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In this paper, we have studied the thermodynamics of Gauss-Bonnet black holes in D-dimensional anti—
de Sitter (AdS) spacetime. Here, the cosmological constant (A), Newton’s gravitational constant (G) and
the Gauss-Bonnet parameter (a) are varied in the bulk, and a mixed first law is rewritten considering central
charge (C) (of dual boundary conformal theory) and its conjugate variable utilizing the gauge-gravity
duality. A novel universal nature of central charge near the critical point of black hole phase transition in
Einstein’s gravity has been observed in Cong et al. [Phys. Rev. Lett. 127, 091301 (2021)]. We observe that
this universal nature breaks when such a phase transition is considered for black holes in the Gauss-Bonnet
gravity. Apart from this, treating the Gauss-Bonnet parameter as a thermodynamic variable as suggested in
Kastor et al. [Classical Quantum Gravity 27, 235014 (2010)] in light of the consistency between first law
and the Smarr relation leads to modified thermodynamic volume (conjugate to variable cosmological
constant), adding to a new understanding of the Van der Waals gas like behavior of the black holes in higher
dimensional and higher curvature gravity theories. Our analysis considers a general D-dimensional
background. We have then imposed a greater focus in the analysis of the phase structure of the five
dimensional Gauss-Bonnet spacetime. Our analysis also shows that the general universal nature of the
critical value of the central charge (which was present in four-dimensional AdS spacetime), breaks down in
case of five-dimensional AdS spacetime even in the absence of Gauss-Bonnet gravity. This finding
indicates the universal nature of the central charge may be a special feature of the four dimensional AdS

spacetime only.
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I. INTRODUCTION

Black holes are the most fascinating solutions of the
Einstein’s field equations in general relativity and have
been a part of active area of research since their discovery.
Macroscopically, these are very simple objects and need
only a few parameters to define completely. Most general
black holes are defined by a few parameters, mass (M),
charge (Q), and angular momentum (J) [1-6] together with
entropy [7,8] and Hawking temperature [9-11]. These
variables complete the thermodynamic description of a
black hole spacetime. However, very recently, black hole
thermodynamics has incorporated cosmological constant
(A) as another thermodynamic variable that has given
the pressure-volume term in the first law of black hole
thermodynamics [12—-18]. This new paradigm has been
named black hole chemistry [19,20]. Here, a negative
cosmological constant has been realized as positive
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thermodynamic pressure. Hence, black holes in AdS
(anti-de Sitter) spacetime have gained more attention.
The mass of the black hole is now interpreted as enthalpy
rather than conventional internal energy in this new setting.
Also, the new framework has resulted into new interpre-
tations of phase structure of black holes [21-27]. Most
importantly, a correspondence between a black hole space-
time and Van der Waals fluid has been established where
black holes are shown to undergo first order small to large
black hole phase transition and show similar critical
behavior [22,24]. Hence, under the discipline of black
hole chemistry, black holes have more resemblance to
standard thermodynamic systems and provide new explan-
ations to otherwise obscure thermodynamic properties of a
black hole.

