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Abstract:  In  four-dimensional  Einstein-Gauss-Bonnet  (EGB) gravity,  we consider  the  thermodynamic  and phase
transitions of (charged) AdS black holes. For the negative GB coefficient  , the system allows two physical crit-
ical points, corresponding to the reentrant phase transition, when the charge  . For arbitrary  , the sys-
tem always leads to a van der Waals phase transition. We then study the quasinormal modes (QNMs) of massless
scalar  perturbations  to  probe  the  van  der  Waals-like  phase  transition  between  small  and  large  black  holes
(SBH/LBH)  for  (charged)  AdS  black  holes.  We  find  that  the  signature  of  this  SBH/LBH  phase  transition  in  the
isobaric  process  can  be  detected  since  the  slopes  of  the  QNM frequencies  change  dramatically  in  small  and  large
black holes near the critical point. The obtained results further support that QNMs can be a dynamic probe of ther-
modynamic properties in black holes.
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I.  INTRODUCTION

D ⩾ 5

α→ α/ (D−4)

D→ 4

During  the  past  few decades,  higher  order  derivative
curvature  gravities,  as  effective  models  of  gravity  in  the
low-energy limits  of  string  theories,  have  attracted   con-
siderable  interest.  Among  these  higher  order  derivative
curvature  gravities,  the  most  widely  studied  theory  is
Gauss-Bonnet gravity. In this theory, Einstein's theory is
generalized to higher dimensions, and except for the lin-
ear dependence of the Riemann tensor,  all  the character-
istics of usual general relativity can be kept [1-4]. Unfor-
tunately, the variation in the Gauss-Bonnet (GB) term is a
total derivative in four-dimensional spacetime, which has
no contribution to the gravitational dynamics.  Therefore,
one requires   for non-trivial gravitational dynamics.
Recently, Glavan and Lin [5] suggested a novel theory of
gravity in  four-dimensional  spacetime  called   “4D   Ein-
stein-Gauss-Bonnet gravity”(EGB). By rescaling the GB
coupling  constant  ,  with D  the  number  of
spacetime dimensions, and defining the four-dimensional
theory as the limit  , the GB term gives rise to non-

trivial  dynamics.  Furthermore,  spherically  symmetric
black hole solutions were also constructed in their paper.
Generalizations  to  other  black  holes  have  also  appeared,
including  charged  AdS  [6],  Lovelock  [7,  8],  rotating  [9,
10],  Born-Infeld  [11],  Bardeen  [12],  and  Hayward  [13]
black holes. Some important properties of the related 4D
EGB black holes have also been studied, such as a spin-
ning  test  particle  in  the  black  hole  [14],  causality  [15],
stability, and shadows [16, 17].

P−V

In  black  hole  physics,  the  thermodynamical  phase
transition of a black hole is always a hot topic. Due to the
AdS/CFT  correspondence  [18-21],  a  lot  of  attention  has
been paid to the phase transitions of black holes in anti-de
Sitter (AdS) space. Recently, the thermodynamics of AdS
black holes has been studied in the extended phase space
where the  cosmological  constant  is  treated  as  the   pres-
sure of the system [22, 23]. It has been found that a first
order  phase  transition  between  small  and  large  black
holes is allowed and that the   isotherms are analog-
ous to  the van der  Waals  fluid.  There has  also been dis-
cussion  on  reentrant  phase  transitions  and  more  general
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van der Waals behavior in this direction [24-35].  On the
other hand, the quasinormal modes (QNMs) of dynamic-
al  perturbations  are  considered  as  the  characteristic
sounds of black holes. The QNMs of the dynamical per-
turbations  are  expected  to  reflect  the  black  hole  phase
transitions  in  their  surrounding  geometries  through  the
frequencies and damping times of the oscillations. In fact,
the thermodynamic phase transition of an AdS black hole
in dual  field  theory  corresponds  to  the  beginning  of   in-
stability of a black hole. With a lot of research on this is-
sue, more and more evidence has been found of the con-
nections between the QNMs of black holes and the ther-
modynamic phase transitions [36-46].

P−VThe above-mentioned   phase transition for vari-
ous  black  holes  in  4D  GB  gravity  has  been  studied  in
Refs.  [47-54].  Among  these  studies,  the  van  der  Waals-
like  (SBH/LBH)  phase  transition  has  been  found  in  4D
neutral  AdS  EGB  [51,  52],  charged  AdS  [53],  and
Bardeen AdS black holes [54]. The QNMs of dynamical
perturbation  for  black  holes  have  also  been  reported  for
4D  neutral  EGB  [55,  56],  neutral  dS  [57], and   regular-
ized black holes  [58].  Motivated by these  results  and by
the  importance  of  AdS/CFT  correspondence,  the  aim  of
this paper is to study whether the signature of the van der
Waals-like  SBH/LBH  phase  transition  of  charged  AdS
black holes  in  4D  EGB  gravity  can  be  reflected  by   dy-
namical QNM behavior  with  a  massless  scalar  perturba-
tion.

The paper is organized as follows. In Sec. II, we first
discuss the phase transition of (charged) AdS black holes
in  four-dimensional  EGB  gravity  in  the  extended  phase
space. Then, we discuss the QNM frequencies under test
scalar  field  perturbations  in  Sec.  III,  and  show  that  the
phase transition  can  be  reflected  by  the  QNM   frequen-
cies  of  dynamical  perturbations.  We  end  the  paper  with
some closing remarks. 

II.  THERMODYNAMICS AND PHASE TRANS-
ITION OF CHARGED ADS BLACK HOLES

α→ α/(D−4) D→ 4
As  mentioned  above,  by  rescaling  the  GB  coupling

parameter   and then taking the limit  ,
Glavan and Lin [5]  obtained a  non-trivial  4D black hole
solution.  The  static  and  spherically  symmetric  charged
AdS  black  hole  solution  in  4D  Einstein-Gauss-Bonnet
(EGB) gravity is given by [6]

ds2 = − f (r)dt2+
1

f (r)
dr2+ r2dΩ2, (1)

f (r) = 1+
r2

2α

1−
√

1+4α
(

2M
r3 −

Q2

r4 −
1
l2

) , (2)

where M and Q are the mass and charge of the black hole,

α

(length)2 α→ 0 f (r)
and    is  the  Gauss-Bonnet  coefficient  with  dimension

.  When  ,    reduces  to  the  solution of  a
RN  AdS  black  hole  in  general  relativity.  Fernandes  has
further investigated  the  related  thermodynamic   proper-
ties of this charged AdS black hole in Ref. [6].

