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Abstract In this paper, we introduce the counterterms that
remove the non-logarithmic divergences of the action in third
order Lovelock gravity for static spacetimes. We do this by
defining the cosmological constant in such a way that the
asymptotic form of the metric have the same form in Love-
lock and Einstein gravities. Thus, we employ the countert-
erms of Einstein gravity and show that the power law diver-
gences of the action of Lovelock gravity for static spacetimes
can be removed by suitable choice of coefficients. We find
that the dependence of these coefficients on the dimension in
Lovelock gravity is the same as in Einstein gravity. We also
introduce the finite energy-momentum tensor and employ
these counterterms to calculate the finite action and mass of
static black hole solutions of third order Lovelock gravity.
Next, we calculate the thermodynamic quantities and show
that the entropy calculated through the use of Gibbs-Duhem
relation is consistent with the obtained entropy by Wald’s for-
mula. Furthermore, we find that in contrast to Einstein gravity
in which there exists no uncharged extreme black hole, third
order Lovelock gravity can have these kind of black holes.
Finally, we investigate the stability of static charged black
holes of Lovelock gravity in canonical ensemble and find
that small black holes show a phase transition between very
small and small black holes, while the large ones are stable.

1 Introduction

An interesting framework for studying the non-perturbative
quantum field theories is through the use of anti-de
Sitter/conformal field theory (AdS/CFT) correspondence [ 1—-
3]. According to this duality, in principle, one can perform
gravity calculations to find information about the field the-
ory side or vice versa. In this context, the central charges of
the dual theory (CFT) relate to coupling constants of its dual
gravity. Therefore, Einstein gravity with one coupling con-
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stant restricts the dual theory to a limited class of CFT with
equal central charges [4]. For extension of the duality beyond
this limit, one needs to involve higher curvature terms in the
gravity action. It is clear that each correction term introduces
a new coupling constant and therefore one may have CFT
theory with different central charges. Indeed, this procedure
leads to the richness of the CFT theory [5-15]. The most
natural extension of general relativity with higher curvature
terms and with the assumption of Einstein — that the left hand
side of the field equations is the most general symmetric con-
served tensor containing no more than two-derivatives of the
metric — is Lovelock theory. Lovelock [16] found the most
general symmetric conserved tensor satisfying this property.
The resultant tensor is nonlinear in the Riemann tensor and
differs from the Einstein tensor only if the spacetime has
more than 4 dimensions. Although Lovelock gravity leads
to second-order field equations and it has ghost free AdS
solution [19,20], it has been recently shown that quadratic
and cubic gravities entail causality violation and there are
stringent conditions on the coupling constants [21].

The problem with the total action of Einstein gravity is
that it is divergent when evaluated on the solutions [22-24].
Due to this fact, all the other conserved quantities which is
calculated through the use of this action is also divergent.
One way of eliminating these divergences is through the use
of background subtraction method of Brown and York [22].
In this method, the boundary surface is embedded in another
(background) spacetime, and one subtracts the action evalu-
ated on the embedded surface of the background spacetime
from the total action. Such a procedure causes the result-
ing physical quantities to depend on the choice of reference
background. Furthermore, it is not possible in general to
embed the boundary surface into a background spacetime.
For asymptotically AdS solutions of Einstein gravity, one
may remove the non-logarithmic divergences in the action
by adding a counterterm action which is a functional of the
boundary curvature invariants [25-27]. Indeed, this countert-
erm method furnishes a means for calculating the action and
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conserved quantities intrinsically without reliance on any ref-
erence spacetime [28-31]. Although there may exist a very
large number of possible invariants, only a finite number of
them are non-vanishing in a given dimension on a boundary
at infinity. This method has been applied to many cases such
as black holes with rotation, NUT charge, various topolo-
gies, rotating black strings with zero curvature horizons and
rotating higher genus black branes [32-34]. Although the
counterterm method applies for the case of a specially infi-
nite boundary, it was also employed for the computation of
the conserved and thermodynamic quantities in the case of a
finite boundary [35-37].

