Chinese Physics C  Vol. 47, No. 11 (2023) 115101

Photon motion and weak gravitational lensing in
black-bounce spacetime”

3,4,5%

Furkat Sarikulov'”  Farruh Atamurotov™

Ahmadjon Abdujabbarov"®”®  Vokhid Khamidov®*

1Ulugh Beg Astronomical Institute, Astronomy St 33, Tashkent 100052, Uzbekistan
*New Uzbekistan University, Mustaqillik ave. 54, 100007 Tashkent, Uzbekistan
*Akfa University, Milliy Bog” Street 264, Tashkent 111221, Uzbekistan
“Inha University in Tashkent, Ziyolilar 9, Tashkent 100170, Uzbekistan
*Institute of Fundamental and Applied Research, National Research University TITAME, Kori Niyoziy 39, Tashkent 100000, Uzbekistan
*National University of Uzbekistan, Tashkent 100174, Uzbekistan
"Tashkent State Technical University, Tashkent 100095, Uzbekistan
$Tashkent University of Information Technologies named after Muhammad al Khwarizmi, Amir Temur 108, Tashkent 100014, Uzbekistan

Abstract: The effect of spacetime curvature on photon motion may offer an opportunity to propose new tests on

gravity theories. In this study, we investigate and focus on the massless (photon) particle motion around black-

bounce gravity. We analyze the horizon structure around a gravitational compact object described by black-bounce

spacetime. The photon motion and the effect of gravitational weak lensing in vacuum and plasma are discussed, and

the shadow radius of the compact object is also studied in black-bounce spacetime. Additionally, the magnification

of the image is studied using the deflection angle of light rays.
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I. INTRODUCTION

The effect of a curved spacetime on wave propaga-
tion is an important subject in modern relativistic astro-
physics. The first ever observation of gravitational waves
by the LIGO-Virgo collaboration [1, 2] was the starting
point for a new era of gravitational wave observation.
Later, the observation of images of M87 [3, 4] and SgrA*
[5] motivated specialists to use these observations to test
gravity theories in the strong field regime.

Although well tested in the weak [6] and strong field
regimes [2, 3], Einstein's general relativity still encoun-
ters several fundamental problems. One is the existence
of the physical (curvature) singularity at the origin of
most solutions within the theory. There is a belief that an
undiscovered new quantum gravity theory will resolve
this issue. One of the main aims of introducing alternat-
ive theories of gravity and modified versions of general
relativity is to move in the direction of constructing a
quantum gravity theory.

Owing to the strong gravitational field, the spacetime
around massive objects is curved. The propagation of an
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electromagnetic wave is affected by this curvature, and an
observer at infinity can detect light deflection due to
gravity. However, because of the strong gravitational
field around black holes, the part of the light rays
propagating near a black hole will be captured by the
central object. Consequently, the observer at infinity will
detect a black spot on the celestial plane near the position
of the black hole. The original idea of the possible obser-
vation of this black spot, usually referred to as a black
hole shadow, was proposed by Synge [7] and later de-
veloped by Luminet [8] and Bardeen [9]. The shadow of
a black hole for different solutions within general relativ-
ity and/or modified/alternative theories of gravity has
subsequently been investigated by the various authors
[10-38].

The deflection of light, also known as gravitational
lensing, around a gravitating object can be used to either
study the light source or test the gravitational field around
the lensing object. The effect of gravitational lensing was
first used to test general relativity by Eddington in 1919
during the solar eclipse. Later, the gravitational lensing
around compact objects within different gravity models
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was investigated by various authors (see, for example,
[39-49]). The existence of a plasma environment is one
of the main markers of most black holes and compact ob-
jects. The light propagating through the plasma is also af-
fected by the latter. The effects of both uniform and
nonuniform plasma on the optical properties of black
holes were investigated in Refs. [S0—58]). Moreover, us-
ing gravitational lensing, one may study the effects of dif-
ferent plasma configurations on the light deflection angle
(see, for example, [59—80]).

