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1 INTRODUCTION

ABSTRACT

Recent observations indicate that many if not all galaxies host massive central black holes
(BHs). In this paper we explore the influence of supermassive binary black holes (SMBBHs)
on the gravitational lensing properties. When lenses are modelled as singular isothermal el-
lipsoids, we show that a SMBBH system changes the critical curves and caustics when the
system is very soft (d > 8.2 kpc for a galaxy with velocity dispersion of 200 kms~1), while
new critical curves can be created around the BHs when the separation of SMBBHs is not
large d < 8.2 kpc). Each black hole can in principle gives rise to at least one additional im-
age, which, if observed, provides evidence of black holes. By studying how SMBBHs affect
the cumulative distribution of magnification for images created by black holes, we find that
the cross section for such images (in the singular isothermal sphere model), whose magnifi-
cations are larger than 10~5, is comparable to the cross section for producing multi-images
in singular isothermal lenses. Such additional images may be detectable with high-resolution
and large dynamic range maps of existing multiply-imaged systems from future facilities,
such as the Square Kilometer Array (SKA). smao: The probability of seeing these images
is expectantly high if the fraction (fzy)of galaxies host binary black holes is sufficiently
large (fpu 2 0.1). We also study the effects of SMBBHs on the core images when galaxies
have shallower central density profiles (modelled as non-singular isothermal ellipsoids). We
find that the cross section of the usually faint core images is further suppressed by SMBBHs.
Thus their presence should also be taken into account when one constrains the core radius
from the lack of central images in gravitational lenses.
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to probe SMBHs. The lensing effect of single SMBHs has been
studied previously (Mao et al. 2001; Chen 2003a,b; Bowman et al.

Recent observations suggest that many if not all nearby galax-
ies host massive central black holes. Empirical correlations have
been discovered between the mass of the supermassive black holes
(SMBHs) and various galaxy properties such as the bulge mass
(Laor 2001; Marconi & Hunt 2003; Héring & Rix 2004; Novak
et al. 2006; Graham & Driver 2007; Soker 2009), velocity disper-
sion (Ferrarese & Merritt 2000; Gebhardt et al. 2000; Tremaine
et al. 2002; Nipoti et al. 2003; Robertson et al. 2006; Hu 2008; Fe-
oli et al. 2011), luminosity (Magorrian et al. 1998; McLure & Dun-
lop 2001, 2002), and concentration (Graham et al. 2001). These
correlations suggest that the growth of black hole is closely related
to galaxy formation (Kauffmann & Haehnelt 2000; Monaco et al.
2000; Wyithe & Loeb 2002; Yu & Tremaine 2002; Volonteri et al.
2003; Di Matteo et al. 2003; Haiman et al. 2004; Ferrarese et al.
2006; Yu & Lu 2008; Bandara et al. 2009).

Gravitational lensing is an independent, mass-based method
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2004; Rusin et al. 2005). Supermassive binary black holes are gen-
erated by merging of galaxies (Yu 2002; Berczik et al. 2006; Jo-
hansson et al. 2009), which is observed and predicted in the hi-
erarchical structure formation theory. When two galaxies merge,
their associated black holes will first decay through dynamical fric-
tions. However, as the binary tightens and increases its velocity, dy-
namical friction becomes ineffective. The evolution of binary black
holes may stall at severalpc ~ several 10pc (Yu 2002). Some
other (e.g., gas) processes bring the binary black holes closer until
gravitational radiation rapidly merges the binary black holes into a
single one. Currently, it is unknown how many binary black holes
there are in the universe, and thus any probe of this population will
provide additional constraints on the binary black hole formation
and evolution.

The purpose of this paper is to study the effects of SMBBHs
on lensing properties. We show that the presence of SMBBHSs can
not only disturb the critical curves of the primary lens galaxy but
also create additional images. These additional images can poten-
tially be observed by future radio facilities, such as the Square Kilo-
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meter Array (SKA), which will provide high angular resolution and
dynamic range. If lenses have shallow (non-singular) central pro-
files, central core images are predicted, but they may be destroyed
by the presence of SMBBHs (Mao et al. 2001). We also examine
this issue in some detail.