All of the works mentioned in the previous paragraph
were limited to Einstein gravity. Although the counterterm
of Lovelock gravity with flat horizon has been introduced
[38—40], only a few works related to the counterterm method
have been done for Lovelock gravity with curved horizon.
This is due to the fact that even for Einstein gravity, the
systematic construction that provides the form of the coun-
terterms becomes cumbersome for high enough dimensions
[25-27]. Indeed in this method, one should reconstruct the
spacetime metric by solving iteratively the field equations in
the Fefferman-Graham frame [41-43]:

1? 1
ds? = maf,o2 + ;[g(O)ij(x) + p8(1yij(x)

+ ng(Z)ij(x) + - Jdxtdxd (1)

where g(0);j (x) is the boundary data of an initial-value prob-
lem governed by the equations of motion. However, even
for Einstein-Hilbert theory, solving the coefficients gp)(x)
in Eq. (1) as covariant functionals of g()(x) is only possi-
ble for low enough dimensions. Thus, it is expected that the
holographic renormalization procedure would be even more
complicated in Lovelock gravity because of the nonlinear-
ity of field equations. Indeed, because of the nonlinearity
of the field equations solving g(,)(x) in Eq. (1) as covari-
ant functionals of g(g)(x) would be even more cumbersome.
So, the authors in Refs. [44,45] presented an alternative con-
struction of Kounterterms. Instead of adding counterterms to
cancel the divergence at the boundary explained above, they
circumvented the difficulties of the standard method by using
Kounterterms which depend on the intrinsic and the extrinsic
curvatures of the boundary. They selected the Kounterterms
as the boundary terms which are regular on the asymptotic
region. Indeed, the regularization process is encoded in the
boundary terms already presented and there is no need to add
further counterterms.

The exact rotating solutions of Lovelock gravity with
curved horizon are not introduced till now. Indeed, only static
solutions of Lovelock gravity with different matter fields are
known [46—49]. So, because of the difficulties of the holo-
graphic renormalization procedure in Lovelock gravity and
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the nonexistance of an exact rotating solution of this theory,
we limit ourselves to the case of counterterms of Lovelock
gravity for static solutions. The counterterms of asymptoti-
cally AdS static solutions of Gauss-Bonnet gravity have been
introduced in Refs. [S0-52]. Also, the finite action and global
charges of asymptotically de Sitter static solutions has been
obtained in Ref. [53].

Here we like to apply the counterterm method to the case
of the static solutions of the field equations of third order
Lovelock gravity with curved horizon. We define the cosmo-
logical constant in such a way that the maximally symmetric
AdS spacetime

2 r? 2 2\ 2 2 152
ds® = — k+ﬁ dte + k+§ drc+r de’nﬂ

@)

be the vacuum solution of Lovelock gravity. In Eq. (2)
d E,%’ a_1 s the metric of an (n — 1)-dimensional maximally
symmetric space with curvature constant (n — 1)(n — 2)k
and volume Vj ,—1. Indeed, this choice of cosmological con-
stant makes the asymptotic form of the solutions of Lovelock
gravity to be exactly the same as that of Einstein gravity.
Thus, we expect that the counterterm introduced for Einstein
gravity in [25,26] may remove the power law divergences in
the action of Lovelock gravity. Although the counterterms
which should be added to Gauss-Bonnet gravity in order to
remove the power law divergences of the action for static
solutions are introduced in Refs. [50,51], they depend on the
Gauss-Bonnet coefficient. However, because of our choice
of the cosmological constant, our counterterms are the same
as those of Einstein gravity and are independent of Lovelock
coefficients. In order to check our counterterms, we calculate
the finite action and the mass of the black hole through the
use of counterterm method. Then, we use these finite quan-
tities and the Gibbs-Duhem relation to obtain the entropy.
We find that the calculated entropy of the black holes is con-
sistent with the Wald’s formula [54]. As another test of our
counterterm method, we show that the mass obtained through
the use of counterterm method satisfies the first law of ther-
modynamics. We, also, perform a stability analysis of the
black hole solutions in canonical ensemble and investigate
the effects of third order Lovelock term on the stability.
This paper is organized as follows. In Sect. 2, we review
the well-defined action of Lovelock gravity. In Sect. 3, we
introduce the counterterms for third order Lovelock grav-
ity for static spacetimes. We also, introduce the finite stress
energy tensor of this theory. Section 4 is devoted to the ther-
modynamics of the black hole solutions of the theory. We
calculate the finite action, the total mass, the temperature,
the charge and the electric potential. We calculate the entropy
through the use of Gibbs-Duhem relation and Wald formula
and find that they are consistent. We, also, investigate the
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first law of thermodynamics. In Sect. 5, we investigate the
thermal stability of the solutions in canonical ensemble. We
finish our paper with some concluding remarks.

