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Abstract. We investigate the influence of gravitational microlensing on de-
tected X-ray radiation from three lensed quasars: MG J0414+0534, QSO
2237+0305 and H1413+117. The focus is set to the analysis of the Fe Ko
spectral line and X-ray continuum variations due to gravitational microlensing.
The accretion disk emission is analyzed by numerical simulations, based on a
ray-tracing method in a Kerr metric, taking into account only photon trajectories
reaching the observer’s sky plane. Obtained results show that microlensing can
satisfactorily explain the observed excess in the iron line emission in the case of
the analyzed gravitational lens systems.

1 Introduction

Recent observational and theoretical studies suggest that gravitational mi-
crolensing can induce variability in the X-ray emission of lensed QSOs. Mi-
crolensing of the Fe Ko line has been reported at least in three macrolensed
QSOs: MG J0414+0534 [1], QSO 2237+0305 [2], and H1413+117 [3-5]. The
observed enhancement of the Fe Ka line in these three gravitationally lensed
QSOs was not followed by an equivalent X-ray continuum amplification.

An explanation for different behavior of the line and continuum variability in
the observed events should be given in context of the microlensing hypothesis.
An increase of the Fe Ka equivalent width in the image B of the lensed QSO
J0414+0534 that was not followed by the continuum, was explained by propos-
ing that the thermal emission region of the disk and the Compton up-scattered
emission region of the hard X-ray source lie within a smaller radius than the
iron-line reprocessing region [1]. An amplification of the Fe K« line in com-
ponent A of QSO 2237+0305 was measured but also not in the continuum [2].
However, in this case the authors gave diffrent interpretation, suggesting that
the larger size of the continuum emission region (~ 10 cm ~ 100 R, for
Mgy = 107M@) with respect to the Fe Ka emission region (~ 10 Ry) could
explain this result [2]. Finally, in the case of H 1413+117 it was found that the
continuum and the Fe K« line were enhanced by a different factor [3].

With the aim of discussing these results, we will model here the behavior of the
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X-ray continuum and the Fe Ka line during a microlensing event for different
sizes of the continuum and the Fe K« line emission regions.

2 Microlensing of a Compact Accretion Disk

The assumption of a disk geometry for the distribution of Fe Ko emitters is
supported by the spectral shape of this line in AGN (e.g. [6], where they have
investigated iron line properties of 18 Sy 1 galaxies). Regarding the X-ray con-
tinuum emission, it seems that it mainly arises from an accretion disk. For in-
stance, it was shown in [7] that the X-ray spectral variability of MCG-6-30-15
can be modeled by a two-component model where the one, varying component,
is a power-law and the other constant component is produced by very strong
reflection from a relativistic disk.

To study the effects of microlensing on a compact accretion disk we will use
the ray tracing method considering only those photon trajectories that reach the
sky plane at a given observer’s angle 6,15 (see e.g. [5, 8] and references therein).
According to [9], the amplified brightness with amplification A(X,Y") for the
continuum is given by:

IC(X»Y;Eobs) :IP(Eome(X»Y)) A(va)» (l)
and for the Fe K« line by

IL(X»Y;Eobs) = IP(EO g(X7 Y)vT(X7 Y)) (2)
0(Eops — Ep - g(X,Y)) - A(X,Y),

where T'(X,Y) is the temperature, X and Y are the impact parameters which
describe the apparent position of each point of the accretion disk image on the
celestial sphere as seen by an observer at infinity; Fy is the the line transition
energy (B¢ K = 6.4keV) and g(X,Y) = Eops/Fem is the energy shift due
to relativistic effects (Eops is the observed energy and F,, is the emitted energy
from the disk). Here we will not consider the cosmological redshift.

The emissivity of the disk is one of the important parameters which has influence
on the continuum and line shapes. The observed continuum flux is very often fit-
ted with one or two black-body components in the soft X-ray, in addition to the
hard X-ray power law (see e.g. [10]). The line shape, as well as the continuum
distribution, strongly depend on an assumption for emissivity law. In the stan-
dard Shakura-Sunyaev disk model [11], accretion occurs via an optically thick
and geometrically thin disk. The effective optical depth in the disk is very high
and photons are close to thermal equilibrium with electrons. The surface tem-
perature is a function of disk parameters and results in the multicolor black body
spectrum. This component is thought to explain the ’blue bump’ in AGN and
the soft X-ray emission in galactic black holes. Although the standard model
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does not predict the power-law X-ray emission observed in all sub-Eddington
accreting black holes, the power law for the X-ray emissivity in AGN is usually
accepted (see e.g. [12]). But one can not exclude other emissivity laws, such as
black-body or modified black-body emissivity laws. Therefore, we will use here
black-body, modified black-body and power emissivity laws for both; the Fe Ka
and continuum emission.