The outline of this paper is as follows. In section 2, we
show the basic lensing model of a galaxy with SMBBHs, the non-
singular isothermal ellipsoid which includes the singular isother-
mal ellipsoid as a special case. The classification of SMBBHs is
also discussed in section 2. In section 3, we focus on critical curves
and caustics of galaxy with SMBBHs. In section 4, we discuss the
cross sections of BH-images above a certain magnification thresh-
old and estimate the probability of these images being observed. In
section 5, we study the influence of SMBBHs on the core images
in non-singular isothermal lens models. Conclusions and discus-
sions are given in section 6. Throughout this paper we assume a
flat ACDM cosmology with 2,0 = 0.3, 24,0 = 0.7 and Hubble
constant Hy = 100 h km s~ ! Mpc_l, h=0.7.

2 LENS MODEL OF GALAXY WITH SMBBHS

We model a lensing galaxy by an non-singular isothermal ellipsoid
halo plus a SMBBHs. This model includes the singular isothermal
ellipsoid model as a special case, which is not only analytically
tractable but also consistent with models of individual lenses, lens
satatistics, stellar dynamics and X-ray galaxies (Fabbiano 1989;
Maoz & Rix 1993; Kochanek 1995, 1996; Grogin & Narayan
1996a,b; Rix et al. 1997). In other words, the core radii are expected
to be small in elliptical galaxies (Wallington & Narayan 1993).
In §2.1 we outline the lensing basics for a non-singular isother-
mal ellipsoid plus a SMBBHEs. In §2.2, we focus on the classifica-
tion of SMBBHSs, which is an important factor for the influence of
SMBBHSs on gravitational lenses.

2.1 Non-singular isothermal Lens Model with SMBBHs

The dimensionless surface mass density distribution of non-
singular isothermal ellipsoid is given by

_ T _1 1 o

N T
where 7. is the core radius, g is the axis ratio and Y. =
c?Ds/(41GDyDys) is the critical surface density, Dg, Ds are an-
gular diameter distances from the observer to the lens and source,
respectively, and Dy is the angular diameter distance from the lens
to the source. All the lengths (x1, x2,7c) are expressed in units of
the critical radius, R.,, which is also called the Einstein radius,

Ov 2 Dds

Or,s1s = 4w (7) D.’
where the critical angle 6 s1s is the angle subtended by the critical
radius of the singular isothermal sphere lens on the sky (0 sis ~
0.2 — 3 arcsec for typical lens galaxies), and the velocity disper-
sion o is related to, but not necessarily identical to, the observ-
able line-of sight velocity dispersion; we shall ignore this minor
complication in our analysis and simply treat it as a parameter. For
illustration purposes, we adopt a lens at redshift 0.5 and a source
at redshift 2, velocity dispersion o = 200 km/s and axis ratio
q=0.7.

The lensing properties of the isothermal ellipsoid have been
given by Kassiola & Kovner (1993); Kormann et al. (1994); Keeton

R = Dabg s1s, 2

& Kochanek (1998). The lens equation including a SMBBHs is
given by

—my (LQW)—M("“;“) 3)
Ta Tb

s <x2—2uz>_m2 (252—21/2) @)
Ta T'b

Where 2 = quf + x% + rZ, and m1, mo are the dimension-
less mass of the two BHs respectively. We label the two BHs of
SMBBHs as ‘a’, ‘b’. ra, rp are the dimensionless distances from
the images to the black hole ‘a’, ‘b’, and (u1,u2), (v1, v2) are the
coordinates of ‘a’ and ‘b’ on the lens plane

r=1/z?+z3, )

