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In this work we focus on the situation where a significant amount of matter could be located close to the
event horizon of the central black hole and how it affects the gravitational lensing signal. We consider a
simple toy model where matter is concentrated in the rather small region between the inner photon sphere
associated with the mass of central black hole and outer photon sphere associated with the total mass
outside. If no photon sphere is present inside the matter distribution, then effective potential displays an
interesting trend with maxima at inner and outer photon sphere, with peak at inner photon sphere higher
than that at outer photon sphere. In such a case we get three distinct set of infinitely many relativistic images
and Einstein rings that occur due to the light rays that approach the black hole from distant source and get
reflected back just outside the outer photon sphere, due to light rays that enter the outer photon sphere
slightly above the outer peak and get reflected off the potential barrier inside the matter distribution and
due to the light rays that get reflected just outside the inner photon sphere. This kind of pattern of images is
quite unprecedented. We show that since relativistic images are highly demagnified, only three images are
prominently visible from the point of observations in the presence of matter as opposed to only one
prominent image in case of single isolated black hole and also compute the time delay between them. This
provides a smoking gun signature of presence of matter lump around black hole. We further argue that if the
mass of the black hole inferred from the observation of size of its shadow is less than the mass inferred from

the motion of objects around it, it signals the presence of matter in the vicinity of black hole.
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I. INTRODUCTION

Einstein proposed the general theory of relativity in
1915, a theory of gravity which superseded the Newtonian
theory proposed almost four hundred years ago. General
relativity came up with many new predictions of the
phenomenon which were absent in the Newtonian theory
of gravity. We shall focus on two such predictions in this
paper, namely the black hole and gravitational lensing.
Black holes are the objects endowed with a one-way
surface known as event horizon which absorbs all incoming
matter and radiation and does not let anything go out. The
first exact solution was proposed way back in 1917 which
represents a spherically symmetric black hole parametrized
by its mass. It is referred to as Schwarzschild black hole.
Gravitational lensing is a phenomenon where light from a
source gets bent as it passes by a gravitating object and thus
affecting the location of the source as inferred by the
observer [1]. Bending of the light around sun was observed
during solar eclipse in 1919 and was consistent with the
theoretical prediction based on general relativity. In this
paper we study the gravitational relativistic gravitational
lensing by a Schwarzschild black hole surrounded by
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matter in its vicinity and contrast it with gravitational
lensing by an isolated black hole. The lensing said to be
relativistic if the deflection angle is more than %n [2,3]. We
show that in the presence of matter the pattern of images is
very peculiar and quite unprecedented.

As mentioned earlier first black hole solution was
proposed way back in 1917 almost immediately after
Einstein proposed General relativity [4]. But because of
the esoteric nature of the object is represents, it was
considered to be a mathematical artifact and it was believed
that it does not represent a realistic object that can exist in
the universe. The dynamical solution that represents gravi-
tational collapse of homogeneous dust, a pressureless
matter, that produced Schwarzschild black hole as an
end state was found in 1939 [5]. The black holes were
taken seriously in the 1960s when extremely energetic
phenomenon such as quasars and active galactic nuclei
were discovered and there was no other alternative explan-
ation for production of large amount of energy on such a
small timescales [6]. But now black holes lie at the heart of
both observational astronomy as well as theoretical phys-
ics. We believe that there is a supermassive black hole at the
center of almost every galaxy with the masses that range
from million to billion times the mass of the sun [7]. It is
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estimated that there are several million to billion black
holes which have mass comparable to the mass of sun
lurking around in our galaxy. Yet another prediction of
general relativity is gravitational waves which are tiny
fluctuations of geometry of spacetime that travel at speed
of light. We have detected gravitational waves from the
merger to two black holes, an astrophysical event where
two black holes spiral around one another and eventually
merge together to form a single black hole [8,9]. It is
believed that the black hole forms when the stars with large
enough mass at the end of their life cycle when they run out
of fuel implode due to self-gravity and eventually turn into
black hole [10]. Thus black holes are everywhere and
inevitable. Since gravity in their vicinity of black holes is
strong it offers us an opportunity to understand the general
relativity and its alternatives in strong field regime.
Gravitational lensing around stars such as sun is small
with tiny bending angle which results into tiny displace-
ment of image of the source [11]. Things change drastically
in the vicinity of black holes where gravity is strong and
light can suffer a significant bending, the phenomenon
which is referred to as relativistic gravitational lensing [2].
Light can go around the black hole in the circular orbit
which is called photon sphere that is located at r = 3M
while event horizon is located at » = 2M. Here we work in
geometrical units where ¢ = G = 1. The amount of deflec-
tion suffered by light depends on the minimum distance of
approach or the radius at which light ray approaching the
black hole turns back and starts its outward journey. As the
turning point gets closer to the photon sphere deflection
angle goes on increasing and shows divergence as it
approaches the photon sphere. So, depending on the
location of the turning point we can have light rays that
go around the black hole once, twice, thrice and so on all
the way up to infinite turns, which leads to the formation of
infinitely many images of the same source. If this inves-
tigation we assume that the source is located almost exactly
behind the black hole slightly off. If it is in turn exactly
behind the source then the image is ring which is referred to
as Einstein ring. We get infinitely many concentric rings. If
the light ray were to turn back it must turn back outside the
photon sphere. If light ray enters the photon sphere it will
inevitably be engulfed by the black hole event horizon,
essentially because of which we get a dark patch in the
middle where no images or rings can lie. It is referred to as
the shadow of a black hole. There are many investigations
in the literature which deal with the gravitational lensing by
different kinds of black holes [2,12-14]. People also study
gravitational lensing around more exotic objects such as
naked singularities, wormholes etc [15-23] where photon
sphere may or may not be present. In this paper we focus
our attention on black holes. Photon sphere which is the
circular photon can be easily obtained by locating maxi-
mum of effective potential in Schwarzschild spacetime.
The concept of photon sphere in Schwarzschild spacetime

has been generalized to arbitrary spacetimes [24]. Since we
consider essentially the Schwarzschild photon spheres,
the general definition should quite naturally reduce to
the notion of photon spheres used in our paper.

Black holes are compact objects. Event horizon of one
solar mass black hole is of the size 3 km, an opposed to the
size of the sun which is around 0.7 million km. The radius
of the event horizon of the black hole is proportional to its
mass. Approximately the angle subtended by the black hole
at earth is the size of the black hole over distance to the
black hole which is ridiculously small. Thus we need
telescope with extremely large resolution in order to
observe the black hole and the phenomenon occurring in
its vicinity. This is an impossible task with a single
telescope. Thus we invoke the technique of interferometry
where we combine the data from different telescopes
widely separated so as to form a virtual telescope with
large size, significantly improving the sensitivity and
resolution. The GRAVITY experiment combines four tele-
scopes to form an optical telescope with effective diameter
of around 100 m [25]. Whereas Event Horizon Telescope
combines various radio telescopes across continents gen-
erating a telescope with effective diameter comparable to
the size of the earth. Event Horizon Telescope has observed
a black hole at the center of our neighboring Andromeda
galaxy [26]. So far the observation is consistent with both
general relativity and the black hole nature of central object.
But observations in future with better sensitivities of
instrument involved, not only with light but also with
gravitational waves, neutrinos etc might throw surprises.
Many investigations were done exploring possibility
beyond simple Kerr-black hole nature of compact object
at the center of andromeda galaxy [27-30].

