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Abstract The thermodynamic properties of the de Rham—
Gabadadze—Tolley (dRGT) black hole in the asymptotically
de Sitter (dS) spacetime are investigated by using Rényi
entropy. It has been found that the black hole with asymp-
totically dS spacetime described by the standard Gibbs—
Boltzmann statistics cannot be thermodynamically stable.
Moreover, there generically exist two horizons correspond-
ing to two thermodynamic systems with different tempera-
tures, leading to a nonequilibrium state. Therefore, in order
to obtain the stable dRGT black hole, we use the alternative
Rényi statistics to analyze the thermodynamic properties in
both the separated system approach and the effective sys-
tem approach. Interestingly, we found that it is possible con-
currently obtain positive pressure and volume for the dRGT
black hole while it is not for the Schwarzschild-de Sitter (Sch-
dS) black hole. Furthermore, the bounds on the nonextensive
parameter for which the black hole being thermodynami-
cally stable are determined. In addition, the key differences
between the systems described by different approaches, e.g.,
temperature profiles and types of the Hawking—Page phase
transition are pointed out.

2 e-mail: maxwelltle@gmail.com

b e-mail: ekapong.hir@kmutt.ac.th

¢ e-mail: tahpahctar_net@hotmail.com
de-mail: 1_tannukij@hotmail.com

¢ e-mail: pitbaa@gmail.com (corresponding author)

1 Introduction

General relativity (GR) has been verified by several recent
astrophysical observations. Nevertheless, the discovery of
late time accelerated expansion of the universe [1,2] has led
to the curiosities, and also doubts, among the community in
the nature of gravitation, namely the theory itself, at the cos-
mic scale. Based on GR, dark energy needs to be proposed
in describing the cosmic accelerated expansion. Despite not
knowing the true candidate(s) for dark energy, the cosmo-
logical constant A is the most widely accepted model of
dark energy due to the fact that the standard model of cos-
mology, the so-called ACDM model, reconciles very well
with the current observations. Instead of introducing dark
energy, there is however an alternative to resolve this puzzle
by modifying GR so that the dynamical behaviors of space-
time deviate from GR mainly at the cosmic scale, especially
in such a way that the late-time universe coincides with that
dominated by positive cosmological constant, i.e. de Sitter
(dS) universe.

One of the interesting modifications is to introduce a mass
term for the graviton field. Historically, adding the mass term
in Einstein’s gravity can give theoretically undesirable conse-
quences, including ghost instability [3]. Although there have
been numerous attempts to formulate the models of ghost-
free massive gravity, the most successful one is the de Rham,
Gabadadze, and Tolley (dRGT) prescription in adding a com-
bination of mass terms in the Einstein—Hilbert action; these
allowed mass terms, including quadratic, cubic and quartic
ones in the dRGT massive gravity give no higher derivative
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term in the equations of motion, resulting in the absence of
ghost field [4,5]. See [6,7] for review papers. Fortunately,
the dRGT massive gravity can provide the solution whose
parameters can be interpreted as a cosmological constant.
As a viable model of gravity to address cosmological mys-
teries, there have been studies on the dRGT massive gravity
in many respects. These include several static and spheri-
cally symmetric black hole solutions in the dRGT massive
gravity and their thermodynamic properties [8—22], accre-
tion disk around a dRGT black hole [23], greybody factor
[24-26], quasinormal modes [27,28], black string solutions
[29,30] and their thermodynamics [31], and constraining the
model’s parameters using the observational data [32,33], etc.

The dRGT massive gravity can have a black hole in the
asymptotic background spacetime as anti-de Sitter (AdS) and
dS, depending on the values of parameters. With a certain
range of parameters that give rise to the dS-like universe, the
black hole thermodynamics in the dRGT model is expected
to provide several features as a natural extension of that of
the dS black hole. However, the discussion about the ther-
modynamic behaviors of a black hole in the asymptotically
dS space is not tractable as desirable due to the nature of the
multi-horizon system. Usually, the Schwarzschild-de Sitter
(Sch-dS) system has two horizons consisting of the black hole
event horizon and the cosmological horizon. Generically, the
temperature at one horizon is not the same as one another,
therefore the Sch-dS system is not in thermodynamic equi-
librium. Due to its similarity in nature with the Sch-dS, the
thermodynamic consideration of the dS black hole from the
dRGT massive gravity also encounters difficulties in apply-
ing the equilibrium thermodynamics due to its multi-horizon
nature.

There have been some lessons from dealing with the Sch-
dS black hole thermodynamics that can be used to apply in the
dRGT black hole. The problem of the multi-horizon system in
the Sch-dS can be addressed by using either the separated sys-
tem approach or the effective system approach. For the sepa-
rated system approach, the system evaluated at each horizon
can be defined independently [34]. For the effective system
approach, the whole system can be considered as a single sys-
tem in equilibrium [35]. The effective system approach can
be done in two versions with considering the black hole mass
M as the internal energy and chemical enthalpy. Considering
the mass as the internal energy, the first law of thermodynam-
ics can be in the form dM = T,dS — PegrdV [35-39], where
the total entropy and the volume can be definedas S = Sp+ S
and V = V, — W}, respectively. Note that the subscripts b and
c refer to the black hole event horizon and cosmological hori-
zon. On the other hand, treating the mass as the enthalpy, the
first law of thermodynamics of the effective system becomes
dM = TegdS + Verrd P, where the total entropy and the vol-
ume can be defined as S = Sp + S. and Vegp = (%—Af’,’)s,
respectively, with pressure P ~ A [39,40]. Accordingly,
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the effective temperature of both versions can be defined

T T,
( Tbb— T
blows up at the limit 7y, — T¢. This problem can be solved by
using the new definition of the total entropy as § = S, — S

[41,42]. Using this form of total entropy, the effective temper-

Ty T .
T +%C ) , which does not blow

up at the limit 7, — 7. However, the entropy S = Sy, — S
can be argued that it is not a physical entropy. In this work, we
use the total entropy defined as S = S + Sc. The change of
the total entropy can be investigated by considering that the
direction of heat flow for the system evaluated at the cosmo-
logical horizon is opposite to one at the black hole horizon,
since the observer stays between the black hole horizon and
cosmological horizon [43]. Consequently, the change of total
entropy can be obtained as dS = dSy, —dS.. From the expres-
sion of the change of total entropy, the effective temperature
(Rer
methods to explore the black hole thermodynamics in the
dRGT massive gravity.

The black hole thermodynamics has been argued that it
should be studied with non-extensive entropy as evident from
the area law of the Bekenstein—Hawking entropy [44—46].
One of the generalized non-extensive entropy is proposed
by Tsallis [47]. Considering a system with two correlated
subsystems, its Tsallis entropy satisfies the pseudoadditive
composition rule

as Teff =

). It is seen that the effective temperature

ature can be defined as Teff = (

can be defined as Tifr = ( ) It is worth to apply these

S12 = Sk 4+ 53 4 ASks2, 1)

where S{Z is the Tsallis entropy of the entire system, S{ and
S% are the Tsallis entropies of the two separated subsystems,
and A is the non-extensive parameter. For one of the simplest
choices, the black hole entropy can be thought of as the Tsal-
lis entropy for the nonextensive system. However, the defini-
tion of the empirical temperature using Tsallis entropy is not
compatible with the zeroth law of thermodynamics [48]. To
address this unclear definition of the temperature, using the
formal logarithm, the Tsallis entropy can be transformed to
the additive generalized entropy known as the Rényi entropy
[49,50]

|
S = 1n [1 +AS%2] , )

Thus, the empirical temperature cannot be defined as Tr =
(%) [48]. Moreover, using the Rényi statistics instead of
Gibbs—Boltzmann statistics, the spherically symmetric black
holes such as Sch black hole [51], Sch-dS black hole [52],
rotating black hole [53] and charged black hole [54] have
been found to be thermodynamically stable. In addition, the
investigation of the black hole thermodynamics with Rényi
entropy has been intensively considered [55-60].

