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

quantum gravity surrounded by a plasma medium. First, we determine the photon and shadow radii resulting from

quantum corrections and the plasma medium in the environment surrounding a quantum-corrected BH. Our findings

indicate that the photon sphere and BH shadow radii decrease owing to the quantum correction parameter o, which

acts as a repulsive gravitational charge. Further, we investigate the gravitational weak lensing by applying the gener-
al formalism used to model the deflection angle of the light traveling around the quantum-corrected BH within the
plasma medium. We show, in conjunction with the fact that the combined effects of the quantum correction and non-
uniform plasma frequency parameter can decrease the deflection angle, that the light traveling through the uniform
plasma can be strongly deflected than the non-uniform plasma environment surrounding the quantum-corrected BH.

Finally, we examine the magnification of the lensed image brightness under the effect of the quantum correction

parameter a, including the uniform and non-uniform plasma effects.
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I. INTRODUCTION

In general relativity (GR), astrophysical black holes
(BHs) form from the collapse of a self-gravitating
massive star at the end-state evolution, thereby making
GR the most successful theory of gravity. However, there
exist theoretical challenges that must be addressed, such
as quantization, dark matter and energy issues, singularit-
ies inside BHs [1] and at the beginning of the universe [2,
3], where GR breaks down. Additionally, GR does not in-
corporate quantum principles, thereby leaving the unifica-
tion of GR and quantum mechanics unsolved [4, 5].
These challenges have been explored from various per-
spectives, with modified and quantum theories of gravity
proposed as potential solutions. Testing these modified
theories of gravity in astrophysical scenarios is crucial for
developing a final theory that can address the limitations
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of GR. Despite these challenges, recent observations such
as gravitational waves (GWs) [6, 7] and the BH shadow
[8, 9]) offer promising insights into the GR issues.

As previously stated, GR is unable to incorporate
quantum principles or find a solution to cosmological Big
Bang and BH singularities. Consequently, quantum theor-
ies of gravity may offer a potential solution to address
these singularities through quantum effects. In this re-
gard, loop quantum gravity (LQG) has emerged as a non-
perturbative theory of quantum gravity [10]. Since then,
its techniques have been extensively applied to address-
ing these singularities in loop quantum cosmology; see
Refs. [11—17]. Models that describe BH solutions in LQG
have been developed in recent years. For example, a reg-
ular static BH solution, known as the self-dual BH, was
obtained within a mini-superspace framework using the
polymerization procedure in LQG [18], thereby exhibit-
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ing self-duality associated with T-duality principles [19,
20]. Extensive analyses have provided insights into the
nature of quantum BH solutions, with focus on examin-
ing the quantum effects within the LQG framework; see
Refs. [21-29]. Additionally, recent years have witnessed
a growing interest in the phenomenological study of loop
quantum black holes, which has been extensively ex-
plored across various contexts; see Refs. [30—37].

The detection of the first image of BHs [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 orbit the BH, thereby leading to a dark disk. This
analysis was first conducted for the Schwarzschild BH
[38], including its image [39]. The BH shadow is envi-
sioned as a dark region surrounded by a light ring in the
sky, with a dark disk formed by light trapped within the
gravitational pull of the BH. Investigating BH accretion
disks is crucial for understanding its characteristics and
spacetime geometry. Further, the BH shadow was ex-
plored by Amarilla et al. for a rotating Kaluza-Klein
dilaton BH [40] and extended to the Einstein-Maxwell-
Dilaton-Axion BH [41]. In recent years, there has been an
increase in activity, with the BH shadow being investig-
ated based on different perspectives [42—51]. The BH
shadow was investigated for a rotating BH including a
scalar dilaton field [52], a charged BH with a dilaton field
within the Einstein-Maxwell-scalar theory [53], and regu-
lar BHs [54]. It was demonstrated that the BH deforma-
tion parameters can significantly affect the BH shadow
characteristics (see [55]), while recent EHT observations
can be used to restrict theoretical BH shadow models
[56]. Additionally, the modified theory of gravity (MOG)
was tested using the BH shadow analysis in both rotating
and non-rotating cases [S7—59].