In this investigation we study the gravitational lensing by
a Schwarzschild black hole surrounded by spherically
symmetric matter distribution. The black hole at the center
is assumed to have mass M and its event horizon is located
at r = 2M,. The photon sphere is located at rp,; = 3M.
The mass outside is M, with M, > M, and thus photon
sphere associated with it is located at ryp, = 3M,. We
assume that the mass distribution is located between two
photon spheres. If mass lies between r = r| to r = r, with
ry > ry, then we have rpy < ry < ry < ryp. With further
assumptions on the mass distribution we get an effective
potential for radial motion of light rays that displays an
interesting trend. It admits two maxima, one at the inner
photon sphere r = ry,; and one at outer photon sphere
r = rppp- The value of the potential at maximum is larger at
inner photon sphere. We get three sets of infinitely many
images and Einstein rings. One set is due to the light rays
that get reflected back at the location outside the outer
photon sphere. The second set of images is due to the light
rays that enter the outer photon sphere just above the
maximum and get reflected at in the region where mass is
distributed. And the third set of images is due to the light
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rays that get reflected back close to the inner photon sphere.
This pattern of images is quite unprecedented and differs
significantly from that of an isolated single Schwarzschild
black hole. Relativistic images are highly demagnified as
the number of turns around black hole increases. We show
that in the presence of matter around black hole three
images are quite prominently visible as compared just one
prominent image in case of single isolated black hole,
which would provide a smoking gun signature of distri-
bution of matter close to the black hole. We also compute
time delays between three image which would be relevant if
the source is variable. Further, the size of the shadow is
dictated by the inner photon sphere, since peak in the
effective potential is higher and thus inferred mass from
the shadow will be M. Whereas the inferred mass from the
motion of the objects in the vicinity will be outer mass M.
Thus we can infer the presence of the matter close to the
black hole from the mismatch of the inference from two
different observations. The effect of matter distribution
surrounding black hole on its shadow was investigated in
[31-35] where different kinds of matter fields such as scalar
field, perfect fluid dark matter, dark energy etc. were
considered. Here the matter affects the spacetime geometry
and thereby affecting the propagation of light. If the plasma
is present around black hole it can also affect the propa-
gation of light due to the electromagnetic interaction
[36—-38]. But rigorous analysis exploring effect of pattern
of relativistic images and whether or not it displays
interesting trend is not explored so far. Here we consider
a very simplistic toy model with minimal assumptions
about the nature of matter and show that under the
circumstances considered here we get very interesting
and novel pattern of images due to the presence of multiple
photon spheres.

An investigation somewhat similar to this was carried out
by one of us (MP) where we studied gravitational lensing
by binary black holes. We consider Majumdar-Papapetrou
spacetime which represent two identical mass black holes
in equilibrium [39]. We focus our attention on the light rays
that move on the plane midway between the two black
holes. If the two black holes are close enough then the
effective potential looks similar to the one in this paper
except for the fact that inner photon sphere in absent and
potential diverges as we go in the inward direction. Thus we
get two set of relativistic images. One set is due to the light
rays that get reflected back just outside photon sphere and
other set is due to the light rays that enter photon sphere just
above the maximum and then get reflected black off the
potential barrier. We had developed a formalism to calcu-
late location of images in terms of effective potential [39].
We import and use those techniques here in this paper.

The organization of paper is as follows. In Sec. II we
discuss null geodesics in spherically symmetric spacetime
and around the Schwarzschild black hole. In Sec. III we
present the gravitational lensing formalism. In Sec. IV we

describe the system under consideration i.e., black hole
with matter surrounding it. In Sec. V we describe image
formation due to the light rays that turn back outside the
outer photon sphere. In Sec. VI we discuss images due to
the light rays that enter outer photon sphere just above the
peak and get reflected inside matter. In Sec. VII we discuss
formation of images due to the light rays that get reflected
outside inner photon sphere. In Sec. VIII we discuss the
shadow cast by the black hole with matter in the surround-
ing. In Sec. IX we discuss the properties of most prominent
images that would be relevant for observations. In Sec. X
we provide a summary and concluding remarks.

II. NULL GEODESICS IN SPHERICALLY
SYMMETRIC SPACETIME AND AROUND
SCHWARZSCHILD BLACK HOLE

In this section we review the null geodesics in static
spherically symmetric spacetimes, in particular focusing on
Schwarzschild metric which is the case of interest to us. We
consider general static spherically symmetric spacetime. Its
line element is given by

ar. + r*(d6* + sin*0d ¢p*) (1)
f(r)

In general the inverse of a coefficient of dr?> could be
different from coefficient of d7%, but we focus on the case
where they are identical. We consider a light ray that
follows geodesic motion. We can get equations describing
geodesic by varying the Lagrangian L given below

ds* = —f(r)df* +

2
L= %guyicﬂfcv = % (—f (r)# + ]% + (6" + Sinzﬁéﬁz))
(2)

where derivative is with respect to affine parameter 4 and x*
is the four-velocity of the light ray. Euler-Lagrange
equation of motion are given by

d (0L OL

— = . 3

dA <8}'€“> ox“ 3)
They are supplemented with the normalization condition

L =0 for null geodesic. The 6—component of Euler-
Lagrange equation of motion turns out to be

L 0
9:¢Zsin6?cos6—2r—. (4)
r

So if at the initial moment ¢ = ¢; particle is moving on
the equatorial plane, i.e., 8(7;) =5 and 6(t;) =0, then
0(t;) = 0 and it implies that particle would continue to
move on the equatorial plane. We focus our attention on the
light rays that move on the equatorial plane and thus now
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onward & will take a value 6 = 7. This is not a loss of
generality, since in spherically symmetric spacetime light
will move on a plane passing through the center, which
by relabeling the coordinates can be turned into the
equatorial plane. Since none of the metric coefficients
depend explicitly on time ¢ and azimuthal angle ¢, right
hand side of —component and ¢p—component of Eq. (3)
will be zero and hence the quantities in the parenthesis on
the left-hand side would be constants of motion, which are
referred to as conserved energy E and conserved angular
momentum L. From this consideration we get equations
for the time and azimuthal components of four-velocity.
Combining these equations with Eq. (2) and the normali-
zation condition L = 0, we also get the equation for the
radial component of velocity. We have

. E
- f(r)
v=5
2
P = B (5)

We can write down the equations above with the repar-
ametrization 1 — 1/|L|. We get

bf(r)
. 1
v=%5
1 1
P () =55 (6)

The parameter b which appears in the equations above is

b= % and called the impact parameter. Plus and minus
sign corresponds to the light rays that travel in counter-
clockwise and clockwise respectively along azimuthal
direction. We can rewrite the last equation as

1 1
2+ V(r) = — with V(r) =—f(r), (7)
b r?
where V is known as effective potential.
The conditions for the light to move along the circular
orbit are # = 0 and 7 = 0, which can be translated to

wn:% and  V'(r) = 0. (8)
Here prime stands for the first derivative with respect to
radial coordinate r. The circular orbit is called photon
sphere. It is stable or unstable depending on whether the
second order derivative of effective potential is positive or
negative. The unstable photon sphere plays a crucial role in
the gravitational lensing as we shall see later.

Now we now focus our attention on Schwarzschild
spacetime. The metric is given by the expression

oM dr?
dszz—(l——>d12+ r
r

= + r2(d6? + sin0d¢?).

©)

It represents a black hole whose event horizon is located
at r = 2M. Nonvanishing components of four-velocity of
the light ray traveling along the equatorial plane of
Schwarzschild black hole can be obtained by substituting
f(r) = (1 =2M) in Eq. (6) and are given by

o1
b(1 =)
1
::I:—
b=+
. 1 2M 1

The equation for the radial motion can be rewritten using
Eq. (7) and is given by

i‘z—l—V(r):% with V(r):%<1—¥>- (11)

The location of photon sphere can be obtained easily by
solving Eq. (8). The photon sphere is situated at the radial
location

Fon = 3M. (12)

It is an unstable photon sphere. The maximum value of
the potential and impact parameter associated with it is
given by

Vo= V(ry) and by, =3vV3M.  (13)

1
- 2IM?
We note that the height at the peak is inversely proportional
to the square of the mass while impact parameter is directly
proportional to the mass of the black hole, which will be
used later.

The effective potential is depicted in Fig. 1. It is zero at
the event horizon. It increases as we move outwards. It
admits a maximum at the photon sphere located at r = 3M.
Then it goes on decreasing and goes to zero at infinity
which is the manifestation of the fact that Schwarzschild
black hole spacetime is asymptotically flat.

Consider a light ray moving in the radially inward
direction starting from infinity. From Eq. (11) it is evident
that motion of light ray in the radial direction is equivalent
to the motion of particle moving under a potential in

. . 1 1 . .
one dimension. If 7 <7 the light will encounter the
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FIG. 1.

In this figure we plot the effective potential for radial motion of the light ray traveling on the equatorial plane of Schwarzschild

black hole. We have taken M = 1 to make this plot. Effective potential starts from zero at the event horizon, it increases and admits
maximum at » = 3M with the peak value V,, = 27'7 It is called photon sphere. Then it decreases and goes to zero at infinity. The

ingoing light ray with impact parameter b with b% < V,, gets reflected back at the radial location outside the photon sphere. If # >V,

1

the light ray enters event horizon. If ;5 =

potential barrier and it will be reflected back in the outward
direction at a radial location outside the photon sphere. If
- > 50 then the light will continue moving in the inward
direction as it does not encounter potential barrier and it
would enter the event horizon of the black hole. If b—lz = ﬁ
it will asymptotically approach the photon sphere as both 7
and # would tend to zero close to photon sphere. However
since the angular velocity is nonzero it will revolve around
the black hole infinitely many times. We will be interested
in the case where ;5 is slightly less that 5. In this case
light ray will eventually turn back, but it will spend a lot of
time close to the photon sphere. Since angular velocity is
finite, it will revolve around the black hole large number of
times and thus suffering from large deflection, which is the

situation of interest to us.