A thermodynamic understanding of black holes is also
important from the AdS/CFT point of view [28-30].
According to this duality correspondence, a black hole in
AdS spacetime corresponds to a system described by
conformal field theory (CFT) at finite temperature. The
conjecture so far has been exploited to understand many field
theory problems [31,32]. Varying cosmological constants in
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AdS spacetime changes the interpretations of boundary
theory. It has been shown that the variation in cosmological
constant correspond to change in boundary volume [33] as
well as variation in the central charge of the underlying CFT
[34]. Hence, the pressure-volume term of the first law in the
bulk corresponds to two terms in the holographic first law,
which is problematic. This issue is resolved in [35] by
making Newton’s constant (G) a thermodynamic variable in
the bulk which allows one to keep the central charge fixed.
This formalism results in modification of the first law in bulk
which has a variable Newton’s constant and its conjugate
variable term. Exploiting the AdS/CFT dictionary one
replaces the variable Newton’s constant (6G) term by
variable central charge and its conjugate and the new form
of first law is termed as a “mixed first law” [36]. The most
important results of this formalism are the new definition
of the volume (conjugate variable of pressure) and phase
structure of the black hole. Free energy analysis reveals that,
at a critical point, the central charge is universal and does
not depend on G (and hence is independent of P as well).
Very recently, it has been shown in our recent work [37] that
the universality of critical central charge breaks when Born-
Infeld nonlinearity [38] is introduced in a black hole solution
[37]. All the results discussed so far are in Einstein’s gravity.
Hence, it is natural to ask about the validity of these in
modified theories of gravity. This paper discusses the
simplest extension in the form of Gauss-Bonnet gravity as
it also admits black hole solution in AdS spacetime [39].
Gauss-Bonnet gravity is the simplest extension to Einstein’s
gravity in the sense that no higher order derivatives than
second order appear in the equation of motion. The solutions
are nontrivial for spacetime dimensions five and more.
Gauss-Bonnet parameter being dimensionful enters in the
first law and Smarr relation [40] for the black hole [41].
Thermodynamics of Gauss-Bonnet black holes have been
studied extensively in [42-46] (see also references therein).
Our aim in this paper is to understand how the Gauss-Bonnet
parameter changes the definition of the volume along with
the effects on the phase structure of the black hole especially
near the critical point when mixed first law is considered.

The paper is organized as follows. Section II discusses
thermodynamic properties of the black hole in general D
dimensions in Gauss-Bonnet gravity. Section III is devoted
to the calculations of mixed first law where the new
expression for volume of the black hole is derived. Free
energy analysis for dimensions five is done in Sec. IV and
the phase transition properties are studied. General dimen-
sion dependence of the phase transition is also shown.
Section V discusses the nature of the critical central charge
and its dependence on the Gauss-Bonnet parameter. We
summarize our results in Sec. VL.

II. THERMODYNAMICS OF BLACK HOLES IN
GAUSS-BONNET AdS SPACETIME

In this section, we review charged black holes in Gauss-
Bonnet gravity and its thermodynamic properties in AdS

background. The action in general D-dimensional AdS
spacetime reads [39]

1
S p—
167G

/ d’x /=GR - 2A + aLgg + L(F)]. (1)

where the Gauss-Bonnet Lagrangian density (Lgp) is of the
form

LGB = R2 - 4Ry5R75 + Ry(%o_R}/tﬂo" (2)
In Eq. (1), L(F)=-F"F, is the Maxwell field
Lagrangian with F** = 9,A, — d,A,, A is the cosmological

constant, and « is the Gauss-Bonnet parameter. A black
hole solution consistent with the action in Eq. (1) reads [39]

ds? — 2 dr’ 2 102
s? = —f(r)df +m+rdQD_2, (3)

where

r? 4o

Here, m is related with the Arnowitt Deser Misner mass
(M) of the black hole as

4adm 4 ¢?
D1 - 204 | (4)

27 (D-1)/2

(D =2)wp_,
r(p-1)/2°

M= :
162G

(5)

Wp_o =

where wp_, is the volume of the unit sphere in D —2
dimensions. In Eq. (4), o is a dimension dependent
parameter which is related to the Gauss-Bonnet parameter
aas d = (D —-3)(D—4)a. In Eq. (4), the parameter ¢ is
related to the total electric charge (Q) of the black hole as

2(D-2)(D -3)wpaq

0= G 8z (6)

Event horizon of the black hole is obtained from the
relation f(r,) = 0, which relates the mass M in terms of
the horizon radius (r,) as

(D=2)wp, (27" 54 5, 7
M= oG 2 + P73+ P+ 73 ) (7)

The Hawking temperature of the black hole from Eq. (4)
reads
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_1
~ 4mor r:m’
(D-1)r (D-3)r, (D-5)d

Tl 1 2d)  dn(R t2d) | dnr, (2 4+ 2d)

(D = 3)g>r "

B dn(r2 +2d) (8)

Gauss-Bonnet gravity theory becomes nontrivial only for
spacetime dimensions D > 5. Hence, we have carried out a
detailed analysis of the phase structure of an AdS black
hole in five dimensions (in Sec. IV). For D =5, the
Hawking temperature from Eq. (8) can be calculated as
follows