In an astrophysical scenario, BHs can be surrounded
by a plasma medium in their nearby environment,
wherein the optical properties of the BHs, such as the
shadow and gravitational lensing effects, can be signific-
antly altered owing to the surrounding plasma effect.
Gravitational lensing effects occur owing to the highly
deflected light traveling around a BH in the strong field
regime, thereby leading to the first theoretical experi-
ment wherein GR was successfully tested using gravita-
tional lensing analysis (see [60]). Gravitational lensing
effects can also provide excellent tests for probing space-
time geometry, particularly in regions very close to the
BH horizon. Therefore, in recent years, there has been in-
creased research activity addressing gravitational lensing
effects in the weak form (see, e.g., [61—72]) in the pres-
ence of a plasma medium (see [73—80]) within various
gravity scenarios.

BHs are the most fascinating and intriguing astro-
physical objects, and are currently being investigated
based on different theoretical and observational perspect-

ives. This analysis provides valuable insights into BH
properties across different models, such as a quantum-
corrected BH solution, which incorporates quantum cor-
rections within the Oppenheimer-Snyder model in the
context of loop quantum gravity [80]. In this solution, the
BH mass is subjected to a lower bound owing to quantum
corrections, thereby leading to a different background
geometry than the BH solutions in GR. This quantum-
corrected BH solution was developed as a modification of
the Schwarzschild BH, thereby addressing the BH singu-
larity. Notably, its geometry may differ from other BH
solutions derived within loop quantum gravity, thereby
showing 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. Based on [80], numerous studies [81—85] have in-
vestigated the properties of this quantum-corrected BH
spacetime under various situations. Therefore, it is cru-
cial to investigate the optical properties of a quantum-cor-
rected BH to understand the potential deviations from GR
resulting from quantum corrections within loop quantum
gravity. In this study, we explore the optical properties of
a quantum-corrected BH, including the BH shadow and
gravitational lensing effects amidst a plasma medium.
This analysis enhances our understanding 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 model the photon motion
and BH shadow in a plasma medium. In Sec. III, we in-
vestigate the gravitational lensing effects around a
quantum-corrected BH, including the plasma medium ef-
fects resulting from both uniform and non-uniform cases.
In Sec. IV, we analyze a magnification of gravitationally
lensed images around a quantum-corrected BH. Finally,
we conclude in Sec. V. For simplicity, we shall use
¢ =G = M =1 throughout the paper.

II. SPACETIME METRIC AND NULL
GEODESICS

Here, we briefly review the dynamics of the photon
motion to explore the BH shadow under the combined ef-
fects of the plasma medium and quantum corrections res-
ulting from the loop quantum gravity. The corresponding
metric describing a static and spherically symmetric
quantum-corrected BH in Boyer-Lindquist coordinates
(t,1,0,¢) is expressed as follows [80]:

ds* = —f(r)d? + f(r)"'dr* + dQ?, (1)

with
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2GM  aG*M?
) @

=120,

where M represents the Arnowitt—Deser—Misner mass
ande = 16 Y31y’ (2 the quantum corrected parameter, in-
cluding the Immirzi parameter y and Planck length
¢, = VGh. For simplicity, we will assume « as a dimen-
sionless quantity by considering @ — a/M? and setting
G =c=1. The metric describing the quantum-corrected
BH as expressed in Eq. (1) can be reduced to the Schwar-
zschild BH in the limit where @ — 0.

