
 

Stable circular orbits and greybody factor of Hayward-Letelier-AdS
black holes*

Allah Ditta1†     Sulaman Shaukat2‡    Faisal Javed3,4§     Abdelmalek Bouzenada5♮     G. Mustafa6♯   
 Bander Almutairi7¶

1Department of Mathematics, School of Science, University of Management and Technology, Lahore 54000, Pakistan
2Department of Mathematics, University of the Punjab, Lahore 54590, Pakistan
3Department of Physics, Zhejiang Normal University, Jinhua 321004, China

4Research Center of Astrophysics and Cosmology, Khazar University, Baku AZ1096 , Azerbaijan
5Laboratory of Theoretical and Applied Physics, Echahid Cheikh Larbi Tebessi University, Tebessa 12001, Algeria

6Department of Physics, Zhejiang Normal University, Jinhua 321004, China
7Department of Mathematics, College of Science, King Saud University, Riyadh 11451, Saudi Arabia

Abstract: This paper explores the dynamical feature of Hayward-Letelier black holes in AdS spacetime, emphasiz-
ing the effects of the Hayward parameter g, mass M, cosmological constant L, and modification parameter α on their
geometry, thermodynamics, and observational features. By utilizing an effective potential method, we investigate the
paths of particles,  innermost stable circular  orbit,  and behavior of photon spheres,  which connects them to the ap-
pearance of black hole shadows. Thermodynamic features such as Hawking temperature and entropy are studied for
investigating the effect of L and thermal fluctuations on the stability of black holes. These discoveries connect theor-
etical  ideas  with  observational  astrophysics,  which  enhances  our  comprehension  of  ordinary  black  holes  in  AdS
models. In this study, we analytically compute the greybody factor for a massless scalar field propagating in the vi-
cinity of a black hole under the assumption of weak coupling to gravity. We investigate the behavior of the effective
potential concerning the black hole's mass and charge, revealing that it reaches its maximum at lower values of the
cloud of strings parameter. Our results indicate that the radial absorption rate of the scalar field exhibits significant
fluctuations, which is influenced by the charge of the black hole and clouds of string, with implications for the dy-
namics of scalar fields in strong gravitational fields.
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I.  INTRODUCTION

Studying  the  movement  of  particles  near  black  hole
(BH) models  is  a  genuinely  intriguing  subject  in  the  vi-
cinity  of  astrophysics  and  general  relativity  (GR)  [1−3].
This  fascination  arises  from  intense  scenarios  found
around BHs,  offering  a  distinct  setting  to  confirm   Ein-
stein's theory of GR. Furthermore, close to the boundary
of  a  BH,  the  strong gravitational  force  distorts  the  paths
of particles and nearby matter and light because of its in-
tensity  [4].  Near  a  BH,  particles  can  explain  different
movements  based  on  their  starting  conditions  and  BH

characteristics such as its mass,  charge, and angular mo-
mentum  [5−7]. Particles  can  either  be  in  stable  or   un-
stable  orbit,  move  towards  the  BH  in  a  spiral,  or  move
away from it infinitely. Analyzing these paths offers bet-
ter  information,  showing  spacetime  properties  near  BHs
[8–9]. Remarkably,  equations  overseeing  particle  move-
ment obtained from geodesic equations in a curved space-
time  suggest  that  the  nearer  a  particle  approaches  the
event  horizon  [10−12], the  greater  is  the  impact  of   re-
lativistic  effects  such  as  time  dilation  and  gravitational
redshift. These  effects  are  most  noticeable  at  the   inner-
most  stable  circular  orbit  (ISCO),  which  is  the  nearest
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point  a  particle  can  orbit  a  BH  without  being  sucked  in
[13]. Studying ISCO and other key orbits can aid in com-
prehending accretion mechanisms near BHs, which is es-
sential for analyzing observational data from high-energy
astrophysical  events  such  as  X-ray  binaries  and  active
galactic nuclei [14]. In this context, these works have im-
portant  consequences  for  spotting  gravitational  waves
produced by the merging of binary BHs because the mo-
tions  of  particles  in  intense  gravitational  fields  strongly
affect  the  inspiral  and  merger  phases  [15−20].  Primary
frameworks for developing an understanding of these dy-
namics are provided by theoretical  models such as those
proposed by Kerr [21] and Schwarzschild [22]. Observa-
tional  validations  such  as  those  from  the  Event  Horizon
Telescope [23] have additionally supported these theoret-
ical forecasts. Comprehending the movement of particles
near  BHs remains  a  key  focus  of  theoretical  studies  and
observational  astrophysics.  The  effect  of  magnetic  and
brane characteristics on the effective potential of the radi-
al motion of a charged test particle around a slowly rotat-
ing BH in a braneworld within a uniform magnetic field
was  analyzed  [24]  by  using  the  Hamilton-Jacobi  tech-
nique.  Furthermore,  literature  has  featured  fascinating
studies  on particle  motion near  BHs [25−29].  One study
[30]  investigated  the  movement  of  test  particles  around
three BHs in the Einstein-Maxwell-scalar theory. Anoth-
er study [31] probed the rotation of test particles around a
Schwarzschild-MOG BH.  Orbits  of  neutral  particles  and
photons, both massive and massless, circling regular BHs
were examined by Fan and Wang [32].

The study of BH shadows and their optical properties
has a long history. The idea of observing the shadow of a
BH was first  proposed by Synge [33]; subsequently,  de-
tailed investigations into the size of the shadow were per-
formed by Luminet [34] and Bardeen [35]. Additionally,
the shape and size of BH shadows within various gravita-
tional  theories  have  been  extensively  analyzed  by  many
studies (see [34, 36−47]). The formation of a BH shadow
is closely  linked  to  the  gravitational  lensing  effect   pre-
dicted by general relativity, and it is important to note the
considerable body of contemporary literature focusing on
strong-field gravitational lensing (see [48−52]).

An alternative approach for investigating particle dy-
namics involves showing the motion of magnetized parti-
cles  around  BHs  within  an  external  magnetic  field  [53–
54]. In addition, the motion of such magnetized particles
around  non-Schwarzschild  BHs  has  been  explored  [55].
The  motion  of  particles  around  BHs  under  the  effect  of
external  fields  has  been  an  active  area  of  research.  A
foundational  study  [56]  tested  the  structure  of  external
electric  and  magnetic  fields  around  rotating  and  static
BHs  immersed  in  an  asymptotically  uniform  magnetic
field. Over the years, numerous works have expanded on
this by investigating various properties of electromagnet-
ic  fields  near  BHs  exposed  to  external  magnetic  fields

and  the  intrinsic  magnetic  fields  of  rotating  magnetized
neutron stars  exhibiting  dipolar  structures  across   differ-
ent  gravitational  models  [57−66].  Such  electromagnetic
fields  significantly  affect  the  dynamics  of  charged  parti-
cles near BHs [67−74]. Beyond charged particles, studies
have  investigated  how magnetic  fields  affect  the  motion
of  magnetized  particles  with  intrinsic  magnetic  dipole
moments.  In  addition,  the  behavior  of  these  particles
around  rotating  and  non-rotating  BHs  within  external
magnetic fields has been studied in [53–54].

S = A/4

Studies  on  entropy in  a  BH are  known to  go  against
the  second  law  of  thermodynamics  [75–76],  potentially
leading to  a  decrease  in  the  overall  entropy  of  the   uni-
verse  when  an  object  with  limited  entropy  enters  the
event horizon [8, 77]. In this context, where BHs are be-
lieved to possess the highest  possible amount of  entropy
compared  to  that  of  any  other  item  of  the  same  size
[78−80], with this maximum entropy increasing about the
surface  area  of  the  BH,  the  relationship    is  cru-
cial  for  establishing  the  holographic  principle  [81–82]
and is a common feature in most quantum gravity theor-
ies. However, the entropy-area relationship is likely to be
altered  by  quantum  fluctuations  [83],  especially  as  BHs
emit  Hawking  radiation  and  decrease  in  mass  [84]. Dif-
ferent  methods  such  as  non-perturbative  quantum  GR
have shown that primary adjustments to BH entropy fol-
low  a  logarithmic  pattern  [85].  These  adjustments  have
been validated in numerous settings, such as by using the
Cardy  formula,  analyzing  BTZ  BHs  [84], studying  mat-
ter  fields  in  BH  environments  [86−93],  and  exploring
string theory, all of which indicate that BH entropy is im-
pacted by logarithmic corrections [94].

The  greybody  factor  (GF)  is  an  important  model  in
the study  of  BH  physics,  particularly  in  Hawking   radi-
ation (HR).  It  represents  the  probability  that  a  wave ori-
ginating from infinity will be absorbed by the BH, which
is  often  referred  to  as  the  rate  of  absorption  probability.
As  HR  travels  through  the  curved  spacetime  geometry
around the BH model, the surrounding spacetime acts as
a  radiation  barrier,  significantly  altering  the  observed
black-body radiation  spectrum.  Furthermore,  this   modi-
fication  necessitates  calculating  the  greybody  factor  to
use the transmission amplitude of the radiation of the BH.
The GF is directly connected to the absorption cross sec-
tion, which quantifies the likelihood of absorption. Vari-
ous methods are employed to compute the greybody fac-
tor, which includes the matching method, rigorous bound
method,  WKB  approximation,  and  analytical  techniques
for  different  spin  fields.  Extensive  literature  and  topical
reviews are available to guide researchers in these calcu-
lations,  making  the  greybody  factor  a  well-studied  yet
continually  evolving  aspect  of  BH  thermodynamics  and
quantum field theory in curved spacetime [95−115].

p = −ρ
Sakharov [116] and Gliner [117] showed that BH sin-

gularities  can  be  avoided  with  a  de  Sitter  core  ( ),
leading Bardeen [118] to propose a singularity-free "reg-
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r = 0ular  BH"  solution  with  well-behaved  spacetime  at  .
Beato  and  Garcia  [119]  subsequently  derived  the  exact
form  of  the  Bardeen  solution.  Bronnikov  [120–121]
provided a key insight, which shows that the regularity of
these  BHs  requires  a  nonlinear  electrodynamics  (NED)
charge  to  manifest  as  a  magnetic  monopole.  Since  then,
considerable research has explored regular BHs as the ex-
act  solutions of  GR coupled with NED [122−133]. Hay-
ward  [134]  introduced  a  new  regular  spacetime  defined
by the spherically symmetric metric: 

ds2 = −
Å

1− 2mr2

r3+2ℓ2m

ã
dt2+

Å
1− 2mr2

r3+2ℓ2m

ã−1

dr2

+ r2
(
dθ2+ sin2 θdϕ2

)
, (1)

ℓ

g3 = 2mℓ2

where m is used as a notation for the BH mass and   rep-
resents  a  fundamental  length  scale.  At  large  distances,
this  solution  behaves  like  the  Schwarzschild  metric,
whereas at small distances, it transitions to an anti-de Sit-
ter  (AdS)  vacuum.  Derived  by  coupling  GR  with  NED
(where the magnetic charge g satisfies  ). In this
context,  the  Hayward  solution  was  widely  studied  over
the  last  two  decades  because  of  its  analytical  simplicity
and physical significance [135−146].

f (r)

This  study  tested  the  behavior  of  Hayward-Letelier
BHs in the AdS space model, specifically looking at their
unique  properties  and  the  impact  of  the  cosmological
constant in AdS setups. Furthermore, the metric function

is determined by the Hayward parameter g, the mass
term M,  the  cosmological  constant L, and an  extra  para-
meter α that causes significant changes to the geometry of
the BH.

Veff
Veff

rph

TH

We tested particle dynamics by studying the effective
potential   model  (e.g.,  many  studies  [147−157]  illus-
trated  the  effective  potential  )  and  focused  on  the
ISCOs  and  photon  sphere  radius    parameters  as  key
features of null geodesics. In addition, we tested how BH
shadows depend on parameters L, g, and α. Moreover, we
studied  the  thermodynamic  properties  of  the  system  by
evaluating  the  Hawking  temperature    and  analyzing
how variables L, r,  and g  affect  the  thermal  behavior  of
BHs.

G = c = 1.

The  rest  of  this  manuscript  is  organized  as  follows:
Section  II  focuses  on  the  dynamics  of  the  Hayward-
Letelier BHs in AdS spacetime, where we study the ther-
modynamic  temperature  (IIA)  and  thermal  fluctuations
(IIB).  The final  section (VI)  presents  the conclusion and
summary. We use a system of units in which  

II.  DYNAMICS OF HAYWARD-LETELIER BHS
IN ADS SPACETIME

The  line  element  of  Hayward-Letelier  BHs  in  AdS
spacetime is given by [158]: 

ds2 = − f (r)dt2+ f (r)−1dr2+dP∈,

with dP∈ = ∇∈
(
dθ∈+ sin∈θdϕ∈

)
, (2)

where 

f (r) = 1− 2Mr2

g3+ r3
+

r2

L2
−α. (3)

L > 0

Λ = −3/L2

rh

rh

rh

rh

where α  represents the cloud of string parameters,   integ-
ration constant M is interpreted as the mass of BH, g rep-
resents the magnetic charge, and   represents the AdS
radius, which is related to the cosmological constant Λ. In
the entire  discussion,  we use the relationship  .
We  analyze  the  possible  existence  of  the  horizon  radius
 by graphical analysis as shown in Fig. 1. It is seen that
  along  α  reduces  with  an  increase  in  g  and  increases

with  an  increase  in L.  In  addition,    along  g  increases
with rising α and L. Furthermore,   along L reduces with
an increase in g and rises with an increase in α.

We start by analyzing the motion of massive particles
within  the  framework  of  the  Hayward-Letelier  BH  in
AdS spacetime. To characterize the trajectory of this mo-
tion, we use the Lagrangian for a massive particle of mass
M given by [159]: 

L′ = 1
2

gµνuµuν, uµ =
dxµ

dτ
. (4)

By using the process given in [28, 159], we can find ef-
fective potential: 

Veff(r) = f (r)F , (5)

where 

F =
Å

1+
L2

r2

ã
. (6)

Veff(r) L

ṙ = 0 r̈ = 0

In this context,   and   represent notations used
for the effective potential  defining the motion of the test
particle along the radius and angular momentum, respect-
ively. The motion of neutral particles around the BH may
be determined by setting   and  .

ISCO rISCO

rISCO

Next,  we  examine  the    radius  .  To  find
, the following conditions can be applied:  {

V ′eff = 0,

Veff
′′ = 0.

(7)

ISCO rISCO rISCO

rISCO α & L rISCO

We plot the   radius   in Fig. (2).   along
α decreases by increasing g and increases by increasing L,

  along  g  increases  by  increasing  ,  and 
along  L  decreases  by  increasing  g  and increases  by   in-
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creasing α.
Now,  we  analyze  the  motion  of  massless  particles

(photons)  using  the  spacetime of  a  BH in  the  context  of
Hayward-Letelier BHs in AdS spacetime. Using the pro-
cedure  given  in  [28, 159], we  can  find  the  effective  po-
tential for photon motion: 

Veff = f (r)
L∈
r2
. (8)

rph

rph

rph

rph

rph

rph

The photon's radius   in Hayward-Letelier BHs in AdS
spacetime  could  be  evaluated  by  solving  Eq.  (7)  along
with Eq. (2). The solution is complex, and therefore a nu-
merical method is used to plot   directly without deriv-
ing  its  explicit  expression.  The  shift  in  the  photon  orbit
radius  is  illustrated  in  Fig.  (3).  The  photon  radius 
along α decreases with an increase in g, and   along g
increases with an increase in α. It is important to note that
the  expression  calculating  the  photon  radius    is  inde-
pendent of L, and therefore there is no relative change in

 with L.
Analysis of  BH shadows  provides  valuable   informa-

tion related to the apparent diameter of the event horizon
and can reveal insights into the spin of the BH and accre-
tion  disk  orientation.  In  studying  these  shadows,  GR  is
tested in extreme gravity environments,  offering insights
into  the  astrophysical  properties  and  evolution  of  BHs.
Advances  in  observational  methods  such  as  very  long
baseline interferometry  (VLBI)  have  enhanced  our   abil-
ity to resolve and study these shadows with greater preci-
sion,  opening  new  opportunities  for  investigating  BHs
and their  surrounding environments.  We study the  shad-
ows of the BH in Hayward-Letelier gravity, which is de-
termined by [160]: 

sin2 (αsh) =
r2

ph

f
(
rph
) f (ro)

ro
. (9)

Utilizing  the  small-angle  approximation,  the  size  of
the shadow can be determined as [160]: 

rsh = rph

 
f (ro)

f
(
rph
) . (10)

 

rhFig. 1.    (color online) Horizon radius  .
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Rsh

Rsh =
√

X2+Y2

rISCO Rsh

Rsh

α & L Rsh

Eq.  (10)  defines  the  non-rotating  case  for  BH  shadows,
which  we  plot  in Figs.  4  and  5.  The  BH  shadow  radius

 can be represented by the two celestial coordinates X
and Y,  where   for the observer [161–162].
It is noted that the shadow radius behaves very similarly
to  the    radius.  The  shadow  radius    along  α  de-
creases  with  an  increase  in  g  and increases  with  an   in-
crease  in  L;    along  g  increases  with  an  increase  in

;  and    along L  decreases  with  an  increase  in g
and increases with an increase in α. 

A.    Thermodynamic Temperature
f (r)

TH

Differentiating function   with respect to the radi-
al coordinate r yields the thermodynamic temperature 
of the BH, as expressed in the following equation: 

TH =
1

4π
∂ f (r)
∂r
=

rK(r0,g,L)
2π

, (11)

 

Fig. 2.    (color online) ISCO radius.

 

rphFig. 3.    (color online) Photon   radius.

Stable circular orbits and greybody factor of Hayward-Letelier-AdS black holes Chin. Phys. C 49, 115104 (2025)

115104-5



where 

K(r0,g,L) =
Å

M(r3
0 −2g3)

(g3+ r3
0)2
+

1
L2

ã
. (12)

r0Here,   represents the horizon radius of the BH.
 

●  This  equation  yields  the  temperature  at  the  event
horizon of the BH, which is an important thermodynamic
parameter. The temperature is determined by the mass M

 

RshFig. 4.    (color online) Shadows radius  .

 

RshFig. 5.    (color online) Shadows radius  .
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of the BH, along with factors g and L, and the radial dis-
tance r from the center. The effect of the AdS parameter
L has a characteristic effect from the curvature of space-
time that affects temperature.

Furthermore,  the  BH entropy S  can be  described  us-
ing the entropy equation, as demonstrated in [163]: 

S =
1
κ

log
(
1+πκr2

0

)
, (13)

where κ represents a fixed value associated with the char-
acteristics of the BH. The entropy equation represents the
amount of information in a BH and how it  relates to the
radius  of  horizon  r.  This  logarithmic  relationship  shows
how entropy increases with an increase in the size of the
BH.
 

●  The  thermodynamic  temperature  plays  a  key  role,
and  thus  illustrating  and  showing  the  thermal  properties
of  the  BH  is  crucial.  A  greater  temperature  reflects  a
higher level  of  energy  in  the  BH,  which  potentially   af-
fects how it emits radiation and interacts with its environ-
ment.  To  calculate  temperature,  this  study  considers  the
mass  of  the  BH  and  curvature  of  spacetime,  indicating
that the cosmological constant (denoted by L) plays a ma-
jor role in determining the thermodynamic characteristics
of the AdS BHs.
 

● Furthermore, the entropy formula indicates the con-
nection  between the  entropy of  a  BH and the  area  of  its
event horizon. The equation shows that entropy rises with
the square of the horizon radius, which shows that bigger
BHs possess more entropy. This is in agreement with the
common belief  that  the entropy of the BH is directly re-
lated to the size of the event horizon, as explained by the
Bekenstein-Hawking entropy equation.
 

● The relationship between temperature, entropy, and
various parameters of a BH, such as mass M, AdS para-
meter L, and radial coordinate r, reveals complex thermo-
dynamic  connections  within  the  system.  Understanding
the stability and evolution of BHs, especially in the AdS
spacetime,  relies  on  these  crucial  relationships  influen-
ced by cosmological effects shaping the properties of the
BH. 