_ r 1 + ry _ q2 r :LS (9)
Al +2d)  2x(ri +2d) 2x(rk 4 2d)

Ts

By invoking the first law of black hole thermodynamics
(dM = TdS) and utilizing Egs. (7) and (8), we can
calculate the entropy of the black hole as

[ (oM _Wpa p, (D -2)2a
S‘A d <6r+ =76 Y 1+(D—4)ri '
(10)

Having calculated all the thermodynamic variables for the
black hole we are now in a position to find the “mixed first
law” of black hole thermodynamics [36] by utilizing inputs
from the conformal boundary field theory in the AdS/CFT
framework in the following section.

III. THE FIRST LAW OF THERMODYNAMICS
AND ITS MODIFIED FORM

In this section we shall try to compute the first law of
black hole thermodynamics in a mixed form. To do this we
shall consider additional inputs from the boundary CFT
theory and using them compute the effective volume and
chemical potential. At first we shall compute the conjugate
to the usual thermodynamic variables from the extended
first law of black hole thermodynamics. In recent works it
has been realized that one can induce a positive thermo-
dynamical pressure by using a negative cosmological
constant. For an underlying negative cosmological con-
stant, one can rewrite the thermodynamics pressure of a
black hole as follows [12]:

A

P=——, 11
871G (11)

where the cosmological constant has the form given by

(D-1)(D-2)

A=-—
212 ’

(12)

with [ being the AdS radius. The other thermodynamic
variable and its conjugate are the Bekenstein-Hawking
entropy and the Hawking temperature of the AdS black
hole in Gauss-Bonnet gravity. The Bekenstein-Hawking
entropy in terms of A and the Newton’s gravitational
constant reads (in natural units) as [41]1

A
S=—, 13
4G (13)
where
2(D-2)d
A=wp_,r?? + %a}[,_zrﬂ“‘. (14)

In Eq. (14), the first term is equivalent to the area of the
event horizon of the black hole in D-dimensional AdS
spacetime and second term arises due to the consideration
of Gauss-Bonnet gravity. The Hawking temperature is the
conjugate variable to the Bekenstein-Hawking entropy. In
terms of the surface gravity x of the black hole, we can
write the Hawking temperature as

K
T=—. 15
o (15)
In this extended thermodynamics, using Eqgs. (11), (13),
(15), the most general form of the first law of black hole
thermodynamics can be written as [12]

OM = T6S + VOP + ®5Q + Q4dJ,

K %4
=—0A———6A+ D5 QbJ. 1
87G 87G @O0+ Qo) (16)

A direct interpretation of the above first law of black hole
thermodynamics has some issues in the context of holog-
raphy [33,47-53]. It is observed that for a single pressure-
volume term in the first law of thermodynamics in the bulk,
there are two terms in the first law of thermodynamics of
the conformal field theory at the boundary, the central
charge and its conjugate variable, and the thermodynam-
ical pressure and its conjugate variable. In order to counter
this issue one uses the AdS/CFT dictionary. Via the
AdS/CFT correspondence one can relate the central
charge corresponding to the boundary field theory with
the AdS radius (/) and Newton’s gravitational constant (G)
in the bulk theory. The form of the central charge C is
given as follows [34]

ZD—2
=k .
¢ 162G

In Eq. (17), the & factor is fixed by the details of the system
at the boundary. From the above equation it can be seen

(17)

'Note that the A in Eq. (14) should not be confused with the
area of the black hole.
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that by varying one of the bulk variables one cannot keep
the central charge fixed. Therefore, to keep C fixed, one
needs to vary not only the Newtonian gravitational
constant G but also the AdS radius /. In our analysis
all the thermodynamic variables being varied are all
dimensionful variables. Being a dimensionful parameter,
we shall extend our analysis by including the Gauss-
Bonnet parameter as a thermodynamic variable in the
mixed first law of thermodynamics as well. To begin our
analysis we write the mass of the black hole as

