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Abstract: We investigate  the quasi-normal  modes (QNMs) under  gravitational  field  perturbations and grey-body
factors for a class of regular black holes with sub-Planckian curvature and Minkowski core. We compute the QNMs
with the pseudospectral and WKB methods. The trajectory of the QNMs displays non-monotonic and spiral behavi-
or  with  changes  in  the  deviation  parameter  of  the  regular  black  hole.  Subsequently,  we  compute  the  grey-body
factors with the WKB method and compare them with the results obtained by the correspondence relation recently
revealed in [R. A. Konoplya and A. Zhidenko, JCAP 09, 068 (2024)]. We find that the discrepancy exhibits minor
errors, indicating that this relation is effective for computing the grey-body factors of such regular black holes.
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I.  INTRODUCTION

The Hawking  radiation  of  a  black  hole  actually  tra-
verses  the gravitational  field  surrounding the black hole,
modifying the spectrum of the radiation and rendering it
distinct  from  the  ideal  black-body  radiation  [1−3].  The
grey-body  factor  accounts  for  the  discrepancy  between
the actual spectrum of black hole radiation and ideal case
of perfect black-body radiation, and it modifies the purely
theoretical prediction of the Hawking radiation spectrum.
This factor is a frequency-dependent function that charac-
terizes the probability that radiation at a given frequency
can  traverse  the  potential  barrier  surrounding  the  black
hole and escape to infinity. Due to the strong gravitation-
al  field  of  a  black  hole,  part  of  the  radiation  is  reflected
back into the black hole or absorbed by it,  which results
in  a  weaker  observed  radiation  intensity.  Therefore,  the
grey-body  factor  is  pivotal  in  refining  the  description  of
Hawking radiation,  which  brings  the  theoretical  calcula-
tions closer to the actual physical conditions [2−12].

The QNMs as  a  response  of  a  black  hole  under  per-
turbations can be used to reveal the intrinsic characterist-
ics of black holes and compact stars such as the mass and
spin  [13−18]. Meanwhile,  it  is  an  important  tool  to  ana-
lyze gravitational waves during the ringdown process [15,

19−29]. Recently, QNMs have been widely studied as an
effective  means  of  probing  the  internal  structure  and
quantum effects of regular black holes [10, 30−43]. Reg-
ular  black  holes  represent  a  special  class  of  black  hole
models  characterized  by  the  absence  of  a  singularity  at
their center [44−47]. Unlike standard black holes in gen-
eral relativity,  regular  black  holes  circumvent  the  singu-
larity problem, thereby avoiding the physical conundrum
of infinite density and curvature at the core of traditional
black holes  [48, 49].  The concept  of  regular  black holes
was initially  proposed  based  on  phenomenological  con-
siderations, which suggests that quantum gravitational ef-
fects can  eliminate  the  singularity  under  extreme  condi-
tions, thereby resulting in a more "regular" internal struc-
ture of the black hole [50−53]. Subsequently, it is shown
that  regular  black  holes  can  be  constructed  in  various
ways. One approach involves solving Einstein field equa-
tions with exotic matter that violates classical energy con-
ditions,  thereby  obtaining  black  hole  solutions  without
singularities  [54−58].  Another  approach  is  constructing
regular black hole solutions by considering modified Ein-
stein  equations  that  incorporate  quantum  gravitational
corrections,  which  typically  arise  from  quantum  gravity
theories  or  semi-classical  gravitational  theories  [59−62].
The  study  of  regular  black  holes  not  only  provides  new
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insights into  resolving  the  singularity  problem  of  tradi-
tional black holes but also offers a significant theoretical
framework  for  exploring  the  manifestations  of  quantum
gravitational effects in strong gravitational fields.

In fact, both the QNMs and grey-body factors are two
important  quantities  that  describe the properties  of  black
holes with different boundary conditions. Interestingly, in
[63],  the  correspondence  between  the  QNMs  and  grey-
body factor  is  established with  the  help  of  WKB expan-
sion. A formula is derived that allows one to compute the
grey-body factor from the fundamental mode and the first
overtone  of  the  QNMs  for  large  values  of  the  angular
number l.  In  the  eikonal  limit,  the  grey-body  factor  is
solely  determined  by  the  fundamental  mode.  Currently,
this  correspondence  in  the  high-frequency  regime  has
been extended to spherically symmetric black holes [63],
axisymmetric  black  holes  [64],  quantum-corrected  black
holes [65], and other types of black holes [66−69]. In this
study,  we  intend  to  construct  this  correspondence  for  a
sort of regular black hole proposed in [70]. These regular
black holes are characterized by sub-Planckian curvature
and  a  Minkowski  core,  unlike  the  ordinary  Bardeen  and
Hayward black holes that possess a de-Sitter core.

Our  paper  is  organized  as  follows:  In  Section  II,  we
briefly  introduce  regular  black  holes  with  sub-Planckian
curvature  and  a  Minkowskian  core.  In  Section  III,  we
compute the QNMs of regular black holes under gravita-
tional perturbations. In Section IV, we focus on the grey-
body  factors  and  numerically  check  the  correspondence
between the QNMs and grey-body factors. In Section V,
we present the summary and conclusions. 

II.  REGULAR BLACK HOLES METRICS AND
WAVE-LIKE EQUATION

In this section, we briefly introduce the regular black
hole which was originally proposed in [70]. This type of
regular  black  hole  is  characterized  by  the  sub-Planckian
curvature  as  well  as  an  asymptotically  Minkowski  core,
which is  realized  by  introducing  an  exponentially  sup-
pressing  gravity  potential  [50]. Specifically,  the  spheric-
ally  symmetric  metric  of  this  sort  of  regular  black  holes
takes the form 

ds2 = − f (r)dt2+
1

f (r)
dr2+ r2

(
dθ2+ sin2 θdϕ2

)
, (1)

f (r)where the function  is given by 

f (r) = 1+2ψ(r) = 1− 2M
r

e
−α0 Mx

rc , (2)

α0

α0

c ⩾ x ⩾ c/3
c ⩾ 2 x = 2/3 c = 2 x = 1 c = 3

x = 2/3 c = 2

r≫ √α0M1/3 f (r)

where M is the mass of the black hole and parameters x,
c,  and  represent  all  dimensionless  parameters1).  Here,
the value of  reflects  the degree of  deviation from the
Newtonian  potential  and  characterizes  the  corrections
caused by the effects of quantum gravity [50, 51, 70]. A
class  of  regular  black  holes  with  sub-Planckian
Kretschmann curvature can be constructed by varying the
parameters x and c,  subject to conditions  and

.  Cases  ( , )  and  ( , )  represent
two typical examples of such regular black holes, whose
asymptotic behavior at spatial infinity coincides with that
of the well-known Bardeen and Hayward black holes, re-
spectively. The theoretical properties and observation sig-
nature of  this  sort  of  regular  black  holes  have  been  re-
cently  investigated  in  [41, 43, 71−74].  Without  loss  of
generality, we first focus on the case of  and ,
which  exhibits  the  same  asymptotic  behavior  as  the
Bardeen black hole at infinity, and then, we present a dis-
cussion on other cases with different values of x and c. At
large scales where , the function  of reg-
ular black holes can be expanded as 

f (r) = 1+2ψ(r) = 1− 2M
r

e−α0 M2/3/r2

� 1− 2M
r

Å
1− α0M2/3

r2
+ · · ·
ã
. (3)

The function ψ of the Bardeen black hole has the form 

ψ(r) = − Mr2Å
2
3
α0M2/3+ r2

ã3/2 . (4)

f (r)Therefore,  at  large  scales,  the  function  asymptotic-
ally behaves as 

f (r) = 1+2ψ(r) = 1− 2Mr2Å
2
3
α0M2/3+ r2

ã3/2 � 1

− 2M
r

Å
1− α0M2/3

r2
+ · · ·
ã
, (5)

x = 2/3
c = 2 x = 1 c = 3

f ′(rh)/(4π)
α0

which is the same as the regular black hole with 
and .  The  case  with  and  has been  dis-
cussed in detail in [70]. In this case, the Hawking temper-
ature is given by , and to keep its positivity, the
value of  should satisfy 

α0 ⩽
2M

4
3

e
. (6)
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8πG = l2p = 1 ψ(r) =

−MG
r

e
−α0(MG)xlc−x

p
rc

1) We  have  set  throughout  this  paper  for  convenience.  After  recovering  the  dimension  of  the  potential,  it  manifestly  becomes 

.
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Next, we consider the QNMs of the gravitational field
perturbations over this regular black hole. Previously, the
perturbations of the scalar field with spin zero as well as
the electromagnetic field with spin one have been invest-
igated  in  detail  in  [43].  By  separating  the  variables,  the
axial  perturbation  equation  can  be  simplified  to  a
Schrödinger-like equation given as 

∂2Ψ

∂r2
∗
+ (ω2−Ve f f )Ψ = 0 , (7)

r∗where  the  tortoise  coordinate  is  defined  in  relation  to
the radial coordinate r by the equation 

dr∗
dr
=

1
f (r)

. (8)

The  effective  potential  under  gravitational  perturbations
has the form 

Veff(r) = f (r)
Å

l(l+1)
r2
− 3 f ′(r)

r

ã
, (9)

Veff(r)
α0

α0 α0

where l represents the angular number. In Fig. 1, we plot
the  effective  potential  of  the  gravitational  field
with different deviation parameters . The effective po-
tential is always positive, indicating that the spacetime of
this regular BH is stable under the gravitational perturba-
tion.  From Fig.  1, we  note  two  characteristics  of  the  ef-
fective potential. First, when l is fixed, the peak of the ef-
fective potential  increases  with  an  increase  in  the  devi-
ation parameter . Second, when  is fixed, the maxim-
um of the effective potential increases with an increase in
l. 