Λ

P = − Λ
8π

GN = h̄ = c =

k = 1

Now  we  reconsider  the  thermodynamics  of  this  4D
charged  AdS black  hole  in  the  so-called  extended  phase
space. In the extended phase space, the cosmological con-
stant    is usually  regarded  as  the  thermodynamic   pres-
sure    in  the  geometric  units 

. Then, the mass M, Hawking temperature T and en-
tropy S of 4D charged EGB-AdS black holes in the exten-
ded phase space can be written as

M =
Q2

2r+
+
α

2r+
+

r+
2
+

4πP
3

r3
+, (3)

T =
2r3
+

r2
++α

P− Q2− r2
++α

4πr+(r2
++2α)

, (4)

S = πr2
++4πα lnr+. (5)

From  the  Hawking  temperature  (5),  the  equation  of
state can be obtained as

P =
(
α

r3
+

+
1

2r+

)
T +

Q2+α− r2
+

8πr4
+

. (6)

As  usual,  a  critical  point  is  determined  as  the  inflection
point of P,

∂P
∂r+

∣∣∣∣∣∣
T=Tc, r+=rc

=
∂2P
∂r2
+

∣∣∣∣∣∣
T=Tc, r+=rc

= 0. (7)

Then we  can  obtain  the  corresponding  critical   temperat-
ure and critical pressure:

Tc =
r2

c −2Q2−2α
2πrc(r2

c +6α)
, (8)

Pc = −
Q2(3r2

c +2α)
8πr4

c (r2
c +6α)

+
r4

c −5αr2
c −2α2

8πr4
c (r2

c +6α)
, (9)

where  the  subscript   “c”  represents  the  critical  values  of
the  physical  quantities.  The  critical  horizon  radius  has
two values:

rc1 =

√
3(Q2+2α)+

√
3(3Q2+4α)(Q2+4α), (10)
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rc2 =

√
3(Q2+2α)−

√
3(3Q2+4α)(Q2+4α). (11)

α

rc2 rc1

Tc1 > 0 Pc1 > 0 α > 0
rc1 Tc1

Pc1

α

α < 0
rc1,Tc1,Pc1 rc2,Tc2,Pc2

α

Q > 2
√
−α α = −0.01, Q = 0.21

rc1 = 0.3256, Tc1 = 0.4017, Pc1 = 0.2459
rc2 = 0.1965, Tc2 = 1.1205, Pc2 = 1.2539

0 < Q ⩽ 2
√
−α

α

α > 0

When the GB coefficient   is positive, the critical ra-
dius   is always imaginary and the critical radius   is
always positive. From Eq. (8) to Eq. (10),  we can verify
that  the  critical  temperature  and  pressure  stay  positive
(  and  )  for  arbitrary parameters  .  The
system  admits  only  one  physical  critical  point  ( , 
and  ). Therefore we can tell that the system always al-
lows a van der Waals phase transition when   takes pos-
itive values.  Now  we  consider  the  negative  GB   coeffi-
cient  ( ). We  find  that  the  system allows  two  posit-
ive  critical  points  (  and  )  when the
charge  Q  and  GB  coefficient    satisfy  the  constraint

.  For  example,  when  ,  we
can  obtain    and

.  The  so-called
reentrant  phase  transition  (RPT)  will  appear  under  this
constraint.  If  we  take  the  constraint  ,  the
system  has  no  physical  critical  point.  In  this  paper,  our
main  aim is  to  study  whether  the  signature  of  a  van  der
Waals-like  SBH/LBH  phase  transition  of  charged  AdS
black holes in 4D EGB gravity can be reflected by the dy-
namical QNM behavior with the massless scalar perturba-
tion. As mentioned above, when   takes a negative value,
the system can only allow the reentrant  phase transition,
which is hard to be reflected by the dynamical QNM be-
havior. Therefore we only consider the positive GB coef-
ficient ( ) in the subsequent paragraph.

rc = 0.4387 Tc = 0.219 Pc = 0.0904 α = 0.01
Q = 0.1

For  instance,  we  can  obtain  a  critical  point  with
,   and   by fixing 

and  .  Moreover,  in  the  uncharged  case,  Eq.  (8)-
Eq. (10) can be written as:

Tc =
1+
√

3

2(3+
√

3)
√

6+4
√

3π
√
α

, (12)

Pc =
13+7

√
3

3168πα+1824
√

3πα
, (13)

rc =
√

2
√

3α+2
√

3α. (14)

rc =

0.3596 Tc = 0.2556 Pc = 0.1264 α = 0.01
P− r+

Tc

T > Tc

T < Tc

For  example,  we  can  get  a  critical  point  with 
,    and    by  fixing  .

We  plot  the    isotherm  diagram  around  the  critical
temperature   for this charged and uncharged AdS black
hole in Fig. 1. The dotted line with   corresponds to
the “ideal gas” phase behavior, and when   the van
der  Waals-like  small/large  black  hole  phase  transition
will appear.

G = M−TS

The thermodynamic phase transition is determined by
the behavior of the Gibbs free energy G, which obeys the
thermodynamic relation  , with

G =2πr3
+P

(
2
3
− r2
++4α lnr+

r2
++2α

)
+

Q2+ r2
++α

2r+

+
(Q2− r2

++α)(r2
++4α lnr+)

4r+(r2
++2α)

. (15)

r+ = r+(P,T )Here    is  understood  as  a  function  of  the
pressure and temperature, via the equation of state (6).

P,T

T < Tc

We plot the G-T and P-T figures for the charged and
uncharged  AdS  black  hole  in  Fig.  2  and Fig.  3  respect-
ively. In the left-hand panel of Figs. 2 and 3, the swallow
tail  behavior  of  the  Gibbs  free  energy G  shows  that  the
system  contains  a  van  der  Waals-like  first  order  phase
transition. The coexistence line in the ( ) plane is plot-
ted in the right-hand panels  of Figs.  2 and 3.  This  curve
shows  where  the  small  and  large  black  holes  have  the
same Gibbs free energy and temperature. We find that the
coexistence  line  is  very  similar  to  that  of  the  van  der
Waals fluid. At the end of the coexistence line the small
circle indicates the critical point. When  , the small-
large black hole phase transition occurs.

(V = Vc, T = Tc, P = Pc)

For  the  van  der  Waals  liquid-gas  system,  the  liquid-
gas structure  will  undergo  a  second  order  phase   trans-
ition, which does not suddenly change at the critical point

. This  phenomenon  can  be   de-
scribed  by  Ehrenfest's  description  [59,  60], which   con-
tains  the  first  and  second  Ehrenfest  equations  [61,  62]:

r+ α = 0.01Fig. 1.    (color online) P-  diagram of charged and uncharged AdS black holes with  .
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∂P
∂T

∣∣∣∣
S
=

CP2−CP1

TV(ζ2− ζ1)
=
∆CP

TV∆ζ
, (16)

∂P
∂T

∣∣∣∣
V
=
ζ2− ζ1
κT2− κT1

=
∆ζ

∆κT
. (17)

κT ζ

In a genuine second order phase transition, the two equa-
tions have to be satisfied simultaneously.  Here   and 
represent  the  isothermal  compressibility  coefficients  and
the volume expansion of the system respectively:

ζ =
1
V
∂V
∂T

∣∣∣∣
P
, κT = −

1
V
∂V
∂P

∣∣∣∣
T
. (18)

Following  the  method  in  Ref.  [63], we  find  that   Ehren-
fest ’s  equations  are  satisfied,  which  means  that  in  the
four-dimensional  charged/neutral  EGB-AdS  black  hole,
this phase transition at the critical point is second order. It
has  the  same  nature  as  the  liquid-gas  phase  transition  at
the critical point. 

III.  PERTURBATION OF ADS BLACK HOLE IN
4D EINSTEIN-GAUSS-BONNET GRAVITY

In  order  to  reflect  the  thermodynamical  stabilities  in
dynamical perturbations, we can study the evolution of a
massless  scalar  field  perturbation  around  this  4-dimen-
sional EGB-AdS black hole.