2 Action and field equations
The bulk action of Lovelock gravity in n 4+ 1 dimensions may
be written as [16—18]
[n/2]
dx" ! /_g Z ap (ﬁp — 2Ap) + Imat
p=1
(3)

with [x] denoting the integer part of x, a)’s (p > 2) are
Lovelock coefficients,

1
Ik = —
bulk = v

1 aaz...axp—1a b2p—lb
Ep 142...02p—142p 1b1by R 2p

- op b|b2...b2p_|b2p ayay **c Ttap—1a2p

is the Euler density of a 2 p-dimensional manifold, SZ:ZZ

is the general asymmetric kronecker delta and

_ =DPn(n—1)(n—=-2)...n—=2p+1)
N 212 '

The action (3) is written in such a way that the maximally
symmetric AdS spacetime (2) is the vacuum solution of
action (3). In this notation, the independent coupling con-
stants are L and all the Lovelock coefficients.

From a geometric point of view the Lagrangian of the
action (3)in 2[n/2]4+1 and 2[n/2]+2 dimensions is the most
general Lagrangian that yields second order field equations,
as in the case of Einstein-Hilbert action which is the most
general Lagrangian producing second order field equations
in three and four dimensions. In the rest of the paper, we work
in a unit system with «; = @ = 1 and the dimensionless
Lovelock coefficients &, defined as

mn—2)...n—2p+1)
L2(p—1)

Ap

“)

i, ap p=2. 5)
With the definition (5), the cosmological constant for AdS
spacetime is

n(n — 1) 223
A= TP Z(—l)l’a,,.
p=1

In this paper, we consider the third order Lovelock gravity
in the presence of electromagnetic field. Thus, the action of
matter field is

dx" /=g, Ay AV,

Imat = ———

64m J

where A, is the electromagnetic potential. The first term
in Lovelock Lagrangian is the Einstein-Hilbert term R,

the second term is the Gauss-Bonnet Lagrangian £, =
Ryvys R¥Y® — 4R, R*Y + R?, the third term is

L3 = 2R"* Rorpc R"",, + 8R™, R, R"" .
+24R" % Ryep R, + 3RR™* Ry
+24R"* Ry Ry + 16R* Ryo R,

—12RR*™ Ry, + R, (6)

and the cosmological constant is

_n(n -1

A=
212

(1 —ax + a3). @)
As in the case of Einstein-Hilbert action, the action (3)
does not have a well-defined variational principle, since one
encounters a total derivative that produces a surface integral
involving the derivatives of 8g,,, normal to the boundary
dM. These normal derivatives of §g,, can be canceled by
the variation of the surface action [38,39,55]

[n/2]

1
I - dn+1 — ,
sur = o /aM X/ VI;QPQP

where
1
_ [jjl"'ij—I] i
Qp = p/dt S[iil”'i2p—l] J1
0
« (L &0 ) - PrEKD
2 3 4 VA
1 Hi2p—2i2p—1 2 i2p—2 i2p—1
o <§ Rj2p72j2p—] () —t Kj2[172 Kijfl : @®)
In Eq. (8) yup and Ky = —yfvﬂnb are the induced metric

and extrinsic curvature of the boundary d.M, respectively. The
explicit form of the first three terms of Eq. (8) are [38,39]:

=g [ axv=K.
1R = ENET (7-260k").
19 = 3% Ay [P—260 K +2ks
— 12Rup I = 4Rpea (2K“KLK KKK ],

€))

where J and P are the traces of

1
Jav =5 (2K KacKfy + KeaK*' Kup = 2KacK*' Kay

— KzKab)
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and
Py = — {[K4 — 6K* KKy + 8K Keg KIK®
d : d 2
—6Kea KK K/ +3 (chKC ) } Kap

— (4K3 = 12K KoK + 8K 1o KK ) KooK
— 24K Kue KK 4o K
+(12K2 = 12K K ) KaeK“ Kap

24K KUK g K K;,f} , (10)

respectively. In Eq. (9) (A;g]b) is the Einstein tensor, ﬁabcd(y)
is the intrinsic curvature and (A?((li) is the Gauss-Bonnet tensor
of the metric y,; given as

é‘%) =2 (éacdeédee - 2IéacbdjéCd - 2Iéacﬁcb + Iééab)

14
- EEZVal%

3 Counterterm method for static solutions of third
order Lovelock gravity

It is well known that the action Iy + gy is not finite for
asymptotically AdS solutions. Inspired by AdS/CFT cor-
respondence, one needs to add counterterms to the gravity
action in order to get a finite action. These counterterms are
made from the curvature invariants of the boundary metric
with the coefficients of the higher curvature terms chosen so
that power law divergences in the bulk are canceled for all
possible boundary topologies permitted by the equations of
motion. Atany given dimension there are only a finite number
of counterterms that do not vanish at infinity. This does not
depend upon what the gravity theory is —i.e. whether or not it
is Einstein, Gauss-Bonnet, 3rd order Lovelock, etc. Indeed,
for asymptotically AdS solutions, the boundary counterterms
that cancel the divergences in Einstein Gravity may also can-
cel the divergences in Lovelock gravity if one chooses the
cosmological constant as in Eq. (4). This is due to the fact
that the pth order Lovelock Lagrangian ,/y L, calculated
for the metric (2) is independent of Lovelock coefficients.
That is, the different orders of Lovelock action do not mix
with each other and one may find the counterterms for dif-
ferent orders of Lovelock terms separately. This point makes
the calculation easier. Of course, the coefficients of the vari-
ous counterterms for different Lovelock terms will be differ-
ent, depend only on L and will be independent of Lovelock
coefficients. Thus, using the counterterms of Einstein grav-
ity [25,26], we may write the counterterms of third order
Lovelock gravity as

@ Springer

3

Ia=Y 1, (11)

p=1

where

1 A
1P = —/ dx" =y, {A,,+B,,R+c,,
8w oM

A A~ n A
) < T A1) >

AD s N .
+ Dy n+_RRab ab_—n(n+ s
dn—1) 16(n — 1)2
N — . .
_oRabpedp 4 T2 pabp p R
2n—1)

. . 1 . .
—R*®D2R ——  RD?*R)+---}. 12
ab + 2(!’1 _ 1) + ( )

The coefficients A,, By, C, and D, in Eq. (12) should
depend on L. These coefficients for Einstein gravity (&, = 1,
ay = a3 = 0) are [25,26]
=Dy L
L 2(n—2)
L3 L’

Cr=—5—un,_—an 1= 3
(n—2)2(n —4) (n—2)3(n—4)(n — 6)
(13)

One may note that the coefficients A,, By, Cp, and D), are
independent of Lovelock coefficients. We apply the countert-
erms (12 ) to various static solutions of Gauss-Bonnet and
third order Lovelock gravity with different topolgy and find
that these coefficients are