III.  QUASINORMAL MODES OF THE REGULAR
BLACK HOLE

In  this  section,  we  investigate  the  QNMs  of  regular

x = 2/3 c = 2black  holes  with  and  under  gravitational
perturbations. It  is  well  known that  the  boundary  condi-
tions for QNMs are defined as 

Ψ ∼ eiωr∗ r∗→ +∞, (10a)
 

Ψ ∼ e−iωr∗ r∗→−∞. (10b)

The frequencies of  QNMs can be determined by solving
the wave equation in conjunction with the boundary con-
ditions. We  employ  the  WKB and  pseudospectral  meth-
ods to  compute  the  QNMs of  the  regular  black  hole  un-
der gravitational perturbations. The details of the pseudo-
spectral  method  can  be  found  in  the  appendix  of  [43].
Here, we present the numerical results as below.

n = 0 n = 1

n = 0
n = 1

α0

α0

Tables  1 and 2 list  the  QNMs of  and  for
different  values  of  the  deviation  parameter  using  the
WKB and pseudospectral methods, respectively. The dis-
crepancy  between  these  two  methods  is  minimal,  which
validates the accuracy of both approaches. For  and

,  the  QNMs exhibit  a  larger  real  part  and a  smaller
imaginary part, indicating stronger oscillations and weak-
er damping in both cases.  For different values of with
the  same  overtone  number n and  angular  number l,  the
QNMs frequency changes in a monotonic manner with an
increase in . The real  part  of  the QNMs frequency in-
creases, whereas the absolute value of the imaginary part
decreases.

n ⩾ 2

n = 0 n = 1

α0

Next,  we  focus  on  the  higher  overtone  modes.  The
WKB method exhibits high precision only when the over-
tone  number n is  relatively  small.  Therefore,  for  data
where ,  we  employ  the  pseudospectral  method  for
the  calculations. Tables  3 and 4 show that  higher  over-
tone QNMs have smaller real parts and larger imaginary
parts, which is in contrast to the case of  and ,
implying that these overtone modes are damping rapidly.
Furthermore, for a given l and , the real part of the fre-
quency becomes smaller with an increase in the overtone
number n, whereas the imaginary part becomes larger. If

 

Veff (r) α0

Veff (r)
Fig. 1.    (color online) Effective potential  of the gravitational field with different deviation parameters . The black dot repres-
ents the maximum value of .
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α0 l = 2
l = 3

α0

α0

α0

we fix  and n but increase l, then from Tables 3 ( )
and 4 ( ), we find that  the real  part  of the QNMs in-
creases  as  well.  This  is  understandable  because  as l in-
creases, the effective potential also increases (refer to Fig.
1), implying  that  a  larger  frequency  is  required  to  over-
come the potential barrier. Finally, when we examine the
effects  of  the variation of , we find that  for  low over-
tone  numbers,  the  real  and  imaginary  part  of  the  QNMs
change  monotonically  with  increasing ;  however,  for
high overtone  numbers,  this  monotonic  behavior  disap-
pears. To gain an intuitive picture for the effect of  on
QNMs, we  demonstrate  the  change  in  the  QNMs  fre-

α0 l = 2
l = 3

α0

α0 0
2/e α0 = 0

α0 = 2/e

quency with the deviation parameter  in Fig. 2 for 
and Fig. 3 for , respectively. In each plot with a fixed
n and l,  the  variation  of  the  frequency  with  forms  a
trajectory  on  the  frequency  plane  as  runs  from  to

,  where  the  left  ending  point  corresponds  to 
(representing  the  Schwarzschild  black  hole),  while  the
right ending point represents .

α0

l = 2 n = 0,1 l = 3 n = 0,1,2

Figs. 2 and 3 show that, as the deviation parameter 
increases,  the  real  part  of  the  QNMs increases  while  the
absolute  value of  the  imaginary part  decreases  for  lower
overtone  numbers.  This  monotonic  behavior  persists  for
cases such as ,  and , . However,

 

α0 l = 2Table 1.    Fundamental mode and first overtone mode under gravitational perturbations for different values of , where .

α0
n = 0 n = 1

WKB PS WKB PS

0 0.373619-0.088891I 0.373672-0.088962I 0.346297-0.27348I 0.346711-0.273915I

0.15 0.381319-0.085311I 0.382617-0.08763I 0.352538-0.264144I 0.3586-0.269413I

0.3 0.39348-0.085922I 0.393707-0.085653I 0.3724-0.264948I 0.37302-0.262788I

0.5 0.410334-0.08219I 0.411063-0.08163I 0.390747-0.254688I 0.394524-0.249416I

2/e 0.441664-0.069059I 0.437952-0.071494I 0.437082-0.196175I 0.420167-0.217681I

 

α0 l = 3Table 2.    Fundamental mode and first overtone mode under gravitational perturbations for different values of , where .

α0
n = 0 n = 1

WKB PS WKB PS

0 0.599443-0.092703I 0.599443-0.092703I 0.582642-0.28129I 0.582644-0.281298I

0.15 0.611912-0.091489I 0.611485-0.091532I 0.596558-0.277408I 0.596085-0.277538I

0.3 0.62612-0.089774I 0.62623-0.089753I 0.612282-0.27194 I 0.612408-0.27186I

0.5 0.648871-0.086103I 0.648869-0.086098I 0.636886-0.260279I 0.636885-0.260262I

2/e 0.684759-0.076612I 0.683071-0.077217I 0.670626-0.231287I 0.669319-0.233063I

 

α0 l = 2Table 3.    Higher overtone modes under gravitational perturbations for different values of , where .

α0 n = 2 n = 3 n = 4 n = 5

0 0.301053-0.478277I 0.251505-0.705148I 0.207515-0.946845I 0.169303-1.19561I

0.15 0.318382-0.468975I 0.275574-0.689117I 0.239356-0.923063I 0.211068-1.163552I

0.3 0.338577-0.455611I 0.302014-0.666708I 0.271387-0.890632I 0.248115-1.121092I

0.5 0.366331-0.429253I 0.334302-0.623543I 0.303987-0.829115I 0.276284-1.041561I

2/e 0.384833-0.374182I 0.334921-0.549445I 0.279652-0.749675I 0.23127-0.972254I

 

α0 l = 3Table 4.    Higher overtone modes under gravitational perturbations for different values of , where .

α0 n = 2 n = 3 n = 4 n = 5

0 0.551685-0.479093I 0.511962-0.690337I 0.470174-0.915649I 0.431386-1.15215I

0.15 0.567742-0.471985I 0.531359-0.678713I 0.492955-0.898341I 0.457169-1.128414I

0.3 0.586941-0.461381I 0.554056-0.661643I 0.518891-0.873288I 0.485507-1.094386I

0.5 0.614486-0.440002I 0.584606-0.627843I 0.550755-0.824515I 0.515777-1.02902I

2/e 0.642013-0.393333I 0.601909-0.561527I 0.551089-0.741569I 0.493761-0.936819I
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α0 l = 2Fig. 2.    (color online) Trajectory of the QNMs with the variation of  on the frequency plane with  under gravitational field per-
turbations.

 

α0 l = 3Fig. 3.    (color online) Trajectory of QNMs with the variation of  on the frequency plane with  under gravitational field perturb-
ation.
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l = 2 n = 6,7,8

l = 0 l = 1

l ≥ 2

for higher  overtone  numbers,  the  QNMs  trajectories  be-
gin  to  exhibit  non-monotonic behavior.  More  import-
antly,  in  the  cases  of  and , we clearly  ob-
serve  the  emergence  of  spiral  structures  on  the  complex
frequency plane.  This  phenomenon  is  similar  to  the  res-
ults  reported  in  Refs.  [41, 43],  where  spiral  trajectories
were  found  for  scalar  and  electromagnetic  perturbations
with  and .  In  contrast,  our  results  demonstrate
that such  spiral  structures  can  also  arise  under  gravita-
tional perturbations when the overtone number n is suffi-
ciently large, even with .

α0

l = 2 n = 6,7,8

l = 3
n = 8

l = 2

Figures  4 and 5 display  the  real  and  imaginary  parts
of  the QNMs as functions of  the deviation parameter 
respectively, thereby offering a complementary perspect-
ive  to  the  full  QNMs  trajectories  shown  in  the  complex
frequency plane in Figs. 2 and 3. For  and ,
the  real  part  exhibits  pronounced  oscillatory  behavior,
whereas  the  imaginary  part  shows  milder  fluctuations.
These  oscillations  reflect  the  same  underlying  dynamics
responsible  for  the  spiral  structures  observed  in Fig.  2.
For ,  no  such  oscillatory  behavior  is  observed  in
either  component  up  to ;  however,  based  on  the
trend at ,  it  is  expected that  oscillations—and spiral
structures in the complex frequency plane—may emerge
at larger overtone numbers. These observations reinforce
the  connection  between  high  overtone  numbers  and  the
development  of  non-monotonic  or  spiral  features  in  the
QNMs spectrum. 

IV.  GREY-BODY FACTORS OBTAINED VIA
CORRESPONDENCE WITH QUASINORMAL

MODES

x = 2/3 c = 2

In  this  section,  we focus  on  the  grey-body factor  for
these types of regular black holes. We compute the grey-
body factor using the sixth-order WKB method and com-
pare  the  results  obtained via  the  correspondence relation
between  the  QNMs  and  grey-body  factor.  We  focus  on
the regular black hole with ( , ) and present a
brief discussion on the other regular black holes with dif-
ferent values of x and c.