A regularization method was proposed by Simpson
and Visser [81], in which the expression 1/r in the
Schwarzschild metric is replaced with 1/ Vr2+a2. As a
result, one may obtain a globally regular family of met-
rics, including black-bounce geometry and a traversable
wormhole. A particularly interesting feature of these
solutions is that they may be considered a one-parameter
extension of the Schwarzschild solution. The generaliza-
tion of Reissner-Nordstrom spacetime using this tech-
nique has been reported in Ref. [82]. Later, the authors of
Ref. [83] extended them and proposed a number of new
solutions for black-bounce spacetime. Recently, the ef-
fect of retrolensing by two-photon spheres within black-
bounce spacetime was studied in detail in Ref. [84]. In
this paper, we extend the analysis of this spacetime by
studying massless test particle motion around a black-
bounce compact object. Moreover, we also study the ef-
fect of the gravitational lensing and shadow of the com-
pact object described by black-bounce spacetime.

The paper is arranged as follows. First, we review the
spacetime metric in Sec. II. We study the photon motion
around the black bounce compact object in Sec. I1I. Then,
the shadow of the black-bounce object is studied in Sec.
IV in the presence of plasma. Gravitational lensing in the
presence of plasma in black bounce spacetime is then in-
vestigated in Sec. V. We conclude our study in Sec. VI.
Throughout, we use the unit system G =c=1.

II. SPACETIME METRIC

Non-rotating spacetime in black bounce gravity has
the following linear element in spherical coordinates [83,
84]:

2
ds? = —f(r)dr* + % +y((d&? +sin’6de?), (1)

where the metric functions f(r) and y(r) are defined as

2Mr?

f(r)=l—m,

2

y(n=r+da’, ©)

where M is the mass of the compact object, and a is a
nonnegative constant [83]. To understand the nature of
the gravitational potential of the source, we may intro-

. 3
duce the effective mass as Mg = M (r/ Vr2 + az) .

Spacetime metric (1) describes a regular black hole
when the condition 0 < a/m < 4+V3/9 is satisfied. To ob-
tain more information about the spacetime structure, we
can analyze the function f(r). The dependence of f(r) on
radial coordinates is shown in Fig. 1. From the plot, we
can easily see that there is an extreme value of a/M when
the graph has one r/M-intercept. The extreme value of
the parameter ae =4 V3/9. The values of parameter a
that are less than its extreme value correspond to a black
hole with two horizons (Fig. 2 shows the existence of two
roots for a set of parameters a values, which corresponds
to the Cauchy horizon (smaller root) and event horizon
(larger root)), whereas the values of parameter « that are
greater than its extreme value correspond to a naked sin-
gularity. The dependence of the radius of the horizon cor-
responding to the condition f(r)=0 is represented in
Fig. 2. From the plot, we can see that with an increase in
parameter a in black-bounce spacetime, the outer horizon
decreases until the value M is reached.
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Fig. 1.
tion for different values of the parameter a/M.

(color online) Radial dependence of the lapse func-
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Fig. 2.  (color online) Horizon radius of a black hole as a

function of a/M.
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1. PHOTON MOTION

Consider the motion of photons around a gravitation-
al object in the framework of black-bounce gravity. To
describe the dynamics, we can use the Hamilton-Jacobi
equation in the following form [85]:

ds ds
puy @0 GO
dat dxv % “)

where g*” is the metric tensor of spacetime metric (1),
and S is the action. Using the separation of variables
method and the symmetry of spacetime metric (1), the ac-
tion S can be expressed as the following form:

S =—Et+Lo+S,(r)+S40), 5)

where £ and L can be described as the energy and angu-
lar momentum of a massless particle, respectively. The
dynamics of particles with zero rest mass are defined by
null geodesics of spacetime. Using Eqs. (4) and (5), we
can obtain the equations of motion of massless particles
at the equatorial plane (8 = 0.57, §=0) as

dr E
a1y ©
&= s VRO ™
d¢ _ L
1 ()’ ®
with
R(r)=E*- @LZ, )
v(r)

where 4 is the affine parameter, and we consider 6 = 0.57x.
Accordingly, the effective potential for the radial motion
of photons takes the following form:

L2
Vet = f(r)—. (10)
¥(r)

The study of circular orbits r reflects significant in-
terest while considering the photon (massless particle)

motion. Photon circular orbits r,, are determined using
the following conditions:

Vi =0. (11)

Using the above conditions, we can obtain the equation to

determine the radius of circular photon orbits 7y, as
(@®+r2)* +2Ma® -3Mr = 0. (12)

We can obtain the radius of the photon sphere (ryn) by
solving Eq. (12) with respect to the radial coordinate,

10M2 M4
T'ph = —a2< 0 +1>+D+9—+3M2, (13)
D D
where D is defined as

—45a*M*

Do < 25a* M?