In the case of the black-body radiation law, the disk emissivity is given as (e.g.

[13]):

Ip(X,Y; E) = B[E, Ts(X,Y)], 3)

where 3
2F 1
B(E,T(X,Y)) = 53 mnmmy) =1 @

where c is the speed of light, & is the Planck constant, k is the Boltzmann con-
stant and T(X,Y") is the surface temperature of X-ray accretion disk.

In principle, one can assume different distribution of the surface temperature
along disk. To obtained the X-ray continuum distribution using Eq. (4) one
can assume that 75 = const., taking that the black hole is powerful X-ray
sources with an effective temperature 107 to 10® K. But, regarding the stan-
dard disk model it is expected that the surface temperature at least is radially
dependent. Therefore, here we will accept the radial distribution of surface tem-
perature given by [11]:

To(X,Y) ~r3/2(X, V)1 —r V2(X, Y)Y K, (5)

taking that an effective temperature is in an interval from 107 to 10® K. The
distribution of the temperature along the radius of the disk used in this paper is
given in Figure 1 (top) and corresponding shape of spectral energy distribution is
shown in Figure 1 (bottom). In Eq. (4) r is the dimensionless parameter defined
as:

R(X,Y) 1R(X,Y)c* MgyR(X,Y)

X.Y) = — Yo 6
r(X,Y) 6R, 6 GM M 9km ©)

where R(X,Y) is disk radius, expressed in gravitational radii R.

However, in the innermost part of the accretion disk the Planck function cannot
be used properly. Therefore we will use also the standard (classical) Shakura —
Sunyaev approach, where the emissivity law is described by a ”modified” black-
body radiation law (Egs. (3.4), (3.8) in [11])

Ip(E; X,Y) oc 2 exp(—a), (7

where ¢ = E/kT(X,Y). Taking into account that the observed hard X-ray
continuum has a power-law type spectral shape, we will also assume that the
time-independent intrinsic emissivity of the continuum is:
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Figure 1. Top: The distribution of the temperature as a function of the radius along
the direction of the disk rotation, given for two diferent values of angular momentum a.
Negative values of R correspond to the approaching and positive values to the receiding
side of the disk. Bottom: Shapes of the contunuum for considered three emissivity laws
(normalized to the maximal value) for an accretion disk with outher radius of 20 R (left)
and 80 Ry (right).

I(E,r) ~E~" xr™?, (8)

where, according to the investigation of observed X-ray spectra, I and « are
taken to be 1.5 and 2.5 (see e.g. [14]). For the Fe Ka emission in this case we
used the same calculation as in [5, 15].

We should note here, that disk may be considered to be composed of a number of
distinct parts with different physical conditions (e.g. radiation pressure dominant
part, matter pressure dominant part, etc. see e.g. [11]). Consequently, in general
one can expect that the disk can be described by different emissivity laws in
different parts (e.g. the black-body law may be applied in outer part of the disk).
Taking into account a huge number of parameters which should be considered
in the case of microlensed disk (see the next section), we will consider only one
emissivity law for whole disk.

The total observed flux for the continuum and the Fe Ko line is given as [9]:

F(E) = / Ie(X,Y: E) + I,(X,Y: E)dS, ©)
image
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where df2 is the solid angle subtended by the disk in the observer’s sky and the
integral extends over the whole emitting region.

As one can see from Eq. (9) the total observed flux is a sum of the continuum
and the line fluxes, consequently, the amplification in the continuum and in the
Fe Ka line can be considered separately as two independent components. On the
other hand, the amplifications will depend on the sizes and geometry of the con-
tinuum and line emitting regions. In further text we will consider amplifications
in the line and in the continuum separately.

2.1 Accretion disk parameters

For the disk inclination we adopt the averaged values given in [6] from the study
of the Fe Ka line profiles of 18 Seyfert 1 galaxies: ¢ = 35°. The inner radius,
R;,, can not be smaller than the radius of the marginally stable orbit, R,,s,
that corresponds to R,,s = 6R, (gravitational radii, R, = GM / 2, where
G is gravitational constant, M is the mass of central black hole, and c is the
velocity of light) in the Schwarzschild metric and to R,,s = 1.23 R, in the case
of the Kerr metric with angular momentum parameter a = 0.998. To select the
outer radius, R,,:, we take into account previous investigations of the X-ray
variability that support very compact X-ray emitting disks (e.g. ~ 3 x 10**cm
for the X-ray continuum emission region of lensed blazar PKS 1830-211 [16]).
So, considering a range of black hole masses of 107 — 10° M, we can conclude
that the X-ray emission is coming from a compact region of the order of 10 to
100 I24. This range of sizes is also acceptable for the Fe Ko emission region (see
e.g. [6,12]). We adopt the central black hole mass from [17]: Mg = 108 M.