I \/(xl —u1)?2+ (2 —u2)?, 6)
o =/(21 — 1) + (w2 — v2)2. )
We also define
m = mi + ma, ®)
o Mbh _ 7TU\2/RCI‘
m = M.’ My = a 9

with My, being the total mass of SMBBHs. Physically, M., is the
mass of the galaxy contained within a cylinder with radius R., and
hence m is the ratio of the total mass of SMBBHs to the mass of the
galaxy in the inner parts (within R.,). We assume that the correla-
tions of total mass of SMBBHs and the host galaxy are the same as
a single BH’s mass and its host galaxy. The black hole mass versus
velocity dispersion correlation has been studied in detail by many
people (Ferrarese & Merritt 2000; Gebhardt et al. 2000; Tremaine
et al. 2002; Nipoti et al. 2003; Robertson et al. 2006; Hu 2008;
Giiltekin et al. 2009). The correlation is power law with a typi-
cal slope approximating to 4 (Tremaine et al. 2002; Giiltekin et al.
2009) or 5 (Ferrarese & Merritt 2000). In our paper, we use the cor-
relation of BHs’ mass with velocity dispersion found by Giiltekin
et al. (2009)

My, ~ 1052 My (0 /200)% (10)

for elliptical galaxies which dominate the lensing cross-sections.
So the dimensionless total mass of SMBBHs is given by

D

m=2.5X 10_3h ( Oy )70.04

200

Notice that m has little dependence on the velocity dispersion, al-
though we caution that there is substantial scatter in this relation.
The magnification (u) is given by

—1_ 9y 0y Oy Oy2 (12)
Ox1 Oxa  Oxza Ox1”
The lens model has 10 degrees of freedom

(¥, 4, U, m1/ma,0v,q,rc). even if we ignore the scatter the
scatter the relation in m vs. oy (and set the core radius to zero).
The parameter space is large, and thus in this paper we limit
ourselves with typical illustrative, typical examples.
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The lens equation has to be solved numerically. Through
Eq. 12 above, we can use two ways to investigate the influence
of SMBBHs on gravitational lenses. In general, there are several
curves in the images plane along which the magnification is infi-
nite (1~ ' = 0). These are called critical curves, and they map to
caustics in the source plane. Caustics mark discontinuities in the
number of images, so in order to determine the number of images
produced by a lens model. We can study the difference between
the lens model with or without SMBBHs to obtain the effect of
SMBBHs on gravitational lensing (see §3). We also calculate the
cross section when the magnification of an image (generated by
SMBBHE5) is greater than a certain lower limit, e.g. © > 1075,
which can be potentially observed. We study this in §4 and §5.

If we set the core size r. = 0, the non-singular isothermal
model becomes a singular isothermal model, for which the influ-
ence of SMBBHs we will study in §3 and §4.

2.2 Classification of SMBBHs

We classify the SMBBHs by the separation of its two mem-
bers. First, we calculate the condition that the rotation velocity of
SMBBHEs is equal to the velocity dispersion. In this case, the sepa-
ration of SMBBHEs is called critical separation (dcr),

G My 2

L =UR 202, (13)
GmMer
dcr = &7, (14)

The ratio of the critical separation to its host galaxy’s Einstein Ra-
dius is

der ™M L4 Oy 004

=T resTx 107 () 15

Rer 8 200 (13)
We set the velocity dispersion o, = 200 km s~" for definitiveness,
the transition radius between soft and hard binary black holes d.
can be estimated as

der =~ 3.53 pc, (16)

which coincides with the most probable separation of SMBBHs
(several pc ~ several 10pc, Yu 2002). If the separation is much
smaller than this radius, we call this SMBBHSs ‘hard’, otherwise,
‘soft’. Two other ratios are also relevant: the BH’s Einstein radius
to the host galaxy’s Einstein radius. Assuming a lens redshift of 0.5
and a source redshift of 2, we have

Ok, BH _o [ Oy \ 002
YBBH _ 418 x 10 (—) , 17
Iosis V" % 200 an

and the critical separation to the BH’s Einstein radius:

Opn /T o [ Oy 002
UBH TV 164 % 10 (—) . s
[ % 200 (18)

Both quantities are a few percent.

3 CRITICAL CURVES AND CAUSTICS OF SINGULAR
ISOTHERMAL ELLIPSOID LENS WITH SMBBHS

As we discussed in the previous section, critical curves represent
the positions of images of infinite magnification, while caustics
mark discontinuities in the number of images. In this section, we
study how the SMBBHs affect the critical curves and caustics of
gravitational lens for a singular isothermal lenses (i.e., rc = 0).

