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Abstract. We study the influence of gravitational microlensing on the spectral line profiles originating from a
relativistic accretion disc. Using the Chen & Halpern model for the disc, we show the noticeable changes that
microlensing can induce in the line shape when the Einstein radius associated with the microlens is of a size
comparable to that of the accretion disc. Of special interest is the relative enhancement between the blue and red
peaks of the line when an off-center microlens affects the approaching and receding parts of the accretion disc
asymmetrically.

In an AGN formed by a super-massive binary in which the accretion disc is located around one of the super-
massive companions (the primary), we discuss the possibility of microlensing by the secondary. In this case
the ratio between the blue and red peaks of the line profile would depend on the orbital phase. We have also
considered the more standard configuration of microlensing by a star-sized object in an intervening galaxy and
find that microlensing may also be detected in the broad emission lines of multiply imaged QSOs. The changes

observed in the line profile of Arp 102 B are taken as a reference for exploring both scenarios.
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1. Introduction

The influence of microlensing effects on multiply imaged
QSOs has been widely discussed (Ostriker & Vietri 1985;
Kayser et al. 1986; Schneider & Weiss 1987; Nemiroff
1988; Irwin et al. 1989; Schneider & Wambsganss 1990;
Yonehara et al. 1999; Mineshige & Yonehara 1999; Agol
& Krolik 1999; Kraus et al. 1999; Belle & Lewis 2000;
Abajas et al. 2001). It has been routinely assumed that
only the continuum-emitting region of Active Galactic
Nuclei (AGNs) is sufficiently compact to be affected by
microlensing. However, recent results (e.g. Wandel et al.
1999) indicate that broad line regions (BLRs) of AGNs
are smaller than was supposed. According to these new
measurements, gravitational microlensing by stars in the
lens galaxy can affect not only the continuum but also
the broad emission lines of multiply imaged AGN (Abajas
et al. 2001).

One proposed model for BLRs is that of a compact
accretion disc, whose signature would be the existence of
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double-peaked broad emission line profiles (e.g. Chen &
Halpern 1989; Chen et al. 1989; Eracleous & Halpern 1994;
Newman et al. 1997; Eracleous et al. 1997; Corbett et al.
1998; Eracleous 1999, Popovié et al. 2001). This signature
is found in a number of AGNs, mainly radio-loud objects
(in particular, about 10-15% of AGN with redshift z < 0.4
have double-peaked lines; Eracleous 1999). Typical exam-
ples are 3C 390.3 (Perez et al. 1988; Dietrich et al. 1998)
and Arp 102 B (Chen & Halpern 1989; Halpern et al.
1996, Sergeev et al. 2000). The aim of this article is to
study the influence of microlensing on the double-peaked
emission lines generated by an accretion disc.

However, the disc model by itself cannot explain the
independent variation of the blue and red peaks of the
lines found over long time-scales (Sulentic 1999), as e.g.
the variation in H,, line of Arp102B was about 16% in the
1990-1995 period (Newman et al. 1997). Additional effects
(Zheng et al. 1991; Newman et al. 1997) or alternative
models (Sergeev et al. 2000) have been proposed to explain
this behavior of the double-peaked spectral lines. In this
article we will show that, with an adequate scenario, the
selective amplification induced by microlensing can also
give rise to this effect.
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In Sect. 2 we include the microlensing by a compact
object in the relativistic disc model of Chen & Halpern
(1989) and analyse the consequences in Sect. 3. In Sect. 4
two different physical stages are explored as alternatives
to explain the changes observed in the line profile of
Arp 102 B in terms of microlensing.

2. Relativistic accretion disc model incorporating
microlensing

We include microlensing in the relativistic disc model de-
veloped by Chen et al. (1989) and Chen & Halpern (1989).
For the model parameters we take as reference values
those proposed by the same authors for the typical radio-
loud AGN, Arp 102 B. The double-peaked line profiles
of this object are very well fitted by the relativistic ac-
cretion disc model in the periods before 1990 and after
1995 (Chen & Halpern 1989; Newman et al. 1997). Thus,
we will adopt a disc with inclination ¢ = 32°, inner ra-
dius &n = 350 Ry, outer radius &oye = 1000 Ry, where
Ry = GM/c* = 1.4745 x 10" Mg is the gravitational
radius, and Mg is the mass in units of 108 M. The emis-
sivity as a function of radius is given by

€= 60571)7

with p = 3 for the case of Arp 102 B (Chen & Halpern
1989).