It is difficult to discuss the validity of different emissivity laws for demonstration
of the X-ray emission (in the line as well as in the continuum), but sometimes,
as for example in the case of black-body emissivity law, the emissivity at X-ray
wavelengths can be extremely small compared with, for example, optical wave-
lengths, and X-ray photons are emitted from a quite small region. In Figure 1
(bottom), we presented the continuum shapes for different emissivity laws used
in the calculation (maximum of each is normalized to one). The shapes of the
continuum were calculated for different dimensions of the disk. As one can see
from Figure 1 (bottom), the shape of the continuum strongly depends not only
on emissivity law, but also on disk dimensions.

2.2 Microlens model and parameters

Different types of caustics can be used to explain the observed microlensing
events in quasars. Moreover, for an exact event one can model the caustic shape
to obtain different parameters (see e.g. [18, 19] for the case of QSO 2237+0305).
In order to apply an appropriate microlens model, we will consider a standard
microlensing magnification pattern (Figure 2, left) for the QSO 2237+0305A
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Figure 2. Left: microlensing map of QSO 2237+0305A image with 16 ERR (177372
Ry) on a side [18]. Right: the small part (square in Figure left) of the microlensing
pattern, compared to a face-on accretion disk [9]. The assumed outer radius of the disk is
Rout = 1000 Ry.

image with 16 Einstein ring radii (ERR) on a side and x = 0.36, A = 0.40 and
ke = 0. The mass of microlens is taken to be 1M . The simulation was made
employing ray-shooting techniques that send rays from the observer through the
lens to the source plane (see e.g. [20-23]). We assume a flat cosmological model
with Q = 0.3 and H, = 70 km s~ 'Mpc 1.

In Figure 2 we presented a comparison between the projected magnification map
in the source plane and an accretion disk with a size of 1000 R, (presented as a
circle in Figure 2, right).

3 Results and Discussion

In Table 1 we give the Einstein Ring Radii (ERR) for the lensed QSOs where
amplification of the Fe K« line has been observed (MG J0414+0534, [1]; QSO
H1413+117, [3,4] and QSO 223740305, [2]). The ERRs (expressed in gravi-
tational radii) are computed for different deflector masses and for a black hole
mass of 10 M. We found that even deflectors with small mass have ERR with
sizes from several tens to several hundreds of gravitational radii.

Here we consider a situation where a low mass population of microlenses
(smaller than one solar mass) can form pattern structures (see Table 1) which
are comparable with the size of the X-ray accretion disk. Moreover, the black
hole mass of the lensed quasar may be of the order of 109710/, taking that
Ry ~ Mpp, the pattern structure of low mass microlenses are comparable with
a X-ray disk size of several dozens R,. Therefore, here we consider that the
black hole mass of the lensed quasar is 109 M.
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Table 1. ERR (expressed in gravitational radii) for different deflector masses (in M)
for the three lensed QSOs where microlensing of the Fe Ko line is suspected [9]:
J0414+0534 - [1], QSO H1413+117 - [3,4], QSO 2237+0305 - [2]. Used values for
the cosmological constants are: Ho = 50 km s~ *Mpc ™! and Qo = 1. The black hole
mass is assumed to be 105M,.

Object Zs z1 | 1x107% | 1x1072% | 1x1072 | 1x107! 1
MG J0414+0534 | 2.64 | 0.96 20.3 64.2 203.1 642.3 2031.1
QS0 2237+0305 | 1.69 | 0.04 112 35.4 112.1 3545 1121.0
QSO H1413+117 | 2.56 | 1.00 19.8 62.5 197.7 625.2 1977.0

For modeling of the caustic magnification pattern for image QSO 2237+0305A
we used the same values for the convergence and external shear as presented
in Figure 2, but for a low mass population, taking that the mass of the de-
flectors are randomly distributed in an interval ranging from 0.1 Mg to 0.6
Mg, with a mean value of < m >= 0.35 My. Also, the positions of the
lenses were distributed randomly in a rectangular region in the lens plane, sig-
nificantly larger than the considered region in the source plane. Taking the
mean deflector mass as < m >= 0.35 My and R, = 9.547.10‘6MBH/M8
pc, we modeled a caustic magnification pattern of IERRx2ERR, that corre-
sponds to 334.63R;x669.261%, in the source plane for a black hole mass of
Mgy = 109Mg, (Figure 3 left). For numerical reasons, the microlens magni-
fication map is given in pixels, 1000 x2000 (1pix=0.33463R in source plane).
As one can see from Figure 3 (left), the microlensing pattern structures are com-
parable with a compact X-ray accretion disk.