ITII. GRAVITATIONAL LENSING FORMALISM

In this section we review the basic gravitational lensing
formalism employed in this paper to compute location of
images, Einstein rings and their properties. Gravitational
lensing calculation has two basic components, lens diagram
and deflection angle. Lens diagram allows us to relate the
location of image to the location of source given the total
deflection suffered by the light as it travels from source to
observer. So we need to compute the deflection angle which
is the only input from general relativity that can be obtained
by integrating the geodesic equations.

V.. light ray asymptotically approaches the photon sphere.

We assume that the source is almost exactly behind the
black hole so that source, black hole and observer are
nearly aligned. We also assume that both source and
observer are sufficiently far from the length scale over
which spacetime acting as a lens is curved, which is
approximately size of the event horizon of the black hole.
Thus for all practical purposes lens can be thought of as a
point. Except for in the vicinity of the black hole where
light suffers deflection, light would travel in the straight
line. Thus we can assume that the we are dealing with flat
space with one point in the middle acting as a lens. Light
travels in the straight line and only when it encounters the
lens it suffers from the deflection as depicted in the lens
diagram Fig. 2.

In the lens diagram L stands for the lens which is the
black hole. S and O stand for the source and observer
respectively which are located faraway in the asymptoti-
cally flat region. The line joining observer and lens is
known as optic axis. In the absence of any lens light will
travel along the straight line SO. It makes an angle  with
respect to the optic axis and depicts the source location
with respect to the observer. In the presence of lens it will
suffer deflection at point C, with the deflection angle a.
It will travel along OC. It makes an angle € with respect
to the optic axis. Hence the light seems to originate from I
which is the image and € depicts the image location for
observer. D;, D, and D, are the distances between
observer and lens, lens and source, and observer and
source respectively.
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Source Image
A S L
1 ds
D, L@
Dy
o
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FIG. 2. Lens diagram is depicted in this picture. L, S, I, O stand
for the lens, source, image and observer. D, D, D stand for the
distances between lens and observer, lens and source, source and
observer respectively. Angles # and 0 stand for the source and
image location. Angle & stands for the deflection angle. b is am
impact parameter.

Since we are dealing with the near-aligned situation,
angles f and consequently angle € would be very small.
Deflection angle & can be very large as light ray can go
around the lens multiple times. It will be approximately
equal to the multiple of 2z. LN is perpendicular to the OI
drawn from the lens and b is an impact parameter. From the
lens diagram we get

b
sinf = — (14)
Dy
The location of image can be related to the location of
source given the deflection angle & by following relation,

Dds

tanf = tan 6 — (tan@ + tan (@ — 0)).  (15)

N

The equation above is known as Virbhadra-Ellis lens
equation which is very popular in the literature. There
are other equations available in literature which include the
exact lens equation [15,40]. The comparison of various lens
equations appears in [41]. As quoted there, the Virbhadra-
Ellis lens equation is put in the very simple form that is very
easy to use in various realistic situations as it is expressed in
terms of distance between source, lens and observer planes.

The light ray emitted by the source will travel in inward
direction toward the black hole. Since we are interested in
gravitational lensing, we focus on those light rays which
get reflected back at some radial location r( outside the
photon sphere and reach observer. The total amount of
deflection suffered by the light in its journey from source to
observer is given by the following expression,

iy g [T [,
a(ro)—Z/ drdr 71'—2/0 idr p3

0

(16)

_2/00 dr o
n PV =V()

To derive the equation above we have used Eq. (6) and
Eq. (7). We have also used the result

: (17)

which follows from Eq. (7).

The way we obtain images from the equations given
above in this section is as follows. We obtain deflection
angle & as a function of turning point r using Eq. (16).
Using Eq. (14) and Eq. (17) we express it as a function of 6.
Then we substitute that into the lens equation. i.e., Eq. (15).
For a given value of # we solve equation to obtain the
values of 6, i.e., image locations. For nonzero value of
we can get multiple images. When f = 0 we get Einstein
rings since light which starts off from the source can reach
observer from all possible directions and hence the solution
to lens equation gives us the radii of Einstein rings. Solving
lens equation is a daunting task because it is a complicated
transcendental equation. But under the assumptions we
make it can be solved analytically [12]. We had developed
an approach based on effective potential which we employ
here to obtain images [39].

The magnification of images u is given by

sin 6 do
=——= , 18
W= Snpap - P (18)
where u, and u, are tangential and radial magnifications
respectively with , = §1% and y, = 9. The divergence of

tangential and radial magnifications are called tangential
caustic and radial caustic. Quite evidently Einstein rings
formed when f# = 0 correspond to the tangential caustic.

Since f and 6 are very small and deflection angle & is
approximately multiple of 2z, Eq. (14) and Eq. (15) can be
approximated to

b
0=—
Dy
D
f=0-— D”i’ sa,,
a=2xn+ da, with |da,| <1 (19)

We use effective potential formalism to write approximate
expression for éa, and then use the equations above to
obtain image locations. Further the value of tangential
magnification can be approximated to
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My = E . (20)

Different light rays that circle the black hole different
number of times follow different trajectories in space and
thus would take different amount of time to reach the
observer although they might originate from the source at
the same time. The time taken by time to depart from the
source and reach the observer is given by

t_z[) 9 4 _2/

Dq V(ro)
=2 dr, 21
/2 F(r)\/V(rg) = V(r) 2l

Where D, is the distance between lens and source or
observer which is very large, thus if needed it can be taken
to be infinity when it would be appropriate to do so. Since
observer and source are located at large distance from the
lens, light will take large amount of time to reach lens and it
will diverge if we set upper limit of integration to infinity.
Thus we have D, as the upper limit of integration and not
infinity as we had while calculating deflection angle. The
light will also spend a lot of time circling the black hole
depending on number of times. We compute the time delay
between arrival of light rays which circle around the black
hole different number of times.

We conclude the discussion on gravitational lensing
formalism here. In the next section we describe the
gravitating system of black hole surrounded by matter that
we consider in this paper.

IV. BLACK HOLE WITH MATTER AROUND IT

We now describe the situation under consideration as
depicted in Fig. 3, where we have a black hole with significant
amount of matter surrounding it. The mass associated with
black hole is M. So its event horizon is located at r = 2M,
and photon sphere is located at » = 3M . The mass outside
the matter distribution is M,, so the photon sphere associated
with it is located at r = 3M,. Further the height of the
potential at the inner photon sphere where it admits a peak is
higher than the height of the peak at outer photon sphere, since
potential at maximum scales inversely with the square of the
mass. We assume that matter is located from radial location 7,
to r, which lie between the two photon spheres. So that we
have 3M1 <r <rn< 3M2

We assume that the metric inside the region where matter
is located is given by

2
d52:_<] _2111(7”))dt2 +(1dr

r 2m(r))

r?(d6* + sin 0*d¢?), (22)

Black hole

Outer region Mass M1

Mass M2

Outer photon sphere Inner photon sphere

Matter

FIG. 3. In this figure we depict the gravitating system acting as
a lens under investigation. We have a black hole with mass M at
the center. The photon sphere associated with it i.e., inner photon
sphere is depicted in the figure. The mass associated with outer
region is M, and the photon sphere associated with it i.e., outer
photon sphere is depicted in the figure. Matter is distributed in the
region between two photon spheres.

where m(r) is monotonically increasing function which
interpolates between M| at r = r; to M, at r = r,. The
effective potential is given by the expression

V(r) = lz (1 - zm—(r)> (23)

r r

which we assume to be the monotonically decreasing
function in the region where matter is located. This is true
if (r—3m(r)+rm'(r)) > 0. So effective potential is
continuous at »r =r; and r =r, and also there is no
unstable photon sphere in this region.

The overall the effective potential looks as depicted in
the Fig. 4. It admits the value zero at the event horizon of
the black hole. It goes on increasing and admits a maximum
with the value at peak V = ﬁ at the location of inner

photon sphere located at r =3M,. It then decreases
until the inner boundary of matter distribution r = ry. It
further decreases within the matter distribution all the
way up to outer edge at r = r,. It then increases in the
outer region and admits maximum at r = 3M, with the

peak value V = 27M2 The outer peak has less height as

compared to the inner peak. It then decreases and goes to
zero at infinity.

This is very peculiar behavior which leads to novel
features in the distribution of images when we study the
gravitational lensing. We get three distinct set of infinitely
many images as opposed to just one set for isolated
Schwarzschild black hole. We get one set of images due
to the light rays that get reflected back close to the outer
photon sphere. We get second set of images due to the light
rays that enter the outer photon sphere just above the peak
and get reflected back in the region where matter is situated.
We get third set of images due to the light rays that get
reflected back just outside the inner photon sphere.