Φ(r, t,Ω) = ϕ(r)e−iωtYlm(Ω)A  massless  scalar  field,  ,
obeys the Klein-Gordon equation:

∇2
µΦ(t,r,Ω) =

1
√−g
∂µ

(√−ggµν∂νΦ(t,r,Ω)
)
= 0. (19)

ϕ(r)Then the radial equation for the function   is obtained as

ϕ′′(r)+
f ′(r)
f (r)
ϕ′(r)+

(
ω2

f (r)2 −
l(l+1)
r2 f (r)

− f ′(r)
r f (r)

)
ϕ(r) = 0, (20)

ω ω = ωr + iωimwhere   are complex numbers  , correspond-
ing to the QNM frequencies of the oscillations describing
the perturbation.

r+
ϕ(r)→ (r− r+)

iω
4πT

ϕ(r) φ(r)exp
[
−i

∫
ω

f (r)
dr

]
exp

[
−i

∫
ω

f (r)
dr

]
Near  the  horizon  ,  we  can  impose  the  boundary

condition  of  the  scalar  field,  .  Then  we

define    as  .  Where

  asymptotically  approaches  the  ingoing
wave near the horizon, we can rewrite Eq. (20) as

φ′′(r)+
(

f ′(r)
f (r)
− 2iω

f (r)

)
φ′(r)−

(
f ′(r)
r f (r)

+
l(l+1)
r2 f (r)

)
φ(r)=0. (21)

φ(r) = 1 r→ r+
(r→∞) φ(r) = 0

For Eq. (21),  we have    in the limit of  .  At
the  AdS  boundary  ,  we  need  .  Under
these boundary conditions, we will numerically solve Eq.
(21) to find the QNM frequencies by adopting the shoot-
ing method.

r+

P = 0.06 < Pc = 0.219

In the left-hand panel of Fig. 4, we plot the T-  dia-
gram  of  charged  AdS  black  holes  with  fixed  pressure

  in  four-dimensional  EGB  gravity.

α = 0.01 Q = 0.1
Fig.  2.      (color  online)  The  Gibbs  free  energy G  (left)  and  coexistence  line  of  small/large  black  hole  phase  transition  (right)  with

 and  .
 

α = 0.01 Q = 0.

Fig. 3.    (color online) The Gibbs free energy G (left) and coexistence line of small/large uncharged black hole phase transition (right)
with   and 
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P < PcWhen the pressure  , there is an inflection point and
the behavior  of  the system is  similar  to a  van der  Waals
system. The critical point can be obtained from

∂T
∂r+

∣∣∣∣∣∣
P=Pc, r+=rc

=
∂2T
∂r2
+

∣∣∣∣∣∣
P=Pc, r+=rc

= 0. (22)

T∗ ≈ 0.18946

The right-hand panel of Fig. 4 shows the behavior of the
Gibbs  free  energy.  In  this  figure  we  mark  the  crossing
point “5” between the solid line as “1-5” and and the sol-
id line as “4-5”. The crossing point means the Gibbs free
energy  G  and  pressure  P  coincide  for  small  and  large
black holes. In the left-hand panel of Fig. 4, we separate
the point “5” into “L5” and “R5” for the same Gibbs free
energy  and  the  chosen  ,  which  represents
where  the  small  and  large  black  hole  can  coexist.
Moreover,  between  points   “1-5”  or   “1-L5”  the  marked
physical phase corresponds to the small black hole, while
between  points   “5-4 ”  or   “R5-4 ”  the  indicated  physical
phase denotes the large black hole.

l = 0 1

T∗

T∗

Table 1 lists the QNM frequencies of massless scalar
perturbation  (   and  )  for  small  and  large  charged
black  holes  near  the  SBH/LBH  phase  transition  point.
When the  temperature  decreases  from  the  phase   trans-
ition  temperature  , the  radius  of  the  black  hole   be-
comes  smaller  and  smaller,  which  corresponds  to  the
small  black hole phase.  We find that  the absolute values
of  the  imaginary  part  of  QNM  frequencies  decrease  in
this  process,  while  the  real  parts  of  the  frequencies
change very little. On the other hand, the black hole will
get  larger  when  the  temperature  for  the  large  black  hole
phase increases from the phase transition temperature  .

l = 0 l = 1

We also see that both the real part and the absolute value
of the imaginary part  increase,  which means that  despite
the massless scalar perturbation outside the black hole os-
cillates  even  more,  but  decays  faster.  These  results  are
similar  to  the  discussions  reported  in  Refs.  [45,  46].
Figures 5 and 6 respectively illustrate the QNM frequen-
cies  with    and    for  small  and  large  black  hole
phases.  The  arrows  indicate  the  direction  of  increasing
black hole size.

P = Pc

Pc ≃ 0.06
Moreover,  at  the  critical  position  ,  with

,  a  second-order  phase  transition  occurs.  The
QNM  frequencies  of  the  small  and  large  black  hole

α = 0.01
Q = 0.1

Table 1.    The QNM frequencies of massless scalar perturba-
tion with the change of black hole temperature,  with 
and  .  The  upper  part,  above  the  horizontal  line,  is  for
the  small  black  hole  phase,  while  the  lower  part  is  for  the
large black hole phase.

T r+ ω (l = 0) ω (l = 1)

0.1855 0.24719 1.67171-0.342286I 3.30238-0.488428I

0.186 0.24833 1.67141-0.343580I 3.30097-0.491701I

0.187 0.25072 1.67077-0.346294I 3.29793-0.498354I

0.188 0.25325 1.67009-0.349273I 3.29450-0.505050I

0.189 0.25594 1.66937-0.352404I 3.29115-0.512268I

0.190 0.91129 2.72028-0.982813I 4.02092-0.993442I

0.191 0.93516 2.74446-0.992160I 4.05526-1.003787I

0.192 0.95733 2.76751-1.001339I 4.08825-1.013420I

0.193 0.97819 2.78981-1.010033I 4.11994-1.022668I

0.194 0.99800 2.81150-1.018480I 4.15075-1.031497I

r+ α = 0.01, Q = 0.1 P ≃ 0.06Fig. 4.    (color online) T-  (left) and G-T (right) diagrams of 4D EGB AdS black holes with   and  .
 

ω Q = 0.1 l = 0Fig. 5.    (color online) The behavior of QNMs for large and small black holes in the complex-  with   and  . The arrow in-
dicates the increase of black hole horizon.
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l = 0 l = 1phases  (for   and  )  are  shown in Fig.  7.  We can
see that at the critical point the QNM frequencies of these
two black hole  phases  have the same behavior  when the
black hole horizon increases.

r+

T∗ 0.21860
P = 0.08 < Pc = 0.1264

l = 0 1

l = 0 l = 1

In the neutral case, we can obtain similar T-  and G-
T diagrams to the charged case. For instance, the coexist-
ence  temperature    equals    when  the  pressure

. The  QNM  frequencies  of   mass-
less scalar perturbation (for   and  ) around small and
large  uncharged  black  holes  for  first  order  SBH/LBH
phase transitions are listed in Table 2, showing a similar
behavior to the charged case. The QNM frequencies with

 and    for  small  and  large  uncharged  black  hole
phases  are  shown  in  Fig.  8  and  Fig.  9  respectively.
Moreover,  at  the  critical  position,  the  corresponding
QNM frequencies of the small and large uncharged black
hole  phases  are  also  qualitatively  similar  to  the  charged
case. 