1/3

543
+T\/_a3M2\/5a2—4M2+27M6> a4

The dependence of the photon orbit 7,, on the para-
meter a is shown in Fig. 3. From the plot, we can con-
clude that with an increase in parameter a, the radius of
the photon orbit rp, decreases.

3.2F

220 . . .
0.0 0.2 0.4 0.6

af/M

Fig. 3.
circular orbits ryp/M on parameter a.

(color online) Dependence of the radius of photon

IV. BLACK HOLE SHADOW IN THE PRESENCE
OF PLASMA

The detailed study of photon motion around a black
hole leads to a phenomenon known as a black hole shad-
ow [16]. The shadow cast by a black hole is a result of
photon capture by the central object, and the observer
will see a black spot on the bright background [16]. In
this section, we explore the radius (Ry,) of the shadow of
a black hole in the presence of a plasma medium [55].
The boundary of the shadow is fully defined by the
photon (massless particle) trajectory governed by the
equation of motion in the plasma medium. To analyze the
shadow of the black hole in black-bounce spacetime in a
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plasma medium, we should first study the photon equa-
tion in a plasma environment.

A. Photon motion in plasma

The Hamiltonian for photons around a black hole in
the presence of an electron plasma medium can be ex-
pressed as [55, 85]

1 p?
7—[: — =
f)

2

gﬂvpypv_(nz - 1) O’ (15)

with
2
2 We
=1-—"=, 16
n ) (16)
where w(x’) and w, are the photon and plasma frequen-
cies, respectively, and # is the refractive index of the me-
dium. We denote the value of the photon frequency ob-
served at infinity as wy:

(17)

w(o0) = wy = —p;.

The components of the four-velocity (7, ¢, #) for the
photons (massless particle) in the equatorial plane
(0=0.57m, pg=0) are given by

dr __ D

1 f(’ (18)
dr

a:prf(r)3 (19)
dp _ p

a1 +¢a2’ (20)

where we consider the relationship dx*/dA=dH/0p,.
From Egs. (19) and (20), we can obtain an expression for
the phase trajectory of light (photon) rays,

dr 3 grrpr
do — g%p? (21

Using the constraint H =0, we can define the above
equation as [50]

dr g w3
— = (= -1,
dg  g" P

where the following definition is introduced:

(22)

(23)

The radius of a circular orbit of photons ry,, particu-
larly the one that forms the photon sphere of radius rpp, is
determined by the following equation [50]:

d(r?(r))

" =0. (24)

r=ry,

Substituting Eq. (24) into Eq. (23), we can define an al-
gebraic expression for r,;, in the plasma environment as

(@472) /(1) | 2f(we(r)
f@r w3

[(az + rz) Wl (r) + rwe(r)] =2r,

(25)

where the prime stands for the derivative with respect to
r. In the case of homogeneous plasma (w2(r) = const.),
Eq. (25) can be simplified to

(a2 + r2) F(r

) (26)

2
+2r (N2 =2r.
Wy

As mentioned above, the solution to this equation with re-
spect to r leads to the radius of the photon sphere rp, of
the black hole in a uniform plasma environment.

Figure 4 gives information on the dependence of the
radius of the photon sphere r,, on the black-bounce para-
meter a and plasma parameters. It is clear from the plots
that the radius of the photon sphere rp, decreases with an
increase in parameter a. Note that the presence of plasma
causes an increase in the value of the photon sphere radi-
us, as shown in Fig. 4.