A =

2
Ar=—3AL B=B, C= —6Cy, Dy =—-10Dy,
(14)
and
6
Az = §A1, B3 = —By,
Cy; = —18Cy, D3 = 15Dy, (15)

for Gauss-Bonnet and third order Lovelock gravity, respec-
tively. The reason that we use exactly the counterterms of
Einstein gravity is as follows. First, the boundary at r =
const. for static solutions is a constant curvature hypersur-
face and therefore no six-derivative term will be appeared
in the counterterms. In other words, all the terms of a spe-
cific order of counterterms [for example R* and R,; R’ in
Cy (I%“”Iéab —nﬁz/[4(n —1)])] for static solutions are propor-
tional to r —*. Also, Rgpeqg R4 is proportional to r —*. There-
fore, in order to remove the divergences of the action which
are proportional to » ~#, any combination of R, R, R* and
Rupea R4 can be used. So, we just use exactly the coun-
terterms of Einstein gravity. Second, A, By, Cp, D), for
p = 2 and 3 are proportional to those of Einstein countert-
erm independent of the dimensions. That is, the dimensional-
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dependence of these coefficients are the same as those in
Einstein gravity. Third, as we will see in the next section, the
entropy calculated through the use of Gibbs-Duhem relation
and the mass and action calculated by our counterterms is
consistent with the entropy obtained by use of Wald’s for-
mula. Fourth, the mass calculated by our counterterms satis-
fies the first law of thermodynamics.

While the total action Iyyix + Isur + It 1S appropriate in
grand-canonical ensemble where § A, is zero at the boundary,
the appropriate action in the canonical ensemble where the
electric charge is fixed is [56]

- 1
I = Ipgix + Lgur + It — —/ d”x»,/—yn“F,wA”.
167 IM
(16)

Thus both in canonical and grand-canonical ensemble, the
variation of total action about the solutions of the field equa-
tions is

3 (p) ()
- Sy 81, ab
81 =61 = pg_o <5)/ab + W sy, (17)

So, the energy-momentum tensor can be written as:
(p) (p)
81 6 I
Z( £

The explicit expressions of 75" and 75" are somewhat
cumbersome so we give them in the Appendix.

To compute the conserved charges of the spacetime, we
choose a spacelike hypersurface 5 in d M with metric o;;,
and write the boundary metric in ADM form:

I

Vapdx®dx® = —N?di*+o;; (dq)"+vidz) (dgpj—i—det),

(19)

where the coordinates ¢ are the angular variables param-
eterizing the hypersurface of constant » around the origin,
and N and V' are the lapse and shift functions, respectively.
When there is a Killing vector field ¢ on the boundary, then
the quasilocal conserved quantities associated with the stress
tensors of Eq. (18) can be written as

Q(¢) = fB d" Yoo Tpn’s?, (20)

where o is the determinant of the metric o;;, and n“ is the
timelike unit normal vector to the boundary 5. In the con-
text of counterterm method, the limit in which the boundary
BB becomes infinite (B) is taken, and the counterterm pre-
scription ensures that the action and conserved charges are
finite. No embedding of the surface 5 into a reference of
spacetime is required and the quantities which are computed
are intrinsic to the spacetimes.

4 Thermodynamics of AdS charged black holes

The field equation of third order Lovelock gravity for the
static metric

dr 2
ds® = — f(ryde® +

2
o )+rd2kn 1

in the presence of electromagnetic field may be written as

& ([0 —1] = a [v2e) 1]+ e - 1)
mL? 2 q*L?

_ =0, 21
LR Ly T D

where ¥ (r) = [ f(r) — k]L?/r?, q is the charge of the black
hole and m is the integration constant which is related to the
mass of the solution. The electromagnetic potential for the
above metric is

4q '

Ay=———"—=6.
KT -2

The mass parameter m may be written in terms of horizon

radius and ¢ by using the fact that ¥ (ry) = —kL?/ r_%, and

therefore

AL e 24"
m=|1l—-o+aw3 M
Rl I S (R V)

where

2 L4
=1+ oezk— + azk* = (22)
rk rd

As one expects, y(r) =1( f(r)=1+ krz/Lz) is the root
of Eq. (21) for the vacuum spacetime (m = 0 and g = 0).
The three solutions of the cubic Eq. (21) are