M =M(A,G,J,0.A.a), (18)

where we have considered the mass of the black hole as a
function of A, Newton’s gravitational constant (G),
angular momentum (J), total charge of the black hole
(Q), the cosmological constant (A), and the Gauss-Bonnet
parameter («). Taking variation of both sides of Eq. (18),
we obtain

oM oM oM

M = —— - -
12 aAé +0G5G+0J5J
oM oM oM
—0 —5/\ —0 19
+6Q 0+ + g 5 (19)

For a fixed value of the Gauss-Bonnet parameter (@) and
the Newton’s gravitational constant (G), the above form of
the first law of thermodynamics reduces to the known
extended first law of thermodynamics in the bulk theory.
Hence, by comparing Eq. (19) with Eq. (16) in this
scenario, we can obtain the following relations:

M_ x_ oM_ OM_, M__V
0A 8xG’ aJ 7 00 = oA  8aG’
(20)

We define the conjugate variables to the Newton’s
gravitational constant G and the Gauss-Bonnet parameter
(a) as

—=- —=A (21)

Using the analytical forms of the conjugate variables in
Egs. (20) and (21), we can rewrite Eq. (19) as follows

K \%4 oG

(22)
In order to investigate the analytical form of the unknown

parameter {, we shall consider a modified mass term as
follows

GM = M = M(A,GJ,VGQ.A,a). (23)

It is very important to observe that for the modified mass
term (M), the Newtonian gravitational constant no longer
acts as an independent variable rather it gets coupled to the
total charge and the angular momentum of the black hole.
Again taking a variation of Eq. (23), and some algebra, we
obtain the following result:

oM oM oM
G5M—|—M§G—a 5A+Ja(GJ)5G+Ga(GJ>5J
0 oM
+VG
w* 0% "2 Gave0)
oM oM
+ A+ = (24)

Rearranging the above equation, we can obtain the
variation of the unmodified mass of the black hole (M)
as follows

1 oM oM 1 oM
5M———5A+—5J 00 +——
Goa ™ T aGn™ T JGoGo)

oM da M Q oM J oM

" 9a G 717G T2GiavGo) GGl

OM A
oA G

0G.

(25)

Now Eq. (22) along with Eq. (25) denotes the same first
law of thermodynamics. Hence, by comparing Eq. (25)
along with Eq. (22), we obtain the following results

oM K oM oM

= =0, ———=1G0,

0A  8x d(GJ) 0(v/GQ) Ve

oM 14 1 oM

A" "8 Goa (26)

We also obtain the analytical form of the unknown
parameter { as

Q oM oM
2/Go(/Go) " a(GI)

Using the values of \/— ) and -2 3GT )from Eq. (26), we can

=M~ (27)

rewrite Eq. (27) as follows

D
g:M—QT—QJ. (28)
To proceed further we take the variation of Eq. (17) and
divide it by the form of the central charge to get

oC 5G ol
— D-2 29
-+ 0-2)%. (29)

Using the forms of the thermodynamic pressure (P) and
the cosmological constant (A), we obtain the form of % as
follows
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R (30)

Using the above equation in Eq. (29), we obtain the
variation in G in terms of the variation of the central
charge and the thermodynamic pressure as follows

—_—— 31
G D C D P (31)
Now by substituting Egs. (26), (28), (31) in Eq. (25), we
obtain the following form of the modified first law:

x % 2°
SM = —_SA + Q8] + BSQ — —— SA + Ada + —5
3G OA TR0+ @O0 — o= A+ A+ 556C

D=2
D " P’
26 2(TS+ PV)
= T3S + Q5] + ® B AR
5S + Q6T + 5Q+{DC Te ]5c

D-2_, D-2
s V4+——=(———=(TS+PV)|sP.
+Aa+[+DPC DP( + )]

(32)

where we have made use of Eqs. (11), (13), (15), (31). We
can rewrite Eq. (32) as follows:

SM =T8S + Q6J + ®5Q + Ada + VP + uedC,  (33)

where V. and pu. gives the effective thermodynamic
volume and chemical potential given by

D -2 D -2
=V4—— - _Z(TS+P 4
Ve=V4—-l-—=(TS+PV).  (34)
20 _2ATS+PV)

~DC DC (35)

He
We can see that the form of the first law of black hole
thermodynamics obtained in Eq. (33) contains contribu-
tions from the bulk and boundary variables. Therefore, we

call it a mixed form of the first law of thermodynamics for
a Gauss-Bonnet AdS black hole.