B. Black hole shadow in uniform plasma

In this section, we study the radius (Rg,) of the shad-
ow of the black hole in the presence of uniform plasma.
The angular radius ag, of the black hole shadow is
defined by [7, 50]

2402 1 _ w%<rph>)
Sil’lzagh = hz(rgh) — (a +rph> (f(rph) (,l)(z)
s h2(ro) ((12 + rz) ( 1 _ wg(ro))
’ f(ru) 0.)%

where r, and rp, are the radial positions of the observer
and photon sphere (introduced in the previous section),
respectively. If the observer is located at a sufficiently
large distance from the black hole, we can approximate
the radius of the black hole shadow (for the case of uni-
form plasma) using Eq. (27) [50]:

27
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Fig. 4.  (color online) Dependence of the radius of the

photon spherer,,/M on plasma frequency (top) and black-
bounce parameter a (bottom).

. 1 wz
Rsh = Fy SINgH = \/(az + rIz)h) (f(rh) - aé) ' (28)
p 0

For the case of no plasma in the vicinity of the black-
bounce black hole, the shadow radius can be represented

by
R i < 29
<h = T SInagy = From) . (29)

Figure 5 describes the dependence of the radius of
black hole shadow on parameter a and plasma paramet-
ers. In the plots, we define Ry, in terms of M.g because it
is known from EHT data that the masses of M87* and
Sgr A* are given by the gravitational potential. Based on
these data, we can conclude that the shadow radius is di-
minished due to the influence of both plasma and the
black-bounce parameter a.

Now, we consider the rough assumption that the su-
permassive black holes M87* and Sgr A* are the black-
bounce black holes that we are studying. Then, we can
theoretically obtain the constraints from the EHT obser-
vation results.

The angular diameter of the image of the

super-
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Fig. 5. (color online) Dependence of the radius of the black

hole shadow on parameter a (top) and plasma frequency (bot-
tom).

massive black hole M87* is § =42 +3 uas at the 1o con-
fidence level, and the mass of M87* and the distance
from the solar system are M = 6.5x 10°M, and D = 16.8
Mpc, respectively [3, 4]. The same data for Sgr A* are as
follows: 6 =48.7+7 uas, M ~4x10°M,, and D ~8 kpc
[5]. The shadow radius caused by the black hole per unit
mass can be expressed as the following equation:

; (30)

where Mgz =M (r/ Vr2+ a2)3 from black-bounce space-
time. Here, we must use the effective mass because the
masses of M87 and Sgr A* are given by the gravitational
potential.

Using Eq. (30), we can easily calculate the diameter
of the shadow images. The diameter of the black hole
shadow is dg, = (11+1.5)M.g for M87* and dy, = (9.5+
1.4)M.g for Sgr A*. From these data, we can now obtain
the constraints on the black-bounce and plasma paramet-
ers for the supermassive black holes Sgr A* and M87*.
The results are presented in Fig. 6 for the case of no
plasma around the black hole and in Fig. 7 for the black
hole in plasma.
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Fig. 6. (color online) Constraints on the black-bounce para-

meter a with no plasma around the black hole. The brown and
black dashed lines describe the limits of the measured shadow
radii of M87* and Sgr A*, respectively.
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Fig. 7.
black hole as a function of the parameter a and plasma para-

(color online) Shadow diameter of the black-bounce

meter. The black curve corresponds to dg, = 9.5M.g, which is
the lower limit for M87*. The blue curve corresponds to
dgh = 10.9M,q, which is the upper limit for Sgr A*.

V. WEAK GRAVITATIONAL LENSING IN THE
PRESENCE OF PLASMA

Now, we can move on to another part of our study:
gravitaional lensing in spacetime metric (1) in a weak-
field case explicated via [59]

gozﬁznarﬂ"'gaﬂ > (31)
where 7,4 is the general metric of Minkowski spacetime,
and &, is a perturbation of the flat spacetime metric,
which can be described by the spacetime metric theory of
gravity and is written as [59]

naﬁ = dlag(_19 15 1’ 1)’
ép <1,
P =nP—gb, P =¢y.