The  grey-body  factor  scattering  has  the  following
boundary conditions: 

Φ = Te−iΩr∗ , r∗→−∞,

Φ = e−iΩr∗ +ReiΩr∗ , r∗→∞, (11)

where T and R represent the transmission coefficient and
reflection  coefficient,  respectively.  Here,  Ω  represents  a
real  number,  in  contrast  to  QNMs,  which  have  complex
frequencies. According  to  normalization,  the  transmis-
sion coefficient T and reflection coefficient R are related
by 

|T |2+ |R|2 = 1. (12)

 

α0 l = 2Fig. 4.    (color online) Real and imaginary parts of QNMs as the function of  with  under gravitational field perturbation.

 

α0 l = 3Fig. 5.    (color online) Real and imaginary parts of QNMs as the function of  with  gravitational field perturbation.
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The  reflection  coefficient R is  approximately  calculated
using the WKB method as 

R = (1+ e−2iπK )−1/2, (13)

Kwhere  is determined by 

K = i
ω2−V0√
−2V2

−
k=6∑
k=2

Λk(K), (14)

Λk(K)where  represents  the  higher  WKB  corrections
[75−77].  Thus,  the  grey-body  factor  for  different  values
of l is calculated as 

|Al|2 = 1− |R|2 = |T |2. (15)

The  correspondence  between  the  QNMs  and  grey-
body  factor  has  been  established  in  ,  and  it  is  described
by an  analytical  expansion in  terms of  the  angular  num-
ber l with the form

 

iK = Ω
2−Re(ω0)2

4Re(ω0)Im(ω0)

Å
1+

(Re(ω0)−Re(ω1))2

32Im(ω0)2
− 3Im(ω0)− Im(ω1)

24Im(ω0)

ã
− Re(ω0)−Re(ω1)

16Im(ω0)

− (ω2−Re(ω0)2)2

16Re(ω0)3Im(ω0)

Å
1+

Re(ω0)(Re(ω0)−Re(ω1))
4Im(ω0)2

ã
+

(ω2−Re(ω0)2)3

32Re(ω0)5Im(ω0)

Å
1+

Re(ω0)(Re(ω0)−Re(ω1))
4Im(ω0)2

+Re(ω0)2
Å

(Re(ω0)−Re(ω1))2

16Im(ω0)4
− 3Im(ω0)− Im(ω1)

12Im(ω0)

ãã
+O
Å

1
ℓ3

ã
, (16)

ω0 ω1

where Ω represents the frequency of the grey-body factor,
while  and  represent  the  fundamental  mode  and
first overtone mode of the QNMs, respectively.

x = 2/3 c = 2
Now,  we  check  this  correspondence  for  the  regular

black holes with  and . Figure 6 illustrates the
grey-body factor as a function of frequency Ω and the dif-
ference  between  the  grey-body  factors  obtained  through
the correspondence relation and those obtained using the
sixth-order  WKB  method.  From  these  figures,  we  have
following observations and remarks.
 

•  Variation of  grey-body factor  with Ω: With the in-
crease of the frequency Ω, the grey-body factor gradually
increases  from  0  to  1.  This  indicates  that  they  are  more
likely  to  penetrate  the  potential  barrier  as  the  energy  of
the particles becomes larger, thereby resulting in a larger
transmission coefficient and an increase in the grey-body
factor.
 

α0

α0

α0

• Variation of grey-body factor with : As the devi-
ation  parameter increases,  the  frequency  required  to
achieve the same grey-body factor also increases. This is
because an increase in  leads to a higher effective po-
tential, thereby  requiring  particles  to  have  a  higher  fre-
quency to penetrate the barrier.
 

• Difference in grey-body factors: The right plots in-

l→∞

dicate  that  the  difference  between  the  grey-body  factors
obtained  through  the  correspondence  relation  and  those
obtained  using  the  sixth-order  WKB  approximation  is
very  small,  and  this  difference  exhibits  a  similar  wave-
like  pattern.  As l increases  from  2  to  4,  the  difference
between the grey-body factors decreases further, with the
discrepancy being only one-thousandth. This further con-
firms  the  accuracy  of  the  grey-body  factors  obtained
through  the  correspondence  relation,  and  it  is  expected
that  this  correspondence  becomes  exact  in  the  limit  of

.
 

x = 1 c = 3

α0

x = 1 c = 3

∆|A|2

To check the universality of this  correspondence,  we
present  a  brief  discussion  on  other  regular  black  holes
with different values of x and c at the end of this section.
Without  loss  of  generality,  we  consider  and .
This  type  of  regular  black hole  has  the  same asymptotic
behavior as the Hayward black hole at large scales. With
the same algebra, one can derive that the deviation para-
meter  for this regular black hole ranges from 0 to 8/3e.
The QNMs of  this  black  hole  under  the  scalar  perturba-
tions  have  been  investigated  in  [41].  We  present  the
QNMs  of  regular  black  hole  with  and  under
the gravitational perturbations in Table 5. We list the dis-
crepancy of the grey-body factors obtained by the corres-
pondence relation and the sixth-order WKB method sep-
arately,  where  represents  the maximal  value of  the
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discrepancy as it runs as the function of the frequency Ω.
The results show that the correspondence relation is also
valid for this regular black hole, and the discrepancy de-
creases with an increase in the angular number l.
 

V.  CONCLUSION AND DISCUSSION

In  this  study,  we  computed  the  QNMs  of  regular
black  holes  with  sub-Planckian curvature  under  gravita-
tional perturbations by employing the pseudospectral and

 

l = 2,3,4
α0

Fig. 6.    (color online) Left image: Grey-body factors derived from the correspondence of regular black holes with  for differ-
ent deviation parameters . Right image: Discrepancy between the results obtained by the correspondence relation and those obtained
by the sixth-order WKB method.

 

x = 1,c = 3 α0 n = 0,1
l = 2,3 ∆|A|2
Table 5.    QNMs of the regular black hole ( ) under gravitational perturbations for different values of ,  with  and

. The grey-body factors are obtained by the correspondence relation and the sixth-order WKB method separately, with  rep-
resents the maximal value of the discrepancy as it runs as the function of the frequency Ω.

α0
l = 2 l = 3

n = 0 n = 1 ∆|A|2 n = 0 n = 1 ∆|A|2

0 0.373672-0.088962I 0.346711-0.273915I 0.0094 0.599443 -0.092703I 0.582644-0.281298I 0.0045

0.25 0.373672-0.088962I 0.356405-0.265287I 0.0087 0.607122 -0.090469I 0.591806-0.274238I 0.0041

0.5 0.386371-0.083093I 0.366047-0.254532I 0.0088 0.615229-0.087722I 0.601026-0.265527I 0.0035

0.75 0.393932-0.078508I 0.375307-0.239352I 0.019 0.624505-0.083924I 0.610438-0.25354I 0.0036

8/3e 0.401236-0.072533I 0.379621-0.221364I 0.05 0.63369-0.079133I 0.617221-0.23921I 0.0056
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α0

l = 2
n = 6, 7, 8

l = 3
n = 8

WKB methods. As the overtone number n increases, it is
observed that  the  trajectory  of  the  QNMs  with  the  vari-
ation  of  the  deviation  parameter  exhibits  non-mono-
tonic  behavior  in  the  frequency  plane.  For  and

,  we  clearly  observed  oscillatory  behavior  in
the real  part  and mild fluctuations in the imaginary part,
which are  associated with  the  emergence of  spiral  struc-
tures in the complex frequency plane. For , such be-
havior does not appear up to ; however, it is expec-
ted to emerge at a larger n. Thus, we suggest that the in-
crease  in  the  angular  number l may  suppress  the  non-
monotonic and  spiral  behavior  of  the  QNMs  on  the  fre-
quency  plane;  however,  further  investigation  with  larger
values  of l is  required  to  confirm  this  suggestion.  It  is
more  likely  to  observe  the  non-monotonic  behavior  and
spiral behavior of the frequency for larger overtone num-
ber n, which leads to the outburst of the overtone. We ex-
pect to justify this statement by computing the QNMs for
a larger n in future.

Furthermore, we computed the grey-body factors with
the WKB method and compared them with the results ob-
tained  with  the  correspondence  relation  between  the
QNMs and grey-body factors. The results indicate that for
small l,  the  grey-body factors  derived  from  the  corres-
pondence  relation  have  a  tiny  difference  compared  to
those from the  WKB method,  and these  discrepancy de-
crease  further  with  an  increase  in  the  angular  number l,
thus demonstrating the reliability of this approach for reg-
ular  black  holes  with  sub-Planckian  curvature  and
Minkowski core. 

ACKNOWLEDGMENTS

We are grateful to Guo-ping Li, Kai Li, Wen-bin Pan,
Meng-he  Wu,  and  Zhangping  Yu  for  helpful  discussions
on  the  QNMs  and  the  relevant  numerical  methods.  We
also thank the anonymous referees for their helpful com-
ments.