IV.  CLOSING REMARKS

Q > 2
√
−α

α

In  four-dimensional  Einstein-Gauss-Bonnet  gravity,
we have studied the P-V criticality and phase transition of
AdS  black  holes  in  the  extended  phase  space.  We  have
demonstrated that the system allows two physical critical
points  corresponding  to  the  reentrant  phase  transition
when the GB coefficient is negative and the charge satis-
fies the constraint  . For arbitrary positive para-
meter   and Q,  the van der  Waals-like SBH/LBH phase

l = 0 1

r+

transition always happens both in the charged and neutral
cases. We further calculated the QNMs of massless scal-
ar perturbations in four situations (charged/uncharged and

  or  ).  These  results  reveal  that  the  slopes  of  the
QNM  frequency  change  are  drastically  different  in  the
small and large black hole phases as the horizon radius 
increases,  when the van der Waals-like SBH/LBH phase
transition  happens  in  the  extended  phase  space.  This

α = 0.01
Q = 0

Table 2.    The QNM frequencies of massless scalar perturba-
tion with the change of black hole temperature,  with 
and  . The upper part, above the horizontal line, is for the
small  black  hole  phase,  while  the  lower  part  is  for  the  large
black hole phase.

T r+ ω (l = 0) ω (l = 1)

0.214 0.18938 1.97357-0.340401I 2.86372-0.0557742I

0.215 0.19088 1.97273-0.342787I 2.86116-0.0573858I

0.216 0.19245 1.97185-0.345297I 2.85852-0.0591034I

0.217 0.19408 1.97093-0.347917I 2.85572-0.0609143I

0.218 0.19579 1.96997-0.350686I 2.85233-0.0626936I

0.219 0.79874 2.42426-1.100808I 3.21754-1.100784I

0.220 0.81586 2.44275-1.111345I 3.24017-1.110794I

0.221 0.83201 2.46057-1.121425I 3.26214-1.120424I

0.222 0.84739 2.47780-1.131115I 3.28349-1.129773I

0.223 0.86211 2.49461-1.140502I 3.30429-1.138959I

ω Q = 0.1 l = 1Fig. 6.    (color online) The behavior of QNMs for large and small black holes in the complex-  with   and  . The arrow in-
dicates the increase of black hole horizon.

 

ω

Q = 0.1
Fig.  7.      (color  online)  The  behavior  of  QNM frequencies  for  large  (dashed)  and  small  (solid)  black  holes  in  the  complex-  with

. The arrow indicates the increase of black hole horizon.
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clearly demonstrates the signature of the phase transition
between  small  and  large  black  holes.  In  addition,  at  the
critical  isobaric  phase  transitions,  the  QNM  frequencies
for both small and large black holes share the same beha-
vior, showing that QNMs are not appropriate to probe the
black hole phase transition in the second order.

This  is  one  more  example  which  shows  that  QNMs

can provide a dynamical physical probe of the thermody-
namic phase transition of black holes in 4D EGB gravity,
since QNMs are expected to be detected and are of strong
astrophysical interest. The ability of QNMs to reflect the
thermodynamic phase transition is  interesting,  and is  ex-
pected to  give  an  observational  signature  of  the   thermo-
dynamic phase transition.

 

 

References

 C. Lanczos, Annals Math. 39, 842 (1938)[1]
 D. Lovelock, J. Math. Phys. 12, 498 (1971)[2]
 D.  G.  Boulware  and  S.  Deser,  Phys.  Rev.  Lett.  55,  2656
(1985)

[3]

 J. T. Wheeler, Nucl. Phys. B 273, 732 (1986)[4]
 D.  Glavan  and  C.  Lin,  Phys.  Rev.  Lett.  124(8),  081301
(2020), arXiv:1905.03601[gr-qc]

[5]

 P.  G.  S.  Fernandes,  Phys.  Lett.  B  805,  135468  (2020),
arXiv:2003.05491[gr-qc]

[6]

 R.  A.  Konoplya  and  A.  Zhidenko,  Phys.  Rev.  D  101(8),
084038 (2020), arXiv:2003.07788[gr-qc]

[7]

 A.  Casalino,  A.  Colleaux,  M.  Rinaldi  et  al.,  arXiv:
2003.07068 [gr-qc]

[8]

 R. Kumar and S. G. Ghosh, JCAP 20, 053 (2020), arXiv:2003.
08927[gr-qc]

[9]

 S.  G.  Ghosh  and  S.  D.  Maharaj,  Phys.  Dark  Univ.  30,
100687 (2020), arXiv:2003.09841[gr-qc]

[10]

 K. Yang, B. M. Gu, S. W. Wei et al., Eur. Phys. J. C 80(7),
662 (2020), arXiv:2004.14468[gr-qc]

[11]

 A. Kumar and R. Kumar, arXiv: 2003.13104 [gr-qc][12]
 A. Kumar and S. G. Ghosh, arXiv: 2004.01131 [gr-qc][13]
 Y. P. Zhang, S. W. Wei, and Y. X. Liu, arXiv: 2003.10960[14]

[gr-qc]
 X. H.  Ge and S.  J.  Sin, Eur.  Phys.  J.  C 80(8),  695 (2020),
arXiv:2004.12191[hep-th]

[15]

 M.  Guo  and  P.  C.  Li,  Eur.  Phys.  J.  C  80(6),  588  (2020),
arXiv:2003.02523[gr-qc]

[16]

 S. W. Wei and Y. X. Liu, arXiv: 2003.07769 [gr-qc][17]
 J. M. Maldacena, Int. J. Theor. Phys. 38, 1113 (1999)[18]
 J. M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998)[19]
 S.  S.  Gubser,  I.  R.  Klebanov,  and  A.  M.  Polyakov,  Phys.
Lett. B 428, 105 (1998)

[20]

 E. Witten, Adv. Theor. Math. Phys. 2, 253 (1998/)[21]
 D. Kastor, S. Ray, and J. Traschen, Class. Quant. Grav. 26,
195011 (2009), arXiv:0904.2765[hep-th]

[22]

 D.  Kubiznak  and  R.  B.  Mann,  JHEP  1207,  033  (2012),
arXiv:1205.0559[hep-th]

[23]

 S. Gunasekaran, R. B. Mann, and D. Kubiznak, JHEP 1211,
110 (2012), arXiv:1208.6251[hep-th]

[24]

 S. H. Hendi and M. H. Vahidinia, Phys. Rev. D 88, 084045
(2013), arXiv:1212.6128[hep-th]

[25]

 R.  Zhao,  H.  H.  Zhao,  M.  S.  Ma et  al., Eur.  Phys.  J.  C 73,
2645 (2013), arXiv:1305.3725[gr-qc]

[26]

 D.  C.  Zou,  S.  J.  Zhang,  and  B.  Wang,  Phys.  Rev.  D  89,
044002 (2014), arXiv:1311.7299[hep-th]

[27]

ω Q = 0
Q = 0, l = 0

Fig. 8.    (color online) The behavior of QNMs for large and small black holes in the complex-  with  . The arrow indicates the in-
crease of black hole horizon. .

 

ω Q = 0
Q = 0, l = 1

Fig. 9.    (color online) The behavior of QNMs for large and small black holes in the complex-  with  . The arrow indicates the in-
crease of black hole horizon. .

