100 BC or about 600
years ’younger’ than the Hellinikon pyramid as dated with the same method,
although as far as it can be discerned the two pyramids are very similar.
The same researchers supported the view that both theses pyramids were
astronomical observatories!

On the contrary, archaeologist Christos Piteros, curator of antiquities in
Nafplio, supports (1995) a dating of the pyramids in the 4th century BC
- definitively no older than 450 BC. As for their purpose, he believes that
they were fortified out-posts-military observatories. Piteros is especially crit-
ical against the views of Theocharis et al. (1995). He strongly argues that
their views are misleading(!), since they reject consolidated views of archae-
ologists simply based on a ’magical unproved physical method for a purely
archaeological issue’.

The archaeologists excavators are reserved to accept without doubts the
Classical or Hellenistic age, while A. Sampson (1996, pp. 56-61) supports
such a younger age but his reserve to reject an earlier age is apparent.

So, up to now, there is no satisfying explanation of the reason behind the
construction of several reported small sized pyramids in Greece and about the
choice of their shape as a message tower or else. To summarize, the following
views have been supported about the Greek pyramids:

a) Purpose

1. Burial monuments - polyandria (Pausanias, 2nd century AD; Leake,
1846; Vischer, 1857).

2. A ’tomb identifier’, indicating the existence of an important person’s
tomb at a nearby site (hill), or even under it (Arvanitopoulos, 1916).

3. Fortified military outposts-guardhouses (Lord, 1938 & 1939; Wiegand,
1901; Fracchia, 1985; Spathari-Piteros-Pikoulas, 1995 & 1996).

4. Towers for fire -or smoke- signaling (Curtius, 1851).
5. Astronomical observatories - with an evident astronomical orientation,

after a relative study (Theocharis et al., 1994 & 1997; Kalleyia, 1995; Theo-
dossiou et al., 2002).

6. Sanctuaries (Katsiadramis, 1994).

b) Dating

1. 1600 to 1100 BC (Pausanias, 2nd century AD; Arvanitopoulos, 1916).

2. 6th century BC (Tsountas, 1893; Curtius, 1851).

3. 4th century BC (Leake, 1846; Lord, 1938 & 1939; Fracchia, 1985;
Spathari-Piteros-Pikoulas, 1995 & 1996).

4. 1st century BC (Wiegand, 1901).
5. 2100 BC for the Ligourio pyramid and 2730 BC for the Hellinikon

pyramid (Theocharis et al., 1994 & 1997).
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5 Conclusion

When excavations were made around the Greek pyramids in the early 1900s,
pottery fragments from the 4th century BC were found, and it was presumed
that the pyramids were also constructed then; that is, about the time of
Alexander the Great. Recent dating of crystals from internal surfaces of the
limestone blocks using thermoluminescence puts the construction times back
two millennia. The Hellenikon pyramid dates to 2730 B.C.; the Ligourio, to
2100 BC. This means that the Greek pyramids were built in roughly the same
time frame as the Egyptian pyramids (Hammond, 1997).

Why would the ancient Greeks want to build miniature pyramids? The
classical scholar Pausanias wrote in the 2nd century AD that the Hellenikon
pyramid was a cenotaph for the dead fallen in a fratricidal battle 4,000 years
ago. Nobody believed his story until now (Corliss, 1998).

The date and the purpose of even the two main Greek pyramids are not
known with any certainty. What it can be said is that these are carved and
not scalar; moreover they also differ from the Egyptian ones in the slope
inclination.

Archaeologists suggest that the Hellinikon pyramid can’t be a building
of the 3rd millennium BC; it must have been constructed at least after 2100
BC. The later corollary follows from a finding of the excavation conducted for
the Academy of Athens’ research: a proto-Hellenic ditch in the foundations
of the building. The proto-Hellenic period conventionally ends in circa 2100
BC, therefore archaeologists conclude that the pyramid was built definitely
after 2100 BC.

Archaeologists also stress that not even one ceramic fragment was dis-
covered in the pyramid sites dated from the two subsequent periods, the
meso-Hellenic and the Mycenaean period. If the pyramid was indeed a 3rd-
millenium construction, then the lack of ceramics would be a unique case.

The vast majority of archaeologists support the view that the pyramids
are buildings of the 4th century BC.

The disagreement among the experts extends to the purpose these struc-
tures served. Our team expresses its agreement with professor Theocharis and
his colleagues that the Greek pyramids could have an astronomical signifi-
cance, probably in addition with their use as burial monuments or military
outposts. We have also propose that the pyramids of Argolis and in particular
the pyramid of Hellinikon village were very likely, besides being a burial mon-
ument or guard house, one of the first meridian observatories (Theodossiou
et al., 2002).

To support this view there is the case of another Greek megalithic struc-
ture, the ’Drakospito’ (= dragon house) on top of Mt. Oche, which was
studied by our team and was shown to have an ancient Sirius-rise astro-
nomical orientation (Theodossiou et al. 2009). Besides, several astronomical
connotations have been proved in the case of the Egyptian pyramids.

For the Greek pyramids, the case is still open. We believe that a coor-
dinated effort of archaeologists, historians, astronomers, architects and ar-
chaeometrists is needed in order to reach definite conclusions as far as the
use of the pyramid-like structures in Greece is concerned.
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Abstract. In this article we consider the role of the three principal celestial bodies, the
Earth (Gaia), the Sun (Helios) and the Moon (Selene), as well as the Sky (Ouranos) in the
ancient Greek cosmogony. This is done by the analysis of antique Greek texts like Orphic
Hymns and the literary remains of the writers and philosophers like Aeschylus, (Pseudo)
Apollodorus, Apollonius Rhodius, Aristotle, Euripides, Hesiod, Homer, Hyginus, Nonnus,
Pausanias, Pindar and Sophocles, as well as by the analysis of texts of Roman writers like
Cicero, Ovid and Pliny.
Key words: Gaia, Mother Earth, Helios, Sun, Ouranos, Sky, Selene, Moon

Гея, Хелиос, Селена и Уран – трите главни небесни тела
и небето в древно-гръцката космогония

Е. Теодосиу, В. Н. Маниманис, М. С. Димитрийевич, П. Мантаракис

В тази статия ние разглеждаме ролята на трите главни небесни тела – Земята (Гея),
Слънцето (Хелиос) и Луната (Селена), както и Небето (Уран) в древно-гръцката
космогония. Това е направено чрез анализ на антични гръцки текстове като Орфеевите
химни и литературното наследство на писатели и философи като Есхилус, (Псевдо)
Аполодорус, Аполониус Родиус, Аристотел, Еврипид, Хесиод, Омир, Хигинус, Нонус,
Паусаниас, Пиндер и Софокъл, както и анализ на текстове на римски писатели като
Цицерон, Овидий и Плиний.

1.Introduction

Our aim here is to analyze, on the basis of ancient Greek and Roman texts,
the role of the three principal celestial bodies, the Earth (Gaia), the Sun
(Helios) and the Moon (Selene) as well as the Sky (Ouranos) in ancient Greek
cosmogony.

Since the remotest antiquity, human beings worshipped the divine couple
of goddess Gaia (Gaea, Earth) and god Ouranos (Uranus, Sky), the primal
pair. Hesiod’s Theogony (1914) begins with Gaia and concludes with the
polytheistic reign of the Olympians. The genesis of the elements of nature
and the genesis of personified gods behaving like humans proceed in parallel:
"in the beginning the gods and Gaia were born" (Theog., 105). Gaia’s mate,
Ouranos, surrounds her and fertilizes her.
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In juxtaposition with Gaia, who is the deification of our planet, Mother
Earth is the deification of the ground, whose products support human ex-
istence, and which gives the space where they are born, they live and they
die.

Beyond the cosmic duo of deities, Ouranos and Gaia / Mother Earth,
humans worshipped the light-giver and life-giver Helios (Sun), the source
of every life form on Earth. For all people, in all regions of the Earth, the
Sun, Sky and Earth are the eternal witnesses of human acts and the natural
avengers of the violations of the laws. From the age of the emergence of
Greek philosophy comes the theory that the solar rays that fell on the wet
Mother Earth created the first living creatures, while mythographers consider
as progenitors of all things the Sun and Mother Earth.

The Moon gave primal units for the measurement of time: the definition
of the lunar (synodic) month and of the week; its role is therefore crucial in
the invention of the first calendars, which served as the foundation for all
ancient religions.

In this paper, we will consider and analyze the role of Gaia/Mother Earth,
Ouranos, Helios and Selene in ancient Greek mythological Cosmogony.

2. Gaia

According to the cosmogony of the Orphics, Gaia (Gaea) pre-existed, along
with Chaos and Eros-Phanes, during the Creation of the Universe. These three
cosmic beings were born from the cosmic egg, which in turn either originated
ex nihilo or was produced by Nyx (the Night).

Gaia, one of the primal deities, is a cosmogonical symbol of the material
aspect of the Universe, and not just of the earth as a ground (Demetrakos,
Mega Lexikon, 1964, vol. 3, p. 1534). Chaos symbolizes the space of the Uni-
verse and Eros symbolizes the motive and world-creating power that unifies
and transforms the Universe.

In the oldest Orphic cosmogony Gaia is born with the intervention (’ener-
gy’) of this cosmogonic Eros, who "put together everything" (Orphic Fragm.
Kern, 1922, 1). In the later version of Orphic cosmogony Gaia and the Sky
(Ouranos, Uranus) are formed from the two halves of the huge cosmic egg
born by the timeless Chronos (Time) (Orphic Fragm. Kern, 1922, 57).

In Hesiod’s Theogony (1914), the primal entity of the Universe is Chaos:
". . . first Chaos was created" (Theog. 116), which was a formless mass without
any structure; an abyss or an ’undecorated’ space. After the creation of Chaos,
Erevos (= Darkness) and Nyx (= Night) were born; Nyx gave birth to Ether
and Hemera (= Day).

Subsequently, the ’broad-chested Gaia’, as Hesiod characterizes her, one
of the three primeval elements of the Universe -along with Chaos and Eros-,
gives birth to Ouranos, Pontos (= sea) and the mountains (Theog. 123+).

Another version identifies Chaos with Ouranos proper, thus defining Gaia
and Ouranos as the first cosmic-divine couple of Creation. Ancient Greeks
begin the genesis of gods and of nature with a feminine entity, Gaia, which
appears after Chaos and before Eros. Gaia is both the natural element that
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produces and supports the world, and the Mother Earth, with the birth of
Ouranos, of the Ocean and other aquatic deities.

Initially, the divine reproduction is asexual, i.e. the fertility of Gaia is not
associated with any god. In a second stage, however, Gaia appears to mate
with her first-born son Ouranos (Theog. 147), while she had produced him
without the intervention of a masculine entity. Ouranos (Uranus) was the
most appropriate of all mates, as he was surrounding her totally and he was
destined to be the abode of the gods. In this way, Gaia and the Sky formed the
first divine couple. Whenever Night was succeeding Day, Ouranos was uniting
himself with his own mother. Gaia was being fertilized by his raindrops as
by sperm, so she gave birth to many children (Homeric Hymns, 1914, 30, 17
and Theog. 127): Six Titans (the Ocean, Creius, Hyperion, Japetus, Coeus
and Cronus), six Titanids (Theia, Rhea, Themis, Mnemosyne, Phoebe and
Tethys), three Cyclops (Arges and Steropes = lightning, Vrontes = thunder)
and the three Hecatonchires, huge creatures with 100 hands each: Vriareos
(= powerful), Gyes (= giant) and Cottus (= angry).

Uranus started to worry because of the number and the steadily growing
power of his children; he feared that some day they would push him aside.
Therefore, he imprisoned them in Tartara, a dark and cold place in the depths
of the earth. Gaia, displeased by Uranus’ violent behavior against their chil-
dren and by his violent daily embracing, produced a hard scythe from her
interior and gave it to her sons, asking them to mutilate their father, thus
depriving him of his reproductive power. Cronus (Kronos), the youngest of all
Titans, decided to punish his divine father himself, and all his half-brothers
and half-sisters except Ocean agreed with that. When night fell, Uranus, full
of passion, spread his vast body over Gaia and then Cronus, seizing the op-
portunity, cut off the genitals of his father using Gaia’s scythe. From the
droplets of blood that fell on earth from the wound, other creatures were
born: the three Furies (Alycto = the non-stopping chaser of the guilty ones,
Tissiphone = the punisher of murder, and Megaera = the malevolent), the
Giants (Enceladus, Porphyrion, Pállas, Polybiotes, Ephialtes, Clytios, Hip-
polytus, Eurytus, Gration, Agrios, Theon, Alcyoneus, Athos, Vesvicus and
Echion) and the Meliades Nymphs, spirits of hatred and violence (Theog.
182+). Finally, from the seminal foam and the god’s sperm that fell into the
sea, emerged Aphrodite on a seashore of Cyprus (Theog. 187-206).

Uranus understood the betrayal and realized that he had lost his power:
wounded and having lost his reproductive ability (and hence his divine power),
he retired high on the celestial vault, where he stayed forever, uttering a curse
against Cronus: to also loose his power by his own offspring.

In Homer, the powerful and primeval Gaia is mentioned as overseer of
the oaths: she is invoked, along with Uranus and the holy water of Styx,
by goddess Hera when she swears (Homer, 1924, Iliad. XV 36-38). Homeric
heroes, such as Agamemnon, also invoke Gaia in their oaths, along with Zeus,
Helios and the Furies (Iliad XIX 258-265). Menelaus, before his duel with
Paris, asks to validate the oaths of their agreement by sacrificing two lambs,
one white and one black, to Helios (the Sun) and Gaia, respectively (Iliad III
103+).
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Finally, there is a version according to which Gaia, after the ’abdication’
of Uranus, joined Ocean and gave birth to gods and goddesses of the waters.
However, Gaia and Uranus are not considered just the parents of the gods,
but also the parents of humans, as the Homeric Hymn to Gaia, ’the mother
of gods’, mentions: "Praise to me the mother of the gods and of all people"
(Homeric Hymns, 1914).

Gaia is seldom depicted in a whole-body representation in art. Usually
the goddess is shown from waist up, a fact hinting that the rest of her body
is the ground or soil, that is the earth itself, whose deification she was.

3. Ouranos (Uranus)

Uranus, whose name comes from the Greek words oros and ano (Demetrakos,
Mega Lexikon, 1964, vol. 10, p. 5289), that is who is above the mountains
(Aristotle, On the Heavens (De Caelo) 400a, 7), was in Greek mythology
the personification of the celestial vault or dome, of the primeval cosmogonic
force. He was the sovereign of the first generation of beings on Earth. For this
reason, Uranus plays an important role in Hesiod’s Theogony, while according
to pseudo-Apollodorus: "Uranus was the first to rule the entire world" (The
Library (Bibliotheca), 1921, A, 1, 1).

In the Orphic tradition Uranus is mentioned as son of Nyx (the Night) and
brother of Gaia, while elsewhere he appears as son of Ether and Gaia or Nyx.
In either case, Uranus belongs to the first generation of beings, the oldest of
gods and of the elements of nature. According to Hesiod, in the prevailing
version, he was the first born son of Gaia, who conceived him when she was
sleeping next to Eros, without fertilization, "to surround her and to be an
eternal and safe abode of gods" (Theog. 486). Uranus is the first masculine
element, the father of gods in Greek mythology.

We already mentioned how Uranus lost his power and retired on the ce-
lestial vault, where he stayed forever. So the word ouranos in Greek means
the sky or celestial vault, where stars and all celestial bodies are positioned
and move: the firmament, stretching from zenith to the horizon, regarded
as a hemisphere placed above the surface of the earth and supported on it
along the horizon line by columns (Iliad VI 108). On ouranos all celestial
phenomena take place. According to Homer, the stars are attached to it and
move along with it: the celestial vault is the one that rotates incessantly (Iliad
XVII 425). Of course, today we know that this perception is totally wrong:
the ’sky’ in that sense does not exist.

After taking power, Cronus released all his half-brothers and half-sisters
from Tartara. The Cyclops and Hecatonchires, however, started after a while
to lay claims upon his power and they became dangerous. Therefore, Cronus
threw them again into Tartara and he put a terrible monster, Campe (=
caterpillar) to guard them. This period is the second generation of immortal
deities, where Cronus reigns with his wife Rhea and Titans impose his power
in the world. Yet, the increasing cruelty and injustice of Cronus, who was
devouring his own children in order to avoid being dethroned himself, finally
led Gaia to help Zeus (the Greek analog of Roman Jupiter) against the Titans,
giving him a potion that would force Cronus to disgorge the baby gods he had
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devoured. It should be noticed here that the primal Gaia still influences the
course of the world, appearing at certain crucial moments to give a solution.

Zeus, after being advised by Gaia, also released the Cyclops and Heca-
tonchires. The three Cyclops, with their awesome weapons, the lightning and
the thunder, and the three Hecatonchires with their 300 hands in total, man-
aged to obtain a decisive victory against the Titans on Mountain Othrys. The
Titans were defeated and were thrown deep in the earth, in Tartara, where
the Hecatonchires guard them.

According to professor of Geology at the University of Athens Mariolakos
Elias: "The end of the Titans means i) a relative abatement of earthquakes
and volcanic activity, and ii) the end of the direct and decisive influence of the
natural environment in the life of prehistoric humans. It is the period when
the food-gatherers and hunters are turned into farmers and animal breeders
(Mariolakos, E., 2009, Geomythotopoi, p. 5).

It should be added that ancient Greek art did not treat the myth of
Uranus as a subject; nevertheless, in the Vatican Museums there is an ancient
depiction of him on the chariot of Helios (the Sun god).

According to an alternative Greek tradition, probably even older than
the prevailing myth, initially Uranus and Gaia were very close. But due to
the frequent infidelities and illegitimate children from other females, Gaia
as Earth finally detached herself from him and agreed to meet him only in
certain time periods. From an astronomical point of view, this tradition is an
excellent attempt to explain the cycle of the year’s seasons and the place of
the Earth in the Universe, as the other mates and children of Uranus were the
other moving planets and the stars of the celestial vault (Helios Encyclopaedia,
1957, vol. 4, p. 920).

There are also other traditions about Gaia, such as the one mentioned
by Diodorus of Sicily (1935), in which Gaia was a beautiful mortal woman,
under the name of Titaia. She was loved by Uranus and they had 18 children,
named ’Titans’ after their mother. As Titaia was a wise and prudent woman,
having offered many services to humans, after her death humans deified her
and gave her the name of Mother Earth.

4. Mother Earth

A special and important place in worship was held by Mother Earth, the
universal mother and supreme goddess, called for this reason by Greeks Hy-
pertatan Gan. This worship, however, was addressed to Earth not as a celestial
body, neither as a personified deity with a human appearance, but rather as
earth-chthon, as a part of nature with its soil, ground and underground, which
feeds and sustains humans. Man is ’accused’ by tragic poet Sophocles (5th
century BC) as the one being that dares to disturb the supreme goddess, since
he doesn’t hesitate to hurt her by "ploughing it with his plough, incessant-
ly furrowing her year after year" (Sophocles, 1994, Antigone, Vol. II., verse
330+).

Regarding earth-nature as the omnipotent goddess Mother Earth must
have begun in the age when the first agricultural societies and their festivals
developed, festivals full of mysticism for the primeval cycle of life (sprouting -
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Fig. 1. At the period of Emperor August (1st century AD) people were picturing the Earth
as a sweet mother with two children in her lap, inside a flowery natural environment. Later
on, Pliny the Elder in his Naturalis Historia stressed some ominous points: he wrote that
we humans excavate Earth’s bowels by digging mining holes upon which we live; we wonder
when gaps open or the ground shakes, as if these signs were not the expression of wrath of
the holy mother. Inside dark corridors we search for treasures, as if the soil on the surface
of the ground were not generous and rich enough.

fruit bearing - maturing - decay - seed - seeding - ’rebirth’). However, starting
from prehistoric times, it can be said that the first humans, from the moment
they started to observe life on Earth they understood that both they and the
rest of animal and plant life were attached to the triptych life-reproduction-
death. The survival of humans depended on earth’s vegetation, as they and
the animals they were hunting were being fed by the gifts of nature (Eliade,
1978).

The primitive humans, by carefully observing the life cycle of plants, the
seeding of Mother Earth and subsequent sprouting aided by rain from Uranus,
discovered the corresponding cycle of animal sexual reproduction.. Therefore,
it was concluded that Earth was alive and in order to give birth ’she’ needed
to come into contact with the masculine entity. For this reason, humans per-
sonified Earth as a feminine entity, while the fertilizing masculine entity was
the sky with the rain, or some large river, such as the divine Nile in Egypt
(the ancient Egyptian religion is the only one in the world in which the Sky
is personified as a female deity, Nout, see Theodossiou 2007, p. 28).
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The Mother Earth (Terra Mater), due to the vague character of her wor-
ship, is sometimes identified in Greek literature as Rhea, Hestia, Hera, but
mostly as Demeter, whose own name comes from Ge-meter = Earth-mother,
denoting the womb that encloses the seeds. Indeed, the worship of Gaia as
Mother Earth goddess diminishes over time, without disappearing complete-
ly, and is replaced by the better-defined worship of Demeter as the goddess
of agriculture; Gaia’s role is thus reduced to the dream-giving, story-telling,
and to the feeding of plants and children.