Photon motion around the quantum-corrected BH im-
mersed in the plasma medium: Here, we consider the
formalism used to model and investigate the motion of
the photon around the quantum-corrected BH based on
the Hamilton-Jacobi equation. First, we write the
Hamiltonian for null geodesics around the BH amidst the
plasma medium, which is expressed as follows [86]:

1
HE,pa) = 5 (8 paps — (0> = D(ppu)] 3)

where x* represents the spacetime coordinates, #* and p,
the four-velocity and momentum of the photon, respect-
ively, and n the refractive index, i.e., n = w/k, where £ is
the wave number. The equation for the refractive index
can be written as follows [87]:

w=1--—2 4)

where w?(x?) = 4me’N(x*)/m, represents the plasma fre-
quency, with m, and e denoting the electron mass and
charge, respectively. N represents the number density of
the electrons. Using the expression «? = (psu’)*, the
photon frequency is expressed as follows:

Wo

Vi

w(r) = wq = const. &)

If r tends to infinity (r — o), the lapse function f(r)
tends to 1. Hence, w(e0) = wy = —p, expresses the photon
energy at spatial infinity [88]. w, can be restricted using
the photon geodesics H = 0 as expressed as follows:

wg 2
70 > w,(r). 6)
From a physical viewpoint, the restriction means that
photon frequency at a given point (w(r)) must be greater
than the plasma frequency at a similar 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
Eq. (3) for the light geodesics amidst a plasma medium as
follows:

1
H = 3 [g"ﬁpapﬂ + a)lz)] . @)

The four velocities for the photon in the equatorial
plane (6 = 7/2) can be expressed as follows:

~_g_ —P:
FaT e ®
r= St = s, ©)
b= 40 _Pe
p=T=12, (10)

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

rr

dr _ g"p,
dp  g%p,’

(11)

The above equation for the photon geodesics can be
rewritten as follows: H =0

dr g, W
- = y(r— -1, (12)
dp  g¥ i

where the following relation holds as follows:

V() =——n -l (13)
0

A light ray originates from infinity, reaches a minim-
um at a radius r,,, and then returns to infinity. Mathemat-
ically, this corresponds with a turning point of the *(r)
function. Hence, the radius of the photon sphere can be
expressed using the following equation:

d(y*(r)) B
" =0. (14)

r=rps

Solving the above equation is challenging. Hence, we
use the numerical method and plot the dependence of the
photon radius on the BH and plasma parameters shown in
Fig. 1. As shown in Fig. 1, the value of the photon radius
increases with an increase in the plasma parameter. Fur-
ther, the photon radius decreases as the quantum correc-
ted parameter o increases. This corresponds with the in-
terpretation of the quantum-corrected parameter as a re-
pulsive gravitational charge, which physically manifests
in a change of the causal structure, thereby weakening the
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gravitational field strength at close distances 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: Here, we investigate the BH shadow ra-
dius in the presence of the plasma medium. To provide
more information, we demonstrate the trajectory of the
photon as shown in Fig 2 . Herein,the angle a approaches
@, While the radius of the shadow R tends to r,,. Fur-
ther, we can explore the BH shadow using this figure.
The angular radius g, of the BH can be expressed as fol-
lows [42, 88]:

a1 Wy (Fps)

Pfp) W

a2 1 _wf,(:o)
flro)  wp

_ V) _
YA(r,)’

sin® ag,

(15)

where r,; and r, represent 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 expressed as
follows [88]:

1 wi(rys
Ry, = 1o sinag,, = \/rgs {f(?’ )_ [Zf)zp ):| (16)
ps 0

We demonstrate the dependence of the BH shadow on
the plasma and BH parameter as shown in Fig. 3. Herein,
the radius of the BH shadow decreased with an increase
in the plasma parameter. Under the influence of the o
parameter, the radius of the BH shadow decreased
slightly. We assume that the compact objects Sgr A* and
MS87* are static and spherically symmetric, even though
the observations from the EHT collaboration do not sup-
port this assumption. Further, we try to theoretically ex-

40T

=
E)
3 s2f
] S SchwBH 1
----------- a=0.5
28f
------ a=1.0
26F a=1.5
0.0 0.2 04 0.6 0.8 1.0
a/pzlalz
Fig. 1.