&> 0 under x> oo, (32)

Here, we can study the effects of the plasma medium
on the deflection angle &; in the gravitational weak field
of the black hole. The general expression for the deflec-
tion angle in plasma is [59, 64]

oo 2 _ i
&l_:l/ (533+M) dz, i=1,2  (33)

2 ) e w? - w?
where N(x') is the number density of particles in a plasma
medium around a compact object, K, = 4me?/m, is con-
stant (e and m, are the electron charge and mass), and w
and w, are the photon (massless particle) and plasma fre-
quencies, respectively [59]. Using Egs. (32) and (33), we
can rewrite Eq. (33) for the deflection angle in the follow-
ing form [59]:

4 :l/wé(d§33+ I déoo
) o PN dr 1wk /w? dr

K, dN) :

— )2
w; dr

- (34)

where b is the impact parameter of light rays. It is useful
to note that the values of &, can be both negative and
positive [59].

In the weak-field case for far distances from the black
hole, the black-bounce spacetime metric (1) can be writ-
ten as

2Mr? 5 2Mr? 2
(@ + 122 de”+ (@ + 122 dr

+a*(d6? +sin® 6d¢?),

ds? =ds? +

(35)

where dsj = —df? +dr? +r?(d6? +sin’ §d¢?) is the metric
element in the Minkowski spacetime metric, and we can
use the notation R, = 2M for further calculations.

To analyze the deflection angle (&) of light rays
around the black hole in the plasma medium using Eq.
(34), we can rewrite the required components (& and
&33) in Cartesian coordinates as

_ Rr?
fOO - (az + r2)3/2 b
Rr? a .
&3 =@+ +sr2)3/2 cos?y + ) sin®y | (36)

where cos? y = z2/(b* +7%) and r* = b* + 7? are introduced,
for example, in [64]. Here, z is the coordinate aligned
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with the optical axis. We can obtain the derivative of &y
and &33 with respect to the radial coordinate as

déy 3R 2d7 (-4 +37Y)
dr (a? 4—;’2)5/2 r ’
déoo R, (2a*r—r)
A (@) (37)

For simplicity, the expression for the deflection angle
&, can be expanded as [63]

Qp =& +ap +as, (38)
with
b [y,
Yo ) dr T
4 _l/wé(;@ﬁ
272 ) o r\1—w2je? dr )
) 1/°°b( K, dN>d
b3 == | -—=—= =
T2 ) r\ wr-w? dr © (39)

where the notations &, @, and &; represent the contribu-
tions to the deflection angle due to gravity, uniform
plasma, and non-uniform plasma, respectively. In this
study, we use Egs. (38) and (39) to investigate the effect
of plasma on the deflection angle in gravitational weak
lensing. In the following sections, we consider each case
in detail.

A. Uniform plasma with w? = const

Here, we can test the deflection angle of photons
(light rays) around the black hole in the presence of a uni-
form plasma environment using expression (38) written
in the following form:

(40)

Quni = Qunil + Quni2 + Qunis»
We can claim that the third term of this equation will van-
ish due to the uniform distribution of the plasma environ-
ment. Using Eqgs. (38), (37), and (40), we can obtain an
equation for the deflection angle of light rays (photon)

around the black hole in black-bounce spacetime surroun-
ded by uniform plasma:

bR, +37ra2 _bRS (az—bz) w?
a’+b?  16b2 (a2+b2)2 wr—w?’

(41)

A pa—
Qyni =

In this equation, the second term appears owing to the
property of black-bounce spacetime itself.

Using expression (41), we can plot the deflection
angle against the impact b, plasma frequency, and a. Fig.
8 shows the dependence of the deflection angle &y, of
light rays (photon) around the black hole on the impact
parameter b for different values of the parameter ¢ and
plasma parameter w?/w?. The dependence of the deflec-
tion angle &,y plasma frequency and parameter a for
fixed values of the impact parameter is shown in Fig. 9.
The graphs of the defection angle &,,; on the impact para-
meter b and plasma parameter are reliable, as expected.
The presence of uniform plasma leads to an increase in
the value of the deflection angle of light rays, whereas the
angle of deflection decreases dramatically with increas-
ing impact parameter b. However, interestingly, the de-
flection angle remains almost unchanged with the influ-
ence of the black-bounce parameter a. There is only a
slight increase in the value of the deflection angle with an
increase in parameter a, as shown in Figs. 8 and 9.