The miraculous divine union of Uranus-Sky and Earth, out of which gods,
humans, and all living things are born, is reflected in the cry of Eleusis Mys-
teries ’hye, Kye’; with this cry the mysts were calling the Sky to pour his
fertilizing rain, so that the earth (here personified as Demeter) could use her
womb to produce all kinds of offspring.

As opposed to Gaia, which is the deification of our world-planet, Mother
Earth is essentially the deification of soil-ground, whose products sustain
humans and which gives them the space on which they are born, live and die.

The presence of Gaia as a primeval element-material and deity is apparent
in the founding of the first oracle, which catered only to the gods. Later on,
identified with Mother Earth, established her oracle in Delphi; this is why
she is also called ’protomantis’ = first foreteller (Aeschylus, 1989, Eumenides,
Pythias 2). The Dodone oracle was also dedicated to Gaia; there she was
worshipped together with Zeus as "fruit-giver and mother" (Pausanias, 1935,
Phocis 12, 10).

Finally, Pliny the Elder in his Naturalis Historia (1971) wrote that the
Sky belongs to the gods, but the Earth belongs to the human race. The Earth
welcomes us when we are born, it gives us food to grow and it receives us
in her lap when we die. This earth suffers from human actions that destroy
its surface and cut into its body as men search for gold, silver, copper and
lead; men open wells into its depth in quest for precious gems and excavate
its bowels. (Pantermalis, Ancient Greek mines, 1995, p. 42).

Finally, the questions about Earth, as they were summarized by Aristotle
(On the Heavens 1956, II 293a, 15+), were culminating with the question of
the place of Earth in the Universe, of its exact shape and of its size.

5. The Couple of Sky and Earth

As a corollary, it can be said that in Greek cosmogony, as in the creation
myths of the other Indoeuropean people, the great creation activity taking
place continuously in nature is exemplified in the following simple picture: One
divine couple, the first of creation, gave and still gives birth to all beings. The
fertilizing ’father’, in this case Uranus, and the conceiving ’mother’, in this
case Gaia, who also feeds her children.

This first divine couple is united by Eros, and in the erotic-cosmogonic
symbolism the Sky-Uranus embraces and fertilizes Earth-Gaia through the
rain. Their union is presented as an omnipotent reproductive ability, which
multiplied the number of gods, a fact praised by Orpheus (Proclus in Tim.
3, 1820, p. 137, 11) as creation of the primeval Chaos (or Erevos) and of the
Day (Orphic Hymns IV: Incense to Uranus, and XXVI: Incense to Earth).
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Besides, this same symbolism is hidden in the union of Semele (who per-
sonifies Earth) and Zeus, the celestial god who fertilizes his beloved woman
with lightning, the harbinger of rain. ’Earthly’ Danae is fertilized in the same
way, by the ’celestial’ Zeus transformed into golden rain. Metaphorically, the
celestial god, with his beneficiary waters, softens the parched womb of the
earth for the development of life.

Since Mother Earth and Uranus were the progenitors of life, humans (who
depended on earth’s vegetation) had to either pacify or challenge god Uranus
to copulate more frequently with Mother Earth for richer production.

This cosmogonic theme of the primeval couple of Sky and Earth is found
not only in ancient Greece, but in almost all ancient civilizations. Accord-
ing to some scientific evidence, many prehistoric societies were matriarchic
(’matriarchy’ in The New Encyclopaedia Britannica, 2007)

The first human societies were intimately aware of nature. They believed
that humans, animals, plants, rocks and minerals, all were the descendants of
Mother Earth; therefore, everything had a soul and any living creature had
the same rights on life.

At the dawn of history human societies respected the other life forms
because they knew that their differences were just morphological. People be-
lieved that rain was the intercourse of Sky and Earth (the masculine and the
feminine). They knew that everything depended on this event, including the
survival of the other forms of life on the land.

For pre-Socratic Greek natural philosophers, however, it should be added
that Earth and the Sky were regarded as a continuous body, united at the
ends of the horizon.

Earth of the Homeric Universe was a circular flat disk surrounded by a
huge circular river, the Ocean, a model first appearing in the Orphic Hymn
’X. TO PAN, The Fumigation from Various Odors ’, verse 15: "Old Ocean
too reveres thy high command, whose liquid arms begirt the solid land." This
mythical ’river’ is different from the seas: it is something that defines the
boundaries of the terrestrial world. Above all, Ocean is the primal and orig-
inal creative element, the starting point of all things (Iliad, XIV 246). This
mythical ’river’ has no sources, nor estuary, it is ’apsorroos’, i.e. cyclically
moving or backward-flowing. Its current goes back to where it started in a
ceaseless and eternal flux. This Ocean supports the sky, which is above Earth’s
circular disk as a huge vault.

In the Orphic Hymns, the Sky is mentioned as the sovereign of the World,
surrounding the Earth as a sphere; it is the abode of the gods and rotates
like a spinning-top; personified, he guards everything, not just in his place,
but also on Earth: "Uranus ruler of the world, spinning like a sphere around
Gaia, house of the blessed gods, moving with whirlings, guard of everything
on both sky and earth" (Orphic Hymns) IV, Incense to Uranus).

On the other hand, the Sky was for ancient Greeks a metallic vault made
of copper or iron, held up there by very tall columns or, according to an-
other view, by some giant. Homer combines these two views by having Atlas
supporting the columns (Homer, 1919, Odyssey i 53-54). Hesiod in Theogony
(1914, 517e) writes that Zeus was the one who had assigned this duty to
Atlas. So the sky for them was made of a solid metallic material, called ’poly-
chalcus’, that is ’of much copper’ (Iliad V 504, Odyssey ii 458, iii 2, Iliad XVI
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364, XIX 351), ’copper’ (Iliad XVII 424-425) and ’iron’ (Odyssey xv 329 and
xvii 565).

The space between sky and Earth, according to the view recorded by
Homer, was filled at first by the dense air: aer (Iliad XIV 288). Over this
layer and towards the direction of the sky there was the clean and transparent
’ether’, lighter than the air. Above the ether was the ’polychalcus’ sky.

Of course, one should not assume that the Homeric sky was a barren
metallic dome; it was, as Homer sings, full of life, the life of the stars that
decorate it: he calls the sky ’full of stars’ (’asteroeis’) (Iliad VI 108, XV 371)
and star-decorated (Odyssey ix 534-535). On this celestial dome, Helios, the
god of the Sun, travels on its path, so he is described with the adjective
’uranodromos’, that is ’sky-running’ (Odyssey i 7-9).

6. The Sun and the Sun-god Helios

From prehistoric times, humans admired the starry night sky, with its thou-
sands of naked-eye stars twinkling on its vault. But their joy was greatest at
dawn, "the rosy-fingered Eos" (Hesiod, 2006, Works and Days, 609), when
the diffuse sunlight gradually prevailed over the darkness of the fearful night.
They naturally worshipped the light-giving Sun, since they realized that ev-
erything on earth owed its existence and life to the influence of its rays.

According to archaeologist Chr. G. Doumas: "The word ’als’ in Homer
means the sea when observed from the land. The presence of this root in tablets
of Linear B writings as component of other words indicates a long-standing
use, during which it evolved into a versatile noun of the third declension that
easily makes compounds with other roots. . . the fact that with the original root
so many and various needs of the Greek language, e.g. alios / helios [= sun],
shows both the close relationship of the aegean society with the sea and the
strong influence of the liquid element upon the history and the culture of that
age." (Doumas, 2010, The ancient monuments of the names, p. 16).

"Indeed, from ’als’ (genitive form: alos) came the adjective ’alios’, which,
even though it is recognized as the doric type of ’helios’ = sun, it essential-
ly means the one that is related to the sea... The depiction of the Sun on
the proto-Cycladic pan-shaped vessels of the 3rd millenium BC is probably an
indication of the importance assigned to it by the Cycladians of that period.
The islanders of the Aegean Sea and the inhabitants of the eastern shores of
the Greek peninsula see every morning the Sun rising from the sea" (Doumas,
2008, The aligenes Aegean Sun, p.15), as described in the first verses of Rhap-
sody iii of the Odyssey: "When the Sun, leaving the lake, ascended towards
the all-copper sky to shine on both immortals and the mortal people of the
life-giving earth. . . ".

The Sun is the ’radiating one’, the ’fiery one’ and as such it symbolized the
celestial representation of the universal father, being essentially the represen-
tative of God’s spirit (Demetrakos, 1964, vol. 7, p. 3250). The Sun’s appear-
ance in the morning, its culmination at noon and its majestic disappearance
for the night (or during the eclipses) influenced much human thought. Dark-
ness falling every evening after sunset filled the soul of the primitive human
with stressful questions. With time, the savants of the society assigned to
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the Sun supernatural divine properties, since as a god ’he’ could appear or
disappear at will, both daily and during the much more rare eclipses.

All ancient people worshipped the light- and life-giving Sun. The Sun was
Samas of the Assurians, Bel of the Semites, Bel-Marduk of the Babylonians, El
or Outou of the Sumerians, Baal of the Phoenicians and Chananeans, Moloch
of the Ammonites, Chimoch of the Moabites, Ammun-Ra of the Egyptians,
Surya of the Indians, Mithra of the Persians, Indi of the Inka, Tonatiuch of
the Aztecs, Sol of the Romans, Swarog or Yarila of Slavic tribes, Belenos of
the Celts, Helios and Phoebos-Apollo (the symbol of sunlight) of the Greeks.
The worship of the Sun god was universal and prevalent, since for ancient
humans the Sun was the source of life, light and warmth, a guarantee of the
celestial order of the hours of the day and the seasons of the year, a creative
force for nature and, more mundanely, an aid for orientation. Besides, the
Sophoclean phrase "everybody adores the rotating solar orb" (Achilles Tatius,
1917, frag. 672 Nauk2), is true for all ages (Sophocles, 1892, Trachiniae, 738,
2).

7. The Sun-Helios in Greek mythology

In Homer’s Iliad and Odyssey (ca 8th century BC) the external aspect of
the bright appearance of the Sun is especially stressed along with the notions
associated with sunrise and sunset. According to Hesiod, the Sun-god, Helios,
was the son of Titans Hyperion and Theia (Theog., 371-372), or of Hyperion
and Euryphaessa (Homeric Hymn to Helios 31, 2), while his sisters were
Selene (the Moon goddess) and Eos (the personification of dawn). Pindar
celebrates Theia as the mother of Helios in his 5th Isthmian Ode (1997):

"Mother of the Sun, Theia of many names, for your sake men honor gold
as more powerful than anything else; and through the value you bestow on
them, o queen, ships contending on. . . "

As Titans, Theia and Hyperion (= he who hovers above earth) belong to
the same generation as Cronus; all of them were children of Gaia and Uranus
(Patsi-Garin, 1969).

Homer, calling Helios ’Hyperionides’ (Odyssey xii 176), stresses his con-
crete bond with life, as since their birth, humans behold the solar ’augeae’
(daybreaks): they live "under the stars of the sky and the light of the Sun"
(Iliad IV 45), rejoicing when they see "the bright light of the Sun" (Iliad V
120). Eventually, when a person dies "he abandons the light of the Sun" (Iliad
XIX 2).

The Sun for Homer is the god who "sees everything and hears every-
thing" (Iliad III 277). This characteristic of Helios is stressed by the adjec-
tives ’panoptes’ (Aeschylus, 1983, Prometheus Bound 91), ’the overseer of
everything’ (Aeschylus, 1984, The Libation Bearers, 982-986), ’the prevailing
one by sight’ (Sophocles, 1892, Trachiniae,101) and many other references of
the ancient Greek tragic poets, who stress that these ’over-seeing’ abilities of
the Sun render him a guarantor of the keeping of oaths; always Helios was a
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witness of truth (Homeric Hymn 3, 381, Sophocles: Oedipus Tyrannus 660),
"index of justice, guardian of oath keeping, eye of justice" (Orph. Hymn 16).

In Greek mythology in general, Helios is presented as the god who travels
around Earth and watches the administration of justice shedding light on
good and evil (Segal, C.P., 1992, pp. 3-29, McCarthy, D.J., 1978, p. 185,
West, M.L., 1997, p. 20). Helios was considered a very important god, and
Homer reports that sacrifices were offered to Gaia and Helios (Iliad III 104,
276). As far as his other attributes are concerned, Helios was worshipped in
Corinth (Pausanias, 1918, Corinth Book II, 3:2, 4:6 and 5:1) as god of storms,
thunderstorms and other sky forces.

Additionally, it has been suggested that the ’Horse monument’ (Pausanias,
1935, Book III 20, 9) with the seven "columns. . . . . . who they say are statues
of the planets", was a part of the worship of Helios. Also, in Hermione there
was a temple dedicated to Helios (Pausanias, 1935, Vol. II, 34, 10). Indeed,
in the Christian church of Taxiarches was found a part of a circular altar of
the 3rd century AD with the following inscription: "To Helios the king god,
to Hyperion altar. . . " (Jameson, M. and Runnels C.N., 1959, p. 15).

The special place of Helios with respect to the Olympian gods (although
Helios is a celestial and not one of the 12 Olympian gods), is connected with
his importance for the life of the Olympians. Diodorus (1935, Bibl. Histor.
V 71) writes that Zeus before the battle with the Giants sacrifices to Helios,
Uranus and Gaia. This is why Aeschylus refers to Helios as ’the overseer of
everything’ (Aeschylus, 1989, Eumenides).

From about the 5th century BC and after, Helios loses its status as a
distinct deity and begins to mingle with Apollo, the Olympian god of sun-
light. After the battle with Giants, Helios was identified with Zeus, who, as a
celestial and Olympian god relative to the celestial light included the divine
substance of Helios. However the gradual increase in Zeus’ strengths forced
the Helios part out of his substance which Apollo then usurped to become
a deity with many of the characteristics of a pure Sun god. The identifica-
tion of Helios with Phoebus-Apollo (phoebus = shining) is traced throughout
the whole ancient Greek literature after Parmenides and Empedocles (Diels,
1996, Vorsokratiker, I2 108, 29.157, 10 and DK -Diels-Kranz, 1996, 28 A 20,
31 A 23), up to Plutarch and Crates Ascondes of Thebes.

Eratosthenes reports this identification of Helios with Apollo (Spandagos,
2002, 24) writing that Aeschylus suggests in one of his works that Orpheus
identified Helios with Apollo and placed him at the center of his worship,
refusing to offer honors to Dionysus. Similarly, in Saturnalia by Macrobius
(1969), it is written characteristically: ’Item Orpheus Liberum atque Solem
unum esse deum eundemque demonstrans de ornatu vestituque eius in sacris
Liberalibus ita scribit’ (Saturnalia 1.18.22, frag. 238).

Nevertheless, although this Helios-Apollo identification began at least
since the 5th century BC, it was not widely accepted until centuries later.

According to Homer, Helios started his trip every dawn from the eastern
ocean or from Ethiopia, the land of the ’sun-burned people’ (Odyssey I 24-
26); he crossed the sky with his winged four-horse chariot, pulled by four
beautiful fire-breathing white horses: Eous, Aethiops, Bronte and Sterope
(Hyginus, 1933, Fabulae 183):
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"Eous; by him the sky is turned. Aethiops, as if flaming, parches the grain.
These trace-horses are male. The female are yoke-bearers: Bronte, whom we
call Thunder, Sterope, whom we call Lightning"

These equine names allude to the power of the God, the succession of the
celestial phenomena and the maturing of the fruits. Other authors report other
names for the Sun’s horses: Lampon, Aethops, Aethon and Flegon (Gelling
& Davidson, 1969, p. 14+; Glob 1974, pp. 99-103, and Green 1991, pp. 64-66,
p. 114+). Every evening, Helios completed his journey and then rested in the
West, in the land of Hesperides.

The notion of the ’flaming’ or ’fiery’ nature of Helios is very common
among the Greek tragic poets: "baked by the fire of the sun" (Aeschylus,
1983, Prometheus Bound 22), "High o’er the earth, at whose ethereal fire. . . "
(Euripides: Ion 34), "Hot flame of the King" (Euripides, 1996, Phaethon 776).
Euripides describes sunrise as follows: "Now flames this radiant chariot of the
sun / high o’er the earth, at whose ethereal fire / the stars into the sacred
night retreat" (Euripides, 2004, Ion 82-84). This description has often been
compared with a depiction of Helios on a Greek vase of the 5th century BC
that is kept in the British Museum; there, Helios is depicted with a ray-
surrounded head, riding a winged four-horse chariot, rising from the sea, in
which child-like apparitions swim, denoting the stars that go to hide.

Fig. 2. At the period of Emperor August (Ink drawing: The rise of the Sun with his 4-horse
chariot. The vanishing stars of the night are depicted as children sinking in the sea (Greek
vase, 435 BC - British Museum).

The Sun, completing his daily (diurnal) course on the celestial vault, rested
every night on a golden bed made by the hammer of the god Hephaestos
(Vulcan), in order to shine again the following day over the world.

Helios had many sons and daughters. With Oceanid Perseis they had three
children: Circe, Passiphae and Aeëtes (Apollonius, 1962, Argonautica 3, 1, 2
and Homer: Odyssey XII 3). Circe was famous for her magical powers and for
her love for Ulysses (Theogony, 1914, 957). Passiphae, wife of king Minos of
Crete, is identified with the Moon and considered the primeval deity of light,
as her name states (passiphaessa = apparent to all). It was due to Passiphae
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that the worship of Helios was widely practiced in Crete, where he was adored
under the form of a bull (Bekker, 1814-1821, Anecd. Gr. 344, 10). The myth
of Passiphae falling in love with a bull (the zodiacal constellation Taurus =
the Bull) reflects a very ancient tradition, according to which the bull-shaped
sun-god and the cow-shaped moon-goddess were united with a holy wedding.

In another myth, Aeëtes was king of Aea, who refused to give the Golden
Fleece (a symbol of sunlight) to Jason and the Argonauts.

Helios had two other daughters, Phaethusa and Lampetie, and a son,
Phaethon, with Clymene.. Once, Phaethon got permission from his father
to cross the sky with his chariot. However, when Phaethon saw the huge
constellation Scorpius (the scorpion) he became freightened and lost control
of his father’s chariot. Its horses bolted and the chariot started to go up and
down, threatening the Earth with destruction. Then Zeus saved the world by
killing Phaethon with one of his thunderbolts. Phaethon’s body fell on the
bank of the river Eridanus. His sisters, the Heliads, who mourned him, were
transformed into poplars, the holy trees of the god Helios, and their tears
became amber.

 

Ink drawing: The fall of Phaethon. Fig. 3. Ink drawing: The fall of Phaethon.
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’Phaethon’ was also a name given to of Helios himself because of its ra-
diant light (Iliad XI 730, Odyssey v 479, xi 15, Homeric Hymn 31.2). In his
Theogony (1914), Hesiod writes of Phaethon and Hyperion as ’substances’ of
god Helios (Theog. 987 and Nagy, 1990, p. 235). Additionally, Phaethon is
mentioned by both Nonnus (1940, Dionysiaka 38.167) and Ovid (1857, Meta-
morph. 2007, 1.747-79: Phaethon’s parentage, struggle with Epaphos and 2.42:
Phaethon and his father).

Helios, according to Greek mythology, also had numerous other affairs
with other women; subsequently, he had many other sons and daughters,
collectively known in ancient Greek literature as Heliades.

A famous center of Helios worship was Rhodes; as Pindar (1997) reports
(Olymp. Ode 7, 69), the whole island belonged to him. The famous Colossus
was a giant statue of Helios (this statue was one of the ’seven wonders’ of the
ancient world), an artwork by Rhodian sculptor Chares from Lindos (Pliny,
1971, Historia Naturalis 34.63), a student of Lysippus (3rd cent. BC). Every
four years a Sun festival was celebrated on the island, called Ali(ei)a or Helieia
(Nilsson, 1906, p. 427), during which they offered to Helios a four-horse chariot
thrown into the sea. Helios stayed in Rhodes with Nymph Rhodos, a daughter
of Aphrodite, and together they had seven sons, named: Ochimos, Cercaphus,
Actis, Macar, Candalus, Triopes and Tenages, and their wisdom is exalted by
Pindar (1997, Olymp. Ode 7, 72-75).

In Greek art the personification of the sun is often depicted as a young
man bearing a radiant wreath and a tunic, standing upon a four-horse chariot,
as on the metope of the Hellenistic temple of goddess Athena in Ilion (Troy).

Of more astronomical interest is a statue of Helios in the Vatican. He is
depicted as a young man bearing a radiant wreath, and has an extra feature:
a wide belt with the symbols of the zodiac.

Moreover, there is the tradition, mentioned among others by Homer (Odyssey
xii 127), that in Trinacria island (Sicily),Helios had seven herds of cattle and
seven herds of sheep, each having fifty animals. They grazed steadily every
day, never getting more or less. According to the explanation given by Aris-
totle, the lunar year consisted of 50 weeks, each having 7 days and 7 nights;
therefore the 50 times 7 cattle and the 50 times 7 sheep were denoting the 350
days and 350 nights, respectively, which make the lunar year used by ancient
Greeks according to the original calculations (Theodossiou & Danezis, 1995,
p. 315).

