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Abstract: In this paper, we delve into the optical properties of a quantum-corrected black hole (BH) in loop

quantum gravity, surrounded by a plasma medium. We first determine the photon-and shadow radii resulting from

quantum corrections and the plasma medium in the environment surrounding a quantum-corrected BH. We find that

the photon sphere and the BH shadow radii decrease due to the quantum correction parameter a acting as a repulsive

gravitational charge. We further delve into the gravitational weak lensing by applying the general formalism used to
model the deflection angle of the light traveling around the quantum-corrected BH placed in the plasma medium. We
show, in conjunction with the fact that the combined effects of the quantum correction and non-uniform plasma fre-
quency parameter can decrease the deflection angle, that the light traveling through the uniform plasma can be
strongly deflected compared to the non-uniform plasma environment surrounding the quantum-corrected BH. Fi-

nally, we consider the magnification of the lensed image brightness under the effect of the quantum correction para-

meter a, together with the uniform and non-uniform plasma effects.
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I. INTRODUCTION

In general relativity (GR), astrophysical black holes
(BHs) are formed in the collapse of a self-gravitating
massive star's end-state evolution, making GR the most
successful theory of gravity. It is worth noting, however,
that there are theoretical challenges that need to be ad-
dressed, such as quantization, dark matter and energy is-
sues, singularities inside BHs [1] and at the beginning of
the universe [2, 3], where GR breaks down. Additionally,
GR does not incorporate quantum principles, leaving the
question of unifying GR and quantum mechanics un-
solved [4, 5]. These challenges have been explored from
various perspectives, with modified and quantum theor-
ies of gravity being considered as potential solutions.
Testing modified theories of gravity in astrophysical
scenarios is crucial in finding a final theory that can ad-
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dress the challenges of GR. Despite these challenges, re-
cent observations such as gravitational waves (GWs) [6,
7] and the BH shadow [8, 9]) would provide promising
insights into the issues of GR.

As previously stated, GR is unable to incorporate
quantum principles and find a solution to cosmological
Big Bang and black hole singularities. Therefore,
quantum theories of gravity may offer a potential solu-
tion to address these singularities through quantum ef-
fects. In this regard, loop quantum gravity (LQG) has
been considered a non-perturbative theory of quantum
gravity [10]. Since then, its techniques have been extens-
ively applied to finding solutions to avoid these singular-
ities in loop quantum cosmology; see [11—17]. It is im-
portant to note that models describing black hole solu-
tions in LQG have been developed in recent years. For
example, a regular static black hole solution, known as

* This work is supported by the National Natural Science Foundation of China under Grant No. 11675143 and the National Key Research and Development Pro-

gram of China under Grant No. 2020YFC2201503
* E-mail: malloqulov@gmail.com
¥ E-mail: isagjonovyoqubjon@gmail.com
$ E-mail: sanjar@astrin.uz
# E-mail: jawadab181@yahoo.com

©2025 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese
Academy of Sciences and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.



Mirzabek Alloqulov, Yokubjon Isagjonov, Sanjar Shaymatov et al.

Chin. Phys. C 49, (2025)

the self-dual black hole, was obtained within a mini-su-
perspace framework through the polymerization proced-
ure in LQG [18], exhibiting self-duality associated with
T-duality principles [19, 20]. There has been extensive
analysis providing insights into the nature of quantum
black hole solutions and focusing on examining the
quantum effects within the LQG framework; see [21—-29].
Additionally, it is worth noting that there has been an in-
crease in activity in recent years, with the phenomenolo-
gical study of loop quantum black holes being extens-
ively explored in various contexts; see [30—37].