B. Non-uniform plasma with singular isothermal
sphere medium

Here, we investigate the deflection angle &y, of light
rays (photons) around the black hole in the presence of
non-uniform plasma and in the framework of black-

0.20F 0.30
AN we?u? = 0.0
0.19} /;\.:L\\, 025 welw? =0.3
_0.18} z \\\\\iz ~ 020f e T - welw?=05
<d= 34.0634.08 34.1034.12 34.14 <§ ___________________________
0.17f biM 0.A5F " TTTTmmeeee T
-——-- alM =04 o
0.16fp  -=--- - alM=0.6
0.15L : : : : 0.05Ls : : : : :
30 32 34 36 38 40 30 32 34 36 38 40
b/M b/M

Fig. 8.
(left panel) and plasma medium w?/w? (right panel).

(color online) Dependence of the deflection angle &, on the impact parameter b for different values of the parameter a/M
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Fig. 9.
panel) for a fixed value of the impact parameter b/M = 30.

bounce spacetime with a nonzero parameter a. We can
consider the singular isothermal sphere (SIS) medium as
the non-uniform plasma distribution [59, 64]. The plasma
number density of the SIS environment is written in the
following form [59, 63]:

Ny =20
p

(42)
where m,, is the proton mass, and & is a non-dimensional

coefficient responsible for the dark matter contribution in
the SIS model and with

2

O—V
) 43
2mr? (43)

p(r)=

where o, and p(r) are the velocity of dispersion and the
density of plasma around the compact object, respect-
ively [59]. Here, Eq. (38) can be written in the non-uni-
form plasma case as [63]

Qsts = Qsist + dsis2 + dsis3 (44)

where d&sis1, dsis2, and dsisz represent the deflection
angle due to the gravity of the black hole, due to plasma,
and due to the density of the non-uniform plasma medi-
um around the compact object in black-bounce space-
time, respectively. From Egs. (38), (37), and (44), we can
obtain an equation for the deflection angle of light rays
(photons) around the black hole in black-bounce surroun-
ded by non-uniform plasma:

3na® 2b°R; R2w?

2bR}W? (5b% - Ta?)
" (a? +b2)2 2b2w?

15rw? (az + bz) 3
(45)

where the new notation for the non-uniform case is

0.0 0.1 0.2 0.3 0.4 0.5 0.6

0.20

0.18}-

0.14¢

0.125 : : : : :
0.0 0.1 02 03 04 05

0-)@2/(‘-)2

(color online) Dependence of the deflection angle @&y, on the parameter a/M (left panel) and plasma parameter w?/w? (right

W= U'\ZzKe
¢ 2km,R%

(46)

In Fig. 10, we show the plasma effect of non-uniform
plasma and the parameter a on the deflection angle of
photons around the black hole in black-bounce spacetime.
The dependence of the deflection angle d&s;s on non-uni-
form plasma and the parameter a for fixed values of the
impact parameter b and the non-uniform plasma paramet-
er is clearly shown in Fig. 11. The plots reveal that the
deflection angle increases gradually with increasing
plasma parameter, whereas there is a small change in the
value of the deflection angle due to the influence of para-
meter a.

We can easily compare the two cases for analysis
(uniform and non-uniform) with the help of Fig. 12. It is
evident that the deflection angle of light rays (photons) in
the presence of a uniform plasma medium is larger than
that of the non-uniform plasma case.

C. Magnification

Now, we can study the brightness of an image source
as a consequence of gravitational lensing in the presence
of uniform plasma using a lens equation in the form [64,
76]

0D; =D+ &pDy; 47)

where D; and Dy, are the distances from the distant
source to the observer and the lens object, respectively,
and @ and p represent the angular positions of the image
and source, respectively. We use the following relation
between the impact parameter b and angle 6:

b=D,6, (48)

where D, is the distance from the observer to the lens ob-
ject. Using these expressions, we can rewrite Eq. (47) as
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Fig. 10. (color online) Dependence of the deflection angle asis on the impact parameter b for different values of the parameter a/M

(left panel) and non-uniform plasma parameter (right panel).
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Fig. 11. (color online) Dependence of the deflection angle asis on the parameter a/M (left panel) and non-uniform plasma parameter

(right panel) for a fixed value of the impact parameter /M = 30.
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Fig. 12. (color online) Dependence of the deflection angle @, on the impact parameter b (left panel) and parameter a/M (right panel).