plore 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
constrain both quantities, & and w?/w?, using the observa-
tional data provided by the EHT collaboration regarding
the shadows of the supermassive BHs Sgr A* and M87*.
The angular diameter ;. of the BH shadow, the dis-
tance from Earth and mass of the BH at the center of the
M87* are Oygr. =42+3pas, D=16.8+0.8 Mpc , and
Myg7. =6.5+0.7x10°M,, [8], respectively. For Sgr A*,
the data provided by the EHT collaboration are
Osgrar =48.7+Tu D =8277+9+33pc and Mgya, =4.297+
0.013x10°M,, (VLTI) [89]. Using this information, the
diameter of the shadow caused by the compact object per
unit mass can be expressed as follows [90]:

_ Do

do= . (17)

Using the expression dg, = 2Ry, one can easily obtain
the expression for the BH shadow diameter. The distance
D is considered a dimension of M [8, 9]. The resulting
values for the diameter of the BH shadow are applicable
tod¥* = (11+1.5)M for M87* and 432" = (9.5+1.4)M
for Sgr A*. The lower limits of the quantities o and
w/w* for the supermassive BHs at the centers of the

galaxies Sgr A* and M87* can be found using the obser-
vational EHT data, as shown in Fig. 4.

III. WEAK GRAVITATIONAL LENSING FOR
BLACK HOLE

In this section, we explore the weak gravitational
lensing under two different plasma distributions: uniform
and non-uniform plasma. To begin, we express the weak-
field approximation as [64, 91]

50

45F

AOF L

rpn/M

3.5

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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Nop = diag(-1,1,1,1) ,
hog <1, he—0 under x¥— oo, (19)
8P =P —hP, hF=he.

The following equation for the deflection angle
around the quantum-corrected BH can be expressed as:

Fig. 2. Schematic of the light bending around the BH. As R p = 1 / é % + ! % - K d7N dz,
. o\ dr  1-w?/w? dr W*—w? dr
approaches ry, the angle a converges to the angular radius of P P 20)

the BH shadow ay,.

where @ and w, represent the photon and plasma fre-
8ap = Map +hap, (18) quancies, respectively. Further, we expand the metric
functions into a Taylor series for calculations. The line

where 7,5 and h,; represents the expressions for the ~ clement can be expressed as follows:

Minkowski spacetime and perturbation gravity field, re- oM M\, (2M  aM?)
+ d ——-—)dr, (1
r

spectively. The following conditions can be rewritten for
them:

wp2/w?=0.0

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.

SgrA”*
N b
’ 1.4 :
12 12f ]
1.0 1.0F 4
0.8 [ ]
y N 08

0.6 0.6F ]
0.4 04F ]
0.2 0.2F b
0.0 . . . . . h 0.0 . . . . . .
034 036 038 040 042 044 046 0.940 0.945 0.950 0.955 0.960 0.965 0.970 0.975

wptw? wyllw?

Fig. 4. Constrained values of the & parameter and w?/w} for the supermassive BHs at the centers of the M87 and Sgr A* galaxies.
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with ds? = —df® +dr? + r>(d6* +sin”6d¢?). Later, we can
define the components of 4,z as the perturbations which
are expressed as follows:

2M  aM?
hoo === @2
2M  aM?
b= (225 Y =
M aM?
hg3_<——“r4 )cosz)(, (24)

with cos?y = 22/(b* +z%) and r? = b* +z*. The first derivat-
ives of hy and hs; with respect to the radial coordinate
can be expressed as follows:

dl’lo() 2M 4(Y}‘42

a2 * s (25)
dhys;  2MZ>  daM?Z

a A * o (26)

The deflection angle can be expressed as follows:

In the aforementioned, we explore the impact of
plasma density distributions on the deflection angle from
two different perspectives: uniform and non-uniform
plasma cases.