064051-7



HARSHA MIRIAM REJI and MANDAR PATIL PHYS. REV. D 101, 064051 (2020)
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L Matter distribution |
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L Mass Mo i
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r

FIG. 4. In this figure we plot the effective potential for radial motion. The mass associated with inner region is M and outer region is
M,. In order to make this plot we have chosen M| = 1 and M, = 1.5. Locations of inner photon sphere and outer photon sphere are
depicted in the figure. The peak value at inner photon sphere is larger than that at outer photon sphere. Matter distribution extends
between the region in between two photon spheres. The effective potential is a monotonically decreasing function inside the matter
region.

Different kind of light rays are depicted in Fig. 5. The V. IMAGES DUE TO THE LIGHT RAYS THAT
region where is matter is located will be denoted with ~ TURN BACK OUTSIDE OUTER PHOTON SPHERE
subscript m. The inner region and outer regions will be
denoted by the subscript 1 and 2 respectively throughout
the manuscript.

In the section we discuss the ingoing light rays from
the source for which # is slightly less that the maximum

10—
L LRs
I -«

0.04 - —
L —>
L LR2
i -

0.03 —

>

0.02F > LR,
i —= n

0.01 B
I pha

0.00 I L L " " " " L " " " " L " " " " 1

1 4 5 6 7

r

FIG. 5. In this figure we depict three different cases of interest to us. First case denoted by LR, corresponds to the ingoing light rays
that admit turning point just outside the outer photon sphere. LR,, corresponds to the light rays that enter the inner photon sphere just
above the peak enter into the region where matter is located and turn back. LR, corresponds to the light rays that turn back in the vicinity
of inner photon sphere. LR, correspond to the light rays that enter the inner photon sphere and are eventually engulfed by the black hole.
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Vom = 27}‘45 which get reflected back off the potential just
outside the outer photon sphere located at rp,, = 3M,.
Since the effective potential admits maximum at the photon
sphere, in its vicinity both i and 7 are very small and thus
light ray spends a lot of time circling around the black hole
with finite angular speed. Thus deflection angle suffered by
it is very large. Light can go around the black hole once,
twice and so on all the way up to infinitely many turns
which results into formation of infinitely many images.
Range of radial coordinate r is infinite since it varies
from r, which is slightly above radial location of outer
photon sphere ry, to infinity. We redefine radial coordinate

in order to make the range finite. We define coordinate y as

y =120 = f2(r) (24)

1= f>(ro)

where f,(r) = (1 - 2%) It is quite evident from the
definition above that y is monotonically increasing function
of r and it varies from O to 1 as r varies from r( to co. Thus
we can invert it and write down radial coordinate r as a
function of y as

r(y) = ——. (25)

We define a quantity 7' (ry, r) which is the derivative of the
two radial coordinates as

dr _ 1= f(ry) 26)

00D = 4 = o))

which will be useful later.
The deflection suffered by the light as it travels from
source to observer is given by

&2:]2—71', (27)

where [, is given by

0 1
12—2/ 5
rg I Vz(l"o)—V

I Fyro.r(y))

~ o Valr) = Va(r)

where function F,(rg, r(y)) is given by

dy, (28)

_ 2T, (ro, 7(y))
ry?

Since we are integrating over a finite range and integrand
if finite everywhere except at the turning point, the
divergence of the integral can arise only due to the
divergent behavior at y = 0. While F,(rg, r(y)) is always

Fy(ro. r(y)) (29)

a well-behaved function in the entire range of y, func-

tion m diverges at y = 0. Taylor-expanding

V,(rg) — Va(r(y)) around y = 0, we obtain

Va(ro) = Va(r(y)) = aa(ro)y + pa(ro)y* + 0(y*),  (30)

where

ay(ro) = =T2(ro, ro)V(ro)
Balro) = =5 (Talro, ) T4(r0. o) Vi)
F T2, r)VA(r). G1)

Quite evidently if the turning point r = r is far from the
outer photon sphere, Taylor-expansion up to first term
would suffice and integral and thus the deflection angle is
finite.

The situation is different when the turning point is close
to the photon sphere when the first derivative term will be
vanishingly small and thus we need to retain in the Taylor-
expansion terms up to the second order, leading to the
logarithmic divergence of the integral.

To isolate the divergent term and to understand the
logarithmic nature of divergence we Taylor expand a,(r)
and f,(ry) around ry = rpp,. We get

Tph2
a(rg) = _TZ(rph% rphZ)Vlz/(rph2)rph2<1 —i—)

0
o (1-m2)
ro
1 2 1" Tph2
Po(ro) = =5 T3 (rpn2s Tpn2) Vi (Frpn2) + O 1 =—— ).

2 )
(32)

The divergent piece in the deflection angle is given by

1 1
I :Fz(r h2vrh2)/ dy
P o \ay(ro)y + Ba(ro)y?

:—A210g< —@>+1§2+0< —@) (33)
14

0 ro

where

A = Fo(rpn2s T'ph2)

ﬁz(”phz)
B, — F(rpn2s Tph2) ]0g<2T2(rph29rph2)) (34)
) = .
B (rpn2) T'ph2

and regular piece is given by
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Fa(ro. r(y))

L = Al (\/V2<r0) —Vy(r(y))

(. Toh2) J 35
Vo (ro)y +ﬂ2(ro)y2> ' )
~ Llra) + 0 1-722), (36)

Combining divergent and convergent pieces we can
write down deflection angle as

&ZI—AQIOg <B2< —rf‘hz>>—ﬂ+0< _'"’1?12)7 (37)
0 0

where B, is given by

By +1
B, = exp (- 221 Tonllpne) i (rp“)). (38)

Thus we have demonstrated the logarithmic divergence of
deflection angle we had anticipated earlier.

We can also Taylor-expand the impact parameter around
the outer photon sphere. Using Eq. (17) we get

7 2
bz_C2+D2< —i—f) , (39)

where

1
=
vV Va(ron2)

1V (rpn2)
-1 j P - (40)
Vz(”phz)

D2 -
Using Eq. (19), Eq. (37), Eq. (39) we get the location as

images as
C, 1D, 22n+ )z 2 Dy
0,=—+——F -1 +— ,
D, DB} P ( A - Ay D yq /
(41)

where the subscript n stands for the number of times light
winds around the black hole in its journey from source to
observer. Since the deflection angle diverges as the turning
point approaches the outer photon sphere, all values of n all
the way up to infinity are realized leading to the formation
of infinitely many relativistic images. All the images lie on
the right side of critical angle

- _2_3\/§M2

0, = 42
S 42)

and separation from the critical angle goes on decreasing
exponentially as winding number n increases.

From Eq. (18), Eq. (41) we obtain the expression for the
magnification of images as

2 D, D, (D2 (_4(2n+l)ﬂ)

/"2,11 =

fDuD2AB\ B2 P A,
202n+1
+ C,exp <—w>> (43)
2

These are the results for the clockwise winding of light
around black hole when images lie on the same side as that
of source. For the counterclockwise winding the location of
images are given by

- C2 1 Dz 2(2n+1)ﬂ
b=+ -
D, D,B; A,
2 D
—1+——="p), 44
X( +A2Ddsﬁ> ( )

Magnification diverges when f = 0 i.e., when the source
is exactly behind the lens which corresponds to the
tangential caustic. Since light emitted by source can reach
observer from all possible directions we get rings as
images, known as Einstein rings. The radii of Einstein
rings are given by

C 1D 2(2 1
0y, =24 LD2p, GM) (45)
d A,

As it can be seen from the expression above, all rings lie
beyond the critical angular radius 6,. There are infinitely
many rings with separation of rings from critical value
decreasing as n increases.

We now compute the time required for the light ray to
originate from the source and reach observer. The time is
given by the expression

Dl
P R A L) : dr

P F10)) Va(ro) = Va(r)

ymx /' V3 (ro) - 1
o fa(r(y) Ta(ro.3) V Va(rg) = Va(r(y)) dy

ymax
= 2/) Gz(ro,y)gz(ro,y)dy. (46)

Here y... corresponds to the location of source and
observer from lens, which is a number very close to
one. G,(ry,y) and g,(r,,y) are given by
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Gy(ro,y) = #((;;)))Tz(’”od’)’
1
ro, V) = . 47
w = ey

There are two reason this integral will diverge. First
because the integrand in the first line of Eq. (46) is finite
for the large values if r and we integrate up to extremely
large value of r. So the divergence is sourced by infinity.
Second, because integrand will diverge due to the factor of
(V5(rg) = V,(r)) in the denominator at r, which is very
close to the outer photon sphere located at r = rpyy,.