In this work, the thermodynamic stability of the black hole
in asymptotically dS space in the dRGT massive gravity the-
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ory will be investigated using the Rényi statistics with both
the separated system and effective system approaches. Since
the dRGT black hole can provide corrections to the Sch-dS
black hole, we analyze how the thermodynamic properties of
the dRGT black hole are modified compared to the Sch-dS
black hole. It is well known that either the thermodynamic
pressure or volume of the Sch-dS black hole is negative.
Actually, for positive thermodynamic volume, the “pressure”
P = — A /(8m), the conjugate quantity to the volume, which
is obviously negative for Sch-dS black hole should be viewed
as tension rather than the pressure according to the standard
thermal concepts. Therefore, this may be one of the diffi-
culties in capturing the thermodynamic notion of the Sch-dS
black hole. However, for the dRGT black hole, we find that
it is possible to realize a black hole as a thermodynamic sys-
tem whose pressure and volume can be chosen to be positive,
thanks to the dRGT model parameters. In other words, dRGT
massive gravity may provide a black hole that may be under-
stood through the standard viewpoints of thermodynamics.
An ability to realize positive pressure as well as positive vol-
ume is one of the worthy properties of the dRGT black hole
compared to those in Sch-dS black holes.

With the separated system approach, the local stability of
the black hole is analyzed by considering the sign of heat
capacity. Moreover, the lower bound of the parameter X for
the local stability condition is determined. Furthermore, the
global stability of the black hole can be analyzed by con-
sidering the Gibbs free energy, which also yields a stronger
lower bound on A. Finally, for the separated system, the phase
transition between the non-black hole and the black hole can
be analyzed and the Hawking—Page phase transition is the
first-order phase transition. For the effective system, the ther-
modynamic quantities can be defined by using the first law of
thermodynamics as dM = TedS + Vegrd P where the mass
M is thought as the chemical enthalpy and the total entropy
obeys the following addition rule, S = Sg, + Sg,, as seen in
[31,43]. The local stability of the black hole can be analyzed
by using the same steps as done in the separated system,
from which the lower bound on A can be obtained. Further-
more, we find that there exists a particular range in temper-
ature for which the black hole is locally stable either viewed
through the effective system approach or the separated sys-
tem approach. As a result, if a black hole is observed to be
at a temperature within this range, one may distinguish these
two approaches by observing the size of the black hole. In the
effective system, there is no lower bound on the nonexten-
sive parameter determined through the global stability anal-
ysis. Eventually, the phase transition of the effective system
between the non-black hole and the black hole can be ana-
lyzed. In particular, the Hawking—Page phase transition is the
zeroth-order phase transition. This is one of the significant
results which is different from the separated system.

This paper is organized as follows. In Sect. 2, we review
the dRGT black hole solution and then analyze its horizon
structure. In Sect. 3, we investigate, on the former half of the
section, thermodynamic properties of the black hole treated
as two separated systems using Rényi entropy while the latter
half is devoted to an investigation on the effective system and
the thermodynamic properties according to Rényi statistics.
Finally, in Sect. 4, we conclude the investigation as well as
give remarks on the effects of nonextensivity on the black
hole in dRGT massive gravity.

2 dRGT black hole

The massive gravity theories have been investigated since
1939 Fierz and Pauli (FP) [61]. As discussed in the previous
section, there were many obstructions until 2010, the viable
nonlinear massive gravity theory was proposed by de Rham,
Gabadadze, and Tolley [4,5]. In this section, the dRGT mas-
sive gravity theory will be reviewed. The static spherically
symmetric solution in dRGT massive gravity theory and the
horizon structure of the dRGT black hole are discussed.

2.1 dRGT massive gravity

In this subsection, we review an important ingredient of
dRGT massive gravity theory. This theory is free of the
Boulware—Deser ghost by incorporating higher-order inter-
action terms into the Lagrangian. The dRGT Massive gravity
action is the well-known Einstein—Hilbert action including
suitable nonlinear interaction terms given by

S 1
16w

where R is the Ricci scalar. Note that we use the convention

with G = 1. The interaction terms include graviton mass,

myg, and the potential terms [/ expressed as

dtey=g[R+mu(g, 1) 3)

U = Uy + a3lz + aaldy, 4)

where

U = K> — [K?], Q)

Us = [K1® = 3[KIK] + 2[K7%, (©6)

Uy = [KT* = 6[K1P[K2] 4 81K + 3[K2]% — 6[K*].
(7

The parameters o3 and o4 are free parameters of the theory.
The quantity [K"] is the trace of the n-th power of the matrix

Kr, =8 = (g ' f)",. ®)

guv and f,, are the physical metric and the fiducial/reference
metric, respectively. The fiducial metric contains the Stuck-
elberg scalar playing the role to restore the diffeomorphism
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invariance. Note that the systematic construction of the
potential terms provides the scalar mode of the theory acting
similar to the scalar field in Galileon theory at the decoupling
limit. Hence, the theory admits 5 degrees of freedom without
the additional ghost mode.

By varying the action (3) with respect to the physical met-
ric g", the dynamical field equations can be expressed as

Gv +myXyy =0, ©)

where G, is the Einstein tensor and X,,, is the effective
energy—momentum tensor obtained from varying the poten-
tial /. This effective energy—momentum tensor can be writ-
ten in terms of the matrix /C,,, as

U
X;w = ]C;w - [’C]g;w - (]Clzu; - [IC]]C;W + %guu)

U Us
+38 (/wa — [IC]IC/%V + TICILLU - ?guv> . (10)
The parameter o3 and o4 are redefined as
oa—1 B 11—«
= ) P . 1 1
a3 3 ay =7 + B (11)

From the Bianchi identity of the Einstein tensor, V¥ G, = 0,
the effective energy—momentum tensor is also covariantly
divergence-free

VHX,, =0, (12)

where V# is the covariant derivative associated with the phys-
ical metric g, . These equations will be used in order to solve
for the static and spherically symmetric solutions. The result-
ing solutions correspond to the black hole called dRGT black
holes.

2.2 dRGT black hole solution and horizon structure

In this section, we will review of the dRGT black hole solu-
tion. By considering the static and spherically symmetric
spacetime, the metric contains four independent radial func-
tions. Note that we cannot use the coordinate transformation
to get rid of two functions since we have chosen the gauge
choice via the Stueckelberg scalars. The solutions can be
classified into two branches; the metric with off-diagonal
components and the diagonal metric. In this consideration,
we will focus on the diagonal solution. For this choice, there
are only two independent radial functions. As a result, the
general form of the metric tensor can be written as

ds? = —n(r)de*> + f~1(r)dr? + r2de?, (13)

where d2% = d#? + sin62d¢? is the line element on 2-
sphere. It is important to note that the solution of the physical
metric depends on the form of the fiducial metric. In principle,
the choice does not affect the existence of the ghost, one can
choose the form of the fiducial metric in order to obtain the

@ Springer

proper solution of the physical metric. For example, from a
cosmological viewpoint, the physical metric does not admit a
nontrivial flat cosmological solution with a Minkowski fidu-
cial metric [62], but it does for the open FLRW solution [63].
Moreover, the first FLRW solution with arbitrary geometry
exists when the FLRW fiducial metric is considered [64].
By generalizing the form of the fiducial metric, nontrivial
cosmological solutions can be obtained [65]. In this consid-
eration, let us choose the fiducial metric as [66]

fuv = diag(0,0, ¢?, ¢*sin®9), (14)

where c is a constant. Substituting these ansatzes to Eq. (9),
one found that two functions can be related by a constant e.g.
n(r) = f(r)+ C.In order to reduce the solution to the usual
form, the constant can be set as zero. As a result, the solution
can be written as

ds? = —f(Nd? + £~ ()dr? + 222, (15)
2GM
Foy=1-

r

—mé(czr2 —c1r — ¢p), (16)

where M is the Arnowitt—Deser—Misner mass of the black

hole. ¢y = ¢*(a + 3B), ¢1 = —c(1 + 2a + 3p) and ¢ =

—3(1 + o+ B). In addition, the horizon function can be split

into two branches as asymptotically de Sitter (dS) space for
2

mycy > 0 and asymptotically anti-de Sitter (AdS) space for

mécz < 0. Furthermore, it can be reduced to the Sch-dS/AdS

black hole by setting cp = ¢; = 0 and mg,cz = A/3.
It is important to note that there exists a nonlinear scale
1 .
M ) /3 at which the

com?2
solution reduces to the Schwarzchild (Sgch) black hole for
r < ry and corresponds to the dRGT black hole in asymp-
totically dS/AdS spacetime for > ry. This radius can be
obtained by comparing the black hole mass term with the ¢,
term. Moreover, it is found that there exists another nonlinear

1/2 R :
scale r| ~ (“%) /% and ro ~ ﬁ which is obtained by

called the Vainshtein radius, ry ~ (

comparing the bfack hole mass term to the c¢; and cq terms,
respectively. At this radius, the linear terms (co and ¢ terms)
become dominant contributions and give significant modifi-
cations. In order to capture the significant contribution from
each term, let us redefine the dimensionless parameters as
follows