© 0000 RAS, MNRAS 000, 000-000

‘We show the critical curves and caustics of singular isothermal
model with central SMBBHs with different separations in Fig. 1.
As can be seen, there are some critical curves near the BHs (which
for convenience we will call them black hole critical curves) when
the separation of SMBBHs is non-zero and d < 1.6 smao: which
is about 8.2 kpc, here d is the separation of SMBBHs which is in
units of Einstein radius of singular isothermal sphere halo. The
black hole critical curves are a single continuous curve when the
separation is very small (d < 0.05). They become several disjoint
curves when the separation becomes larger (d > 0.05). These be-
haviours are also reflected in the caustics. When the separation be-
comes even larger (d = 0.5) the black hole critical curves become
smaller and smaller. However, when the separation of SMBBHs
becomes very large, smao: e.g. the separation is larger than 1.6
(8.2 kpc), the critical curves of the primary lens can be disturbed
by BHs smao: and the black hole critical curves are merging
in to the primary critical curves, so we have peculiar caustics as
shown in the right bottom panel in Fig. 1. Such large separations
are not expected to be common in the SMBBHs formation smao:
(Yu 2002; Colpi & Dotti 2009).

We also show some examples of images in Fig. 1, we can see
that each black hole of SMBBHs can generate BH-images near
itself, and if the source is located in a special position, e.g. near
the psuedo-caustics, there will be multi BH-images for one black
hole and there is at least one image of which the magnification is
greater than 10™°. When the separation of the SMBBHs is zero
(single supermassive black hole), the source outside the primary
critical curves, and there is a BH-image near the SMBBHs, which
is shown in panel (a). As is well known, for a singular isothermal
ellipsoid lens, if the source is located outside the primary critical
curve (i.e. pseudo-caustics), there will be no multi-images, so this
central image must be generated by the central SMBH. In panel (b)
and (c), when the separations are not very large the black hole criti-
cal curve is continuous, and we find there are 3 BH-images for these
two cases. In panel (d), there separation is larger than 0.05 and the
black hole critical curves become disjoint, the black hole close to
the source can generate a BH-images, the black hole that is further
away from the source generates 3 BH-images while there is also an-
other usual image around the position (z = —0.081,y = —0.051).
For panels (e), (f), and (g), the cases are similar, BH-images are
generated close to each BH, and there is also an SIE-image close to
the primary critical curves. The most unusual case is shown in the
bottom right panel, the separation is such that the black holes distort
the primary critical curves, 8 images are created in total, including
4 BH-images. Some of these BH-images are bright (|u| > 0.425)
enough to be detected, but the probability may be low because a
large separation (11.6 kpc for our illustrative example) is required,
and most black holes may not be at such large distances.

In the other extreme, very hard SMBBHs (i.e., with very small
separations, d < 107° in the Einstein radius) affect the critical
curves of singular isothermal halos. In principle, the rapid rotation
may lead to variations in the magnification. However, for this to
be observable, its timescale needs to be relatively short, 7/4 <
10yr, where the period T' = (d®/(GMy))'/?. This requires a
separation for d < 0.04pc for a total black hole mass of 1.7 x
10® M corresponding to oy = 200 km/s. This separation is much
smaller than d.., and thus the binary black holes will essentially
appear as a single one for lensing purposes. We conclude that in
general the binary rotation effect will be difficult to detect using
current or even future facilities.

The above discussion shows that the effects of SMBBHs on
critical curves and caustics of singular isothermal model is sen-



4  Li, Mao, Gao and Loeb

Ao = 0.0, oy max = 4.5 X107 dop = 0.01, Hppimax = 1.8X10°

0Ff + A 1
10.008 T
)
EES 1 70 4
0.008 L
A -0.008 0 0.008 A
a b

st

dop = 0.028, iy may = 3.1 X107 don = 0141, ppi ma = 0019

( v |
0.02
\_//

B

1t

0.02 s L )
-0.02 0 0.02 N 0.08 004
c d
don = 0.282, Hppi max = -0.0459 don = 0.564, o may = -0.0534
-0.05 — A 1015 —