Uniform plasma distribution: Here, we consider a
uniform plasma surrounding the quantum-corrected BH
and examine its impact on the gravitational angle of de-
flection. Hence, we rewrite Eq. (27) to accont for the uni-
form plasma as follows:

Quni = Qunit + Quniz + Quni3 - (29)

The deflection angle influenced by a uniform plasma
can be expressed using Eqgs. (24), (27) and (28). The de-
pendence of the deflection angle on the impact parameter
b is shown in Fig. 5. The left panel represents the vacu-
um case, where there is a slight decrease in the deflection
angle as the o parameter increases. The right panel shows
the uniform plasma case, where the deflection angle is
greater than the vacuum case. As shown in Fig. 6, we in-
vestigate the effect of the plasma parameters on the de-
flection angle. Here, the values of the deflection angle in-
crease under the influence of the uniform plasma fre-

O?b =d|+d,+ (fg , (27) quency.
) Non-uniform plasma distribution: Here, we consider
with the non-singular isothermal sphere (SIS). The SIS dens-
1 1 bdh ity distribution can be expressed as follows:
A~ 33
a) == 77d bl
2 [ o I dr )
- o
.1 [b 1 dhy P =5 (30)
)= = - —dz, r
2 ) wrl-wi/w? dr
P 1 / “b K. dN dz (28) where o2 represents a one-dimensional velocity disper-
3= 5 -\ - - . . . .
2 ) wr\ w-w,dr sion. Hence, the analytical expression for the plasma con-
centration is expressed as follows:
wllw? = 0.0 wlw? = 0.5
0.70 T
0.624 AN 1ol
0.65 0.622 \‘:7:\ . 0.935F7 >
/ 0.620 STIN I :
0618 SO 0.930
0.60 RPN 09f
0.616 ":‘~~ 0.925
0614 Tl
055k 640 642 644 646 648 6.50 0920 o2
8 08 640 6.42 644 646 648 650
N 0.50F
Schw BH 07k Schw BH
R S a=0.5 1 1 ----- a=0.5
o4k T - a=1.0 \\ 1 [ - - a=10
a=15 oer a=1.5
0.35 - -
6 7 8 9 10 6 7 8 9 10
biM biM
Fig. 5. (color online) Left panel: The dependence of the deflection angle &, on the impact parameter b for the different values of the

a parameter. Here, w?/w? = 0. Right panel: The dependence of the deflection angle @y on the impact parameter b for the different val-

ues of the parameter a).
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0.8

Q@ uni

06

04

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

(color online) Deflection angle &, as a function of

frequency. Here, « =0.5.

N<r>=§<ﬁ,

mp

G1)

where m, and k represent proton mass and a dimension-
less constant, respectively. The plasma frequency can be
then expressed as follows:

2
K.o;

2o KNG = —r
We ) 2mtkm,,r?

(32)

To conduct a more detailed analysis of the non-uni-
form plasma (SIS) effect, it is crucial to derive the expli-
cit expression for the deflection angle around the BH, ex-
pressed as follows:

Qsis = agsis + Asis2 + Asiss -

(33)

Using 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

wllw? = 0.5

2 K.0;

@e = 2rkm,R% 34
where Ry =2M. Fig. 7 shows the dependence of the de-
flection angle around the quantum-corrected BH on the
impact parameter b for different values of the a paramet-
er and non-uniform plasma frequency. Herein, Fig. 7 the
deflection angle decreases with an increase in the non-
uniform plasma frequency. Further, there is a slight de-
crease in the values of the deflection angle with an in-
crease of the a parameter. The non-uniform plasma has
an opposite effect on the deflection angle than the uni-
form plasma case. For clarity, we have plotted both cases
in a single plot, thereby keeping the plasma frequencies
constant (see Fig. 8).