[64, 76] hole using Eq. (41),
_, Das F(O) 1 Dy; .
B=0-05 D g (49) 0F =, uni®) (50)
with We numerically determine the angle by solving this equa-
tion to analyze the dependence of the magnification on
F(0) = |aplb = |ap(0)|D 0. the black hole parameter.

It is well-known that the general equation to compute
the magnification of an image source can be expressed in

We can write the expression for Einstein's angle 6% in the
the following form [59]:

presence of uniform plasma around a black-bounce black
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s = k=1.2,..5, (51

r-x|(3) (%)

where s denotes the total number of images of the source,
and I canbe explained as the value of the total in-
creased brightness due to multiple images of the source
with brightness I..

From Eq. (51), we can obtain the expression for the
magnification of the image source as

2
1 1 1 i
ﬂFol =+l = (52)
Xuni \/ X5 +4

where

B

=—. (53)
(6% uni

Xuni

The magnification of the image source is written as

V xﬁni +4
+ + 2) s (54)

+4 Xuni

1 ni
(1), = 5 (2

Xuni

4 i 4 —2> . (55)

(1) 0= (2 .
+4 Xuni

Using Eq. (52), we present the dependence of the total
magnification on the plasma parameter for different val-
ues of parameter a in Fig. 13. From these plots, we can
conclude that the total magnification of the images in-
creases owing to the influence of uniform plasma, and
there is a slight change in the total magnification with an
increase in the parameter a.

VI. CONCLUSIONS

In this study, particle orbits around black holes in
black bounce gravity are studied in detail. The results ob-
tained can be summarized as follows:

e We calculate the horizon radius for various values
of the black bounce parameter a. The results show that
the radius of the horizon r;, decreases in the presence of
the parameter a in black-bounce spacetime.

e We analyze the photon orbits around a black-
bounce compact object. It is shown that orbits shift to-
ward the central object because of black bounce gravity.

e We obtain and discuss the observable shadow of the
black hole described by the black-bounce spacetime met-
ric in plasma. We reveal that the shadow radius (Rg,) of
the black hole decreases with an increase in both the
black-bounce parameter a and plasma frequency (Fig. 5).
The tendency of the black hole shadow size to decrease
with an increase in parameter a can be explained in a sim-
ilar way to that of photon deflection. The effect of para-
meter a decreases the gravitational effect of the central
object on photons, and we may observe a decrease in the
size of the shadow in the black-bounce spacetime metric.
The negative effect of parameter a on photon orbits may
be useful in obtaining constraints using current and fu-
ture observation of the black hole shadow with event ho-
rizon telescopes.

e We also study the effect of weak gravitational lens-
ing around the black hole in black bounce spacetime in
the presence of a plasma medium around a compact ob-
ject. Here, uniform and non-uniform cases are con-
sidered and discussed in detail (see. Figs. 8—12).

e For the non-uniform case, we find that the plasma
frequency depends on 1/r. The deflection angle around
compact objects increases with increasing value of the

T 20 "18.470
24} weZ/UJZ =0.0 18.465
»nt weHlw? =03 19} 18.460
----- - weHw? =05 ™~
B <18
alM=0.0
L vt - aM =03
----- - aM=05
16}
L L " L N N 16w L L L L L
0.0 0.1 0.2 03 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
a/M wjw?

Fig. 13. (color online) Dependence of the total magnification w, on the parameter a for different values of the plasma parameter and
on the plasma parameter for different values of parameter a.
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parameter a. We also compare the uniform and non-uni-
form cases and find that the deflection angle is larger in
uniform plasma than in non-uniform plasma.

e Additionally, we consider the magnification of the
image using the deflection angle of light rays, which is
clearly represented in Fig. 13.
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