-0.15 -0.25

0.1 -0.2540.2-0.15
0 - - -
1 b i 4 4
-0.75 -0.82 L—
0.8 0.7 -0.47 -0.45
e f
doh = 1-414, i ma = 10-0497 dop = 2.262, o max = 2428
-0.45
1 i
-0.55
-0.5
0 - -

-0.472 == A
-0.209  -0.207

L L L L s L

-1 0 1 -1 0 1

Figure 1. Critical curves and caustics for the case of a central SMBBHs
in a singular isothermal galaxy, and also examples of images. The mass
ratio for the binary system is mi/mg = 1, and the separation (dpy) is
indicated in each panel. dyy, is in units of g s15, the Einstein radius of
the singular isothermal sphere model. The black curves show the critical
curves, while the green curves show the caustics, blue triangles show the
sources’ positions and red triangles show the images’ positions. We also
plot SMBBHS’ positions in these panels (black points). All SMBBHs cases
have m = 2.5 x 10~ 3h, and the galaxy is singular isothermal with velocity
dispersion oy = 200 km s~ and axis ratio ¢ = 0.7. The highest black
hole image magnification is labelled for each case.

sitive to the distance from the members to the center of the host
galaxy. When BHs are near the center of galaxy, the black hole
critical curves, which are generated by BHs, can map into remark-
able caustics. It means that the cross section of extra BH-images,
which will be discussed in detail in §4, is larger when the BHs is
near the center of the halo.
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Figure 2. Cumulative distribution functions for the magnification of all im-
ages in the SIE-SMBBHs lens model. These color curves show SMBBHs
cases with different separations which are indicated in the top-right of the
figure. The black solid curve shows the cumulative distribution function for
the magnification of a singular isothermal lens model (without BHs). All
SMBBHSs cases have a total mass of m = 2.5 x 10~3h. The mass ra-
tios are m1/mo = 1 (solid curves) and m1/mg = 3 (dash cures). The
galaxies are modelled as singular isothermal models with velocity disper-
sion oy = 200 km s~ 1, and axis ratio ¢ = 0.7.

4 CROSS SECTIONS AND PROBABILITY

In this section, we investigate the influence of SMBBHs on
cross sections of BH-images of singular isothermal ellipsoid ha-
los, whose magnifications are greater than 10™3,10* and 10
respectively, which we will use to estimate the observational
probability of BH-images which are generated by a galaxy with
SMBBHs lens under different lower limit of magnifications. In ad-
dition, the probability that both two BHs can generate BH-images
with magnifications greater than 1072,10™* and 107" will be
studied.

4.1 Cross Sections

Fig. 2 shows the cumulative cross sections distribution function,
where we plot two mass ratios of SMBBHSs are m1/m2 = 1 and
m1/mo = 3. In each case there are 4 different separations. The
heavy black line is the cumulative cross section distribution func-
tion of singular isothermal model, the color lines, show the cumula-
tive cross section distribution function of SIE-SMBBHs with differ-
ent separations of SMBBHs. Solid color lines show the cases that
the SMBBHS are equal-mass except that the solid red line show the
cases that the separation of SMBBHs is 0, dashed color line show
the cases that the mass ratio of SMBBHs is ml/mg = 3. So the
value that color lines in excess of the heavy solid line at the same
magnification is the cross section of images which are generated by
BHs. The cross sections will become smaller when the separation
becomes larger at small magnification. Non-equal mass SMBBHs
will give larger cross sections than equal mass SMBBHs when the
separations are not so large, but this difference becomes negligible
when the separation becomes larger since the cross-section con-
verges, because the SMBBHs can be considered as two separate
single BHs and their cross-sections simply add.