The detection of the first image of BH [8, 9] has
opened up new avenues to develop theoretical models
that can test various theories of gravity by exploring BH
shadows. For a BH shadow, light can follow geodesics
and make circles around the BH, leading to a dark disk.
This analysis was first conducted for the Schwarzschild
BH [38], together with its image [39]. It is envisioned
that the BH shadow can be observed as a dark region sur-
rounded by the light ring in the sky. This dark disk causes
the formation of the BH shadow by trapping light that
cannot escape from the gravitational pull. Studying BH
accretion disks is crucial in gaining a deeper understand-
ing of BH characteristics and the spacetime geometry.
Later on, the BH shadow was explored by Amarilla et al
for a rotating Kaluza-Klein dilaton BH [40] and was also
extended to the Einstein-Maxwell-Dilaton-Axion BH
[41]. Since then, there has been an increase in activity in
recent years, where the BH shadow has been explored
from various perspectives [42—51]. It is also worth not-
ing that the BH shadow was studied for a rotating BH in-
cluding a scalar dilaton field [52], a charged BH that in-
volves a dilaton field within the Einstein-Maxwell-scalar
theory [53], and regular BHs [54]. It was shown that the
BH deformation parameters can have a significant effect
on the BH shadow characteristics (see, e.g., [55]) and the
recent EHT observations can be used to obtain restric-
tions on theoretical BH shadow models [56]. Addition-
ally, it should be noted that the modified theory of grav-
ity (MOG) was tested through the BH shadow analysis in
both rotating and non-rotating cases [57—59].

In an astrophysical scenario, BHs can be surrounded
by a plasma medium in their nearby environment, where
the optical properties of BHs, such as the shadow and
gravitational lensing effects, can be significantly altered
due to the surrounding plasma effect. It is envisioned that
gravitational lensing effects occur due to the highly de-
flected light traveling around a BH in the strong field re-
gime. This led to the first theoretical experiment in which
GR was successfully tested through gravitational lensing
analysis (see, e.g., [60]). In this regard, gravitational lens-
ing effects can also provide excellent tests for probing
spacetime geometry, especially very close to the BH hori-
zon. Therefore, in recent years, there has been increased
research activity addressing gravitational lensing effects

in the weak form [see, e.g., 61—72] in the presence of a
plasma medium [see, e.g., 73—80] within various gravity
scenarios.

BHs are, as depicted, the most fascinating and in-
triguing astrophysical objects. Therefore, they are cur-
rently under scrutiny from various theoretical and obser-
vational perspectives. This analysis provides valuable in-
sights into BH properties within different models, such as
a quantum-corrected BH solution, which incorporates
quantum corrections within the Oppenheimer-Snyder
model in the context of loop quantum gravity [81]. In this
solution, the BH mass sets a lower bound due to quantum
corrections, leading to a different background geometry
compared to BH solutions in GR. This quantum-correc-
ted BH solution was developed as a modification of the
Schwarzschild BH, addressing the BH singularity. It is
important to note that its geometry can differ from other
BH solutions derived within loop quantum gravity, show-
ing that the collapsing process depends on whether the
collapsing matter density extends to the Planck scale. If
this density is of the order of the Planck scale, the col-
lapsing process transforms into a bounce expansion
epoch. Following [81] there have been several investiga-
tions [82—86] addressing properties of this quantum-cor-
rected BH spacetime in various situations. Therefore, it is
also essential to investigate the optical properties of a
quantum-corrected BH to understand potential deviations
from GR resulting from quantum corrections in loop
quantum gravity. In this paper, we explore the optical
properties of a quantum-corrected BH, including the BH
shadow and gravitational lensing effects in the presence
of a plasma medium. This analysis enhances our under-
standing of the unique features of quantum-corrected BH
geometry.

This paper is organized as follows: In Sec. II we
briefly review a quantum-corrected BH spacetime and
discuss the formalism used to further model the photon
motion and the BH shadow in a plasma medium. In Sec.
III, we study gravitational lensing effects by a quantum-
corrected BH, together with plasma medium effects res-
ulting from both uniform and non-uniform cases. Further,
we analyze a magnification of gravitationally lensed im-
age around a quantum-corrected BH in Sec. IV. Finally,
we give our concluding remarks in Sec. V. We shall for
simplicity use ¢ = G = M = 1 throughout the paper.

II. SPACETIME METRIC AND NULL
GEODESICS

Here, we will briefly review the dynamics of the
photon motion to explore the BH shadow under the com-
bined effects of plasma medium and the quantum correc-
tions resulting from the loop quantum gravity. The cor-
responding metric describing a static and spherically
symmetric quantum-corrected BH in Boyer—Lindquist co-
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ordinates (t,r,0,¢) is given by [81]

ds’ = —f(r)dt* + f(r)”'dr* + r*dQ’, (1
with
2GM  aG*M?
= (1- 25 <), @

where M refers to the Arnowitt—-Deser—Misner mass,
while a =16 \/§7T73512, to the quantum corrected paramet-
er, together with the Immirzi parameter y and the Planck
length ¢, = VGh. For further analysis we shall for simpli-
city consider o as a dimensionless quantity by consider-
ing @ — a/M? and setting G = ¢ = 1. here, it is worth not-
ing that the metric describing the quantum-corrected BH
through Eq. (1) can be reduced to the Schwarzschild BH
in the limit of @ — 0.