 

Phase transition and Quasinormal modes for Charged black holes in 4D ... Chin. Phys. C 45, 045105 (2021)

045105-7

https://doi.org/10.2307/1968467
https://doi.org/10.1063/1.1665613
https://doi.org/10.1103/PhysRevLett.55.2656
https://doi.org/10.1016/0550-3213(86)90388-3
https://doi.org/10.1103/PhysRevLett.124.081301
https://arxiv.org/abs/1905.03601
https://doi.org/10.1016/j.physletb.2020.135468
https://arxiv.org/abs/2003.05491
https://doi.org/10.1103/PhysRevD.101.084038
https://arxiv.org/abs/2003.07788
https://arxiv.org/abs/&gt;08927
https://arxiv.org/abs/&gt;08927
https://doi.org/10.1016/j.dark.2020.100687
https://arxiv.org/abs/2003.09841
https://doi.org/10.1140/epjc/s10052-020-8246-6
https://arxiv.org/abs/2004.14468
https://doi.org/10.1140/epjc/s10052-020-8288-9
https://arxiv.org/abs/2004.12191
https://doi.org/10.1140/epjc/s10052-020-8164-7
https://arxiv.org/abs/2003.02523
https://doi.org/10.4310/ATMP.1998.v2.n2.a1
https://doi.org/10.1016/S0370-2693(98)00377-3
https://doi.org/10.1016/S0370-2693(98)00377-3
https://doi.org/10.4310/ATMP.1998.v2.n2.a2
https://doi.org/10.1088/0264-9381/26/19/195011
https://arxiv.org/abs/0904.2765
https://arxiv.org/abs/1205.0559
https://arxiv.org/abs/1208.6251
https://doi.org/10.1103/PhysRevD.88.084045
https://arxiv.org/abs/1212.6128
https://doi.org/10.1140/epjc/s10052-013-2645-x
https://arxiv.org/abs/1305.3725
https://doi.org/10.1103/PhysRevD.89.044002
https://arxiv.org/abs/1311.7299
https://doi.org/10.2307/1968467
https://doi.org/10.1063/1.1665613
https://doi.org/10.1103/PhysRevLett.55.2656
https://doi.org/10.1016/0550-3213(86)90388-3
https://doi.org/10.1103/PhysRevLett.124.081301
https://arxiv.org/abs/1905.03601
https://doi.org/10.1016/j.physletb.2020.135468
https://arxiv.org/abs/2003.05491
https://doi.org/10.1103/PhysRevD.101.084038
https://arxiv.org/abs/2003.07788
https://arxiv.org/abs/&gt;08927
https://arxiv.org/abs/&gt;08927
https://doi.org/10.1016/j.dark.2020.100687
https://arxiv.org/abs/2003.09841
https://doi.org/10.1140/epjc/s10052-020-8246-6
https://arxiv.org/abs/2004.14468
https://doi.org/10.1140/epjc/s10052-020-8288-9
https://arxiv.org/abs/2004.12191
https://doi.org/10.1140/epjc/s10052-020-8164-7
https://arxiv.org/abs/2003.02523
https://doi.org/10.4310/ATMP.1998.v2.n2.a1
https://doi.org/10.1016/S0370-2693(98)00377-3
https://doi.org/10.1016/S0370-2693(98)00377-3
https://doi.org/10.4310/ATMP.1998.v2.n2.a2
https://doi.org/10.1088/0264-9381/26/19/195011
https://arxiv.org/abs/0904.2765
https://arxiv.org/abs/1205.0559
https://arxiv.org/abs/1208.6251
https://doi.org/10.1103/PhysRevD.88.084045
https://arxiv.org/abs/1212.6128
https://doi.org/10.1140/epjc/s10052-013-2645-x
https://arxiv.org/abs/1305.3725
https://doi.org/10.1103/PhysRevD.89.044002
https://arxiv.org/abs/1311.7299
https://doi.org/10.2307/1968467
https://doi.org/10.1063/1.1665613
https://doi.org/10.1103/PhysRevLett.55.2656
https://doi.org/10.1016/0550-3213(86)90388-3
https://doi.org/10.1103/PhysRevLett.124.081301
https://arxiv.org/abs/1905.03601
https://doi.org/10.1016/j.physletb.2020.135468
https://arxiv.org/abs/2003.05491
https://doi.org/10.1103/PhysRevD.101.084038
https://arxiv.org/abs/2003.07788
https://arxiv.org/abs/&gt;08927
https://arxiv.org/abs/&gt;08927
https://doi.org/10.1016/j.dark.2020.100687
https://arxiv.org/abs/2003.09841
https://doi.org/10.1140/epjc/s10052-020-8246-6
https://arxiv.org/abs/2004.14468
https://doi.org/10.1140/epjc/s10052-020-8288-9
https://arxiv.org/abs/2004.12191
https://doi.org/10.1140/epjc/s10052-020-8164-7
https://arxiv.org/abs/2003.02523
https://doi.org/10.4310/ATMP.1998.v2.n2.a1
https://doi.org/10.1016/S0370-2693(98)00377-3
https://doi.org/10.1016/S0370-2693(98)00377-3
https://doi.org/10.4310/ATMP.1998.v2.n2.a2
https://doi.org/10.1088/0264-9381/26/19/195011
https://arxiv.org/abs/0904.2765
https://arxiv.org/abs/1205.0559
https://arxiv.org/abs/1208.6251
https://doi.org/10.1103/PhysRevD.88.084045
https://arxiv.org/abs/1212.6128
https://doi.org/10.1140/epjc/s10052-013-2645-x
https://arxiv.org/abs/1305.3725
https://doi.org/10.1103/PhysRevD.89.044002
https://arxiv.org/abs/1311.7299
https://doi.org/10.2307/1968467
https://doi.org/10.1063/1.1665613
https://doi.org/10.1103/PhysRevLett.55.2656
https://doi.org/10.1016/0550-3213(86)90388-3
https://doi.org/10.1103/PhysRevLett.124.081301
https://arxiv.org/abs/1905.03601
https://doi.org/10.1016/j.physletb.2020.135468
https://arxiv.org/abs/2003.05491
https://doi.org/10.1103/PhysRevD.101.084038
https://arxiv.org/abs/2003.07788
https://arxiv.org/abs/&gt;08927
https://arxiv.org/abs/&gt;08927
https://doi.org/10.1016/j.dark.2020.100687
https://arxiv.org/abs/2003.09841
https://doi.org/10.1140/epjc/s10052-020-8246-6
https://arxiv.org/abs/2004.14468
https://doi.org/10.1140/epjc/s10052-020-8288-9
https://arxiv.org/abs/2004.12191
https://doi.org/10.1140/epjc/s10052-020-8164-7
https://arxiv.org/abs/2003.02523
https://doi.org/10.4310/ATMP.1998.v2.n2.a1
https://doi.org/10.1016/S0370-2693(98)00377-3
https://doi.org/10.1016/S0370-2693(98)00377-3
https://doi.org/10.4310/ATMP.1998.v2.n2.a2
https://doi.org/10.1088/0264-9381/26/19/195011
https://arxiv.org/abs/0904.2765
https://arxiv.org/abs/1205.0559
https://arxiv.org/abs/1208.6251
https://doi.org/10.1103/PhysRevD.88.084045
https://arxiv.org/abs/1212.6128
https://doi.org/10.1140/epjc/s10052-013-2645-x
https://arxiv.org/abs/1305.3725
https://doi.org/10.1103/PhysRevD.89.044002
https://arxiv.org/abs/1311.7299


 M. H. Dehghani, S. Kamrani, and A. Sheykhi, Phys. Rev. D
90, 104020 (2014), arXiv:1505.02386[hepth]

[28]

 R.  A.  Hennigar,  W.  G.  Brenna,  and  R.  B.  Mann,  JHEP
1507, 077 (2015), arXiv:1505.05517[hep-th]

[29]

 L. C.  Zhang,  M.  S.  Ma,  H.  H.  Zhao et  al., Eur.  Phys.  J.  C
74, 3052 (2014), arXiv:1403.2151[gr-qc]

[30]

 N. Altamirano, D. Kubiznak, R. B. Mann et al., Galaxies 2,
89 (2014), arXiv:1401.2586[hep-th]

[31]