The worship of the Sun-god was universal, while very ancient practices
originating in it, such as the orientation of temples of several religions towards
the East, were kept until our days in the conscience of people.

8. Selene, The Moon

According to Hesiod’s Theogony, Selene was the daughter of Hyperion and
Theia, and sister of Eos (the Dawn) and of Helios, who illuminates her eter-
nally due to their relation as half-brothers. The word selene comes from selas
= light (Demetrakos Mega Lexikon, 1964, vol. 13, p. 6489). In Greek mythol-
ogy Selene or Selana (Pindar, Olymp. Ode 10, 75) is the first and only lunar
deity, at least in pre-classic and classic poetry, also called by the adjectives
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An ink drawing of the metope of the temple of Athena in Ilion (Troy) with a relief Fig. 4. An ink drawing of the metope of the temple of Athena in Ilion (Troy) with a relief

depiction of ray-headed Helios standing on his chariot, most probably based on an older
work by Lysippus (Staatliche Museen, Berlin

Aegle, Passiphae, Mene, Titanis (as daughter of two Titans) and Phoebe as
sister of Phoebos-Helios. As Greek mythology evolved, other goddesses were
correlated with the Moon: Hecate, Artemis and Hera.

Selene is usually imaged as a feminine form bearing a crescent as crown,
riding a horse or a chariot with two winged horses (diphros). Sometimes she
is described as leading a herd of cattle so that her crescent-shaped crown
resembles a bull’s horns. Her brother Helios rides a four-horse chariot, while
Selene rides a two-horse chariot; her two horses have one of their sides white
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and the other black, a metaphor meaning that only the one side of the Moon’s
surface is illuminated by sunlight.

According to various local traditions Selene had one daughter with Aer
(air), called Drosos (the morning Dew). In the Attica tradition she gave birth
to Pandia, daughter of Zeus (pan + dia = all-godly), worshipped along with
her mother in the Pandion festival. In an Arcadian tradition the Moon was a
lover of god Pan and she was worshipped in common with him on Arcadian
Mt Lykaio. In Elis and Karia they believed that Selene was in love with a
mortal man, Endymion, whom she met every night on Mt Latmos, and had
50 daughters with him, as many as the lunar months of an Olympiad.

In a tradition of late antiquity mentioned by Quintus Smyrnaeus (Fall of
Troy, 1913, 10. 334 ff), Selene also had a love affair with her brother Helios.
The oldest known depiction of Helios in a Greek sculpture is on the eastern
gable of the Parthenon, where the birth of goddess Athena is imaged. Helios
and Selene also framed the composition of the birth of Aphrodite on the
throne of the statue of Zeus in Olympia (Pausanias, 1935, Vol. II, Elis 1,
Book 5, 11, 8) and a similar depiction is alluded to by the ’sunset’ mentioned
by Pausanias on the gable of the temple of Delphi (Pausanias, 1935, Phocis,
Vol. IV, Book X 19, 4: The temple at Delphi).

Selene was worshipped throughout Greece, but especially in Peloponnese.
It is known from the history of the Persian Wars that the Spartans, in order to
start a military campaign took seriously into consideration the lunar phases.
Near the city of Thalames there was a well-known oracle of Selene, where
the ephoroi of Sparta stayed overnight asking her advice; a local spring was
named after her (Pausanias, 1935, Laconica, Vol. II, Book 3, 26, 1).

The pair Helios-Selene was finally correlated with the pair of Olympians
Apollo-Artemis, to which similar characteristics were attributed, along with
the same symbols: for Selene these were silver, the bull horns and the crescent.

At a symbolic level, the Moon is the feminine component of the creation
of the World and the entrance (due to its ’secret’ appearance at night) to-
wards the apocryphal nature of humanity and of the Universe, i.e. towards
what remains inexpressible from the usual observation of nature. The Moon
is the luminous image of cyclical time; representative of the constant flux of
everything. The infinite new moons symbolize the infinite time moments of
any end that signals a new beginning.

Selene is a chthonic (earth) deity in the antithesis sun-earth, light-darkness.
On the other side, Selene is the goddess with the white arms that drives away
the darkness of night when it is full. The rosy-fingered Eos (dawn), Selene’s
sister, brings the first light of the new day. Hecate, the three-form chthonic
deity, is another expression of her; Ores, the Hours or the year’s seasons, are
considered her daughters. Another metaphor of the Moon is a huge luminous
clepsydra, a water-clock, filled during its waxing phases and emptying during
its waning phases. It gave the definite measure of time with the succession of
its phases.

The ancient Greek tragic poets presented Selene-Moon as a very beautiful
young woman before which all the other stars paled, when its silvery figure
appears on the celestial dome.
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9. Conclusions

Since the most ancient times, humans worshipped the primal divine couple,
goddess Gaia and god Uranus, who were the ancestors of the other gods that
gave their names to the planets of the Solar System. Hesiod’s Theogony starts
with goddess Gaia and ends to the polytheistic reign of the Olympian gods.

Uranus surrounds Gaia and fertilizes her. In juxtaposition with goddess
Gaia, a deification of our planet, Mother Earth is essentially the deification
of ground and soil, whose products sustain humans and offer them the space
on which they live and die. The birth of the nature’s elements comes in
parallel with the birth of gods, who metaphorically behave as people. Cronus
symbolizes Time, Rhea the flux and Hera (an anagram of Aer) air along with
all the variations of weather.

The light-giving Helios, the Sun, is the source of every life form on Earth.
For all people on Earth the Sky, the Sun, the Earth and the Moon (especially
the full moon at night) seemed as appropriate eternal witnesses of human
acts and the natural avengers of cheatings. On the other hand, the rays of
the Sun falling on Mother Earth after the rain-sperm of the Sky created the
first living creatures.

Of astronomical importance is the Celestial Dome, where in daytime reigns
the all-seeing Helios, and at night the stars and the pale figure of Selene-Moon
are observed.

The Moon was the origin, in remote antiquity, of the definition of the
month and the week, and of the creation of the first (lunar) calendars; its
role was crucial for the invention of the religious calendrical systems of the
ancient people, which survive even today in the Islamic world and in the
determination of the date of the Christian and Jewish Easter.
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Milan S. Dimitrijević2, Petros Mantarakis3

1 Department of Astrophysics, Astronomy and Mechanics Physics Faculty,
University of Athens-Zografos 157 84

2 Astronomical Observatory, Volgina 7, 11060 Belgrade, Serbia
3 322127 Needles, Street, Chatsworth, California 91311, USA

etheodos@phys.uoa.gr
mdimitrijevic@aob.bg.ac.rs
zanispetros@socal.rr.com

(Research report. Accepted on 21.09.2010)

Abstract. In this article we consider the role of the three principal celestial bodies, the
Earth (Gaia), the Sun (Helios) and the Moon (Selene), as well as the Sky (Ouranos) in the
ancient Greek cosmogony. This is done by the analysis of antique Greek texts like Orphic
Hymns and the literary remains of the writers and philosophers like Aeschylus, (Pseudo)
Apollodorus, Apollonius Rhodius, Aristotle, Euripides, Hesiod, Homer, Hyginus, Nonnus,
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Гея, Хелиос, Селена и Уран – трите главни небесни тела
и небето в древно-гръцката космогония

Е. Теодосиу, В. Н. Маниманис, М. С. Димитрийевич, П. Мантаракис

В тази статия ние разглеждаме ролята на трите главни небесни тела – Земята (Гея),
Слънцето (Хелиос) и Луната (Селена), както и Небето (Уран) в древно-гръцката
космогония. Това е направено чрез анализ на антични гръцки текстове като Орфеевите
химни и литературното наследство на писатели и философи като Есхилус, (Псевдо)
Аполодорус, Аполониус Родиус, Аристотел, Еврипид, Хесиод, Омир, Хигинус, Нонус,
Паусаниас, Пиндер и Софокъл, както и анализ на текстове на римски посатели като
Цицерон, Овидий и Плиний.

1.Introduction

Our aim here is to analyze, on the basis of ancient Greek and Roman texts,
the role of the three principal celestial bodies, the Earth (Gaia), the Sun
(Helios) and the Moon (Selene) as well as the Sky (Ouranos) in ancient Greek
cosmogony.

Since the remotest antiquity, human beings worshipped the divine couple
of goddess Gaia (Gaea, Earth) and god Ouranos (Uranus, Sky), the primal
pair. Hesiod’s Theogony (1914) begins with Gaia and concludes with the
polytheistic reign of the Olympians. The genesis of the elements of nature
and the genesis of personified gods behaving like humans proceed in parallel:
"in the beginning the gods and Gaia were born" (Theog., 105). Gaia’s mate,
Ouranos, surrounds her and fertilizes her.
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In juxtaposition with Gaia, who is the deification of our planet, Mother
Earth is the deification of the ground, whose products support human ex-
istence, and which gives the space where they are born, they live and they
die.

Beyond the cosmic duo of deities, Ouranos and Gaia / Mother Earth,
humans worshipped the light-giver and life-giver Helios (Sun), the source
of every life form on Earth. For all people, in all regions of the Earth, the
Sun, Sky and Earth are the eternal witnesses of human acts and the natural
avengers of the violations of the laws. From the age of the emergence of
Greek philosophy comes the theory that the solar rays that fell on the wet
Mother Earth created the first living creatures, while mythographers consider
as progenitors of all things the Sun and Mother Earth.

The Moon gave primal units for the measurement of time: the definition
of the lunar (synodic) month and of the week; its role is therefore crucial in
the invention of the first calendars, which served as the foundation for all
ancient religions.

In this paper, we will consider and analyze the role of Gaia/Mother Earth,
Ouranos, Helios and Selene in ancient Greek mythological Cosmogony.

2. Gaia

According to the cosmogony of the Orphics, Gaia (Gaea) pre-existed, along
with Chaos and Eros-Phanes, during the Creation of the Universe. These three
cosmic beings were born from the cosmic egg, which in turn either originated
ex nihilo or was produced by Nyx (the Night).

Gaia, one of the primal deities, is a cosmogonical symbol of the material
aspect of the Universe, and not just of the earth as a ground (Demetrakos,
Mega Lexikon, 1964, vol. 3, p. 1534). Chaos symbolizes the space of the Uni-
verse and Eros symbolizes the motive and world-creating power that unifies
and transforms the Universe.

In the oldest Orphic cosmogony Gaia is born with the intervention (’en-
ergy’) of this cosmogonic Eros, who "put together everything" (Orphic Fragm.
Kern, 1922, 1). In the later version of Orphic cosmogony Gaia and the Sky
(Ouranos, Uranus) are formed from the two halves of the huge cosmic egg
born by the timeless Chronos (Time) (Orphic Fragm. Kern, 1922, 57).

In Hesiod’s Theogony (1914), the primal entity of the Universe is Chaos:
". . . first Chaos was created" (Theog. 116), which was a formless mass without
any structure; an abyss or an ’undecorated’ space. After the creation of Chaos,
Erevos (= Darkness) and Nyx (= Night) were born; Nyx gave birth to Ether
and Hemera (= Day).

Subsequently, the ’broad-chested Gaia’, as Hesiod characterizes her, one
of the three primeval elements of the Universe -along with Chaos and Eros-,
gives birth to Ouranos, Pontos (= sea) and the mountains (Theog. 123+).

Another version identifies Chaos with Ouranos proper, thus defining Gaia
and Ouranos as the first cosmic-divine couple of Creation. Ancient Greeks
begin the genesis of gods and of nature with a feminine entity, Gaia, which
appears after Chaos and before Eros. Gaia is both the natural element that
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produces and supports the world, and the Mother Earth, with the birth of
Ouranos, of the Ocean and other aquatic deities.

Initially, the divine reproduction is asexual, i.e. the fertility of Gaia is not
associated with any god. In a second stage, however, Gaia appears to mate
with her first-born son Ouranos (Theog. 147), while she had produced him
without the intervention of a masculine entity. Ouranos (Uranus) was the
most appropriate of all mates, as he was surrounding her totally and he was
destined to be the abode of the gods. In this way, Gaia and the Sky formed the
first divine couple. Whenever Night was succeeding Day, Ouranos was uniting
himself with his own mother. Gaia was being fertilized by his raindrops as
by sperm, so she gave birth to many children (Homeric Hymns, 1914, 30, 17
and Theog. 127): Six Titans (the Ocean, Creius, Hyperion, Japetus, Coeus
and Cronus), six Titanids (Theia, Rhea, Themis, Mnemosyne, Phoebe and
Tethys), three Cyclops (Arges and Steropes = lightning, Vrontes = thunder)
and the three Hecatonchires, huge creatures with 100 hands each: Vriareos
(= powerful), Gyes (= giant) and Cottus (= angry).

Uranus started to worry because of the number and the steadily growing
power of his children; he feared that some day they would push him aside.
Therefore, he imprisoned them in Tartara, a dark and cold place in the depths
of the earth. Gaia, displeased by Uranus’ violent behavior against their chil-
dren and by his violent daily embracing, produced a hard scythe from her
interior and gave it to her sons, asking them to mutilate their father, thus
depriving him of his reproductive power. Cronus (Kronos), the youngest of all
Titans, decided to punish his divine father himself, and all his half-brothers
and half-sisters except Ocean agreed with that. When night fell, Uranus, full
of passion, spread his vast body over Gaia and then Cronus, seizing the op-
portunity, cut off the genitals of his father using Gaia’s scythe. From the
droplets of blood that fell on earth from the wound, other creatures were
born: the three Furies (Alycto = the non-stopping chaser of the guilty ones,
Tissiphone = the punisher of murder, and Megaera = the malevolent), the
Giants (Enceladus, Porphyrion, Pállas, Polybiotes, Ephialtes, Clytios, Hip-
polytus, Eurytus, Gration, Agrios, Theon, Alcyoneus, Athos, Vesvicus and
Echion) and the Meliades Nymphs, spirits of hatred and violence (Theog.
182+). Finally, from the seminal foam and the god’s sperm that fell into the
sea, emerged Aphrodite on a seashore of Cyprus (Theog. 187-206).

Uranus understood the betrayal and realized that he had lost his power:
wounded and having lost his reproductive ability (and hence his divine power),
he retired high on the celestial vault, where he stayed forever, uttering a curse
against Cronus: to also loose his power by his own offspring.

In Homer, the powerful and primeval Gaia is mentioned as overseer of
the oaths: she is invoked, along with Uranus and the holy water of Styx,
by goddess Hera when she swears (Homer, 1924, Iliad. XV 36-38). Homeric
heroes, such as Agamemnon, also invoke Gaia in their oaths, along with Zeus,
Helios and the Furies (Iliad XIX 258-265). Menelaus, before his duel with
Paris, asks to validate the oaths of their agreement by sacrificing two lambs,
one white and one black, to Helios (the Sun) and Gaia, respectively (Iliad III
103+).
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Finally, there is a version according to which Gaia, after the ’abdication’
of Uranus, joined Ocean and gave birth to gods and goddesses of the waters.
However, Gaia and Uranus are not considered just the parents of the gods,
but also the parents of humans, as the Homeric Hymn to Gaia, ’the mother
of gods’, mentions: "Praise to me the mother of the gods and of all people"
(Homeric Hymns, 1914).

Gaia is seldom depicted in a whole-body representation in art. Usually
the goddess is shown from waist up, a fact hinting that the rest of her body
is the ground or soil, that is the earth itself, whose deification she was.

3. Ouranos (Uranus)

Uranus, whose name comes from the Greek words oros and ano (Demetrakos,
Mega Lexikon, 1964, vol. 10, p. 5289), that is who is above the mountains
(Aristotle, On the Heavens (De Caelo) 400a, 7), was in Greek mythology
the personification of the celestial vault or dome, of the primeval cosmogonic
force. He was the sovereign of the first generation of beings on Earth. For this
reason, Uranus plays an important role in Hesiod’s Theogony, while according
to pseudo-Apollodorus: "Uranus was the first to rule the entire world" (The
Library (Bibliotheca), 1921, A, 1, 1).

In the Orphic tradition Uranus is mentioned as son of Nyx (the Night) and
brother of Gaia, while elsewhere he appears as son of Ether and Gaia or Nyx.
In either case, Uranus belongs to the first generation of beings, the oldest of
gods and of the elements of nature. According to Hesiod, in the prevailing
version, he was the first born son of Gaia, who conceived him when she was
sleeping next to Eros, without fertilization, "to surround her and to be an
eternal and safe abode of gods" (Theog. 486). Uranus is the first masculine
element, the father of gods in Greek mythology.

We already mentioned how Uranus lost his power and retired on the ce-
lestial vault, where he stayed forever. So the word ouranos in Greek means
the sky or celestial vault, where stars and all celestial bodies are positioned
and move: the firmament, stretching from zenith to the horizon, regarded
as a hemisphere placed above the surface of the earth and supported on it
along the horizon line by columns (Iliad VI 108). On ouranos all celestial
phenomena take place. According to Homer, the stars are attached to it and
move along with it: the celestial vault is the one that rotates incessantly (Iliad
XVII 425). Of course, today we know that this perception is totally wrong:
the ’sky’ in that sense does not exist.

After taking power, Cronus released all his half-brothers and half-sisters
from Tartara. The Cyclops and Hecatonchires, however, started after a while
to lay claims upon his power and they became dangerous. Therefore, Cronus
threw them again into Tartara and he put a terrible monster, Campe (=
caterpillar) to guard them. This period is the second generation of immortal
deities, where Cronus reigns with his wife Rhea and Titans impose his power
in the world. Yet, the increasing cruelty and injustice of Cronus, who was
devouring his own children in order to avoid being dethroned himself, finally
led Gaia to help Zeus (the Greek analog of Roman Jupiter) against the Titans,
giving him a potion that would force Cronus to disgorge the baby gods he had
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devoured. It should be noticed here that the primal Gaia still influences the
course of the world, appearing at certain crucial moments to give a solution.

Zeus, after being advised by Gaia, also released the Cyclops and Heca-
tonchires. The three Cyclops, with their awesome weapons, the lightning and
the thunder, and the three Hecatonchires with their 300 hands in total, man-
aged to obtain a decisive victory against the Titans on Mountain Othrys. The
Titans were defeated and were thrown deep in the earth, in Tartara, where
the Hecatonchires guard them.

According to professor of Geology at the University of Athens Mariolakos
Elias: "The end of the Titans means i) a relative abatement of earthquakes
and volcanic activity, and ii) the end of the direct and decisive influence of the
natural environment in the life of prehistoric humans. It is the period when
the food-gatherers and hunters are turned into farmers and animal breeders
(Mariolakos, E., 2009, Geomythotopoi, p. 5).

It should be added that ancient Greek art did not treat the myth of
Uranus as a subject; nevertheless, in the Vatican Museums there is an ancient
depiction of him on the chariot of Helios (the Sun god).

According to an alternative Greek tradition, probably even older than
the prevailing myth, initially Uranus and Gaia were very close. But due to
the frequent infidelities and illegitimate children from other females, Gaia
as Earth finally detached herself from him and agreed to meet him only in
certain time periods. From an astronomical point of view, this tradition is an
excellent attempt to explain the cycle of the year’s seasons and the place of
the Earth in the Universe, as the other mates and children of Uranus were the
other moving planets and the stars of the celestial vault (Helios Encyclopaedia,
1957, vol. 4, p. 920).

There are also other traditions about Gaia, such as the one mentioned
by Diodorus of Sicily (1935), in which Gaia was a beautiful mortal woman,
under the name of Titaia. She was loved by Uranus and they had 18 children,
named ’Titans’ after their mother. As Titaia was a wise and prudent woman,
having offered many services to humans, after her death humans deified her
and gave her the name of Mother Earth.

4. Mother Earth

A special and important place in worship was held by Mother Earth, the uni-
versal mother and supreme goddess, called for this reason by Greeks Hyper-
tatan Gan. This worship, however, was addressed to Earth not as a celestial
body, neither as a personified deity with a human appearance, but rather
as earth-chthon, as a part of nature with its soil, ground and underground,
which feeds and sustains humans. Man is ’accused’ by tragic poet Sophocles
(5th century BC) as the one being that dares to disturb the supreme god-
dess, since he doesn’t hesitate to hurt her by "ploughing it with his plough,
incessantly furrowing her year after year" (Sophocles, 1994, Antigone, Vol.
II., verse 330+).

Regarding earth-nature as the omnipotent goddess Mother Earth must
have begun in the age when the first agricultural societies and their festivals
developed, festivals full of mysticism for the primeval cycle of life (sprouting -
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Fig. 1. At the period of Emperor August (1st century AD) people were picturing the Earth
as a sweet mother with two children in her lap, inside a flowery natural environment. Later
on, Pliny the Elder in his Naturalis Historia stressed some ominous points: he wrote that
we humans excavate Earth’s bowels by digging mining holes upon which we live; we wonder
when gaps open or the ground shakes, as if these signs were not the expression of wrath of
the holy mother. Inside dark corridors we search for treasures, as if the soil on the surface
of the ground were not generous and rich enough.

fruit bearing - maturing - decay - seed - seeding - ’rebirth’). However, starting
from prehistoric times, it can be said that the first humans, from the moment
they started to observe life on Earth they understood that both they and the
rest of animal and plant life were attached to the triptych life-reproduction-
death. The survival of humans depended on earth’s vegetation, as they and
the animals they were hunting were being fed by the gifts of nature (Eliade,
1978).

