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We have studied the influence of gravitational microlensing on the Fe Ko line originating from a compact accretion
disc of active galactic nuclei. We found that microlensing can produce line profile deformation as well as a significant
amplification of the line flux. The line deformation and line flux amplification depend not only on the parameters of
the microlens but also on the disc parameters.
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1 INTRODUCTION

The X-radiation of active galactic nuclei (AGNs) are generated in the innermost region
around a central super-massive black hole (BH). In various types of AGN, the existence
of accretion discs is well established (Fabian ef al., 2000). The accretion discs around the
central BH represent an efficient mechanism for extracting gravitational potential energy
and converting it to radiation and give us the most probable explanation of the main charac-
teristics of AGNs (high luminosity, compactness, jet formation, rapid time variation in radia-
tion and the profile of Fe Ko line).

An emission line from Fe Ko has been observed at 67 keV in the vast majority of AGNs
(see for example Nandra et al. (1997) and Fabian et al. (2000)). This line is probably pro-
duced in a very compact region near the BH of an AGN (Iwashawa ef al., 1999; Nandra
et al., 1999; Fabian et al., 2000) and can provide essential information about the plasma con-
ditions and the space geometry around the BH. Many effects can influence the Fe Ku line
profile, so that the Fe Ko line can be a tool for plasma diagnosis near a BH.

One of the effects that may produce deformation of the Fe Ka line is gravitational micro-
lensing (Popovic et al., 2001b,c, 2003; Chartas et al., 2002). Recent observations of two lens
systems seem to support this idea (Oshima et al., 2001; Chartas et al., 2002).

The rapid X-ray variability of many AGNs is also noticeable. This variation is also
present in the shape and flux of the Fe Ko line (Iwashawa et al., 1999; Nandra et al.,
1999; Vaughan and Edelson, 2001) and is explained as dramatic flare-like events in the
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accretion disc corona (Fabian et al., 2000). Popovi¢ et al. (2001a) showed that, under certain
conditions, microlensing from a massive object in the host galaxy could explain the changes
in the Ho line profiles in a non-lensed AGN.

In this paper we shall present our investigation on the influence of the gravitational micro-
lens (MLE) on the Fe Ku line originating from an accretion disc. In Section 2 we give the
theory, and in Section 3 some of the numerical tests are presented.

2 THEORY

To take into account the effect of microlensing on a compact accretion disc, we shall use the
ray-tracing method (Bao ef al., 1994; Bromley et al., 1997; Fanton et al., 1997, Cade? et al.,
1998) considering only those photon trajectories that reach the sky plane at a given observer’s
angle Oobs. We shall adopt the analytical approach proposed by Cadez et al. (1998). If X and
Yare the impact parameters that describe the apparent position of each point of the accretion
disc image on the celestial sphere as seen by an observer at infinity, the amplified brightness
is given by (Popovic et al., 2003)

I, = e(rg* (X, Y)dlx — g(X, V)X, Y), (D

where x = vops/Vo (Vo and vy are the transition and observed frequencies respectively), g =
Vem/Vobs (Vem 18 the emitted frequency from the disc), () is the emissivity in the disc, &(r) =
gor? and A(X, Y) is the amplification caused by microlensing. We shall consider two different
approximations to estimate the last quantity.

2.1 Microlensing by an Isolated Compact Object

In this case the amplification is given by the relation (see for example Narayan and
Bartelmann (1999))

(X, Y)+2

AX 1) = uX, V[2(X, ¥) + 417

@)

where u(X, Y) corresponds to the angular separation between the lens and source in Einstein
ring radius (ERR) units and is obtained from

_ 2 _ 211/2
0

Xo and Y are the coordinates of the microlens with respect to the disc centre given in grav-

itational radii (R, = GM /c?, G being the gravitational constant, M the mass of the central

black hole and ¢ the velocity of light) and #, is the ERR expressed in gravitational radii.
The total observed flux is given by

image

Fe) = j h() 4O, 4
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where dQ is the solid angle subtended by the disc in the observer’s sky and the integral
extends over the whole (line) emitting region.

2.2 Microlensing by a Straight Fold Caustic

In most cases we cannot simply consider that microlensing is caused by an isolated compact
object but we must take into account that the microdeflector is located in an extended object
(typically, the lens galaxy). In this case, when the size of the ERR of the microlens is larger
than the size of the accretion disc, we can describe the microlensing in terms of the crossing
of the disc by a straight fold caustic (Schneider et al., 1992). The amplification at a point
close to the caustic is given by (Chang and Refsdal, 1984)

AX, Y) = Ao + H(r(S — Co))s )

K
[K(é - éc]l/2

where A4, is the amplification outside the caustic and K = Aof,'/? is the caustic amplification
factor, where f§ is a constant of order of unity (see for example Witt et al., 1993). ¢ is the
distance perpendicular to the caustic in gravitational radii units, and & is the minimum
distance given by

L=+ YD (6)
Y.
tan o :)7°, (7)

C
and

X —-X)tanp+ Y. —Y

c=¢c+ ®)