In our previous investigations based on the straight fold caustic approximation
(for more detailed discussion see [8] or [9]), the lack of a correlation between
the continuum and Fe K line is expected only if the line and X-ray continuum

Flux amplification

0 500 1000 1500 2000
The position of the disk center (in pixels)

Figure 3. Left: microlensing map of QSO 2237+0305A image with IERR x2ERR (1000
pix %2000 pix=334.63 R, x669.26R,) on a side and scheme of the projected disk with
outer radius R,,:=20 Ry and 100 Ry for the Fe Ko line and the X-ray continuum, re-
spectively. The straight line presents the path of the center of the disk (left side of the
pattern corresponds to O pix). Right: the amplification of the Fe K« line and the X-ray
continuum total flux for different positions of the disk center on the straight line in the
left figure [9].
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region are separated. Recent investigations of the Fe K« line profile from ac-
tive galaxies show that the line should be emitted from the innermost part of the
accretion disk. In particular, in the case of BLRG 4C+74.26 it was found that
the outer radius of the relativistic iron line should be within 10 R, [24]. Con-
sequently, here we will assume that the Fe Ko line is formed in the innermost
part of the disk (Rinn = Rms; fous = 20 Ry) and that the continuum (emitted
in the energy range between 0.1 keV and 10 keV) is mainly originated from a
larger region (Rinn = 20 Ry; Rouy = 100 Ry). On the other hand, from the
straight fold caustic modeling (see [9]) we conclude that the correlation between
the total line and continuum flux due to microlensing is not very different for
different emissivity laws. Consequently, here we used the black-body emissivity
law. A disk (Schwarzschild metric) with an inclination of 35° is considered.

To explore the line and X-ray continuum variation we moved the disk center
along the microlensing map shown in Figure 3 (left) from left to the right, i.e.
from O to 2000 pixels. In Figure 3 (right) we present the corresponding total
line and X-ray continuum flux variations. As one can see from Figure 3 (right),
there is a global correlation between the total line and continuum flux during the
complete path. However, the total continuum flux variation is smooth and has a
monotonic change, while the total line flux varies very strongly and randomly.

In fact, during some portion of the microlensing of the emission regions by the
magnification pattern, we found the total Fe Ko line flux changes, while the
continuum flux remains nearly constant (e.g. the position of the disk center
between 1000 and 1200 pixels). This and the shapes of the line and continuum
total flux amplification indicate that the observed microlensing amplification of
the Fe Ka in three lensed quasars may be explained if the line is originated in
the innermost part of the disk and the X-ray continuum in a larger region. Also,
it seems that the contribution of the continuum emitted from the innermost part
of the disk (within 10 Ry) to the total continuum (in the energy interval from 0.1
to 10 keV) flux is not significant.

4 Conclusions

In order to discuss the observed enhancement of the Fe Ko line in the absence
of corresponding continuum amplification found in three lensed QSOs, we de-
veloped a model of microlensing of a standard accretion disk by a standard mi-
crolensing magnification pattern. Here we summarize several interesting results
inferred from our numerical simulations (for more details see [25]).

1. Gravitational microlensing can produce significant variations and amplifi-
cations of the line and continuum fluxes of the lensed quasars. These de-
formations of the X-ray radiation depend on both the disk and microlens
parameters.
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2. Even microlenses with very small masses could induce significant ampli-
fication of the Fe Ko and the X-ray continuum. Thus, the absence of ade-
quate continuum amplification in the observed Fe Ka microlensed QSOs
should be related to the structure of the accretion disk and/or the geometry
of the event.

3. In the case of microlensing by a standard magnification pattern produced
by a population of low mass deflectors, we can successfully reproduce
the observed lack of correlation between the X-ray continuum and Fe Ko
emission amplification only if the line and continuum emission regions are
separated, but only during the limited time intervals, covering the peak of
the Fe Ka microlensing event. In that case, microlensing can satisfactorily
explain the excess in the iron line emission observed in three gravitational
lens systems: MG J0414+0534 [1], QSO 2237+0305 [2] and H 1413+117
[3].

Further observations are needed to provide more data which might be compared
with our theoretical results.
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