Photon motion around the quantum-corrected BH im-
mersed in the plasma medium: Here, we consider the
formalism used to model and study the motion of the
photon around the quantum-corrected BH on the basis of
the Hamilton-Jacobi equation. To this end, we first write
the Hamiltonian for null geodesics around the BH in the
presence of the plasma medium, which is given by [87]

1
H,pa) = = (87 papps— (0" = D (ppu)] 3)
2

where x* refers to the spacetime coordinates, ## and p,
are the four-velocity and momentum of the photon, re-
spectively. In addition, n is the refractive index, i.e.,
n = w/k, k is the wave number. We can write the follow-
ing equation for the refractive index [88]

2
n2=1——§,
w

4
where w?(x*) =4ne’N(x*)/m, is the plasma frequency,
with m, and e refer to the electron mass and charge, and
N is the number density of the electrons. Using the ex-
pression w? = (pguf)*, we can find the photon frequency
as

Wo

VB ®

w(r) = wy = const.

If r tends to infinity (r — o), the lapse function f(r)
tends to 1. Hence, w(o0) = wy = —p, which expresses the
photon energy at spatial infinity [89]. wy can be restric-
ted using the photon geodesics H =0 as

(6)

From the physical point of view, the meaning of this
restriction is that photon frequency at a given point (w(r))
must be greater than the plasma frequency at the same
point. This rule can be consistently applied to light
propagation in a plasma. Hence, the BH shadow can have
different forms from the vacuum case w, =0. Using the
Eq. (4), we can rewrite the Eq. (3) for the light geodesics
in the presence of a plasma medium in the following form

M=

: ™

[ aﬁparpﬁ + 0.);] .

The four velocities for the photon can be written in
the equatorial plane (0 = 7/2) as

dt —p;

RIS ®
,_dr _

f= = s, ©)
=9 _Po

¢=d/l_r2’ (10)

where x* = 3H /0p,. The orbit equation is obtained using
Egs. (9) and (10) as follows:

dr _g"p,
dp  g%py’

(11

The above equation can be written for the photon
geodesics H =0

rr

dr g 5 w3
= Y (nN— -1, (12)
g g¥ P
where the following relation holds well
2
) _ gn wp
Y (”)=—@—g¢¢w2 (13)

A light ray comes from infinity, reaches a minimum
at a radius r,,, and then returns to infinity. Mathematic-
ally, it corresponds to a turning point of the y*(r) func-
tion. Hence, the radius of the photon sphere can be de-
termined from the following equation

d(y*(r)) B
~ar | TV

r=rps

(14)

It is hard to solve the above equation; therefore, we
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use the numerical method and plot the dependence of the
photon radius on the BH and plasma parameters in Fig. 1.
It is evident from Fig. 1 that the value of the photon radi-
us increases with the increase of the plasma parameter.
Moreover, there is a decrease in the photon radius with an
increase in the quantum corrected parameter a. This cor-
responds to the interpretation of the quantum-corrected
parameter as a repulsive gravitational charge, which
physically manifests in a change of the causal structure,
weakening the strength of the gravitational field at a close
distance near the quantum-corrected BH. This allows for
photon orbits to remain closer to the BH.

The quantum-corrected black hole shadow in the
plasma medium: Now, we move to study the BH shadow
radius in the presence of the plasma medium. We demon-
strate the photon's trajectory in Fig 2 to provide more in-
formation. It can be shown from Fig 2 that if the angle a
approaches «ay,, the radius of the shadow R tends to r,,.
Then, we can explore the BH shadow using this figure.
We can define the angular radius ay ofthe BH as fol-
lows [42, 89]

2 { 1 _ wlzy(Zps):|
2 ps
sinay, yz(rps)’_ S(rps) 2wo . as)
Y3 (ro) o 1 wpr)
R T W

where r,s and r, refer to the locations’ of the photon
sphere and observer, respectively. We can-approximate
the radius of the BH shadow for the observer located at a
sufficiently large distance from the BH as [89]

~ r si - 2
Rgh = 1o sinag,, = \/rpS {

We demonstrate the dependence of the BH shadow on

1 wy(r)