 S.  W.  Wei  and  Y.  X.  Liu  Phys.  Rev.  Lett.  115, 111302
(2015) Erratum:  [Phys.  Rev.  Lett.  116,  169903  (2016)]
arXiv: 1502.00386 [gr-qc]

[32]

 W. Xu and L. Zhao, Phys.  Lett.  B 736,  214 (2014),  arXiv:
1405.7665[gr-qc]

[33]

 J.  Sadeghi,  B.  Pourhassan,  and  M.  Rostami,  Phys.  Rev.  D
94, 064006 (2016), arXiv:1605.03458[gr-qc]

[34]

 D. Hansen, D. Kubiznak, and R. B. Mann, JHEP 1701, 047
(2017), arXiv:1603.05689[gr-qc]

[35]

 S.  S.  Gubser  and  I.  Mitra,  JHEP 0108,  018  (2001),  arXiv:
hep-th/0011127

[36]

 S.  Mahapatra,  JHEP  1604,  142  (2016),  arXiv:1602.03007
[hep-th]

[37]

 X. P. Rao, B. Wang, and G. H. Yang, Phys. Lett. B 649, 472
(2007), arXiv:0712.0645[gr-qc]

[38]

 X.  He,  B.  Wang,  R.  G.  Cai  et  al.,  Phys.  Lett.  B 688,  230
(2010), arXiv:1002.2679[hep-th]

[39]

 E. Berti  and V. Cardoso, Phys.  Rev. D 77,  087501 (2008),
arXiv:0802.1889[hep-th]

[40]

 J. Shen, B. Wang, C. Y. Lin et al., JHEP 0707, 037 (2007),
arXiv:hep-th/0703102[HEPTH]

[41]

 G.  Koutsoumbas,  S.  Musiri,  E.  Papantonopoulos  et  al.,
JHEP 0610, 006 (2006), arXiv:hepth/0606096

[42]

 D. C. Zou, Y. Liu, C. Y. Zhang et al., Euro. Phys. Lett. 116,
40005 (2016), arXiv:1411.6740[hep-th]

[43]

 D. C. Zou, Y. Liu, and R. H. Yue, Eur. Phys. J.  C 77,  365
(2017), arXiv:1702.08118[gr-qc]

[44]

 Y. Liu,  D.  C.  Zou,  and B.  Wang,  JHEP 1409,  179 (2014),
arXiv:1405.2644[hep-th]

[45]

 M. Chabab, H. El Moumni, S. Iraoui et al., Eur. Phys. J. C
76, 676 (2016), arXiv:1606.08524[hep-th]

[46]

 S. A. Hosseini Mansoori, arXiv: 2003.13382 [gr-qc][47]
 K.  Hegde,  A.  Naveena  Kumara,  C.  L.  A.  Rizwan  et  al.,
arXiv: 2007.10259 [gr-qc]

[48]

 Y. Y. Wang, B. Y. Su, and N. Li, arXiv: 2008.01985 [gr-qc][49]
 S.  G.  Ghosh,  D.  V.  Singh,  R.  Kumar  et  al.,  arXiv:
2006.00594 [gr-qc]

[50]

 H. L. Li, X. X. Zeng, and R. Lin, Eur. Phys. J. C 80(7), 652
(2020)

[51]

 K.  Hegde,  A.  Naveena  Kumara,  C.  L.  A.  Rizwan  et  al.,
arXiv: 2003.08778 [gr-qc]

[52]

 S.  W.  Wei  and  Y.  X.  Liu,  Phys.  Rev.  D 101(10),  104018
(2020), arXiv:2003.14275[gr-qc]

[53]

 D.  V.  Singh  and  S.  Siwach,  Phys.  Lett.  B  808,  135658
(2020), arXiv:2003.11754[gr-qc]

[54]

 R. A. Konoplya and A. F. Zinhailo, arXiv: 2003.01188 [gr-
qc]

[55]

 M.  S.  Churilova,  Phys.  Dark  Univ.  31,  100748  (2021),
arXiv:2004.00513[gr-qc]

[56]

 M. S. Churilova, arXiv: 2004.14172 [gr-qc][57]
 M. A. Cuyubamba, arXiv: 2004.09025 [gr-qc][58]
 Linder Bruno, Thermodynamics and Introductory Statistical
Mechanics (Wiley Online Library) P 119 (1983)

[59]

 H. E. Stanley, Introduction to Phase Transitions and Critical
Phenomena (Oxford University Press) (1987)

[60]

 T. M. Nieuwenhuizen, Phys. Rev. Lett. 79, 1317 (1997)[61]
 M.  W.  Zemansky  and  R.  H.  Dittman,  Heat  and
thermodynamics:  an  intermediate  textbook  (McGraw-Hill)
(1997)

[62]

 D. C. Zou, Y. Liu, and B. Wang, Phys. Rev. D 90, 044063
(2014), arXiv:1404.5194[hep-th]

[63]

Ming Zhang, Chao-Ming Zhang, De-Cheng Zou et al. Chin. Phys. C 45, 045105 (2021)