IV. MAGNIFICATION OF GRAVITATIONALLY
LENSED IMAGE

In this section, we investigate the magnification of the
gravitationally lensed image around the quantum-correc-
ted BH using the deflection angle of the light. Hence, we
present the following equation, which combines the light
angles d, 6, and f around the black hole [64, 91]:

GDS ZﬂDS + Cfdes , (35)
where Dy represents the distance between the lens and the
observer, D, the source and observer, D, the lens and ob-
server, and Dy, the source and lens. 8 and f represent the
angular position of the image and source, respectively.
The angular position of the source f can be expressed us-
ing Eq. (35) as follows:

Dy £(0) 1
B0 5 6o

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 plasma frequency (right panel).

(color online) Dependence of the deflection angle &5 on the impact parameter b for the different values of the parameter o

045104-7



Mirzabek Alloqulov, Yokubjon Isagjonov, Sanjar Shaymatov et al.

Chin. Phys. C 49, 045104 (2025)

Uniform

0.8

0.4}

024+
bIM
Fig. 8.

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 b/M =6 and a = 0.5.

with &(0) =|a,|b and b = D46. The image can be identi-
fied as Einstein's ring with a radius of R, = Dy, 6, assum-
ing it appears as a ring. In this case, the corresponding an-
gular part 6g is expressed as

Dds
0r= 2R, 37
E DuD. (37
Then the brightness magnification yields
Lot (9k> (dgk) .
= = - 5 k= 19 2’ B ) 38
H= Ek ’ AN J (38)

where I, and I, represent the unlensed brightness of the
source and total brightness, respectively. The magnifica-
tion of the source can be expressed as follows [92—95]:

l( X x2+4

pl_ — + +2) 39

=i\ Ve e , (39)
1( X x2+4 )

pl— + 2. 40

=V " (40)

The magnification of the source is then expressed as
K, where x =3/6g represents the dimensionless paramet-
er and 4% and p* the images. Consequently, the total
magnification can be written as a linear combination of
the images as follows:

242

pl _  pl pl _ X+
Hiot = My U= = .
xVx2+4

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: Herein, we consider

(41)

the uniform plasma medium to explore the magnification
of the lensed image as aforementioned. Therefore, Eq.
(41) can be rewritten for the uniform plasma that sur-
rounds the quantum-corrected BH as follows:

xﬁm +2
Ml = H + a0 = — (42)
Xani \/ Xoni T4
Here, the images (1) and (1. are expressed by
1 Xuni X2 +4
i = = mo_—42), 43
(/J+) 4 ( xlzmi +4 Xuni > ( )
and
1 uni 2 i 4
)i = 5 ( 2oty Vo —2) )
4 xlzmi +4 Xuni
with
Xuni = ]L . (45)
(ng )uni

We numerically investigated the total magnification
in the uniform plasma case. Fig. 9 shows the dependence
of the total magnification of the image uf, on the uni-
form plasma frequency for different values of the a para-
meter with a fixed impact parameter of b=6M. As
shown in this figure, there is a slight decrease with an in-
crease in the a parameter. Further, the total magnifica-
tion values increase as the uniform plasma frequency in-
creases.

Non-uniform plasma medium case: We investigate the
behavior of the total magnification by considering a non-
uniform plasma (SIS). The following equations express
the non-uniform plasma case:

Xgis +2

1
(lufot)SIS = (,UEI)SIS + (.UEI)SIS =,

(46)
Xs1S xéIS +4
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with
1 X X3 +4
Mg = — 518 SIS 42 47
Wdsrs 4 ( x4 +4 Xsis “7
1 X X3 +4
pl) i SIS SIS -2 48
)sis 4 ( X +4 Xsis %)
where xgs represents
XsIS =~ -
(F)sis

Using Eq. (46), the total magnification can be ex-
pressed as a function of the plasma parameter. It can be
seen from Fig. 10, the total magnification decreases with
an increase in the non-uniform plasma parameter.
Moreover, the total magnification of lensed images de-
creases under the influence of the quantum corrected
parameter o acting as a repulsive gravitational charge,
which results in the weakening of the gravitational field
around the BH. The effect of a is similar to uniform and
non-uniform plasma distributions. However, the total
magnification decreases in the presence of non-uniform
plasma than uniform plasma.