A. Extended black hole thermodynamics
and the Smarr relation

Using the extended first law of black thermodynamics
and the Smarr relation, we would now like to obtain the
analytical form of V in terms of the mass M of the black
hole, angular momentum J, total charge Q of the black hole
and the Gauss-Bonnet parameter . The extended first law
of black hole thermodynamics for a Gauss-Bonnet AdS
black hole is given by

SM = T3S + ®3Q + Q5 + V5P + Asa.  (36)

It is pretty straightforward to infer the following relations:

oM oM oM
O Vv

T:—, = -, = —,
oS 00 oP
oM oM
_o =7 37
oJ oa (37)

Here we have considered the black hole mass to be a
function of the entropy (S), angular momentum (J),
thermodynamic pressure (P), charge (Q), and the Gauss-
Bonnet parameter (@) [M = M(S,J,P,Q,a)]l. M,S,J,
P, Q,a have the following dimensions (in terms of L) in
generalized D-dimensions (with G being considered as a
dimensionless quantity):

) =122,
0] =127,

U
o] = L. (38)

Now making use of Euler’s theorem of quasihomogeneous
functions, we get the following relation

SM oM _ M
(D=3)M = (D —2)S— + 2a— — 2P—

58 sa 5P
M M
+(D=3)055+(D-277 (39)

Substituting the forms of the conjugate variables to S, Q, P,
J, a in Eq. (39), we get the desired Smarr relation as

(D—-3)M = (D-2)TS +2Aa—2PV
+(D=3)®0 + (D-2)QJ. (40)
Rearranging the above equation, one can obtain the volume

of the black hole in terms of T, S, P, A, a, Q, M, Q, and J as
follows

D-2 Aa D -3
V=—-—-TS+— D
2P +P+ 2P

D-3 D -2
- M QJ.
Q 2P * 2P

(41)
Replacing the form of V from Eq. (41) in Eq. (34), we get

_2M +4Ta+ (D —4)0®

Ve 2DP

(42)

V¢ is now the new thermodynamical volume for the Gauss-
Bonnet AdS black hole that depends on the Gauss-Bonnet
parameter o, which enters through the expression for V
obtained from the Smarr formula. This new definition of
the thermodynamic volume on account of modification to
the gravity theory should have effects on the phase structure
of the black holes. Black holes in extended phase space in
Gauss-Bonnet gravity are known to have Van der Waals gas
like behavior [23] and show critical behavior. Our next goal
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is to understand the effects on the critical behavior of the
black hole in this new setup of mixed first law and the
possible phase transition structure.

IV. PHASE TRANSITION STRUCTURE

In this section, we will try to investigate the phase
transition structure of the black hole. We shall be interested
in the dependence of the phase transition on parameter a.
The free energy of the black hole can be computed using
Egs. (8) and (12) along with the entropy formula derived in
Eq. (10) as follows:

F=M-TS,
(D=2)wp_, (77! - s, 4
ST 7 +rP3 +ar? 5+r2‘3
_ woprPT (D—4)ri +2(D-2)d
162G(r3 4 2d) (D-4)r%
(D-1)r (D-3)q*
+
(43)

Specifically, for a five-dimensional AdS spacetime, the
form of free energy becomes

3 (14 q° n(ri +6a)
F — i 2 / 1 _ +
578G (zz T tadt &) 4G(r2 + 2d)
2 4 2
X (% + ri —q—z) (44)
rs