J(rps) 6

()

}. (16)

40T
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=
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BOp T e SchwBH 1
----------- a=0.5
28f
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26F a=1.5
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a/pzlalz
Fig. 1.

the plasma and BH parameter in Fig. 3. We can see from
this figure that the radius of the BH shadow decreased
with the increase of the plasma parameter. In addition,
under the influence of the a parameter the radius of the
BH shadow decreased slightly. Now we assume that the
compact objects Sgr A* and M87* are static and spheric-
ally symmetric, even though the observation obtained by
the EHT collaboration does not support the assumption
made here. Then, we try to theoretically explore the lower
limits of the o parameter, using the data provided by the
EHT collaboration project. We chose the o parameter and
plasma frequency for constraint. We can constraint these
two quantities a and @} /w® using the observational data
provided by . the EHT collaboration regarding the shad-
ows of the supermassive BHs Sgr A* and M87*. The an-
gular diameter 6,3, of the BH shadow, the distance from
Earth and the mass of the BH at the center of the M87*
are Oygr. =42+ 3uas, D =16.8+0.8Mpc and
My, =6.5+£0.7x10°M, [8], respectively. For Sgr A*,
the data provided by the EHT collaboration are
QSgrA* =48.7+ 7/.1 D=8277+9+ 33pC and MSgrA* =4.297+
0.013x 10°M,, (VLTI) [90]. Using this information, one
can calculate the diameter of the shadow caused by the
compact object per unit mass as [91]

Do
do =7 7)

Using the expression dg, = 2Ry, one can easily obtain
the expression for the diameter of the BH shadow. Note
that the distance D is considered a dimension of M [8, 9].
The diameter of the BH shadow d¥%7* = (11+1.5)M for
M87* and d°f"* = (9.5 + 1.4)M for Sgr A*. The lower lim-
its on the quantities & and w}/w* for the supermassive
BHs at the centers of the galaxies Sgr A* and M87* can
be found using the observational EHT data. It is shown in
Fig. 4.

50

45F

40F
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0.0 0.2 0.4 0.6 0.8 1.0 12 14

a

(color online) Left panel: The radius of the photon sphere as a function of the plasma frequency for different values of the «

parameter. Right panel: The dependence of the radius of the photon sphere on the o parameter for different values of the plasma fre-

quency.
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8ap = Nap + hap» (18)

where 7,5 and h,; refer to the expressions for Minkowski
spacetime and the perturbation gravity field, respectively.
One can write the following conditions for them

Nop = diag(-1,1,1,1) ,

Fig. 2. The schematic diagram of the light bending around hop <1, hag— 0 under x*—co, (19)
BH. As R approaches r,,, the angle a converges to the angu- 8P =nP=h", hP=h,.
lar radius of the BH shadow ay,.

One can write the following equation for the deflec-

III. WEAK GRAVITATIONAL LENSING FOR tion angle around the quantum-corrected BH as [92]
BLACK HOLE
1. ["b (dhsy 1 dhy K., dN
In this section, we explore the weak gravitational @ =5 o\ ar 1= W w? dr T - w? ar 1%
lensing for two different plasma distributions, i.e., uni- (20)
form and non-uniform plasma. For that, we first repres-
ent the weak-field approximation as [64, 92] where @ and w, are the photon and plasma frequancies,
5.2 wpzlw;:o.o
ot W, w?=0.2
SO ST I NN, w0 1 wpw?=0.4
48 s w,w?=0.8
s [ TIUTN o Sl T e wpw?=1.0
;ﬁ 4.6 SO T e
00 02 04 05 08 10 00 02 04 06 08 0 12 14
a/pz/a.l2 a

Fig. 3.  (color online) Left panel: The radius of the BH shadow as a function of the plasma frequency for different values of the a
parameter. Right panel: The dependence of the radius of the BH shadow on the a parameter for different values of the plasma fre-
quency.
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Fig. 4. The constrained values of the & parameter and w?/wj for supermassive BHs sitting at the center M87 and Sgr A* galaxies.
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respectively. Further, we expand the metric functions in-
to a Taylor series for calculations. The line element can
be written as

M aM? M aM?
dszzds(z)+<——ar4 )dt2+<——ar4 )drz, 1)
r

with ds? = —df* +dr* + r*(d6” +sin® 0d¢?). After that, we
can define the components of h,; as the perturbations
which are written as follows:

2M  aM?
o = 2L M (22)
r r
2M M?
m= (2 o, (23)
r r*
2M M?
hy; = (——ar4 )cosz/\/, (24)

with cos’y = 22/(b*+7%) and r?> =b>+7%. One can write
the first derivatives of /g, and h;; with respect to the radi-
al coordinate as follows

dh()() 2M 4CL’M2

ar 2 M o (25)
dhy;  2MZ*  4daM’Z

dr - r * o (26)

We can write the deflection angle in the following
form

wllw? = 0.0

0.624[5
0622}~

/ 0.620 AT

0.618

0.616 IO

0.614 N
640 6.42 644 646 648 6.50

@vac

Schw BH

Ab=0?1+a72+c?3, (27)
with
.1 [T bdhsy
a1_2[00rd az,
fel [h1di,
) w7 =2 fw? dr ©
1 [b K, dN

V3= — - — |d 28
’ 2[00;’( wz—wﬁdr> (28)

In the following; we explore the impact of plasma
density distributions on the deflection angle from two dif-
ferent perspectives: uniform and non-uniform plasma
cases.

Uniform-plasma distribution: In this part, we con-
sider a uniform plasma surrounding the quantum-correc-
ted BH and examine its impact on the gravitational angle
of deflection. Therefore, we rewrite Eq. (27) for uniform
plasma

C,\}"uni = CA}"unil + &uniZ + &uniS . (29)

One can define the deflection angle influenced by a
uniform plasma using Egs. (24), (27) and (28). The de-
pendence of the deflection angle on the impact parameter
b is demonstrated in Fig. 5. The left panel corresponds to
the vacuum case. There is a slight decrease with the in-
crease of the a parameter. The right panel corresponds to
the uniform plasma case. Comparing the two panels, we
can say that the deflection angle increases in the uniform
plasma than in the vacuum case. In Fig. 6, we demon-
strate the role of plasma parameters on the deflection
angle. Note that the values of the deflection angle in-
crease under the influence of the uniform plasma fre-

a/pzlalz =05

0.935F7 >

.

0.930
09}
0.925

0.920 -
640 6.42 644 646 648 650

o7k Schw BH
----- a=0.5
----- - a=1.0

06r a=15

biM
Fig. 5.

biM

(color online) Left panel: The dependence of the deflection angle &,,. on the impact parameter b for the different values of the

o. parameter; here, wf, /w? =0. The dependence of the deflection angle &,,; on the impact parameter b for the different values of the

parameter a (right panel).
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wp2/w2=0.0 1

0.8

Q@ uni

06

04

biM
Fig. 6.
of the impact parameter b for different values of the plasma

(color online) The deflection angle &,,; as a function

frequency. Here we have set @ =0.5.

quency.

Non-uniform plasma distribution. Thereafter, we con-
sider the non-singular isothermal sphere (SIS). SIS dens-
ity distribution can be defined as [92]

2

o
- 30
2712 (39

p(r) =

w - o . veloe: Y
here o2 refers to an one-dimensional velocity disper

sion. With this in mind, the analytical expression for the
plasma concentration is given as

p(r)

N(r)=22,
)= o

G1)

where m,, and k refer to proton mass-and a dimensionless
constant, respectively. Then one can find the plasma fre-
quency in the following form

2
K.o

2
=KN(@r)= —.
@e N(r) 2ntkm,r?

(32)

wllw? = 0.5

To conduct a more detailed analysis of the non-uni-
form plasma (SIS) effect, it is necessary to derive the ex-
plicit expression for the deflection angle around BH. It
can be written as

Qsis = Qsis1+ Qsis2+ Qsiss - (33)

By u Egs. (24), (28), and (33), we can derive the ex-
pression for the deflection angle and introduce the addi-
tional plasma constant w? in its explicit form. [92]

2 K.o}
e~ 2rkm,R% 34
where Ry'=2M. In Fig. 7, we have demonstrated the de-
pendence of the deflection angle around the quantum-cor-
rected BH on the impact parameter b for different values
of ‘the o parameter and the non-uniform plasma fre-
quency. We can observe from Fig. 7 that the deflection
angle decreases with the increase of the non-uniform
plasma frequency. Moreover, there is a slight decrease in
the values of the deflection angle with an increase of the
o parameter. Note that the non-uniform plasma has an op-
posite effect on the deflection angle compared with the
uniform plasma case. To be more informative we have
plotted both cases in a single plot by making the values of
the plasma frequencies the same (see Fig. 8).