B.    Thermal fluctuations
In this part, we study how thermal fluctuations affect

the thermodynamics of the recently suggested BH model.
To  examine  this  effect,  we  employ  the  Euclidean  quan-
tum gravity  framework  in  which  the  time  axis  is  shifted
into the complex plane. This method enables us to speci-
fy the partition function for the BH, as detailed in [164−
169].  For  a  more  in-depth  explanation,  consult  [165],

which summarizes a simplified procedure 

Z =
∫

DgDAexp(−I). (14)

I→ ιÎThe expression   represents the Euclidean action of
the  field  in  this  context,  where  the  integral  runs  over  all
fields that adhere to specific periodicity or boundary con-
ditions. The statistical mechanical partition function is re-
lated to [170–171]: 

Z =
∫ ∞

0
DEΓ(E)exp(−ψE), (15)

where  ψ  represents  the  reciprocal  of  T.  The  density  of
states can be obtained through 

Γ(E) =
1

2πi

∫ ψ0+i∞

ψ0−i∞
dψeS (ψ), (16)

S c ψE

S = δ
(
πr2
)κ

S c(ψ)

 represents the sum of   and natural logarithm of Z.
Ignoring thermal  fluctuations,  the  entropy near  the  equi-
librium  temperature ψ  can  be  calculated  as  .
However,  when  thermal  fluctuations  are  considered,  the
entropy   is given by [164]: 

S c = S +
1
2

(ψ−ψ0)
Å
∂2S (ψ)
∂ψ2

ã
ψ=ψ0

. (17)

Thus, density can be expressed using 

Γ(E) =
1

2πi

∫ ψ0+i∞

ψ0−i∞
dψe

1
2 (ψ−ψ0)

Ä
∂2S (ψ)
∂ψ2

ä
ψ=ψ0 , (18)

and 

Γ(E) =
eS

√
2π

ñÅ
∂2S (ψ)
∂ψ2

ã
ψ=ψ0

ô 1
2

. (19)

The corrected entropy equation can be expressed using 

S c = S − 1
2

ln

ñÅ
∂2S (ψ)
∂ψ2

ã
ψ=ψ0

ô 1
2

. (20)

S = m1ψ
n1 +m2ψ

−n2 m1 m2 n1 n2

The square of the energy fluctuation is expressed through
the second derivative of entropy. This expression can be
simplified by  utilizing  the  connection  between  the   con-
formal  field  theory  and  microscopic  degrees  of  freedom
of  a  BH  [84].  Consequently,  the  entropy  is  given  by

, where  ,  ,  , and   are positive
constants [85].

Stable circular orbits and greybody factor of Hayward-Letelier-AdS black holes Chin. Phys. C 49, 115104 (2025)

115104-7



ψ0 =

Å
mn2

m1n1

ã 1
n1+n2

= T−1
H TH

This  entropy  reaches  its  maximum  at
, with   being the Hawking tem-

perature  defined  in  Eq.  (11).  Expanding  the  entropy
around  this  peak  leads  to  the  results  presented  in
[172–173]:  Å

∂2S (ψ)
∂ψ2

ã
ψ=ψ0

= Sψ−2
0 . (21)

A revised  expression  for  entropy  obtained  by  excluding
higher-order corrections is given by: 

S c = S − 1
2

lnS T 2
H . (22)

The  prevalence  of  quantum  fluctuations  in  the  shape  of
BHs raises  important  questions  about  thermal   fluctu-
ations  generated  in  the  case  of  BH  thermodynamics.
These fluctuations play an important role when the BH is
small  and  has  a  high  temperature.  For  larger  BHs,
quantum fluctuations  may  be  neglected.  Thermal   fluctu-
ations are only significant in BHs with high temperatures,
and its temperature increases as the BH becomes smaller.
Consequently,  it  can  be  concluded  that  these  adjustment
factors are relevant for very small BHs with high temper-
atures  [164]. Afterward,  we  can  derive  the  general   for-
mula  for  entropy  by  neglecting  higher-order  correction
terms: 

S c = S −γ lnS T 2. (23)

γ→ 0
γ→ 1

In this context,  we define γ as a fixed parameter that
incorporates logarithmic correction terms associated with
thermal  fluctuations.  When  γ  is  set  to  zero,  the  entropy
expression  is  obtained  without  any  correction  terms.  As
mentioned earlier, for large BHs with very low temperat-
ures, we take  , and for small BHs with high temper-
atures,  we take  .  Using Eqs.  (11) and (23),  we can
derive the corrected entropy formula:
 

S c =
log
(
πκr2

0 +1
)

κ
−γ log(A) , (24)

where
 

A = r2
0

4π2κ
log
(
πκr2

0 +1
)(M

(
r3

0 −2g3
)(

g3+ r3
0

)2 +
1
L2

)2

. (25)

S C

γ = 0
γ = 0.1, 0.4, 0.7, and 1.0

0 < γ < 1

g, L, κ, γ

The value of   is plotted for the different values of the
correction  parameter  in  Fig.  (6),  where    for  large
BHs,  and    for  small  BHs
( ). One  can  see  that,  for  large  BHs,  no   fluctu-
ations are  observed.  Moreover,  corrected  entropy   in-
creases  by  increasing  parameters  ,  whereas  no
variations  are  observed  for  increasing  values  of α  as  the
expression is independent of α.
 

 

S cFig. 6.    (color online) Thermal fluctuations  .
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III.  KLEIN-GORDON EQUATION AND
EFFECTIVE POTENTIAL

In  this  section,  we  compute  the  GBF  analytically.
First, we examine the equation of motion (EoM) to study
the propagation of  a  massless  scalar  field,  assuming that
particles  are  only  weakly  coupled  to  gravity  and  do  not
exhibit additional interactions. Next, the EoM results in 

∇β∇βΨ = ∂β[
√−ggβγ∂γΨ] = 0, (26)

Ψ = Ψ(t,r, θ,ϕ)
in  which  the  massless  scalar  field  is  presented  by

. From Eq. (26), it is found that 

−r2 sinθ
f (r)

∂ttΨ+ sinθ∂r

Å
r2 f (r)∂rΨ

ã
+∂θ

Å
sinθ∂θΨ

ã
+

1
sinθ

∂ϕϕΨ = 0, (27)

and  through  the  separation  of  variables  technique,  one
can get 

Ψ = exp(−ιwt)exp(ιmϕ)Rwlm(r)Qm
l (θ,aw), (28)

Qm
l (θ,aw)

in  which the angular  spheroidal  function is  displayed by
. Equation (13) enables us to calculate the radi-

al and angular components of the EoM as [174–175] 

∂

∂r

ï
r2 f (r)

∂Rwlm

∂r

ò
+

ï
r2ω2

f (r)
−λm

l

ò
Rwlm(r) = 0, (29)

and 

∂

∂θ

ï
sinθ

∂Qm
l

∂θ

ò
+

ï−m2

sinθ
+λm

l sinθ
ò

Qm
l (θ,αw) = 0, (30)

α = a

λm
l λm

l

respectively. It is important to note that, in the following
discussion,  we  use    in  equation  3.  The  connection
between decoupled  equations  is  defined  by  the   separa-
tion  constant  .  Although    cannot typically  be   ex-
pressed in a closed form, its analytical expression can be
approximated in a series [174–175].  Now, we derive the
precise  solutions  to  the  radial  EoM  (29).  The  obtained
solution  yields  the  GBF  for  a  massless  scalar  field.  We
can examine the effective potential  profile that  describes
the  GBF  by  solving  the  radial  equation.  A  new  radial
transformation is introduced as 

Rwlm(r) =
Uwlm(r)

r
. (31)

x∗By employing the tortoise constituent  , we get 

dx∗
dr
=

1
f (r)

, (32)

which yields 

d
dx∗
= f (r)

d
dr
, (33)

 

d2

dx2
∗
= f 2(r)

d2

dr2
+ f f ′

d
dr
. (34)

rh x∗→−∞ r→∞ x∗→∞
x∗

−∞ +∞

As r approaches  ,  , and as  ,  . The
tortoise  coordinates    transform the  range  of  the  model
from   to  , in contrast to Eq. (29), which is restric-
ted to regions far from the BH horizon. Equation (29) can
be recognized as a Schrödinger wave equation expressed
as  Å

d2

dx2
∗
−Veff

ã
Uwlm(r) = 0. (35)

The associated form of the effective potential leads to 

Veff = −ω2+
f f ′

r
+
λm

l f (r)
r2

. (36)

The  profile  of  the  effective  potential  in  view  of  the
varying values of BH charge as a function of BH cloud of
strings  parameter  is  shown  in  Fig.  7. The  potential   de-
creases by increasing the cloud of strings parameters. Ad-
ditionally, the  effective  potential  decreases  with   increas-
ing g. Furthermore, we observe the effect of BH mass on
the  effective  potential  by  varying  the  cloud  of  strings
parameter  as  shown  inFig.  8. The  effective  potential   in-
creases for massive BHs. 

IV.  GREYBODY FACTOR

r ∼ rh

This  section  suggests  analytical  solutions  to  GBF,
which results from the equation explaining the radial mo-
tion  (29).  We  find  two  asymptotic  solutions  for  distinct
modes, e.g., close to and far away from the BH event ho-
rizon.  To  arrive  at  the  solutions  for  the  entire  area,  we
contrast these solutions uniformly in an intermediate do-
main.  We  apply  the  following  transformation  to  obtain
the analytical solution for the near horizon region  

r→ S =
1− 2Mr2

g3+ r3
−a+

r2

L2

1−a+
r2

L2

, (37)

which yields 

Stable circular orbits and greybody factor of Hayward-Letelier-AdS black holes Chin. Phys. C 49, 115104 (2025)

115104-9



dS
dr
=

(1−S )U(rh)
rh

, (38)

and therefore, we have
 

U(rh) =

2r2

L2
− 2g3− r3

g3+ r3

ï
1−a+

r2

L2

ò
1−a+

r2

L2

. (39)

Based on these results, the radial equation (29) can be ex-

pressed as
 

S (1−S )
d2Rwlm

dS 2
+ (A−BS )

dRwlm

dS

+
1

(1−S )U2

ï
χh

S
−λh

ò
Rwlm = 0, (40)

where
 

A =
rh

(1−S )U(rh)
d
dr

(S −S 2),

B = − S

U2(rh)
ï

1−a+
r2

L2

ò d
dr

ï
rhU(rh)

Å
1−a+

r2

L2

ãò
,

χh =
w2r2

hï
1−a+

r2

L2

ò2 , λh =
λm

l

1−a+
r2

L2

. (41)

We re-express the function in Eq. (40) as
 

Rwlm(S ) = S ϵ1 (1−S )η1 F̂(S ). (42)

Thus, the following expression of Eq. (40) is obtained.
 

S (1−S )
d2F̂(S )

dS 2
+

ï
2ϵ1+A− (2ϵ1+2η1+B)S

ò
dF̂(S )

dS

+

ïÅ
ϵ2

1 − ϵ1+Aϵ1+
χh

U2

ã
1
S
+

Å
η2

1−η1−η1A+η1B

+
χh

U2
− λh

U2

ã
1

1−S

ò
F̂(S ) = 0. (43)

ϵ1 η1The power coefficients  ,   can be found, for example,
by
 

 

Ve f f rhFig. 7.    (color online)   versus   by varying a and g.

 

Ve f f rhFig. 8.    (color online)   versus   by varying a and M.
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ϵ2
1 − ϵ1+Aϵ1+

χh

U2
= 0,

η2
1−η1−η1A+η1B+

χh

U2
− λh

U2
= 0.

(44)

Finally, Eq. (43) is solved to attain the HG of the differ-
ential equation provided by 

S (1−S )
d2F̂(S )

dS 2
+

ï
c̄1− (ā1+ b̄1+1)S

ò
dF̂(S )

dS
− ā1b̄1F̂(S )= 0,

(45)

with 

ā1 = η1+ ϵ1+B−1, b̄1 = η1+ ϵ1, c̄1 = 2ϵ1+A. (46)

For NH, its general solution can be displayed as 

(Rwlm)NH(S ) = Â1S ϵ1 (1−S )η1 F̂(ā1, b̄1, c̄1;S )

+ Â2S −ϵ1 (1−S )η1 F̂(1− c̄1+ ā1,

1+ b̄1− c̄1,−c̄1+2;S ), (47)

Â1 Â2with   and   as constants having 

ϵ±1 =
1
2

ï
(1−A)±

…
(1−A)2−4

χh

U2

ò
,

η±1 =
1
2

ï
(1+A−B)±

 
(1+A−B)2+4

Å
λh

U2
− χh

U2

ãò
.

(48)

Â1 = 0 Â2 = 0
ϵ1 Â1 Â2

ϵ1

ϵ+1 = ϵ
−
1 Â2 = 0

η1

η+1 = η
−
1

We found that no outward modes exist at the BH horizon
when  applying  the  boundary  conditions.  We  can  choose
to  set  ;  if  this  is  not  the  case,  then  .  This
choice  depends  on  the  selection  of  .  Since    and 
are constants for both values of  , we can conclude that

 by setting  . Another approach to determine
the signs of   is using the convergence condition of the
HG  function,  which  holds  when  .  Therefore,  the
analytic  form  of  the  near-horizon (NH)  solution  is   ex-
pressed as 

(Rwlm)NH(S ) = Â1S ϵ1 (1−S )η1 F̂(ā1, b̄1, c̄1;S ). (49)

f (r) T (r)

We  use  the  same  approach  as  for  the  near-horizon
solution  to  obtain  the  solution  of  the  radial  equation  for
the far BH horizon, which replaces   with   as 

T (r) =
1−a+

r2

L2

r2
. (50)

This yields the change in the radial equation as 

T (1−T )
d2Rwlm

dT 2
+ (C−D∗T )

dRwlm

dT

+
1

4(a−1)2

r4
(1−T )

ï
χ f

T
−λ f

ò
Rwlm = 0, (51)

where 

χ f =

Å
rwT (1−T )

f (r)

ã2

, λ f =
λm

l T (1−T )2

f (r)
,

C =
1−a+

r2

L2

4(a−1)2

r3
f (r)

d
dr

ï
2(a−1)

r2
f (r)
ò
,

D∗ =
1−a+

r2

L2

2(a−1)
. (52)

It  is  necessary  to  redefine  the  field  in  the  differential
equation mentioned above as 

Rwlm(T ) = T ϵ2 (1−T )η2 ˆF(T ), (53)

and we get 

T (1−T )
d2 ˆF(T )

dT 2
+

ï
2ϵ2+C− (2ϵ2+2η2+D∗)T

ò
d ˆF(T )

dT

+

ïÅ
ϵ2

2 − ϵ2+ ϵ2C+
χ f

4(a−1)2

r4

ãÅ
η2

2−η2−η2C+η2D∗

+
χ f

4(a−1)2

r4

− λ f

4(a−1)2

r4

ã
1

1−T

ò
ˆF(T ) = 0.

(54)

ϵ2 η2We obtain the power coefficients   and   as 

ϵ2
2 − (1−C)ϵ2+

χ f

4(a−1)2

r4

= 0,

η2
2− (1−D∗+C)η2+

χ f

4(a−1)2

r4

− λ f

4(a−1)2

r4

= 0.
(55)

Hence, the HG-based equation computed as 

ā2 = ϵ2+η2+D∗−1, b̄2 = ϵ2+η2, c̄2 = 2ϵ2+C, (56)

becomes 

T (1−T )
d2 ˆF(T )

dT 2
+

ï
c̄2− (1+ ā2+ b̄2)

ò
d ˆF(T )

dT
− ā2b̄2 ˆF(T ) = 0.

(57)
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Its general solution is
 

(Rwlm) f (T ) = B̂1T ϵ2 (1−T )η2 F̂(ā2, b̄2, c̄2;T )+ B̂2T−ϵ2 (−T +1)η2

× F̂(1− c̄2+ ā2,1− c̄2+ b̄2,−c̄2+2;T ), (58)

with
 

ϵ±2 =
1
2

ï
(1−C)±

Ã
(1−C)2−4

χ f

4(a−1)2

r4

ò
,

η±2 =
1
2

ï
(1−D∗+C)

±

Õ
(1−D∗+C)2−4

Å
χ f

4(a−1)2

r4

− λ f

4(a−1)2

r4

ãò
. (59)

B̂1 B̂2

ϵ−2 = ϵ
+
2 η+2 = η

−
2

Constants    and    are  selected  arbitrarily.  Similar  to
the  near-horizon  case,  we  solve  the  equations  using  the
HG convergence condition where   and  .
 

V.  MATCHING WITH INTERMEDIATE ZONE

1−S

In this section, our objective is matching NH and far-
away solutions in the intermediate region for every value
of  r.  To  extend  the  results,  we  modify  the  HG  function
parameter S in Eq. (49) to   as
 

(Rwlm)NH(S ) = (−S +1)η1

ï
Γ(c̄1)Γ(c̄1− ā1− b̄1)
Γ(−ā1+ c̄1)Γ(c̄1− b̄1)

× F̂(ā1, b̄1, c̄1;1−S )+ (1−S )c̄1−ā1−b̄1

× Γ(c̄1)Γ(−c̄1+ b̄1+ ā1)
Γ(b̄1)Γ(ā1)

× F̂(+c̄1− ā1,+c̄1− b̄1,1− ā1

− b̄1+ c̄1;1−S )
ò

Â1S ϵ1 . (60)

Through Eq. (37), we get
 

1−S =
2Mr2

(g3+ r3)
Å

1−a+
r2

L2

ã . (61)

f (r) = 0 r≫ rh S → 1
2M

For  ,  in  the  limit    and  with  ,  where
the value of   is considered, the horizon is computed as
follows. This leads to the stretched NH solution as
 

(1−S )η1 ≃
ï

rh

r
r2

h(1+g3
∗)(1+L2

∗)
r2

òη1

≃
ï

rh

r
r2

h(1+g3
∗)(1+L2

∗)
r2

ò−l

, (62)

and
 

(1−S )η1−ā1−b̄1+c̄1 ≃
ï

rh

r
r2

h(1+g3
∗)(1+L2

∗)
r2

òη1

≃
ï

rh

r
r2

h(1+g3
∗)(1+L2

∗)
r2

ò−η1+A−B+1

≃
ï

rh

r
r2

h(1+g3
∗)(1+L2

∗)
r2

ò1+l

,

(63)

L∗ =
L
rh

g∗ = g
rh

with    and  , respectively.  In  an   intermedi-
ate era, the NH solution can be expressed as
 

(Rwlm)NH(S ) = Ã1

Å
r
rh

ãl

+ Ã2

Å
r
rh

ã−(1+l)

, (64)

with
 

Ã1 =Â1

ï
r2

h(1+g3
∗)(1+L2

∗)
r2

ò−l
Γ(c̄1)Γ(−ā1− b̄1+ c̄1)
Γ(c̄1− b̄1)Γ(c̄1− ā1)

,

Ã2 =Â1

ï
r2

h(1+g3
∗)(1+L2

∗)
r2

ò1+l
Γ(ā1+ b̄1− c̄1)Γ(c̄1)
Γ(ā1)Γ(b̄1)

. (65)

1−T
T (r f )→ 0

The HG  function  parameters  are  stretched  by   repla-
cing T with   and constrained for smaller values of a
and Q by setting  . The solution is now obtained
at a large distance from the BH event horizon. Therefore,
Eq. (4) yields the result as
 

(1−T )η2 ≃
ï

r f

r
− r f

r3
− 1

rr f

ò−lÅ r
r f

ãl

, (66)

and
 

(1−T )η2+c̄2−ā2−b̄2 ≃
ï

r f

r
− r f

r3
− 1

rr f

ò1+lÅ r
r f

ã−(1+l)

. (67)

The solution of Eq. (58) corresponding to the far-field ho-
rizon leads to
 

(Rwlm) f (T ) =
Å

H̃1B̃1+ H̃3B̃2

ãÅ
r
r f

ãl

+

Å
H̃2B̃1+ B̃2H̃4

ãÅ
r
r f

ã−(1+l)

, (68)

where
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H̃1 =
Γ(c̄2)Γ(c̄2− ā2− b̄2)
Γ(c̄2− ā2)Γ(c̄2− b̄2)

ï
r f

r
− r f

r3
− 1

rr f

ò−l

,

H̃2 =
Γ(c̄2)Γ(−c̄2+ b̄2+ ā2)

Γ(b̄2)Γ(ā2)

ï
r f

r
− r f

r3
− 1

rr f

ò1+l

,

H̃3 =
Γ(2− c̄2)Γ(c̄2− ā2− b̄2)
Γ(1− ā2)Γ(1− b̄2)

ï
r f

r
− r f

r3
− 1

rr f

ò−l

,

H̃4 =
Γ(2− c̄2)Γ(ā2+ b̄2− c̄2)
Γ(1+ ā2− c̄2)Γ(1+ b̄2− c̄2)

ï
r f

r
− r f

r3
− 1

rr f

òl+1

.