2 3

aiay a;
_ o= . 17
“l (Mmf,) = <M2m§> an

As a result, the horizon function in Eq. (16) can be rewritten
as

fx)=14ao—a <§—a1x +x2>. (18)
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Fig. 1 Left panel shows the 3 1.0
region of the existence of the ~ [[rioooc oo ey oo ap=-0.5
horizons in (ag, a1 )-space with a :
specific value of a;. The ° \ —— dp=ao,
oblique, vertical and horizontal 0.5 -0
shading regions correspond to | DOU DD e a=0.5
ones foray = 1/10,a; = 1/3
and ay = 1, respectively. Right a; 1 f(x) 0.0
panel shows the behaviors of the
horizon function f(x) of the
dRGT solution versus x with
various values of ag 0 -0.5
(ap,. = —0.0336) by fixing N
a; =1/10,a; =1/3 S o : :
-1 -1 8 - - .
-1 0 1 2 3 .0 05 10 15 20 25 30
ap X
It is important to note that the dimensionless variables x is  as
actually scaled by the Vainshtein radius x = axr/M =r/ry. 5
. _ . . 1 a
In this context, the.param.eter a = M/ry vxflll chflracter.lze Xex = = |a; + A [ 1+ _12 i (23)
how the event horizon differs from the Vainshtein radius. 6 Aj

Moreover, the parameters a; = r‘z,/ "12 and ap = ry/ro will
characterize the nonlinear scale comparing to ry . In the limit
r1,0 — 00, the parameter a; and ap will go to zero then the
nonlinear scale is characterized by only Vainshtein radius.
As a result, the solution recovers the Sch-dS/AdS solution as
setting ap = a; = 0. In this study, we are interested only in
the asymptotically dS black hole corresponding to a > 0.

In order to analyze the horizon structure of the black hole,
let us first consider the case of the Sch-dS black hole. The
horizon function in Eq. (18) for the Sch-dS black hole is
simply expressed as

2 2
f(x):l—az(;+x>. (19)

Since we are considering asymptotically dS spacetime, the
horizon function f(x) is a concave function and the maxi-
d

mum point can be evaluated from d—)’: = 0. As a result, the

value of x at the extremum point of f(x) is given by
Xex = 1. (20)

Substituting Eq. (20) to Eq. (19), the extremum value of the
horizon function is

f(xex) =1—3a. 2D

By requiring f(x.x) > 0, the condition, in which the Sch-dS
black hole has the horizon(s), is then written as

0<ax<1/3. (22)

Now, let us consider the full expression of the dRGT solu-
tion. The maximum point can be obtained by using the same
strategy as the one in the Sch-dS case. As a result, the value
of x at the maximum point of the horizon function is obtained

where A| =3 x 22/3<1 + l%i; —y 1+ 2)1/3' Substituting
Eq. (23) to Eq. (18), the condition for having horizon can be
obtained by using the requirement; f(x.,) > 0. The max-
imum value f(x.y) is lengthy, it is not convenient to show
explicitly here. However, the condition for having the hori-
zons can be illustrated by using a region plot as shown in the
left panel of Fig. 1. From the right panel of this figure, it is
seen that there exist the horizons even a; > 1/3 with ap and
ay are not zero. This is one of the important results compared
to the Sch-dS solution. It is allowed to have horizons with
the parameter range a, > 1/3. For the case of a small value
of ay, one can perform the suitable approximation in order to
properly find the deviation from the Sch-dS solution since it
is in the region for having two horizons as shown in the left
panel of Fig. 1 for the oblique shading region.

Since the Sch-dS solution can have more than one hori-
zon, this affects the thermal properties of the corresponding
black hole. One of them is that the temperatures evaluated
at each horizon are different from one another, which causes
the black hole system to be out of thermal equilibrium. In the
next section, this problem will be treated through two differ-
ent approaches: the separated system approach where each
horizon is treated as two separated thermal systems, and the
effective system approach where all the horizons are treated
as a single effective thermal system.

3 Thermodynamics

From the previous section, with appropriate conditions on
parameters agp, aj, ax as shown in Fig. 1, the dRGT black
hole can form two event horizons. In order to explore the
thermal properties of the black hole, one may start by evalu-

@ Springer
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ating temperatures which, in general, are different for differ-
ent horizons. This inevitably renders the black hole to be a
non-equilibrium thermal system and the standard thermody-
namics cannot be well applied. In order to do such an inves-
tigation, one may consider the two horizons, with their indi-
vidual temperatures and other thermal quantities, to be two
separated thermal systems, each in quasi-equilibrium. On the
other hand, one may collectively consider the two horizons
as a single effective thermal system that is in thermal equilib-
rium. This section is dedicated to such two thermodynamical
approaches.

3.1 Separated system approach

In this subsection, the thermodynamics of black hole in dRGT
massive gravity is investigated by defining the thermody-
namic quantities of each horizon separately. The mass M
can be found by solving f(ry) = 0, where ry, is the horizon
of the black hole. As a result, the mass M is obtained as

h
M = ?[1 — m§(02r§ —C1rh — co)]. (24)

The Hawking temperature of the dRGT black hole can be
obtained from the surface gravity, «, evaluated at the horizon
as follows:

Kbe _ |f'(rb.c)]
2t 4rm
[1 — mg, (3czr§’C —2c11pc — co)]

=+ , 25
47Trb,c ( )

Ty, =

where the subscripts b denote quantities evaluated at the black
hole horizon, like ry,, and the subscripts ¢ denote those eval-
uated at the cosmological horizon, like r.. Here, the plus and
minus signs in Eq. (25) denote the temperature of the system
evaluated at r, and r¢, respectively.

The entropy of the system corresponding to the temper-
ature defined in Eq. (25) is given by using the Bekenstein—
Hawking entropy, Sgn as

S A 26
BH = (26)
where A = 4nr]% is the surface area of the horizon of the
black hole. The mass, M, temperature, T, ¢, and Bekenstein—
Hawking entropy, Spy, satisfy first law of thermodynamics as
dM = =£T dSgn. The first law of thermodynamics can be
extended by treating the other parameters as thermodynamic
variables. In order to generalize the first law of thermody-
namics, let us consider the Smarr formula of the black hole
by treating the mass M from Eq. (24) as the homogeneous
function. The mass M is said to be a homogeneous function
of thermodynamic quantities, S, mgz, o, c%, if it satisfies the
following relation.

M@IS. Jm;? Jeo, Jc) = J'PM(S.mg% co. ). (27)
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3.0f

2.5 |
2.0/
a, 1.5
1.0
0.5/

i

0.0t ‘
0.0 05 1.0

1.5 20 25 3.0
do

Fig. 2 The figure shows the region of the existence of the positive
volume in (ag, a)-space with various values of a. The oblique, vertical
and horizontal shading regions correspond to one for a, = 1/3, a =
1/10 and a = 1/100, respectively

where J € R and the function M is said to be homogeneous
of order 1/2. By using the Euler’s theorem, the Smarr formula
can be written by using Eq. (27) as

M = £28guTp,c — 2P Vo c + 2c0Po + 191, (28)
where P = %mé. The conjugates to the thermodynamic
quantities can be identified via the Euler’s theorem as follows:
oM
T ==+\|—¢ = To.c, (29)
9S8 /e ’
oM 4 ) 1
Ve =\ — =i | ——+—-c]). 30
b.c <3P >rb,c 37 be (”ﬁc e 2) (30)
oM 4
D= — = - Prpc, 3D
aco Foc 3
oM 4 s
P =|— = - Pr{.. 32
1 <8C1 )rbvc 37[ rb,C ( )

Note that the temperature in Eq. (29) is the same as in Eq. (25).
Furthermore, it is possible for the black hole in dRGT massive
gravity to have positive thermodynamic volume as well as
positive thermodynamic pressure, if an appropriate set of
parameters is assumed for Eq. (30). In particular, there exists
a viable range of parameters corresponding to the positive
thermodynamic volume as shown in Fig. 2.