Here, we can express the free energy as a function of 7', P,
0, C, and a. In Fig. (1), we have plotted the free energy (F)
with respect to the temperature (7) for different values of
the central charge (C) keeping Q, k, a, and P fixed. From
Fig. (1), we observe that above a certain critical value of the
central charge, the free energy curve attains a swallow-tail-
like structure with respect to change in the temperature 7.
The behavior is similar to black holes in Einstein’s gravity
as discussed in [36,54]. In Fig. (1), we have used
Q =1.0¢3, k= 16z, P£3 =15 a=0.001¢;, and D =
5 for an arbitrary length scale . One crucial difference in
our analysis is that the critical central charge value is not
universal any more. This breaking of universality is
attributed to the Gauss-Bonnet term and higher dimensions
as discussed in the following section. Hence, from Fig. 1
we observe that, for AdS black holes in Gauss-Bonnet
gravity, there exists a critical value of the central charge for
fixed values of pressure and the Gauss-Bonnet parameter
above which there exists a small to large black hole phase
transition. For the next part of our analysis, we have
concentrated on the dependence of the critical value of
the central charge on the Gauss-Bonnet parameter a. We
have plotted free energy with respect to the temperature for

-4 \

FIG. 1. Free energy versus temperature for different values of
the central charge: Q = 1.0£3, k = 16z, P = 15, a = 0.001¢3,
and D = 5.

different values of the Gauss-Bonnet parameter o for a
fixed value of the central charge. From Fig. 2, we observe
that the presence of the parameter « shifts the critical point.
The values of the parameters used in Fig. 2 are
0 =103,k =16z, P2 =15C=500£3, and D=5
for an arbitrary length scale 7. In Fig. 2, the decrease
in the Gauss-Bonnet parameter results in the increase of the

Fly™?
S?

S —— @=0.0001(* Ny
- \
@=0.002(o" A
\
-- @=0.01/¢> \
0 : A T/,
0.1 0.2 0.3 0.4 0.5

-4

FIG. 2. Free energy versus temperature for different values of
the Gauss-Bonnet parameter: Q = 1.01/”%, k = 16r, Pf(z) =15,
C =500£3, and D = 5.
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Fly~?
3

-4

FIG. 3. Free energy versus temperature for different values of
pressure: Q = 1.0£%, k= 16z, a=0.001¢3, C = 30073,
and D =5.

critical temperature (7'.) values. Hence, the Gauss-Bonnet
parameter has a significant effect near the critical point.

In Fig. 3, we have plotted the free energy of the black
hole with respect to the temperature for different values of
the thermodynamic pressure. We have used Q = 1.0¢7,
k = 16z, a = 0.001£3, and C = 30077} as the values of the
other parameters. It is very important to observe that with
the increase in the thermodynamic pressure the phase
transition point shifts more to the higher temperature
region. Therefore, to obtain a phase transition behavior
in lower temperature region, one needs to lower the
thermodynamic pressure as well, which is proportional
to the negative value of the cosmological constant
[Eq. (11)]. This pressure dependence reaffirms the Van
der Waals gas like behavior. Till now we have exploited the
phase transition behavior in five-dimensional spacetime
only. Since, our analysis is done in general D-spacetime
dimensions, we are in a position to analyze the phase
transition behavior for different values of D. Figures 4-6
show the behavior of free energy with the Hawking
temperature of the black hole for D =5, 6, 7. In these
three figures we have plotted the free energy behavior with
respect to the temperature around the critical value of the
central charge in different dimension. It is very important to
observe that the critical behavior is attained at higher values
of the temperature when in higher dimensions.

It is important to note that our finding here is very similar
to what we obtained in our earlier work [37]. We also
observe some differences within the results as well. There
we observed that for a Born-Infeld AdS black hole in four
spacetime dimensions, a no-black hole region below a
critical temperature with a sufficiently small value of the

Fty™

6

(8]

Tl
0.2 0.4 o.i 0.8
-1

FIG. 4. Free energy versus temperature in five spacetime
dimensions: Q = 1.0¢3, k =16z, a=0.001¢3, C = 300¢3,
and D = 5.

Born-Infeld parameter in the case of the free energy versus
temperature plot. Here, in the case of Gauss-Bonnet gravity
in five spacetime dimensions, we observe no such region
even with the increase in the Gauss-Bonnet parameter a.