We now write down the term which captures the
divergence sourced from infinity as

.y]‘ﬂﬂx
Ipyy = ZA Go(7pn2: ¥)92(Tph2s ¥ = Ymax)dy,  (48)

which can be evaluated from Eq. (25), Eq. (26), Eq. (47)
and turns out to be

I = 4M,
b2 (1= f2(rpn2))
/ymax 1 d
X y.
0 (1 _y)z(fZ(rphZ) (1 —fz( ph2)) )
(49)
Upon computing the integral we get
M
Ipy, = 2D, — 4M, log <2> - 6M,
—4M,; log (fz(”phz))- (50)

The first two terms in the expression above are extremely
large because of the largeness of distance D . The rest of
the terms are finite.

We now try to capture the divergence arising because of
the proximity of turning point to the outer photon sphere.
As before upon Taylor expanding (V,(rg) — V,(r)) and
keeping the terms up to second order we get the divergent
term / D22-

1

Vary + poy?

where a,, ff, are the terms as defined earlier in Eq. (31).
Upon computing the integral and Taylor expanding around
the outer photon sphere we get

1
Ipro = ZA GZ(rphZ’y =0) dy, (51)

ID2,2 = —Az 10g ( ph2> -+ Bz -+ O(l - ﬂ) R (52)
ro

ro

where A, and B, are given by

= 2G2(rph27y =0)

A, =
ﬂz(rphz)

— 2G ) = 0 2T )

B, — 2(rph2 y )log< 2(rph2 rphZ))' (53)
ﬂz(”phz) Tph2

The regular part of the integral is given by

laa(m) =2 [ Galr y)n(r )y
—2Aymdx G (r Tph2, Y )92(rph2’y = 1)dy
1 1
—ZA Gy (rph2,y = O)Wdy
= Igon(rpm) + 0(1 - ”i_zz). (54)

Combining all the contributions we get an expression for

time ¢,
3M _
2) - A2 log ( ph2> —+ Bz
Ds ro

—6M, —4M,log (f2(rpn2)) + Iro2(r0)- (55)

tz(ro) = ZDS - 4M2 10g<

Note that not all values of r( correspond to images. Only
those values for which deflection angle is approximately
equal to integral multiple of z correspond to images. From
Eq. (37) we gets

a, = —Az 10g< ih2> +Bz +12R( ph2) —ﬂNZnﬂ'.
0

(56)

Combining the two equations above we get time required
for light to travel from source to observer leading to the
formation of nth image.

3M,\ A,
_2Dd—4M210g< 2)+ 2n+4Da+1hp,  (57)

A;

where I, is given by
/ Az B
Iy = _A_2B2 + By — 6M, — 4M; 1og f5(7pn2)

A
+A_212R<rph2)' (58)
2

Thus the time delay between nth order and mth order
images is given by

A,
t2 tz m — 214—2 (I’l — m)ﬂ' (59)
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This is the time delay between two images that correspond
to the same set, i.e., images formed due to the light rays that
get reflected outside the outer photon sphere.

VI. IMAGES DUE TO THE LIGHT RAYS
THAT ENTER OUTER PHOTON SPHERE
JUST ABOVE PEAK AND GET REFLECTED
INSIDE THE MATTER

In this section we deal with images formed due to the
ingoing light rays which enter the outer photon sphere just
above the peak in the effective potential and enter the
region where matter is located where they get reflected
back. Since the # is just above the peak in potential at outer
photon sphere Vz(rphz) both i and # go to zero from above
at the location photon sphere. The light ray spends a lot of
time near photon sphere r = rp,, while it moves along the
azimuthal direction with finite angular velocity. Thus it
suffers a large deflection. As # — Vz(rphz), the deflection
shows divergence. Thus we can have infinitely many
images due to the light that winds once, twice and so
on, all the way up to infinity.

We define r,, as the radial location where the potential
inside matter region is equal to the peak of the potential at
outer photon sphere,

1

Viu(rw) = Va(ron) = YR (60)

The deflection suffered by the light ray in this case is
given by

a,=1,—-n (61)

where [, is given by

w=2[" ! dr
ro I/ Vm(rO)_Vm(r)
0o 1
+2/ dr
r FZ\/Vm(ro)—Vz(r)

where 7y is a turning point which lies in the region
containing matter. The first and second integrals corre-
spond to the contribution to the deflection angle from the
matter region and outside region respectively. The first
integral is evaluated over the finite range of the radial
coordinate, while in the second integral, value of radial
coordinate varies from r, to infinity. In order to make the
range finite we introduce a new radial coordinate x as

x:fz(r)—fz(rz). (63)

1= fo(ry)

(62)

x is a monotonically increasing function of r and it varies
from O to 1 as we vary r from r, to co. We can invert this
relation and write x in terms of r as

(64)

We define function 7,, which is the derivative of two
variables as

dr _1=fs(r:) (©5)

dx  fi(r(x)

Thus the integral can be written as

Ty (r(x)) =

L

) 1
=2 ro rz\/ Vm(rO)_Vm(r)dr
R
+ N ORI

where F,(r(x)) = #Tm(r(x)).

The first integral in the Eq. (66) is computed over the
finite range of radial coordinate. The integrand is finite
everywhere except for at turning point r,. But since close to
the turning point we have

Viu(ro) = Viu(r) = az(ro)(ro — 1), (67)

where a3(r) = —%= (ry) is a finite nonzero number,

dr
integral turns out to be finite. Thus first term in the integral
is finite.

The divergence can however arise due to the second term
if bl% =V, (ro) is close to V,,(r,) = Va(rpn), ie., if
turning point r is close to the r,,. We integrate over finite
range and the term in the numerator i.e., F,,(r(x)) is finite
everywhere. Thus the divergence can come from the term in
the denominator V,,(ry) — V,(r(x)) which can go to zero
as the light ray travels just above the peak of potential at the
location of outer photon sphere.

We Taylor-expand V,,(ry) — V,(r(x)) around x = xpp»,
where x,, is the location of outer photon sphere expressed
in terms of x coordinate. We get

Vm(rO) - VQ(V(X)) = am(VO) +ﬁm(x - xph2)2
+O((x - xph2)3)v (68)

where
am(r()) = Vm(r()) - VZ(rphZ) - Vm(r()) - Vm(rm)

1
P = —ETi(rphz)V'z/(rphz)- (69)

If r( is sufficiently away from r,,, a(ry) is finite. Thus
Taylor-expansion up to the leading constant term would
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suffice. Integrand is finite at the location of outer photon
sphere and consequently the deflection angle is finite.
However if ry is close to r,, the leading term approaches
zero and we have to Taylor-expand up to the second order.
The integral would diverge logarithmically. If r is close
to r,, then we can write a(ry) as

a(ro) ==V (1)) (1—a)+0((1—:—2>2>. (70)

We can isolate the divergent part of the integral as

m(Tph2)
/ \/am +ﬂm(x xph2)2 “

= -A,, log (1 —a) +B, +0((1 —Z—Z)) (71)

where
_ Fou(7pn2)
" ﬂm(”phz)
= Fo(rpn2) <4X (1 —x hz)ﬂm>
B, = ] . . (72
/}m(rph2> o8 _Vm(rm)rm ( )

The regular part of the integral is given by

r

1
dr
r V Vm(FO) - Vm(r)

o Far)
+A SVm(70) = Va(r )

_ Fm(rph2) dx
\/am + Pu(x = xph2)2
~ )+ 0(1-12). 73)

Thus the deflection angle can be written as

&, = —A,, log (B,,,(l —Q)> —— 0(1 —ﬂ>, (74)
rm rm

where
1 B
B,, = Exp <_ %) ) (75)

Starting from Eq. (17) we can Taylor-expand impact
parameter as

bm:cm—Dm<1—“), (76)
rm
where
1
Cm Y
an(rm)
%
D, =—= ;”(r'") o (77)
2Viu(ra)

From Eq. (19), Eq. (74), Eq. (76) we can we obtain the
location of images which is given by the expression

C. 1D, (2n+ 1)z 1 D,
- )1 4+—=p).
exp( Am )( +Am Ddsﬂ)

D, DyB,,
(78)
Again n is stands for the number of times light ray winds
around the black hole. Since the deflection angle shows
divergence all values of n are possible all the way up to
infinity. It is clear from the expression above all the images
lie below the critical angle

em,n =

9 _Cm_3\/§M2
" Dy Dy

(79)

and the angular separation between the images from 6,
goes on decreasing as we increase value of n. It is clear
from Eq. (42), Eq. (79) that two critical angles are equal.