IV. MAGNIFICATION OF GRAVITATIONALLY
LENSED IMAGE

In this section, we study the magnification of the
gravitationally lensed image around the quantum-correc-
ted BH using the deflection angle of the light. With this
in mind, we present the following equation, which com-
bines the light angles d,, 6, and £ around the black hole
[64, 93]

0.528 |52
/ 0.526
0524

0.50F 0.522

0.520
640 642 644 646 648 6.50

0.40F Schw BH

We2lu?=0.0 ]

biM
Fig. 7.
(left panel) and the plasma frequency (right panel).

(color online) The dependence of the deflection angle &g on the impact parameter b for the different values of the parameter o
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biM =6, a=0.5
20T T

Uniform

L L L L
0.0 0.2 0.6 0.8

(color online) Left panel: The dependence of the deflection angle &, on the impact parameter b. Here, a parameter equals to

0.5. Right panel: the deflection angle &, against the plasma parameters. The other parameters are 5/M =6 and « = 0.5.

0D, = BD + &, Dys , (35)
where Dy is the distance between the lens and the observ-
er, D, the source and the observer, Dy the lens and the
observer, Dy the source and the lens. Also, 6 and S refer
to the image's angular position and S the source's angular
position, respectively. One can write the angular position
of the source £ using Eq. (35) as

DO
D, Dy 6’

B=6 (36)

with &) = |&,|b and b = Dy0. It is‘important to note that
the shape of the image can be identified as Einstein's ring
with a radius of R, = Dy, 0, assuming it appears as a ring.
In this case, the corresponding angular part 6z is defined

by

Dds

0= 2R, . 37
g *DyD, 37
Then the magnification of brightness yields
fot Z 9k)<d6’k) .
= = —_— — = 1 2 e
15> [* - ‘(ﬁ dﬁ k s & s Js (38)

where I, and I, refer to the unlensed brightness of the
source and the total brightness, respectively. After that
one can write the magnification of the source as follows
[94-96]

1 X x2+4
| —— 2)
J7is 4( x2+4+ e +2, (39)
1( X x2+4 )
Pl— -2 40
=V " ; (40)

The magnification of the source is then expressed as,
where x = 8/0 is a dimensionless parameter, and ,uﬁl and
4" represent the images. As a result, the total magnifica-
tion can be written a linear combination of the images as
follows:

xX2+2

eid *D

pl _  pl 1 _
Hior = i + P =

In the next, we explore the magnification of the
source for two different cases: uniform and non-uniform
plasma distributions surrounding the quantum-corrected
BH.

Uniform plasma medium case: In this part, we con-
sider the uniform plasma medium to explore the magni-
fication of the lensed image as mentioned above. There-
fore, one can rewrite the Eq. (41) for uniform plasma that
surrounds the quantum-corrected BH in the following
form

X2 +2

uni

Pl =+ = , (42)

Xuni /X2, +4

uni

Here, the images (1) and (U, are defined by

wai(i$M 'iﬂ*ﬁ’(m
and
Wi = 1 ( AR _2> W
4 Xt T4 i
with

(45)
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We numerically investigated the total magnification
in a uniform plasma case. Fig. 9 shows the dependence of
the total magnification of the image y, on the uniform
plasma frequency for different values of the o parameter
with a fixed value of the impact parameter b = 6M. One
can see from this figure that there is a slight decrease with
the increase of the a parameter. Moreover, the values of
the total magnification increase with an increase of the
uniform plasma frequency.

Non-uniform plasma medium case: Afterwards, we
study the behavior of the total magnification by consider-
ing the non-uniform plasma (SIS). We can write the fol-
lowing equations for the non-uniform plasma case

2
X5 +2

5 s
Xsis \/ Xsis +4

Cuﬁ;l;)sm = (/Jf-l)SIS + (llfl)SIS = (46)

with
ol _ 1 Xs1s \/xgls +4
W)srs = 2 > + +2 ), (47)
\/ Xgs +4 Xs1s

l 1 Xs1s \/x.%IS +4
W)sis =~ > + -2, (48)
4\ \/xi+4 Xs1s
where x5 1S
XSIS = -
©%)sis

Using Eq. (46), the total magnification can be determ-
ined as a function of the plasma parameter. It can be seen
from Fig. 10 that the total magnification decreases with
the increase of the non-uniform plasma parameter.
Moreover, one can deduce that the total magnification of
lensed images decreases under the influence of the
quantum corrected parameter o acting as a repulsive grav-
itational charge, which physically results in the weaken-
ing of gravitational field around the BH. The effect of « is
the same for both uniform and non-uniform plasma distri-
butions. However, we find that the total magnification de-
creases in the presence of non-uniform plasma compared
to that of uniform plasma.