We would like to make another comment. The phase
transition structure that we observe here is very similar to
that obtained in [23]. However, the structure found here

Fty™

6

5 — D=6

4

2

1

0 Tl

0.2 0.4 0.6 0.8

-1
FIG. 5. Free energy versus temperature in six spacetime

dimensions: Q = 1.0£3, k =16z, a=0.001£3, C = 4507},
and D = 6.
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Fro ot

6

=)
/

~1 |

FIG. 6. Free energy versus temperature in seven spacetime
dimensions: Q = l.Ofg, k=16x, a= 0.00lf%, C= 600f(5),
and D =17.

differs from that in [23] due to the involvement of the
central charge in the first law of black hole thermodynam-
ics, also referred to as the mixed first law. The phasespace is
even more extended now, and the critical point of phase
transition involves an additional parameter C, (critical
central charge) along with pressure, volume, and temper-
ature. The qualitative behavior of the black hole phase
transition is still the same as the Van der Waals fluid. The
role of the central charge is to shift the phase transition
point that in principle can be a detectable signature.

V. BREAKING OF THE UNIVERSAL
NATURE OF THE CENTRAL CHARGE

We shall calculate the critical value of the central charge
for D = 5 spacetime dimensions. In order to find this value,
we will use the following two equations [36]:

aT
— =0, (45)
or,
T

2> =0. (46)
ory.

Using Eq. (9) in the above two equations, we get

8 2,6 2 14 222
2r+(c) + (12 — lc)rH )+ Zlca’rH ) +50kg

c c

+62¢4*d =0

and

(12 - 4a’)ri<c> + (24d% - 6a’l%)ri(c) - 15q213r1
— 340/qzl§r%r —24a”¢*12 = 0.

()
©) (48)
Here, ¢ in the subscript of r () and /. is denoting the
critical value of these parameters. These two equations are
difficult to solve exactly; however, we are interested in the
qualitative behavior of the solution in order to understand
the universal behavior of central charge and its dependence
on the parameter . Hence, we solve these to first order in o
perturbatively. We take a solution of the form

o+l L2l +alV. (49)

+(c)’

Putting these back in Egs. (47) and (48), we determine the

forms of rfgc) and lﬁo) to be

r(+0()c) —15'/4,/g. 19 = 334514 /g (50)

., and (" from Eq. (50) in Eqs. (45),
(46) and solving it perturbatively up to O(a), one can

(1)c> and 11" as follows:

Using the values of r

obtain the forms of r

+

. 3i4 N 3124

Mo=gz We=gr 6
/4 Sh/q

The value of the parameter ¢ in terms of net electric charge
on the black hole is given by Eq. (6), which for a five-
dimensional AdS spacetime reduces to the following form:

G0
q N

(52)

Using the form of ¢ from Eq. (52) and the parameter & in
terms of o in D = 5, we obtain the critical values of r | and
[ as follows:

2 . 1R2av2n
. zsi\ﬁ Gi+ ——, 53
Fi(e) ”\/—Q +5% ,_QG% ( )
. /6 . 24/6na
l. = 514/— Gt + ——. 54

Putting the values of () and /. in Eq. (9), we can obtain
the critical value of the temperature up to O(a). However,
the most important result is the value of the critical central
charge which can be obtained using the form of /. from
Eq. (54) in Eq. (17) for D = 5. Up to O(«), the value of the
central critical charge becomes
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l3
C.= <
¢ 162G
l£0)3 a’lgl) 323 3 27
o, gl T3l 35O :@ﬂQ. (55)
162G (27)2G* 5:Gain2

It is quite clear from Eq. (55) that unlike the expression of
critical central charge in [36], which just depends on charge
Q, this has dependence on G and the Gauss-Bonnet
parameter . Hence, the universal nature of the central
charge at critical point breaks. This is an important finding
in this paper.

An important remark about the critical central charge in
higher dimensions in general relativity is made in [36]. It
was speculated that the universality of central critical
charge breaks in higher dimensions. Here, we are in a
position to check this fact. In the limit @ — 0, C, becomes
(in D =5 spacetime dimensions)

POS

=k
Ce 162G (56)

Using Egs. (50) and (52) in the above equation, we get

3.3 .3
2402
Co= k2 (57)
(27)2:Gs
It gives the form of the critical charge in terms of Q and G
which manifests the speculation made in [36] about break-
ing of the central charge criticality in higher dimensions
due the presence of G besides Q.