(tan> ¢+ D2

FIGURE 1 The point-like lens crossing the accretion disc in the Kerr metric. (a) An illustration; the parameters of
the disc are i =75°, Rinn = Rms, Rou=30R,, ¢ =0 and the ERR is 10R,. (b) The corresponding Fe Ku line changes;
the undeformed profile is normalized to one and presented as the lower curve.
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FIGURE 2 The caustic crossing the accretion disc in the Schwarzschild metric. (a) The same as in Figure 1, but
with the disc parameters i=30°, Riyn =Rpms, Rou=100R, and g=—2.5. (b) Deformed line due to microlensing
effect in comparison with undeformed line (lower curve).

where ¢ =a+ /2. Hk(E — &) is the Heaviside function; H(k(¢ — &) =1, for
k(& — &) > 0; otherwise it is 0. ¥ = £1; it depends on the direction of caustic motion;
if the direction of the caustic motion is from the approaching side of the disc, xk = —1;
otherwise it is +1. Also, in the special case when the caustic crosses perpendicular to the
rotating axis, k = +1 for the direction of caustic motion from —Y to +7Y; otherwise it is —1.

Images of the accretion discs showing the effects of caustic crossing are shown in
Figures 1 and 2.

3 RESULTS

In order to study the influence of microlensing on the Fe Ko line we have varied the disc
parameters as well as the position of the caustic and the caustic direction motion. To test
the MLE influence of microlensing on the line shapes due to different positions of the caustic
we adopt the disc parameters i =35°, ¢ = 0 and R;, = R,s, Where R is the radius of the mar-
ginal stability orbit, which corresponds to Ry,s=06R, in the Schwarzschild metric and to
Rys=1.23R, in the Kerr metric with angular momentum a=0.998. We adopt for the
outer radius Ry, = 100R,.

In Figure 3, one can see the influence of microlensing on the line profile for different incli-
nations of the disc. Figure 3 is the case where the caustic is located at X, =—5 and Y.=0,
and the parameters of the disc are the same as mentioned above, except for the inclination
which is varied from i =10° to 80°. As one can see from Figure 3, the line may be amplified
and it also changes shape significantly because of the microlensing effect. The line profile
deformation is higher for higher inclinations. Also, we tested the influence of microlensing
in the case of different positions of the caustic. In Figures 4 and 5 we present the deformation
of the line for different positions of the caustic. We assume that caustic motion is along the X
axis, in both directions: from —X to X in Figure 4 and vice versa in Figure 5. In both cases we
can see that the line profile deformations as well as amplifications are different for different
caustic positions. Comparing Figures 4 and 5 one can conclude that the line shape deforma-
tion and the amplification depend not only on the position of the caustic but also on the caus-
tic motion direction.
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FIGURE 3 The deformation of the Fe Ko line shape (----) due to the influence of microlensing; the ERR is
100R,, Xo=—5 and Y, =0, for different inclinations i of the disc in the Schwarzschild metric. The relative intensity
is in the range from 0 to 3 (the maximum of the unperturbed Fe Ko line is normalized to 1), and v/v, is in the range
from 0.6 to 1.4.
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FIGURE 4 The deformation of the Fe K line shape (- - - -) due to the influence of microlensing; the ERR is 100R,
and i =35°, for different positions of the caustic (crossing the X axis from —X to +X) in the Schwarzschild metric.
The relative intensity is in the range from 0 to 3 (the maximum of unperturbed Fe Ko line is normalized to 1), and
v/vo is in the range from 0.6 to 1.3.
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FIGURE 5 The same as Figure 4, but for the direction of the caustic from +X to —X.

On the other hand, we fixed the parameters of the caustic and the caustic position (X = —5;
Y=0) and we varied the emissivity index. The results are presented in Figure 6. Comparing
Figures 3 and 6, one can conclude that the line shape deformation and the amplification
depend not only on the caustic parameters (and position) but also on the disc parameters.
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FIGURE 6 The deformation of the Fe Ko line shape (----) due to the influence of microlensing; the ERR is
100R,, Xo=—5 and Y, =0 for different emissivity indices g. The relative intensity is in the range from 0 to 5.5 (the
maximum of the unperturbed Fe Ko line is normalized to 1), and v/vq is in the range from 0.6 to 1.3.
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We also tested the line deformation by changing the inner and outer radii, and we found that
the effect has not become enhanced as in the case of the inclination and emissivity index var-
iation.

4 CONCLUSIONS

In order to discuss the influence of microlensing on the shape and amplification of the Fe Ko
line, we have developed a ray-tracing model. Here we consider the Schwarzschild metric and
we performed several numerical tests varying the caustic position and the disc parameters.
The main conclusions of our work are as follows.

(i) Microlenses of very small projected ERR can cause a line profile deformation as well as
a significant amplification of the line flux.
(i) The amplification and the line profile deformation depend not only on the parameters of
the caustic (and the caustic position) but also on the disc parameters.
(iii) The effect of microlensing on Fe Ko spectral line strongly depends on inclination and
emissivity of the accretion disc, and slightly on the inner and outer radii of the disc.
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