N = oo bus 29
o (r) = 3_2 —%(6+u5_1>+i§<5—u8_1) 24)
U3(r) = ;‘—2—%(5+u3—1)—l?(5‘“3> )
where

1/3
5=+ Vo2 —ud)
u_&§—3&3

~2
9a3
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1 2a&3 — 9ara3 — 278263
v=—+ 3
2 5463

1 (mL? 2L%4?
203 \ 1’ n— D@ —2)r20=b J~

All of the above three roots could be real in the appropri-
ate range of @ and &3. The second and third solutions are
real provided > > v2. Here, we will consider only the first
solution v (r) which is real provided u? < v? at any r.

Now, we investigate the thermodynamics of the black hole
solutions. The temperature of the event horizon may be cal-
culated through the use of analytic continuation of the metric.
One obtains

—— ~Jr“]r‘zhrk( 2)
B 4 nr4 *2 T an H g
2q2
- l)ri(”2)> | o
where
. kL? L kLA
n= 1~|—2C(2—2+3Ol3_4. (27)
r+ r+

The charge of the black holes per unit volume can be calcu-
lated by integrating the flux of the electric field as

1 1
=— | FdQ = —q. 28
0 471/ 4nq 28)

The electric potential @, measured at infinity with respect to
the horizon is defined as

d = Auxu|r—>oo - AMXM|r:r+- (29)

where y = 0/0¢ is the null generator of the horizon. One
obtains

op=— T (30)

C (n—2)r2

The finite total action in grand-canonical and canonical
ensembles can be found through the use of the counterterm
method introduced in the last section. It is a matter of straight-
forward calculations to show that the total action is finite.
Since we are interested in the stability of the solutions in
canonical ensemble, we calculate the finite Euclidian action
per unit volume Vi ,—; in this ensemble. One obtains

_ B 3 1 24> -
- l6m :<(ﬂ— Dn - (n—Z)) ri=? + (= Dkpry

—(1—6{2+&3)|:n<%—1)+1i|%

—k(nu-—Zn)%r12}+—k

~

@ Springer

where g is the Euclidean time period (the inverse of temper-
ature), n is given in Eq. (27), & is

_ (mn—=DkL* __ (n—DK*L*
=1420—F" - - 31
3 + 20 ) 3 =5 (31

and [ is
=2 S (= ((n — 1)"’)2“_2
n/2=34,... n
(n—1). (n—=1)_
x {1 +2(n _3)a2+3(n _5)a3}.

One should note that /j appears only in odd dimensions (even
n).

For our static solution, there is a Killing vector field
¢ = d/0t on the boundary, and therefore the quasilocal con-
served quantity associated with the stress tensors of Eq. (18)
is the mass of the black hole. Using the counterterm method
introduced in the last section, it is a matter of calculation to
obtain the mass of black hole as

w0y

TS 0
n—1) L L2\ rt
= 1— [ I
1677 {( R

167202

S (32)
(n—1)(n —2)ry

where My = Ip/p is the Casimir energy for the vacuum
AdS metric per volume Vj ,_1, which is nonzero only in odd
dimensions. In order to have positive energy M — My, one
should restrict the range of Lovelock coefficients in terms of
Q,Landry as

-1
10 12 A
> — |1+ ltk— +a (1 —k—
ry ry ry
2¢%L7
(n—1n -2 V]

(33)

That is, the third order Lovelock coefficient has a lower limit
in terms of &y, ¢, L and r.