 

 

References 

 S. W. Hawking, Commun. Math. Phys. 43(3), 199 (1975)[1]
 D. N. Page, Phys. Rev. D 14(12), 3260 (1976)[2]
 M. Visser, Phys. Rev. Lett. 80(16), 3436 (1998)[3]
 N. Sanchez, Phys. Rev. D 18(4), 1030 (1978)[4]
 J.  M. Maldacena and A. Strominger, Phys. Rev. D 55, 861
(1997)

[5]

 M. Cvetic and F. Larsen, Phys. Rev. D 56, 4994 (1997)[6]
 P.  Kanti  and  J.  March-Russell, Phys.  Rev.  D 67, 104019
(2003)

[7]

 M.  Boonserm  and  M.  Visser, Phys.  Rev.  D 78, 101502
(2008)

[8]

 R. C. Pantig, L. Mastrototaro, G. Lambiase et al., Eur. Phys.
J. C 82(12), 1155 (2022)

[9]

 C.  Lan,  Y.  G.  Miao,  and  H.  Yang, Nucl.  Phys.  B 971,
115539 (2021)

[10]

 A. Övgün, R. C. Pantig, and A. Rincón, Annals Phys. 463,
169625 (2024)

[11]

 K. Okabayashi and N. Oshita, Phys. Rev. D 110(6), 064086
(2024)

[12]

 H. P. Nollert, Class. Quant. Grav. 16, R159 (1999)[13]
 K. D. Kokkotasand B. G. Schmidt, Living Rev. Relativ. 2, 1
(1999)

[14]

 E.  Berti,  V.  Cardoso,  and  A.  O.  Starinets, Class.  Quant.
Grav. 26(16), 163001 (2009)

[15]

 R.  A.  Konoplya  and  A.  Zhidenko, Rev.  Mod.  Phys. 83(3),
793 (2011)

[16]

 E. E. Flanagan and S. A. Hughes, Phys. Rev. D 57(8), 4566
(1998)

[17]

 H.  Yang,  D.  A.  Nichols,  F.  Zhang et  al., Phys.  Rev.  D
86(10), 104006 (2012)

[18]

 E.  Berti,  A.  Sesana,  E.  Barausse et  al., Phys.  Rev.  Lett.
117(10), 101102 (2016)

[19]

 B. P. Abbott et al., Phys. Rev. Lett. 116(6), 061102 (2016)[20]
 V.  Cardoso,  E.  Franzin,  and  P.  Pani, Phys.  Rev.  Lett.
116(17), 171101 (2016)

[21]

 V. Baibhav, E. Berti, V. Cardoso et al., Phys. Rev. D 97(4),[22]

044048 (2018)
 M. Giesler,  M. Isi,  M. A. Scheel et al., Phys.  Rev. X 9(4),
041060 (2019)

[23]

 X. Jiménez Forteza, S. Bhagwat, P. Pani et al., Phys. Rev. D
102(4), 044053 (2020)

[24]

 E. Maggio, L. Buoninfante, A. Mazumdar et al., Phys. Rev.
D 102(6), 064053 (2020)

[25]

 R.  Dey,  S.  Biswas,  and  S.  Chakraborty, Phys.  Rev.  D
103(8), 084019 (2021)

[26]

 G. Carullo, D. Laghi, N. K. Johnson-McDaniel et al., Phys.
Rev. D 105(6), 062009 (2022)

[27]

 R.  F.  Rosato,  K.  Destounis,  P.  Pani,  (2024),  arXiv:
2406.01692

[28]

 S.  Yi,  A.  Kuntz,  E.  Barausse et  al., Phys.  Rev.  D 109(12),
124029 (2024)

[29]

 E. Berti,  V.  Cardoso,  and C.  M. Will, Phys.  Rev.  D 73(6),
064030 (2006)

[30]

 K. Bronnikov, R. Konoplya, and A. Zhidenko, Phys. Rev. D
86(2), 024028 (2012)

[31]

 A.  Flachi  and  J.  P.  Lemos, Phys.  Rev.  D 87(2), 024034
(2013)

[32]

 K. Jusufi,  M.  Azreg-A¨ınou,  M.  Jamil et  al., Phys.  Rev.  D
103(2), 024013 (2021)

[33]

 S. Hendi, S. Sajadi, and M. Khademi, Phys. Rev. D 103(6),
064016 (2021)

[34]

 R. Konoplya, Z. Stuchlik, A. Zhidenko et al., Phys. Rev. D
107(10), 104050 (2023)

[35]

 K.  Meng  and  S.  J.  Zhang, Class.  Quant.  Grav. 40(19),
195024 (2023)

[36]

 R.  Konoplya  and  A.  Zhidenko, Phys.  Rev.  D 109(10),
104005 (2024)

[37]

 L. L′opez and V.  Ram′ırez, Eur.  Phys.  J.  Plus 138(2), 120
(2023)

[38]

 D. M. Gingrich, Phys. Rev. D 109(4), 044044 (2024)[39]
 N.  Franchini,  S.  H.  Völkel,  (2024)  doi: 10.1007/978-981-
97-2871-8_9, arXiv: 2305.01696

[40]

 D. Zhang, H. Gong, G. Fu et al., Eur. Phys. J. C 84(6), 564
(2024)

[41]

Correspondence between grey-body factors and quasinormal modes for regular black holes... Chin. Phys. C 49, 125110 (2025)