Including the gravitational microlensing effects in the
relativistic accretion disc model the line shape will be

&out
Fo / /71'/2

xE17Pg(€, 0) - A€, ¢) dédo, (1)
where )¢ is the transition wavelength; o is the velocity
dispersion and & = A\g/A. In the case of Arp 102 B o/
corresponds to a velocity of 850 km s~ (Chen & Halpern

1989).
The Fp in Eq. (1) is (Chen & Halpern 1989)

B 2e0M?2 cosi Ao
 4m/2rd? o
where M is the mass of black hole, d is the distance to

the AGN.
The functions D and g in Eq. (1) are,
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The amplification caused by microlensing is given by the
function

u2

u(§, 9)V/u?(§, 0) +4

(4)
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where u(€, ¢) corresponds to the angular separation be-
tween lens and source in the unit of the Einstein ring ra-
dius and it is obtained from

\/ (Ecos peosi—Epcos ¢p)?
Mo

w(E, 6)= +(&sin p—&psin ¢>0)27

(5)

&o being the radial distance of the microlens from the disc
center, ¢y the azimuthal position of the microlens and 7
the Einstein ring radius expressed in gravitational radii,
R, units.

3. Results

In first place, we have computed the line profile when a
microlens of Einstein radius 79 = 500 R, is projected on to
the center of the accretion disc, g = 0. As can be seen in
Figure 1 the intensity of the spectral line is amplified, but
the line shape is not deformed. However, off-centered mi-
crolenses would asymmetrically amplify the red and blue
parts of the line profile.

To investigate the influence of the location of the mi-
crolens with respect to the accretion disc, we consider
three different cases.

3.1. Radial displacement along the minor axis, ¢pg = 0

If we locate the microlens in the minor axis (¢o = 0) at a
radial distance {, = 500 #; we notice a selective amplifi-
cation of the line profile in the region around zero veloci-
ties (see Fig. 2). This amplification increases for increasing
values of the Einstein radius of the microlens and can be
observed for values above 19 = 40 R, (for the considered
disk). For higher values it can give rise to a central peak
in the line profile (Fig. 2).

In Fig. 3 we present the ratio of red- to blue-peak inten-
sities (R = Iyed/Iblue) as a function of the radial position
of the microlens along the minor axis. According to this
figure, radial displacements along the minor axis would
result in only small changes of this quotient.

3.2. Azimuthal displacement at constant radius

In this case we compute the line profile for different val-
ues of the azimuthal position of the microlens, ¢y =
—90°, —45°, 0°, 45° and 90°. We present the resulting
line profiles in Figs. 4 to 8 for a microlens of projected
Einstein radius np = 500 R, and located at a distance
& = 500 R,. As can be seen, the changes in ¢¢ induce
asymmetrical enhancements in the red/blue peaks. To
quantify the relevance of this effect, in Table 1 we present
the ratio of red- to blue-peak intensities (R) for different
values of microlens masses (i.e. for different Einstein ring
radii) and azimuthal positions. For an unperturbed profile
the ratio is R = 0.834. According to Table 1, R undergoes
significant changes in function of the azimuthal position
as well as of the Einstein radius of the microlens.
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Fig.1. The H, line profile calculated for a relativistic disc
with parameters ¢ = 32°, &n = 350 R, &out = 1000 R and
/X0 = 850 km s~'. The profile deformed by gravitational
microlensing is represented by the dashed line. The parameters
of the gravitational microlens are: {o = 0 R, 1o = 500 R, and
¢o = 90°. The unperturbed profile is represented by the solid
line.
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Fig. 2. The line profiles for different Einstein ring radii of the
lenses mo = 100 R, 200 R, 400 Ny and 600 R, respectively.
The intensity of the central part is higher for higher 7n9. The
calculations were performed for £ = 500 Rz and ¢o = 0°.

In Figs. 9 and 10 we represent the changes in the pa-
rameter R as a function of the azimuthal position of the
microlens for 79 = 150 Ry and 300 R,. We have also rep-
resented the best sinusoidal fit according to the function

R(¢o) = C1 + Ca - ¢ cos o, (6)

where C; and Cy are constants. For ng = 150 R, we ob-
tained C; = 0.9135 and Cy = 0.0126 (Fig. 9), and for
no = 300 Ny, C; = 1.162 and C> = 0.0316 (Fig. 10).
The amplitude of the variation decreases in the direction
¢ — —90°.
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Fig. 3. The ratio of red to blue intensities (R) as a func-
tion of radial position of the microlens (£o). The calculations
were performed for a relativistic disc with parameters i = 32°,
&n = 350 RNg, Eour = 1000 N, and o/Ao = 850 km s~ *. The pa-
rameters of the gravitational lens are: ¢o = 0° and 1o = 150 K.