(69)

1+ l
We match  two  asymptotic  solutions  via  the   corres-

ponding powers of   and l as 

Ã1 = H̃3B̃2+ H̃1B̃1, Ã2 = B̃1H̃2+ H̃4B̃2. (70)

B̃1 B̃2Furthermore,  the  integrating constants   and   can be
determined as 

B̃1 =
Ã1H̃4− Ã2H̃3

H̃1H̃4− H̃2H̃3
, B̃2 =

Ã1H̃2− Ã2H̃1

H̃2H̃3− H̃1H̃4
. (71)

To compute  the  emission  rate  corresponding  to  a  mass-
less scalar field, we can formulate GBF as 

|Al,m|2 = 1−
∣∣∣∣ B̃2

B̃1

∣∣∣∣2 = 1−
∣∣∣∣ Ã1H̃2− Ã2H̃1

Ã2H̃3− Ã1H̃4

∣∣∣∣2. (72)

The absorption rate of the scalar field varies along the ra-
dial  direction,  as  shown  in Figs.  9−11. After  the   fluctu-
ations,  the  absorption  rate  decreases  with  an  increase  in
the cloud of strings parameter. In addition, the charge of
the  geometry  affects  the  absorption  rate  with  a  decrease
observed with an increase in the BH charge , as shown in
Fig. 10. For larger values of L, the absorption rate fluctu-
ates initially and then exhibits smooth behavior as the fre-
quency  rises.  It  is  important  to  note  that  the  absorption
rate  is  affected  by the  parameters a  and g  (Fig.  11).  For
smaller values of g,  the fluctuation is less pronounced at
lower frequencies. The absorption rate decreases with in-

creasing frequency and is further affected by the paramet-
ers of the BH.

The factor of massless scalar particles extracted from
a  BH  (particle  flux)  in  connection  with  frequency  and
time is evaluated as 

d2P̃
dtdw

=
∑
l,m

|Al,m|2
1

2πe−1+ κ
TH

=
∑
l,m

Å
1−
∣∣∣∣ Ã1H̃2− Ã2H̃1

Ã2H̃3− Ã1H̃4

∣∣∣∣2ã 1

2πe−1+ κ
TH
, (73)

and 

d2Ñ
dtdw

=
∑
l,m

|Al,m|2
w

2πe−1+ κ
TH

=
∑
l,m

Å
1−
∣∣∣∣ Ã1H̃2− Ã2H̃1

Ã2H̃3− Ã1H̃4

∣∣∣∣2ã w

2πe−1+ κ
TH
. (74)

Furthermore, the differential equation for the angular
momentum  emission  rate  can  be  displayed  in  the  same
manner.  Utilizing  the  following  equation,  the  absorption
cross-section of any partial wave can be determined as 

σ =
∑
l,m

π

w2
|Al,m|2 =

∑
l,m

π

w2

Å
1−
∣∣∣∣ Ã1H̃2− Ã2H̃1

Ã2H̃3− Ã1H̃4

∣∣∣∣2ã. (75)

 

VI.  CONCLUSION AND SUMMARY

In  this  paper,  we  study  the  dynamics  of  Hayward-
Letelier  BHs  in  AdS  spacetime  and  discuss  the  analysis
of  the  properties  of  these  regular  BHs  and  cosmological
constant  that  characterizes  AdS  spacetime  models.  The
metric, as presented in Eq. (49), encapsulates several im-
portant  physical  features:  the  regularity  ensured  by  the
Hayward parameter g,  the mass contribution M, the cos-
mological constant encoded in L, and an additional para-

 

wrhFig. 9.    (color online) GBF versus   with different values of a by varying g.
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meter α  that introduces further  modifications to  the geo-
metry of the BH.

Veff

E L

rph

rh ISCO rISCO

rph Rsh α, L

We tested how trajectories behave when using the ef-
fective  potential    theory,  which  tests  the  effects  of
spacetime curvature and particle-specific parameters such
as energy   and angular momentum  . The examination
uncovers  important  occurrences  like  the  ISCO  model,
which  defines  the  limit  of  stable  and  unstable  particles
and the photon sphere  radius  , which controls  the  be-
havior of zero geodesics. One can observe from Figs. 1−5
that  horizon  radius    parameters,    radius  ,
photon  radius  ,  and  shadow  radius    increase 
while decreasing with an increase in g.

TH

The  examination  uncovers  important  observations
about the  thermodynamic  characteristics  of  BHs,   espe-
cially in the AdS spacetime context. The thermodynamic
temperature    determined based  on  the  radial   coordin-
ate r, BH mass M, AdS parameter L, and parameter g rep-
resents the  energy  condition  of  the  BH  and  its   relation-
ship with the surrounding spacetime. The AdS parameter
L has a noticeable effect that depends on curvature, and it
shows  how  cosmological  constants  considerably  affect
the thermal behavior of  BHs. Increased temperatures are
frequently associated  with  stronger  radiation  and   en-
hanced dynamic interactions, which provides insight into
the  emission processes  controlled by Hawking radiation.
The formula for entropy considers the parameter γ, which

γ→ 0
0 < γ ≤ 1 S C

γ = 0
γ = 0.1, 0.4, 0.7, and 1.0 0 <
γ < 1

g, L, κ, γ

indicates how it is affected by both the size and temperat-
ure of the BH. Classical thermodynamic behavior is pre-
valent for large BHs ( ), whereas corrections are sig-
nificant for small BHs ( ). The value of   para-
meters is illustrated for various correction parameter val-
ues  in Fig.  6,  where   pertains  to  massive  BHs,  and

  corresponds  to  small  BHs  (
).  It  is  evident  that  no  fluctuations  are  detected  for

massive  BHs.  In  addition,  an  increase  in  the  parameters
 results in an increase in corrected entropy, whe-

reas no changes are noted with increasing values of α.
Our analytical  computations  of  the  GBF for  a  mass-

less scalar field in the context of a BH framework reveal
significant  insights  into  the effect  of  various parameters,
which include the BH mass, charge, and cloud of strings.
The  effective  potential  exhibits  the  maximum  value  at
higher  mass  and  lower  charge  values,  as  illustrated  in
Figs. 7 and 8. The presence of the cloud of strings para-
meter  decreases  the  effective  potential  of  the  Hayward-
AdS BH.  The  radial  behavior  of  the  absorption  rate   de-
picted in Figs. 9−11 illustrates a complex interplay dom-
inated by fluctuations that decrease with increasing string
cloud parameters and BH charge. The trends observed in
Fig. 10 underscore the diminishing effect of the effective
potential  and  absorption  rate  in  the  presence  of  stronger
gravitational fields  or  enhanced BH parameters.  In  addi-
tion,  increased  angular  momentum  leads  to  a  smoother

 

wrhFig. 10.    (color online) GBF versus   with different values of L by varying g.

 

wrhFig. 11.    (color online) GBF versus   with different values of g by varying a.
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absorption  pattern  at  higher  frequencies,  as  suggested  in
Fig. 11.

Future  studies  can  test  the  noncommutative  algebra
model  and  test  corrections  to  the  Hayward-Letelier  BH
solution in AdS spacetime. We can add a minimal length
scale via noncommutative geometry, which would modi-
fy the BH metric at small scales, introducing new correc-
tions to the BH effective potential, photon sphere radius,
and BH shadow size. Moreover, testing the analysis to in-
clude the  greybody  factors  under  noncommutative   al-
gebra would refine our illustration of scalar field absorp-

tion  and  emission  spectra.  Moreover,  another  promising
direction is the estimation of quasinormal modes of scal-
ar  perturbations  in  the  noncommutative  Hayward-Leteli-
er-AdS  background,  providing  insights  into  BH stability
and gravitational wave signatures. 

ACKNOWLEDGMENT

This project was supported by the Ongoing Research
Funding  Program,  (ORF-2025-650), King  Saud  Uni-
versity, Riyadh, Saudi Arabia.

 

 

References 

 A. Einstein, Ann. Phys. (Berlin) 354, 769 (1916)[1]
 A. Einstein and N. Rosen, Phys. Rev. 48(1), 73 (1935)[2]
 A. Einstein, L. Infeld, and B. Hoffmann, Ann. Math. 39(1),
65 (1938)

[3]

 W.  Greiner,  Quantum  mechanics:  an  introduction,
(Springer Science, 2011)

[4]

 J. Weber, Phys. Rev. 117(1), 306 (1960)[5]
 P. Ball, Nat. Mater 21(2), 132 (2022)[6]
 T.  D.  Ladd,  F.  Jelezko,  R.  Laflamme  et  al.,  Nature
464(7285), 45 (2010)

[7]

 S. W. Hawking, Nature 248(5443), 30 (1974)[8]
 S. A. Hayward, Phys. Rev. D 49(12), 6467 (1994)[9]
 T.  Jacobson,  G.  Kang,  and  R.  C.  Myers,  Phys.  Rev.  D
49(12), 6587 (1994)

[10]

 A. Ashtekar, T. Pawlowski, and P. Singh, Phys. Rev. Lett.
96(14), 141301 (2006)

[11]

 S. Chandrasekhar, Rev. Mod. Phys. 15(1), 1 (1943)[12]
 R. Bousso and S. W. Hawking, Phys. Rev. D 54(10), 6312
(1996)

[13]

 A.  Paggi,  G.  Fabbiano,  F.  Civano  et  al.,  Astrophys.  J.
823(2), 112 (2016)

[14]

 G. T. Horowitz and A. R. Steif, Phys. Rev. D 42(6), 1950
(1990)

[15]

 D. Piriz, M. Roy, and J. Wudka, Phys. Rev. D 54(2), 1587
(1996)

[16]

 Y.  N.  Obukhov,  A.  J.  Silenko,  and  O.  V.  Teryaev, Phys.
Rev. D 84(2), 024025 (2011)

[17]

 O.  Y.  Tsupko  and  G.  S.  Bisnovatyi-Kogan,  Gravit.
Cosmol. 20(3), 220 (2014)

[18]

 A. Chatelain, and M. C. Volpe, Phys. Lett. B 801, 135150
(2020)

[19]

 T. D. Le, Chin. J. Phys. 73, 147 (2021)[20]
 R. P. Kerr, Phys. Rev. Lett. 11(5), 237 (1963)[21]
 K. Schwarzschild, Gen. Relativ. Gravit 35(5), 951 (2003)[22]
 K.  Akiyama  et  al.  (Event  Horizon  Telescope
Collaboration), Astrophys. J. Lett. 875(1), L1 (2019)

[23]

 A.  Abdujabbarov  and  B.  Ahmedov,  Phys.  Rev.  D  81,
044022 (2010)

[24]

 A. Ditta, X. Tiecheng, F. Atamurotov et al., Chin. J. Phys.
83, 664 (2023)

[25]

 A.  Ditta,  X.  Tiecheng,  F.  Atamurotov  et  al.,  Commun.
Theor. Phys. 75, 125404 (2023)

[26]

 A. Ditta, X. Tiecheng, and M. Yasir, Int. J. Mod. Phys. A
38, 2350041 (2023)

[27]

 A.  Ditt,  X.  Tiecheng,  S.  Mumtaz  et  al.,  Phys.  Dark[28]

Universe 41, 101248 (2023)
 A.  Ashraf,  A.  Ditta,  D.  Sofuoğlu  et  al.,  Phys.  Scr.  99,
065011 (2024)

[29]

 B. Turimov, J.  Rayimbaev, A. Abdujabbarov et  al., Phys.
Rev. D 102, 064052 (2020)

[30]

 M.  Boboqambarova,  B.  Turimov,  and  A.  Abdujabbarov,
Mod. Phys. Lett. A 38, 2350071 (2023)

[31]

 K.  Isomura,  R.  Suzuki,  S.  Tomizawa,  Phys.  Rev.  D 107,
084003 (2023)

[32]

 J.  L.  Synge, Principles  of  Classical  Mechanics  and  Field
Theory/Prinzipien  der  Klassischen  Mechanik  und
Feldtheorie, (New York: Springer, 1960)

[33]

 J. P. Luminet, Astron. Astrophys. 75, 228 (1979)[34]
 J. M. Bardeen, Black Holes, (1973), p. 215 - 239[35]
 H. Falcke,  F.  Melia,  and E.  Agol, Astrophys.  J. 528, L13
(2000)

[36]

 A.  Abdujabbarov,  F.  Atamurotov,  Y.  Kucukakca  et  al.,
Astrophys. Space Sci. 344, 429 (2013)

[37]

 F. Atamurotov, A. Abdujabbarov, and B. Ahmedov, Phys.
Rev. D 88, 064004 (2013)

[38]

 F.  Atamurotov,  A.  Abdujabbarov,  and  B.  Ahmedov,
Astrophys. Space Sci. 348, 179 (2013)

[39]

 P.  V.  P.  Cunha,  N.  A.  Eiró,  C.  A.R.  Herdeiro  et  al,  J.
Cosmol. Astropart. Phys. 2020, 035 (2020)

[40]

 P.  Kocherlakota  et  al.  (Event  Horizon  Telescope
Collaboration), Phys. Rev. D 103, 104047 (2021)

[41]

 P. Z. He, Q. Q. Fan, H. R. Zhang et al, Eur. Phys. J. C 80,
1195 (2020)

[42]

 A. de Vries, Class. Quant. Grav. 17, 123 (2000)[43]
 A.  A.  Abdujabbarov,  L.  Rezzolla,  and  B.  J.  Ahmedov,
Mon. Not. R. Astron. Soc. 454, 2423 (2015)

[44]

 A.  Grenzebach,  V.  Perlick,  and  C.  Lämmerzahl,  Phys.
Rev. D 89, 124004 (2014)

[45]

 F. Atamurotov, B. Ahmedov, and A. Abdujabbarov, Phys.
Rev. D 92, 084005 (2015)

[46]

 F. Atamurotov, S. G. Ghosh, and B. Ahmedov, Eur. Phys.
J. C 76, 273 (2016)

[47]

 G. Bozza, F. De Luca, and G. Scarpetta, Phys. Rev. D 74,
063001 (2006)

[48]

 E.  F.  Eiroa  and  D.  F.  Torres,  Phys.  Rev.  D  69,  063004
(2004)

[49]

 K.  S.  Virbhadra  and  G.  F.  R.  Ellis,  Phys.  Rev.  D  62,
084003 (2000)

[50]

 K.  S.  Virbhadra  and  G.  F.  R.  Ellis,  Phys.  Rev.  D  65,
103004 (2002)

[51]

 K. S. Virbhadra, Phys. Rev. D 79, 083004 (2009)[52]
 F.  de  Felice  and  F.  Sorge,  Class.  Quant.  Grav.  20,  469[53]

Stable circular orbits and greybody factor of Hayward-Letelier-AdS black holes Chin. Phys. C 49, 115104 (2025)