045105-8

https://doi.org/10.1103/PhysRevD.90.104020
https://arxiv.org/abs/1505.02386
https://arxiv.org/abs/1505.05517
https://doi.org/10.1140/epjc/s10052-014-3052-7
https://arxiv.org/abs/1403.2151
https://doi.org/10.3390/galaxies2010089
https://arxiv.org/abs/&gt;
https://arxiv.org/abs/&gt;
https://arxiv.org/abs/&gt;
https://doi.org/10.1016/j.physletb.2014.07.019
https://arxiv.org/abs/&gt;1405.7665
https://doi.org/10.1103/PhysRevD.94.064006
https://arxiv.org/abs/1605.03458
https://arxiv.org/abs/1603.05689
https://arxiv.org/abs/&gt;hep-th/0011127
https://arxiv.org/abs/&gt;
https://arxiv.org/abs/&gt;
https://doi.org/10.1016/j.physletb.2007.04.049
https://arxiv.org/abs/0712.0645
https://doi.org/10.1016/j.physletb.2010.04.006
https://arxiv.org/abs/1002.2679
https://doi.org/10.1103/PhysRevD.77.087501
https://arxiv.org/abs/0802.1889
https://arxiv.org/abs/0703102
https://arxiv.org/abs/0606096
https://doi.org/10.1209/0295-5075/116/40005
https://arxiv.org/abs/1411.6740
https://doi.org/10.1140/epjc/s10052-017-4937-z
https://arxiv.org/abs/1702.08118
https://arxiv.org/abs/1405.2644
https://doi.org/10.1140/epjc/s10052-016-4518-6
https://arxiv.org/abs/1606.08524
https://doi.org/10.1140/epjc/s10052-020-8245-7
https://doi.org/10.1103/PhysRevD.101.104018
https://arxiv.org/abs/2003.14275
https://doi.org/10.1016/j.physletb.2020.135658
https://arxiv.org/abs/2003.11754
https://doi.org/10.1016/j.dark.2020.100748
https://arxiv.org/abs/2004.00513
https://doi.org/10.1103/PhysRevLett.79.1317
https://doi.org/10.1103/PhysRevD.90.044063
https://arxiv.org/abs/1404.5194
https://doi.org/10.1103/PhysRevD.90.104020
https://arxiv.org/abs/1505.02386
https://arxiv.org/abs/1505.05517
https://doi.org/10.1140/epjc/s10052-014-3052-7
https://arxiv.org/abs/1403.2151
https://doi.org/10.3390/galaxies2010089
https://arxiv.org/abs/&gt;
https://arxiv.org/abs/&gt;
https://arxiv.org/abs/&gt;
https://doi.org/10.1016/j.physletb.2014.07.019
https://arxiv.org/abs/&gt;1405.7665
https://doi.org/10.1103/PhysRevD.94.064006
https://arxiv.org/abs/1605.03458
https://arxiv.org/abs/1603.05689
https://arxiv.org/abs/&gt;hep-th/0011127
https://arxiv.org/abs/&gt;
https://arxiv.org/abs/&gt;
https://doi.org/10.1016/j.physletb.2007.04.049
https://arxiv.org/abs/0712.0645
https://doi.org/10.1016/j.physletb.2010.04.006
https://arxiv.org/abs/1002.2679
https://doi.org/10.1103/PhysRevD.77.087501
https://arxiv.org/abs/0802.1889
https://arxiv.org/abs/0703102
https://arxiv.org/abs/0606096
https://doi.org/10.1209/0295-5075/116/40005
https://arxiv.org/abs/1411.6740
https://doi.org/10.1140/epjc/s10052-017-4937-z
https://arxiv.org/abs/1702.08118
https://arxiv.org/abs/1405.2644
https://doi.org/10.1140/epjc/s10052-016-4518-6
https://arxiv.org/abs/1606.08524
https://doi.org/10.1140/epjc/s10052-020-8245-7
https://doi.org/10.1103/PhysRevD.101.104018
https://arxiv.org/abs/2003.14275
https://doi.org/10.1016/j.physletb.2020.135658
https://arxiv.org/abs/2003.11754
https://doi.org/10.1016/j.dark.2020.100748
https://arxiv.org/abs/2004.00513
https://doi.org/10.1103/PhysRevLett.79.1317
https://doi.org/10.1103/PhysRevD.90.044063
https://arxiv.org/abs/1404.5194
https://doi.org/10.1103/PhysRevD.90.104020
https://arxiv.org/abs/1505.02386
https://arxiv.org/abs/1505.05517
https://doi.org/10.1140/epjc/s10052-014-3052-7
https://arxiv.org/abs/1403.2151
https://doi.org/10.3390/galaxies2010089
https://arxiv.org/abs/&gt;
https://arxiv.org/abs/&gt;
https://arxiv.org/abs/&gt;
https://doi.org/10.1016/j.physletb.2014.07.019
https://arxiv.org/abs/&gt;1405.7665
https://doi.org/10.1103/PhysRevD.94.064006
https://arxiv.org/abs/1605.03458
https://arxiv.org/abs/1603.05689
https://arxiv.org/abs/&gt;hep-th/0011127
https://arxiv.org/abs/&gt;
https://arxiv.org/abs/&gt;
https://doi.org/10.1016/j.physletb.2007.04.049
https://arxiv.org/abs/0712.0645
https://doi.org/10.1016/j.physletb.2010.04.006
https://arxiv.org/abs/1002.2679
https://doi.org/10.1103/PhysRevD.77.087501
https://arxiv.org/abs/0802.1889
https://arxiv.org/abs/0703102
https://arxiv.org/abs/0606096
https://doi.org/10.1209/0295-5075/116/40005
https://arxiv.org/abs/1411.6740
https://doi.org/10.1140/epjc/s10052-017-4937-z
https://arxiv.org/abs/1702.08118
https://doi.org/10.1103/PhysRevD.90.104020
https://arxiv.org/abs/1505.02386
https://arxiv.org/abs/1505.05517
https://doi.org/10.1140/epjc/s10052-014-3052-7
https://arxiv.org/abs/1403.2151
https://doi.org/10.3390/galaxies2010089
https://arxiv.org/abs/&gt;
https://arxiv.org/abs/&gt;
https://arxiv.org/abs/&gt;
https://doi.org/10.1016/j.physletb.2014.07.019
https://arxiv.org/abs/&gt;1405.7665
https://doi.org/10.1103/PhysRevD.94.064006
https://arxiv.org/abs/1605.03458
https://arxiv.org/abs/1603.05689
https://arxiv.org/abs/&gt;hep-th/0011127
https://arxiv.org/abs/&gt;
https://arxiv.org/abs/&gt;
https://doi.org/10.1016/j.physletb.2007.04.049
https://arxiv.org/abs/0712.0645
https://doi.org/10.1016/j.physletb.2010.04.006
https://arxiv.org/abs/1002.2679
https://doi.org/10.1103/PhysRevD.77.087501
https://arxiv.org/abs/0802.1889
https://arxiv.org/abs/0703102
https://arxiv.org/abs/0606096
https://doi.org/10.1209/0295-5075/116/40005
https://arxiv.org/abs/1411.6740
https://doi.org/10.1140/epjc/s10052-017-4937-z
https://arxiv.org/abs/1702.08118
https://arxiv.org/abs/1405.2644
https://doi.org/10.1140/epjc/s10052-016-4518-6
https://arxiv.org/abs/1606.08524
https://doi.org/10.1140/epjc/s10052-020-8245-7
https://doi.org/10.1103/PhysRevD.101.104018
https://arxiv.org/abs/2003.14275
https://doi.org/10.1016/j.physletb.2020.135658
https://arxiv.org/abs/2003.11754
https://doi.org/10.1016/j.dark.2020.100748
https://arxiv.org/abs/2004.00513
https://doi.org/10.1103/PhysRevLett.79.1317
https://doi.org/10.1103/PhysRevD.90.044063
https://arxiv.org/abs/1404.5194
https://arxiv.org/abs/1405.2644
https://doi.org/10.1140/epjc/s10052-016-4518-6
https://arxiv.org/abs/1606.08524
https://doi.org/10.1140/epjc/s10052-020-8245-7
https://doi.org/10.1103/PhysRevD.101.104018
https://arxiv.org/abs/2003.14275
https://doi.org/10.1016/j.physletb.2020.135658
https://arxiv.org/abs/2003.11754
https://doi.org/10.1016/j.dark.2020.100748
https://arxiv.org/abs/2004.00513
https://doi.org/10.1103/PhysRevLett.79.1317
https://doi.org/10.1103/PhysRevD.90.044063
https://arxiv.org/abs/1404.5194
https://doi.org/10.1103/PhysRevD.90.104020
https://arxiv.org/abs/1505.02386