The primitive humans, by carefully observing the life cycle of plants, the
seeding of Mother Earth and subsequent sprouting aided by rain from Uranus,
discovered the corresponding cycle of animal sexual reproduction.. Therefore,
it was concluded that Earth was alive and in order to give birth ’she’ needed
to come into contact with the masculine entity. For this reason, humans per-
sonified Earth as a feminine entity, while the fertilizing masculine entity was
the sky with the rain, or some large river, such as the divine Nile in Egypt
(the ancient Egyptian religion is the only one in the world in which the Sky
is personified as a female deity, Nout, see Theodossiou 2007, p. 28).
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The Mother Earth (Terra Mater), due to the vague character of her wor-
ship, is sometimes identified in Greek literature as Rhea, Hestia, Hera, but
mostly as Demeter, whose own name comes from Ge-meter = Earth-mother,
denoting the womb that encloses the seeds. Indeed, the worship of Gaia as
Mother Earth goddess diminishes over time, without disappearing completely,
and is replaced by the better-defined worship of Demeter as the goddess of
agriculture; Gaia’s role is thus reduced to the dream-giving, story-telling, and
to the feeding of plants and children.

The miraculous divine union of Uranus-Sky and Earth, out of which gods,
humans, and all living things are born, is reflected in the cry of Eleusis Mys-
teries ’hye, Kye’; with this cry the mysts were calling the Sky to pour his
fertilizing rain, so that the earth (here personified as Demeter) could use her
womb to produce all kinds of offspring.

As opposed to Gaia, which is the deification of our world-planet, Mother
Earth is essentially the deification of soil-ground, whose products sustain
humans and which gives them the space on which they are born, live and die.

The presence of Gaia as a primeval element-material and deity is apparent
in the founding of the first oracle, which catered only to the gods. Later on,
identified with Mother Earth, established her oracle in Delphi; this is why
she is also called ’protomantis’ = first foreteller (Aeschylus, 1989, Eumenides,
Pythias 2). The Dodone oracle was also dedicated to Gaia; there she was
worshipped together with Zeus as "fruit-giver and mother" (Pausanias, 1935,
Phocis 12, 10).

Finally, Pliny the Elder in his Naturalis Historia (1971) wrote that the
Sky belongs to the gods, but the Earth belongs to the human race. The Earth
welcomes us when we are born, it gives us food to grow and it receives us
in her lap when we die. This earth suffers from human actions that destroy
its surface and cut into its body as men search for gold, silver, copper and
lead; men open wells into its depth in quest for precious gems and excavate
its bowels. (Pantermalis, Ancient Greek mines, 1995, p. 42).

Finally, the questions about Earth, as they were summarized by Aristotle
(On the Heavens 1956, II 293a, 15+), were culminating with the question of
the place of Earth in the Universe, of its exact shape and of its size.

5. The Couple of Sky and Earth

As a corollary, it can be said that in Greek cosmogony, as in the creation
myths of the other Indoeuropean people, the great creation activity taking
place continuously in nature is exemplified in the following simple picture: One
divine couple, the first of creation, gave and still gives birth to all beings. The
fertilizing ’father’, in this case Uranus, and the conceiving ’mother’, in this
case Gaia, who also feeds her children.

This first divine couple is united by Eros, and in the erotic-cosmogonic
symbolism the Sky-Uranus embraces and fertilizes Earth-Gaia through the
rain. Their union is presented as an omnipotent reproductive ability, which
multiplied the number of gods, a fact praised by Orpheus (Proclus in Tim.
3, 1820, p. 137, 11) as creation of the primeval Chaos (or Erevos) and of the
Day (Orphic Hymns IV: Incense to Uranus, and XXVI: Incense to Earth).
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Besides, this same symbolism is hidden in the union of Semele (who per-
sonifies Earth) and Zeus, the celestial god who fertilizes his beloved woman
with lightning, the harbinger of rain. ’Earthly’ Danae is fertilized in the same
way, by the ’celestial’ Zeus transformed into golden rain. Metaphorically, the
celestial god, with his beneficiary waters, softens the parched womb of the
earth for the development of life.

Since Mother Earth and Uranus were the progenitors of life, humans (who
depended on earth’s vegetation) had to either pacify or challenge god Uranus
to copulate more frequently with Mother Earth for richer production.

This cosmogonic theme of the primeval couple of Sky and Earth is found
not only in ancient Greece, but in almost all ancient civilizations. Accord-
ing to some scientific evidence, many prehistoric societies were matriarchic
(’matriarchy’ in The New Encyclopaedia Britannica, 2007)

The first human societies were intimately aware of nature. They believed
that humans, animals, plants, rocks and minerals, all were the descendants of
Mother Earth; therefore, everything had a soul and any living creature had
the same rights on life.

At the dawn of history human societies respected the other life forms
because they knew that their differences were just morphological. People be-
lieved that rain was the intercourse of Sky and Earth (the masculine and the
feminine). They knew that everything depended on this event, including the
survival of the other forms of life on the land.

For pre-Socratic Greek natural philosophers, however, it should be added
that Earth and the Sky were regarded as a continuous body, united at the
ends of the horizon.

Earth of the Homeric Universe was a circular flat disk surrounded by a
huge circular river, the Ocean, a model first appearing in the Orphic Hymn
’X. TO PAN, The Fumigation from Various Odors ’, verse 15: "Old Ocean
too reveres thy high command, whose liquid arms begirt the solid land." This
mythical ’river’ is different from the seas: it is something that defines the
boundaries of the terrestrial world. Above all, Ocean is the primal and orig-
inal creative element, the starting point of all things (Iliad, XIV 246). This
mythical ’river’ has no sources, nor estuary, it is ’apsorroos’, i.e. cyclically
moving or backward-flowing. Its current goes back to where it started in a
ceaseless and eternal flux. This Ocean supports the sky, which is above Earth’s
circular disk as a huge vault.

In the Orphic Hymns, the Sky is mentioned as the sovereign of the World,
surrounding the Earth as a sphere; it is the abode of the gods and rotates
like a spinning-top; personified, he guards everything, not just in his place,
but also on Earth: "Uranus ruler of the world, spinning like a sphere around
Gaia, house of the blessed gods, moving with whirlings, guard of everything
on both sky and earth" (Orphic Hymns) IV, Incense to Uranus).

On the other hand, the Sky was for ancient Greeks a metallic vault made
of copper or iron, held up there by very tall columns or, according to an-
other view, by some giant. Homer combines these two views by having Atlas
supporting the columns (Homer, 1919, Odyssey i 53-54). Hesiod in Theogony
(1914, 517e) writes that Zeus was the one who had assigned this duty to
Atlas. So the sky for them was made of a solid metallic material, called ’poly-
chalcus’, that is ’of much copper’ (Iliad V 504, Odyssey ii 458, iii 2, Iliad XVI
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364, XIX 351), ’copper’ (Iliad XVII 424-425) and ’iron’ (Odyssey xv 329 and
xvii 565).

The space between sky and Earth, according to the view recorded by
Homer, was filled at first by the dense air: aer (Iliad XIV 288). Over this
layer and towards the direction of the sky there was the clean and transparent
’ether’, lighter than the air. Above the ether was the ’polychalcus’ sky.

Of course, one should not assume that the Homeric sky was a barren
metallic dome; it was, as Homer sings, full of life, the life of the stars that
decorate it: he calls the sky ’full of stars’ (’asteroeis’) (Iliad VI 108, XV 371)
and star-decorated (Odyssey ix 534-535). On this celestial dome, Helios, the
god of the Sun, travels on its path, so he is described with the adjective
’uranodromos’, that is ’sky-running’ (Odyssey i 7-9).

6. The Sun and the Sun-god Helios

From prehistoric times, humans admired the starry night sky, with its thou-
sands of naked-eye stars twinkling on its vault. But their joy was greatest at
dawn, "the rosy-fingered Eos" (Hesiod, 2006, Works and Days, 609), when
the diffuse sunlight gradually prevailed over the darkness of the fearful night.
They naturally worshipped the light-giving Sun, since they realized that ev-
erything on earth owed its existence and life to the influence of its rays.

According to archaeologist Chr. G. Doumas: "The word ’als’ in Homer
means the sea when observed from the land. The presence of this root in tablets
of Linear B writings as component of other words indicates a long-standing
use, during which it evolved into a versatile noun of the third declension that
easily makes compounds with other roots. . . the fact that with the original root
so many and various needs of the Greek language, e.g. alios / helios [= sun],
shows both the close relationship of the aegean society with the sea and the
strong influence of the liquid element upon the history and the culture of that
age." (Doumas, 2010, The ancient monuments of the names, p. 16).

"Indeed, from ’als’ (genitive form: alos) came the adjective ’alios’, which,
even though it is recognized as the doric type of ’helios’ = sun, it essentially
means the one that is related to the sea... The depiction of the Sun on the
proto-Cycladic pan-shaped vessels of the 3rd millenium BC is probably an in-
dication of the importance assigned to it by the Cycladians of that period.
The islanders of the Aegean Sea and the inhabitants of the eastern shores of
the Greek peninsula see every morning the Sun rising from the sea" (Doumas,
2008, The aligenes Aegean Sun, p.15), as described in the first verses of Rhap-
sody iii of the Odyssey: "When the Sun, leaving the lake, ascended towards
the all-copper sky to shine on both immortals and the mortal people of the
life-giving earth. . . ".

The Sun is the ’radiating one’, the ’fiery one’ and as such it symbolized the
celestial representation of the universal father, being essentially the represen-
tative of God’s spirit (Demetrakos, 1964, vol. 7, p. 3250). The Sun’s appear-
ance in the morning, its culmination at noon and its majestic disappearance
for the night (or during the eclipses) influenced much human thought. Dark-
ness falling every evening after sunset filled the soul of the primitive human
with stressful questions. With time, the savants of the society assigned to
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the Sun supernatural divine properties, since as a god ’he’ could appear or
disappear at will, both daily and during the much more rare eclipses.

All ancient people worshipped the light- and life-giving Sun. The Sun was
Samas of the Assurians, Bel of the Semites, Bel-Marduk of the Babylonians, El
or Outou of the Sumerians, Baal of the Phoenicians and Chananeans, Moloch
of the Ammonites, Chimoch of the Moabites, Ammun-Ra of the Egyptians,
Surya of the Indians, Mithra of the Persians, Indi of the Inka, Tonatiuch of
the Aztecs, Sol of the Romans, Swarog or Yarila of Slavic tribes, Belenos of
the Celts, Helios and Phoebos-Apollo (the symbol of sunlight) of the Greeks.
The worship of the Sun god was universal and prevalent, since for ancient
humans the Sun was the source of life, light and warmth, a guarantee of the
celestial order of the hours of the day and the seasons of the year, a creative
force for nature and, more mundanely, an aid for orientation. Besides, the
Sophoclean phrase "everybody adores the rotating solar orb" (Achilles Tatius,
1917, frag. 672 Nauk2), is true for all ages (Sophocles, 1892, Trachiniae, 738,
2).

7. The Sun-Helios in Greek mythology

In Homer’s Iliad and Odyssey (ca 8th century BC) the external aspect of
the bright appearance of the Sun is especially stressed along with the notions
associated with sunrise and sunset. According to Hesiod, the Sun-god, Helios,
was the son of Titans Hyperion and Theia (Theog., 371-372), or of Hyperion
and Euryphaessa (Homeric Hymn to Helios 31, 2), while his sisters were
Selene (the Moon goddess) and Eos (the personification of dawn). Pindar
celebrates Theia as the mother of Helios in his 5th Isthmian Ode (1997):

"Mother of the Sun, Theia of many names, for your sake men honor gold
as more powerful than anything else; and through the value you bestow on
them, o queen, ships contending on. . . "

As Titans, Theia and Hyperion (= he who hovers above earth) belong to
the same generation as Cronus; all of them were children of Gaia and Uranus
(Patsi-Garin, 1969).

Homer, calling Helios ’Hyperionides’ (Odyssey xii 176), stresses his con-
crete bond with life, as since their birth, humans behold the solar ’augeae’
(daybreaks): they live "under the stars of the sky and the light of the Sun"
(Iliad IV 45), rejoicing when they see "the bright light of the Sun" (Iliad V
120). Eventually, when a person dies "he abandons the light of the Sun" (Iliad
XIX 2).

The Sun for Homer is the god who "sees everything and hears every-
thing" (Iliad III 277). This characteristic of Helios is stressed by the adjec-
tives ’panoptes’ (Aeschylus, 1983, Prometheus Bound 91), ’the overseer of
everything’ (Aeschylus, 1984, The Libation Bearers, 982-986), ’the prevailing
one by sight’ (Sophocles, 1892, Trachiniae,101) and many other references of
the ancient Greek tragic poets, who stress that these ’over-seeing’ abilities of
the Sun render him a guarantor of the keeping of oaths; always Helios was a
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witness of truth (Homeric Hymn 3, 381, Sophocles: Oedipus Tyrannus 660),
"index of justice, guardian of oath keeping, eye of justice" (Orph. Hymn 16).

In Greek mythology in general, Helios is presented as the god who travels
around Earth and watches the administration of justice shedding light on
good and evil (Segal, C.P., 1992, pp. 3-29, McCarthy, D.J., 1978, p. 185,
West, M.L., 1997, p. 20). Helios was considered a very important god, and
Homer reports that sacrifices were offered to Gaia and Helios (Iliad III 104,
276). As far as his other attributes are concerned, Helios was worshipped in
Corinth (Pausanias, 1918, Corinth Book II, 3:2, 4:6 and 5:1) as god of storms,
thunderstorms and other sky forces.

Additionally, it has been suggested that the ’Horse monument’ (Pausanias,
1935, Book III 20, 9) with the seven "columns. . . . . . who they say are statues
of the planets", was a part of the worship of Helios. Also, in Hermione there
was a temple dedicated to Helios (Pausanias, 1935, Vol. II, 34, 10). Indeed,
in the Christian church of Taxiarches was found a part of a circular altar of
the 3rd century AD with the following inscription: "To Helios the king god,
to Hyperion altar. . . " (Jameson, M. and Runnels C.N., 1959, p. 15).

The special place of Helios with respect to the Olympian gods (although
Helios is a celestial and not one of the 12 Olympian gods), is connected with
his importance for the life of the Olympians. Diodorus (1935, Bibl. Histor.
V 71) writes that Zeus before the battle with the Giants sacrifices to Helios,
Uranus and Gaia. This is why Aeschylus refers to Helios as ’the overseer of
everything’ (Aeschylus, 1989, Eumenides).

From about the 5th century BC and after, Helios loses its status as a
distinct deity and begins to mingle with Apollo, the Olympian god of sun-
light. After the battle with Giants, Helios was identified with Zeus, who, as a
celestial and Olympian god relative to the celestial light included the divine
substance of Helios. However the gradual increase in Zeus’ strengths forced
the Helios part out of his substance which Apollo then usurped to become
a deity with many of the characteristics of a pure Sun god. The identifica-
tion of Helios with Phoebus-Apollo (phoebus = shining) is traced throughout
the whole ancient Greek literature after Parmenides and Empedocles (Diels,
1996, Vorsokratiker, I2 108, 29.157, 10 and DK -Diels-Kranz, 1996, 28 A 20,
31 A 23), up to Plutarch and Crates Ascondes of Thebes.

Eratosthenes reports this identification of Helios with Apollo (Spandagos,
2002, 24) writing that Aeschylus suggests in one of his works that Orpheus
identified Helios with Apollo and placed him at the center of his worship,
refusing to offer honors to Dionysus. Similarly, in Saturnalia by Macrobius
(1969), it is written characteristically: ’Item Orpheus Liberum atque Solem
unum esse deum eundemque demonstrans de ornatu vestituque eius in sacris
Liberalibus ita scribit’ (Saturnalia 1.18.22, frag. 238).

Nevertheless, although this Helios-Apollo identification began at least
since the 5th century BC, it was not widely accepted until centuries later.

According to Homer, Helios started his trip every dawn from the eastern
ocean or from Ethiopia, the land of the ’sun-burned people’ (Odyssey I 24-
26); he crossed the sky with his winged four-horse chariot, pulled by four
beautiful fire-breathing white horses: Eous, Aethiops, Bronte and Sterope
(Hyginus, 1933, Fabulae 183):
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"Eous; by him the sky is turned. Aethiops, as if flaming, parches the grain.
These trace-horses are male. The female are yoke-bearers: Bronte, whom we
call Thunder, Sterope, whom we call Lightning"

These equine names allude to the power of the God, the succession of the
celestial phenomena and the maturing of the fruits. Other authors report other
names for the Sun’s horses: Lampon, Aethops, Aethon and Flegon (Gelling
& Davidson, 1969, p. 14+; Glob 1974, pp. 99-103, and Green 1991, pp. 64-66,
p. 114+). Every evening, Helios completed his journey and then rested in the
West, in the land of Hesperides.

The notion of the ’flaming’ or ’fiery’ nature of Helios is very common
among the Greek tragic poets: "baked by the fire of the sun" (Aeschylus,
1983, Prometheus Bound 22), "High o’er the earth, at whose ethereal fire. . . "
(Euripides: Ion 34), "Hot flame of the King" (Euripides, 1996, Phaethon 776).
Euripides describes sunrise as follows: "Now flames this radiant chariot of the
sun / high o’er the earth, at whose ethereal fire / the stars into the sacred
night retreat" (Euripides, 2004, Ion 82-84). This description has often been
compared with a depiction of Helios on a Greek vase of the 5th century BC
that is kept in the British Museum; there, Helios is depicted with a ray-
surrounded head, riding a winged four-horse chariot, rising from the sea, in
which child-like apparitions swim, denoting the stars that go to hide.

Fig. 2. At the period of Emperor August (Ink drawing: The rise of the Sun with his 4-horse
chariot. The vanishing stars of the night are depicted as children sinking in the sea (Greek
vase, 435 BC - British Museum).

The Sun, completing his daily (diurnal) course on the celestial vault, rested
every night on a golden bed made by the hammer of the god Hephaestos
(Vulcan), in order to shine again the following day over the world.

Helios had many sons and daughters. With Oceanid Perseis they had three
children: Circe, Passiphae and Aeëtes (Apollonius, 1962, Argonautica 3, 1, 2
and Homer: Odyssey XII 3). Circe was famous for her magical powers and for
her love for Ulysses (Theogony, 1914, 957). Passiphae, wife of king Minos of
Crete, is identified with the Moon and considered the primeval deity of light,
as her name states (passiphaessa = apparent to all). It was due to Passiphae
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that the worship of Helios was widely practiced in Crete, where he was adored
under the form of a bull (Bekker, 1814-1821, Anecd. Gr. 344, 10). The myth
of Passiphae falling in love with a bull (the zodiacal constellation Taurus =
the Bull) reflects a very ancient tradition, according to which the bull-shaped
sun-god and the cow-shaped moon-goddess were united with a holy wedding.

In another myth, Aeëtes was king of Aea, who refused to give the Golden
Fleece (a symbol of sunlight) to Jason and the Argonauts.

Helios had two other daughters, Phaethusa and Lampetie, and a son,
Phaethon, with Clymene.. Once, Phaethon got permission from his father
to cross the sky with his chariot. However, when Phaethon saw the huge
constellation Scorpius (the scorpion) he became freightened and lost control
of his father’s chariot. Its horses bolted and the chariot started to go up and
down, threatening the Earth with destruction. Then Zeus saved the world by
killing Phaethon with one of his thunderbolts. Phaethon’s body fell on the
bank of the river Eridanus. His sisters, the Heliads, who mourned him, were
transformed into poplars, the holy trees of the god Helios, and their tears
became amber.

 

Ink drawing: The fall of Phaethon. Fig. 3. Ink drawing: The fall of Phaethon.
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’Phaethon’ was also a name given to of Helios himself because of its ra-
diant light (Iliad XI 730, Odyssey v 479, xi 15, Homeric Hymn 31.2). In his
Theogony (1914), Hesiod writes of Phaethon and Hyperion as ’substances’ of
god Helios (Theog. 987 and Nagy, 1990, p. 235). Additionally, Phaethon is
mentioned by both Nonnus (1940, Dionysiaka 38.167) and Ovid (1857, Meta-
morph. 2007, 1.747-79: Phaethon’s parentage, struggle with Epaphos and 2.42:
Phaethon and his father).

Helios, according to Greek mythology, also had numerous other affairs
with other women; subsequently, he had many other sons and daughters,
collectively known in ancient Greek literature as Heliades.