115104-15

https://doi.org/10.1002/andp.19163540702
https://doi.org/10.1002/andp.19163540702
https://doi.org/10.1002/andp.19163540702
https://doi.org/10.1002/andp.19163540702
https://doi.org/10.1002/andp.19163540702
https://doi.org/10.1002/andp.19163540702
https://doi.org/10.1002/andp.19163540702
https://doi.org/10.1002/andp.19163540702
https://doi.org/10.1002/andp.19163540702
https://doi.org/10.1002/andp.19163540702
https://doi.org/10.1103/PhysRev.48.73
https://doi.org/10.1103/PhysRev.48.73
https://doi.org/10.1103/PhysRev.48.73
https://doi.org/10.1103/PhysRev.48.73
https://doi.org/10.1103/PhysRev.48.73
https://doi.org/10.1103/PhysRev.48.73
https://doi.org/10.1103/PhysRev.48.73
https://doi.org/10.1103/PhysRev.48.73
https://doi.org/10.1103/PhysRev.48.73
https://doi.org/10.1103/PhysRev.48.73
https://doi.org/10.1103/PhysRev.48.73
https://doi.org/10.1103/PhysRev.48.73
https://doi.org/10.2307/1968714
https://doi.org/10.2307/1968714
https://doi.org/10.2307/1968714
https://doi.org/10.2307/1968714
https://doi.org/10.2307/1968714
https://doi.org/10.2307/1968714
https://doi.org/10.2307/1968714
https://doi.org/10.2307/1968714
https://doi.org/10.2307/1968714
https://doi.org/10.2307/1968714
https://doi.org/10.2307/1968714
https://doi.org/10.1103/PhysRev.117.306
https://doi.org/10.1103/PhysRev.117.306
https://doi.org/10.1103/PhysRev.117.306
https://doi.org/10.1103/PhysRev.117.306
https://doi.org/10.1103/PhysRev.117.306
https://doi.org/10.1103/PhysRev.117.306
https://doi.org/10.1103/PhysRev.117.306
https://doi.org/10.1103/PhysRev.117.306
https://doi.org/10.1103/PhysRev.117.306
https://doi.org/10.1103/PhysRev.117.306
https://doi.org/10.1103/PhysRev.117.306
https://doi.org/10.1103/PhysRev.117.306
https://doi.org/10.1038/s41563-021-01192-z
https://doi.org/10.1038/s41563-021-01192-z
https://doi.org/10.1038/s41563-021-01192-z
https://doi.org/10.1038/s41563-021-01192-z
https://doi.org/10.1038/s41563-021-01192-z
https://doi.org/10.1038/s41563-021-01192-z
https://doi.org/10.1038/s41563-021-01192-z
https://doi.org/10.1038/s41563-021-01192-z
https://doi.org/10.1038/s41563-021-01192-z
https://doi.org/10.1038/s41563-021-01192-z
https://doi.org/10.1038/s41563-021-01192-z
https://doi.org/10.1038/s41563-021-01192-z
https://doi.org/10.1038/nature08812
https://doi.org/10.1038/nature08812
https://doi.org/10.1038/nature08812
https://doi.org/10.1038/nature08812
https://doi.org/10.1038/nature08812
https://doi.org/10.1038/nature08812
https://doi.org/10.1038/nature08812
https://doi.org/10.1038/nature08812
https://doi.org/10.1038/nature08812
https://doi.org/10.1038/nature08812
https://doi.org/10.1038/nature08812
https://doi.org/10.1038/248030a0
https://doi.org/10.1038/248030a0
https://doi.org/10.1038/248030a0
https://doi.org/10.1038/248030a0
https://doi.org/10.1038/248030a0
https://doi.org/10.1038/248030a0
https://doi.org/10.1038/248030a0
https://doi.org/10.1038/248030a0
https://doi.org/10.1038/248030a0
https://doi.org/10.1038/248030a0
https://doi.org/10.1038/248030a0
https://doi.org/10.1038/248030a0
https://doi.org/10.1103/PhysRevD.49.6467
https://doi.org/10.1103/PhysRevD.49.6467
https://doi.org/10.1103/PhysRevD.49.6467
https://doi.org/10.1103/PhysRevD.49.6467
https://doi.org/10.1103/PhysRevD.49.6467
https://doi.org/10.1103/PhysRevD.49.6467
https://doi.org/10.1103/PhysRevD.49.6467
https://doi.org/10.1103/PhysRevD.49.6467
https://doi.org/10.1103/PhysRevD.49.6467
https://doi.org/10.1103/PhysRevD.49.6467
https://doi.org/10.1103/PhysRevD.49.6467
https://doi.org/10.1103/PhysRevD.49.6467
https://doi.org/10.1103/PhysRevD.49.6587
https://doi.org/10.1103/PhysRevD.49.6587
https://doi.org/10.1103/PhysRevD.49.6587
https://doi.org/10.1103/PhysRevD.49.6587
https://doi.org/10.1103/PhysRevD.49.6587
https://doi.org/10.1103/PhysRevD.49.6587
https://doi.org/10.1103/PhysRevD.49.6587
https://doi.org/10.1103/PhysRevD.49.6587
https://doi.org/10.1103/PhysRevD.49.6587
https://doi.org/10.1103/PhysRevD.49.6587
https://doi.org/10.1103/PhysRevD.49.6587
https://doi.org/10.1103/PhysRevLett.96.141301
https://doi.org/10.1103/PhysRevLett.96.141301
https://doi.org/10.1103/PhysRevLett.96.141301
https://doi.org/10.1103/PhysRevLett.96.141301
https://doi.org/10.1103/PhysRevLett.96.141301
https://doi.org/10.1103/PhysRevLett.96.141301
https://doi.org/10.1103/PhysRevLett.96.141301
https://doi.org/10.1103/PhysRevLett.96.141301
https://doi.org/10.1103/PhysRevLett.96.141301
https://doi.org/10.1103/PhysRevLett.96.141301
https://doi.org/10.1103/PhysRevLett.96.141301
https://doi.org/10.1103/RevModPhys.15.1
https://doi.org/10.1103/RevModPhys.15.1
https://doi.org/10.1103/RevModPhys.15.1
https://doi.org/10.1103/RevModPhys.15.1
https://doi.org/10.1103/RevModPhys.15.1
https://doi.org/10.1103/RevModPhys.15.1
https://doi.org/10.1103/RevModPhys.15.1
https://doi.org/10.1103/RevModPhys.15.1
https://doi.org/10.1103/RevModPhys.15.1
https://doi.org/10.1103/RevModPhys.15.1
https://doi.org/10.1103/RevModPhys.15.1
https://doi.org/10.1103/RevModPhys.15.1
https://doi.org/10.1103/PhysRevD.54.6312
https://doi.org/10.1103/PhysRevD.54.6312
https://doi.org/10.1103/PhysRevD.54.6312
https://doi.org/10.1103/PhysRevD.54.6312
https://doi.org/10.1103/PhysRevD.54.6312
https://doi.org/10.1103/PhysRevD.54.6312
https://doi.org/10.1103/PhysRevD.54.6312
https://doi.org/10.1103/PhysRevD.54.6312
https://doi.org/10.1103/PhysRevD.54.6312
https://doi.org/10.1103/PhysRevD.54.6312
https://doi.org/10.1103/PhysRevD.54.6312
https://doi.org/10.3847/0004-637X/823/2/112
https://doi.org/10.3847/0004-637X/823/2/112
https://doi.org/10.3847/0004-637X/823/2/112
https://doi.org/10.3847/0004-637X/823/2/112
https://doi.org/10.3847/0004-637X/823/2/112
https://doi.org/10.3847/0004-637X/823/2/112
https://doi.org/10.3847/0004-637X/823/2/112
https://doi.org/10.3847/0004-637X/823/2/112
https://doi.org/10.3847/0004-637X/823/2/112
https://doi.org/10.3847/0004-637X/823/2/112
https://doi.org/10.3847/0004-637X/823/2/112
https://doi.org/10.1103/PhysRevD.42.1950
https://doi.org/10.1103/PhysRevD.42.1950
https://doi.org/10.1103/PhysRevD.42.1950
https://doi.org/10.1103/PhysRevD.42.1950
https://doi.org/10.1103/PhysRevD.42.1950
https://doi.org/10.1103/PhysRevD.42.1950
https://doi.org/10.1103/PhysRevD.42.1950
https://doi.org/10.1103/PhysRevD.42.1950
https://doi.org/10.1103/PhysRevD.42.1950
https://doi.org/10.1103/PhysRevD.42.1950
https://doi.org/10.1103/PhysRevD.42.1950
https://doi.org/10.1103/PhysRevD.54.1587
https://doi.org/10.1103/PhysRevD.54.1587
https://doi.org/10.1103/PhysRevD.54.1587
https://doi.org/10.1103/PhysRevD.54.1587
https://doi.org/10.1103/PhysRevD.54.1587
https://doi.org/10.1103/PhysRevD.54.1587
https://doi.org/10.1103/PhysRevD.54.1587
https://doi.org/10.1103/PhysRevD.54.1587
https://doi.org/10.1103/PhysRevD.54.1587
https://doi.org/10.1103/PhysRevD.54.1587
https://doi.org/10.1103/PhysRevD.54.1587
https://doi.org/10.1103/PhysRevD.84.024025
https://doi.org/10.1103/PhysRevD.84.024025
https://doi.org/10.1103/PhysRevD.84.024025
https://doi.org/10.1103/PhysRevD.84.024025
https://doi.org/10.1103/PhysRevD.84.024025
https://doi.org/10.1103/PhysRevD.84.024025
https://doi.org/10.1103/PhysRevD.84.024025
https://doi.org/10.1103/PhysRevD.84.024025
https://doi.org/10.1103/PhysRevD.84.024025
https://doi.org/10.1103/PhysRevD.84.024025
https://doi.org/10.1103/PhysRevD.84.024025
https://doi.org/10.1103/PhysRevD.84.024025
https://doi.org/10.1103/PhysRevD.84.024025
https://doi.org/10.1134/S0202289314030153
https://doi.org/10.1134/S0202289314030153
https://doi.org/10.1134/S0202289314030153
https://doi.org/10.1134/S0202289314030153
https://doi.org/10.1134/S0202289314030153
https://doi.org/10.1134/S0202289314030153
https://doi.org/10.1134/S0202289314030153
https://doi.org/10.1134/S0202289314030153
https://doi.org/10.1134/S0202289314030153
https://doi.org/10.1134/S0202289314030153
https://doi.org/10.1134/S0202289314030153
https://doi.org/10.1134/S0202289314030153
https://doi.org/10.1134/S0202289314030153
https://doi.org/10.1016/j.physletb.2019.135150
https://doi.org/10.1016/j.physletb.2019.135150
https://doi.org/10.1016/j.physletb.2019.135150
https://doi.org/10.1016/j.physletb.2019.135150
https://doi.org/10.1016/j.physletb.2019.135150
https://doi.org/10.1016/j.physletb.2019.135150
https://doi.org/10.1016/j.physletb.2019.135150
https://doi.org/10.1016/j.physletb.2019.135150
https://doi.org/10.1016/j.physletb.2019.135150
https://doi.org/10.1016/j.cjph.2021.07.004
https://doi.org/10.1016/j.cjph.2021.07.004
https://doi.org/10.1016/j.cjph.2021.07.004
https://doi.org/10.1016/j.cjph.2021.07.004
https://doi.org/10.1016/j.cjph.2021.07.004
https://doi.org/10.1016/j.cjph.2021.07.004
https://doi.org/10.1016/j.cjph.2021.07.004
https://doi.org/10.1016/j.cjph.2021.07.004
https://doi.org/10.1016/j.cjph.2021.07.004
https://doi.org/10.1016/j.cjph.2021.07.004
https://doi.org/10.1103/PhysRevLett.11.237
https://doi.org/10.1103/PhysRevLett.11.237
https://doi.org/10.1103/PhysRevLett.11.237
https://doi.org/10.1103/PhysRevLett.11.237
https://doi.org/10.1103/PhysRevLett.11.237
https://doi.org/10.1103/PhysRevLett.11.237
https://doi.org/10.1103/PhysRevLett.11.237
https://doi.org/10.1103/PhysRevLett.11.237
https://doi.org/10.1103/PhysRevLett.11.237
https://doi.org/10.1103/PhysRevLett.11.237
https://doi.org/10.1103/PhysRevLett.11.237
https://doi.org/10.1103/PhysRevLett.11.237
https://doi.org/10.1023/A:1022971926521
https://doi.org/10.1023/A:1022971926521
https://doi.org/10.1023/A:1022971926521
https://doi.org/10.1023/A:1022971926521
https://doi.org/10.1023/A:1022971926521
https://doi.org/10.1023/A:1022971926521
https://doi.org/10.1023/A:1022971926521
https://doi.org/10.1023/A:1022971926521
https://doi.org/10.1023/A:1022971926521
https://doi.org/10.1023/A:1022971926521
https://doi.org/10.1023/A:1022971926521
https://doi.org/10.1023/A:1022971926521
https://doi.org/10.3847/2041-8213/ab0ec7
https://doi.org/10.3847/2041-8213/ab0ec7
https://doi.org/10.3847/2041-8213/ab0ec7
https://doi.org/10.3847/2041-8213/ab0ec7
https://doi.org/10.3847/2041-8213/ab0ec7
https://doi.org/10.3847/2041-8213/ab0ec7
https://doi.org/10.3847/2041-8213/ab0ec7
https://doi.org/10.3847/2041-8213/ab0ec7
https://doi.org/10.3847/2041-8213/ab0ec7
https://doi.org/10.3847/2041-8213/ab0ec7
https://doi.org/10.3847/2041-8213/ab0ec7
https://doi.org/10.3847/2041-8213/ab0ec7
https://doi.org/10.1103/PhysRevD.81.044022
https://doi.org/10.1103/PhysRevD.81.044022
https://doi.org/10.1103/PhysRevD.81.044022
https://doi.org/10.1103/PhysRevD.81.044022
https://doi.org/10.1103/PhysRevD.81.044022
https://doi.org/10.1103/PhysRevD.81.044022
https://doi.org/10.1103/PhysRevD.81.044022
https://doi.org/10.1103/PhysRevD.81.044022
https://doi.org/10.1103/PhysRevD.81.044022
https://doi.org/10.1016/j.cjph.2023.04.018
https://doi.org/10.1016/j.cjph.2023.04.018
https://doi.org/10.1016/j.cjph.2023.04.018
https://doi.org/10.1016/j.cjph.2023.04.018
https://doi.org/10.1016/j.cjph.2023.04.018
https://doi.org/10.1016/j.cjph.2023.04.018
https://doi.org/10.1016/j.cjph.2023.04.018
https://doi.org/10.1016/j.cjph.2023.04.018
https://doi.org/10.1016/j.cjph.2023.04.018
https://doi.org/10.1088/1572-9494/ad0e05
https://doi.org/10.1088/1572-9494/ad0e05
https://doi.org/10.1088/1572-9494/ad0e05
https://doi.org/10.1088/1572-9494/ad0e05
https://doi.org/10.1088/1572-9494/ad0e05
https://doi.org/10.1088/1572-9494/ad0e05
https://doi.org/10.1088/1572-9494/ad0e05
https://doi.org/10.1088/1572-9494/ad0e05
https://doi.org/10.1088/1572-9494/ad0e05
https://doi.org/10.1088/1572-9494/ad0e05
https://doi.org/10.1088/1572-9494/ad0e05
https://doi.org/10.1142/S0217751X23500410
https://doi.org/10.1142/S0217751X23500410
https://doi.org/10.1142/S0217751X23500410
https://doi.org/10.1142/S0217751X23500410
https://doi.org/10.1142/S0217751X23500410
https://doi.org/10.1142/S0217751X23500410
https://doi.org/10.1142/S0217751X23500410
https://doi.org/10.1142/S0217751X23500410
https://doi.org/10.1142/S0217751X23500410
https://doi.org/10.1016/j.dark.2023.101248
https://doi.org/10.1016/j.dark.2023.101248
https://doi.org/10.1016/j.dark.2023.101248
https://doi.org/10.1016/j.dark.2023.101248
https://doi.org/10.1016/j.dark.2023.101248
https://doi.org/10.1016/j.dark.2023.101248
https://doi.org/10.1016/j.dark.2023.101248
https://doi.org/10.1016/j.dark.2023.101248
https://doi.org/10.1016/j.dark.2023.101248
https://doi.org/10.1016/j.dark.2023.101248
https://doi.org/10.1016/j.dark.2023.101248
https://doi.org/10.1088/1402-4896/ad3e36
https://doi.org/10.1088/1402-4896/ad3e36
https://doi.org/10.1088/1402-4896/ad3e36
https://doi.org/10.1088/1402-4896/ad3e36
https://doi.org/10.1088/1402-4896/ad3e36
https://doi.org/10.1088/1402-4896/ad3e36
https://doi.org/10.1088/1402-4896/ad3e36
https://doi.org/10.1088/1402-4896/ad3e36
https://doi.org/10.1088/1402-4896/ad3e36
https://doi.org/10.1103/PhysRevD.102.064052
https://doi.org/10.1103/PhysRevD.102.064052
https://doi.org/10.1103/PhysRevD.102.064052
https://doi.org/10.1103/PhysRevD.102.064052
https://doi.org/10.1103/PhysRevD.102.064052
https://doi.org/10.1103/PhysRevD.102.064052
https://doi.org/10.1103/PhysRevD.102.064052
https://doi.org/10.1103/PhysRevD.102.064052
https://doi.org/10.1103/PhysRevD.102.064052
https://doi.org/10.1103/PhysRevD.102.064052
https://doi.org/10.1103/PhysRevD.102.064052
https://doi.org/10.1142/S0217732323500712
https://doi.org/10.1142/S0217732323500712
https://doi.org/10.1142/S0217732323500712
https://doi.org/10.1142/S0217732323500712
https://doi.org/10.1142/S0217732323500712
https://doi.org/10.1142/S0217732323500712
https://doi.org/10.1142/S0217732323500712
https://doi.org/10.1142/S0217732323500712
https://doi.org/10.1142/S0217732323500712
https://doi.org/10.1142/S0217732323500712
https://doi.org/10.1103/PhysRevD.107.084003
https://doi.org/10.1103/PhysRevD.107.084003
https://doi.org/10.1103/PhysRevD.107.084003
https://doi.org/10.1103/PhysRevD.107.084003
https://doi.org/10.1103/PhysRevD.107.084003
https://doi.org/10.1103/PhysRevD.107.084003
https://doi.org/10.1103/PhysRevD.107.084003
https://doi.org/10.1103/PhysRevD.107.084003
https://doi.org/10.1103/PhysRevD.107.084003
https://articles.adsabs.harvard.edu/pdf/1979A%26A....75..228L
https://articles.adsabs.harvard.edu/pdf/1979A%26A....75..228L
https://articles.adsabs.harvard.edu/pdf/1979A%26A....75..228L
https://articles.adsabs.harvard.edu/pdf/1979A%26A....75..228L
https://articles.adsabs.harvard.edu/pdf/1979A%26A....75..228L
https://articles.adsabs.harvard.edu/pdf/1979A%26A....75..228L
https://articles.adsabs.harvard.edu/pdf/1979A%26A....75..228L
https://articles.adsabs.harvard.edu/pdf/1979A%26A....75..228L
https://articles.adsabs.harvard.edu/pdf/1979A%26A....75..228L
https://articles.adsabs.harvard.edu/pdf/1979A%26A....75..228L
https://doi.org/10.1086/312423
https://doi.org/10.1086/312423
https://doi.org/10.1086/312423
https://doi.org/10.1086/312423
https://doi.org/10.1086/312423
https://doi.org/10.1086/312423
https://doi.org/10.1086/312423
https://doi.org/10.1086/312423
https://doi.org/10.1086/312423
https://doi.org/10.1007/s10509-012-1337-6
https://doi.org/10.1007/s10509-012-1337-6
https://doi.org/10.1007/s10509-012-1337-6
https://doi.org/10.1007/s10509-012-1337-6
https://doi.org/10.1007/s10509-012-1337-6
https://doi.org/10.1007/s10509-012-1337-6
https://doi.org/10.1007/s10509-012-1337-6
https://doi.org/10.1007/s10509-012-1337-6
https://doi.org/10.1007/s10509-012-1337-6
https://doi.org/10.1007/s10509-012-1337-6
https://doi.org/10.1103/PhysRevD.88.064004
https://doi.org/10.1103/PhysRevD.88.064004
https://doi.org/10.1103/PhysRevD.88.064004
https://doi.org/10.1103/PhysRevD.88.064004
https://doi.org/10.1103/PhysRevD.88.064004
https://doi.org/10.1103/PhysRevD.88.064004
https://doi.org/10.1103/PhysRevD.88.064004
https://doi.org/10.1103/PhysRevD.88.064004
https://doi.org/10.1103/PhysRevD.88.064004
https://doi.org/10.1103/PhysRevD.88.064004
https://doi.org/10.1103/PhysRevD.88.064004
https://doi.org/10.1007/s10509-013-1548-5
https://doi.org/10.1007/s10509-013-1548-5
https://doi.org/10.1007/s10509-013-1548-5
https://doi.org/10.1007/s10509-013-1548-5
https://doi.org/10.1007/s10509-013-1548-5
https://doi.org/10.1007/s10509-013-1548-5
https://doi.org/10.1007/s10509-013-1548-5
https://doi.org/10.1007/s10509-013-1548-5
https://doi.org/10.1007/s10509-013-1548-5
https://doi.org/10.1007/s10509-013-1548-5
https://doi.org/10.1088/1475-7516/2020/03/035
https://doi.org/10.1088/1475-7516/2020/03/035
https://doi.org/10.1088/1475-7516/2020/03/035
https://doi.org/10.1088/1475-7516/2020/03/035
https://doi.org/10.1088/1475-7516/2020/03/035
https://doi.org/10.1088/1475-7516/2020/03/035
https://doi.org/10.1088/1475-7516/2020/03/035
https://doi.org/10.1088/1475-7516/2020/03/035
https://doi.org/10.1088/1475-7516/2020/03/035
https://doi.org/10.1088/1475-7516/2020/03/035
https://doi.org/10.1088/1475-7516/2020/03/035
https://doi.org/10.1103/PhysRevD.103.104047
https://doi.org/10.1103/PhysRevD.103.104047
https://doi.org/10.1103/PhysRevD.103.104047
https://doi.org/10.1103/PhysRevD.103.104047
https://doi.org/10.1103/PhysRevD.103.104047
https://doi.org/10.1103/PhysRevD.103.104047
https://doi.org/10.1103/PhysRevD.103.104047
https://doi.org/10.1103/PhysRevD.103.104047
https://doi.org/10.1103/PhysRevD.103.104047
https://doi.org/10.1103/PhysRevD.103.104047
https://doi.org/10.1140/epjc/s10052-020-08707-z
https://doi.org/10.1140/epjc/s10052-020-08707-z
https://doi.org/10.1140/epjc/s10052-020-08707-z
https://doi.org/10.1140/epjc/s10052-020-08707-z
https://doi.org/10.1140/epjc/s10052-020-08707-z
https://doi.org/10.1140/epjc/s10052-020-08707-z
https://doi.org/10.1140/epjc/s10052-020-08707-z
https://doi.org/10.1140/epjc/s10052-020-08707-z
https://doi.org/10.1140/epjc/s10052-020-08707-z
https://doi.org/10.1088/0264-9381/17/1/309
https://doi.org/10.1088/0264-9381/17/1/309
https://doi.org/10.1088/0264-9381/17/1/309
https://doi.org/10.1088/0264-9381/17/1/309
https://doi.org/10.1088/0264-9381/17/1/309
https://doi.org/10.1088/0264-9381/17/1/309
https://doi.org/10.1088/0264-9381/17/1/309
https://doi.org/10.1088/0264-9381/17/1/309
https://doi.org/10.1088/0264-9381/17/1/309
https://doi.org/10.1088/0264-9381/17/1/309
https://doi.org/10.1093/mnras/stv2079
https://doi.org/10.1093/mnras/stv2079
https://doi.org/10.1093/mnras/stv2079
https://doi.org/10.1093/mnras/stv2079
https://doi.org/10.1093/mnras/stv2079
https://doi.org/10.1093/mnras/stv2079
https://doi.org/10.1093/mnras/stv2079
https://doi.org/10.1093/mnras/stv2079
https://doi.org/10.1093/mnras/stv2079
https://doi.org/10.1093/mnras/stv2079
https://doi.org/10.1103/PhysRevD.89.124004
https://doi.org/10.1103/PhysRevD.89.124004
https://doi.org/10.1103/PhysRevD.89.124004
https://doi.org/10.1103/PhysRevD.89.124004
https://doi.org/10.1103/PhysRevD.89.124004
https://doi.org/10.1103/PhysRevD.89.124004
https://doi.org/10.1103/PhysRevD.89.124004
https://doi.org/10.1103/PhysRevD.89.124004
https://doi.org/10.1103/PhysRevD.89.124004
https://doi.org/10.1103/PhysRevD.89.124004
https://doi.org/10.1103/PhysRevD.89.124004
https://doi.org/10.1103/PhysRevD.92.084005
https://doi.org/10.1103/PhysRevD.92.084005
https://doi.org/10.1103/PhysRevD.92.084005
https://doi.org/10.1103/PhysRevD.92.084005
https://doi.org/10.1103/PhysRevD.92.084005
https://doi.org/10.1103/PhysRevD.92.084005
https://doi.org/10.1103/PhysRevD.92.084005
https://doi.org/10.1103/PhysRevD.92.084005
https://doi.org/10.1103/PhysRevD.92.084005
https://doi.org/10.1103/PhysRevD.92.084005
https://doi.org/10.1103/PhysRevD.92.084005
https://doi.org/10.1140/epjc/s10052-016-4122-9
https://doi.org/10.1140/epjc/s10052-016-4122-9
https://doi.org/10.1140/epjc/s10052-016-4122-9
https://doi.org/10.1140/epjc/s10052-016-4122-9
https://doi.org/10.1140/epjc/s10052-016-4122-9
https://doi.org/10.1140/epjc/s10052-016-4122-9
https://doi.org/10.1140/epjc/s10052-016-4122-9
https://doi.org/10.1140/epjc/s10052-016-4122-9
https://doi.org/10.1140/epjc/s10052-016-4122-9
https://doi.org/10.1140/epjc/s10052-016-4122-9
https://doi.org/10.1140/epjc/s10052-016-4122-9
https://doi.org/10.1103/PhysRevD.74.063001
https://doi.org/10.1103/PhysRevD.74.063001
https://doi.org/10.1103/PhysRevD.74.063001
https://doi.org/10.1103/PhysRevD.74.063001
https://doi.org/10.1103/PhysRevD.74.063001
https://doi.org/10.1103/PhysRevD.74.063001
https://doi.org/10.1103/PhysRevD.74.063001
https://doi.org/10.1103/PhysRevD.74.063001
https://doi.org/10.1103/PhysRevD.74.063001
https://doi.org/10.1103/PhysRevD.69.063004
https://doi.org/10.1103/PhysRevD.69.063004
https://doi.org/10.1103/PhysRevD.69.063004
https://doi.org/10.1103/PhysRevD.69.063004
https://doi.org/10.1103/PhysRevD.69.063004
https://doi.org/10.1103/PhysRevD.69.063004
https://doi.org/10.1103/PhysRevD.69.063004
https://doi.org/10.1103/PhysRevD.69.063004
https://doi.org/10.1103/PhysRevD.69.063004
https://doi.org/10.1103/PhysRevD.62.084003
https://doi.org/10.1103/PhysRevD.62.084003
https://doi.org/10.1103/PhysRevD.62.084003
https://doi.org/10.1103/PhysRevD.62.084003
https://doi.org/10.1103/PhysRevD.62.084003
https://doi.org/10.1103/PhysRevD.62.084003
https://doi.org/10.1103/PhysRevD.62.084003
https://doi.org/10.1103/PhysRevD.62.084003
https://doi.org/10.1103/PhysRevD.62.084003
https://doi.org/10.1103/PhysRevD.65.103004
https://doi.org/10.1103/PhysRevD.65.103004
https://doi.org/10.1103/PhysRevD.65.103004
https://doi.org/10.1103/PhysRevD.65.103004
https://doi.org/10.1103/PhysRevD.65.103004
https://doi.org/10.1103/PhysRevD.65.103004
https://doi.org/10.1103/PhysRevD.65.103004
https://doi.org/10.1103/PhysRevD.65.103004
https://doi.org/10.1103/PhysRevD.65.103004
https://doi.org/10.1103/PhysRevD.79.083004
https://doi.org/10.1103/PhysRevD.79.083004
https://doi.org/10.1103/PhysRevD.79.083004
https://doi.org/10.1103/PhysRevD.79.083004
https://doi.org/10.1103/PhysRevD.79.083004
https://doi.org/10.1103/PhysRevD.79.083004
https://doi.org/10.1103/PhysRevD.79.083004
https://doi.org/10.1103/PhysRevD.79.083004
https://doi.org/10.1103/PhysRevD.79.083004
https://doi.org/10.1103/PhysRevD.79.083004
https://doi.org/10.1088/0264-9381/20/3/306
https://doi.org/10.1088/0264-9381/20/3/306
https://doi.org/10.1088/0264-9381/20/3/306
https://doi.org/10.1088/0264-9381/20/3/306
https://doi.org/10.1088/0264-9381/20/3/306
https://doi.org/10.1088/0264-9381/20/3/306