Mathematically, for the Sch-dS black hole, either volume
or pressure can be negative as follows:

oM 4
Voo = =F3r, (33)
b,c

A
P=+—, =
IP 3

8

whose physical interpretation can be ambiguous. On one
hand, the thermodynamic volume is chosen as the physical
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one so that Vp . = %nrg .- It yields the conjugate quan-

tity of V¢ being P = —% which is negative for Sch-dS
black hole, where A > 0. The negativeness of P is therefore
interpreted as tension rather than pressure. This considera-
tion corresponds to the lower signs of expressions in Eq. (33).
On the other hand, one must bear the cost of having a nega-
tive thermodynamic volume if one wishes to have a positive
thermodynamic pressure similar to the consideration of the
thermodynamic behavior of the Sch-AdS black hole. It cor-
responds to the upper signs of expressions in Eq. (33). Obvi-
ously, the thermodynamics of dRGT black hole can avoid
the aforementioned ambiguity. This may shed light on the
merit of thermodynamic interpretation for dRGT black hole
in asymptotically dS spacetime.

The first law of thermodynamics of the black hole in dRGT
massive gravity can be written as

dM = £T, dSeH + Vb,cdP + Podcp 4+ Pdcy. (34)

If one considers that P, cq, and ¢ are fixed, then the first law
of thermodynamics can be reduced to dM = =£T;, dSpy. In
our work, we consider the case where the parameters co and
c1 are fixed. Thus, the first law of thermodynamics can be
written as

dM = T «dSpy + Vp.cdP. (35)

Note that the first law in Eq. (35) is a result of assuming that
the entropy of the black hole is that of Bekenstein—-Hawking
entropy which is proportional to the surface area of the black
hole itself. This means the hole’s entropy is not an extensive
quantity. As mentioned in Sect. 1, in order for one to study the
black hole as an extensive thermal object, one may instead
use thermodynamics based on the Rényi statistics. To this
end, Spy is treated to obey the Tsallis composition rule. In
order to realize such a system as an extensive thermal object,
the formal logarithm of Sy, the so-called Rényi entropy, is
considered as an entropy representing the system. Thus, the
thermodynamics of the black hole can be studied by using
the Rényi entropy as

1
Sk = 5 In(1 + ASpn), (36)

where A is the non-extensive parameter and —oo < A < 1.
In order to restrict the Rényi entropy so that it is always
positive, it is sufficient to choose 0 < A < 1. Note that, the
Rényi entropy reduces to the Bekenstein—-Hawking entropy
when A — 0. The first law of thermodynamics based on
Rényi statistics is assumed to be

dM = £Trp,c)dSRb,¢) + Vb,cd P, 37

where TR ) and Tr(c) represent the Rényi temperatures cor-
responding to the system evaluated at the black hole horizon
and the cosmological horizon, respectively, and the thermo-

dynamic pressure is defined as P = Siﬂmz, Applying the

Rényi entropy instead of Sgy, the Rényi temperature can be
obtained as follows:

oM
ISR (b,c)

TRb.o) = + ( ) =1+ 72g )T (38)
P

Let us define a dimensionless temperature in terms of dimen-
sionless variables as follows

(14 ag + 2a1a2x — 3a2x3)(x2 + €)

TRy = rvIRep) =

drex
(39
- (14 ag + 2a1a2y — 3a2y)(y*> + €)
Tre) =rvIRe) = — arey ,
(40)

where x = ry/ry,y =rc/ry and € = l/(rr)»r%,) which are
the dimensionless variables corresponding to rp, r. and A,
respectively. Accordingly, the quantities in the GB descrip-
tion can be recovered by taking € — oo corresponding to
A — 0. In other words, the larger the deviation from stan-
dard extensive behavior, the smaller the value of € will be.
Note that the valid values of the black hole horizon and the
cosmological horizon radii are in the ranges 0 < r, < r¢
and r, < r. < 00, respectively. With the dimensionless
variables, the mentioned ranges can be written as 0 < x <

%al <1+ /1+M> and %al (1+ /1+—3(]2+“0)> <
araz ajay
y < 5a (1 + /14 4“2;20) ) Additionally, the black hole
1
becomes extremal whenx = y = %611 <1 + 1+ W )
142

The Rényi temperatures for each horizon, TR ») and TR (c),
are shown explicitly in Fig. 3. From this figure, one can see
that there exists a range for positive slope implying the pos-
itive heat capacity. We will see later that the sign of heat
capacity will directly relate to the slope of the temperature.
As aresult, in order to find the condition to obtain the posi-
tive positive heat capacity, we analyze the slope of the tem-
perature. From Fig. 3, Trv) exhibits two extrema while the
profile of T () does not. Both extrema of Tr ) can be found
through its derivative as

_ dTrp

T dx

_ —9arx* + 4ajarx’ + (1 4+ ag — 3a2€)x2 — (1 + ag)e
N drex? ’

Fy

(41)

For the positive value of x, the graph of Fy, is concave. There
are two real roots for Eq. (41). The extremum point, xp of the
function Fy, i.e. the turning point of TR(b), can be obtained
by solving dd% = 0. Then, by substituting xy in the function
Fy, the locally stable condition on the non-extensive param-
eter can be found by requiring that the slope at the turning
point of TR(b) vanishes, or Fy(xp) = 0. As a result, one
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Fig. 3 Left (Right) panel

shows the temperature of the
system evaluated at the black
hole (cosmological) horizon

with various values of €

(e = 0.37507) by fixing

ap = 1/2 and ay = 0.1 = an

2.0~
- - e=1 - - e=t
— €=g 150 — €&
rrrrrr €=0.15 - €=0.15
€=0.1

can obtain the local bound on the nonextensive parameter as
€. = €c(ap, ar, ar). Note that the subscript C denotes the
bound corresponding to the heat capacity (being positive).
The expression for € (ag, ai, az) is too lengthy and not nec-
essary to be expressed explicitly here. However, it may be
useful to approximate ec in order to study its features. In
the case of a; and a; being negligibly small, one obtains the
local stability condition on the nonextensive parameter as

13 2
GSGCREC(dS) - 13 (a1/a3 + ajaz) (1 + ao).
3ay 5 V1 +ag
(42)

where ec and ecgs) denote the upper bounds for the dRGT
and Sch-dS black holes, respectively. Note that the value of
€c(ds) 1s expressed numerically as ecgs)y = 7 — 43 ~
0.0718 [52]. From Fig. 4, it can be seen that the exact upper
bound, €c, is more than the approximated upper bound. This
suggests that although Eq. (42) is an approximated expres-
sion, it serves well as a borderline to the condition on the
existence of locally stable systems. Note that, by setting
ap = 0 = aj, we obtain ec(gsy = 3azec. The factor 3a;
appears due to the fact that we rescale the radial coordinate
by ry instead of L,,; ~ 1/mg while the number 3 will be
gotten rid of by setting mf, = A /3. In this limit, there exists
the nonextensivity length L ~ 1/ /A which may relate to
the fine-graining parameter as argued in [43,56],

L
L—* < /7 =43~ 0.268.

mg

(43)

This equation shows that nonextensivity length must be small
enough compared to L,,, to obtain the locally stable black
hole. From a cosmological viewpoint, the length scale of
graviton mass is proportional to the Hubble radius L, ~
Hy ! This means in order to stabilize small black holes,
compared to the Hubble radius, the nonextensivity should
be taken into account.

@ Springer
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For the dRGT black hole case, there are correction terms
corresponding to nonlinear effects at radius r; and rg. For
setting ag # 0 and a; = 0, one can see that the correction
term is proportional to the parameter aq characterized by the
nonlinear scale ro = ry /ag. For ap < 1, we have ryp > ry
implying that between ry and the Hubble radius, there exists
a length scale ro which modifies the bound of the nonex-
tensivity due to the structure of graviton mass. In addition to
length scale rg, there is nonlinear scale r; which can be obtain
by setting a; # 0 and ap = 0. From this setting, the leading
contribution can be expressed as aj/az. In order to capture
some physical meaning of this contribution, let us consider
the horizon ry, scaled as r, ~ ajry and nonextensive length
scaled L), ~ ry//a>. As a result, one obtains

T'h
— ~aj/Jay.

L (44)

One can see that if the black hole horizon is comparable to
the nonextensive length r, ~ a1./az, the correction terms
become dominant while if it is small, we can neglect these
corrections.

For the thermodynamic system at the cosmological hori-
zon, the slope of temperature is always positive for %al

3(1+ao) 1 4(1+ap)
(1+ 1+ a; ) <y < jza <1+ 1+ o ).It

is also possible to find extrema of TR(C) by solving de—‘;‘C) =
0. However, the extrema are out of the valid range of y. There-
fore, there are no extrema for the temperature of the system
evaluated at r.. The behavior of the temperature at r. can be
shown in the right panel of Fig. 3.