Table 1. The ratio of red- to blue-peak intensities R =
Led / Iviue for different values of the Einstein ring radius and az-
imuthal position of the microlens. The radial position of the mi-
crolens is £ = 500 R,. For an unperturbed profile R = 0.834.

‘ @0 ‘ Ry =150 Ry Ry =300 e Ry =500 g
—90 0.62 0.39 0.26
—45 0.59 0.37 0.25

0 0.84 0.87 0.93
45 1.47 2.38 3.06
90 1.04 1.67 2.50

3.3. Microlens transit parallel to the major axis

In this case, the radial position is a function of the az-
imuth,

€0 = &/ sin(90 — ¢y),

where &} is the distance between the projected microlens
trajectory and the major axis of the accretion disc. In
Fig. 11 we have represented the red-to-blue intensity ratio,
R, as a function of the azimuthal position for 79 = 200 ¥,
and &} = 350 R,. The best sinusoidal fit, corresponding to
C1 = 0.963 and Cy = 0.0149, is also included in Fig. 11.

4. Physical scenarios: the case of Arp 102 B

Arp 102 B is a broad line radio galaxy at a redshift of
0.02437. The hydrogen Balmer lines of its spectrum are
double-peaked and show variability in intensity and shape.
For this reason, the spectra of Arp 102 has been investi-
gated by several authors (e.g. Halpern & Filippenko 1988;
Chen & Halpern 1989; Chen et al. 1989; Miller & Peterson
1990; Antonucci et al. 1996; Gaskell 1996; Newman et al.
1997; Sergeev et al. 2000). As mentioned in the previ-
ous section, the shape of the emission lines of this object
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Fig. 6. The same as in Fig. 4, but for ¢ = 0°.

can be described using a circular or an elliptical photoion-
ized accretion disc model. According to these models, the
blue peak of the line should be brighter than the red one
(relativistic boosting). Such a trend has been found in

-20 0 20 40
The azimuthal position (degree)

60 80

Fig.9. The ratio of red to blue intensities (R) as a function
of azimuthal position of the microlens (¢o). The calculations

(stars) were performed for a relativistic disc with parameters
i = 32° &in = 350 RNy Lour = 1000 RNg, /Mo = 850 km s~ 1.
The parameters of the gravitational microlens are £, = 500 R,
and 1o = 150 R,
periodical function (Eq. (6)).

. The solid line represents the best fit by a
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Fig. 10. The same as in Fig. 9, but for 1o = 300 ;.

the spectra of this galaxy by Chen & Halpern (1989) and
Newman et al. (1997). However, Miller & Peterson (1990)
found that, during their observations, the red peak was
higher than the blue one. Although Newman et al. (1997)
could not confirm this result, they noticed a sinusoidal-
like variation in the ratio of red- to blue-peak intensities
in the period from 1990 to 1995. This variation was con-
firmed by Sergeev et al. (2000). Similar quasi-periodical
variations were also observed in the spectra of 3C 390.3
(e.g. Veilleux & Zheng 1991; Dietrich et al. 1998). Newman
et al. (1997) explained the variability in terms of an accre-
tion disc model with a hot spot, while Sergeev et al. (2000)
prefer a model in which the BLR is formed by thousands
of clouds rotating predominantly in, but not confined to,
the same plane.

As we have shown in the previous section, microlensing
can also give rise to relative enhancements between the
red and blue peaks of the emission line profile. In fact,
we have shown that the transit of a microlens along the
accretion disc may induce sinusoidal-like variations of the
ratio of red- to blue-peak intensities. In this section, we are
going to explore two different physical scenarios in which
microlensing could reproduce the behavior of the observed
variability in Arp 102 B.

4.1. Microlensing by a supermassive companion

In the first place we will address the case of an AGN
formed by a supermassive binary. For simplicity, we can
consider there to be only one BLR, an accretion disc, lo-
cated around the primary supermassive black hole. The
(less massive) companion will play the role of a microlens
during its orbital transit along the accretion disc.

‘We found that for 56 = &in = 350 Ry a microlens with
10 =~ 55 RN, can produce the observed variation of around
16% in the red to blue peak ratio in Arp 102 B. However,
for &} = &oue = 1000 R, an ERR of about 160 ¥ is needed.
Thus, in the following computations we take 100 R, as
reference value for the ERR of the microlens.
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Fig.11. The same as in Fig. 9, but for no = 200 Rz. The
different values of &y are due to motion of the lensing object
(see text).