(2003)
 F. de Felice, F. Sorge, and S. Zilio, Class. Quant. Grav. 21,
961 (2004)

[54]

 J. R. Rayimbaev, Astrophys. Space Sci. 361, 288 (2016)[55]
 R. M. Wald, Phys. Rev. D 10, 1680 (1974)[56]
 A. N. Aliev, D. V. Galtsov, and V. I. Petukhov, Astrophys.
Space Sci. 124, 137 (1986)

[57]

 A.  N.  Aliev  and  D.  V.  Gal'tsov,  Sov.  Phys.  Usp.  32,  75
(1989)

[58]

 A.  N.  Aliev  and  N.  Özdemir, Mon.  Not.  R.  Astron.  Soc.
336, 241 (2002)

[59]

 C. A. Benavides-Gallego, A. Abdujabbarov, D. Malafarina
et al, Phys. Rev. D 99, 044012 (2019)

[60]

 Z. Stuchlík, J. Schee, and A. Abdujabbarov, Phys. Rev. D
89, 104048 (2014)

[61]

 Z. Stuchlík and M. Kološ, Eur. Phys. J. C 76, 32 (2016)[62]
 J.  Rayimbaev  and  P.  Tadjimuratov,  Phys.  Rev.  D  102,
024019 (2020)

[63]

 J.  Rayimbaev,  B.  Turimov,  F.  Marcos  et  al, Mod.  Phys.
Lett. A 35, 2050056 (2019)

[64]

 J. Rayimbaev, B. Turimov, and B. Ahmedov, Int. J. Mod.
Phys. D 28, 1950128 (2019)

[65]

 J.  R.  Rayimbaev,  B.  J.  Ahmedov,  N.  B.  Juraeva  et  al,
Astrophys. Space Sci. 356, 301 (2015)

[66]

 S. Chen, M. Wang, and J. Jing, JHEP 2016(9), 82 (2016)[67]
 K. Hashimoto and N. Tanahashi, Phys. Rev. D 95, 024007
(2017)

[68]

 S.  Dalui,  B.  R.  Majhi,  and  P.  Mishra,  Phys.  Lett.  B 788,
486 (2019)

[69]

 W. Han, Gen. Relativ. Gravit. 40, 1831 (2008)[70]
 A.  P.  S.  de  Moura,  and  P.  S.  Letelier,  Phys.  Rev.  E  61,
6506 (2000)

[71]

 V.  S.  Morozova,  L.  Rezzolla,  and  B.  J.  Ahmedov,  Phys.
Rev. D 89, 104030 (2014)

[72]

 B. Narzilloev,  J.  Rayimbaev,  A.  Abdujabbarov et  al, Eur.
Phys. J. C 80, 1074 (2020)

[73]

 Z.  Stuchlík,  M.  Kološ,  J.  Kovář  et  al,  Universe  6,  26
(2020)

[74]

 J. D. Bekenstein, Phys. Rev. D 7, 2333 (1973)[75]
 J. D. Bekenstein, Phys. Rev. D 9, 3292 (1974)[76]
 S. W. Hawking, Commun. Math. Phys. 43, 199 (1975)[77]
 N. Altamirano,  D.  Kubiznak,  R.  B.  Mann et  al., Galaxies
2, 89 (2014)

[78]

 L. Susskind, J. Math. Phys. 36, 6377 (1995)[79]
 R. Bousso, Rev. Mod. Phys. 74, 825 (2002)[80]
 D. Bak and S. J. Rey, Class. Quant. Grav. 17, L1 (2000)[81]
 S. K. Rama, Phys. Lett. B 457, 268 (1999)[82]
 A.  Ashtekar,  Lectures  on  Non-perturbative  Canonical
Gravity, (Singapore: World Scientific , 1991)

[83]

 T.  R.  Govindarajan,  R.  K.  Kaul,  and  V.  Suneeta,  Class.
Quant. Grav. 18, 2877 (2001)

[84]

 S. Carlip, Class. Quant. Grav. 17, 4175 (2000)[85]
 R. B. Mann and S. N. Solodukhin, Nucl. Phys. B 523, 293
(1998)

[86]

 A.  J.  M.  Medved  and  G.  Kunstatter,  Phys.  Rev.  D  60,
104029 (1999)

[87]

 A.  J.  M.  Medved  and  G.  Kunstatter,  Phys.  Rev.  D  63,
104005 (2001)

[88]

 S. N. Solodukhin, Phys. Rev. D 57, 2410 (1998)[89]
 A. Sen, JHEP 04, 156 (2013)[90]
 A. Sen, Entropy 13, 1305 (2011)[91]
 D. A. Lowe and S. Roy, Phys. Rev. D 82, 063508 (2010)[92]
 J. Jing and M. L. Yan, Phys. Rev. D 63, 084028 (2001)[93]

 D. Birmingham and S. Sen, Phys. Rev. D 63, 47501 (2001)[94]
 S. Fernando, Gen. Relativ. Gravit. 37, 461 (2005)[95]
 T.  Harmark,  J.  Natario,  and  R.  Schiappa,  Adv.  Theor.
Math. Phys. 14, 727 (2010)

[96]

 P.  Boonserm,  C.  H.  Chen,  T.  Ngampitipan  et  al.,  Phys.
Rev. D 104, 084054 (2021)

[97]

 K.  Jusufi,  M.  Amir,  M.  S.  Ali,  et  al.,  Phys.  Rev.  D 102,
064020 (2020)

[98]

 M.  K.  Parikh  and  F.  Wilczek,  Phys.  Rev.  Lett.  85,  5042
(2000)

[99]

 P. Boonserm, T. Ngampitipan, and P. Wongjun, Eur. Phys.
J. C 79, 330 (2019)

[100]

 I. Sakalli, Phys. Rev. D 94, 084040 (2016)[101]
 A.  Al-Badawi,  I.  Sakalli,  and  S.  Kanzi,  Ann.  Phys.  412,
168026 (2020)

[102]

 A. Al-Badawi, S. Kanzi,  and I.  Sakalli, Eur.  Phys. J.  Plus
135, 219 (2020)

[103]

 H. Gursel and I. Sakalli, Eur. Phys. J. C 80, 234 (2020)[104]
 S. Kanzi and İ. Sakallı, Eur. Phys. J. C 81, 501 (2021)[105]
 F. J. Zerill, Phys. Rev. D 9, 860 (1974)[106]
 S. S. Gubser, Commun. Math. Phys. 203, 325 (1999)[107]
 J. M. Maldacena and A. Strominger, Phys. Rev. D 55, 861
(1997)

[108]

 I. R. Klebanov and S. D. Mathur, Nucl. Phys. B 500, 115
(1997)

[109]

 Y.  S.  Myung  and  H.  W.  Lee,  Class.  Quantum  Grav.  20,
3533 (2003)

[110]

 P. R. Anderson, A. Fabbri, and R. Balbinot, Phys. Rev. D
91, 064061 (2015)

[111]

 S. S. Gubser and I. R. Klebanov, Phys. Rev. Lett. 77, 4491
(1996)

[112]

 M. Cvetic and F. Larsen, Phys. Rev. D 56, 4994 (1997)[113]
 W.T. Kim and J. J. Oh, Phys. Lett. B 461, 189 (1999)[114]
 L. H. Ford, Phys. Rev. D 12, 2963 (1975)[115]
 A. D. Sakharov, Sov. J. Exp. Theor. Phys. 22, 241 (1966)[116]
 E.B. Gliner, Sov. J. Exp. Theor. Phys. 22, 378 (1966)[117]
 J. Bardeen, in Proceedings of the International Conference
GR5, (Russia, 1968)

[118]

 E.  Ayon-Beato  and  A.  Garcia,  Phys.  Lett.  B  493,  149
(2000)

[119]

 K. A. Bronnikov, Phys. Rev. Lett. 85, 4641 (2000)[120]
 K. A. Bronnikov, Phys. Rev. D 63, 044005 (2001)[121]
 S. Ansoldi, arXiv: 0802.0330[122]
 J.  P.  S.  Lemos  and  V.  T.  Zanchin,  Phys.  Rev.  D  83,
124005 (2011)

[123]

 J.  Schee  and  Z.  Stuchlik,  J.  Cosmol.  Astropart.  Phys. 06,
48 (2015)

[124]

 M.  S.  Ali  and  S.  G.  Ghosh,  Phys.  Rev.  D  98,  084025
(2018)

[125]

 A.  Kumar,  D.V.  Singh,  and  S.G.  Ghosh,  Eur.  Phys.  J.  C
79, 275 (2019)

[126]

 I. Dymnikova, Gen. Relativ. Gravit. 24, 235 (1992)[127]
 I. Dymnikova, Class. Quant. Grav. 21, 4417 (2004)[128]
 L.  Xiang,  Y.  Ling,  and  Y.  G.  Shen,  Int.  J.  Mod.  Phys.  D
22, 1342016 (2013)

[129]

 L. Balart and E. C. Vagenas, Phys. Lett. B 730, 14 (2014)[130]
 L.  Balart  and  E.C.  Vagenas,  Phys.  Rev.  D  90,  124045
(2014)

[131]

 J. C. S. Neves and A. Saa, Phys. Lett. B 734, 44 (2014)[132]
 S. Fernando, Int. J. Mod. Phys. D 26, 1750071 (2017)[133]
 S. A. Hayward, Phys. Rev. Lett. 96, 031103 (2006)[134]
 S.  G.  Ghosh,  A.  Kumar,  and  D.  V.  Singh,  Phys.  Dark
Univ. 30, 100660 (2020)

[135]

Allah Ditta, Sulaman Shaukat, Faisal Javed et al. Chin. Phys. C 49, 115104 (2025)