The black hole system can also be considered in terms of
its local thermal stability. In particular, the system is said to
be locally stable if its heat capacity is positive. Otherwise,
it will radiate thermal radiation. Eventually, the black hole

will vanish. In other words, the black hole with negative heat
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Fig. 4 Left panel shows the 0.30 0.4
comparison of € for the local e i
stability in the full version o iy
(dashed line) and approximation 0.25 o p oy
(dotted line) versus a; by fixing P 7 0.3 \\\\ \,3
a> = 1/4 (blue), a» = 1/3 (red) 0.20 e S
and a» = 1/2 (green) with - e _ RN
ag = 1/2. Right panel shows the e " o VY K
compar/ison ngé ?or the local €c0.15; - T T €c0.2 \\\\ BN N
stability in the full version L . e NN sl
(dashed line) and approximation 0.10 P NN TTeTm .
(dotted line) versus a> by fixing T 0.1 Sl e
ap = 0.9 (blue), a; = 0.4 (red) 0.05 T \\ T
and a; = 0.01 (green) with e
a=1/2 00
' 8.0 02 04 06 08 1.0 0'8.0 02 04 06 08 1.0
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capacity is locally unstable. The heat capacity with fixing P
is defined as

oM
C =+ , 45
R(b,¢) (3TR(b.c))p (45)
— Crv)
Crepy = ——
Ty

27x2(—1 — ap — 2ajazx + 3arx?)e
9arx* — dajarx3 — (1 + ag — 3are)x? + (1 + ap)e’
(46)

Cr(e)
2
ry

6R(c) =

_ 2y? (=1 — ag — 2ajazy + 3azy*)e
T 9ary* —dajary3 — (1 4+ ag — 3a2€)y2 + (1 + ag)e’
47

These heat capacities are written in terms of dimensionless
parameters. For the heat capacity of the system evaluated at
black hole horizon, it can be shown explicitly in the left panel
of Fig. 5. The denominator of Eq. (46) is the same as one in
Eq. (41). Hence, the heat capacity diverges at the extrema of
the temperature of the system, namely, x_ and x. Moreover,
this means the heat capacity is inversely proportional to the

slope of the temperature, Cr(p) o iRy S can be seen

dry, )

explicitly in the left panel of Fig. 5. There are three ranges of
x for the heat capacity of the system evaluated at black hole
horizon: the smaller black hole whose size is smaller than
the local minimum, x_, the larger black hole whose size is
bigger than the local maximum, x4, and the moderate-sized
black hole whose size lies within the range x_ < x < x4.
According to their heat capacities, the moderate-sized black
hole is locally stable while the smaller and larger black holes
are locally unstable.

For the heat capacity of the system evaluated at the
cosmological horizon, there are no divergent points for

CRye in the ranges of %al (1 + 1+ %) <y <
142

%al (1 + /1+ % ) The behavior of the heat capac-
1

ity of the system evaluated at the cosmological horizon can
be shown in the right panel of Fig. 5. It is obviously seen that
the heat capacity of the system evaluated at the cosmological
horizon is always positive, which implies the local stability
of the system.

Apart from the local stability, one may also consider the
global stability of this black hole system. The global stability
can be analyzed by the Gibbs free energy as follows

GRb.0) = Gl;#‘f’c) = %(M - TR(b,c)SR(b,c))7 (48)
Ek(b) = %[1 +ap + axx(a; — x)]
_[1 + aog + arx(2a; — 3x)] <X241_ 6)
In (’“2:6) , 49)
GRr(o) = %[1 +ag + azy(a; — y)]
+[1+ a0 + aryQay — 3y)] (y?; 6)
m(yze“). (50)

The system with global stability prefers the negative Gibbs
free energy. The local minimum/maximum of the Gibbs free
energy is the same points as the maximum/minimum of the
temperature as seen on the left-hand side in Fig. 6. Therefore,
the upper bound for € can be found by requiring the condition
GR(v)(x4+) = 0.Inprinciple, the condition on € can be written
in terms of ag, a; and a>. However, it is not easy to solve for
the analytic solution. This problem is due to the logarithmic
function in the Gibbs free energy. To obtain the global bound
on the nonextensive parameter denoted by €g, we may use
the numerical method to show that the behavior of g is a

@ Springer
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Fig. 5 Left (Right) panel 0.20
shows the heat capacity and _
temperature of the system — Tre
evaluated at the black hole _
(cosmological) horizon with the o1s | Cr(o
parameters are set as ap = 1/2,
a; =0.1 =ar and e = 0.1
0.10
0.05
0.00%-
23 24 25 26 27 28 29 3.0
X y
Fig. 6 Left panel shows the 2.0 0.16
Gibbs free energy and :
temperature versus x for the [ Tr )
parameter setting ap = 1/2, 0.15
ar=0.1=ayande =0.1. R S :
Right panel shows the behavior
of €g versus aqp by fixing [+
a1 =01=a 1.0 560.14
0.13
0.5
012} .
0.0 ‘ a
00 05 10 15 20 25 00 01 02 03 04
X ao
. . . _ . _ IGR .. .
linear function of the parameter agp as shown on the I'lght the relation Sg = — (W) This 1mphes that the S]Qpe of
R

hand side in Fig. 6. Therefore eg can be expressed in terms
of ag, a1 and a, as

ec = f(ay, a2) + glay, az)ap. (51

In order to find f (a1, ap) and g(aj, az) for eg from the
above expression, we perform the numerical method evalu-
ating point by point. As a result, the condition on € for the
black hole to have global stability while keeping a; and a»
small is obtained as

1
€ <egr BB Hl + 5‘/79 (al«/a_erafaz)}

3(12
1 [78
+ {1 3/ 5 (a1¢a_2+a%a2>}aoj| 52
26 26
€GWs) = |/ To5€Cas) =\ 1557 — 4+/3) ~ 0.0328, (53)

where €G(gs) is the upper bound on € due to the global stabil-
ity analysis in the Sch-dS black hole [52]. From Fig. 7, one
can see that the approximated expression of €g in Eq. (52) is
closed to the exact value of e obtained from Gr) = 0. The
behavior of the Gibbs free energy can be analyzed by using

@ Springer

the graph Gr — TR is always positive. The behavior of Gibbs
free energy with different values of € is illustrated in the left
panel of Fig. 8. From this figure, there exist two cusps corre-
sponding to two extremum points in the temperature profile
denoted by x. At these points, the heat capacity diverge and

. . . . . 0 2
change its sign inferring from the relation Cr = <da TGZR) .
R/p

For the non-black hole phase or hot gas phase, the Gibbs
free energy is zero. In the viable range of the nonextensive
parameter, € < €g, there exists the point that the Gibbs free
energy of the hot gas phase and one of the black hole phase
are equal. At this point, it is possible to obtain the phase tran-
sition corresponding to the first-order phase transition called
the Hawking—Page phase transition.

Now, let us study the stability of the system evaluated
at the cosmological horizon. It is found that there are no
extremum points for 7g(¢) corresponding to non-cusps in the
GR(c) — TR(c) diagram as shown in the right panel of Fig. 8.
Using the horizon equations as f(ry) = 0 and f(r.) = O,
the mass and pressure can be expressed in terms of r, and r,
as follows
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Fig. 7 Left (Right) panel shows
the comparison of €G obtained
from GRp) in full equation and
approximation versus a1 (a2) by
fixingagp = 1/2 and a, = 0.1
(a1 =0.1)

0.050.100.150.200.250.300.35 0.10 0.15 020 025 0.30
ai az

Fig. 8 Left (Right) panel
shows the Gibbs free energy 1.0 1.0
versus temperature of the ' o ' o
system evaluated at the black €=0.05 €=0.05
hole (cosmological) horizon — €=€g — €=€g
with various values of € by 05 — €=€¢ 05 — €=€¢
fixingagp = 1/2,a; = 0.1 = as. o = o
Note that €, = 0.37507, and GR(b) €=1 GR(C) €=1
ec = 0.17082

0.0 0.0

-0. -0.
8.0 05 10 15 20 25 8.0 05 10 15 20 25
Trp) TR

Fig. 9 The Gibbs free energy -3 -1
for the system evaluated at the
cgsmological horizon, 4 B

GRr( (€, ag, ay, az) for
0 < € < €g with fixing
ap = 1/2,a, = 0.1 (left) and

a, = 0.1 (right) _ o
GR(C)

—6‘;“ — a1=0.01

| — a1=0.4

-7 - a1=0.9

_8.0 01 02 03 04 05 06 _05.00 0.05 0.10 015 0.20
€ €
rpre|cr —ca(rp + 1
M= vrefci 2(b2 8] _ (54)
2[co+ c1(rp + re) — e2(rg + rore +12)] 1

3
p__> . . (55)
87 | co+c1(rp +re) — ca(ry + rore + 1)

}’(X)=§ (al—X+\/

4(1 + ag) + az(alz +2a1x — 3x2) )
a '

(56)

Since we have been interested in the systems which undergo
the isobaric process, i.e. dP = 0, the cosmological horizon
radius r in terms of the black hole horizon one ry,. As aresult.
the relation in dimensionless variables is expressed as

By substituting y corresponding to x4 in Gr()(y), one can
obtain Gr) = GRr(c (€, a0, a1, az). However, the expres-
sion of Gry)(€, ao, ai, az) is too lengthy, we do not need to
show it explicitly here. It is shown numerically that Ggc)(€)
is always negative for 0 < € < €g as illustrated in Fig. 9.
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Therefore, the dRGT black hole is globally stable for the
nonextensive parameter being in the range 0 < € < €g.