125110-9

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/10.1007/BF02345020
https://doi.org/10.1007/BF02345020
https://doi.org/10.1103/PhysRevD.14.3260
https://doi.org/10.1103/PhysRevD.14.3260
https://doi.org/10.1103/PhysRevD.14.3260
https://doi.org/10.1103/PhysRevD.14.3260
https://doi.org/10.1103/PhysRevD.14.3260
https://doi.org/10.1103/PhysRevD.14.3260
https://doi.org/10.1103/PhysRevD.14.3260
https://doi.org/10.1103/PhysRevD.14.3260
https://doi.org/10.1103/PhysRevD.14.3260
https://doi.org/10.1103/PhysRevD.14.3260
https://doi.org/10.1103/PhysRevD.14.3260
https://doi.org/10.1103/PhysRevD.14.3260
https://doi.org/10.1103/PhysRevLett.80.3436
https://doi.org/10.1103/PhysRevLett.80.3436
https://doi.org/10.1103/PhysRevLett.80.3436
https://doi.org/10.1103/PhysRevLett.80.3436
https://doi.org/10.1103/PhysRevLett.80.3436
https://doi.org/10.1103/PhysRevLett.80.3436
https://doi.org/10.1103/PhysRevLett.80.3436
https://doi.org/10.1103/PhysRevLett.80.3436
https://doi.org/10.1103/PhysRevLett.80.3436
https://doi.org/10.1103/PhysRevLett.80.3436
https://doi.org/10.1103/PhysRevLett.80.3436
https://doi.org/10.1103/PhysRevLett.80.3436
https://doi.org/10.1103/PhysRevD.18.1030
https://doi.org/10.1103/PhysRevD.18.1030
https://doi.org/10.1103/PhysRevD.18.1030
https://doi.org/10.1103/PhysRevD.18.1030
https://doi.org/10.1103/PhysRevD.18.1030
https://doi.org/10.1103/PhysRevD.18.1030
https://doi.org/10.1103/PhysRevD.18.1030
https://doi.org/10.1103/PhysRevD.18.1030
https://doi.org/10.1103/PhysRevD.18.1030
https://doi.org/10.1103/PhysRevD.18.1030
https://doi.org/10.1103/PhysRevD.18.1030
https://doi.org/10.1103/PhysRevD.18.1030
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/10.1103/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/10.1103/PhysRevD.67.104019
https://doi.org/10.1103/PhysRevD.67.104019
https://doi.org/10.1103/PhysRevD.67.104019
https://doi.org/10.1103/PhysRevD.67.104019
https://doi.org/10.1103/PhysRevD.67.104019
https://doi.org/10.1103/PhysRevD.67.104019
https://doi.org/10.1103/PhysRevD.67.104019
https://doi.org/10.1103/PhysRevD.67.104019
https://doi.org/10.1103/PhysRevD.67.104019
https://doi.org/10.1103/PhysRevD.78.101502
https://doi.org/10.1103/PhysRevD.78.101502
https://doi.org/10.1103/PhysRevD.78.101502
https://doi.org/10.1103/PhysRevD.78.101502
https://doi.org/10.1103/PhysRevD.78.101502
https://doi.org/10.1103/PhysRevD.78.101502
https://doi.org/10.1103/PhysRevD.78.101502
https://doi.org/10.1103/PhysRevD.78.101502
https://doi.org/10.1103/PhysRevD.78.101502
https://doi.org/10.1140/epjc/s10052-022-11125-y
https://doi.org/10.1140/epjc/s10052-022-11125-y
https://doi.org/10.1140/epjc/s10052-022-11125-y
https://doi.org/10.1140/epjc/s10052-022-11125-y
https://doi.org/10.1140/epjc/s10052-022-11125-y
https://doi.org/10.1140/epjc/s10052-022-11125-y
https://doi.org/10.1140/epjc/s10052-022-11125-y
https://doi.org/10.1140/epjc/s10052-022-11125-y
https://doi.org/10.1140/epjc/s10052-022-11125-y
https://doi.org/10.1140/epjc/s10052-022-11125-y
https://doi.org/10.1140/epjc/s10052-022-11125-y
https://doi.org/10.1140/epjc/s10052-022-11125-y
https://doi.org/10.1140/epjc/s10052-022-11125-y
https://doi.org/10.1016/j.nuclphysb.2021.115539
https://doi.org/10.1016/j.nuclphysb.2021.115539
https://doi.org/10.1016/j.nuclphysb.2021.115539
https://doi.org/10.1016/j.nuclphysb.2021.115539
https://doi.org/10.1016/j.nuclphysb.2021.115539
https://doi.org/10.1016/j.nuclphysb.2021.115539
https://doi.org/10.1016/j.nuclphysb.2021.115539
https://doi.org/10.1016/j.nuclphysb.2021.115539
https://doi.org/10.1016/j.nuclphysb.2021.115539
https://doi.org/10.1016/j.aop.2024.169625
https://doi.org/10.1016/j.aop.2024.169625
https://doi.org/10.1016/j.aop.2024.169625
https://doi.org/10.1016/j.aop.2024.169625
https://doi.org/10.1016/j.aop.2024.169625
https://doi.org/10.1016/j.aop.2024.169625
https://doi.org/10.1016/j.aop.2024.169625
https://doi.org/10.1016/j.aop.2024.169625
https://doi.org/10.1016/j.aop.2024.169625
https://doi.org/10.1103/PhysRevD.110.064086
https://doi.org/10.1103/PhysRevD.110.064086
https://doi.org/10.1103/PhysRevD.110.064086
https://doi.org/10.1103/PhysRevD.110.064086
https://doi.org/10.1103/PhysRevD.110.064086
https://doi.org/10.1103/PhysRevD.110.064086
https://doi.org/10.1103/PhysRevD.110.064086
https://doi.org/10.1103/PhysRevD.110.064086
https://doi.org/10.1103/PhysRevD.110.064086
https://doi.org/10.1103/PhysRevD.110.064086
https://doi.org/10.1103/PhysRevD.110.064086
https://doi.org/10.1088/0264-9381/16/12/201
https://doi.org/10.1088/0264-9381/16/12/201
https://doi.org/10.1088/0264-9381/16/12/201
https://doi.org/10.1088/0264-9381/16/12/201
https://doi.org/10.1088/0264-9381/16/12/201
https://doi.org/10.1088/0264-9381/16/12/201
https://doi.org/10.1088/0264-9381/16/12/201
https://doi.org/10.1088/0264-9381/16/12/201
https://doi.org/10.1088/0264-9381/16/12/201
https://doi.org/10.1088/0264-9381/16/12/201
https://doi.org/10.12942/lrr-1999-1
https://doi.org/10.12942/lrr-1999-1
https://doi.org/10.12942/lrr-1999-1
https://doi.org/10.12942/lrr-1999-1
https://doi.org/10.12942/lrr-1999-1
https://doi.org/10.12942/lrr-1999-1
https://doi.org/10.12942/lrr-1999-1
https://doi.org/10.12942/lrr-1999-1
https://doi.org/10.12942/lrr-1999-1
https://doi.org/10.1088/0264-9381/26/16/163001
https://doi.org/10.1088/0264-9381/26/16/163001
https://doi.org/10.1088/0264-9381/26/16/163001
https://doi.org/10.1088/0264-9381/26/16/163001
https://doi.org/10.1088/0264-9381/26/16/163001
https://doi.org/10.1088/0264-9381/26/16/163001
https://doi.org/10.1088/0264-9381/26/16/163001
https://doi.org/10.1088/0264-9381/26/16/163001
https://doi.org/10.1088/0264-9381/26/16/163001
https://doi.org/10.1088/0264-9381/26/16/163001
https://doi.org/10.1088/0264-9381/26/16/163001
https://doi.org/10.1088/0264-9381/26/16/163001
https://doi.org/10.1088/0264-9381/26/16/163001
https://doi.org/10.1103/RevModPhys.83.793
https://doi.org/10.1103/RevModPhys.83.793
https://doi.org/10.1103/RevModPhys.83.793
https://doi.org/10.1103/RevModPhys.83.793
https://doi.org/10.1103/RevModPhys.83.793
https://doi.org/10.1103/RevModPhys.83.793
https://doi.org/10.1103/RevModPhys.83.793
https://doi.org/10.1103/RevModPhys.83.793
https://doi.org/10.1103/RevModPhys.83.793
https://doi.org/10.1103/RevModPhys.83.793
https://doi.org/10.1103/RevModPhys.83.793
https://doi.org/10.1103/PhysRevD.57.4566
https://doi.org/10.1103/PhysRevD.57.4566
https://doi.org/10.1103/PhysRevD.57.4566
https://doi.org/10.1103/PhysRevD.57.4566
https://doi.org/10.1103/PhysRevD.57.4566
https://doi.org/10.1103/PhysRevD.57.4566
https://doi.org/10.1103/PhysRevD.57.4566
https://doi.org/10.1103/PhysRevD.57.4566
https://doi.org/10.1103/PhysRevD.57.4566
https://doi.org/10.1103/PhysRevD.57.4566
https://doi.org/10.1103/PhysRevD.57.4566
https://doi.org/10.1103/PhysRevD.86.104006
https://doi.org/10.1103/PhysRevD.86.104006
https://doi.org/10.1103/PhysRevD.86.104006
https://doi.org/10.1103/PhysRevD.86.104006
https://doi.org/10.1103/PhysRevD.86.104006
https://doi.org/10.1103/PhysRevD.86.104006
https://doi.org/10.1103/PhysRevD.86.104006
https://doi.org/10.1103/PhysRevD.86.104006
https://doi.org/10.1103/PhysRevD.86.104006
https://doi.org/10.1103/PhysRevD.86.104006
https://doi.org/10.1103/PhysRevD.86.104006
https://doi.org/10.1103/PhysRevLett.117.101102
https://doi.org/10.1103/PhysRevLett.117.101102
https://doi.org/10.1103/PhysRevLett.117.101102
https://doi.org/10.1103/PhysRevLett.117.101102
https://doi.org/10.1103/PhysRevLett.117.101102
https://doi.org/10.1103/PhysRevLett.117.101102
https://doi.org/10.1103/PhysRevLett.117.101102
https://doi.org/10.1103/PhysRevLett.117.101102
https://doi.org/10.1103/PhysRevLett.117.101102
https://doi.org/10.1103/PhysRevLett.117.101102
https://doi.org/10.1103/PhysRevLett.117.101102
https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevLett.116.171101
https://doi.org/10.1103/PhysRevLett.116.171101
https://doi.org/10.1103/PhysRevLett.116.171101
https://doi.org/10.1103/PhysRevLett.116.171101
https://doi.org/10.1103/PhysRevLett.116.171101
https://doi.org/10.1103/PhysRevLett.116.171101
https://doi.org/10.1103/PhysRevLett.116.171101
https://doi.org/10.1103/PhysRevLett.116.171101
https://doi.org/10.1103/PhysRevLett.116.171101
https://doi.org/10.1103/PhysRevLett.116.171101
https://doi.org/10.1103/PhysRevLett.116.171101
https://doi.org/10.1103/PhysRevD.97.044048
https://doi.org/10.1103/PhysRevD.97.044048
https://doi.org/10.1103/PhysRevD.97.044048
https://doi.org/10.1103/PhysRevD.97.044048
https://doi.org/10.1103/PhysRevD.97.044048
https://doi.org/10.1103/PhysRevD.97.044048
https://doi.org/10.1103/PhysRevD.97.044048
https://doi.org/10.1103/PhysRevD.97.044048
https://doi.org/10.1103/PhysRevD.97.044048
https://doi.org/10.1103/PhysRevD.97.044048
https://doi.org/10.1103/PhysRevD.97.044048
https://doi.org/10.1103/PhysRevX.9.041060
https://doi.org/10.1103/PhysRevX.9.041060
https://doi.org/10.1103/PhysRevX.9.041060