115104-16

https://doi.org/10.1088/0264-9381/20/3/306
https://doi.org/10.1088/0264-9381/20/3/306
https://doi.org/10.1088/0264-9381/20/3/306
https://doi.org/10.1088/0264-9381/21/4/016
https://doi.org/10.1088/0264-9381/21/4/016
https://doi.org/10.1088/0264-9381/21/4/016
https://doi.org/10.1088/0264-9381/21/4/016
https://doi.org/10.1088/0264-9381/21/4/016
https://doi.org/10.1088/0264-9381/21/4/016
https://doi.org/10.1088/0264-9381/21/4/016
https://doi.org/10.1088/0264-9381/21/4/016
https://doi.org/10.1088/0264-9381/21/4/016
https://doi.org/10.1007/s10509-016-2879-9
https://doi.org/10.1007/s10509-016-2879-9
https://doi.org/10.1007/s10509-016-2879-9
https://doi.org/10.1007/s10509-016-2879-9
https://doi.org/10.1007/s10509-016-2879-9
https://doi.org/10.1007/s10509-016-2879-9
https://doi.org/10.1007/s10509-016-2879-9
https://doi.org/10.1007/s10509-016-2879-9
https://doi.org/10.1007/s10509-016-2879-9
https://doi.org/10.1007/s10509-016-2879-9
https://doi.org/10.1103/PhysRevD.10.1680
https://doi.org/10.1103/PhysRevD.10.1680
https://doi.org/10.1103/PhysRevD.10.1680
https://doi.org/10.1103/PhysRevD.10.1680
https://doi.org/10.1103/PhysRevD.10.1680
https://doi.org/10.1103/PhysRevD.10.1680
https://doi.org/10.1103/PhysRevD.10.1680
https://doi.org/10.1103/PhysRevD.10.1680
https://doi.org/10.1103/PhysRevD.10.1680
https://doi.org/10.1103/PhysRevD.10.1680
https://doi.org/10.1007/BF00649756
https://doi.org/10.1007/BF00649756
https://doi.org/10.1007/BF00649756
https://doi.org/10.1007/BF00649756
https://doi.org/10.1007/BF00649756
https://doi.org/10.1007/BF00649756
https://doi.org/10.1007/BF00649756
https://doi.org/10.1007/BF00649756
https://doi.org/10.1007/BF00649756
https://doi.org/10.1007/BF00649756
https://doi.org/10.1007/BF00649756
https://doi.org/10.1070/PU1989v032n01ABEH002677
https://doi.org/10.1070/PU1989v032n01ABEH002677
https://doi.org/10.1070/PU1989v032n01ABEH002677
https://doi.org/10.1070/PU1989v032n01ABEH002677
https://doi.org/10.1070/PU1989v032n01ABEH002677
https://doi.org/10.1070/PU1989v032n01ABEH002677
https://doi.org/10.1070/PU1989v032n01ABEH002677
https://doi.org/10.1070/PU1989v032n01ABEH002677
https://doi.org/10.1070/PU1989v032n01ABEH002677
https://doi.org/10.1046/j.1365-8711.2002.05727.x
https://doi.org/10.1046/j.1365-8711.2002.05727.x
https://doi.org/10.1046/j.1365-8711.2002.05727.x
https://doi.org/10.1046/j.1365-8711.2002.05727.x
https://doi.org/10.1046/j.1365-8711.2002.05727.x
https://doi.org/10.1046/j.1365-8711.2002.05727.x
https://doi.org/10.1046/j.1365-8711.2002.05727.x
https://doi.org/10.1046/j.1365-8711.2002.05727.x
https://doi.org/10.1046/j.1365-8711.2002.05727.x
https://doi.org/10.1103/PhysRevD.99.044012
https://doi.org/10.1103/PhysRevD.99.044012
https://doi.org/10.1103/PhysRevD.99.044012
https://doi.org/10.1103/PhysRevD.99.044012
https://doi.org/10.1103/PhysRevD.99.044012
https://doi.org/10.1103/PhysRevD.99.044012
https://doi.org/10.1103/PhysRevD.99.044012
https://doi.org/10.1103/PhysRevD.99.044012
https://doi.org/10.1103/PhysRevD.99.044012
https://doi.org/10.1103/PhysRevD.99.044012
https://doi.org/10.1103/PhysRevD.89.104048
https://doi.org/10.1103/PhysRevD.89.104048
https://doi.org/10.1103/PhysRevD.89.104048
https://doi.org/10.1103/PhysRevD.89.104048
https://doi.org/10.1103/PhysRevD.89.104048
https://doi.org/10.1103/PhysRevD.89.104048
https://doi.org/10.1103/PhysRevD.89.104048
https://doi.org/10.1103/PhysRevD.89.104048
https://doi.org/10.1103/PhysRevD.89.104048
https://doi.org/10.1140/epjc/s10052-015-3862-2
https://doi.org/10.1140/epjc/s10052-015-3862-2
https://doi.org/10.1140/epjc/s10052-015-3862-2
https://doi.org/10.1140/epjc/s10052-015-3862-2
https://doi.org/10.1140/epjc/s10052-015-3862-2
https://doi.org/10.1140/epjc/s10052-015-3862-2
https://doi.org/10.1140/epjc/s10052-015-3862-2
https://doi.org/10.1140/epjc/s10052-015-3862-2
https://doi.org/10.1140/epjc/s10052-015-3862-2
https://doi.org/10.1140/epjc/s10052-015-3862-2
https://doi.org/10.1103/PhysRevD.102.024019
https://doi.org/10.1103/PhysRevD.102.024019
https://doi.org/10.1103/PhysRevD.102.024019
https://doi.org/10.1103/PhysRevD.102.024019
https://doi.org/10.1103/PhysRevD.102.024019
https://doi.org/10.1103/PhysRevD.102.024019
https://doi.org/10.1103/PhysRevD.102.024019
https://doi.org/10.1103/PhysRevD.102.024019
https://doi.org/10.1103/PhysRevD.102.024019
https://doi.org/10.1142/S021773232050056X
https://doi.org/10.1142/S021773232050056X
https://doi.org/10.1142/S021773232050056X
https://doi.org/10.1142/S021773232050056X
https://doi.org/10.1142/S021773232050056X
https://doi.org/10.1142/S021773232050056X
https://doi.org/10.1142/S021773232050056X
https://doi.org/10.1142/S021773232050056X
https://doi.org/10.1142/S021773232050056X
https://doi.org/10.1142/S021773232050056X
https://doi.org/10.1142/S021773232050056X
https://doi.org/10.1142/S0218271819501281
https://doi.org/10.1142/S0218271819501281
https://doi.org/10.1142/S0218271819501281
https://doi.org/10.1142/S0218271819501281
https://doi.org/10.1142/S0218271819501281
https://doi.org/10.1142/S0218271819501281
https://doi.org/10.1142/S0218271819501281
https://doi.org/10.1142/S0218271819501281
https://doi.org/10.1142/S0218271819501281
https://doi.org/10.1142/S0218271819501281
https://doi.org/10.1142/S0218271819501281
https://doi.org/10.1007/s10509-014-2208-0
https://doi.org/10.1007/s10509-014-2208-0
https://doi.org/10.1007/s10509-014-2208-0
https://doi.org/10.1007/s10509-014-2208-0
https://doi.org/10.1007/s10509-014-2208-0
https://doi.org/10.1007/s10509-014-2208-0
https://doi.org/10.1007/s10509-014-2208-0
https://doi.org/10.1007/s10509-014-2208-0
https://doi.org/10.1007/s10509-014-2208-0
https://doi.org/10.1007/s10509-014-2208-0
https://doi.org/10.1007/JHEP09(2016)082
https://doi.org/10.1007/JHEP09(2016)082
https://doi.org/10.1007/JHEP09(2016)082
https://doi.org/10.1007/JHEP09(2016)082
https://doi.org/10.1007/JHEP09(2016)082
https://doi.org/10.1007/JHEP09(2016)082
https://doi.org/10.1007/JHEP09(2016)082
https://doi.org/10.1007/JHEP09(2016)082
https://doi.org/10.1007/JHEP09(2016)082
https://doi.org/10.1007/JHEP09(2016)082
https://doi.org/10.1007/JHEP09(2016)082
https://doi.org/10.1007/JHEP09(2016)082
https://doi.org/10.1103/PhysRevD.95.024007
https://doi.org/10.1103/PhysRevD.95.024007
https://doi.org/10.1103/PhysRevD.95.024007
https://doi.org/10.1103/PhysRevD.95.024007
https://doi.org/10.1103/PhysRevD.95.024007
https://doi.org/10.1103/PhysRevD.95.024007
https://doi.org/10.1103/PhysRevD.95.024007
https://doi.org/10.1103/PhysRevD.95.024007
https://doi.org/10.1103/PhysRevD.95.024007
https://doi.org/10.1016/j.physletb.2018.11.050
https://doi.org/10.1016/j.physletb.2018.11.050
https://doi.org/10.1016/j.physletb.2018.11.050
https://doi.org/10.1016/j.physletb.2018.11.050
https://doi.org/10.1016/j.physletb.2018.11.050
https://doi.org/10.1016/j.physletb.2018.11.050
https://doi.org/10.1016/j.physletb.2018.11.050
https://doi.org/10.1016/j.physletb.2018.11.050
https://doi.org/10.1016/j.physletb.2018.11.050
https://doi.org/10.1007/s10714-007-0598-9
https://doi.org/10.1007/s10714-007-0598-9
https://doi.org/10.1007/s10714-007-0598-9
https://doi.org/10.1007/s10714-007-0598-9
https://doi.org/10.1007/s10714-007-0598-9
https://doi.org/10.1007/s10714-007-0598-9
https://doi.org/10.1007/s10714-007-0598-9
https://doi.org/10.1007/s10714-007-0598-9
https://doi.org/10.1007/s10714-007-0598-9
https://doi.org/10.1007/s10714-007-0598-9
https://doi.org/10.1103/PhysRevE.61.6506
https://doi.org/10.1103/PhysRevE.61.6506
https://doi.org/10.1103/PhysRevE.61.6506
https://doi.org/10.1103/PhysRevE.61.6506
https://doi.org/10.1103/PhysRevE.61.6506
https://doi.org/10.1103/PhysRevE.61.6506
https://doi.org/10.1103/PhysRevE.61.6506
https://doi.org/10.1103/PhysRevE.61.6506
https://doi.org/10.1103/PhysRevE.61.6506
https://doi.org/10.1103/PhysRevD.89.104030
https://doi.org/10.1103/PhysRevD.89.104030
https://doi.org/10.1103/PhysRevD.89.104030
https://doi.org/10.1103/PhysRevD.89.104030
https://doi.org/10.1103/PhysRevD.89.104030
https://doi.org/10.1103/PhysRevD.89.104030
https://doi.org/10.1103/PhysRevD.89.104030
https://doi.org/10.1103/PhysRevD.89.104030
https://doi.org/10.1103/PhysRevD.89.104030
https://doi.org/10.1103/PhysRevD.89.104030
https://doi.org/10.1103/PhysRevD.89.104030
https://doi.org/10.1140/epjc/s10052-020-08623-2
https://doi.org/10.1140/epjc/s10052-020-08623-2
https://doi.org/10.1140/epjc/s10052-020-08623-2
https://doi.org/10.1140/epjc/s10052-020-08623-2
https://doi.org/10.1140/epjc/s10052-020-08623-2
https://doi.org/10.1140/epjc/s10052-020-08623-2
https://doi.org/10.1140/epjc/s10052-020-08623-2
https://doi.org/10.1140/epjc/s10052-020-08623-2
https://doi.org/10.1140/epjc/s10052-020-08623-2
https://doi.org/10.1140/epjc/s10052-020-08623-2
https://doi.org/10.1140/epjc/s10052-020-08623-2
https://doi.org/10.3390/universe6020026
https://doi.org/10.3390/universe6020026
https://doi.org/10.3390/universe6020026
https://doi.org/10.3390/universe6020026
https://doi.org/10.3390/universe6020026
https://doi.org/10.3390/universe6020026
https://doi.org/10.3390/universe6020026
https://doi.org/10.3390/universe6020026
https://doi.org/10.3390/universe6020026
https://doi.org/10.1103/PhysRevD.7.2333
https://doi.org/10.1103/PhysRevD.7.2333
https://doi.org/10.1103/PhysRevD.7.2333
https://doi.org/10.1103/PhysRevD.7.2333
https://doi.org/10.1103/PhysRevD.7.2333
https://doi.org/10.1103/PhysRevD.7.2333
https://doi.org/10.1103/PhysRevD.7.2333
https://doi.org/10.1103/PhysRevD.7.2333
https://doi.org/10.1103/PhysRevD.7.2333
https://doi.org/10.1103/PhysRevD.7.2333
https://doi.org/10.1103/PhysRevD.9.3292
https://doi.org/10.1103/PhysRevD.9.3292
https://doi.org/10.1103/PhysRevD.9.3292
https://doi.org/10.1103/PhysRevD.9.3292
https://doi.org/10.1103/PhysRevD.9.3292
https://doi.org/10.1103/PhysRevD.9.3292
https://doi.org/10.1103/PhysRevD.9.3292
https://doi.org/10.1103/PhysRevD.9.3292
https://doi.org/10.1103/PhysRevD.9.3292
https://doi.org/10.1103/PhysRevD.9.3292
https://doi.org/10.1007/BF02345020
https://doi.org/10.1007/BF02345020
https://doi.org/10.1007/BF02345020
https://doi.org/10.1007/BF02345020
https://doi.org/10.1007/BF02345020
https://doi.org/10.1007/BF02345020
https://doi.org/10.1007/BF02345020
https://doi.org/10.1007/BF02345020
https://doi.org/10.1007/BF02345020
https://doi.org/10.1007/BF02345020
https://doi.org/10.3390/galaxies2010089
https://doi.org/10.3390/galaxies2010089
https://doi.org/10.3390/galaxies2010089
https://doi.org/10.3390/galaxies2010089
https://doi.org/10.3390/galaxies2010089
https://doi.org/10.3390/galaxies2010089
https://doi.org/10.3390/galaxies2010089
https://doi.org/10.3390/galaxies2010089
https://doi.org/10.3390/galaxies2010089
https://doi.org/10.1063/1.531249
https://doi.org/10.1063/1.531249
https://doi.org/10.1063/1.531249
https://doi.org/10.1063/1.531249
https://doi.org/10.1063/1.531249
https://doi.org/10.1063/1.531249
https://doi.org/10.1063/1.531249
https://doi.org/10.1063/1.531249
https://doi.org/10.1063/1.531249
https://doi.org/10.1063/1.531249
https://doi.org/10.1103/RevModPhys.74.825
https://doi.org/10.1103/RevModPhys.74.825
https://doi.org/10.1103/RevModPhys.74.825
https://doi.org/10.1103/RevModPhys.74.825
https://doi.org/10.1103/RevModPhys.74.825
https://doi.org/10.1103/RevModPhys.74.825
https://doi.org/10.1103/RevModPhys.74.825
https://doi.org/10.1103/RevModPhys.74.825
https://doi.org/10.1103/RevModPhys.74.825
https://doi.org/10.1103/RevModPhys.74.825
https://doi.org/10.1088/0264-9381/17/1/101
https://doi.org/10.1088/0264-9381/17/1/101
https://doi.org/10.1088/0264-9381/17/1/101
https://doi.org/10.1088/0264-9381/17/1/101
https://doi.org/10.1088/0264-9381/17/1/101
https://doi.org/10.1088/0264-9381/17/1/101
https://doi.org/10.1088/0264-9381/17/1/101
https://doi.org/10.1088/0264-9381/17/1/101
https://doi.org/10.1088/0264-9381/17/1/101
https://doi.org/10.1088/0264-9381/17/1/101
https://doi.org/10.1016/S0370-2693(99)00556-0
https://doi.org/10.1016/S0370-2693(99)00556-0
https://doi.org/10.1016/S0370-2693(99)00556-0
https://doi.org/10.1016/S0370-2693(99)00556-0
https://doi.org/10.1016/S0370-2693(99)00556-0
https://doi.org/10.1016/S0370-2693(99)00556-0
https://doi.org/10.1016/S0370-2693(99)00556-0
https://doi.org/10.1016/S0370-2693(99)00556-0
https://doi.org/10.1016/S0370-2693(99)00556-0
https://doi.org/10.1016/S0370-2693(99)00556-0
https://doi.org/10.1088/0264-9381/18/15/303
https://doi.org/10.1088/0264-9381/18/15/303
https://doi.org/10.1088/0264-9381/18/15/303
https://doi.org/10.1088/0264-9381/18/15/303
https://doi.org/10.1088/0264-9381/18/15/303
https://doi.org/10.1088/0264-9381/18/15/303
https://doi.org/10.1088/0264-9381/18/15/303
https://doi.org/10.1088/0264-9381/18/15/303
https://doi.org/10.1088/0264-9381/18/15/303
https://doi.org/10.1088/0264-9381/18/15/303
https://doi.org/10.1088/0264-9381/18/15/303
https://doi.org/10.1088/0264-9381/17/20/302
https://doi.org/10.1088/0264-9381/17/20/302
https://doi.org/10.1088/0264-9381/17/20/302
https://doi.org/10.1088/0264-9381/17/20/302
https://doi.org/10.1088/0264-9381/17/20/302
https://doi.org/10.1088/0264-9381/17/20/302
https://doi.org/10.1088/0264-9381/17/20/302
https://doi.org/10.1088/0264-9381/17/20/302
https://doi.org/10.1088/0264-9381/17/20/302
https://doi.org/10.1088/0264-9381/17/20/302
https://doi.org/10.1016/S0550-3213(98)00094-7
https://doi.org/10.1016/S0550-3213(98)00094-7
https://doi.org/10.1016/S0550-3213(98)00094-7
https://doi.org/10.1016/S0550-3213(98)00094-7
https://doi.org/10.1016/S0550-3213(98)00094-7
https://doi.org/10.1016/S0550-3213(98)00094-7
https://doi.org/10.1016/S0550-3213(98)00094-7
https://doi.org/10.1016/S0550-3213(98)00094-7
https://doi.org/10.1016/S0550-3213(98)00094-7
https://doi.org/10.1103/PhysRevD.60.104029
https://doi.org/10.1103/PhysRevD.60.104029
https://doi.org/10.1103/PhysRevD.60.104029
https://doi.org/10.1103/PhysRevD.60.104029
https://doi.org/10.1103/PhysRevD.60.104029
https://doi.org/10.1103/PhysRevD.60.104029
https://doi.org/10.1103/PhysRevD.60.104029
https://doi.org/10.1103/PhysRevD.60.104029
https://doi.org/10.1103/PhysRevD.60.104029
https://doi.org/10.1103/PhysRevD.63.104005
https://doi.org/10.1103/PhysRevD.63.104005
https://doi.org/10.1103/PhysRevD.63.104005
https://doi.org/10.1103/PhysRevD.63.104005
https://doi.org/10.1103/PhysRevD.63.104005
https://doi.org/10.1103/PhysRevD.63.104005
https://doi.org/10.1103/PhysRevD.63.104005
https://doi.org/10.1103/PhysRevD.63.104005
https://doi.org/10.1103/PhysRevD.63.104005
https://doi.org/10.1103/PhysRevD.57.2410
https://doi.org/10.1103/PhysRevD.57.2410
https://doi.org/10.1103/PhysRevD.57.2410
https://doi.org/10.1103/PhysRevD.57.2410
https://doi.org/10.1103/PhysRevD.57.2410
https://doi.org/10.1103/PhysRevD.57.2410
https://doi.org/10.1103/PhysRevD.57.2410
https://doi.org/10.1103/PhysRevD.57.2410
https://doi.org/10.1103/PhysRevD.57.2410
https://doi.org/10.1103/PhysRevD.57.2410
https://doi.org/10.1007/JHEP04(2013)156
https://doi.org/10.1007/JHEP04(2013)156
https://doi.org/10.1007/JHEP04(2013)156
https://doi.org/10.1007/JHEP04(2013)156
https://doi.org/10.1007/JHEP04(2013)156
https://doi.org/10.1007/JHEP04(2013)156
https://doi.org/10.1007/JHEP04(2013)156
https://doi.org/10.1007/JHEP04(2013)156
https://doi.org/10.1007/JHEP04(2013)156
https://doi.org/10.1007/JHEP04(2013)156
https://doi.org/10.3390/e13071305
https://doi.org/10.3390/e13071305
https://doi.org/10.3390/e13071305
https://doi.org/10.3390/e13071305
https://doi.org/10.3390/e13071305
https://doi.org/10.3390/e13071305
https://doi.org/10.3390/e13071305
https://doi.org/10.3390/e13071305
https://doi.org/10.3390/e13071305
https://doi.org/10.3390/e13071305
https://doi.org/10.1103/PhysRevD.82.063508
https://doi.org/10.1103/PhysRevD.82.063508
https://doi.org/10.1103/PhysRevD.82.063508
https://doi.org/10.1103/PhysRevD.82.063508
https://doi.org/10.1103/PhysRevD.82.063508
https://doi.org/10.1103/PhysRevD.82.063508
https://doi.org/10.1103/PhysRevD.82.063508
https://doi.org/10.1103/PhysRevD.82.063508
https://doi.org/10.1103/PhysRevD.82.063508
https://doi.org/10.1103/PhysRevD.82.063508
https://doi.org/10.1103/PhysRevD.63.084028
https://doi.org/10.1103/PhysRevD.63.084028
https://doi.org/10.1103/PhysRevD.63.084028
https://doi.org/10.1103/PhysRevD.63.084028
https://doi.org/10.1103/PhysRevD.63.084028
https://doi.org/10.1103/PhysRevD.63.084028
https://doi.org/10.1103/PhysRevD.63.084028
https://doi.org/10.1103/PhysRevD.63.084028
https://doi.org/10.1103/PhysRevD.63.084028
https://doi.org/10.1103/PhysRevD.63.084028
https://doi.org/10.1103/PhysRevD.63.047501
https://doi.org/10.1103/PhysRevD.63.047501
https://doi.org/10.1103/PhysRevD.63.047501
https://doi.org/10.1103/PhysRevD.63.047501
https://doi.org/10.1103/PhysRevD.63.047501
https://doi.org/10.1103/PhysRevD.63.047501
https://doi.org/10.1103/PhysRevD.63.047501
https://doi.org/10.1103/PhysRevD.63.047501
https://doi.org/10.1103/PhysRevD.63.047501
https://doi.org/10.1103/PhysRevD.63.047501
https://doi.org/10.1007/s10714-005-0035-x
https://doi.org/10.1007/s10714-005-0035-x
https://doi.org/10.1007/s10714-005-0035-x
https://doi.org/10.1007/s10714-005-0035-x
https://doi.org/10.1007/s10714-005-0035-x
https://doi.org/10.1007/s10714-005-0035-x
https://doi.org/10.1007/s10714-005-0035-x
https://doi.org/10.1007/s10714-005-0035-x
https://doi.org/10.1007/s10714-005-0035-x
https://doi.org/10.1007/s10714-005-0035-x
https://doi.org/10.4310/ATMP.2010.v14.n3.a1
https://doi.org/10.4310/ATMP.2010.v14.n3.a1
https://doi.org/10.4310/ATMP.2010.v14.n3.a1
https://doi.org/10.4310/ATMP.2010.v14.n3.a1
https://doi.org/10.4310/ATMP.2010.v14.n3.a1
https://doi.org/10.4310/ATMP.2010.v14.n3.a1
https://doi.org/10.4310/ATMP.2010.v14.n3.a1
https://doi.org/10.4310/ATMP.2010.v14.n3.a1
https://doi.org/10.4310/ATMP.2010.v14.n3.a1
https://doi.org/10.4310/ATMP.2010.v14.n3.a1
https://doi.org/10.4310/ATMP.2010.v14.n3.a1
https://doi.org/10.1103/PhysRevD.104.084054
https://doi.org/10.1103/PhysRevD.104.084054
https://doi.org/10.1103/PhysRevD.104.084054
https://doi.org/10.1103/PhysRevD.104.084054
https://doi.org/10.1103/PhysRevD.104.084054
https://doi.org/10.1103/PhysRevD.104.084054
https://doi.org/10.1103/PhysRevD.104.084054
https://doi.org/10.1103/PhysRevD.104.084054
https://doi.org/10.1103/PhysRevD.104.084054
https://doi.org/10.1103/PhysRevD.104.084054
https://doi.org/10.1103/PhysRevD.104.084054
https://doi.org/10.1103/PhysRevD.102.064020
https://doi.org/10.1103/PhysRevD.102.064020
https://doi.org/10.1103/PhysRevD.102.064020
https://doi.org/10.1103/PhysRevD.102.064020
https://doi.org/10.1103/PhysRevD.102.064020
https://doi.org/10.1103/PhysRevD.102.064020
https://doi.org/10.1103/PhysRevD.102.064020
https://doi.org/10.1103/PhysRevD.102.064020
https://doi.org/10.1103/PhysRevD.102.064020
https://doi.org/10.1103/PhysRevLett.85.5042
https://doi.org/10.1103/PhysRevLett.85.5042
https://doi.org/10.1103/PhysRevLett.85.5042
https://doi.org/10.1103/PhysRevLett.85.5042
https://doi.org/10.1103/PhysRevLett.85.5042
https://doi.org/10.1103/PhysRevLett.85.5042
https://doi.org/10.1103/PhysRevLett.85.5042
https://doi.org/10.1103/PhysRevLett.85.5042
https://doi.org/10.1103/PhysRevLett.85.5042
https://doi.org/10.1140/epjc/s10052-019-6827-z
https://doi.org/10.1140/epjc/s10052-019-6827-z
https://doi.org/10.1140/epjc/s10052-019-6827-z
https://doi.org/10.1140/epjc/s10052-019-6827-z
https://doi.org/10.1140/epjc/s10052-019-6827-z
https://doi.org/10.1140/epjc/s10052-019-6827-z
https://doi.org/10.1140/epjc/s10052-019-6827-z
https://doi.org/10.1140/epjc/s10052-019-6827-z
https://doi.org/10.1140/epjc/s10052-019-6827-z
https://doi.org/10.1140/epjc/s10052-019-6827-z
https://doi.org/10.1140/epjc/s10052-019-6827-z
https://doi.org/10.1103/PhysRevD.94.084040
https://doi.org/10.1103/PhysRevD.94.084040
https://doi.org/10.1103/PhysRevD.94.084040
https://doi.org/10.1103/PhysRevD.94.084040
https://doi.org/10.1103/PhysRevD.94.084040
https://doi.org/10.1103/PhysRevD.94.084040
https://doi.org/10.1103/PhysRevD.94.084040
https://doi.org/10.1103/PhysRevD.94.084040
https://doi.org/10.1103/PhysRevD.94.084040
https://doi.org/10.1103/PhysRevD.94.084040
https://doi.org/10.1016/j.aop.2019.168026
https://doi.org/10.1016/j.aop.2019.168026
https://doi.org/10.1016/j.aop.2019.168026
https://doi.org/10.1016/j.aop.2019.168026
https://doi.org/10.1016/j.aop.2019.168026
https://doi.org/10.1016/j.aop.2019.168026
https://doi.org/10.1016/j.aop.2019.168026
https://doi.org/10.1016/j.aop.2019.168026
https://doi.org/10.1016/j.aop.2019.168026
https://doi.org/10.1140/epjp/s13360-020-00245-7
https://doi.org/10.1140/epjp/s13360-020-00245-7
https://doi.org/10.1140/epjp/s13360-020-00245-7
https://doi.org/10.1140/epjp/s13360-020-00245-7
https://doi.org/10.1140/epjp/s13360-020-00245-7
https://doi.org/10.1140/epjp/s13360-020-00245-7
https://doi.org/10.1140/epjp/s13360-020-00245-7
https://doi.org/10.1140/epjp/s13360-020-00245-7
https://doi.org/10.1140/epjp/s13360-020-00245-7
https://doi.org/10.1140/epjc/s10052-020-7791-3
https://doi.org/10.1140/epjc/s10052-020-7791-3
https://doi.org/10.1140/epjc/s10052-020-7791-3
https://doi.org/10.1140/epjc/s10052-020-7791-3
https://doi.org/10.1140/epjc/s10052-020-7791-3
https://doi.org/10.1140/epjc/s10052-020-7791-3
https://doi.org/10.1140/epjc/s10052-020-7791-3
https://doi.org/10.1140/epjc/s10052-020-7791-3
https://doi.org/10.1140/epjc/s10052-020-7791-3
https://doi.org/10.1140/epjc/s10052-020-7791-3
https://doi.org/10.1140/epjc/s10052-021-09299-y
https://doi.org/10.1140/epjc/s10052-021-09299-y
https://doi.org/10.1140/epjc/s10052-021-09299-y
https://doi.org/10.1140/epjc/s10052-021-09299-y
https://doi.org/10.1140/epjc/s10052-021-09299-y
https://doi.org/10.1140/epjc/s10052-021-09299-y
https://doi.org/10.1140/epjc/s10052-021-09299-y
https://doi.org/10.1140/epjc/s10052-021-09299-y
https://doi.org/10.1140/epjc/s10052-021-09299-y
https://doi.org/10.1140/epjc/s10052-021-09299-y
https://doi.org/10.1103/PhysRevD.9.860
https://doi.org/10.1103/PhysRevD.9.860
https://doi.org/10.1103/PhysRevD.9.860
https://doi.org/10.1103/PhysRevD.9.860
https://doi.org/10.1103/PhysRevD.9.860
https://doi.org/10.1103/PhysRevD.9.860
https://doi.org/10.1103/PhysRevD.9.860
https://doi.org/10.1103/PhysRevD.9.860
https://doi.org/10.1103/PhysRevD.9.860
https://doi.org/10.1103/PhysRevD.9.860
https://doi.org/10.1007/s002200050614
https://doi.org/10.1007/s002200050614
https://doi.org/10.1007/s002200050614
https://doi.org/10.1007/s002200050614
https://doi.org/10.1007/s002200050614
https://doi.org/10.1007/s002200050614
https://doi.org/10.1007/s002200050614
https://doi.org/10.1007/s002200050614
https://doi.org/10.1007/s002200050614
https://doi.org/10.1007/s002200050614
https://doi.org/10.1103/PhysRevD.55.861
https://doi.org/10.1103/PhysRevD.55.861
https://doi.org/10.1103/PhysRevD.55.861
https://doi.org/10.1103/PhysRevD.55.861
https://doi.org/10.1103/PhysRevD.55.861
https://doi.org/10.1103/PhysRevD.55.861
https://doi.org/10.1103/PhysRevD.55.861
https://doi.org/10.1103/PhysRevD.55.861
https://doi.org/10.1103/PhysRevD.55.861
https://doi.org/10.1016/S0550-3213(97)00287-3
https://doi.org/10.1016/S0550-3213(97)00287-3
https://doi.org/10.1016/S0550-3213(97)00287-3
https://doi.org/10.1016/S0550-3213(97)00287-3
https://doi.org/10.1016/S0550-3213(97)00287-3
https://doi.org/10.1016/S0550-3213(97)00287-3
https://doi.org/10.1016/S0550-3213(97)00287-3
https://doi.org/10.1016/S0550-3213(97)00287-3
https://doi.org/10.1016/S0550-3213(97)00287-3
https://doi.org/10.1088/0264-9381/20/16/301
https://doi.org/10.1088/0264-9381/20/16/301
https://doi.org/10.1088/0264-9381/20/16/301
https://doi.org/10.1088/0264-9381/20/16/301
https://doi.org/10.1088/0264-9381/20/16/301
https://doi.org/10.1088/0264-9381/20/16/301
https://doi.org/10.1088/0264-9381/20/16/301
https://doi.org/10.1088/0264-9381/20/16/301
https://doi.org/10.1088/0264-9381/20/16/301
https://doi.org/10.1103/PhysRevD.91.064061
https://doi.org/10.1103/PhysRevD.91.064061
https://doi.org/10.1103/PhysRevD.91.064061
https://doi.org/10.1103/PhysRevD.91.064061
https://doi.org/10.1103/PhysRevD.91.064061
https://doi.org/10.1103/PhysRevD.91.064061
https://doi.org/10.1103/PhysRevD.91.064061
https://doi.org/10.1103/PhysRevD.91.064061
https://doi.org/10.1103/PhysRevD.91.064061
https://doi.org/10.1103/PhysRevLett.77.4491
https://doi.org/10.1103/PhysRevLett.77.4491
https://doi.org/10.1103/PhysRevLett.77.4491
https://doi.org/10.1103/PhysRevLett.77.4491
https://doi.org/10.1103/PhysRevLett.77.4491
https://doi.org/10.1103/PhysRevLett.77.4491
https://doi.org/10.1103/PhysRevLett.77.4491
https://doi.org/10.1103/PhysRevLett.77.4491
https://doi.org/10.1103/PhysRevLett.77.4491
https://doi.org/10.1103/PhysRevD.56.4994
https://doi.org/10.1103/PhysRevD.56.4994
https://doi.org/10.1103/PhysRevD.56.4994
https://doi.org/10.1103/PhysRevD.56.4994
https://doi.org/10.1103/PhysRevD.56.4994
https://doi.org/10.1103/PhysRevD.56.4994
https://doi.org/10.1103/PhysRevD.56.4994
https://doi.org/10.1103/PhysRevD.56.4994
https://doi.org/10.1103/PhysRevD.56.4994
https://doi.org/10.1103/PhysRevD.56.4994
https://doi.org/10.1016/S0370-2693(99)00856-4
https://doi.org/10.1016/S0370-2693(99)00856-4
https://doi.org/10.1016/S0370-2693(99)00856-4
https://doi.org/10.1016/S0370-2693(99)00856-4
https://doi.org/10.1016/S0370-2693(99)00856-4
https://doi.org/10.1016/S0370-2693(99)00856-4
https://doi.org/10.1016/S0370-2693(99)00856-4
https://doi.org/10.1016/S0370-2693(99)00856-4
https://doi.org/10.1016/S0370-2693(99)00856-4
https://doi.org/10.1016/S0370-2693(99)00856-4
https://doi.org/10.1103/PhysRevD.12.2963
https://doi.org/10.1103/PhysRevD.12.2963
https://doi.org/10.1103/PhysRevD.12.2963
https://doi.org/10.1103/PhysRevD.12.2963
https://doi.org/10.1103/PhysRevD.12.2963
https://doi.org/10.1103/PhysRevD.12.2963
https://doi.org/10.1103/PhysRevD.12.2963
https://doi.org/10.1103/PhysRevD.12.2963
https://doi.org/10.1103/PhysRevD.12.2963
https://doi.org/10.1103/PhysRevD.12.2963
https://doi.org/10.1002/phbl.19660220601
https://doi.org/10.1002/phbl.19660220601
https://doi.org/10.1002/phbl.19660220601
https://doi.org/10.1002/phbl.19660220601
https://doi.org/10.1002/phbl.19660220601
https://doi.org/10.1002/phbl.19660220601
https://doi.org/10.1002/phbl.19660220601
https://doi.org/10.1002/phbl.19660220601
https://doi.org/10.1002/phbl.19660220601
https://doi.org/10.1002/phbl.19660220601
https://doi.org/10.1016/S0370-2693(00)01125-4
https://doi.org/10.1016/S0370-2693(00)01125-4
https://doi.org/10.1016/S0370-2693(00)01125-4
https://doi.org/10.1016/S0370-2693(00)01125-4
https://doi.org/10.1016/S0370-2693(00)01125-4
https://doi.org/10.1016/S0370-2693(00)01125-4
https://doi.org/10.1016/S0370-2693(00)01125-4
https://doi.org/10.1016/S0370-2693(00)01125-4
https://doi.org/10.1016/S0370-2693(00)01125-4
https://doi.org/10.1103/PhysRevLett.85.4641
https://doi.org/10.1103/PhysRevLett.85.4641
https://doi.org/10.1103/PhysRevLett.85.4641
https://doi.org/10.1103/PhysRevLett.85.4641
https://doi.org/10.1103/PhysRevLett.85.4641
https://doi.org/10.1103/PhysRevLett.85.4641
https://doi.org/10.1103/PhysRevLett.85.4641
https://doi.org/10.1103/PhysRevLett.85.4641
https://doi.org/10.1103/PhysRevLett.85.4641
https://doi.org/10.1103/PhysRevLett.85.4641
https://doi.org/10.1103/PhysRevD.63.044005
https://doi.org/10.1103/PhysRevD.63.044005
https://doi.org/10.1103/PhysRevD.63.044005
https://doi.org/10.1103/PhysRevD.63.044005
https://doi.org/10.1103/PhysRevD.63.044005
https://doi.org/10.1103/PhysRevD.63.044005
https://doi.org/10.1103/PhysRevD.63.044005
https://doi.org/10.1103/PhysRevD.63.044005
https://doi.org/10.1103/PhysRevD.63.044005
https://doi.org/10.1103/PhysRevD.63.044005
https://arxiv.org/abs/0802.0330
https://doi.org/10.1103/PhysRevD.83.124005
https://doi.org/10.1103/PhysRevD.83.124005
https://doi.org/10.1103/PhysRevD.83.124005
https://doi.org/10.1103/PhysRevD.83.124005
https://doi.org/10.1103/PhysRevD.83.124005
https://doi.org/10.1103/PhysRevD.83.124005
https://doi.org/10.1103/PhysRevD.83.124005
https://doi.org/10.1103/PhysRevD.83.124005
https://doi.org/10.1103/PhysRevD.83.124005
https://doi.org/10.1088/1475-7516/2015/06/048
https://doi.org/10.1088/1475-7516/2015/06/048
https://doi.org/10.1088/1475-7516/2015/06/048
https://doi.org/10.1088/1475-7516/2015/06/048
https://doi.org/10.1088/1475-7516/2015/06/048
https://doi.org/10.1088/1475-7516/2015/06/048
https://doi.org/10.1088/1475-7516/2015/06/048
https://doi.org/10.1088/1475-7516/2015/06/048
https://doi.org/10.1088/1475-7516/2015/06/048
https://doi.org/10.1103/PhysRevD.98.084025
https://doi.org/10.1103/PhysRevD.98.084025
https://doi.org/10.1103/PhysRevD.98.084025
https://doi.org/10.1103/PhysRevD.98.084025
https://doi.org/10.1103/PhysRevD.98.084025
https://doi.org/10.1103/PhysRevD.98.084025
https://doi.org/10.1103/PhysRevD.98.084025
https://doi.org/10.1103/PhysRevD.98.084025
https://doi.org/10.1103/PhysRevD.98.084025
https://doi.org/10.1140/epjc/s10052-019-6773-9
https://doi.org/10.1140/epjc/s10052-019-6773-9
https://doi.org/10.1140/epjc/s10052-019-6773-9
https://doi.org/10.1140/epjc/s10052-019-6773-9
https://doi.org/10.1140/epjc/s10052-019-6773-9
https://doi.org/10.1140/epjc/s10052-019-6773-9
https://doi.org/10.1140/epjc/s10052-019-6773-9
https://doi.org/10.1140/epjc/s10052-019-6773-9
https://doi.org/10.1140/epjc/s10052-019-6773-9
https://doi.org/10.1007/BF00760226
https://doi.org/10.1007/BF00760226
https://doi.org/10.1007/BF00760226
https://doi.org/10.1007/BF00760226
https://doi.org/10.1007/BF00760226
https://doi.org/10.1007/BF00760226
https://doi.org/10.1007/BF00760226
https://doi.org/10.1007/BF00760226
https://doi.org/10.1007/BF00760226
https://doi.org/10.1007/BF00760226
https://doi.org/10.1088/0264-9381/21/18/009
https://doi.org/10.1088/0264-9381/21/18/009
https://doi.org/10.1088/0264-9381/21/18/009
https://doi.org/10.1088/0264-9381/21/18/009
https://doi.org/10.1088/0264-9381/21/18/009
https://doi.org/10.1088/0264-9381/21/18/009
https://doi.org/10.1088/0264-9381/21/18/009
https://doi.org/10.1088/0264-9381/21/18/009
https://doi.org/10.1088/0264-9381/21/18/009
https://doi.org/10.1088/0264-9381/21/18/009
https://doi.org/10.1142/S0218271813420169
https://doi.org/10.1142/S0218271813420169
https://doi.org/10.1142/S0218271813420169
https://doi.org/10.1142/S0218271813420169
https://doi.org/10.1142/S0218271813420169
https://doi.org/10.1142/S0218271813420169
https://doi.org/10.1142/S0218271813420169
https://doi.org/10.1142/S0218271813420169
https://doi.org/10.1142/S0218271813420169
https://doi.org/10.1016/j.physletb.2014.01.024
https://doi.org/10.1016/j.physletb.2014.01.024
https://doi.org/10.1016/j.physletb.2014.01.024
https://doi.org/10.1016/j.physletb.2014.01.024
https://doi.org/10.1016/j.physletb.2014.01.024
https://doi.org/10.1016/j.physletb.2014.01.024
https://doi.org/10.1016/j.physletb.2014.01.024
https://doi.org/10.1016/j.physletb.2014.01.024
https://doi.org/10.1016/j.physletb.2014.01.024
https://doi.org/10.1016/j.physletb.2014.01.024
https://doi.org/10.1103/PhysRevD.90.124045
https://doi.org/10.1103/PhysRevD.90.124045
https://doi.org/10.1103/PhysRevD.90.124045
https://doi.org/10.1103/PhysRevD.90.124045
https://doi.org/10.1103/PhysRevD.90.124045
https://doi.org/10.1103/PhysRevD.90.124045
https://doi.org/10.1103/PhysRevD.90.124045
https://doi.org/10.1103/PhysRevD.90.124045
https://doi.org/10.1103/PhysRevD.90.124045
https://doi.org/10.1016/j.physletb.2014.05.026
https://doi.org/10.1016/j.physletb.2014.05.026
https://doi.org/10.1016/j.physletb.2014.05.026
https://doi.org/10.1016/j.physletb.2014.05.026
https://doi.org/10.1016/j.physletb.2014.05.026
https://doi.org/10.1016/j.physletb.2014.05.026
https://doi.org/10.1016/j.physletb.2014.05.026
https://doi.org/10.1016/j.physletb.2014.05.026
https://doi.org/10.1016/j.physletb.2014.05.026
https://doi.org/10.1016/j.physletb.2014.05.026
https://doi.org/10.1142/S0218271817500717
https://doi.org/10.1142/S0218271817500717
https://doi.org/10.1142/S0218271817500717
https://doi.org/10.1142/S0218271817500717
https://doi.org/10.1142/S0218271817500717
https://doi.org/10.1142/S0218271817500717
https://doi.org/10.1142/S0218271817500717
https://doi.org/10.1142/S0218271817500717
https://doi.org/10.1142/S0218271817500717
https://doi.org/10.1142/S0218271817500717
https://doi.org/10.1103/PhysRevLett.96.031103
https://doi.org/10.1103/PhysRevLett.96.031103
https://doi.org/10.1103/PhysRevLett.96.031103
https://doi.org/10.1103/PhysRevLett.96.031103
https://doi.org/10.1103/PhysRevLett.96.031103
https://doi.org/10.1103/PhysRevLett.96.031103
https://doi.org/10.1103/PhysRevLett.96.031103
https://doi.org/10.1103/PhysRevLett.96.031103
https://doi.org/10.1103/PhysRevLett.96.031103
https://doi.org/10.1103/PhysRevLett.96.031103
https://doi.org/10.1016/j.dark.2020.100660
https://doi.org/10.1016/j.dark.2020.100660
https://doi.org/10.1016/j.dark.2020.100660
https://doi.org/10.1016/j.dark.2020.100660
https://doi.org/10.1016/j.dark.2020.100660
https://doi.org/10.1016/j.dark.2020.100660
https://doi.org/10.1016/j.dark.2020.100660
https://doi.org/10.1016/j.dark.2020.100660
https://doi.org/10.1016/j.dark.2020.100660
https://doi.org/10.1016/j.dark.2020.100660
https://doi.org/10.1016/j.dark.2020.100660