Using a mass of 2.2 x 108 M, for the supermassive
primary in Arp 102 B (Newman et al. 1997) we obtain
the following estimates for the inner and outer radii of the
accretion disc:

&n = 350 Ry = 0.00369 pe,

&out = 1000 Rz = 0.0105 pc,
for its dimension,
Eout - gin = 650 §Rg = 0.00630 pc,

and for the Einstein ring radius associated with the
microlens,

10 = 100 Ry = 0.00105 pc.

From this value of 19 we can estimate the mass of the mi-
crolens. Since the distance, D, between the microlens and
the accretion disc is negligible with respect to the distance
between the observer and the microlens, the expression for
1o can be approximated as

4G M
— -

~ D 7
Mo c ; ()

From Eq. (7) the mass of the microlens can be estimated as

2 2 2
Mo ¢ 12 "o
~—=-— =523 x10" - = M,
where 79 and D, are given in parsecs. In the case of
Arp 102 B we obtained above that 79 = 0.00105 pc.
Selecting distances between the accretion disc and the mi-
crolens in the interval 0.3 to 1 pc, we obtain masses for

the microlens in the following range:
M ~ 5.8 x 10° Mg—2 x 107 M,

These masses are an order of magnitude or less than the
primary mass. Considering a circular orbit for the compan-
ion, the time of transit along the accretion disc is around
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a few years. This order of magnitude is in good agree-
ment with the period of the observed variations, and we
can consider this scenario as a plausible explanation of the
sinusoidal-like variation in the ratio of red- to blue-peak
line fluxes. However the time needed for the companion
to complete a circular orbit is around one thousand years;
for this reason the observed variations would disappear
and then reappear after this long period of time. This
represents a strong constrain on this model and can be
easily addressed with new observations of the system. On
the other hand, with a mass an order of magnitude smaller
than the primary, the contribution of the secondary to the
emission is too small to change the line profile (Popovié
et al. 2000).

4.2. Microlensing by a star-sized object
in an intervening galaxy

An alternative scenario to reproduce the observed vari-
ation is the microlensing produced by a star-sized ob-
ject in an intervening galaxy. The Einstein radius needed
(~1072 pc) can be produced by an object with ~1 Mg
located at a distance around twenty times smaller than
the that of the source. Such an object with a relative ve-
locity of around two hundred km s~! could also repro-
duce the observed variations, but in this case they would
be observed randomly with a frequency depending on the
density of micro-deflectors in the intervening galaxy.

Leaving aside the observed variability of the BEL pro-
files of Arp 102 B, this result is very important from a
general point of view, for we have found that a detectable
distortion of the BELs of Arp 102 B (which are well re-
produced by an accretion disc model) could be induced
by a microdeflector of mass within the typical range of
observed microlens masses (e.g. Alcock et al. 2000). Thus,
in so far as the BELs of QSOs originate in an accretion
disc, the BELSs of multiply imaged QSOs should be consid-
ered as potentially susceptible to distortion by microlens-
ing effects.

5. Conclusions

In this paper we have developed a relativistic accretion
disc model, based on that of Halpern & Chen (1989), for
generating line profiles incorporating microlensing. Using
this model we have studied the influence of microlensing in
spectral line shapes. The following conclusions are worthy
of mention:

1. Gravitational microlensing can induce significant
changes in the spectral line profiles generated by an accre-
tion disc, even for relatively small values of the Einstein
ring radius associated with the microlens (o ~ 40 R).
Off-centered microlenses can induce relative enhance-
ments of the blue and red peaks of the line profile, or
even give rise to a central peak. These effects could be
very strong when 79 is comparable to the disc dimension,

Eout - fin-
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2. We found that a compact object of ~1 Mg in an in-
tervening galaxy could give rise to effects easily detectable
in the emission line profiles. That implies that, contrary
to what has been assumed, not only the continuum but
also the emission lines may be susceptible to microlensing
in multiply imaged QSOs (in so far as the accretion disc
model for Arp 102 B applies to a typical BLR).

3. The transit of a microlens along the accretion disc
can qualitatively reproduce the quasi-periodical variabil-
ity of the ratio of red-to-blue peak intensities observed in
the case of Arp 102 B in the 1990-1995 period.

4. We have explored two different physical scenar-
ios that could reproduce the observed variability in Arp
102 B: i) microlensing by a supermassive companion (M ~
10" My) located at a distance of around 0.3 pe, and ii)
microlensing by a compact object of mass ~1 Mg in an
intervening galaxy. The sinusoidal-like variation induced
by microlensing does not extend beyond one period. It can
be reproduced again after a long lapse of time (in the case
of the supermassive companion) or randomly (in the case
of the microdeflector in an intervening galaxy). This could
be useful in distinguishing between microlensing and other
different options that are strictly periodical, such as the
model of an accretion disc with a hot spot.
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