https://doi.org/10.1103/PhysRevX.9.041060
https://doi.org/10.1103/PhysRevX.9.041060
https://doi.org/10.1103/PhysRevX.9.041060
https://doi.org/10.1103/PhysRevX.9.041060
https://doi.org/10.1103/PhysRevX.9.041060
https://doi.org/10.1103/PhysRevX.9.041060
https://doi.org/10.1103/PhysRevX.9.041060
https://doi.org/10.1103/PhysRevX.9.041060
https://doi.org/10.1103/PhysRevD.102.044053
https://doi.org/10.1103/PhysRevD.102.044053
https://doi.org/10.1103/PhysRevD.102.044053
https://doi.org/10.1103/PhysRevD.102.044053
https://doi.org/10.1103/PhysRevD.102.044053
https://doi.org/10.1103/PhysRevD.102.044053
https://doi.org/10.1103/PhysRevD.102.044053
https://doi.org/10.1103/PhysRevD.102.044053
https://doi.org/10.1103/PhysRevD.102.044053
https://doi.org/10.1103/PhysRevD.102.044053
https://doi.org/10.1103/PhysRevD.102.044053
https://doi.org/10.1103/PhysRevD.102.064053
https://doi.org/10.1103/PhysRevD.102.064053
https://doi.org/10.1103/PhysRevD.102.064053
https://doi.org/10.1103/PhysRevD.102.064053
https://doi.org/10.1103/PhysRevD.102.064053
https://doi.org/10.1103/PhysRevD.102.064053
https://doi.org/10.1103/PhysRevD.102.064053
https://doi.org/10.1103/PhysRevD.102.064053
https://doi.org/10.1103/PhysRevD.102.064053
https://doi.org/10.1103/PhysRevD.102.064053
https://doi.org/10.1103/PhysRevD.102.064053
https://doi.org/10.1103/PhysRevD.102.064053
https://doi.org/10.1103/PhysRevD.102.064053
https://doi.org/10.1103/PhysRevD.103.084019
https://doi.org/10.1103/PhysRevD.103.084019
https://doi.org/10.1103/PhysRevD.103.084019
https://doi.org/10.1103/PhysRevD.103.084019
https://doi.org/10.1103/PhysRevD.103.084019
https://doi.org/10.1103/PhysRevD.103.084019
https://doi.org/10.1103/PhysRevD.103.084019
https://doi.org/10.1103/PhysRevD.103.084019
https://doi.org/10.1103/PhysRevD.103.084019
https://doi.org/10.1103/PhysRevD.103.084019
https://doi.org/10.1103/PhysRevD.103.084019
https://doi.org/10.1103/PhysRevD.105.062009
https://doi.org/10.1103/PhysRevD.105.062009
https://doi.org/10.1103/PhysRevD.105.062009
https://doi.org/10.1103/PhysRevD.105.062009
https://doi.org/10.1103/PhysRevD.105.062009
https://doi.org/10.1103/PhysRevD.105.062009
https://doi.org/10.1103/PhysRevD.105.062009
https://doi.org/10.1103/PhysRevD.105.062009
https://doi.org/10.1103/PhysRevD.105.062009
https://doi.org/10.1103/PhysRevD.105.062009
https://doi.org/10.1103/PhysRevD.105.062009
https://doi.org/10.1103/PhysRevD.105.062009
https://doi.org/10.1103/PhysRevD.105.062009
https://arxiv.org/abs/2406.01692
https://doi.org/10.1103/PhysRevD.109.124029
https://doi.org/10.1103/PhysRevD.109.124029
https://doi.org/10.1103/PhysRevD.109.124029
https://doi.org/10.1103/PhysRevD.109.124029
https://doi.org/10.1103/PhysRevD.109.124029
https://doi.org/10.1103/PhysRevD.109.124029
https://doi.org/10.1103/PhysRevD.109.124029
https://doi.org/10.1103/PhysRevD.109.124029
https://doi.org/10.1103/PhysRevD.109.124029
https://doi.org/10.1103/PhysRevD.109.124029
https://doi.org/10.1103/PhysRevD.109.124029
https://doi.org/10.1103/PhysRevD.73.064030
https://doi.org/10.1103/PhysRevD.73.064030
https://doi.org/10.1103/PhysRevD.73.064030
https://doi.org/10.1103/PhysRevD.73.064030
https://doi.org/10.1103/PhysRevD.73.064030
https://doi.org/10.1103/PhysRevD.73.064030
https://doi.org/10.1103/PhysRevD.73.064030
https://doi.org/10.1103/PhysRevD.73.064030
https://doi.org/10.1103/PhysRevD.73.064030
https://doi.org/10.1103/PhysRevD.73.064030
https://doi.org/10.1103/PhysRevD.73.064030
https://doi.org/10.1103/PhysRevD.86.024028
https://doi.org/10.1103/PhysRevD.86.024028
https://doi.org/10.1103/PhysRevD.86.024028
https://doi.org/10.1103/PhysRevD.86.024028
https://doi.org/10.1103/PhysRevD.86.024028
https://doi.org/10.1103/PhysRevD.86.024028
https://doi.org/10.1103/PhysRevD.86.024028
https://doi.org/10.1103/PhysRevD.86.024028
https://doi.org/10.1103/PhysRevD.86.024028
https://doi.org/10.1103/PhysRevD.86.024028
https://doi.org/10.1103/PhysRevD.86.024028
https://doi.org/10.1103/PhysRevD.87.024034
https://doi.org/10.1103/PhysRevD.87.024034
https://doi.org/10.1103/PhysRevD.87.024034
https://doi.org/10.1103/PhysRevD.87.024034
https://doi.org/10.1103/PhysRevD.87.024034
https://doi.org/10.1103/PhysRevD.87.024034
https://doi.org/10.1103/PhysRevD.87.024034
https://doi.org/10.1103/PhysRevD.87.024034
https://doi.org/10.1103/PhysRevD.87.024034
https://doi.org/10.1103/PhysRevD.87.024034
https://doi.org/10.1103/PhysRevD.87.024034
https://doi.org/10.1103/PhysRevD.103.024013
https://doi.org/10.1103/PhysRevD.103.024013
https://doi.org/10.1103/PhysRevD.103.024013
https://doi.org/10.1103/PhysRevD.103.024013
https://doi.org/10.1103/PhysRevD.103.024013
https://doi.org/10.1103/PhysRevD.103.024013
https://doi.org/10.1103/PhysRevD.103.024013
https://doi.org/10.1103/PhysRevD.103.024013
https://doi.org/10.1103/PhysRevD.103.024013
https://doi.org/10.1103/PhysRevD.103.024013
https://doi.org/10.1103/PhysRevD.103.024013
https://doi.org/10.1103/PhysRevD.103.064016
https://doi.org/10.1103/PhysRevD.103.064016
https://doi.org/10.1103/PhysRevD.103.064016
https://doi.org/10.1103/PhysRevD.103.064016
https://doi.org/10.1103/PhysRevD.103.064016
https://doi.org/10.1103/PhysRevD.103.064016
https://doi.org/10.1103/PhysRevD.103.064016
https://doi.org/10.1103/PhysRevD.103.064016
https://doi.org/10.1103/PhysRevD.103.064016
https://doi.org/10.1103/PhysRevD.103.064016
https://doi.org/10.1103/PhysRevD.103.064016
https://doi.org/10.1103/PhysRevD.107.104050
https://doi.org/10.1103/PhysRevD.107.104050
https://doi.org/10.1103/PhysRevD.107.104050
https://doi.org/10.1103/PhysRevD.107.104050
https://doi.org/10.1103/PhysRevD.107.104050
https://doi.org/10.1103/PhysRevD.107.104050
https://doi.org/10.1103/PhysRevD.107.104050
https://doi.org/10.1103/PhysRevD.107.104050
https://doi.org/10.1103/PhysRevD.107.104050
https://doi.org/10.1103/PhysRevD.107.104050
https://doi.org/10.1103/PhysRevD.107.104050
https://doi.org/10.1088/1361-6382/acf3c6
https://doi.org/10.1088/1361-6382/acf3c6
https://doi.org/10.1088/1361-6382/acf3c6
https://doi.org/10.1088/1361-6382/acf3c6
https://doi.org/10.1088/1361-6382/acf3c6
https://doi.org/10.1088/1361-6382/acf3c6
https://doi.org/10.1088/1361-6382/acf3c6
https://doi.org/10.1088/1361-6382/acf3c6
https://doi.org/10.1088/1361-6382/acf3c6
https://doi.org/10.1088/1361-6382/acf3c6
https://doi.org/10.1088/1361-6382/acf3c6
https://doi.org/10.1103/PhysRevD.109.104005
https://doi.org/10.1103/PhysRevD.109.104005
https://doi.org/10.1103/PhysRevD.109.104005
https://doi.org/10.1103/PhysRevD.109.104005
https://doi.org/10.1103/PhysRevD.109.104005
https://doi.org/10.1103/PhysRevD.109.104005
https://doi.org/10.1103/PhysRevD.109.104005
https://doi.org/10.1103/PhysRevD.109.104005
https://doi.org/10.1103/PhysRevD.109.104005
https://doi.org/10.1103/PhysRevD.109.104005
https://doi.org/10.1103/PhysRevD.109.104005
https://doi.org/10.1140/epjp/s13360-023-03735-6
https://doi.org/10.1140/epjp/s13360-023-03735-6
https://doi.org/10.1140/epjp/s13360-023-03735-6
https://doi.org/10.1140/epjp/s13360-023-03735-6
https://doi.org/10.1140/epjp/s13360-023-03735-6
https://doi.org/10.1140/epjp/s13360-023-03735-6
https://doi.org/10.1140/epjp/s13360-023-03735-6
https://doi.org/10.1140/epjp/s13360-023-03735-6
https://doi.org/10.1140/epjp/s13360-023-03735-6
https://doi.org/10.1140/epjp/s13360-023-03735-6
https://doi.org/10.1140/epjp/s13360-023-03735-6
https://doi.org/10.1103/PhysRevD.109.044044
https://doi.org/10.1103/PhysRevD.109.044044
https://doi.org/10.1103/PhysRevD.109.044044
https://doi.org/10.1103/PhysRevD.109.044044
https://doi.org/10.1103/PhysRevD.109.044044
https://doi.org/10.1103/PhysRevD.109.044044
https://doi.org/10.1103/PhysRevD.109.044044
https://doi.org/10.1103/PhysRevD.109.044044
https://doi.org/10.1103/PhysRevD.109.044044
https://doi.org/10.1103/PhysRevD.109.044044
https://doi.org/10.1103/PhysRevD.109.044044
https://doi.org/10.1103/PhysRevD.109.044044
http://dx.doi.org/10.1007/978-981-97-2871-8_9
http://dx.doi.org/10.1007/978-981-97-2871-8_9
http://dx.doi.org/10.1007/978-981-97-2871-8_9
http://dx.doi.org/10.1007/978-981-97-2871-8_9
http://dx.doi.org/10.1007/978-981-97-2871-8_9
http://dx.doi.org/10.1007/978-981-97-2871-8_9
http://dx.doi.org/10.1007/978-981-97-2871-8_9
http://dx.doi.org/10.1007/978-981-97-2871-8_9
http://dx.doi.org/10.1007/978-981-97-2871-8_9
https://arxiv.org/abs/2305.01696
https://doi.org/10.1140/epjc/s10052-024-12928-x
https://doi.org/10.1140/epjc/s10052-024-12928-x
https://doi.org/10.1140/epjc/s10052-024-12928-x
https://doi.org/10.1140/epjc/s10052-024-12928-x
https://doi.org/10.1140/epjc/s10052-024-12928-x
https://doi.org/10.1140/epjc/s10052-024-12928-x
https://doi.org/10.1140/epjc/s10052-024-12928-x
https://doi.org/10.1140/epjc/s10052-024-12928-x
https://doi.org/10.1140/epjc/s10052-024-12928-x
https://doi.org/10.1140/epjc/s10052-024-12928-x
https://doi.org/10.1140/epjc/s10052-024-12928-x