0, =0,, (80)

Thus images due to the light rays that are reflected back
slightly below the outer photon sphere and images due to
the light rays that enter outer photon sphere just above the
peak are cluttered together above and below the critical
angle stated above.

From Eq. (18), Eq. (78) we get magnification of the
images

1 D, D, (D, 202n+ 1)z
Hmn = 7 2 a2 2 e e—
' ﬂDdstAmBm Bm Am
2 1
—C,, exp <_(nAJ>> (81)

Results obtained so far are for the light rays that go
around the black hole in clockwise sense and images which
lie on the same side of optic axis as the source. Location of
images which lie on the opposite side of the optic axis as
source are given by the following expression

c, 1D, @n+)x 1 D,
_ —_— _— _ 1——
G Dd+DdB xp( Ay >< A Ddsﬂ>
(82)
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When the source is exactly behind the lens i.e., when
p =0, the magnification diverges. It corresponds to the
tangential caustic. We get Einstein rings whose radii are
given by

C 1 D 2 1
Oppn = " — —Zmexp _(@ntx . (83)
. Dd DdBm Am

There are no radial caustics.

Thus we get new infinite set of images and Einstein rings
below the critical angle due to the light rays that enter the
outer photon sphere just above the peak and get reflected
inside the matter region.

The time required for the light to travel from source to
observer is given by

dr

—o ("

[0 fm(r) V Vm(rO) - Vm(r)
Xmax Vm<r0 1
A5 KA o s oo R

(84)

+2

Xmax Which is very close to one corresponds to the
r = D,. The first term in the first line in the equation
above gives finite contribution since the range of
integration is finite and further although integrand
diverges at ry the integral is finite since slope of
V,.(r) is finite. Whereas second term will diverge, first
because the integrand is finite at infinity and second
because (V,,(rg) — V,(r)) goes to zero at outer photon
sphere r = rpy, if ry is close to r,,.
The expression for #,, can be written as

;o= /r2 Vm(r()) dr
" To fm(r)\/vm(FO)_Vm(r)
+2 /)xmax G, (1o, X)gu(ro, x)dx, (85)
where G,,(rg,x) and g,,(rg, x) are given by
_ Vm(rO) rx
Gm<r0’x) _f2<l"<.x)> Tm( ( ))
1
m\TF0, X) = . 86
= ey

We now write down the term that is sourced by infinity.
While writing down the expression below we make use of
Eq. (64), Eq. (65), Eq. (85).

1
IDm,l :/ Gm(rm7x)gm(rm7x: l)dx
0

4M, 1

|
T —fz("z)l (1=x)2(f2(rp)+ (1 —fz(rz))x)dx'

(87)

Evaluating the integral above we get

,
Ipm1 = 2Dy —4M,log <D_2d> — 6M, — 4M; log(f>(r2)).
(88)

where D, is distance from lens to observer or source.
We now try to capture arising from the photon sphere
when ry is very close to ryp,.

1 1
IDm,2:2/ Gm(rmvrph2) zdx’
0 \/am +ﬂm(x_xph2>

where a,,, 3,, were defined earlier in Eq. (69). We compute
the integral above and Taylor expand the result about outer
photon sphere. We get

(89)

Ipma = —A, log <1 —ﬂ> LB, + 0(1 —Q>, (90)

m rm
where

_ 2G,, (7, x

A — xph2 )

\/ﬁm(rphz) ’

B 2Gm(rm7x = xph2) lo <4xph2(1 - xphz)ﬁm(”phz)>

" ﬂm(rph2> _V;n(rm>rm
(91)
Regular part of the integral is given by
7 V
Irma(r0) = 2/ n(r0) dr
To fm(r) Vm(r())_vm(r)
2 [ Gl X0
0
- 2A - Gm(rpthx = 1)g,(ro, x)dx
1 1
_2/ Gm(rnuxphZ) dx
0

\/am +/}m<'x - xph2)2
= IRm,Z(rm) + 0<1 _&>

r

(92)
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Combining regular and divergent terms we get
r
tm(ro) = 2Dy — 4M, log <D—2d> — 6M, — 4M, log (f5(r2))

_Am IOg <1 - _) =+ Bm + IRm 2<r0) (93)

rm
Not for all values of reflection point r, images are
formed, i.e., light from the source getting reflected back

would reach the observer. For an image to form the
following condition should be met.

Q. = —A, log (1 - &> + By + Igy —n~2nx.  (94)
rm

Combining the equations Eq. (93), Eq. (94) we get time
required for the formation of nth image.

A
mn*2Dd_4M210g_+A_(2n+1)7[+1m7 (95)

where
Am %
I:n = _6M2 _4M2 IOg (fm(rm)) _A—Bm
Am B
__IRm +Bm +1Rm,2(rm)' (96)

A m

Time delay between pth and gth order images is given by

mp tm,q = z_m(p - Q)ﬂ (97)

This is the time delay between the same set of images i.e.,
images formed due to the light rays that get reflected in the
matter region.

VII. IMAGES DUE TO THE LIGHT RAYS THAT
GET REFLECTED JUST OUTSIDE THE INNER
PHOTON SPHERE

In this section we focus on the light rays that enter outer
photon sphere, pass over to the inner region through the
matter and get reflected back just outside the inner photon
sphere located at ry,; = 3M,. The value of # is slightly

below the maximum of the effective potential V{,, = ﬁ
and therefore both i and # tend to zero in this region.
Consequently light spends a lot of time in this region while
it circles the black hole with finite angular velocity resulting
into large deflection of light.

The deflection angle is given by the expression

&lzll—ﬂ, (98)

where /; is given by

11:2

Vi(ro) —
+2/r2 ! dr
r r? VI(FO)_Vm<r)
oo |
dr
+2[2 r*\/Vi(rg) = Va(r)

Here r( corresponds to the radial location where light turns
back in the vicinity of inner photon sphere. First, second
and third integrals correspond to the contribution to the
deflection angle in the inner region, matter region and outer
region respectively. The second integral is finite because it
is computed over a finite range of radial coordinate and
integrand is finite. Third integral is computed over the
infinite range of radial coordinates. We an easily verify that

it is finite by redefining new coordinate @ = %{igz)

writing integral in terms of it since the range of integration
becomes finite and also the integrand is finite everywhere.

In order to compute the first integral we make the
coordinate change

(99)

and

f1(r) = fi(ro)
fi(r)

= fi(ro) (190)

Z:

z is a monotonically increasing function of r. It varies
from O to 1 as r varies from r, to r;. We can invert it to
write down

1
r= = (101)
o r
We define function 7' (rq, r) as
dr _ f1(r) = fi(ro)
T\ (ry,r) = 2L =1 ZJ1ko) 102
1(r0 I") dz fll(r) ( )

which is the derivative of two radial coordinates. The
integral /, can now be written as

_ 1(ro, 7 Z)) d
n=) w ORI
+2[1 72\/Vl(r0)_vm(r)dr
oo 1
+2[2 FZ\/Vl(ro)—Vz(r)dr

where F (rg, r(z)) = 2l

We can carry out analysis similar to the one in Sec. V,
and write down the divergent part of the integral as

(103)
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! dz
Ip, :Fl(rphlarphl)/ I o
0 Vaz+ piz

- —Allog( —ﬂ> 1B +0<1 —ﬂ>, (104)
ro o
with A, and B, as
A = F](rphlsrph])
\/ﬁl(’”pm)
- F , 2T )
B = l(rphl rphl)log( l(rphl rph1>>’ (105)
Bi(rpnt) Tph1
where

Tphi
ay(ro) = =T (rpni rphl)V,I/(rphl)rphl( —i—>

0
o (1=
To
1 2 1 ph1
Pi(ro) = _§T1<rph17rph1)vl(rphl) +O0(1-—].
Regular part of integral is given by

B 1 F](I”O,V(Z))
Igi(ro) —A <\/V1(r0)—V1("(Z))

_Fl(rphl’rphl))dz
\/a1Z +ﬂ122

L] 1
2 dr
" [1 72\/Vl(r0)_vm(r)
o0 1
2 dr
" /rz r*\/Vi(ro) = Va(r)

= Ip(rom) + 0((1 —r:zl»

Combining together regular and divergent part we get an
expression for deflection angle

& = —A, log (Bl( —@» —_— 0<<1—@>>,
o o

(108)

(107)

where

A (109)

By =exp <—

We Taylor-expand impact parameter around the inner
photon sphere

2 3
o-aen (i) o). o

where
1
Ci=——
vV Vl(rphl)
1 (Vi (rpn1))
Dy= == (111)
Vzl(rphl)