We give the relation of cross-sections and the SMBBHs’ sep-
arations when the magnification is greater than 10~3,10™* and
107° for a singular isothermal model respectively. As shown in

(© 0000 RAS, MNRAS 000, 000-000
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Figure 3. Cross-section of BH-images of SIE-SMBBHs model as a function
of separation dp,}, of SMBBHs with different lower limits of magnification.
The red, green and blue curves correspond to a lower limit of 10~3,10~4
and 10~ respectively. All SMBBHs cases have m = 2.5 x 10~ 3h,
m1/ma = 1. Both galaxies are singular isothermal ellipsoids with velocity
dispersion oy = 200 km s~ 1, and axis ratio q=0.7.
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Figure 4. Similar to Fig. 3, except that cross section is for the case when
both BHs create BH-images with magnification greater than three lower
limits as in Fig. 3. All SMBBHs cases have m = 2.5 X 10~3h, and the
mass ratio m1 /ms = 1. Both galaxies are modelled as singular isothermal
ellipsoids with velocity dispersion oy = 200 km s~ and axis ratio ¢ =
0.7.

Fig 3, the higher the lower limit of magnification, the larger the
cross section of the BH-images. The peak of the curve will move to
the large separation end and vanish.

Fig. 4 illustrates the cross-section that we can detect 2 BH-
images, which are generated by both members of the SMBBHs re-
spectively. As shown in Fig. 4, only when the separation is small
enough, smao: then both-BH-images can be generated, and the
higher the lower limit of the magnification is, the larger the cross
section of BH-images is.

© 0000 RAS, MNRAS 000, 000-000

5 SUPPRESSION OF CORE IMAGES IN A
NON-SINGULAR ISOTHERMAL GALAXY WITH
SMBBHS

In this section, we investigate the cross section distribution func-
tion of core images of non-singular isothermal ellipsoid (NIE) lens
model. As is well known, non-singular isothermal model can gen-
erate a faint core images, and the magnification and position of the
core image are sensitive to the core size of the halo, so one can
constrain the core size of non-singular isothermal halo through the
probability of core images in the lens survey, but we show below,
as in the case of a single central black hole, the presence of SMBHs
(SMBBHS) can also suppress the probability of core images.

As previously, we set the velocity dispersion o, =
200 km s_l, axis ratio ¢ = 0.7 and core size r. = 0.05. Fig. 5
shows the cumulative distribution function for the magnification of
core images (ficore). SMBBHS suppress the faint end of the distri-
bution, leaving the bright end largely unaffected. A smaller separa-
tion will suppress the faint end of the distribution more effectively
than a larger separation. For dpn, < 0.04, the suppression is of the
order of 12%, and for dpn ~ 0.20 the suppression is of the order of
3%. Non-equal mass SMBBHs lead to smaller variations between
different separations than equal mass SMBBHs. For example, for
dbn ~ 0.20 with m1/mo = 3, the suppression is of the order
of 7%, Fig. 6 shows the cumulative distribution function for the
magnification of core images in non-singular isothermal lens with
more massive SMBBHs, whose total dimensionless mass is 0.01.
We can see that the cross section of core images will be suppressed
more at the faint end of the distribution because of the more mas-
sive SMBBHSs. To summarize, there is some difference in the core
images between single and double black holes, which will lead to
slightly more uncertainty in the constraints on the core size.

6 DISCUSSION AND CONCLUSIONS

In this paper, we have studied the lensing configuration due to su-
permassive binary black holes (SMBBHs). We have shown typi-
cal examples of critical curves, caustics, and image configurations.
Similar to a single black hole, SMBBHs can create additional im-
ages close to them.

As we discussed above, for singular isothermal lenses, the
cross section will be larger when BHs move to the center of the
galaxy. The cross section of singular isothermal lens, when the
lower limit are greater than 10~°, is comparable with the multi-
images cross section of singular isothermal sphere lens model. So
we can estimate the probability as Peu (> 1) ~ Reu(> i) fsu.
Here, Rpu is the ratio of the cross section of BH-images to the
cross section of multi-images in singular isothermal sphere lens,
smao: and fgy is the fraction of galaxies which has SMBBHs.