V. CONCLUSION

In this paper, we considered a quantum-corrected BH
in the Quantum Oppenheimer-Snyder model within the
context of loop quantum gravity and investigated its op-
tical properties, revealing intriguing deviations from GR.
We first explored the motion of photons around a
quantum corrected BH surrounded by a plasma medium.
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We derived numerical results showing the relationship
between the radius of the photon sphere and the plasma
frequency; see Fig. 1. We showed that the photon sphere
radius grows with an increasing the plasma parameter,
but it decreases with an increase in the quantum correc-
tion parameter o. We further studied the BH shadow un-
der the combined effects of the quantum correction para-
meter and plasma medium parameter. Similarly, com-
pared to photon radii, we also utilized a similar numeric-
al method to determine the BH radius and showed that
the BH shadow radius decreases under the combined ef-
fects of the plasma and quantum correction parameter, as
seen in Fig. 3.

Additionally, we used the obtained results to determ-
ine the constraints on the quantum correction parameter,
as the shadow size depends on the BH parameters, as
shown in Fig. 4. Using observational data from M87*
and Sgr A*, we determined the possible range of con-
straints on the quantum correction and plasma paramet-
ers. Our findings on the constrained values can be help-
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ful and potentially applied to M87* and Sgr A* images to
provide insights and a constraint range on the quantum
correction parameter within astrophysical observations,
including observational data on gravitational lensing ef-
fects (see, e.g., [97-99]).

We further investigated the gravitational lensing in
the weak form around a quantum-corrected BH, together
with the effects of the plasma medium. For that, we con-
sidered two independent possible cases: uniform and non-
uniform plasma cases. We then examined the behavior of
the deflection angle resulting from the combined effects
of the quantum correction and both uniform and non-uni-
form plasma parameters. We showed that the deflection
angle &, decreases due to the quantum correction para-
meter a, while it increases with the rise in the uniform
plasma parameter, as shown in Figs. 5 and 6. It does
however decreases as a function of the impact parameter
under the combined effects of quantum correction and
uniform plasma parameters. When considering the non-
uniform plasma, the deflection angle &, changes at a
similar rate due to the combined effects of the quantum
correction and non-uniform plasma parameters, resulting
in the deflection angle shifting downward and decreasing
to possibly smaller values; see Fig. 7. It is important to
note that the light traveling through the uniform plasma
medium can be strongly deflected compared to the non-
uniform plasma, leading to a significant difference in the
deflection angle for uniform and non-uniform plasma dis-

tributions (see, e.g., Fig. 8).

Finally, we explored a changing rate of the total mag-
nification, ;1‘,'2,’,, of the lensed image under the effect of the
quantum correction parameter o, together with the ef-
fects of both uniform and non-uniform plasma distribu-
tions, as shown in Figs. 9 and 10. It was found that the
curves of the total magnification shift downward to pos-
sibly smaller values as a consequence of the impact of the
quantum correction parameter o, similarly to what is ob-
served in the behavior of the deflection angle, while it in-
creases/decreases significantly by the uniform/non-uni-
form plasma effects.

The results showed that the quantum correction para-
meter, a, can alter the null geodesics, resulting in the radii
of the photon sphere and BH shadow decreasing under its
effect. This'behavior is consistent with the physical inter-
pretation of the quantum correction parameter acting as a
repulsive gravitational charge, which results in the weak-
ening of the strength of the gravitational field at a close
distance near the quantum-corrected BH. Additionally,
thiss-would be of primary astrophysical significance, as it
does not exclude the effect of the quantum correction
parameter, although small, together with the effects of the
plasma medium. Our findings can help provide insights
into the quantum-corrected BHs and can help explain and
constrain the validity of alternative models to BHs in both
GR and loop quantum gravity when making astrophysic-
al observations and predictions.
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