 A. Kumar, D. V. Singh, and S. G. Ghosh, Ann. Phys. 419,
168214 (2020)

[136]

 A. Kumar, D. Baboolal, and S. G. Ghosh, Universe 8, 244
(2022)

[137]

 V.  P.  Frolov  and  A.  Zelnikov,  Phys.  Rev.  D 95,  124028
(2017)

[138]

 V. P. Frolov, Phys. Rev. D 94, 104056 (2016)[139]
 K.  Lin,  J.  Li,  and  S.  Yang,  Int.  J.  Theor.  Phys. 52,  3771
(2013)

[140]

 T.  Chiba  and  M.  Kimura,  Prog.  Theor.  Exp.  Phys. 2017,
043E01 (2017)

[141]

 S.  H.  Mehdipour  and  M.  H.  Ahmadi, Nucl.  Phys.  B 926,
49 (2018)

[142]

 S. S. Zhao and Y. Xie, Eur. Phys. J. C 77, 272 (2017)[143]
 A.  Kumar,  S.  G.  Ghosh,  and  A.  Beesham,  Eur.  Phys.  J.
Plus 139, 439 (2024)

[144]

 A. Kumar, R. K. Walia, and S. G. Ghosh, Universe 8, 232
(2022)

[145]

 A. Kumar,  S.  G.  Ghosh,  and  A.  Wang, Phys.  Dark  Univ.
46, 101608 (2024)

[146]

 A. Ashraf, A. Bouzenada, S. K. Maurya et al, Phys. Dark
Univ. 47, 101787 (2025)

[147]

 G. Mustafa, P. Channuie, F. Javed et al, Phys. Dark Univ.
47, 101765 (2025)

[148]

 G. Mustafa,  S.  K.  Maurya,  P.  Channuie et  al, Phys.  Dark
Univ. 47, 101753 (2025)

[149]

 A.  Ashraf,  A.  S.  Alqahtani,  F.  Javed  et  al,  Phys.  Dark
Univ. 47, 101725 (2025)

[150]

 A. Ashraf, A. Ditta, A. Bouzenada et al, Phys. Dark Univ.
48, 101836 (2025)

[151]

 A. Ashraf, A. Ditta, A. Bouzenada et al., Phys. Dark Univ.
47, 101823 (2025)

[152]

 A.  Ditta,  A.  Bouzenada,  G.  Mustafa  et  al,  Phys.  Dark
Univ. 47, 101818 (2025)

[153]

 A.  Ditta,  A.  Bouzenada,  G.  Mustafa  et  al,  Phys.  Dark
Univ. 46, 101573 (2024)

[154]

 A. Ashraf, A. Bouzenada, S. K. Maurya et al, Phys. Dark
Univ. 48, 101874 (2025)

[155]

 A.  Ashraf,  A.  Ditta,  A.  Bouzenada et  al,  Eur.  Phys.  J.  C[156]

85(4), 383 (2025)
 A.  Ashraf,  T.  Naseer,  H.  Chaudhary et  al, Nucl.  Phys.  B
1014, 116873 (2025)

[157]

 A. Kumar,  A.  Sood,  S.  G.  Ghosh et  al., Particles 7, 1017
(2024)

[158]

 F. Atamurotov, M. Alloqulov, A. Abdujabbarov et al., Eur.
Phys. J. Plus 137, 634 (2022)

[159]

 P.  V.  P.  Cunha  and  C.  A.  R.  Herdeiro,  Gen.  Relativ.
Gravit. 50, 42851 (2018)

[160]

 G. Mustafa,  F.  Atamurotov,  I.  Hussain et  al., Chin.  Phys.
C 46, 125107 (2022)

[161]

 K.  Hioki,  and  K.  I.  Maeda,  Phys.  Rev.  D  80,  024042
(2009)

[162]

 T.  S.  Biro  and  V.  G.  Czinner,  Phys.  Lett.  B  726,  861
(2013)

[163]

 B. Pourhassan and M. Faizal, Europhys.  Lett. 111, 40006
(2015)

[164]

 G.  W.  Gibbons,  S.  W.  Hawking,  and  J.  M.  Perry,  Nucl.
Phys. B 138, 141 (1978)

[165]

 J.  B.  Hartle  and  S.  W.  Hawking,  Phys.  Rev.  D 13,  2188
(1976)

[166]

 R. F. Sobreiro and V. J. V. Otoya, Class. Quant. Grav. 24,
4937 (2007)

[167]

 L.  Bonora  and  A.  A.  Bytsenko,  Nucl.  Phys.  B  852,  508
(2011)

[168]

 Z. Akhtar,  R.  Babar,  and R.  Ali, Ann.  Phys. 448, 169190
(2023)

[169]

 G. W. Gibbons and S. W. Hawking, Phys. Rev. D 15, 2752
(1977)

[170]

 V. Iyer and R. M. Wald, Phys. Rev. D 52, 4430 (1995)[171]
 S.  Das,  P.  Majumdar,  and  R.  K.  Bhaduri,  Class.  Quant.
Grav. 19, 2355 (2002)

[172]

 J. Sadeghi, B. Pourhassan, and F. Rahimi, Canad. J. Phys.
92, 1638 (2014)

[173]

 E.  Berti,  V.  Cardoso,  and  M.  Casals,  Phys.  Rev.  D  73,
024013 (2006)

[174]

 C.  Flammer,  Spheroidal  Wave  Functions,  (Stanford:
Stanford University Press, 1957)

[175]

Stable circular orbits and greybody factor of Hayward-Letelier-AdS black holes Chin. Phys. C 49, 115104 (2025)