The values of Rpn can be read off from Fig. 2 and
Fig. 3. Thus, the observational probability of the BH-images in
a multi-images lens system, whose magnification are greater than
1073,107* and 1075, are about 0.2fgH, 0.6 fgn and 1.4fpy re-
spectively. and the probability of the case that both BHs can gen-
erate one BH-image at least, whose magnification are greater than
1073,10"* and 107°, are about 5 x 102 fgp, 1.5 x 10~ fgy and
3 x 107! fgu respectively. We can see clearly that the probability
are sensitive to the fraction of galaxies which have SMBBHs, so
if fpu is sufficiently large, the probability is observable. We also
have to mind the separations of the additional BH-images to ap-
proximate the observability of BH-images. It is shown in Fig. 1, the
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Figure 5. Cumulative distribution functions for the magnification of core-
images in the non-singular isothermal halo with SMBBHs lens. The heavy
curves show the case without BHs. The light curves show SMBBHs cases
with separations dcr = 0.04, 0.08, ..., 0.20. All SMBBHs cases have m =
2.5 x 10~ 3h, and (Top) m1/mz = 1, (Bottom) mi/m2 = 3. Both
galaxies are modelled as non-singular isothermal ellipsoids with core radius
re = 0.05, velocity dispersion oy = 200 km s~ 1 and axis ratio q=0.7.

BH-images are very near to the BHs, so we can consider the sep-
arations of BHs as the separations of the BH-images, of which the
most probable separations is ~ 10~ % in units of Rg s1s. So the res-
olution should be better than 10~ arcsec smao: which is already
touched by recent facilities. smao: On the other hand, we need
very high large dynamic range to detect the BH-images when
the magnifications of BH-images are small, e.g. when the mag-
nification of BH-image is 10>, the dynamic ranges of the ob-
server has to be greater than 1072 / iiprightest, Dere [prightest is
the magnification of the brightest image in SIE-SMBBHs lens,
and [iBrightest IS about 1 ~ 10 except that the brightest image
locate near the critical curves, so if we want to detect a BH-
image whose magnification is 103, as a conservative estimate,
the dynamic ranges of the observer needs to be 10~%.

Of course, there are several factors can distort the cross sec-
tion and the probability in the singular isothermal model: axis ra-
tio, orientations of axis of SMBBHs and mass ratio of SMBBHs.
In our work, we have calculated these cases and find no significant
effects with different axis ratios, orientations of axis of SMBBHs
andmass ratios of SMBBHs. It is interesting to speculate what we
can learn if we do observe If we get 2 BH-images case of singular
isothermal lens with SMBBHs, we have 4 additional constraints,

1.2 — T
Without SMBBHs
bh = Y-
dpp = 0.08 s
T dyp =0.12 R
' dpp =0.16 —immn -
__.__._.__.__._.______“" dpp =0.20 - - -
0.8 I 1
°
0
o 06 1
E
B
0.4 1
0.2 1
0 L L L
-5 -4 -3 -2
10910(Hpn)
1.2 T T
Without SMBBHs
°
0
w
NS 1
E
B

10910(Hpn)

Figure 6. Similar to Fig. 5, except that the total dimensionless mass of
SMBBHs is m = 0.01.

and we have 5 parameters because T, ¢, ¢, oy can be got from
observations, so we can constrain the projected information of this
SMBBHs in principle. However, if the lens is non-singular isother-
mal ellipsoid, the number of parameters will exceed the number
of additional constraints, and so we will not be able to derive the
parameters uniquely. including the core size and the parameters of
SMBBHSs, We find that the presence of SMBBHs can suppress the
faint end of the cumulative distribution for the magnification of core
images, and leave the bright end largely unaffected, and so their ef-
fect, will needs to be accounted for in the constraint on the central
mass profiles (e.g., core radius).

To summarize, gravitational lensing can be in principle used
to detect SMBHs in galaxies through the extra images they create.
Unfortunately, these images are usually very faint, and pose chal-
lenges for detection using current instruments. However, a much
larger sample of lenses will be available in future surveys such as
LSST (*), and a new generation of instruments, such as the Square
Kilometer Array (SKA), will become available. SKA will provide
very high-contrast (> 10°) and very high-resolution (< 10™* arc-
sec) imaging capabilities, we remain cautiously optimistic that such
black holes can be independently discovered through careful obser-
vations of multiply-image systems.

1 www.lsst.org
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