 D. Pedrotti  and S. Vagnozzi, Phys.  Rev. D 110(8), 084075
(2024)

[42]

 C. Tang, Y. Ling, and Q. Q. Jiang, Eur. Phys. J.  C 84(12),
1296 (2024)

[43]

 J.  Bardeen,  in Proceedings  of  the  5th  International
Conference  on  Gravitation  and  the  Theory  of  Relativity,
(1968), p. 87

[44]

 I. Dymnikova, Gen. Relativ. Gravit. 24, 235 (1992)[45]
 S. A. Hayward, Phys. Rev. Lett. 96(3), 031103 (2006)[46]
 V. P. Frolov, JHEP 2014(5), 1 (2014)[47]
 R. Penrose, Phys. Rev. Lett 14, 57 (1965)[48]
 S. W. Hawking, G. F. R. Ellis, The Large Scale Structure of
Space-Time,  (Cambridge:  Cambridge  University  Press,
1973)

[49]

 L. Xiang, Y. Ling, and Y. G. Shen, Int. J. Mod. Phys. D 22,
1342016 (2013)

[50]

 X.  Li,  Y.  Ling,  Y.  G.  Shen et  al., Annals  Phys. 396, 334
(2018)

[51]

 E. Bianchi, M. Christodoulou, F. D’Ambrosio et al., Class.
Quant. Grav. 35(22), 225003 (2018)

[52]

 A. Simpson and M. Visser, JCAP 02, 042 (2019)[53]
 E. Ayon-Beato and A. Garcia, Phys. Rev. Lett. 80(23), 5056
(1998)

[54]

 L. Balart and E. C. Vagenas, Phys. Rev. D 90(12), 124045
(2014)

[55]

 B.  Koch  and  F.  Saueressig, Int.  J.  Mod.  Phys.  A 29(08),
1430011 (2014)

[56]

 Z.  Y.  Fan  and  X.  Wang, Phys.  Rev.  D 94(12), 124027
(2016)

[57]

 E. Ay′on-Beato and A. Garcıa, Phys. Lett. B 493(1-2), 149
(2000)

[58]

 A. Ashtekar, J. Olmedo, and P. Singh, Phys. Rev. D 98(12),
126003 (2018)

[59]

 A.  Ashtekar,  J.  Olmedo,  and  P.  Singh, Phys.  Rev.  Lett.
121(24), 241301 (2018)

[60]

 J. B. Achour, F. Lamy, H. Liu et al., Europhys. Lett. 123(2),
20006 (2018)

[61]

 Z.  W.  Feng,  Q.  Q.  Jiang,  Y.  Ling et  al.,  (2024),  arXiv:
2408.01780

[62]

 R. A. Konoplya and A. Zhidenko, JCAP 09, 068 (2024)[63]
 R.  A.  Konoplya  and  A.  Zhidenko, Phys.  Lett.  B 861,
139288 (2025)

[64]

 M. Skvortsova, (2024), arXiv: 2411.06007[65]
 Z. Malik, arXiv: 2412.19443[66]
 Z. Malik, (2024), arXiv: 2412.13385[67]
 S.  V.  Bolokhov  and  M.  Skvortsova,  (2024),  arXiv:
2412.11166

[68]

 A. Dubinsky, (2024), arXiv: 2412.00625[69]
 Y. Ling and M. H. Wu, Class. Quant. Grav. 40(7), 075009
(2023)

[70]

 Y. Ling and M. H. Wu, Symmetry 14(11), 2415 (2022)[71]
 W.  Zeng,  Y.  Ling,  and  Q.  Q.  Jiang, Chin.  Phys.  C 47(8),
085103 (2023)

[72]

 W. Zeng, Y. Ling, Q. Q. Jiang et al., Phys. Rev. D 108(10),
104072 (2023)

[73]

 M. Y. Guo, M. H. Wu, X. M. Kuang et al., Eur. Phys. J. C
85(1), 95 (2025)

[74]

 B. F. Schutz and C. M. Will, Astrophys. J. 291, L33 (1985)[75]
 R. Konoplya, Phys. Rev. D 68(2), 024018 (2003)[76]
 R.  Konoplya,  A.  Zhidenko,  and  A.  Zinhailo, Class.  Quant.
Grav. 36(15), 155002 (2019)

[77]

Chen Tang, Yi Ling, Qing-Quan Jiang Chin. Phys. C 49, 125110 (2025)