A famous center of Helios worship was Rhodes; as Pindar (1997) reports
(Olymp. Ode 7, 69), the whole island belonged to him. The famous Colossus
was a giant statue of Helios (this statue was one of the ’seven wonders’ of the
ancient world), an artwork by Rhodian sculptor Chares from Lindos (Pliny,
1971, Historia Naturalis 34.63), a student of Lysippus (3rd cent. BC). Every
four years a Sun festival was celebrated on the island, called Ali(ei)a or Helieia
(Nilsson, 1906, p. 427), during which they offered to Helios a four-horse chariot
thrown into the sea. Helios stayed in Rhodes with Nymph Rhodos, a daughter
of Aphrodite, and together they had seven sons, named: Ochimos, Cercaphus,
Actis, Macar, Candalus, Triopes and Tenages, and their wisdom is exalted by
Pindar (1997, Olymp. Ode 7, 72-75).

In Greek art the personification of the sun is often depicted as a young
man bearing a radiant wreath and a tunic, standing upon a four-horse chariot,
as on the metope of the Hellenistic temple of goddess Athena in Ilion (Troy).

Of more astronomical interest is a statue of Helios in the Vatican. He is
depicted as a young man bearing a radiant wreath, and has an extra feature:
a wide belt with the symbols of the zodiac.

Moreover, there is the tradition, mentioned among others by Homer (Odyssey
xii 127), that in Trinacria island (Sicily),Helios had seven herds of cattle and
seven herds of sheep, each having fifty animals. They grazed steadily every
day, never getting more or less. According to the explanation given by Aris-
totle, the lunar year consisted of 50 weeks, each having 7 days and 7 nights;
therefore the 50 times 7 cattle and the 50 times 7 sheep were denoting the 350
days and 350 nights, respectively, which make the lunar year used by ancient
Greeks according to the original calculations (Theodossiou & Danezis, 1995,
p. 315).

The worship of the Sun-god was universal, while very ancient practices
originating in it, such as the orientation of temples of several religions towards
the East, were kept until our days in the conscience of people.

8. Selene, The Moon

According to Hesiod’s Theogony, Selene was the daughter of Hyperion and
Theia, and sister of Eos (the Dawn) and of Helios, who illuminates her eter-
nally due to their relation as half-brothers. The word selene comes from selas
= light (Demetrakos Mega Lexikon, 1964, vol. 13, p. 6489). In Greek mythol-
ogy Selene or Selana (Pindar, Olymp. Ode 10, 75) is the first and only lunar
deity, at least in pre-classic and classic poetry, also called by the adjectives
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An ink drawing of the metope of the temple of Athena in Ilion (Troy) with a relief Fig. 4. An ink drawing of the metope of the temple of Athena in Ilion (Troy) with a relief

depiction of ray-headed Helios standing on his chariot, most probably based on an older
work by Lysippus (Staatliche Museen, Berlin

Aegle, Passiphae, Mene, Titanis (as daughter of two Titans) and Phoebe as
sister of Phoebos-Helios. As Greek mythology evolved, other goddesses were
correlated with the Moon: Hecate, Artemis and Hera.

Selene is usually imaged as a feminine form bearing a crescent as crown,
riding a horse or a chariot with two winged horses (diphros). Sometimes she
is described as leading a herd of cattle so that her crescent-shaped crown
resembles a bull’s horns. Her brother Helios rides a four-horse chariot, while
Selene rides a two-horse chariot; her two horses have one of their sides white
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and the other black, a metaphor meaning that only the one side of the Moon’s
surface is illuminated by sunlight.

According to various local traditions Selene had one daughter with Aer
(air), called Drosos (the morning Dew). In the Attica tradition she gave birth
to Pandia, daughter of Zeus (pan + dia = all-godly), worshipped along with
her mother in the Pandion festival. In an Arcadian tradition the Moon was a
lover of god Pan and she was worshipped in common with him on Arcadian
Mt Lykaio. In Elis and Karia they believed that Selene was in love with a
mortal man, Endymion, whom she met every night on Mt Latmos, and had
50 daughters with him, as many as the lunar months of an Olympiad.

In a tradition of late antiquity mentioned by Quintus Smyrnaeus (Fall of
Troy, 1913, 10. 334 ff), Selene also had a love affair with her brother Helios.
The oldest known depiction of Helios in a Greek sculpture is on the eastern
gable of the Parthenon, where the birth of goddess Athena is imaged. Helios
and Selene also framed the composition of the birth of Aphrodite on the
throne of the statue of Zeus in Olympia (Pausanias, 1935, Vol. II, Elis 1,
Book 5, 11, 8) and a similar depiction is alluded to by the ’sunset’ mentioned
by Pausanias on the gable of the temple of Delphi (Pausanias, 1935, Phocis,
Vol. IV, Book X 19, 4: The temple at Delphi).

Selene was worshipped throughout Greece, but especially in Peloponnese.
It is known from the history of the Persian Wars that the Spartans, in order to
start a military campaign took seriously into consideration the lunar phases.
Near the city of Thalames there was a well-known oracle of Selene, where
the ephoroi of Sparta stayed overnight asking her advice; a local spring was
named after her (Pausanias, 1935, Laconica, Vol. II, Book 3, 26, 1).

The pair Helios-Selene was finally correlated with the pair of Olympians
Apollo-Artemis, to which similar characteristics were attributed, along with
the same symbols: for Selene these were silver, the bull horns and the crescent.

At a symbolic level, the Moon is the feminine component of the creation
of the World and the entrance (due to its ’secret’ appearance at night) to-
wards the apocryphal nature of humanity and of the Universe, i.e. towards
what remains inexpressible from the usual observation of nature. The Moon
is the luminous image of cyclical time; representative of the constant flux of
everything. The infinite new moons symbolize the infinite time moments of
any end that signals a new beginning.

Selene is a chthonic (earth) deity in the antithesis sun-earth, light-darkness.
On the other side, Selene is the goddess with the white arms that drives away
the darkness of night when it is full. The rosy-fingered Eos (dawn), Selene’s
sister, brings the first light of the new day. Hecate, the three-form chthonic
deity, is another expression of her; Ores, the Hours or the year’s seasons, are
considered her daughters. Another metaphor of the Moon is a huge luminous
clepsydra, a water-clock, filled during its waxing phases and emptying during
its waning phases. It gave the definite measure of time with the succession of
its phases.

The ancient Greek tragic poets presented Selene-Moon as a very beautiful
young woman before which all the other stars paled, when its silvery figure
appears on the celestial dome.
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9. Conclusions

Since the most ancient times, humans worshipped the primal divine couple,
goddess Gaia and god Uranus, who were the ancestors of the other gods that
gave their names to the planets of the Solar System. Hesiod’s Theogony starts
with goddess Gaia and ends to the polytheistic reign of the Olympian gods.

Uranus surrounds Gaia and fertilizes her. In juxtaposition with goddess
Gaia, a deification of our planet, Mother Earth is essentially the deification
of ground and soil, whose products sustain humans and offer them the space
on which they live and die. The birth of the nature’s elements comes in
parallel with the birth of gods, who metaphorically behave as people. Cronus
symbolizes Time, Rhea the flux and Hera (an anagram of Aer) air along with
all the variations of weather.

The light-giving Helios, the Sun, is the source of every life form on Earth.
For all people on Earth the Sky, the Sun, the Earth and the Moon (especially
the full moon at night) seemed as appropriate eternal witnesses of human
acts and the natural avengers of cheatings. On the other hand, the rays of
the Sun falling on Mother Earth after the rain-sperm of the Sky created the
first living creatures.

Of astronomical importance is the Celestial Dome, where in daytime reigns
the all-seeing Helios, and at night the stars and the pale figure of Selene-Moon
are observed.

The Moon was the origin, in remote antiquity, of the definition of the
month and the week, and of the creation of the first (lunar) calendars; its
role was crucial for the invention of the religious calendrical systems of the
ancient people, which survive even today in the Islamic world and in the
determination of the date of the Christian and Jewish Easter.

References

Achilles Tatius, 1917, with an English trans. by S. Gaselle, Heinemann, London & G.P.
Putnam’s Son, New York.

Aeschylus, 1989, Eumenides. Ed. Alan H. Sommerstein, Cambridge University Press, Cam-
bridge.

Aeschylus, 1983, Prometheus bound, Greek and Latin Classics. Ed. Mark Griffith, Cam-
bridge University Press. Cambridge.

Aeschylus, 1984, The Oresteia: Agamemnon, The Libation Bearers, The Eumenides. Ed.
and Intr. by W.B. Stanford, trans. by Robert Fagles, Penguin Press. New York.

(Pseudo)Apollodorus, 1921, The Library I (Bibliotheca), trans. by J.G. Frazer. Vol I Books
1-3.9, Vol. II, Book 3.10-to end. Epitome. The Loeb Classical Library, Harvard Uni-
versity Press, No. 122, Heinemann, London (reprint 1995).

Apollonius Rhodius, 1962, Argonautica, trans. by R.C. Seaton, The Loeb Classical Library,
Harvard University Press, Heinemann, London.

Aristotle, 1956, On the Heavens (De Caelo), trans. by W.K.C. Guthrie, The Loeb Classical
Library; Harvard University Press, Heinemann. London. (reprinted 1936, 1947, 1953,
1956).

Bekker, A.I. (ed.), 1814-1821, Anecdota Graeca, 3 vols., Berolini.
Demetrakos, D., 1964, Mega Lexikon olis tis ellinikis Glossis, Publ. Ch. Tegopoulos - B.

Asimakopoulos, Athens [in Greek].
Diels, H., 1996, Die Fragmente der Vorsokratiker, Herausgegeben von Walter Kranz. Erster

Band - Zweiter Band, Weidmann, Zьrich.
Diodorus Siculus, 1935, Bibliotheca Historica. Library of History (Books III - VIII), trans.

by C. H. Oldfather, The Loeb Classical Library Volumes 303 and 340. Harvard Uni-
versity Press. Heinemann. London.



18 E. Theodossiou et al.

Doumas, Ch.G., 2008, "The aligenes Aegean Sun" in: Kathimerini - Technes & Grammata,
December 7, Athens [in Greek].

Doumas, Ch.G., 2010, "The ancient monuments of the names" in: Kathimerini - Technes
& Grammata, February 14, Athens [in Greek].

Eliade, M., 1978, A History of Religious Ideas, vol. I, From the Stone Age to the Eleusinian
Mysteries, trans. by W. Trask, IL: University of Chicago Press. Chicago.

Euripides, 2004, Ion, transl. by Robert Potter, ebooks@Adelaida, on line:
http://classics.mit.edu/Euripides/ion.html.

Euripides, 1996, Phaethon, Ekdoseis tou 21ou, Athens [in Greek].
Gelling, P. and Davidson, H.E., 1969, The Chariot of the Sun, Dent. London.
Glob, P.V., 1974, The Mound People, Faber. London.
Green, M., 1991, The Sun-Gods of Ancient Europe, B.T. Batsford, London. Helios Ency-

clopaedia, 1957, Edition of Helios, Athens [in Greek].
Hesiod, 1914, The Homeric Hymns and Homerica (Theogony), trans. by H.G. Evelyn-

White. The Loeb Classical Library, Heinemann, London (reprinted 1954).
Hesiod, 2006, Volume I, Theogony. Works and Days. Testimonia. Ed. & trans. by Glenn

W. Most. The Loeb Classical Library, No. 57N, Heinemann, London.
Homer, 1924, The Iliad, trans. by A.T. Murray. The Loeb Classical Library, Heinemann.

London (reprinted 1954).
Homer, 1919, The Odyssey, trans. by A.T. Murray, revised by G.E. Dimock. The Loeb

Classical Library, Heinemann. London (reprinted 1995).
Homeric Hymns, 1914, by Hugh G. Evelyn-White, Cambridge, M.A., Harvard University

Press. Heinemann. London.
Hyginus, 1993, Fabulae. Editio altera. Ed. Marshall, P.K. (corrected ed. 2002), K.G. Saur,

Munich.
Jameson, M.H. and Runnels C.N., 1959, A Greek countryside: the southern Argolid from

prehistory to present day. Stanford University Press, Stanford, California (repr. 1994).
Kern, O., 1922, Orphicorum Fragmenta, Weidmann. Berlin.
Macrobius, 1969, Saturnalia, trans. by Percival Vaughan Davies, Columbia University Press.

New York.
Mariolakos, Elias (ed.), 2009, Geomythotopoi - Geomythological courses of Phthiotis, Publ.

of the Local Union of Boroughs and Communes (TEDK) of Phthiotis Prefecture [in
Greek].

McCarthy, D.J., 1978, Treaty and Covenant 2, Pontifical Biblical Institute, Rome.
Nagy, G., 1990, Greek Mythology and Poetics, Ithaca. London. Neoteron Encyclopedicon

Lexicon Iliou, 1957, vol. 4, Ilios Publications, Athens [in Greek].
Nilsson, M.P., 1906, Griechische Feste von religiцser Bedeutung mit AusschluЯ der Attis-

chen, B.G. Teubner, Leipzig.
Nonnus, Dionysiaca, 1940, Vol. I, Books 1-15, trans. by W.H.D. Rouse. The Loeb Classical

Library No. 344. Heinemann. London.
Orphic Hymns, 1997, Ideotheatro Publications-R. Anastasakis, Athens [in Greek].
Ovid, 1857, The Metamorphoses, trans. by Nathan Covington Brooks, 5th ed., A.S. Barnes

& Co., Cincinnati; H.W. Derby & Co., New York.
Pantermalis, D., 1995, "Ancient Greek mines", in Kathimerini, April 9, Athens [in Greek].
Patsi-Garin, E., 1969, Epitomo Lexikon Ellinikis Mythologias. Editions Hari Patsi, Athens

[in Greek].
Pausanias, 1918, Description of Greece, Books I & II. Attica and Corinth, Edit. & trans.

by W.H.S. Jones, The Loeb Classical Library, Heinemann. London.
Pausanias, Description of Greece, 1935, Vol. IV. Arcadia, Boeotia, Phocis and Ozolian

Locri, Books 8.22-10, trans. by W.H.S. Jones. The Loeb Classical Library No. 297.
Heinemann, London.

Pausanias, 1935, Description of Greece, Volume II (Laconia, Messenia, Elis 1) Books 3-
5, trans. by W.H.S. Jones and H. A. Ormerod. The Loeb Classical Library No. 188.
Heinemann, London.

Pindar, 1997, Nemean Odes, Isthmian Odes, Fragments. Edit. & trans. by W.H. Race, The
Loeb Classical Library No. 485. Heinemann, London.

Pindar, Olympian Odes, trans. by T.K. Hubbard, via the Perseus Project at Tufts Univer-
sity.

Pindar, 1997, Olympian Odes, Pythian Odes. Edit. & trans. by W.H. Race, The Loeb
Classical Library No. 56. Heinemann, London.



Gaia, Helios, Selene and Ouranos 19

Pliny, 1971, Natural History (Historia Naturalis), trans. by H. Rackham, The Loeb Classical
Library. Harvard University Press. Heinemann, London.

Proclus, 1820, The commentaries on the Timaeus of Plato, 5 Books. Edit. & trans. in
English by Thomas Taylor, London.

Quintus Smyrnaeus, 1913, The Fall of Troy. Trans. by A.S. Way. The Loeb Classical Library
Vol. 19. Heinemann, London.

Segal, C.P., 1992, "Divine Justice in the Odyssey: Poseidon, Cyclops and Helios", American
Journal of Philology (AJP) 113, pp. 3-29.

Sophocles, 1994, Vol. I. Ajax. Electra. Oedipus Tyrannus. Edit. & trans. by W.H.S. Jones,
The Loeb Classical Library No. 20. Harvard University Press. Heinemann, London.

Sophocles, 1994, Vol. II. Antigone. The women of Trachis. Philoctetes. Oedipus at Colonus.
Edit. & trans. by W.H.S. Jones, The Loeb Classical Library No. 21. Harvard University
Press. Heinemann, London.

Sophocles, 1892, Trachiniae, Ed. & trans. by R.C. Jebb, Cambridge University Press, Cam-
bridge [on line: trachiniae.10.zip].

Spandagos, E., 2002, Catasterismoi of Eratosthenes of Cyrene, Aithra publ., Athens [in
Greek].

The New Encycloaedia Britannica On line: http://www.britannica.com/, entry: matriarchy.
Theodossiou, E., 2007, The dethronement of the Earth - The dispute between geocentric

and heliocentric systems, Diavlos Publ., Athens [in Greek].
Theodossiou, E. and Danezis, E., 1995, The Odyssey of the Calendars - vol. I: Searching

for the roots of Knowledge, Diavlos Publ., Athens [in Greek].
West, M.L., 1997, The East face of the Helicon: West Asiatic Elements in Greek Poetry

and Myth. Clarendon Press. Oxford.















































































































1
9
9
4
c
p
m
s
.
c
o
n
f
.
.
1
4
6
P

http://adsabs.harvard.edu/abs/1994cpms.conf..146P


1
9
9
4
c
p
m
s
.
c
o
n
f
.
.
1
4
6
P

http://adsabs.harvard.edu/abs/1994cpms.conf..146P


1
9
9
4
c
p
m
s
.
c
o
n
f
.
.
1
4
6
P

http://adsabs.harvard.edu/abs/1994cpms.conf..146P


��������� 	� 
���	

����� �� ��	�
�������

��
����	���� ������
���� ������� ������� �������  !��������

	��	�
������"�����������!

��������

� ������ �� 	����

���� ��� ������� �
������� �� ������ �
 ������

� �������� 	
��������� ��
��������

��� �������	
 	�������	
 ���������� �� �����	 �� ��� ��
��	�� ��������	

������	���� �� � ��� 
���� ��������� ��	���	���� 	�� ��� �
� 	������
	�������	
 ��������� �� ����
	��	� ��� �	�� ����
����� ���� 	� ���� 
�	�� �	�� � ��� ������ � ������� 	�� ��
���� �� ����� ������� ��� ������
� ��� ������� ��!���
� "��� ��� #����
���	
 ������	��� "	� ������ �
$% #	��� &' ����
( )**' �� ��� #������� � +���	��� 	�� ,����� �-	����
� .����� � �����	 #�
	� .�!���/��0� � ��� �����	���� � #�
	� 1���
!2��0�
&��
��	�� $'� ����� )*3'  ��
��	�� $' 4��� )53%(� 	 ������� � ��� 6�	��
���
 &��
��	�� 7���������(� 1���
!2��0� "	� 	������� ���� ������� � ���
��"
� ������ ������	����

�� ) #	� )*') 1���
!2��0� ��	���� ��� 	������� 	� ��� ������� ������	���
�� ��� ������ 6���
�� �	��
�8� ����� 9��� ��� ������	��� "	� ���	���� ����
 )
#	� )*5)� "��� �� "	� ���� ��� ��� "� ���
���� ���������� ��	�"��
�  ���
�� �� "���� 	� ������� �� #����
���	
 ������	��� �� ��� .	�	�!��!� :	�2�
�� ��� ���� ������ ������ � ���� ���
���� ����� ��� ����� ��� ��
���	���
� ��� ������	���8� ������	�� �� )5*'� 	 �� �����	��� � ��� ������ �
	�������	
 ������� �� ����
	��	�

1���
!2��0� "	� 	� ��� ��	� � ��� ������	��� ��� $; #	��� &' ����
(
)**' ����
 <% =	��	�� )5$>� � ���	2 �2 �
	�� �
� ���"��� 3 =�
� )*55
	�� <) ������ )5%%� "��� �� "	� ���� ��� ���������� �� �
����	
 ��	���� ��
�������� "��� ��� ��	�!�	� 	������ � .��� #�
	�� "���� "	� �?�
���� ��
.��� �
�?	���� �� ����
��� 	������ "��� ��� �
����	
 �������� 1���
!2��0�8�
�
	�� "	� �

�� ������ ���� ����� �� 4!��!� ��	�!���0� &1������ ' ����
 )*3*
 :	��� $> 4��� )5$)(� ��� ���� �����	� 	������������� 
	��� � ��� ����� �
��
��	�� 7���������� 4!� ��	�!���0� "	� 	 ���	� ���
	����� � 	������ 	��
������� �� �����	
@ �� "	� ��� ������� ���� �� ��� ���������� � �
������	
 
����
�� ��
��	��� 7/����� /,	/�	2� A��2�	���� 9� "	� ��� ���
��� � ��� ���� ���� 
�
������ �"�� ��	��� �� �����	� 	 ������ � �������� � ��������	���� 	��
�	�����
��� �����	�� � ������� �� 	 �������� �� �
��� ���
��� 	�� � ������ 	�
������	���	
 ��	���	��� �� �
��� ������B�� �� :	��� �� )5%<� 9� "	� 	
�
��� ������ � ��� �
� �����	��� �� �����	�

$%



#�
	� 4������!���0�

��	�� ��� ��� �����	��� �� 	������ 	�� �����
��� ��� ��"
� ���
�
������	���� ��	��� �� 1���
!2��0�� "	� 	 ��	�
� � ��� ������� 	�� ���	� 
����� ����	����� �� �����	� 1���
!2��0� ���"�� ��� ����������� �� ���	� 
����� ��	��������� ��� ���� #�2
�� .�2
�� ��� ������ � ��� ���	����
��������	
 ������	���� 	�� �2 �	�� � ���
���� 	� �	��� �	������� �	��
 