Using the mass and action per unit volume Vj ,_; calcu-
lated through the use of counterterm method, one may cal-
culate the entropy per unit volume through the use of Gibbs-
Duhem relation S = M — I as

S—gt (34)

It is worth to note that the entropy of the black hole solution
per unit volume Vj ,_ calculated by the use of Gibbs-Duhem
relation is consistent with the calculation through the use of
Wald formula [54,57]
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4

where the integration is done on the (n — 1)-dimensional
spacelike hypersurface of Killing horizon, g,,, is the induced
metric on it, g is the determinant of g, and L5 is the 2nd
order Lovelock Lagrangian of g,.,. Also, one may note that
the thermodynamic quantities calculated in this section sat-
isfy the first law of thermodynamics

_ OMarog (oM

dM = — ) dQ =TdS + ®dQ.
(8S/9r4) <3Q)s © e

s=1 /d"—lx/E (1 +kR + k2aziz) , (35)

5 Stability in the canonical ensemble

Now, we study the thermal stability of the black hole solutions
of third order Lovelock gravity in canonical ensemble. First,
we investigate the conditions of having black hole solution
in Lovelock gravity. The solution given by Eq. (23) presents
a black hole solution provided f(r) has at least one real
positive root. This occurs if 4 > rex, OF ¢ < gext Where rexq
and gex; satisfy the following equation:

2 2
o oy Fext L
[1—a2+a3]n—2+k (n—=2)+k(n—4)—
L ext
L4 zqut

+k(n—6)— — z(n_z)} =0. (36)

Text (n — l)rcxt
Also, the temperature of a physical black hole should be
positive. One may note that the temperature changes its sign
at the root of = 0 (r¢rir). The radius e depends on L and
Lovelock coefficients, while rex; depends on ¢ too. In Fig. 1,
the vertical line is n = 0 line. This figure shows that one may
have only small (n < 0) and large black holes, and there
is no medium black hole solution (r¢rit < r+ < rext). This
feature does not occur for black holes of Einstein gravity or
Lovelock gravity with positive Lovelock coefficients, since
n # 0. Thus, for the case of Lovelock gravity with negative
Lovelock coefficient(s) one may divide the black holes into
two classes with negative and positive 7.

In the canonical ensemble Q is fixed and therefore the
black hole solutions are stable provided (32M /9 SZ)Q >0
in the range that T is positive. Using the expressions for mass
and entropy given in Egs. (32) and (34), one may calculate
(8°M/3S5%)o:

() _<8_M> <£>‘2
052 0 8r_2~_ 0 ory
8r+ 0 8r+ ar_%_

2., —2n+8

(n — D23

0.5 +

-0.5 -

-15 4

Fig. 1 10727 versus ry forq = 0.1, L = 1,k = landn = 6 in
Einstein gravity (solid) and Lovelock gravity (dotted) with ap = 0.1

and a3 = —0.01. The vertical line is n = 0 line
where
L? L
~ 2~
y = @n —=3) +2kar(2n — 5)— + 3k“a3(2n —7)—,
ry ry

o= nr?_ (1—a+a3) L2
+krt [2+n (—1 — 63 + 6 (1 +&3))]
—k*r3 [n (a2 (1563 + 1) — 15&3 (1 + &3)) — 8&> ] L*
— 2k [n(@} - 285) — 4a3 — 6| L*
— 3@ (n — 8) LS — 3kadr*(n — 6)L8.

To investigate the stability of black holes of third order
Lovelock gravity in canonical ensemble, we should find the
sign of (32M/3S5?) o> When T is positive. In order to inves-
tigate the stability, we plot T and (82M /0 52) 0 in one fig-
ure. The allowed region for investigation of (32M/35?)
is when T is positive. In Fig. 2, the vertical dotted-line is
n = 0 line. This figure shows that the small black holes
(n < 0) divided into stable and unstable black holes. That
is a Hawking-Page phase transition exists for small black
holes between very small and small black holes. There is no
phase transition for large black holes ( > 0) as one may see
in Fig. 2. For investigating the effect of third order term of
Lovelock gravity on the stability of the black hole solutions,
we plot 7 and (82M / 852) o Versus a3 for small and large
black holes. Figure 3 shows that there is no large black holes
for large negative &3, while the large black holes for small
negative a3 are not stable. As &3 becomes larger, large stable
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0.6