3.2 Effective system approach

In this subsection, the thermodynamic behavior of the black
hole is studied by considering the multi-horizon black hole
as a single effective system instead of two systems separately
defined at r, and r.. An advantage of this approach is solv-
ing the issue of nonequilibrium without imposing that the
systems are in the quasi-equilibrium state (as required for
the separated system approach). Furthermore, as seen previ-
ously, the black hole system can be thermally stable using the
Rényi statistics. Then, we are interested in the effective sys-
tem explained by the Rényi entropy. The entropy of the effec-
tive system is assumed to be the sum of the Rényi entropies
of both separated systems. Note that this sum obeys the addi-
tive composition rule of the Rényi entropy. Thus, the entropy
of the effective system is given by

1
S = Sk + Sk = 5 In [(1 +amrd)(1+ mrf)]. (57)

In order to restrict the well-defined entropy, A is chosen to
be positive (0 < A < 1). For this effective system approach,
the mass; M = M(S, P) is also treated as the enthalpy of
the system. The first law of thermodynamics for the effective
system is, therefore, written as

dM = T.dS + Veggd P, (58)

where Tef and Vg are the effective temperature and the
effective volume, respectively. The pressure of this effective
system is also defined as the same as one in the separated
system approach, i.e., P = %mz,. The above first law is
expected to recover the first laws for separate systems in
Eq. (37) with a suitable limit as will be discussed later.
According to the first law in Eq. (58), the effective tem-

perature can be computed as follows [43]

T — oM
eff = 35S R

(), o), - (), (5)
_ darp e dare . ore . orp e (59)

<8S> <8P) +<BS> (8P>
arp re are " are . orp re

The above expression is indeed obtained from choosing the
change of the entropy from Eq. (57) as follows

as N
dS = dSR(b) — dSR(C) =\ — drb -\ — drc. (60)
arp re are .

Note that the negative sign in front of dSg() is introduced
from the fact that, for an observer who stays between the
black hole and cosmological horizons, the direction of heat
transfer for the system evaluated at 7. is opposite to that at
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rp. In other words, when energy transfers from inside to out-
side of the horizon, the observer experiences positive energy
from the black hole horizon but negative energy from the
cosmological one. In addition, the effective temperature can
be expressed in terms of ones for the separated systems as

(35 (ke _ (2%
Ter \OM)p \ oM ), M ) p
1 1

=—+ . (61)
Trpy Treo

Interestingly, the definition of effective temperature in Eq.
(59) can avoid a singularity when Tr ) = TR(c) correspond-
ing to the extremal black hole (r, = r¢). The usual definition
of the change of the entropy, dS = dSgr ) 4+ dSr(c), provides
-1
T = 7is)  which
obviously diverges for the extremal black hole. Furthermore,
the effective temperature can be reduced to the temperature
of the separated system evaluated at the black hole horizon
for the limit . — oo and the temperature of the separated
system evaluated at the cosmological horizon for the limit
ro = 0;

the effective temperature as Teff = (

lim Tetr = TRp), (62)
Fe— 00

lim Tegr = Tr(e)- (63)
rp—0

These reductions in the effective temperature are also seen
from Eq. (61), such that Tr(c) goes to infinity as r. — 0.
The effective temperature in the limit r. — oo becomes
the temperature for the separated system evaluated at the
black hole horizon. It is also found that Tr ) goes to infinity
as rp — 0. The effective temperature in the limit r, — 0
becomes the temperature for the separated system evaluated
at the cosmological horizon.

Note that in a consideration of the limit r. — 0, the effec-
tive temperature still approaches the black hole temperature
lim, ¢ Terr = Tr(v)- Even though the range of r¢ is not valid
at zero, this limit is just to eliminate the contribution due to
the system evaluated at r. from the effective system. The
interesting point is that this limit is the same one in which
the effective volume reduces to volume for the separated sys-
tem evaluated at r, as will be discussed later.

It is very important to note that the heat term for the effec-
tive system TerdS can be reduced to those for the separated
systems evaluated at r, and r¢, £TR(b,c)dSr (b,c). However, if
the usual change of entropy is applied, there will be no neg-
ative sign in front of the heat term for the system evaluated
at r¢. This is another advantage point of choosing the change
of the entropy as shown in Eq. (60).

From Eq. (59), the effective temperature can be rewrit-
ten in terms of only variable x by using the fact that, with
fixing the thermodynamic pressure, the cosmological hori-
zon radius depends on the black hole horizon one as shown
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Fig. 10 Left panel shows the

temperature profile of the 1.4
effective system (Tofp = % Tetr)
with various values of € 1.2
(eefr = 0.264388) by fixing :
ap=1/2,anda; = 0.1 = as. 107}
Right panel shows the

comparison of temperatures for T 0.8
the separated system evaluated eff

at black hole horizon and the 0.6r "\~ =
effective system by fixing

ap=1/2,a; =0.1 = ap and 04

€ =0.09
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in Eq. (56). It is found that it is too lengthy and not suit-
able to show here. The behavior of the effective temperature
can be illustrated in the left panel of Fig. 10. Obviously, the
existence of a range with the positive slope in Tefr = ry Teff
depends on the value of the nonextensive parameter € similar
to TR(b). Indeed, the nonextensive parameter € (or A) needs
to be sufficiently small (or large) for having a positive slope
in T . Therefore, the nonextensivity in the Rényi entropy
is still required in order to form the locally stable black hole
in the effective system approach. In other words, the black
hole is always locally unstable using the Gibbs—Boltzmann
statistics (A — 0 or € — o0). When the black hole is in its
extremal limit, the effective temperature goes to zero. This
value can be seen by rearranging the expression in Eq. (61)
%. Although Tr) and Tg(c) go to zero for
the extremal black hole, the effective temperature is finite
(equal to zero) because the numerator approaches zero faster
than the denominator.

The comparison of temperature profiles between TR (b
and T g can be shown in the right panel of Fig. 10. It is seen
that TR(b) does not much deviate from T g for small-sized
black holes while the difference gets large for moderated-
and large-sized black holes. At a high temperature such as
T in the right panel of Fig. 10, the black hole in the separated
system approach is locally stable, but one in the effective sys-
tem approach is locally unstable. On the other hand, at a low
temperature such as 7 3, the black hole in the effective system
approach is locally stable, while one in the separated system
approach is locally unstable. Finally, at an intermediate tem-
perature such as 72, both black holes in the separated and
effective system approaches can be locally stable. If the tem-
perature and the radius of the black hole can be observed, it
is able to distinguish which approach prefers, since the black
hole in the effective system approach is always larger than
one in the separated system approach. This may be useful
if one wants to assess the possibility of which approach is
preferred over the other, one may need access to observations
on the radii of the black holes along with their temperatures.

as Tefr =

1.5 2.0 0'8.0 05 10 15 20 25

Let us consider the local stability condition on the nonex-
tensive parameter. In order to find the bound on €, one can
use the same strategy as done in the previous subsection by
considering the extremum points of the temperature. Since
the effective temperature depends on both x and y, one has
to use the fact that y can be expressed in terms of x with
keeping the pressure constant as shown in Eq. (56). Eventu-
ally, the condition of finding extremum points of the effective
temperature with respect only to the variable x is given by

Fer(x, y) = (TR@TL TR@)Z 0T cfr
TR() ax
=F+Yx,y)=0, (64)
where Fj, has been previously defined in Eq. (41) and
— TZ
Y(x,y) = dy dTre) TRw) (65)

dx dy szz(c)
The function Fy is the concave function of x as we have
already mentioned. Since dy/dx < O (y increases or
decreases as x decreasing or increasing, respectively) and
dTR(C) /dy > 0 (Tr( is the increasing function of y as
illustrated in the right panel in Fig. 3), the function Y (x, y)
always has negative value. As a result, the function Fegr (x, y)
is the concave function which is lower than F,. This is why
the behaviors of TRy and Tefr are similar.