Location of images is given by

_C1+ 1 Dlex 22n+ 1)z 1+
=Dy D B P A

20)
Al Dds

(112)

We get infinitely many images which lie toward right in the
vicinity of critical angle given by

— C, 3V3Mm

91:_1:7\/_ L (113)
Dy D,

Note that this critical angle is smaller than the critical angle

encountered earlier, i.e.,

!
A
SN

[3e)

I
S

- (114)

Magnification of images is given by

2 D, D (Dl (_4(2n+1)ﬂ)

Hin

=- — exp
ﬂDdsD?lAlB% B% Al
202n + 1
+Cexp (—("TTM» (115)

These are the results for the images that lie on the same side
as of the optic axis as source. Location of images that lie on
the opposite side is given by

. C, 1D < 2(2n—|—1)ﬂ'>< 2 D, )
0,=——+——exp| ———— || | -————F|.
: : A A, Dy

(116)

There is no radial caustic. Tangential caustic occurs
when the source is located exactly behind the lens, i.e.,
when f = 0 and we get Einstein rings whose angular radius
is given by
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C D, 1
Opin = T xp(— (117)

D, B:D,

2(2nAJ]r 1)7r> '

All the rings are located slightly above the critical angle 6.

Thus we get very interesting pattern for images and
Einstein rings. We get three distinct set of infinite images
and rings as depicted in Fig. 6 and Fig. 7. For the isolated
black hole we get only one set of images and rings. Thus
gravitational lensing signature for matter distribution con-
sidered here is very peculiar and distinct.

The time required for light to travel from source to
observer is given by

r \%
tl =2 l(rO) dr

o f1(r)\/Vi(rg) = Vi(r)

/ (Vo) dr
fm ) Vn'l(")

Da Vl(”o)
n f2(r)/Vi(ro) = Va(r)

B 1/ Vi(ro) - 1
=2 [ S Tt rta) NGO

2 Vl("o)
2 dr
i / ) v<ro>—vm<r>

+2

po [ Vi) 1) ! dx.

0 fz( (x )) V' Vi(re) = Va(r(x))

(118)

Xmax 1 very close to one and corresponds to r = D,.
The first term in the diverges because the term

Vi(rg) — Vi(r) goes to zero at r = ry which is in the
proximity of the inner photon sphere r = ry,;, while
the second term is finite. The third term diverges as the
integrand is finite at infinity. The expression for #, can be
rewritten as

1
1 =2A G1(ro,2)91(ro, 2)dz

& Vi(ro)
2
- /1 Fun(r)\/Vi(rg) = Vo (r)

dr

+2 [ Galrg x)gn(r. x)a (119)
where
- Vi(ro)
G(ro,2) = mTl(roJ(Z))
91(ro.2) = 1 (120)

VVilro) = Vi(r(z))

Black hole shadow

/

0=0 =01 =shadow 0=6m =0,

FIG. 6. In this figure we depict the pattern of images formed by
the black hole surrounded by matter. Images drawn as green dots
are formed due to the light rays that get reflected just outside the
outer photon sphere. Images lie beyond and are cluttered near the
critical angle 6 = 6,. Images depicted by blue dots are formed
due to the light rays that enter outer photon sphere just above the
peak and get reflected back in matter region. They are cluttered
just below the critical angle @ = 0, = 0,,. Images due to the light
rays that get reflected just outside the inner photon sphere are
depicted by red dots. They are cluttered just outside 6 = 6,
where 0, < 0,. No images occur below @ = Oy,q0w = 0;. This
region is shadow of the black hole.

Black hole shadow

FIG. 7. In this figure we depict the pattern of Einstein rings
formed by the black hole surrounded by matter when the source is
exactly behind the lens. In the middle we get region with radius
0 = Ogpaaow Where no Einstein rings appear. This is called black
hole shadow. Red circles depict Einstein rings formed due to the
light rays that get reflected back just outside the inner photon
sphere. Rings lie just outside and are cluttered around
0 = 0, = Ogaiow- Blue rings are formed due to the light rays
that enter outer photon sphere just above the peak and get
reflected in the matter region. These lie below and are cluttered
around @ = @,,. Green rings are formed due to the light rays that
get reflected just outside the outer photon sphere. They lie outside
and are cluttered around the critical angle 8 = 8, = 0,,.
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. Vl(’”o) rlx
Gz(ro,X) - f2(r) Tm( ( ))
1
rg,X) = . 121
Y A A

We now write down the term that diverges when ry is
very close to the inner photon sphere ry;.

1 1
IDl,l :ZA Gl(rphl,ZZO)idZ.

\ 12 +ﬂ122

By following similar calculations as done in earlier sections,
the divergent part of the integral can be calculated as

(122)

Ipi, = —A, log (1 P‘“) + B, +0( rl’“) (123)
o o
where
A :2Gl(rphl’Z:O)’
ﬁl(’phl)
— 2G N :O 2T )
B, = l(rphl < )10 < 1("ph1 rph1)>. (124)
ﬂl(”phl) Tphi

Now, we try to find the contribution to divergence due to
the third integral in the expression for t.

Ip1a = 2[) " Gy (ro. x)gy (ro.x = Xpgy)dx.  (125)
Evaluating the above integral we get
M,
Ip1p=2D4—4M,log| — D, —6M, —4M;log(f,(r, ph2)>

(126)

Now, the regular part of the integral is given by,

1
Taia(ro) =2 / Gy (r0. 2)g1(rg. 2)dz

2 Vi(ro)
+2 d
/ PN Vi(r0) = V1)
+2 /)xmux G, (rg, x)ga(ro. x)dx
1 1
) -
f otrna) e

Xmax

G2(rph17x = Xmax )92 (70, x)dx

—@) (127)

o

-2

s—

= I 2(rpn1) + 0<1

Combining the regular and divergent part, we get
3M,
tl(ro) :ZDd 4M210g< ) 6M2
Dy

_ r
—4M, log (fz(”phz)) — A, log <1 —ﬂ>

To
+ By + Igi2(ro)- (128)
The images are not formed for all values r,, but only for the
values of r( close to the inner photon sphere. The condition
to be met for the formation of image is

&],n = —A] 10g < ih]> +Bl +IR1 —r~2nr. (129)
0

Combining the above two equations, we get time required
for the formation of nth image.

M A,
_2Dd—4M210g< 2) —I—A 2n+ 1)z +1,, (130)
1

where

A A
I} = —6M, — 4M; log (f(rpn2)) _A_lBl —A—ilm

+ By + Iy 2(rpn1)- (131)

Time delay between pth and gth order images is given by

A
—hg= 22 (p-q).

» (132)

.,

This is the time delay between the same set of images i.e.,
images formed due to the light rays that get reflected close
to the inner photon sphere.

VIII. LIGHT RAYS WHICH ENTER INNER
PHOTON SPHERE AND BLACK HOLE SHADOW

We considered three distinct scenarios depending on the
location of turning point for the light rays and showed that
we get three distinct set of infinitely many images and
Einstein rings. We now consider the fourth category of the
light rays. The rays for Wthh 5 is larger compared to the

potential maximum at inner photon sphere V,,, = m.
These light rays enter the inner photon sphere, beyond
which they do not encounter any other potential barrier and
hence admit no turning point. Thus they are destined to
enter the event horizon and are engulfed by the black hole.
Thus the ingoing light rays do not reach infinity. Thus we
would see a dark region below critical angle 6, circular in
shape. This is known as the shadow of the black hole.
Shadow has an angular size given by expression
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_ _ 33M
eshadow = 01 = D—l
d

(133)
The shadow is depicted in the Fig. 6, Fig. 7.

Since size of the shadow is dictated by the inner photon
sphere it will be proportional to mass M. So if we observe
the shadow of the configuration considered here, its angular
size will allow us to infer the mass M. The situation would
be very different if we try to infer the mass associated with
configuration based on the observation of motion of the
distant object. The mass inferred from such a consideration
will be M,. This results in the situation where mass inferred
from two different methods would yield conflicting
answers. This would imply the existence of matter sur-
rounding black hole. Thus before arriving at radical
conclusions such as breakdown of general relativity or
new physics, we should consider conservative scenarios
such as existence of matter, perhaps dark matter, in the
vicinity of black hole.

IX. IMAGE LOCATION, MAGNIFICATION AND
TIME DELAY BETWEEN THE MOST
PROMINENT IMAGES

It is quite clear from the expression for the magnification
that it decays exponentially as the number of turns light
takes around the black hole goes on increasing. Generally,
in case of a single black hole, the first images would be
relevant from the point of view of observation and other
infinite set of higher order images can be ignored since they
are highly demagnified. In presence of matter as we have
shown earlier three set of infinitely many images would
occur depending on their turning points. In this section,
we enlist the most prominent images that would be of
consequence from the point of observations.