115104-17

https://doi.org/10.1016/j.aop.2020.168214
https://doi.org/10.1016/j.aop.2020.168214
https://doi.org/10.1016/j.aop.2020.168214
https://doi.org/10.1016/j.aop.2020.168214
https://doi.org/10.1016/j.aop.2020.168214
https://doi.org/10.1016/j.aop.2020.168214
https://doi.org/10.1016/j.aop.2020.168214
https://doi.org/10.1016/j.aop.2020.168214
https://doi.org/10.1016/j.aop.2020.168214
https://doi.org/10.3390/universe8040244
https://doi.org/10.3390/universe8040244
https://doi.org/10.3390/universe8040244
https://doi.org/10.3390/universe8040244
https://doi.org/10.3390/universe8040244
https://doi.org/10.3390/universe8040244
https://doi.org/10.3390/universe8040244
https://doi.org/10.3390/universe8040244
https://doi.org/10.3390/universe8040244
https://doi.org/10.1103/PhysRevD.95.124028
https://doi.org/10.1103/PhysRevD.95.124028
https://doi.org/10.1103/PhysRevD.95.124028
https://doi.org/10.1103/PhysRevD.95.124028
https://doi.org/10.1103/PhysRevD.95.124028
https://doi.org/10.1103/PhysRevD.95.124028
https://doi.org/10.1103/PhysRevD.95.124028
https://doi.org/10.1103/PhysRevD.95.124028
https://doi.org/10.1103/PhysRevD.95.124028
https://doi.org/10.1103/PhysRevD.94.104056
https://doi.org/10.1103/PhysRevD.94.104056
https://doi.org/10.1103/PhysRevD.94.104056
https://doi.org/10.1103/PhysRevD.94.104056
https://doi.org/10.1103/PhysRevD.94.104056
https://doi.org/10.1103/PhysRevD.94.104056
https://doi.org/10.1103/PhysRevD.94.104056
https://doi.org/10.1103/PhysRevD.94.104056
https://doi.org/10.1103/PhysRevD.94.104056
https://doi.org/10.1103/PhysRevD.94.104056
https://doi.org/10.1007/s10773-013-1682-4
https://doi.org/10.1007/s10773-013-1682-4
https://doi.org/10.1007/s10773-013-1682-4
https://doi.org/10.1007/s10773-013-1682-4
https://doi.org/10.1007/s10773-013-1682-4
https://doi.org/10.1007/s10773-013-1682-4
https://doi.org/10.1007/s10773-013-1682-4
https://doi.org/10.1007/s10773-013-1682-4
https://doi.org/10.1007/s10773-013-1682-4
https://doi.org/10.1093/ptep/ptx037
https://doi.org/10.1093/ptep/ptx037
https://doi.org/10.1093/ptep/ptx037
https://doi.org/10.1093/ptep/ptx037
https://doi.org/10.1093/ptep/ptx037
https://doi.org/10.1093/ptep/ptx037
https://doi.org/10.1093/ptep/ptx037
https://doi.org/10.1093/ptep/ptx037
https://doi.org/10.1093/ptep/ptx037
https://doi.org/10.1016/j.nuclphysb.2017.09.021
https://doi.org/10.1016/j.nuclphysb.2017.09.021
https://doi.org/10.1016/j.nuclphysb.2017.09.021
https://doi.org/10.1016/j.nuclphysb.2017.09.021
https://doi.org/10.1016/j.nuclphysb.2017.09.021
https://doi.org/10.1016/j.nuclphysb.2017.09.021
https://doi.org/10.1016/j.nuclphysb.2017.09.021
https://doi.org/10.1016/j.nuclphysb.2017.09.021
https://doi.org/10.1016/j.nuclphysb.2017.09.021
https://doi.org/10.1140/epjc/s10052-017-4850-5
https://doi.org/10.1140/epjc/s10052-017-4850-5
https://doi.org/10.1140/epjc/s10052-017-4850-5
https://doi.org/10.1140/epjc/s10052-017-4850-5
https://doi.org/10.1140/epjc/s10052-017-4850-5
https://doi.org/10.1140/epjc/s10052-017-4850-5
https://doi.org/10.1140/epjc/s10052-017-4850-5
https://doi.org/10.1140/epjc/s10052-017-4850-5
https://doi.org/10.1140/epjc/s10052-017-4850-5
https://doi.org/10.1140/epjc/s10052-017-4850-5
https://doi.org/10.1140/epjp/s13360-024-05235-7
https://doi.org/10.1140/epjp/s13360-024-05235-7
https://doi.org/10.1140/epjp/s13360-024-05235-7
https://doi.org/10.1140/epjp/s13360-024-05235-7
https://doi.org/10.1140/epjp/s13360-024-05235-7
https://doi.org/10.1140/epjp/s13360-024-05235-7
https://doi.org/10.1140/epjp/s13360-024-05235-7
https://doi.org/10.1140/epjp/s13360-024-05235-7
https://doi.org/10.1140/epjp/s13360-024-05235-7
https://doi.org/10.1140/epjp/s13360-024-05235-7
https://doi.org/10.1140/epjp/s13360-024-05235-7
https://doi.org/10.3390/universe8040232
https://doi.org/10.3390/universe8040232
https://doi.org/10.3390/universe8040232
https://doi.org/10.3390/universe8040232
https://doi.org/10.3390/universe8040232
https://doi.org/10.3390/universe8040232
https://doi.org/10.3390/universe8040232
https://doi.org/10.3390/universe8040232
https://doi.org/10.3390/universe8040232
https://doi.org/10.1016/j.dark.2024.101608
https://doi.org/10.1016/j.dark.2024.101608
https://doi.org/10.1016/j.dark.2024.101608
https://doi.org/10.1016/j.dark.2024.101608
https://doi.org/10.1016/j.dark.2024.101608
https://doi.org/10.1016/j.dark.2024.101608
https://doi.org/10.1016/j.dark.2024.101608
https://doi.org/10.1016/j.dark.2024.101608
https://doi.org/10.1016/j.dark.2024.101608
https://doi.org/10.1016/j.dark.2024.101787
https://doi.org/10.1016/j.dark.2024.101787
https://doi.org/10.1016/j.dark.2024.101787
https://doi.org/10.1016/j.dark.2024.101787
https://doi.org/10.1016/j.dark.2024.101787
https://doi.org/10.1016/j.dark.2024.101787
https://doi.org/10.1016/j.dark.2024.101787
https://doi.org/10.1016/j.dark.2024.101787
https://doi.org/10.1016/j.dark.2024.101787
https://doi.org/10.1016/j.dark.2024.101787
https://doi.org/10.1016/j.dark.2024.101787
https://doi.org/10.1016/j.dark.2024.101765
https://doi.org/10.1016/j.dark.2024.101765
https://doi.org/10.1016/j.dark.2024.101765
https://doi.org/10.1016/j.dark.2024.101765
https://doi.org/10.1016/j.dark.2024.101765
https://doi.org/10.1016/j.dark.2024.101765
https://doi.org/10.1016/j.dark.2024.101765
https://doi.org/10.1016/j.dark.2024.101765
https://doi.org/10.1016/j.dark.2024.101765
https://doi.org/10.1016/j.dark.2024.101753
https://doi.org/10.1016/j.dark.2024.101753
https://doi.org/10.1016/j.dark.2024.101753
https://doi.org/10.1016/j.dark.2024.101753
https://doi.org/10.1016/j.dark.2024.101753
https://doi.org/10.1016/j.dark.2024.101753
https://doi.org/10.1016/j.dark.2024.101753
https://doi.org/10.1016/j.dark.2024.101753
https://doi.org/10.1016/j.dark.2024.101753
https://doi.org/10.1016/j.dark.2024.101753
https://doi.org/10.1016/j.dark.2024.101753
https://doi.org/10.1016/j.dark.2024.101725
https://doi.org/10.1016/j.dark.2024.101725
https://doi.org/10.1016/j.dark.2024.101725
https://doi.org/10.1016/j.dark.2024.101725
https://doi.org/10.1016/j.dark.2024.101725
https://doi.org/10.1016/j.dark.2024.101725
https://doi.org/10.1016/j.dark.2024.101725
https://doi.org/10.1016/j.dark.2024.101725
https://doi.org/10.1016/j.dark.2024.101725
https://doi.org/10.1016/j.dark.2024.101725
https://doi.org/10.1016/j.dark.2024.101725
https://doi.org/10.1016/j.dark.2025.101836
https://doi.org/10.1016/j.dark.2025.101836
https://doi.org/10.1016/j.dark.2025.101836
https://doi.org/10.1016/j.dark.2025.101836
https://doi.org/10.1016/j.dark.2025.101836
https://doi.org/10.1016/j.dark.2025.101836
https://doi.org/10.1016/j.dark.2025.101836
https://doi.org/10.1016/j.dark.2025.101836
https://doi.org/10.1016/j.dark.2025.101836
https://doi.org/10.1016/j.dark.2025.101823
https://doi.org/10.1016/j.dark.2025.101823
https://doi.org/10.1016/j.dark.2025.101823
https://doi.org/10.1016/j.dark.2025.101823
https://doi.org/10.1016/j.dark.2025.101823
https://doi.org/10.1016/j.dark.2025.101823
https://doi.org/10.1016/j.dark.2025.101823
https://doi.org/10.1016/j.dark.2025.101823
https://doi.org/10.1016/j.dark.2025.101823
https://doi.org/10.1016/j.dark.2025.101818
https://doi.org/10.1016/j.dark.2025.101818
https://doi.org/10.1016/j.dark.2025.101818
https://doi.org/10.1016/j.dark.2025.101818
https://doi.org/10.1016/j.dark.2025.101818
https://doi.org/10.1016/j.dark.2025.101818
https://doi.org/10.1016/j.dark.2025.101818
https://doi.org/10.1016/j.dark.2025.101818
https://doi.org/10.1016/j.dark.2025.101818
https://doi.org/10.1016/j.dark.2025.101818
https://doi.org/10.1016/j.dark.2025.101818
https://doi.org/10.1016/j.dark.2024.101573
https://doi.org/10.1016/j.dark.2024.101573
https://doi.org/10.1016/j.dark.2024.101573
https://doi.org/10.1016/j.dark.2024.101573
https://doi.org/10.1016/j.dark.2024.101573
https://doi.org/10.1016/j.dark.2024.101573
https://doi.org/10.1016/j.dark.2024.101573
https://doi.org/10.1016/j.dark.2024.101573
https://doi.org/10.1016/j.dark.2024.101573
https://doi.org/10.1016/j.dark.2024.101573
https://doi.org/10.1016/j.dark.2024.101573
https://doi.org/10.1016/j.dark.2025.101874
https://doi.org/10.1016/j.dark.2025.101874
https://doi.org/10.1016/j.dark.2025.101874
https://doi.org/10.1016/j.dark.2025.101874
https://doi.org/10.1016/j.dark.2025.101874
https://doi.org/10.1016/j.dark.2025.101874
https://doi.org/10.1016/j.dark.2025.101874
https://doi.org/10.1016/j.dark.2025.101874
https://doi.org/10.1016/j.dark.2025.101874
https://doi.org/10.1016/j.dark.2025.101874
https://doi.org/10.1016/j.dark.2025.101874
https://doi.org/10.1140/epjc/s10052-025-14081-5
https://doi.org/10.1140/epjc/s10052-025-14081-5
https://doi.org/10.1140/epjc/s10052-025-14081-5
https://doi.org/10.1140/epjc/s10052-025-14081-5
https://doi.org/10.1140/epjc/s10052-025-14081-5
https://doi.org/10.1140/epjc/s10052-025-14081-5
https://doi.org/10.1140/epjc/s10052-025-14081-5
https://doi.org/10.1140/epjc/s10052-025-14081-5
https://doi.org/10.1140/epjc/s10052-025-14081-5
https://doi.org/10.1140/epjc/s10052-025-14081-5
https://doi.org/10.1140/epjc/s10052-025-14081-5
https://doi.org/10.1016/j.nuclphysb.2025.116873
https://doi.org/10.1016/j.nuclphysb.2025.116873
https://doi.org/10.1016/j.nuclphysb.2025.116873
https://doi.org/10.1016/j.nuclphysb.2025.116873
https://doi.org/10.1016/j.nuclphysb.2025.116873
https://doi.org/10.1016/j.nuclphysb.2025.116873
https://doi.org/10.1016/j.nuclphysb.2025.116873
https://doi.org/10.1016/j.nuclphysb.2025.116873
https://doi.org/10.1016/j.nuclphysb.2025.116873
https://doi.org/10.3390/particles7040062
https://doi.org/10.3390/particles7040062
https://doi.org/10.3390/particles7040062
https://doi.org/10.3390/particles7040062
https://doi.org/10.3390/particles7040062
https://doi.org/10.3390/particles7040062
https://doi.org/10.3390/particles7040062
https://doi.org/10.3390/particles7040062
https://doi.org/10.3390/particles7040062
https://doi.org/10.1140/epjp/s13360-022-02846-w
https://doi.org/10.1140/epjp/s13360-022-02846-w
https://doi.org/10.1140/epjp/s13360-022-02846-w
https://doi.org/10.1140/epjp/s13360-022-02846-w
https://doi.org/10.1140/epjp/s13360-022-02846-w
https://doi.org/10.1140/epjp/s13360-022-02846-w
https://doi.org/10.1140/epjp/s13360-022-02846-w
https://doi.org/10.1140/epjp/s13360-022-02846-w
https://doi.org/10.1140/epjp/s13360-022-02846-w
https://doi.org/10.1140/epjp/s13360-022-02846-w
https://doi.org/10.1140/epjp/s13360-022-02846-w
https://doi.org/10.1007/s10714-018-2361-9
https://doi.org/10.1007/s10714-018-2361-9
https://doi.org/10.1007/s10714-018-2361-9
https://doi.org/10.1007/s10714-018-2361-9
https://doi.org/10.1007/s10714-018-2361-9
https://doi.org/10.1007/s10714-018-2361-9
https://doi.org/10.1007/s10714-018-2361-9
https://doi.org/10.1007/s10714-018-2361-9
https://doi.org/10.1007/s10714-018-2361-9
https://doi.org/10.1007/s10714-018-2361-9
https://doi.org/10.1007/s10714-018-2361-9
https://doi.org/10.1088/1674-1137/ac917f
https://doi.org/10.1088/1674-1137/ac917f
https://doi.org/10.1088/1674-1137/ac917f
https://doi.org/10.1088/1674-1137/ac917f
https://doi.org/10.1088/1674-1137/ac917f
https://doi.org/10.1088/1674-1137/ac917f
https://doi.org/10.1088/1674-1137/ac917f
https://doi.org/10.1088/1674-1137/ac917f
https://doi.org/10.1088/1674-1137/ac917f
https://doi.org/10.1088/1674-1137/ac917f
https://doi.org/10.1088/1674-1137/ac917f
https://doi.org/10.1103/PhysRevD.80.024042
https://doi.org/10.1103/PhysRevD.80.024042
https://doi.org/10.1103/PhysRevD.80.024042
https://doi.org/10.1103/PhysRevD.80.024042
https://doi.org/10.1103/PhysRevD.80.024042
https://doi.org/10.1103/PhysRevD.80.024042
https://doi.org/10.1103/PhysRevD.80.024042
https://doi.org/10.1103/PhysRevD.80.024042
https://doi.org/10.1103/PhysRevD.80.024042
https://doi.org/10.1016/j.physletb.2013.09.032
https://doi.org/10.1016/j.physletb.2013.09.032
https://doi.org/10.1016/j.physletb.2013.09.032
https://doi.org/10.1016/j.physletb.2013.09.032
https://doi.org/10.1016/j.physletb.2013.09.032
https://doi.org/10.1016/j.physletb.2013.09.032
https://doi.org/10.1016/j.physletb.2013.09.032
https://doi.org/10.1016/j.physletb.2013.09.032
https://doi.org/10.1016/j.physletb.2013.09.032
https://doi.org/10.1209/0295-5075/111/40006
https://doi.org/10.1209/0295-5075/111/40006
https://doi.org/10.1209/0295-5075/111/40006
https://doi.org/10.1209/0295-5075/111/40006
https://doi.org/10.1209/0295-5075/111/40006
https://doi.org/10.1209/0295-5075/111/40006
https://doi.org/10.1209/0295-5075/111/40006
https://doi.org/10.1209/0295-5075/111/40006
https://doi.org/10.1209/0295-5075/111/40006
https://doi.org/10.1016/0550-3213(78)90161-X
https://doi.org/10.1016/0550-3213(78)90161-X
https://doi.org/10.1016/0550-3213(78)90161-X
https://doi.org/10.1016/0550-3213(78)90161-X
https://doi.org/10.1016/0550-3213(78)90161-X
https://doi.org/10.1016/0550-3213(78)90161-X
https://doi.org/10.1016/0550-3213(78)90161-X
https://doi.org/10.1016/0550-3213(78)90161-X
https://doi.org/10.1016/0550-3213(78)90161-X
https://doi.org/10.1016/0550-3213(78)90161-X
https://doi.org/10.1016/0550-3213(78)90161-X
https://doi.org/10.1103/PhysRevD.13.2188
https://doi.org/10.1103/PhysRevD.13.2188
https://doi.org/10.1103/PhysRevD.13.2188
https://doi.org/10.1103/PhysRevD.13.2188
https://doi.org/10.1103/PhysRevD.13.2188
https://doi.org/10.1103/PhysRevD.13.2188
https://doi.org/10.1103/PhysRevD.13.2188
https://doi.org/10.1103/PhysRevD.13.2188
https://doi.org/10.1103/PhysRevD.13.2188
https://doi.org/10.1088/0264-9381/24/20/003
https://doi.org/10.1088/0264-9381/24/20/003
https://doi.org/10.1088/0264-9381/24/20/003
https://doi.org/10.1088/0264-9381/24/20/003
https://doi.org/10.1088/0264-9381/24/20/003
https://doi.org/10.1088/0264-9381/24/20/003
https://doi.org/10.1088/0264-9381/24/20/003
https://doi.org/10.1088/0264-9381/24/20/003
https://doi.org/10.1088/0264-9381/24/20/003
https://doi.org/10.1016/j.nuclphysb.2011.07.002
https://doi.org/10.1016/j.nuclphysb.2011.07.002
https://doi.org/10.1016/j.nuclphysb.2011.07.002
https://doi.org/10.1016/j.nuclphysb.2011.07.002
https://doi.org/10.1016/j.nuclphysb.2011.07.002
https://doi.org/10.1016/j.nuclphysb.2011.07.002
https://doi.org/10.1016/j.nuclphysb.2011.07.002
https://doi.org/10.1016/j.nuclphysb.2011.07.002
https://doi.org/10.1016/j.nuclphysb.2011.07.002
https://doi.org/10.1016/j.aop.2022.169190
https://doi.org/10.1016/j.aop.2022.169190
https://doi.org/10.1016/j.aop.2022.169190
https://doi.org/10.1016/j.aop.2022.169190
https://doi.org/10.1016/j.aop.2022.169190
https://doi.org/10.1016/j.aop.2022.169190
https://doi.org/10.1016/j.aop.2022.169190
https://doi.org/10.1016/j.aop.2022.169190
https://doi.org/10.1016/j.aop.2022.169190
https://doi.org/10.1103/PhysRevD.15.2752
https://doi.org/10.1103/PhysRevD.15.2752
https://doi.org/10.1103/PhysRevD.15.2752
https://doi.org/10.1103/PhysRevD.15.2752
https://doi.org/10.1103/PhysRevD.15.2752
https://doi.org/10.1103/PhysRevD.15.2752
https://doi.org/10.1103/PhysRevD.15.2752
https://doi.org/10.1103/PhysRevD.15.2752
https://doi.org/10.1103/PhysRevD.15.2752
https://doi.org/10.1103/PhysRevD.52.4430
https://doi.org/10.1103/PhysRevD.52.4430
https://doi.org/10.1103/PhysRevD.52.4430
https://doi.org/10.1103/PhysRevD.52.4430
https://doi.org/10.1103/PhysRevD.52.4430
https://doi.org/10.1103/PhysRevD.52.4430
https://doi.org/10.1103/PhysRevD.52.4430
https://doi.org/10.1103/PhysRevD.52.4430
https://doi.org/10.1103/PhysRevD.52.4430
https://doi.org/10.1103/PhysRevD.52.4430
https://doi.org/10.1088/0264-9381/19/9/302
https://doi.org/10.1088/0264-9381/19/9/302
https://doi.org/10.1088/0264-9381/19/9/302
https://doi.org/10.1088/0264-9381/19/9/302
https://doi.org/10.1088/0264-9381/19/9/302
https://doi.org/10.1088/0264-9381/19/9/302
https://doi.org/10.1088/0264-9381/19/9/302
https://doi.org/10.1088/0264-9381/19/9/302
https://doi.org/10.1088/0264-9381/19/9/302
https://doi.org/10.1088/0264-9381/19/9/302
https://doi.org/10.1088/0264-9381/19/9/302
https://doi.org/10.1139/cjp-2014-0229
https://doi.org/10.1139/cjp-2014-0229
https://doi.org/10.1139/cjp-2014-0229
https://doi.org/10.1139/cjp-2014-0229
https://doi.org/10.1139/cjp-2014-0229
https://doi.org/10.1139/cjp-2014-0229
https://doi.org/10.1139/cjp-2014-0229
https://doi.org/10.1139/cjp-2014-0229
https://doi.org/10.1139/cjp-2014-0229
https://doi.org/10.1103/PhysRevD.73.024013
https://doi.org/10.1103/PhysRevD.73.024013
https://doi.org/10.1103/PhysRevD.73.024013
https://doi.org/10.1103/PhysRevD.73.024013
https://doi.org/10.1103/PhysRevD.73.024013
https://doi.org/10.1103/PhysRevD.73.024013
https://doi.org/10.1103/PhysRevD.73.024013
https://doi.org/10.1103/PhysRevD.73.024013
https://doi.org/10.1103/PhysRevD.73.024013

	I INTRODUCTION
	II DYNAMICS OF HAYWARD-LETELIER BHS IN ADS SPACETIME
	A Thermodynamic Temperature
	B Thermal fluctuations

	III KLEIN-GORDON EQUATION AND EFFECTIVE POTENTIAL
	IV GREYBODY FACTOR
	V MATCHING WITH INTERMEDIATE ZONE
	VI CONCLUSION AND SUMMARY
	ACKNOWLEDGMENT
	REFERENCES