125110-10

https://doi.org/10.1103/PhysRevD.110.084075
https://doi.org/10.1103/PhysRevD.110.084075
https://doi.org/10.1103/PhysRevD.110.084075
https://doi.org/10.1103/PhysRevD.110.084075
https://doi.org/10.1103/PhysRevD.110.084075
https://doi.org/10.1103/PhysRevD.110.084075
https://doi.org/10.1103/PhysRevD.110.084075
https://doi.org/10.1103/PhysRevD.110.084075
https://doi.org/10.1103/PhysRevD.110.084075
https://doi.org/10.1103/PhysRevD.110.084075
https://doi.org/10.1103/PhysRevD.110.084075
https://doi.org/10.1140/epjc/s10052-024-13699-1
https://doi.org/10.1140/epjc/s10052-024-13699-1
https://doi.org/10.1140/epjc/s10052-024-13699-1
https://doi.org/10.1140/epjc/s10052-024-13699-1
https://doi.org/10.1140/epjc/s10052-024-13699-1
https://doi.org/10.1140/epjc/s10052-024-13699-1
https://doi.org/10.1140/epjc/s10052-024-13699-1
https://doi.org/10.1140/epjc/s10052-024-13699-1
https://doi.org/10.1140/epjc/s10052-024-13699-1
https://doi.org/10.1140/epjc/s10052-024-13699-1
https://doi.org/10.1140/epjc/s10052-024-13699-1
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/10.1103/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/10.1103/PhysRevLett.96.031103
https://doi.org/10.1103/PhysRevLett.96.031103
https://doi.org/10.1007/JHEP05(2014)001
https://doi.org/10.1007/JHEP05(2014)001
https://doi.org/10.1007/JHEP05(2014)001
https://doi.org/10.1007/JHEP05(2014)001
https://doi.org/10.1007/JHEP05(2014)001
https://doi.org/10.1007/JHEP05(2014)001
https://doi.org/10.1007/JHEP05(2014)001
https://doi.org/10.1007/JHEP05(2014)001
https://doi.org/10.1007/JHEP05(2014)001
https://doi.org/10.1007/JHEP05(2014)001
https://doi.org/10.1007/JHEP05(2014)001
https://doi.org/10.1007/JHEP05(2014)001
https://doi.org/10.1103/PhysRevLett.14.57
https://doi.org/10.1103/PhysRevLett.14.57
https://doi.org/10.1103/PhysRevLett.14.57
https://doi.org/10.1103/PhysRevLett.14.57
https://doi.org/10.1103/PhysRevLett.14.57
https://doi.org/10.1103/PhysRevLett.14.57
https://doi.org/10.1103/PhysRevLett.14.57
https://doi.org/10.1103/PhysRevLett.14.57
https://doi.org/10.1103/PhysRevLett.14.57
https://doi.org/10.1103/PhysRevLett.14.57
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.aop.2018.07.021
https://doi.org/10.1016/j.aop.2018.07.021
https://doi.org/10.1016/j.aop.2018.07.021
https://doi.org/10.1016/j.aop.2018.07.021
https://doi.org/10.1016/j.aop.2018.07.021
https://doi.org/10.1016/j.aop.2018.07.021
https://doi.org/10.1016/j.aop.2018.07.021
https://doi.org/10.1016/j.aop.2018.07.021
https://doi.org/10.1016/j.aop.2018.07.021
https://doi.org/10.1088/1361-6382/aae550
https://doi.org/10.1088/1361-6382/aae550
https://doi.org/10.1088/1361-6382/aae550
https://doi.org/10.1088/1361-6382/aae550
https://doi.org/10.1088/1361-6382/aae550
https://doi.org/10.1088/1361-6382/aae550
https://doi.org/10.1088/1361-6382/aae550
https://doi.org/10.1088/1361-6382/aae550
https://doi.org/10.1088/1361-6382/aae550
https://doi.org/10.1088/1361-6382/aae550
https://doi.org/10.1088/1361-6382/aae550
https://doi.org/10.1088/1361-6382/aae550
https://doi.org/10.1088/1361-6382/aae550
https://doi.org/10.1088/1475-7516/2019/02/042
https://doi.org/10.1088/1475-7516/2019/02/042
https://doi.org/10.1088/1475-7516/2019/02/042
https://doi.org/10.1088/1475-7516/2019/02/042
https://doi.org/10.1088/1475-7516/2019/02/042
https://doi.org/10.1088/1475-7516/2019/02/042
https://doi.org/10.1088/1475-7516/2019/02/042
https://doi.org/10.1088/1475-7516/2019/02/042
https://doi.org/10.1088/1475-7516/2019/02/042
https://doi.org/10.1088/1475-7516/2019/02/042
https://doi.org/10.1103/PhysRevLett.80.5056
https://doi.org/10.1103/PhysRevLett.80.5056
https://doi.org/10.1103/PhysRevLett.80.5056
https://doi.org/10.1103/PhysRevLett.80.5056
https://doi.org/10.1103/PhysRevLett.80.5056
https://doi.org/10.1103/PhysRevLett.80.5056
https://doi.org/10.1103/PhysRevLett.80.5056
https://doi.org/10.1103/PhysRevLett.80.5056
https://doi.org/10.1103/PhysRevLett.80.5056
https://doi.org/10.1103/PhysRevLett.80.5056
https://doi.org/10.1103/PhysRevLett.80.5056
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/10.1103/PhysRevD.90.124045
https://doi.org/10.1103/PhysRevD.90.124045
https://doi.org/10.1142/S0217751X14300117
https://doi.org/10.1142/S0217751X14300117
https://doi.org/10.1142/S0217751X14300117
https://doi.org/10.1142/S0217751X14300117
https://doi.org/10.1142/S0217751X14300117
https://doi.org/10.1142/S0217751X14300117
https://doi.org/10.1142/S0217751X14300117
https://doi.org/10.1142/S0217751X14300117
https://doi.org/10.1142/S0217751X14300117
https://doi.org/10.1142/S0217751X14300117
https://doi.org/10.1142/S0217751X14300117
https://doi.org/10.1103/PhysRevD.94.124027
https://doi.org/10.1103/PhysRevD.94.124027
https://doi.org/10.1103/PhysRevD.94.124027
https://doi.org/10.1103/PhysRevD.94.124027
https://doi.org/10.1103/PhysRevD.94.124027
https://doi.org/10.1103/PhysRevD.94.124027
https://doi.org/10.1103/PhysRevD.94.124027
https://doi.org/10.1103/PhysRevD.94.124027
https://doi.org/10.1103/PhysRevD.94.124027
https://doi.org/10.1103/PhysRevD.94.124027
https://doi.org/10.1103/PhysRevD.94.124027
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/10.1016/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/PhysRevD.98.126003
https://doi.org/10.1103/PhysRevD.98.126003
https://doi.org/10.1103/PhysRevD.98.126003
https://doi.org/10.1103/PhysRevD.98.126003
https://doi.org/10.1103/PhysRevD.98.126003
https://doi.org/10.1103/PhysRevD.98.126003
https://doi.org/10.1103/PhysRevD.98.126003
https://doi.org/10.1103/PhysRevD.98.126003
https://doi.org/10.1103/PhysRevD.98.126003
https://doi.org/10.1103/PhysRevD.98.126003
https://doi.org/10.1103/PhysRevD.98.126003
https://doi.org/10.1103/PhysRevLett.121.241301
https://doi.org/10.1103/PhysRevLett.121.241301
https://doi.org/10.1103/PhysRevLett.121.241301
https://doi.org/10.1103/PhysRevLett.121.241301
https://doi.org/10.1103/PhysRevLett.121.241301
https://doi.org/10.1103/PhysRevLett.121.241301
https://doi.org/10.1103/PhysRevLett.121.241301
https://doi.org/10.1103/PhysRevLett.121.241301
https://doi.org/10.1103/PhysRevLett.121.241301
https://doi.org/10.1103/PhysRevLett.121.241301
https://doi.org/10.1103/PhysRevLett.121.241301
https://doi.org/10.1209/0295-5075/123/20006
https://doi.org/10.1209/0295-5075/123/20006
https://doi.org/10.1209/0295-5075/123/20006
https://doi.org/10.1209/0295-5075/123/20006
https://doi.org/10.1209/0295-5075/123/20006
https://doi.org/10.1209/0295-5075/123/20006
https://doi.org/10.1209/0295-5075/123/20006
https://doi.org/10.1209/0295-5075/123/20006
https://doi.org/10.1209/0295-5075/123/20006
https://doi.org/10.1209/0295-5075/123/20006
https://doi.org/10.1209/0295-5075/123/20006
https://arxiv.org/abs/2408.01780
https://doi.org/10.1088/1475-7516/2024/09/068
https://doi.org/10.1088/1475-7516/2024/09/068
https://doi.org/10.1088/1475-7516/2024/09/068
https://doi.org/10.1088/1475-7516/2024/09/068
https://doi.org/10.1088/1475-7516/2024/09/068
https://doi.org/10.1088/1475-7516/2024/09/068
https://doi.org/10.1088/1475-7516/2024/09/068
https://doi.org/10.1088/1475-7516/2024/09/068
https://doi.org/10.1088/1475-7516/2024/09/068
https://doi.org/10.1088/1475-7516/2024/09/068
https://doi.org/10.1016/j.physletb.2025.139288
https://doi.org/10.1016/j.physletb.2025.139288
https://doi.org/10.1016/j.physletb.2025.139288
https://doi.org/10.1016/j.physletb.2025.139288
https://doi.org/10.1016/j.physletb.2025.139288
https://doi.org/10.1016/j.physletb.2025.139288
https://doi.org/10.1016/j.physletb.2025.139288
https://doi.org/10.1016/j.physletb.2025.139288
https://doi.org/10.1016/j.physletb.2025.139288
https://arxiv.org/abs/2411.06007
https://arxiv.org/abs/2412.19443
https://arxiv.org/abs/2412.13385
https://arxiv.org/abs/2412.11166
https://arxiv.org/abs/2412.00625
https://doi.org/10.1088/1361-6382/acc0c9
https://doi.org/10.1088/1361-6382/acc0c9
https://doi.org/10.1088/1361-6382/acc0c9
https://doi.org/10.1088/1361-6382/acc0c9
https://doi.org/10.1088/1361-6382/acc0c9
https://doi.org/10.1088/1361-6382/acc0c9
https://doi.org/10.1088/1361-6382/acc0c9
https://doi.org/10.1088/1361-6382/acc0c9
https://doi.org/10.1088/1361-6382/acc0c9
https://doi.org/10.1088/1361-6382/acc0c9
https://doi.org/10.1088/1361-6382/acc0c9
https://doi.org/10.3390/sym14112415
https://doi.org/10.3390/sym14112415
https://doi.org/10.3390/sym14112415
https://doi.org/10.3390/sym14112415
https://doi.org/10.3390/sym14112415
https://doi.org/10.3390/sym14112415
https://doi.org/10.3390/sym14112415
https://doi.org/10.3390/sym14112415
https://doi.org/10.3390/sym14112415
https://doi.org/10.3390/sym14112415
https://doi.org/10.3390/sym14112415
https://doi.org/10.3390/sym14112415
https://doi.org/10.1088/1674-1137/acd530
https://doi.org/10.1088/1674-1137/acd530
https://doi.org/10.1088/1674-1137/acd530
https://doi.org/10.1088/1674-1137/acd530
https://doi.org/10.1088/1674-1137/acd530
https://doi.org/10.1088/1674-1137/acd530
https://doi.org/10.1088/1674-1137/acd530
https://doi.org/10.1088/1674-1137/acd530
https://doi.org/10.1088/1674-1137/acd530
https://doi.org/10.1088/1674-1137/acd530
https://doi.org/10.1088/1674-1137/acd530
https://doi.org/10.1103/PhysRevD.108.104072
https://doi.org/10.1103/PhysRevD.108.104072
https://doi.org/10.1103/PhysRevD.108.104072
https://doi.org/10.1103/PhysRevD.108.104072
https://doi.org/10.1103/PhysRevD.108.104072
https://doi.org/10.1103/PhysRevD.108.104072
https://doi.org/10.1103/PhysRevD.108.104072
https://doi.org/10.1103/PhysRevD.108.104072
https://doi.org/10.1103/PhysRevD.108.104072
https://doi.org/10.1103/PhysRevD.108.104072
https://doi.org/10.1103/PhysRevD.108.104072
https://doi.org/10.1140/epjc/s10052-025-13755-4
https://doi.org/10.1140/epjc/s10052-025-13755-4
https://doi.org/10.1140/epjc/s10052-025-13755-4
https://doi.org/10.1140/epjc/s10052-025-13755-4
https://doi.org/10.1140/epjc/s10052-025-13755-4
https://doi.org/10.1140/epjc/s10052-025-13755-4
https://doi.org/10.1140/epjc/s10052-025-13755-4
https://doi.org/10.1140/epjc/s10052-025-13755-4
https://doi.org/10.1140/epjc/s10052-025-13755-4
https://doi.org/10.1140/epjc/s10052-025-13755-4
https://doi.org/10.1140/epjc/s10052-025-13755-4
https://doi.org/10.1086/184453
https://doi.org/10.1086/184453
https://doi.org/10.1086/184453
https://doi.org/10.1086/184453
https://doi.org/10.1086/184453
https://doi.org/10.1086/184453
https://doi.org/10.1086/184453
https://doi.org/10.1086/184453
https://doi.org/10.1086/184453
https://doi.org/10.1086/184453
https://doi.org/10.1103/PhysRevD.68.024018
https://doi.org/10.1103/PhysRevD.68.024018
https://doi.org/10.1103/PhysRevD.68.024018
https://doi.org/10.1103/PhysRevD.68.024018
https://doi.org/10.1103/PhysRevD.68.024018
https://doi.org/10.1103/PhysRevD.68.024018
https://doi.org/10.1103/PhysRevD.68.024018
https://doi.org/10.1103/PhysRevD.68.024018
https://doi.org/10.1103/PhysRevD.68.024018
https://doi.org/10.1103/PhysRevD.68.024018
https://doi.org/10.1103/PhysRevD.68.024018
https://doi.org/10.1103/PhysRevD.68.024018
https://doi.org/10.1088/1361-6382/ab2e25
https://doi.org/10.1088/1361-6382/ab2e25
https://doi.org/10.1088/1361-6382/ab2e25
https://doi.org/10.1088/1361-6382/ab2e25
https://doi.org/10.1088/1361-6382/ab2e25
https://doi.org/10.1088/1361-6382/ab2e25
https://doi.org/10.1088/1361-6382/ab2e25
https://doi.org/10.1088/1361-6382/ab2e25
https://doi.org/10.1088/1361-6382/ab2e25
https://doi.org/10.1088/1361-6382/ab2e25
https://doi.org/10.1088/1361-6382/ab2e25
https://doi.org/10.1088/1361-6382/ab2e25
https://doi.org/10.1088/1361-6382/ab2e25

	I INTRODUCTION
	II REGULAR BLACK HOLES METRICS AND WAVE-LIKE EQUATION
	III QUASINORMAL MODES OF THE REGULAR BLACK HOLE
	IV GREY-BODY FACTORS OBTAINED VIA CORRESPONDENCE WITH QUASINORMAL MODES
	V CONCLUSION AND DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