V. CONCLUSION

In this study, 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, thereby revealing notable deviations from
GR. First, we explored the motion of photons around a
quantum corrected BH surrounded by a plasma medium.
Our numerical results showed the relationship between
the radius of the photon sphere and plasma frequency, as
shown in Fig. 1. We found that the photon sphere radius
increases with the plasma parameter, while it decreases
with an increase in the quantum correction parameter a.
We further investigated the BH shadow under the com-
bined effects of the quantum correction parameter and
plasma medium parameter. Using a similar approach to
the photon radii, we determined the BH radius and
showed that it decreases owing to the combined effects of
the plasma and quantum correction parameter, as shown
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 (Fig.
4). Using observational data from M87* and Sgr A*, we
determined the possible range of constraints for the
quantum correction and plasma parameters. Our findings
on the constrained values are valuable and can be poten-
tially applied to M87* and Sgr A* images to provide in-

biM =6
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Fig. 9.
of the plasma frequency w?/w?® for different values of the o

(color online) Total magnification y,, as a function

parameter. Here, b =6M.

biM = 6

17.90 I

17.85
/ 17.80

17.75

18.5F

17

70 <.
0.10 011 0.12 0.13 0.14 0.15 0.16 0.17

Fhots

16,0 L L L L L
0.0 0.1 0.2 03 0.4 0.5 0.6

a.lc2I1u2
Fig. 10.
tion pos on the plasma frequency w?/w? for different values

(color online) Dependence of the total magnifica-

of the o parameter. Here, b =6M.

sights and a constraint range on the quantum correction
parameter within astrophysical observations, including
data on gravitational lensing effects (see [96—98]).

We further investigated the gravitational lensing in
the weak form around a quantum-corrected BH, includ-
ing the effects of the plasma medium. We considered two
independent possible cases: uniform and non-uniform
plasma cases. We examined the behavior of the deflec-
tion angle resulting from the combined effects of the
quantum correction and both uniform and non-uniform
plasma parameters. Our results showed that the deflec-
tion angle &,, decreases owing to the quantum correc-
tion parameter a, while it increases with an increase in
the uniform plasma parameter, as shown in Figs. 5 and 6.
However, the deflection angle decreases as a function of
the impact parameter under the combined effects of
quantum correction and uniform plasma parameters. In
the non-uniform plasma case, the deflection angle dg;
changes at a similar rate owing to the combined effects of
the quantum correction and non-uniform plasma paramet-
ers, thereby resulting in the deflection angle shifting
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downward and decreasing to possibly smaller values (Fig.
7). Notably, the light traveling through the uniform
plasma medium can be strongly deflected than the non-
uniform plasma, thereby leading to a significant differ-
ence in the deflection angle for uniform and non-uniform
plasma distributions (Fig. 8).

Finally, we explored the variation in the total magni-
fication, i, of the lensed image under the effect of the
quantum correction parameter ¢, including the effects of
uniform and non-uniform plasma distributions, as shown
in Figs. 9 and 10. Our findings show that the total magni-
fication curves shift downward to smaller values owing to
the impact of the quantum correction parameter a, which
is similar to the observed behavior of the deflection
angle, while it increases/decreases significantly by the

uniform/non-uniform plasma effects.

The results showed that the quantum correction para-
meter, a, can alter the null geodesics, thereby resulting in
a decrease in the radii of the photon sphere and BH shad-
ow. This behavior corresponds with the physical inter-
pretation of the quantum correction parameter as a repuls-
ive gravitational charge, which weakens the gravitational
field stength near the quantum-corrected BH. This effect,
although small, remains significant in astrophysical con-
texts, particularly when considered alongside the effects
of the plasma medium. Our findings provide insights into
the quantum-corrected BHs and contribute to evaluating
and constraining the validity of alternative models to BHs
in GR and loop quantum gravity, particularly when mak-
ing astrophysical observations and predictions.
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