Thus, the result in Eq. (55) manifests that central charge
criticality breaks in Gauss-Bonnet gravity. Also, in the limit
(¢ — 0) we get the behavior of central charge near the
critical point in Einstein’s gravity in spacetime dimension
five. Universal nature of the critical central charge is seen to
break here as well Eq. (57). In the Appendix, we investigate
whether the universality of the critical central charge
remains in dimensions greater than four or not.

If we compare this result with the Born-Infeld case [37],
then we observe that the universal nature of the central
charge broke there only due to the inclusion of the Born-
Infeld parameter. Here, in case of five-dimensional Gauss-
Bonnet gravity even without the Gauss-Bonnet parameter
the central charge has no universal behavior. Hence, the
universal nature of the critical value of the central charge
seems to be a special feature of Einstein-Hilbert action with
Maxwell fields and cosmological constant in (3 + 1)-
spacetime dimensions as it has been shown to break in
higher dimensions and also with nonlinear gauge fields and
higher curvature terms.

VI. CONCLUSION

In this work we have investigated the thermodynamics of
a Gauss-Bonnet AdS black holes in general D dimensions.

In our analysis we have varied the Newton’s gravitational
constant, AdS radius, and the Gauss-Bonnet parameter. Our
central analysis involves the derivation of the mixed first
law of black hole thermodynamics involving thermody-
namic variables from both the boundary and the bulk. As
an additional input we have considered the Gauss-Bonnet
parameter as a thermodynamic variable as well. Being a
dimensionful variable we have considered the Gauss-
Bonnet parameter while writing the modified Smarr rela-
tion and as a result the Gauss-Bonnet parameter appeared in
the analytical form of the modified thermodynamical
variables Vi and pe. Due to this modification the central
charge has a direct dependence on the Gauss-Bonnet
parameter. It is very important to observe that in D =5
spacetime dimensions the critical value of the central
charge is no more universal even for a vanishing value
of the Gauss-Bonnet parameter. Hence, we can conclude
that the universality of the critical value of the central
charge is an unique property of the D =4 spacetime
dimensions [36]. This is one of the most important results
in our paper. Next we have plotted the free energy vs
temperature for a fixed value of the thermodynamical
pressure. We observe that due to the inclusion of the
Gauss-Bonnet parameter, the phase transition structure
undergoes crucial change. Free energy analysis is done
for D =5 since the Gauss-Bonnet gravity has nontrivial
contribution only in dimensions D > 5. It implies that the
inclusion of the Gauss-Bonnet term results in some
significant change in the overall free energy behavior of
the black hole with respect to the change in the Hawking
temperature.

APPENDIX: BREAKING OF THE UNIVERSAL
NATURE OF CRITICAL CENTRAL CHARGE IN
DIMENSIONS GREATER THAN FOUR

The Hawking temperature in general D-dimensional
Einstein gravity can be obtained from Eq. (8) in the limit
a — 0 and reads

. <(D— Dr.

~4n

(D-3)_(D —3>q2>‘ "

2 2D-5
l ry ry

The critical point of the phase transition corresponds to
the point given by

oT  0°T
—— === (A2)
or,  ory
Solving the above equations, we get
re = (2D =5)(D = 2)¢*]"/P=0) (A3)

and
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le = h(D)q"/P= (A4)

(D = 1)1/2(2D — 5)1/2(0=3)(p — 2)(P=2)/2(D=3)
(D -3) '
(A5)
Substituting the value of /. in Eq. (17) and using Eq. (6), we
get the critical central charge of the form
g(D)G(P-2)/2(D=3) (D-2)/(D=3)
162G

C.=« (A6)

Here, the dimension dependent factor is given by

N &n =
g(D) = hP=2 :

wp2\/2(D = 2)(D = 3)

Equation (A6) is G independent only for dimensions
D = 4. Hence, the universal nature of the critical central
charge is a feature of 4D-Einstein gravity and breaks for
dimensions greater than four.
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