Using Eq. (56), the function Y (x, y) in Eq. (64) can be
written in terms of only x. Generally, one can solve Eq. (64)
for two positive real roots of x. These two values of x corre-
spond to two extrema of the effective temperature. As seen
in Fig. 10, a range of the radius of the locally stable black
hole (the black hole with a positive slope of temperature)
lies between the two extrema. Hence, a critical point on €, in
which the locally stable black hole phase appears or disap-
pears, can be evaluated by merging the two extrema of Tegr
as a single point. In other words, this critical point can be
obtained when the maximum of Feg yields Ferr = O itself.
Therefore, for the existence of a locally stable phase, it is pos-
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Fig. 11 Left (Right) panel
shows the comparison between
€qff obtained from the full data
and approximation versus a;
(az) by fixing ap = 1/2 and

ar =1/3 (a1 =1/3)

0.105
0.100
0.095 — Eenful)
€211 0.090
0.085
0.080

0.075

00 01 02

a4

sible to find an upper bound of the nonextensive parameter
denoted as €.ff, i.€., € < €eff i the local stability condi-
tion for the effective system approach. This bound should
be expressed in terms of the dRGT parameters; ag, a;, and
ay. Unfortunately, the expression of e.ff = €t (ag, ai, az)
is very complicated and it is then difficult to analyze on the
nonextensive length scale as done for the separated system.
We have used the numerical method to find it. It is also
expected that the value of €.;f with arbitrary ag, a; and a
should smaller than the value of ec, since Fegr is always lower
than Fy, as we have analyzed previously. It is interestingly
found that, when a; and a, are small, €. is approximated
by scaling ec as

€eff (app) ~ 0.70616 ¢, (66)

The coefficient is actually the same ratio of ecfr(ds)/€c(ds)
for the Sch-dS black hole as investigated in Refs. [43,52].
Fig. 11 shows that the approximated bound €eff(app) iS very
closed to the exact bound et (furry. Since €eff(app) is slightly
smaller than eefr(ful), this guarantees that the black hole with
€ =< €cff(app) 1S indeed locally stable.

Moreover, it is very important to note that the (upper)
bound on ¢ for the local stability in the effective sys-
tem approach is stronger than that in the separated system
approach, €cff < €c. One can conclude that the effective sys-
tem approach requires more nonextensivity (more deviates
from the Gibbs—Boltzmann statistics) than the separated one
in order to obtain the locally stable dRGT black hole.

Now, the effective heat capacity at the constant pressure
is defined as

c < oM )
ff = .
¢ aTeff P

The explicit expression of the effective heat capacity is too
lengthy, it is not shown here. Similar to the analysis in the
previous subsection, the black hole mass M is the monoton-
ically increasing function in x for suitable values of param-
eters. The sign of the effective heat capacity Cegr is directly

(67)
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Fig. 12 The effective temperature and heat capacity profiles with
respect to x for fixing ap = 1/2,a; = 0.1 =ay ande = 0.1

referred to as the sign of the slope of the effective temper-
ature Tefr. The heat capacity then diverges at the extremum
points of the effective temperature. This feature of dimen-
sionless heat capacity Cefr = Cef/ry and temperature T of
are shown in Fig. 12. Let us emphasize that the positive effec-
tive heat capacity corresponds to the positive slope of the
effective temperature. The effective system is locally stable
for the moderate-sized black hole on € < €q.

The thermodynamic volume of the effective system is
defined accordingly. The effective volume is computed from
[43]

Vi — oM
eff = 3PS

(8M> (85) <8M) <3S)
or or, ar, arp
b I'c €/ ry C/ry rc. (68)

(BP) (85) +(8P> (85)
darp e ore . dare . orp re

Note that this effective volume can be reduced to the vol-
umes of each system in the separated system point of view
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Fig. 13 Left panel shows the 15
profile of the effective Gibbs — =01 1.0f
free energy versus effective 1.0 ’
temperature with various values — E=Eeff
of € (6t = 0.264388). Right 05 — e=05 0.5;
panel shows the profiles of the
Gibbs free energy versus the _ 0.0 — €=0.8 _ 0.0
temperature for the separated Geit G
system evaluated at the black -05 -0.5¢ —
hole horizon (blue line) and . TO
effective system (red line) with ~10 -1.0F Grpp) : Tr) \
fixing € = 0.08. In this figure, = =
we have used ap = 1/2 and -15 1.5 — Gt * Tert
a=0.1=a
2'8.0 02 04 06 08 10 1.2 2'8.0 0.5 1.0 1.5

Teff
as follows:
lim Vegg = W, (69)
re—0
lim Vegs = Ve. (70)
rp—0

Inthe limits, 7. — Oandr, — 0, the first law for the effective
system approach (58) recovers the first laws for the separated
system evaluated at the black hole and cosmological horizons
(37), respectively. Similarly to the previous analysis, it must
be emphasized that although the limit . — 0 is not valid,
such a limit eliminates contributions from r, just like it did
in the temperature case. Furthermore, the effective volume
in Eq. (68) can be written in terms of V;, and V. as [31,43]

1%
< ) . (71)
Tr(c)

Vo
Vet = Tett | -— +
Tr(v)
From the above expression, the effective volume is obviously
positive for the viable range of the dRGT parameters ag, a;
and ay yielding positive V4, and V;. Note also that, using the
usual definition of the change of the entropy, dS = dSg) +

dSr(c), the effective volume, Vet = Tetr (% — Tl‘(/::c) ),
is possible to be negative which is unphysical. As seen in
Eq. (30), V, and V, are taken in the same functions of r and
re, respectively. V, is always greater than Vj, because r > rp.
Using this fact and Eq. (61), it is straightforwardly obtained
that the effective volume is always greater than the volume
of the separated system evaluated at the black hole horizon.
It is important to emphasize that the (effective) volume and
pressure can be concurrently positive for the dRGT black
hole described by the effective system approach.

Let us consider global stability by using the effective
Gibbs free energy. The effective Gibbs free energy is defined
as

Gett = M — Tete S. (72)

It can be written in terms of the dimensionless variables as
Gefr(x,y) = ryGegr. Instead of explicitly showing its full
expression, the behavior of the effective Gibbs free energy

7
with the various values of € is illustrated in the left panel of
Fig. 13. It is seen that when € < €., there exist cusps that
approximately correspond to the phase transitions between
the locally stable—unstable black hole phase.

Furthermore, one can notice that the cusps in the effective
system approach are not peaked as those in the separated sys-
tem approach are (see the right panel of Fig. 13). Itis because,
due to the modification of dS in Eq. (60), the change of Gegr
is not taken in the usual form, dG = —SdT + VdP, but is
written as dGeff = —SdTefr + Verrd P + 2TetrdSR(c). Then,
the first and second derivatives of the effective Gibbs free
energy with respect to effective temperature are not exactly
equal to — S and —Cefr / Ter, respectively. However, the cusps
inthe Gefr — Teff diagram are closed to the extremum points
of T or divergent points of Cegr as seen in Fig. 13. It can
be estimated that the left/right cusp is around the local min-
imum/maximum point of Teg. The range of the black hole
being locally stable (moderate-sized black hole) lies between
these cusps. From the left panel of Fig. 13, one also sees that
the locally stable black hole approximately has the lowest
Gibbs free energy when it is at the right cusp. Therefore, the
bound on € for the moderate-sized black hole being glob-
ally stable can be estimated from the Gibbs free energy at
the right cusp being zero. By numerical analysis, it is found
that the moderate-sized black hole always has negative Gibbs
free energy. Apart from the local stability condition, € < €eff,
there is no further bound on € for the global stability of the
black hole in the effective system approach. In other words,
the locally stable black hole described by the effective sys-
tem approach is always globally stable. Using the result of
Eq. (66), the nonextensive length scale can be obtained as

Z_h ~ v/0.70616 a; \/a; ~ 0.84a; /a3. (73)
A

Emphasize that this expression is applicable only for the case
of a; and a, being small.