��� ��	�2� � .�2
�� 1���
!2��0� 	�B����� �� )5%< 	
� 	 �������	���
����	

�� ��?� ��	� �� 	 �����	
 �	��
��� ��� �����	���� "��� �	����� ��
����
	�
� 	�� �� ����� ������� ��� ���������� � "�	� 	� ������� �� ���
�����
���	
 ��������� "	� �?������ �� )5%;� ���� 	������� "	� �	2�� ��� ��
1���
!2��0�8� 	�����	�� =�
��2 #��	�
��0� &C����	� )) =	�� )*;5  ��
��	�� )%
���� )53*( "� "�2�� 	� ��� ������	��� ����� )*5;�

4����� ��� ����� 9���	��	� ����	��� � �����	 �� D�
� D	� �� ��� �� 
����	��� "	� 	����������� �� C���� .��	� ��� C����	� 4����� ����� E����
��� �����	 ��� ������	�� �2 	"	� � �������� 	

 ��� ������������ 9" 
����� ��	�2� � ��� �?��	����	�� 	�� ��������	
 �2�

 1���
!2��0� �������� �
	�B���� �� 6���	�� 	���� ��� "	�� � 	����� � "	� ���	�	����� 	 ������ �
����������� 	�����	����� �B������� �� ��� ��" ������	����

��� ����������� ������� �� 1���
!2��0� ��������� ���

 ��	����	

� ��� �
�
�������� �	��� � ��� ������	���� 	
����� ��� � ���� "��� �	2�� 	"	�
�� ��� 6���	�� ������ ��� D�
� D	� ��� �" "��� ����� � �	�� A!��
!	�	
	�� F	���� 7����������� &4!��2��0� )5;*(� ��� � ��� ��	

�� ��� ����� 
���
���������

,������
� ������ �� 	������	�� �	��
��� 	�� ��� �

"��� �����������
������� �� 1���
!2��0�G

)� A	��� H���	���  F+��� ;3%I)%33%�� �B�	���	
@

$� �
	� ��������	�� &������	���( A���H�D� 5%%% ��I)%%�%%% �� 
��
��� �� 	�	����� � ��� F+��� $%%I<%$% �� �B�	���	
 �" 	��� �	���	�
�+���H 	�� :+�FC�A );%I*%% ��@

<� A	��� ��	���� ���������� ��.�1�� )5%I$3'* ��@

>� A	��� C�����	
 ,���
� ��.�1�� )5%I$3'* ��@

3� ������	�� F+��� );%I*%% ��@

;� :������	
 H���	��� F+��� )<3I)%%% �� 	�� )$3I)%%% ��@

'� ��	���� ���������� ��#�+H6 )%%I)%%% ��@

*� F����� ��
����� ��.�1�� ))%I)$*' ��@

A	��� #�����	� ,���
� ��.�1�� )5%I$3'* �� ����� �� � ))�� � #	�
)555 ������ 1��� 	�� 	��	�2�

�� 1���
!2��0� "	� ������
��� �� ��� ��" ������	��� 	� "���� ��� 	� 
B����� ����������� "��� � �� ������ 	�� ����
	� 	�������	
 �����	����
��	����� �� ������
� "	� ���� ��� ���������� � <% =	�� )5$>� �� ��
���
� ��� J	��
�� ,����
 ��� ������	��� "	� ������� ��� �" ���	�	�� ������� 
����G ��������	
 ������	��� 	�� #����
���	
 ������	��� � ��
��	��
7����������

�� ��� ��	� � ��� ��������	
 ������	��� "	� 	������� �� )5$3 C!��
	�
C� #�/�2��0� &J�/���� )* =	�� )*5$  ��
��	�� $3 1�� )5';(� 	� ��� ���� 	
��	��

$)



�	
2	� #������ � ���� ���������� ��
��	����2 $%%%

	 "�

 ���	�
����� 	������� ���	��� 	� 1��� ������	���� J�	���� 9� ���	�
��� 	�������	
 ������� �� ���	���� 	�� 6K������� ����� ��� D�
� D	� �� ��
��� �����
��	��� 	� ��� ��� � )5)* ��� ��� �����	� ����� �� "���� �� ������
	� 	 �
������� �� "	� ���� � J�	��� � ���
��� ��� �������� 9� ��	��	��� ��
)5)5 	�� "	� 	������� 	�����	�� 	� ��� #	����

� ������	���� ����� )5$$ ��
"	� ���	��� 	� 	� 	������� 	� ��� 1��� ������	���� ��������� ��� ����8�
������ �� )5$> 	� ��� #����

��� 7���������� �� )5$3 �� "� J����� ��	����
:���� �� ��� ������� �� ���

	� ��	�������� �� ��� ����� )5)5 )5$3 �� ���
����� 	
���� � �	���� �� ��� J����� ��������� !���	
�� ���	���� ��� �����	��� � ���
���� �
	���� 	�� ����� 	�� ��� ��������	��� � ����� ������ 9� �	�� �
��
��	�� �� )5$; �	2���� �� 	������ � ��� ��������	
 ������	���� ��	���
� ��� ��"
� ���	�
����� ,�	�� � ��������	
 	�� :�	����	
 ������� 	� ���
J	��
�� � :��
����� "����	� �� "	� �
����� 	����	��� �������� �� )5$5 ��
"	� �
����� ����������� ������ � ��� �����	� H�	
 ��	���� 	�� �� )5<5
��� ��

 ������� 9� �������� ��� ������	���8� 	������� � 	 �������	�
� ������
�"	�� �	����	���	
 	�� �������	
 "�2�� "���� ���
��� �	
�	�
� ����
��� ��
�����	��� 	�� �������	
 "�2� �������� "��� ��� #	����	���	
 ,
��	�
��
� #� #�
	�2��0� 	� "�

 	� "��� #�/�2��0�8� "� :�������� �	�
���

�� )5$5 #�/�2��0� ��������� �� ������� ����� �� ��� ����������� � 	 ��"�
������ �����	���� 	� ; 2� ����	��� �����	�� ��� ��� ����8� ������� ��� 
����� 	 >�3 �	 	��	 	� $3< � ���� ��

 C�
�2� C�	/�	�� �	��� ������ 	
�� "���
��� ������ ���������� �	�� � ��
��	��� F����	�	 &L�������� "��� ��	��(�

+?������	
 	�� ����
� �	
��� ���
�? ����������� ��� ��������	
 �� 
����	��� "	� ��	"� �� �� =	� 4����� 	 ������ � 6�#: &6��� � #����
���
2 ����������( ������ �� )5$*� �� �� ��	�2� � ���� ���� 	���������� ��	�
4���� "	� �������� 	 ���� � ������� ������ �� :�	���� ��� ����������
"�2� "��� �	����� �� �� )5<% � )5<$� ��� ����������� ����� ������ ������
��� �

"��� �" ��	���

#�/�2��0� ��	���� 	
� ���
������ ��� ��������� �������	
 #0������ �� 
8����
����� ��
��	�� &������ ��� �
���� ��G )5<$� )5<<� )5<;� )5<* 	�� )5>5(� �� 
��	��� �� 
8���� ����� ��
��	�� &��? �
���� �� )5$5 ������ )5<>( ���	�����
������	
 ����� ���� ����� ���	��� ������ ��� ��	� 	�� 	��	���� �
	��� � )*5
��	��� ��"
� ��������� ���� �
	���� 	�� ��������� �� ���� 1	���/�2� ���/��!	2
&1	����	
 �
�	�	�( �� ��	�� )5<> ������ )5>)( �� �	���	��� ������� �� ���
1	�� 	�� 6��/��!	2 1	/��� 1��	 &�
�	�	� � �� �2�( 	� 	�������	
 �	
 
���	� �� �����	�� ������ �� ��� ��	�� )5<% � )5>) 	�� )5>* � )53$ &��� )5>*
����� "	� ������ �� J� 4���2 	�� ��� ������ �� )5>5� )53% 	�� )53) �� ��
:���0��

�� )5<; #�/�2��0�� 	������� �� #�
�	� :���0�� ��	����� ��� #��� :
	����
	�� ��� ������	��� �������� �� ��� �	�� ��	� :� 4!��2��0� ��������� 	�
��� 7��
� ������	���� ��
����� 	 ���� �
	���� �����B����
� �	��� );%3
#�
	�2��0� 	�� #� :���0�� 	� ��� ��
��	�� ������	���� ��������� ��� ����
�
	��� )3;> �����	� "���� �	�2�� ��� ������ � 	 
�� ������ � >< ����
�
	���� ��������� �� ��� ��
��	�� 	��������� :���0� 	
��� �� ��� �����
)5<; )53;� �	�� << ����������� �� ��� >< ���� �
	���� "��� ����� ��������
� ��
��	�� 	��������� )$ �	�� ��	���� �� ��� ��7 ����	���� �	���� �����
� ��� ���������� �	���� 
	��� ���� 	������� � ���� 	������

$$



#�
	� 4������!���0�

������� �����	� ����� ��� 	����8� ������ :���0� �	�� ��� �

"��� �	���
� ��� ���� �
	���� �� ���������G )3%' ����	�� )33% ���� )33> ����
	��	�
);'3 ������	� )'$> C
	����� &	���� ��� ��	����(� $$>> ���
	 	�� $<>* #�/�2��0��
:� 4!��2��0� ��������� �� ��� ����� )5<; )5>)� 3 ���� �
	����� �� � ����  
F����	�	 �	��� �� ��� ����� ��� �������8� �����	����� �� )5*% F� .��/����0�
��������� � ��� ��� �
	��� �	2�� 	������� � ��� ����������� 	� :���2�����
������	���� 9���	��� ��� ���� �
	����� �� � "���� �	���� ��	���� ���
�	�� <$'; :	
������ 	���� �� � ��� �

�	���� �� ��	
�� �� )55)� 	� 	 �	�2 �
����� 	 ���� �
	��� "	� ����� ��� �	�� <5%% .��/����0�  	���� �� ��

"�
������ ���� �
	��� �������� "��� ��� ��
��	�� ������	��� �� ��	� �	���
)333 4�!	�� 	���� :� 4!��2��0�8� ���

�� )5<; #�/�2��0� ��	���� ������� ��

���� �� 
8������	���� 	������B�� ��
��
��	��� 	 ��������� �������	
 "���� ��� 1� )>3 �� )55$ � 	���	�� �����
��� �	�� ��

���� 	������B�� �� ��
��	��� 	�� ��� ��� ������ )3' ��
)55* ����� ��� �	�� �����	� 	�������	
 =���	
� ���� �������	
8� ������
�	�� ����G C� C� #�/�2��0� &)5<; )5>%� )5>< M )5>* 	�� )53$ )53;(� #� :���0�
&)5>) )5>$� )533 )5;% 	�� )5') )5'3(� �� :���0� &)53%(� C� ��2	�!	� &)5;>(�
:� 4!��2��0� &)5;> )5'%(� #� #�!	�� &1�� )$' )<) �� )5'; )5*)(� 4� F�
���0�
&1�� )<$ )<<� �� )5*$ )5*<(� 4!� ��
�2� &1�� )<> )<; �� )5*> )5*;( 	�� #�
�� 4������!���0� & 1� )<' �� )5*' ����������
� �� � �	��(�

����� =�
� )5>) 	� ��� ������	��� "��� B�	������ 6���	� ��
��	��� ���
D����	��� ������ 	
�� ����� 6����	� 	�� .��������� ��� :���	�� ���
�" �	���� ��������� ��� ������	���8� ����������� 	� 6���	� �������� ��� 
�	������ � 6���	�� ��� ��������
���	�� 	�� ��� ���� ��	������ �� ���
����	��� � ��� ������	���8� ������ 	�� � ��� "	��� ���	�� ���
���� ��

 
�?�� "��� ������� �� ��������� ��� E	2� "��
� ��� 
���	�� "	� ������ ��� � 
����� ����� �� ��� ����� � ��� 
����	��� �������� �� )5>> �	�����
	�
� ��	��
�	�	��� "��� ��E����� � ��� �	�� ������� ��� "	��� ���	�� ���
���� 	�� �
NA	��� H���	���N �	��
��� ��� ������	���8� ������������ "	� ������	2��
������	��
� 	���� ��� "	�� #�/�2��0� ���	���� ��� ������� ����
 #	��� )5>;
"��� �� ��������� ��� ������	���� 	������� �� ����� #	� )5>*�

�� )5>3 :� 4!��2��0� ��	���� 	�� ������ ��� ��������	
 �������	
 ����� 
�2	 � #����
/�2	 �	�/����!	 &��������	
 	�� #����
���	
 H�����(� ��� 

����� �� ��� ������	��� �� � )53% &����� ������ �� 	

(� �� )5>' ������	���
��	���� ��� ������ :��
�2	��!� �������2� ������	���!� � ����	�� &:��
��	 
���� � ��������	
 ������	���(� ��� ������ �� ����� "���G C� ��2	�!	� &1�
)%(� :� 4!��2��0� &1�� )$ );(� #� :���0� &1�� )' )5� $% $)( 4!� ��
�2� &1��
$%� $;� <$� <> 	�� <3(� #� #�!	�� &1�� $>� $3� $' <)(� 6� :���0� &1� <<(
	�� #� �� 4������!���0� &1�� <; ;5(�

7� � ) =�
� ��� ������	��� "	�� 	� �� "	� ����� ��� "	�� ����� ���
��
��	�� 7���������� J�� ��	� �	�� �� �� � )* 4��� )53%� �� �� ����� ���
!���������� � ��� �����	� ��	���� � �������� 	�� �����	����� ����� ��� ,� 
������ �� ��������� ������������ 7��������� 	�� ���
� �� 9����� +���	���
� �H �����	� ���� ��	��� "	� 2��� ����
 $' #	��� )53>� "��� ��� ������	���
���	�� ���������� "��� ����������� ��	����� 	� ��� +?������� ,����
 � �H
�����	� �� 5 ���� )5*3 ��� ������	��� ��	���� ��� ��	��� � 	������
��������� ����	��� ��������� "��� ��� +?������� ,����
 � ��� ������
� � �H

$<



�	
2	� #������ � ���� ���������� ��
��	����2 $%%%

�����	 	� ��� ������� ��� �	�� ��	���� ��� ��������	
 ������	���  �� 
������� �� ��������	
 H���	������ �� ��� ���� �� "	� ��	���� �� ��� H� 
���
�� ,������� � �������� � �H �����	� ����� ,�������8� ����
���� ��
�� ����� ��	���� �� ��� H����
�� J��� �� ������� � �����	 ������ ��� ��� 
������ ��!��� N:������ 	�� #��� � ,�
����	
 ����� 	�� �������	
 +	���8�
�	��

����N &)5*3 )55%(� A�	���� ��� :�!��� "���G 4!� ��
�2� &)5*3 )5*'(� ��
.���/��
	 &)5*' )5*5( 	�� #� 4������!���0� &)55%(� �� ��� ����� )55) )553 ���
:�!��� �� �	��� N:������ 	�� #��� � ,�
����	
 �����N 	�� "	� 
�� �� #�
4������!���0� &)55) )55<( 	�� F� .��/����0� &)55< )55;(� J� ��� ����� )55; 
$%%% ��� ��!��� �� �	��� N��������	
� �������	���	
 	�� ����������	

H���	�����N� ����� 
�� �� F� .��/����0�� ��� ���� 	�� A	������ �������� 	��
��	���� ������
� ��� ��� ������ � �H �����	� �� )$ #	� )55$ ��� ����� 
�	��� ���	�� 	 ��������� ��������� ��	���� ������ ��� �������� ���������
��!��� 	� ��� H����
�� #������� �� ������� 	�� �����
��� ��� ������ �����
��� 6�������� � H����
�� �����	� �� $% 4��� )55> ��� ������	��� "	�
�� �������	��� 	� 	 ��������� ���������� �������� ��� 
� �	���

D��� �� #	� )5>* C� #�/�2��0�8� ������	��� "	� 	�������� � ��� ��� �
������	���8� ������� "	� 	������� 	�	������	� #�
���� #�
	�2��0� &4	
! $*
#	� )*'5  ��
��	�� )$ 4��� )53*( "� "��� �"� �� ������ � ������� ��
��� �	���� �?�
	���� ��� ��� 	��� �������� ������ ��� �
" ��	���� �� ���
+	���8� ���
	��� �� ����B����� � ��� +	���8� 	?�� ���
��	��� 	�� ��� ����
	���� ���� ��������� ��	���� ������� �� �	���� ��E������� #�
	�2��0�
�
����	��� 	
� ��� ������ � ��� �
��	�� � +	��� 	�� ���� �
	����� �����
��� �����	�� � ��� �	����	���	
 ����� � ��� +	���8� �
�� ����� ���
������	���8� �������� "	� ��������� � ��� ������	���8� ,����
� 	� ��� ��	�
� "���� "	� ��� ������� 	�� ,����
8� ��������� #� #�
	�2��0�� "��� �������
���� ��
����0�� C� #�/�2��0� 	�� :	�
� �	��0� &:���0� )53)(� #�
	�2��0� ��
�
���� ��� ��

 $; =��� )53)�

�� )53) :� 4!��2��0� ��	����� ��� 4��
� ��	� �������� D����� ���� ��������
�����B����
� �	��� 6���� "��� ��������� ��� $%% ��" ���
� 	�� ��
���
�
��	��� ��� ��
2 � ��� "���� �� ��� � 6����!� :���0�� "�2��� �� ���� 6���
����� )5;%� ����� 	� ��� ��	� ����� )5';�

�� ���� �	�� ��	� ��� C	��	�
� ��	�� ������� "	� ��	����� �� C	��
�!� �� 
2	�!	�� �� ���� �� "	� !���� �� �
�?	���� .���/��
	 	�� =�
��	���	 ������!���0�
&	� ��� �����	��� ����� )53;( "������ 	� �������� ����
����� � ��� 	� 
��������	
 ����	����� �2 �
	�� 
	��� �������� �"	�� ���

	� 	�� �
	� �������
	�� 	�������	
 ����������� �����	

� �� "	� ��� �������� � �������� ��	��
"���� "	� �������� ����� )535� 	���� ��2	�!	�8� ������ ��� ��� �����	
��	���
�� ��� ����� 7���� �� "	� ��� "�2 �� ��� ��
� � �
	������� � ��������
��	�� ��	� "	� �	2�� ��� J��	

�� ��� ����������	
 6��� "	� ������ ��
)5;%� �� )5;5 	�� )5'% "�2��� �� ��� 6��� "	� ��	!/�� ����
�� �� )5'$
��� 6��� "	� !���� �� �/���	� C����� �� )5*% �� 6!2 4!��	/����0�� �� )5*<
�� �
��	� =	�2�� �� )5*> �� #�
	� 4������!���0�� �� )5*3  )55; �� C
	�����
.�/�
!	���� �� )5*5 )55; �� �
�	 ��	�	�2��0� C�2�	���0� &	� ��� ������	���
����� )5*$ ���� �� ��� ���
��� 4��
��	���� 6���(� �� )55) �� �	�!	 +�2	��0�
	�� ���/�	�	 #	�2��0�� �� )55$ �� A�2	 :���0�� �� )55> �� 4	�2 =�������0�
	�� �� )553 �� ��
�	�	 1�2
��� ����� )3 J����	�� )55' ��� 6��� "	� !����

$>



#�
	� 4������!���0�

�� #�
	� 0,��2��0�� ����� )�� =	��	�� � )55* �� 4�	�	�	 �	�2��0� 	�� 1	�	/�	
��	!2��0� &����� )> 1������ )55* 1	�	/�	 ��	��0�(� ����� )3 ����
 )55* �� �
) 1������ )555 �� 4��	�2	 /��
�0�� ����� ) =	��	�� )555 �� +�� ��� �����
$% =	��	�� )555 �� 1��	� #�
�	���0� 	�� ����� ) 4������� )555 �� �
����
C�����

J�� $; =��� )53) � #	��� )53> ��� ������	���8� ������� �� 	�	�� C�
#�/�2��0�� ����� �� "��� ��� ���������� ��� ������	��� "	� ��	��� �� #�
:���0� �� ��� �	�	���� � ������ ������� 	�� ��� $) 1�� )53; � $) 1��
)5;% 	� 	 ��������

����� #� :���0� 	� ��� ��	� � ��� ������	��� "	� C	��
�!� ��2	�!	�� ����
	� 	����� ������� ����� )5;%� ���� �� )5;> )5;3 	� ��� �������� J

"��� ����
��� =�
� )5;3 � )5'%� ��� ������� "	� :�� 4!��2��0�� ����� ��� �� ���
����� )5') )5'3 	� ��� ��	� � ������	��� �� 	�	�� #� :���0�� ����� )5'3�
���� 	� 	����� ������� 	�� ��� )< =�
� )5'' � ���� )5*) 	� ��� ������� "	�
#� #�!	�� &��
��	�� < =�
� )5<<  ��
��	�� )5 1� )55;(� ��� �������8� ���
��� )5*$ � )5*5 "	� ��
� �� #���	� #�����0�� �� )55% )55< �� �/���	� C����
	�� ��� $) 1� )55> �� �� #�
	� 4������!���0��

�� )5*;� � ��� �	�� � ��� ������
� � �H �����	 	�� H����
�� +?�������
,����
� ��� ��!��� "	� 	����� 	�� ����� 	

�	��� �� ��� ���
���� � 	�
	���������	
 �������� ��	��� 	� H�	! ����	�� ��	� :�2��
!�� 4�� � ���
����������� �� ��� H����
�� �	���� ��	�"��
� ���� ���������� ��� ��!��� �	�
�� ���� ��	
���� ����

�� )5*'� �� ��� �������� � 	 ������ � ��	������ 	�� ������� ������
��� ��� ������ 	�� 	��	�� ��� ������	�� � ��� ������	���8� ������� "	�
�
���
� ��
���	��� �� ��� �	

 � ��� ������
� � �����	� �� ��� ��	���
� ���� !���
�� ����� ������	���	
 	�� �� ����
	� ��������� ���������� "���
��
�G ��7 ,

B���� )%% NJ���	����	
 ���������N &* )) 1��  ,�	���	�
��, 9� +������ 6	�����

�� 7��(� ������	���	
 �������� � ��������	

H���	���� �� ����� � 4!� ��
�2�� ����� :�������� � ��7 D�2��� 6���
� ��������	
 H���	���� &< > 1��� ,�	���	� ��, C� #�
�	���0�(� �����
������	���	
 �������� � ,	�	������� ,

����� � ��� ��	

 �

	� ������
����� &* )) 1��� ,�	���	� ��, C� F	��	
	� ��	
�( 	�� ����� D�2���
N����������� �� ����
	��	N &* )% 1� ,�	���	� ��, #� 4������!���0�(� 4�� 
��� ����� ����������� 	 ���� ������ "	� ����� �� ��� 
� ������	���8� ���
� 
��� �� .	�	�!��!� :	�2� �� � ��� ��� ����� �����	��� � ��� ����
�����
� ��� ��������	
 ������	����

�� )55> ����� �2 �
	�� 	 ����	���	��� � ��� ������	���8� ����� ����� 
����� ����
���� �� ��� ���	�
������� � G 4��	������ � ������������ 4��	�� 
���� � 4��	���	
 ������� 	�� 4��	������ � ���������� ����� )3 J���� 
	�� )55'� 4��	������ � ��������� "	� !���� �� 1	�	/�	 :���0� 	�� ����� $%
#	� )55* �� :����	� =�	���0� &"�2��� ����� ) =	��	�� )55; �� ���� 2������
	�� ����	���� �����	��� ��������	��� �������(�

�� )553 ��� ������	��� �	������	��� �� ��� ��	���	��� � ��� ������	���	

H����	�  ����
	� ,�������� N1�"��� 	�� J���	����	
 ���������N �� ���
:���������� � ��� J���� 9���	��	� ����
	� ,�������� �� �	!	 	�� ��� J����
H�	��	� ����
	� H��� �	�
� � �

	��	��� �� 	������ �� ������	�	@
�� ��	����� ��� J���� ����
	� ,�������� � ������	
 A��� ��	��� �� .���	!	�

$3



�	
2	� #������ � ���� ���������� ��
��	����2 $%%%

�� )55; ��� ������	��� ��	����� ��� ����� ����
	� H�	��	� H���
�	�
� � �

	��	��� �� 	������ �� ��
��	�� 	�� ��� ����������� ������
	� ��� )*�� ������ ���
 	�� ������	���	
 �������� � ��� :������ 	��
������ 6	��� �� .��� ��� ������	��� �	������	��� �� ��� ��	���	��� �
��� J���� ��
	���� ����
	� ,�������� � :������ 	�� 4��	���� � A	��	 
��� 	�� ����������	
 :
	��	 �� #���2� ��� ������	���8� ��

"� ���������
����� ����
�� 	� )< ������	���	
 	�� ; �	���	
 ����������� ���� ���
����� )$5
���
���	���� ����� � "���� ); �� ��� ������	���	
 
�	���� !���	
�� �� ��� 

����� > �
���� � :��
� ������ ���� ��
��	�� 	�� $ 1�� � ��� �������	

��

� ����� ��
��	���

�� )55' ��� ������	��� ��	����� �� ��� ��	��"�2 � ��
���	��� � ���
))%�� 	�������	�� ��� ��������� ��������� N4���
����� � ������� 	���
�����N� �� �2 �	�� 	
� �� ��� ��	���	��� � ��� ����� H�	��	� ����
	�
H��� �	�
� � ,���	��� �� ������� �� .
�! 1	��	� 	� "�

 	� �� ���
����� ����
	� ,�������� � ������	
 A��� ��	��� �� ��
	 ,�2�	� �� ��

"�
��������� ����� ����
�� 	� )< ������	���	
 	�� > �	���	
 ����������� ����
���
����� )3$ ���
���	���� ������ )) � "���� �� ������	���	
 !���	
� � ���
������� ��	������

4����� )55*� )3> ���
���	���� ����� �	�� ���� ���
������ "��� )5 	���
���� �� ������	���	
 ��������� !���	
� � ��� ������� ��	������ J��� �������

������� 	�� ������� ������ �	�� ���� ����� �� ��

"� � ������	��� 	� �� 
����	���	
 ���������� 	�� �� 	� �	���	
 ��� J�� �����"� 	�� ����	����
��?�� �� �	���	
 ���
��	���� �	�� ���� ���
������ ������	���8� ��

"� �	��
�	������	��� �� "�2� � ); ��������� ���������� 	��	� &$* �	������	���� �� )5
��

"�( 	�� ��? ���������� �� ����
	��	 &;) �	������	��� �� $* ��

"�(� ���	 
����� �� ��� ������	��� "��� �C ����
	�  H�	��	� ��������	
 #�������
��
��	��� 3 *�%3�)55*@ � ��
�	��	�  �����	� ��������	
 �����	�� ��
��	� 
���2� ; '�%* )55* 	�� �� ����
	�  ��
	�����	� �������� � :������ 	��
4�	������� � A	��	��� 	�� ����������	
 :
	��	�� F
	����� 3 ;�%5�)55*� ��
������ ��� ���
��	���� � ��� ������ :��
� ������ ���� ��
��	�� 	�� �"
1�� � ��� �������	
 ��

� ������ ��
��	��� �� ��� )55* ��������	

������	��� �	� 	� �������� �������� 	�	�
	�
� ��� �	�� �����	
 �������
� ������	��� "��� D���"� 53 ����	

���

4����� )555� �� ����� � 1��� 	�� 	��	�2� � ����
	��	 	�� ��� ������� 
��� � ��� ��� ������	� ����
�� ))$ ���
���	���� ����� �	�� ���� ���
������
$< 	��� ���� �� ������	���	
 ��������� !���	
� � ��� ������� ��	������ ��?
������� 
������� �	�� ���� ����� �� ������	���8� ��

"� 	� ������	���	
 �� 
�������� 	�� ��� 	� �	���	
 ���� #������ �" :�� 4 	�� �� #� �� ������
�	�� ���� ���
������ 1������ )35 	�� );% � ��� ������	���8� ���
��	���
�����	� ��������	
 =���	
� 	� "�

 	� 1�� ;<� ;>� ;3 	�� ;; � ��� :��
� 
�	���� � ��� ��������	
 ������	��� � ��
��	�� �	�� ���� ������� �����
���
��	���� 	�� ����
	�
� ���� � )<; ����������� 	�� 
���	���� �� >3 ��������
	�� � )3 ����������� 	�� 
���	���� "����� ����
	��	� ������	���8� ��

"�
�	�� �	������	��� �� "�2� � * ��������� ���������� 	��	� &5 �	������	����
�� ; ��

"�( 	�� ����� ���������� �� ����
	��	 &<3 �	������	��� �� $$ ��
 

"�(�

4����� )555� ��
��	�� �����	��� ��	����� � �2 �	�� �� ��� ��	�� 

$;



#�
	� 4������!���0�

�	��� � ��� �

"��� ����������G ��� ����
	� ,�������� � ������	
 A���
��	���� ��	�2�	� &J��/�2	 ��	(� > ;�)%�)555@ O�� 1	���	
 ,�������� � �� 
��
	� ��������� 	�� ������	���	
 D�2��� � ��� 4���
����� � ���� 
����	
 4	�	�	���� ��
��	��� )5 $)�))� )555 	�� �������� #�
	�2��0�  !�/���
�	�	�� ����	 &�������� #�
	�2��0�  �������	�� ��	�� ����"(� ��
��	���
$3 $;�))� )555�

������� ������� ��"��	��� 	����
�� 	�� �	�� 	�� �C �������� ����� 
�	���8� ��

"� 	������� �?�
	����� �	�����
	�
� ��� ))�� ������ )555 ��	

�
	� ��
����� ���� �	�� >* 
������� � 	�������	
 ���!���� ������ �� ����� 
����� ����������� � ��� ��
���	
 
��� �� �� ������� #����� > 
������� �	��
���� ����� 	� ��� ��������	
 ������	��� ����
��

� ��� 	� "�

 ��	� �����	� ��������	
 =���	
 �� 	�	�
	�
� � """ ������
��� ����������	
 4	�	 ������ &�4�(� ��	�2� � ��� ������� � ��� ������8�
�
����� ��� """ 	������ ��G ����GII	��"""��	��	������������ 4�����
)555� ��� "�� ���� � ��� ��
��	�� 	�������	
 �����	��� �	� ���� �	�� 	��
��� ����������� """ 	������ ��G ����GII"""�	�����	����� #����� ���
�	�	�	�� �+A4��� �	� ��	���� � ����
� 	�� �� �� 	�	�
	�
� ������ ��������
"��� ��� 	������G ����GII"""�	�����	����I�+A4����

,������
� ����� 	�� >% ���
���� 	� ��� ������	��� <$ � ���� 	�� 	� 
��������

�� ��� ����� � ��� ������ ��� ��
��	�� ��������	
 ������	��� ���"
� 	� ���������� � ���	� �����	��� �� ��� ������ � ������� 	�� ��
���� �
��� �����	� ���
�� �� �
� �� ��� ��
� � 	������ ��� 	
� �� �����
���
�����
�� 	�� ���	�������� A��2�� � ���� ���������� 	�� ��� �	��� � ���
�	��� �����	
����� �� ��� ������ � ������� "� ���������� � ��� ������	 
���� 	�� ��� ��������� 	����������� � �����	� 	�������� �� �����	
� �	����
�	���� ������ �� ��� ������	���	
 ��������� �������� 	� "�

 	� � ��� ����
�	���� 	 �� ������������ �� �� ������ �� �� ���	���� �� ���� ��	�����

	�� ��	

������ �������� �� 	� 	������� ��	�
��� ���� � 	������ ����
�� � ���
������� �	
���

� �����
��� ������� �� �
������ � ������

����� ��� ����� ����� ���

������ ��������	
 ������	���� ����� �� �� ��
��	�� 	
� ��� ,�	�� � �� 
����� 	� ��� J	��
�� � #	����	����� �� ��� J	��
�� � �������� ���	�	���
��� ��� :��
�����	
 J	��
�� �� )5>'� ��� ,�	�� � ,�
����	
 #���	���� 	��
������� "	� ������ �	���� ����
� �����	���� ��	���� ��� �	�� ��� ,�	��
� #���	���� 	�� �������� ��� ��
������ �� � ���� ,�	�� ��� ��� ,�	��
� #���	���� 	�� ��� ,�	�� � ������� ���	� �� )5;%� ����� ���
���� ��
)5;$� ��� ����	���	��� � ��� J	��
�� � �������� �� )5') ���	�
�� ��� ,�	��
� ������� ������� ��� ��������� � �������� �� )553 ����� �2 �
	��
��� ������� � ��� J	��
�� � �������� ��� �����	
 �	��
����� �� ��� J	��
�� �
#	����	���� ����� ���	���� ��� ,�	�� � ������� "���� �� �2� �� ��� ��"
��	���	���� ��� 
� �	���

�� )5;) �" ����� ����� "��� �����  �� �� �������� ��� ���� ��

$'



�	
2	� #������ � ���� ���������� ��
��	����2 $%%%

������������ ,������
�� ����� 	�� 	� ��� ,�	�� � ������� )$ ��

 ����
	�������� 	�� �� ���	��� 	� �� ����� ���� �	���� ��	����� ������ ���!�����
��� �	��� � ��� ,�	��8� ��

"�� ��� ���!���� ���� 	�� 
�������� �� 	� "�

 	�
����� �
������� 	�������� 	�� ����� �� �������?�

������ ��
��	��� ������� �� �	���� 	� 7��������� �� 1�� �	�� 1�/� 	��
.�	��!��	�� �� ��� J	��
�� � �������� � ��� 1�� �	� 7��������� ����� ��� �����
)5*;� �� *�� ��������� ��� ���!��� N����������� 	�� �������N� ���
����
�"��� 	 "��2 
������� 	�� �"��� 	 "��2 �?�������� ��� ���!��� �� �
��	��� ��
�������� "������ � ��	�� :������ �� ��� �����	�� ���
� "��
� ����� ����	

�� �������� � ���
��� :�������

�� ��� J	��
�� � :��
���� � ��� 1�/� 7��������� �� ��� ����� ���� ��
:������� "����� ��� �����	
���� ��	����� �� 6����	
 :������� ����� ��� ���

��	� )55%I5) ����
 )55<I5> ����� "	� �	���� �"��� 	 "��2 �� ��� '�� 	�� *��
���������� ��� ���!��� J���	����	
� � ������������ ��� ���!��� "	� ����� 
	���� ������ �� �" ��	�� ��� ��� �������
��� � �� 	�	�� �	���� "����� ���
'�� �������� �"��� 	 "��2� �� 	������� ����� �� �� ��� ����� ���� �� ���� 
����� 	 ,�	�� �� 6� 	�� ,������������ �������� ����
� "��� ��� ����� �
������ 	�� ����������

�� ��� J	��
�� � �������� � ��� .�	��!��	� 7��������� ����� �	� ����
��������� �� ��� ���
 ��	� )55*I55 ��� ���!��� ����������� 	�� �������
�� ��� ;�� �������� � ��� �����	
���� ��	����� � ��� 6��� �� :������� "���
�"��� 	 "��2 ��	����� 	�� �"��� 	 "��2 �?��������

� 	������ �
��������� 
�������


�� 	������ � ��������	
 �������� "�

 ����
��� �� �����	 �� 	
� ���
	�	���� �������� ��� 
	����� 	�� ��� 
���� ��	���	��� � 	�	���� 
	�������� �� ��� ��������	
 ������ NH��!�� �/�2��0�N �� ��
��	�� &.	
� 
����	�� 6��!� 6�	� );� ))%%% ��
��	��(� "���� �� ��� ����� � ;3 ��	�� � ���
�?������� "	� ����	���� 	�������	
 2�"
���� �� �� ������� ��� �������
������� "	� ��
� � $$ ����
 )5<>� ��� ���� ������8� :�������� "	� 4!��!�
1�2
�0� &)5<> )5<;( 	�� ��� ����� C!�� 4!���/��0� &)5<; )5>)(� ��� ������ �
��� ��	�� #���	�� �	�2�

����� ��� D	�� � 5 4������� )53) "	� ��
� ��� ������� ������� � ���
��
��	�� ��������	
 ,
�� NH��!�� �/�2��0�N &	� ������� �	�� � ��� �� 
���	��� � �������� � ��� 1	���	
 #	����	���	
 J	��
�� &:#J((� 4� H	��	�
4	��0� ����� �
��� ��� :��������� ,��������� ��	� 	
��	�� �� )53$ ����� "��� ��
��� ,
�� ;> �������� ��� �	!���� � "�� "��� �� 	����	��� "��� ��� :#J�
��� ,
�� ���������	���� ,������� �2 ������� � $< #	��� )53$� ��� ,
��
� �� �� ���������� ��� ��������	
 ������ NH��!�� �/�2��0�N� ��� ���� 
��� ������� � ��� ������ "	� ��
� � )* #	� )53$� H	��	� 4	��0� �	����
���� �
����� ��� :�������� &)53$ )5;;(� J

"��� ��� ��� ������8 :���������
�	�� ����G ��	���
	� /���	�
�0� &)5;; )5'%(� :�� 4!��2��0� &)5'% )5'$(� 1� 
�	� =	�2��0� &)5'$ )5'>(� �/���	� :���0� &)5'> )5'5(� F�	� .��/����0� &)5'5 
)5*$( 	�� #�
	� �� 4������!���0� &)5*$ (�

�� )53< ��� ������� !���
� "��� ��� ����	����	
 �����	��� � ����
	��	�

$*



#�
	� 4������!���0�

��	���� ���
������ ��� �������	
 �� 	������ 	�� 	���	����� &�������
� ��
	������( NC	���	N &7�������(� ��� �������	
8� ������ �� ����� "���G 1� 
�	� 4!� =	�2��0� &)53< )5'$(� :�� 4!��2��0� &)5'< )5'>(� =�
��	 #�
��	�� 
����� &)5'3 )5*$(� ��	���
	� /���	�
�0� &)5*< )5*>( 	�� #�
	� �� 4������!���0�
&)5*3 (�

��	�2� � ��� �?����� � :�� 4!��2��0� 	�� H	��	� 4	��0� "��� ��� 	� 
�������� ��������� ��� ������ ��	���� �� ����
� ��� ��������P �� ��� 4����
�"�� 	� .	
�����	� "����� � $% 4������� )5;> "	� �
���
� ����� ���
:��
�8� ������	���� "��� ����
	� 	������� ��	���� �� =��� )5;3� ��� ��� 
��� �	�	��� 	
� � ������ 	 F���� �
	���	����� "���� "	� ����	

�� �� 	�

� ��	���� ���	� �	�� ����  ���2��� 9	�	�  �� ��� .	
�����	� 4�!�
6�	�� ��� :
	���	���� ��	���� ���	���� �� )5;5� ����� ���	

� ����� �
)' J����	�� )5'%�

��� ������� ������� � ��� ��������	
 ������ N1�� �	�N� �41��
&=	��
	� J�	������� �������2	 ������	���!	� :����	�	����2	 ����!	�	� $)%%%
1�� �	�(� �2 �
	�� � > #	��� )5'>� �� )5'; ��� ������ ����� ��
������
$%� ������	��� )%*I);%% �� 	�� )%. *%I)$%% �� 	�� )>� ;%I5%% ���
� ��� ������	� ��� ���,�� 	�� �� )55) �����	��� ��� ��E���� ���� ��
� 
����� #�	�� $%%I)3%% �� 	�� )%$I)%%% ��� �� )5*5 ��� 	�	��	��� � ���
��������	
 ������	��� 	� ��� :����	�	��� J������ "	� ���
���� "��
� ��
)55; ��� �������� �� ��� �
	���	���� "��� ������� 	�� ��� 	�	��	��� �� �"
�������� ��� ������8� :�������� �� ��� ����� )5'> )5*% "	� /F��!�� 0,�
���
�� ��� ����� )5*% )5*> �/���	� =�	���0�� )5*> )55* 4!��	 :	���0�� ��� )55*
 �� � ) ��������� $%%% ������
	� .����0�� 	�� ��� ) ��������� $%%% ���
:�������� �� 4�	��
	� :�����0��

�� :�����	 ��	� C	
!�� ��� ��	���	��� � ��� ���� H���	������ � �����	
�� ���
���� ��� 9��� � ���� H���	������� ���� ����������� �����	

� � 	
�����	���� ��	�	����� ���	�� ��� H���	��� ��	��� :�����	 &����	/���	/�2	 ��	���	
:�����	� :�����	� )>%%% C	
!��(� ��� ���� ����	���� "��� �	����� �� ��
)5*$� ��� ���� �����	� �� ������� �� )5*< �� ����	�	��� �� ���� �� ��
H�	! #���	��� "���� 	����
��	��� �?�
�	���� "��� ��������� �� )5;* "	�
��	���� 	 ,�
����� ��
����� � ������� ,	�����	�� ����� �!������ ��	�����
$% ��� A	��� � "��� �����	��� ,�
������ ������ )%$ ��� 	� "�

 	� 	 ��E����
� << �� ������� �	���	������ �� �
!/�	 =�	���0�� ��� ��	�� � ��� �����	�
"��� 4	�2 =�������0�� ��
�	�	 1�2
�0�� �	��� �	
�� 	�� 1�2
	 �/�����0�� ���
���� ����� �������
� �����	���� �� �
���� C�����

�� C	
!��� "����� ��� ��	��"�2 � ��� ������ � ����	������ NC
	�����
#	���0�  #	��	N� ������ � ); J����	�� )5;5� ����� �� 	����� 	
� ��� �� 
������	
 6��� ������ �� )5'$ &1�2
	 �/��0�� ���/�	����	 ;*� �� �	� ))*�
)>%%% C	
!��(�

�� .�	��!��	�� � ��� �� � ��� ��������� � :������ � ��� J	��
�� �
��������� ����� �� ��� ��
����� ������	��� &C�2�	 �	���0�� �������� �	 ���2�
:#J� ������ =	�!�0� >� .�	��!��	�(� ����� � $% J����	�� )5*;� �� ������� �
	 ��
����� #������� ,	�����	�� ������
 )<%I$$3% ���

�� 1�/�� 	� ��� �
�� � ��� ��?���� 	�� ��� ��	�� � ��� ���������� ����� "	�
���	���� 	 ��	��� � ��� ��������	
 ������ NH��!�� �/�2��0�� "��
� 	�
��� J	��
�� � :��
���� ����� �?����� �� ��� ����� )*'; )5*% ��� N���� 

$5



�	
2	� #������ � ���� ���������� ��
��	����2 $%%%

6�������	
 ������N� �� ��� ��	� )55; ����� "	� ������ ��������	
 ������
N�
��	N &4�	�	� /F� 6	!�0�� J�
���2� �	2�
���� �����!�2	 ����	 �	 J���2�� ��
�	� 5)� )*%%) 1�/�(� ��� ���� ������8� :�������� "	� F�	� ��2�
�0�� "��
� ���
#	��� )55' �� ��� :�������� �� 4�	�	� /F� 6	!�0��

�� )55; F���!	��� � �� 	� ��	���	��� � 	�	���� 	��������� ���� 
����	
 ������ N#�
���� #�
	�2��0�N &#�/�	 ��	��0�� F���!	����2	 ����	��!	�
6���	��!�2	 $� $<%%% F���!	���(�

��� 	�	���� 	�������� �������� ���	�
� ���������� � ��� ����	���� �
	�������	
 2�"
���� �� �� ����� 	�� � 2������ ���� "��� ��� 
	���� 	��� 
����	
 	����������� 	�� ����������� ��� ���	���� 	 ��� ����	�
� �
��	�� ��
��� ����
����� � ������� �� �����	�

��������


Q)R �	���0� C�2�	G )55'� #�
��������
��	���� � �	��!� ��
�����	� � H	��!
	������!� 2� ���	� ���� #� �� 4������!���0�� =� #�
��	�� ������ A�/,�
:���0�� :��
� ������ ���� ��
��	��� ��� 53�

Q$R 4������!���0� #�
	� ��G )55;� ����	��2	 �������2	 �����	���!	 � )553�
��
��	�� ��������	
 �����	��� �� )553� :��
� ���� ������ ��
��	��� ���

Q<R 4������!���0� #�
	� ��G )55'� ))% ����	 �������2� �����	���!�� �G
H	��! 	������!� 2� ���	� ���� #� �� 4������!���0�� =� #�
��	�� ������
A�/,� :���0�� :��
� ������ ���� ��
��	��� ��� 5�

Q>R 4������!���0� #�
	� ��G )55'� ����	��2	 �������2	 �����	���!	 � )55;�
��
��	�� ��������	
 �����	��� �� )55;� :��
� ������ ���� ��
��	��� ���

Q3R 4������!���0� #�
	� ��G )55*� ����	��2	 �������2	 �����	���!	 � )55'�
��
��	�� ��������	
 �����	��� �� )55'� :��
� ������ ���� ��
��	��� ���

Q;R 4������!���0� #�
	� ��G )55*� ��
��	�� ��������	
 �����	���� :��� >��
����
	� H�	��	� ��������	
 #������� ���� #� �� 4������!���0�� A� /,�
:���0�� :��
� ������ ���� ��
��	��� ��� );$�

Q'R 4������!���0� #�
	� ��G )555� ����	��2	 �������2	 �����	���!	 � )55*�
��
��	�� ��������	
 �����	��� �� )55*� :��
� ������ ���� ��
��	��� ���

Q*R 4������!���0� #�
	� ��G )55*� �������!	 � ����!�� :��� � ��
�	��	�  �� 
��
	� ��������	
 #������� ���� #� �� 4������!���0�� A� /,� :���0�� #�
�����2�� :��
� ������ ���� ��
��	��� ��� )5�

Q5R 4!2�0� #�
�	�G )5*5� ������2	 ��	�!	  ������	���!� C�
�2� /�2
� � 7�� 
��������	 � ����	�� � ������� � )**'� � )5$>� ������ �G �� ����	
�������2� �����	���!� � ����	��� :��
� ���� ������ ��
��	��� ���
)''�

Q)%R 4!��2��0� :��G )5;*� ���	������ ��� ����	 �	�	 �������2� �����	 
���!� � ����	��� :��
� ���� ������ ��
��	��� ��� )3�

<%



#�
	� 4������!���0�

Q))R 4!��2��0� :�G )5;5� H	���� ��� 
8	������0� �� 
8������	���� �������B��
�� ��
��	�� �� )5;; 0	 )5;5� ��

� ���� ������ ��
��	�� 		

� 1 $� )><�

Q)$R 4!��2��0� :�G )5'%� H	���� ��� 
8	������0� �� 
8������	���� �������B��
�� ��
��	�� �� )5'%� ��

� ���� ������ ��
��	�� ���� )53�

Q)<R J�	������ =	��
	�G )55'� �������2 ���/��� N1�� �	�N  �41��� �
H	��! 	������!� 2� ���	� ���� #� �� 4������!���0�� =� #�
��	�� ������
A�/,� :���0�� :��
� ������ ���� ��
��	��� ��� 5)�

Q)>R 6	!�0� 4�	�	� /F�G )55'� �������!	 � 	������2	 �	 7����������� � 1�/��� �G
H	��! 	������!� 2� ���	� ���� #� �� 4������!���0�� =� #�
��	�� ������
A�/,� :���0�� :��
� ������ ���� ��
��	��� ��� )%5�

Q)3R =	�2��0�� 1��	� 4!�G )5*>� F	���� � ��0�	�!	 �	 �������2 ���/���� :��
�
������ 4��/���	 NH��!�� �/�2��0�N� 1� <�

Q);R =	�2��0� 4!� 1��	�G )5*5� #�
	� 1���
!2��0�� ������ C�
�2� /�2
� �
����	/� �!��� ������	���!�� �G �� ����	 �������2� �����	���!� �
����	��� :��
� ���� ������ ��
��	��� ��� )%'�

Q)'R =�
�/��0�� #�
	�G )5*>� :����� ����	 �������2� ���/���	 NH��!��
�/�2��0�N� C	���	� OOO��� 1 )� )�

Q)*R #���2����� C�C�G )5<%� H	���� 	����
 ��� 
80��	� �� 
�� ��	�	�? ��

8������	���� �������B�� �� ��
��	�� ��� 
8	��0�� )5$5� ����	��� ���

8	� )5<%� )$3�

Q)5R #���2����� C�C�G )5<)� H	���� 	����
 ��� 
80��	� �� 
�� ��	�	�? ��

8������	���� �������B�� �� ��
��	�� ��� 
8	��0�� )5<%� ����	��� ���

8	� )5<)� )<<�

Q$%R #���2����� C�C�G )5<$� H	���� 	����
 ��� 
8	��0�� )5<) ��� 
80��	�
�� 
�� ��	�	�? �� 
8������	���� �������B�� �� 
87��������0� �� ��
��	���
#0������ �� <*�

Q$)R #���2����� C�C�G )5>)� �������� �� ��	�	�? �8�����	���� �� )5<5 0	

8������	���� �������B�� �� 
87��������0� �� ��
��	��� ��

� ���� ������
��
��	�� �� 1 ) $� )�

Q$$R #���2����� C�C�G )53%� �������� �� ��	�	�? �8�����	���� �� )5>% 0	

8������	���� �������B�� �� 
87��������0� �� ��
��	��� ��

� ���� ������
��
��	�� �
� 1 ) $� )�

Q$<R #���2����� C�C�G )53$� H	���� 	����
 ��0�����0� S	 
8��	����� ��� ��� 
����� ������ ��� 
80��	� �� 
8	������0� �� 
8������	���� �� )53)� ��

� ����
������ ��
��	�� 	�
� 1 ) >� )�

Q$>R #�
��	��  ����� =�G )55;� ������� ����	��� �� JH ����
	��	 )55<
 )55;� :��
� ������ ���� ��
��	��� ��� );3�

<)



�	
2	� #������ � ���� ���������� ��
��	����2 $%%%

Q$3R #�
��	��  ����� =�G )55'� =��	� ���
� �����!� .	����� �	 	������!�
7����������	 � ����	��� � H	��! 	������!� 2� ���	� ���� #� �� 4������ 
!���0�� =� #�
��	�� ������ A�/,� :���0�� :��
� ������ ���� ��
��	��� ���
;3�

Q$;R #�
��	��  ������ =�G )55*� ,�	�� � ������� � ��� 7��������� �
��
��	��� :��� >�� ����
	� H�	��	� ��������	
 #������� ���� #� ��
4������!���0�� A� /,� :���0�� :��
� ������ ���� ��
��	��� ��� )5<�

Q$'R #�
��	��  ������ =�G )555� ������� +���	��� �� JH ����
	��	
)55;  )555� :��� O�� 1	�� ,��� ���� ��������� 	�� ���� D�2��� �
��� 4���
����� � ��������	
 4	�	�	���� ���� A� /,� :���0�� #� 4	/��0��
:��
� ������ ���� ��
��	��� ��� )*3�

Q$*R 1	����2� .����� ��	��0� #�/�	G )55'� �������2 ���/��� � F���!	�����
�G H	��! 	������!� 2� ���	� ���� #� �� 4������!���0�� =� #�
��	�� ������
A�/,� :���0�� :��
� ������ ���� ��
��	��� ��� ))3�

Q$5R 1���
!2��0� #�
	�G )5%>� ����/��	! ������	���!� C�
�2� /�2
� � �!���� �� 
���
/�2�� ��	��!	� )*55 )5%<� 4�/�	��	 /��	��	��!	� ����	��

Q<%R 1���
!2��0� #�
	�G )5%3� ����/��	! ������	���!� � #����
/�2�� ��	��!	�
)5%>� 4�/�	��	 /��	��	��!	� ����	��

Q<)R 1���
!2��0� #�
	�G )5%'� ����/��	! ������	���!� � #����
/�2�� ��	��!	�
)5%3 )5%;� /��	��	��!	 4	�����0�� ����	��

Q<$R 1���
!2��0� #�
	�G )5%*� ����/��	! ������	���!� � #����
/�2�� ��	��!	�
)5%'� 4�/�	��	 /��	��	��!	� ����	��

Q<<R 1���
!2��0� #�
	�G )5%5� ����/��	! ������	���!� � #����
/�2�� ��	��!	�
)5%* )5%5� 4�/�	��	 /��	��	��!	� ����	��

Q<>R 1���
!2��0� #�
	�G )5)%� ����/��	! ������	���!� � #����
/�2�� ��	��!	�
)5)%� 4�/�	��	 /��	��	��!	� ����	��

Q<3R 1���
!2��0� #�
	�G )5)>� ����/��	! ������	���!� � #����
/�2�� ��	��!	�
)5)) )5)$� #��2��� ����	��

Q<;R 1���
!2��0� #�
	�G )5$<� ����/��	! ������	���!�� �	 )5)5 )5$%� )5$$ � )5$<�
����	��2	 �����	���!	� ����	��

Q<'R 1���
!2��0� #�
	�G )5$3� ����/��	! ������	���!�� �	 )5$>� ����	��2	
�����	���!	� ����	��

Q<*R :���0� ��G )53%� �������� �� ��	�	�? �8�����	���� �� )5>5 0	

8������	���� 	������B�� �� 
87��������0� �� ��
��	��� ��

� ���� ������
��
��	�� 	
�� ����� C���

Q<5R :���0� ��G )53)� H	���� 	����
 ��� 
80��	� �� 
8	������0� �� 
8������	����
	������B�� �� ��
��	�� �� )53%� ��

� ���� ������ ��
��	�� 	� � �����
C���

<$



#�
	� 4������!���0�

Q>%R :���0�� A� /,�G )55'� H	��! � 	2������� �������2� ���/���	 NH�� 
!�� �/�2��0�N� � H	��! 	������!� 2� ���	� ���� #� �� 4������!���0�� =�
#�
��	�� ������ A�/,� :���0�� :��
� ������ ���� ��
��	��� ��� ''�

Q>)R :���0�� A�2	 /,�G )555� ��	����2	 	������!	 � =���
	��!�� :��� �
��
�	��	�  ����
	� ��������	
 #������� ���� #� �� 4������!���0�� A� /,�
:���0�� #� �����2�� :��
� ������ ���� ��
��	��� ��� *5�

Q>$R :���0�� #�G )5'3� ����/��	!  �	�� �������2� �����	���!� � ����	��
�2� )5'<� ������ :��
� ���� ������ ��
��	��� ��� $<)�

Q><R :������ #�G )53%� �������� �� ��	�	�? �8�����	���� �� )5>) 0	

8������	���� 	������B�� �� 
87��������0� �� ��
��	��� ��

� ���� ������
��
��	�� �

 � ����� )�

Q>>R :������ #�G )53;� H	���� 	����
 ��� 
80��	� �� 
�� ��	�	�? ��

8������	���� �� )533� ��

� ���� ������ ��
��	�� 		� 1 < >� );�

Q>3R :������ #�G )5;%� H	���� 	����
 ��� 
80��	� �� 
�� ��	�	�? ��

8������	���� �� )535� ��

� ���� ������ ��
��	�� 		
�� 1 < >� >$�

Q>;R �	
�� �	���G )55'� �������!	 � ����	/���	/�2! ��	���� :�����	� �G H	��!
	������!� 2� ���	� ���� #� �� 4������!���0�� =� #�
��	�� ������ A�/,�
:���0�� :��
� ������ ���� ��
��	��� ��� )%)�

Q>'R ��2�
�0� #���	�G )55'� �������2 ���/��� N�
�	N  1�/�� �G H	��!
	������!� 2� ���	� ���� #� �� 4������!���0�� =� #�
��	�� ������ A�/,�
:���0�� :��
� ������ ���� ��
��	��� ��� )))�

Q>*R ����
!���0� =�	�G )5*'� �������!	� /,�������� ����	 :�����  
#	���	��/�2� �	2�
���	 � ����	��� ����	�� );;�

Q>5R ��	�!���0� #� 4!��!�G )5%3�� ����	��2	 �����	���!	 � �!�� ����/��	! �	
)*55  )5%<� ���� ���� <$� ����	��

<<


	_AAAMD51.doc
	aa_469_749_2007
	aa_471_671_2007
	AA_552_A33_2013
	Introduction
	Theoretical remarks
	Results and discussion
	References

	aa102-93-1981
	aa123_249_1983
	aa127_68_1983
	aa131_327_1983
	AA136-289-1984
	aa145_439_1985
	aa155_319_1986
	aa163_297_1986
	aa172_345_1987
	aa192_249_1988
	aa200_285_1988
	aa217_201_1989
	aa236_261_1990
	aa256_305_1992
	aa276_187_1993
	aa287_1026_1994
	aa324_1206_1997
	aa350_719_1999
	Introduction
	Method of calculations
	Results and discussion
	Conclusions

	aa365_656_2001
	aa371_354_2001
	aa382_359_2002
	aa396_331_2002
	aa399_795_2003
	aa400_1155_2003.
	aa400_791_2003
	aa403_787_2003
	aa404_1099_2003
	aa410_735_2003
	aa417_375_2004
	aa420_769_2004
	aa423_397_2004
	aa425_1147_2004
	aa434_773_2005
	aa435_1191_2005
	aa437_1023_2005
	aa441_391_2005
	aa54_837_1977
	aa67_103_1978
	AApTr_27_665_2012
	AApTr_28_1_73_2013
	AAS_100_593_1993
	aas100_237_1993
	aas100_593_1993
	aas100_91_1993
	aas101_583_1993
	aas101_587_1993
	aas102_17_1993
	aas103_57_1994
	aas105_243_1994
	aas105_245_1994
	aas107_191_1994
	aas107_349_1994
	aas109_551_1995
	aas111_565_1995
	aas114_171_1995
	aas115_351_1996
	aas116_359_1996
	aas117_127_1996
	aas119_369_1996
	aas119_529_1996
	aas120_373_1996
	aas122_163_1997
	aas122_533_1997
	aas127_295_1998
	aas127_543_1998
	aas128_203_1997
	aas128_359_1998
	aas129_155_1998
	aas130_539_1998
	aas131_141_1998
	aas131_143_1998
	aas133_227_1998
	aas139_617_1999
	aas140_191_1999
	aas140_193_1999
	aas64_591_1986
	aas70_57_1987
	aas76_53_1988
	aas82_519_1990
	aas89_581_1991
	aas89_591_1991
	aas93_359_1992
	aas95_109_1992
	aas95_121_1992
	aas96_613_1992
	aas99_585_1993
	ADNDT185-269-2003
	Stark broadening of AgI spectral lines
	Introduction
	Acknowledgements
	Explanation of Table

	References

	apj382_353_1991
	apj454_420_1995
	apjs_170_243_2007_Hamdi etal_Ne V Stark broadenin
	apjs_189_15_2010
	1. INTRODUCTION
	2. THE SAMPLE AND ANALYSIS
	2.1. The AGN Sample
	2.2. The Fe ii (λλ4400–5500) Template
	2.3. Emission-line Decomposition and Fitting Procedure
	2.4. Line Parameters

	3. RESULTS
	3.1. The Ratios of Fe ii Line Groups versus Other Spectral Properties
	3.2. Connection between Kinematical Properties of Fe iiLines and Balmer Lines (Hα and Hβ)
	3.3. Correlations between the Fe ii Line Groups and Other Emission Lines
	3.4. Relations Among Emission-line Strength and Continuum Luminosity

	4. DISCUSSION
	4.1. The Fe ii Line Group Ratios—Possible Physical Conditions in the Fe ii Emitting Region
	4.2. Location of the Fe ii Emitting Region
	4.3. EW Fe ii versus EW [O iii] Anti-correlation

	5. CONCLUSIONS
	APPENDIX A. THE SAMPLE SELECTION
	APPENDIX B. COMPARISON WITH OTHER Fe ii TEMPLATES
	APPENDIX C. THE RELATIVE INTENSITIES OF Fe ii LINES
	REFERENCES

	ApJS_193_2_2011
	1. INTRODUCTION
	2. THEORY
	2.1. The Chemi-ionization Processes: n \ge 5
	2.2. The Chemi-recombination Processes: n \ge 5
	2.3. The Chemi-ionization/Recombination Processes: 2 \le n \le 4

	3. RESULTS AND DISCUSSION
	3.1. The Considered Model of the Solar Photosphere
	3.2. The Calculated Chemi-ionizationRecombination Rate Coefficients
	3.3. Comparison of Fluxes of the Considered Processes

	4. CONCLUSION
	REFERENCES

	apjs135_109_2001
	apjs135_115_2001
	apjs147_369_2003
	ApplPhysB78_221_2004
	ARXIV_1211.1481v1
	1. Introduction
	2. Electron collisions with atoms and molecules
	2.1. Electron scattering by neutral atoms
	2.2. Electron scattering by atomic ions
	2.3. Electron scattering by molecules
	2.4. Electron scattering by molecular ions

	3. Collisions between heavy particles
	3.1. Collisions between neutral atoms and atomic ions
	3.2. Collisions between atoms and molecules

	4. Stark broadening
	4.1. Developments in line broadening theory
	4.2. Isolated lines
	4.3. Transitions in hydrogenic and helium-like systems

	5. Broadening by neutral atoms and molecules
	5.1. Broadening and shift of atomic lines
	5.2. Broadening and shift of molecular lines

	6. Databases

	as
	AstroLettCommun_28_381_1993
	ATMOP3_1993
	b4_13_009
	BAB_145_65_1992
	BAB_145_81_1992
	BAB_146_105_1992
	BAB_146_115_1992
	BAB_146_73_1992
	BAB_146_83_1992
	BAB_146_97_1992
	BAB_147_35_1993
	BAB_148_21_1993
	BAB_148_29_1993
	BAB_148_65_1993
	BAB_149_31_1994
	BAB_150_121_1994
	BAB_150_47_1994
	BAB_150_95_1994
	BAB_151_101_1995
	BAB_151_115_1995
	BAB_152_99_1995
	BalticAstr9_595_2000
	BalticAstr9_656_2000
	BalticAstr9_662_2000
	BalticAstron_21_349_2012
	BalticAstronomy_20_448_2011
	BalticAstronomy_20_495_2011
	BalticAstronomy_20_503_2011
	BalticAstronomy_20_511_2011
	BalticAstronomy_20_523_2011
	BalticAstronomy_20_548_2011
	BalticAstronomy_20_552_2011
	BalticAstronomy_20_566_2011
	BalticAstronomy_20_576_2011
	BalticAstronomy_20_580_2011
	BalticAstronomy_20_613_2011
	BalticAstronomy_20_620_2011
	BOAB_148_29_1993
	BulAstronJ_16_2011
	BulgAstrJ_11_123_2009
	BulgAstrJ_13_140_2010
	BulgAstrJ_19_2012
	BulgAstronJ_11_123_2009
	BulgAstronJ_11_2008
	BulgAstronJ_16_109_2011
	BulgAstronJ_16_130_2011
	BulgAstronJ_16_90_2011
	BulgAstronJ-16-2011
	BullAstronBelgrade_153_89_1996
	BulObsAstronBelgrade_139_31_1988
	BulObsAstronBelgrade_139_72_1988
	BulObsAstronBelgrade_140_111_1989
	ChemicallyPeculiar_149_1994
	ChemicallyPeculiarAndMagneticStars_146_1994
	dimitrievic_Belogradchik