https://arxiv.org/abs/1505.05517
https://doi.org/10.1140/epjc/s10052-014-3052-7
https://arxiv.org/abs/1403.2151
https://doi.org/10.3390/galaxies2010089
https://arxiv.org/abs/&gt;
https://arxiv.org/abs/&gt;
https://arxiv.org/abs/&gt;
https://doi.org/10.1016/j.physletb.2014.07.019
https://arxiv.org/abs/&gt;1405.7665
https://doi.org/10.1103/PhysRevD.94.064006
https://arxiv.org/abs/1605.03458
https://arxiv.org/abs/1603.05689
https://arxiv.org/abs/&gt;hep-th/0011127
https://arxiv.org/abs/&gt;
https://arxiv.org/abs/&gt;
https://doi.org/10.1016/j.physletb.2007.04.049
https://arxiv.org/abs/0712.0645
https://doi.org/10.1016/j.physletb.2010.04.006
https://arxiv.org/abs/1002.2679
https://doi.org/10.1103/PhysRevD.77.087501
https://arxiv.org/abs/0802.1889
https://arxiv.org/abs/0703102
https://arxiv.org/abs/0606096
https://doi.org/10.1209/0295-5075/116/40005
https://arxiv.org/abs/1411.6740
https://doi.org/10.1140/epjc/s10052-017-4937-z
https://arxiv.org/abs/1702.08118
https://arxiv.org/abs/1405.2644
https://doi.org/10.1140/epjc/s10052-016-4518-6
https://arxiv.org/abs/1606.08524
https://doi.org/10.1140/epjc/s10052-020-8245-7
https://doi.org/10.1103/PhysRevD.101.104018
https://arxiv.org/abs/2003.14275
https://doi.org/10.1016/j.physletb.2020.135658
https://arxiv.org/abs/2003.11754
https://doi.org/10.1016/j.dark.2020.100748
https://arxiv.org/abs/2004.00513
https://doi.org/10.1103/PhysRevLett.79.1317
https://doi.org/10.1103/PhysRevD.90.044063
https://arxiv.org/abs/1404.5194
https://doi.org/10.1103/PhysRevD.90.104020
https://arxiv.org/abs/1505.02386
https://arxiv.org/abs/1505.05517
https://doi.org/10.1140/epjc/s10052-014-3052-7
https://arxiv.org/abs/1403.2151
https://doi.org/10.3390/galaxies2010089
https://arxiv.org/abs/&gt;
https://arxiv.org/abs/&gt;
https://arxiv.org/abs/&gt;
https://doi.org/10.1016/j.physletb.2014.07.019
https://arxiv.org/abs/&gt;1405.7665
https://doi.org/10.1103/PhysRevD.94.064006
https://arxiv.org/abs/1605.03458
https://arxiv.org/abs/1603.05689
https://arxiv.org/abs/&gt;hep-th/0011127
https://arxiv.org/abs/&gt;
https://arxiv.org/abs/&gt;
https://doi.org/10.1016/j.physletb.2007.04.049
https://arxiv.org/abs/0712.0645
https://doi.org/10.1016/j.physletb.2010.04.006
https://arxiv.org/abs/1002.2679
https://doi.org/10.1103/PhysRevD.77.087501
https://arxiv.org/abs/0802.1889
https://arxiv.org/abs/0703102
https://arxiv.org/abs/0606096
https://doi.org/10.1209/0295-5075/116/40005
https://arxiv.org/abs/1411.6740
https://doi.org/10.1140/epjc/s10052-017-4937-z
https://arxiv.org/abs/1702.08118
https://arxiv.org/abs/1405.2644
https://doi.org/10.1140/epjc/s10052-016-4518-6
https://arxiv.org/abs/1606.08524
https://doi.org/10.1140/epjc/s10052-020-8245-7
https://doi.org/10.1103/PhysRevD.101.104018
https://arxiv.org/abs/2003.14275
https://doi.org/10.1016/j.physletb.2020.135658
https://arxiv.org/abs/2003.11754
https://doi.org/10.1016/j.dark.2020.100748
https://arxiv.org/abs/2004.00513
https://doi.org/10.1103/PhysRevLett.79.1317
https://doi.org/10.1103/PhysRevD.90.044063
https://arxiv.org/abs/1404.5194
https://doi.org/10.1103/PhysRevD.90.104020
https://arxiv.org/abs/1505.02386
https://arxiv.org/abs/1505.05517
https://doi.org/10.1140/epjc/s10052-014-3052-7
https://arxiv.org/abs/1403.2151
https://doi.org/10.3390/galaxies2010089
https://arxiv.org/abs/&gt;
https://arxiv.org/abs/&gt;
https://arxiv.org/abs/&gt;
https://doi.org/10.1016/j.physletb.2014.07.019
https://arxiv.org/abs/&gt;1405.7665
https://doi.org/10.1103/PhysRevD.94.064006
https://arxiv.org/abs/1605.03458
https://arxiv.org/abs/1603.05689
https://arxiv.org/abs/&gt;hep-th/0011127
https://arxiv.org/abs/&gt;
https://arxiv.org/abs/&gt;
https://doi.org/10.1016/j.physletb.2007.04.049
https://arxiv.org/abs/0712.0645
https://doi.org/10.1016/j.physletb.2010.04.006
https://arxiv.org/abs/1002.2679
https://doi.org/10.1103/PhysRevD.77.087501
https://arxiv.org/abs/0802.1889
https://arxiv.org/abs/0703102
https://arxiv.org/abs/0606096
https://doi.org/10.1209/0295-5075/116/40005
https://arxiv.org/abs/1411.6740
https://doi.org/10.1140/epjc/s10052-017-4937-z
https://arxiv.org/abs/1702.08118
https://doi.org/10.1103/PhysRevD.90.104020
https://arxiv.org/abs/1505.02386
https://arxiv.org/abs/1505.05517
https://doi.org/10.1140/epjc/s10052-014-3052-7
https://arxiv.org/abs/1403.2151
https://doi.org/10.3390/galaxies2010089
https://arxiv.org/abs/&gt;
https://arxiv.org/abs/&gt;
https://arxiv.org/abs/&gt;
https://doi.org/10.1016/j.physletb.2014.07.019
https://arxiv.org/abs/&gt;1405.7665
https://doi.org/10.1103/PhysRevD.94.064006
https://arxiv.org/abs/1605.03458
https://arxiv.org/abs/1603.05689
https://arxiv.org/abs/&gt;hep-th/0011127
https://arxiv.org/abs/&gt;
https://arxiv.org/abs/&gt;
https://doi.org/10.1016/j.physletb.2007.04.049
https://arxiv.org/abs/0712.0645
https://doi.org/10.1016/j.physletb.2010.04.006
https://arxiv.org/abs/1002.2679
https://doi.org/10.1103/PhysRevD.77.087501
https://arxiv.org/abs/0802.1889
https://arxiv.org/abs/0703102
https://arxiv.org/abs/0606096
https://doi.org/10.1209/0295-5075/116/40005
https://arxiv.org/abs/1411.6740
https://doi.org/10.1140/epjc/s10052-017-4937-z
https://arxiv.org/abs/1702.08118
https://arxiv.org/abs/1405.2644
https://doi.org/10.1140/epjc/s10052-016-4518-6
https://arxiv.org/abs/1606.08524
https://doi.org/10.1140/epjc/s10052-020-8245-7
https://doi.org/10.1103/PhysRevD.101.104018
https://arxiv.org/abs/2003.14275
https://doi.org/10.1016/j.physletb.2020.135658
https://arxiv.org/abs/2003.11754
https://doi.org/10.1016/j.dark.2020.100748
https://arxiv.org/abs/2004.00513
https://doi.org/10.1103/PhysRevLett.79.1317
https://doi.org/10.1103/PhysRevD.90.044063
https://arxiv.org/abs/1404.5194
https://arxiv.org/abs/1405.2644
https://doi.org/10.1140/epjc/s10052-016-4518-6
https://arxiv.org/abs/1606.08524
https://doi.org/10.1140/epjc/s10052-020-8245-7
https://doi.org/10.1103/PhysRevD.101.104018
https://arxiv.org/abs/2003.14275
https://doi.org/10.1016/j.physletb.2020.135658
https://arxiv.org/abs/2003.11754
https://doi.org/10.1016/j.dark.2020.100748
https://arxiv.org/abs/2004.00513
https://doi.org/10.1103/PhysRevLett.79.1317
https://doi.org/10.1103/PhysRevD.90.044063
https://arxiv.org/abs/1404.5194

	I INTRODUCTION
	II THERMODYNAMICS AND PHASE TRANSITION OF CHARGED ADS BLACK HOLES
	III PERTURBATION OF ADS BLACK HOLE IN 4D EINSTEIN-GAUSS-BONNET GRAVITY
	IV CLOSING REMARKS