Additionally, the global stability bound for the black hole
described by the separated system approach is stronger than
the bound for the black hole described by the effective system
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approach, e.g., eg ~ 0.456¢c for setting ap = 1/2 and a; =
apy = 0.1. Hence, the nonextensivity in the effective system
approach is less required than that in the separated one in
order to obtain the locally and globally stable black hole.

Since the effective Gibbs free energy of the moderate-
sized black hole is always negative, the hot gas which has
zero Gibbs free energy will form the stable black hole via
the Hawking—Page phase transition. Moreover, the effective
Gibbs free energy is discontinuous when the phase transition
occurs. It implies that the phase transition between the non-
black hole and black hole phase is a zeroth-order type. This
is an important distinguishable feature between the separated
and effective system approaches. For example, from the right
panel of Fig. 13, one can see that, at a certain temperature
represented as 7', the Hawking—Page phase transitions from
the hot gas to the stable black hole phases can occur for
both separated and effective systems as the first-order type
(the slope dGef / dT e jumps) and the zeroth-order type (the
value of G jumps), respectively.

4 Conclusion

Classically, nothing can escape from a black hole. However,
the black hole can emit Hawking radiation if the effect of
quantum mechanics is taken into account. This suggests that
the black hole can act as a thermal object. As a result, the
thermodynamic properties of black holes have been investi-
gated intensively in order to explore the quantum nature of
spacetime. In this work, we investigate the thermodynamic
properties of the black hole in de Rham, Gabadadze, and Tol-
ley (dRGT) massive gravity theory based on Rényi entropy.

Since the entropy of the black hole is proportional to its
area, the black hole entropy is supposed to be a nonextensive
quantity. Therefore, the thermodynamics of the black hole
should be based on nonextensive statistics. Rényi entropy is
one of the entropies which can characterize the nonextensive
nature of the thermodynamic system. Consequently, it is pos-
sible to obtain the thermodynamically stable Schwarzschild
(Sch) and Schwarzschild-de Sitter (Sch-dS) black holes in
the context of Rényi entropy while they are unstable if
the entropy of the black hole is classified as the usual
Gibbs—Boltzmann (GB) entropy [43,51,52]. In this work,
we explore how nonextensivity can influence the thermody-
namic stability of the black hole in the dRGT massive gravity
theory, called the dRGT black hole.

The dRGT massive gravity theory can provide the asymp-
totically de Sitter (dS) solution which is compatible with
the late-time expansion of the universe. For a spherically
symmetric solution, the dRGT black hole can provide cor-
rections to Sch-dS black hole. Therefore, we analyze how
the thermodynamic properties of the dRGT black hole are
modified compared to the Sch-dS black hole. For the Sch-dS
black hole, it is well known that either the thermodynamic

@ Springer

pressure or volume is negative. However, in the dRGT case,
it is possible to define the positive pressure by keeping a
volume positive. This is one of the worthy properties of the
dRGT black hole compared to the Sch-dS black hole. One of
the signatures of the black hole with asymptotically dS space-
time is that there exist two horizons between which we live.
Therefore, there are corresponding thermodynamic systems
with generally different temperatures. In order to deal with
this kind of black hole, we classified our analysis into two
categories: the separated system approach and the effective
system approach.

For the separated system approach, the systems are
assumed to be far from each other enough and are not sig-
nificantly different in temperature. By adopting the first law
of black hole thermodynamics, we examine the nonextensiv-
ity by replacing the GB entropy with the Rényi entropy. The
pressure is defined to be proportional to the graviton mass in
the same fashion as that P ~ A in the Sch-dS black hole.
With this definition, we found that the pressure is positive
with some range of the graviton mass parameters by keeping
volume positive as shown in Fig. 2. Moreover, we analyze the
behavior of temperature and heat capacity of both separated
systems by defining the temperature properly via the first
law. We find that the dRGT black hole can be locally stable
due to the presence of nonextensivity with the dimensionless
nonextensive parameter € = 1/ (Anr‘z,), where ry is Vain-
shtein radius, less than an upper bound ec following Eq. (42).
Without graviton mass corrections, the bound of € reduces
to one for the Sch-dS black hole, ecs). It implies that the
nonextensive length scale L; must be less than the Hubble
radius L) < 0.268 H;” !, where H is Hubble parameter at
the present (Hy ~ mg ~ L,;é). On the other hand, global
stability is investigated by analyzing the behavior of Gibbs
free energy. We find that the global bound of the nonexten-
sive parameter €g is stronger than one for the local bound,
€ < €g ~ 0.456 ¢c. Remarkably, the transition from the
thermal radiation or hot gas phase to the stable black hole
phase, the so-called Hawking—Page phase transition, of this
system is found to be of the first-order type. It is shown in
the left panel of Fig. 8.

For the effective system approach, the thermodynamic
systems are assumed to be described by effective thermo-
dynamic quantities. By following the first law in the same
form as one in the separated system approach, the effective
quantities are defined by using the criterion such that the heat
flow for the system evaluated at the cosmological horizon has
the opposite direction to one at the black hole horizon [43].
This comes from the fact that the observer stays between the
black hole horizon and the cosmological horizon. We find
that, with the (positive) pressure defined in the same way as
one in the separated system approach, the effective volume
is still positive. By using the same strategy as performed
in the separated system approach, the bound to obtain the
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locally stable black hole is found to be stronger than one in the
separated system approach as € < €eff = 0.70616€¢c. This
implies that the thermodynamic stability of the black hole in
the effective system approach requires the nonextensivity of
the system greater than one in the separated system approach.
Surprisingly, this relation gives exactly the same as one for
the Sch-dS case even though the effects of graviton mass
are included. Moreover, it is found that there exist particu-
lar temperatures in which the black hole in both approaches
will be locally stable. In this case, the black hole radius in
the effective system approach is always larger than the one
in the separated system approach. Furthermore, there exist
particular temperatures for which the black hole is locally
stable either in the effective or separated system approach.
As a result, these particular temperatures can be used to dis-
tinguish between the two approaches. For global stability, we
find that the Gibbs free energy in the range with local sta-
bility is always negative. Therefore, the locally stable black
hole is always globally stable without another requirement
as found in the separated system approach. Interestingly, the
Hawking—Page phase transition is found to undergo from hot
gas to the black hole with the zeroth-order phase transition.

From our results, the nonextensive bounds get modified
due to the additional contribution of graviton mass parameter-
ized by aj and a¢ corresponding to the nonlinear scales above
the Vainshtein radius. Interestingly, the correction term due to
the graviton mass is scaled by ry, /L, where ry, is the horizon.
Therefore, for a large nonextensivity limit, the Rényi entropy
can be expressed in the form of S ~ In(r},/L;) which coin-
cides with one for the entanglement entropy S, ~ In(§/a)
[67,68]. Note that £ and a denote the correlation length and
lattice spacing, respectively. As a result, we may argue that
the black hole horizon can play the role of the correlation
length. It should be emphasized that this speculation on the
relation between the black hole horizon and the correlation
length is based on the existence of r;, /L, which arises from
the existence of the graviton mass. This may shed light on
the interplay between the nature of entanglement and gravi-
tational interaction contributed by the graviton mass.

It is important to note that in the dRGT massive gravity
theory, there exists the cutoff scale r, ~ (m§ Mp)~13 =
(Mpy/M Y1731, which is much smaller than the Vainshtein
radius. The dRGT black hole with a radius comparable to
such a cutoff is not trustable. However, at this cutoff scale,
the effect of graviton mass is strongly suppressed and then the
gravitational interaction should be understood through gen-
eral relativity. With this respect, our analysis is not enough
to demonstrate correspondences between entropy which may
be related to the microscopic states of quanta spacetime and
the graviton mass. In particular, the dRGT black hole can be
treated as a classical background spacetime while the radia-
tion from the black hole can be treated as a quantum effect
without being influenced by graviton mass.

It is noteworthy to emphasize here that, for our analysis,
we collaborate the Rényi entropy with the black hole ther-
modynamics by adopting the first law of thermodynamics
derived from the gravitational description with GB statistics.
While there might be other ways to collaborate the Rényi
entropy to the black hole thermodynamics [69,70], this pre-
scription allows us to define the proper thermodynamic quan-
tities based on the thermodynamic laws. It would be interest-
ing to investigate the first law from the gravitational descrip-
tion with the Rényi entropy. We leave this investigation for
further works.
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