For this calculation we work in the units where M| = 1.
We take M, = 1.5. So the photon spheres occur at ryp; = 3
and rpp =4.5. The matter distribution extends from
r1 = 3.5to r, = 3.7. We use a mass function in the matter
region that is used in [35]. The distance between source and
lens as well as observer and lens is taken to be
D, = D, = 1000. The source location is g = 1072.

In the absence of any matter, if we have a black hole
with mass M, = 1.5 as seen from outside, the brightest
image will be the first order image. It will occur at 6, ; =
0.00780411 and will have magnification u, ; =1.51x107.
In the presence of the matter the brightest image will be the
first order image due to the light rays turn back inside
matter region and occur at 6,,; = 0.00764038 and it will
have magnification y,, ; = 1.16 x 10~ which is ten times
brighter. Second order image will occur at 0,,, =
0.00778755 and will have magnification 5.12 x 1073
which will be five times brighter. All other images will
have smaller magnification (See Tables I, II, III.) which we
ignore. Thus in the presence of matter we will have two

TABLE 1. In this table we list the image location, magnification
and the time taken for light rays to reach the observer from the
source to observer for light rays that get reflected near the outer
photon sphere. Only the first image is prominent as the magni-
fication of the other images are much smaller.

0, Ho b
n=1 0.00780411 1.51 x 107 2099.58
n=2 0.00779424 2.82x 1078 2148.55
TABLE II. In this table we list the image location, magnifica-

tion and the time taken for light ray to reach the observer from the
source in case of light rays that get reflected in the matter region.
The first two image has magnification comparable to the
magnification of images due the first set of light rays (reflected
near outer photon sphere). The magnification of images beyond
this are minuscule.

Hm MW! t"‘l
n=1 0.00764038 —1.16 x 107* 2312.89
n=2 0.00778755 -5.12 x 1073 2313.58
n=23 0.00779391 -2.22 x 1077 2314.28
TABLE III. In this table we list the image location and

magnification for light ray to reach the observer from the source
in case of light rays that get reflected close to the inner photon-
sphere. Images have magnification that is four orders of magni-
tude smaller than that of lighter image.

91 H1
n=1 0.00519615777 4.94 x 107
n=2 0.00519615016 1.01 x 10710

images brighter than what we would have in case of a single
isolated black holes.

If the source is variable, then the variability will be
reflected onto the three images at different time. The time
taken by the rays getting reflected back outside outer photon
sphere and constituting first order is £, ; = 2099.58, onto
which the variability will be reflected initially. Then it would
then be reflected onto the first order image for the light
rays that get reflected in the matter region after time
tw1 — 1 =213.31. It will be almost 10 times brighter.
Following which it will be reflected onto the second order
image with light turning back in middle region after
tywo — Ly = 0.69. It will be dimmer by the factor of 2.

The appearance of the two new prominent images due to
the light rays reflecting back inside the matter region, as
opposed to just one prominent image in case of an isolated
single black hole and peculiar time delay between the
images are the smoking gun signature of the presence of
matter surrounding the black hole.
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X. SUMMARY AND CONCLUSION

With observational probes such as Event Horizon tele-
scope reaching unprecedented accuracy, we are living in the
era where direct observation of black holes is possible. It
will allow us to study the astrophysical environment and
various physical processes that occur in the vicinity of
black holes at the center of our and neighboring galaxies. It
could be the case that significant amount of matter, which
could be the conglomeration of dark matter for instance,
could be present in the vicinity of black holes. In the work
we try to consider such a situation and made an attempt to
understand whether matter distribution around the central
black hole could significantly affect the observations,
specifically focusing on the gravitational lensing, pattern
of images, Einstein rings and shadow cast by such a
configuration. For this purpose instead of getting into
detailed modeling of such a scenario we deal with a very
simple toy-model for the matter distribution and show that
it can affect the gravitational lensing in a crucial way and
leave its imprint on the pattern of images, Einstein rings as
well on the shadow of the black hole. As it turns out photon
sphere plays a very important role in the gravitational
lensing investigations.

We consider a Scharzschild black hole with mass M,
located at center. Its photon sphere is located at rp,; =
3M,. The mass outside the matter distribution is M,, the
photon sphere associated with which is located at
oo = 3M,. We assume that the matter lies entirely
between radii » = r| and r = r, which in turn lie between
the two photon spheres. We assume that the mass function
m(r) which is constant for Schwarzschild metric, varies
between r = r; and r = r,, i.e., in the region where matter
is located. It is a monotonically increasing function and
interpolates between the mass in the inner region M; and
M, which is the mass in the outer region as we go from r;
to r,. We make a further assumption that mass function
m(r) is chosen in such a way that effective potential
decreases monotonically and does not admit any peak,
i.e., no unstable photon sphere in the region where matter is
located. As a consequence of which effective potential for
the radial motion of light rays admits an interesting pattern.
It starts from a zero value at event horizon located at
r =12M,, goes on increasing, admits a maximum at inner
photon sphere r = ry,; = 3M . It then goes on decreasing
all the way up to outer boundary of the photon sphere
r = r,. It then increases and admits a maximum at the
location of outer photon sphere r = ry, = 3M, and then
goes to zero at we reach infinity. Since the maximum of the

potential is given by the expression V = 5, the height of

maximum at outer photon sphere is smaller compared to the
height at the inner photon sphere. Thus we encountered
different scenarios. Depending on the value of impact
parameter b we can have initially ingoing light rays that
turn back outside the outer photon sphere, light rays which

enter outer photon sphere above the peak at maximum and
encounter potential barrier in the matter region and get
reflected back and the light rays which enter the inner
region passing over the outer and matter region and get
reflected back outside the inner photon sphere. If the
reflection point is very close to the photon sphere or if
light ray passes just above the peak of the potential, both
radial velocity i and rate of change of radial velocity 7
approach zero. Thus the light ray spends a lot of time close
to the photon sphere. Since it has finite angular speed it will
go around the black hole a large number of times resulting
in an extremely large deflection angle, which shows
divergence in the limit when the proximity to the photon
sphere tends to zero. Thus we get light rays which go
around the black hole once, twice, and all the way up to
infinitely many times resulting into infinitely many rela-
tivistic images. If the source is exactly behind the black
hole we get Einstein rings. Thus in this case we would get
three distinct sets of infinitely many images and Einstein
rings corresponding to three different scenarios described
earlier depending on where light turns back. This is a very
peculiar and distinct feature. This is in contrast with the
situation where we have only one set of infinite images and
Einstein rings in case of the single isolated black hole.
Since the relativistic images are highly demagnified and
brightness decreases exponentially as the number of turns
light takes around black hole goes on increasing, we try to
identify most prominent images. We infer that three images
are prominently visible as compared all other infinitely
many higher order images as compared to just one image
for single isolated black hole.

The relativistic images are demagnified exponentially as
the number of turns light takes around the black hole
increases. Hence very few out of the infinitely many images
are relevant from the point of view of observations. We
compute magnification and time delays in a specific case
and infer that three images are relevant from the point of
view of observation. This includes two images from the
light rays which enter outer photon sphere and get reflected
back in the matter region and one image from the light rays
that get reflected back outside outer photon sphere. This is
quite different from the case of single isolated black hole
where only the first relativistic image will be relevant
from the point of view of observations. This is very peculiar
feature would be a smoking gun signature of matter
distribution around black hole.

If light enters the inner photon sphere, it does not
encounter a potential barrier. Thus it inevitably enters
the event horizon and is engulfed by the black hole.
Thus we get a dark circular patch in the middle devoid
of any image or Einstein ring. It is known as the shadow of
the black hole. In this case size of the shadow of the black
hole, i.e., angular radius of the dark patch is dictated by the
inner photon sphere and is thus proportional to mass M. If
we observe the shadow of the black hole, the mass inferred
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from it will be M. We can also estimate mass of the whole
configuration by monitoring the motion of the distant
objects in the gravitational field. Mass inferred from such
a method would yield M,. So there is a discrepancy in the
inference about the mass made from two different obser-
vations. It will provide yet another evidence in favor of
mass distribution around the black hole.

By invoking a simplistic toy model of matter distribution
we demonstrated that pattern of images and Einstein
rings as well as shadow measurement displays a very

interesting trend quite distinct from that of a single isolated
black hole. In future we intend to study more realistic
scenarios with better modeling of the matter distribution
around black holes.
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