0.4

0.2

02 D03 04 0.5

-0.2
0.4

-0.6 4

Fig. 2 1073T (dotted) and 1073(32M/3S?) g (solid) versus r,. for
ar =0.1,a3 =—-0.01,¢g =0.1,L =1,k = 1 and n = 6. The vertical
line is n = 0 line

0.4
0.2

T T ‘ |
-0.2
~0.4-

Fig. 3 107°T (dotted) and 10~ (8°M/35?) , (solid) versus &; for
a=0.1,¢g=05L=1k=1,n=6andry = 1.2. The vertical
line is n = 0 line

black holes may exist. Figure 4 shows that there is no small
black hole solution for positive &3, while the small black hole
with negative &3 are stable. Figure 5 shows that there is no
negative-n (small) uncharged black hole with event horizon,
while the large black holes (n > 0) show a phase transition

@ Springer

Fig. 4 10~*T (dotted) and 10~* (azM/asz)Q (solid) versus &3 for
a=01,g=05L=1,k=1,n=6andr; =0.1

0.6
0.4+

0.2

-0.2

-0.4

-0.6

Fig. 5 10727 (dotted) and (32M/35?) o (solid) versus ry. for Gy =
0.1,a3 = =02,9g =0,L =1,k = 1 and n = 6. The vertical line is
n =0 line

between large and very large ones. One may see in Fig. 5 that
the large black holes with positive 1 show a phase transition,
while these black holes with negative 7 are not stable. Finally,
Figs. 6 and 7 show the temperature and (82M/35?) o Versus
a3 for small and large uncharged black holes. Figure 6 shows
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0.4

0.2

0.2

‘-f 0.4

Fig. 6 10T (dotted) and 10 (32M/35?) o (solid) versus &3 for & =
0.1,g=05L=1,k=1,n=6andry =02

0.4

0.2

Fig. 7 10727 (dotted) and 1072 (32M/35?) o (solid) versus &3 for
ar=0.1,¢g=05L=1k=1,n=06and ry = 1.2. The vertical
line is n = 0 line

that there is no uncharged black hole with negative 1, while
the black holes with positive 7 are stable. On the other hand,
the large uncharged black holes with positive n show a phase
transition as @3 becomes larger and these solutions are not
stable for very large negative &3.

6 Closing remarks

The concepts of action plays a central role in gravitation the-
ories, but the sum of the bulk and the surface terms diverges.
In this paper, we introduced the counterterms that remove
the non-logarithmic divergences of static solutions of third
order Lovelock gravity. We did this by defining the cosmo-
logical constant in such a way that the AdS metric (2) is
the vacuum solution of Lovelock gravity. Indeed, the cosmo-
logical constant (4) makes the asymptotic form of the solu-
tions of Lovelock gravity to be exactly the same as that of
Einstein gravity. Thus, we employed the counterterms intro-
duced for Einstein gravity in [25,26] and found that the power
law divergences of static solutions in the action of Lovelock
gravity can be removed by suitable choice of coefficients.
We found that the counterterms are independent of Love-
lock coefficients and the dimensionally dependent of them
is the same as those of Einstein gravity. The main differ-
ence of our work with that of Ref. [16] is that the coun-
terterms are exactly the same as those of Einstein gravity
and do not depend on Lovelock coefficients. The only job
which remains is that one needs to calculate the coefficients
Ap, By, Cp and D), . For example if one wants to remove
the divergences of the action due to the Gauss-Bonnet term,
one should calculate A, By, C> and D, that remove the
divergences of ,/y L5, without regarding the other Lovelock
terms. This enables one to generalize this method to other
higher curvature theories of gravity easily, including fourth
order Lovelock gravity or f(R) gravity. We also introduced
the finite energy-momentum tensor in third order Lovelock
gravity.

In addition, we employed these counterterms to calcu-
late the finite action and mass of the static black hole solu-
tions of third order Lovelock gravity. Calculating the tem-
perature, the electric charge and electric potential and using
the calculated finite action and mass, we showed that the
entropy calculated through the use of Gibbs-Duhem rela-
tion is consistent with the calculated entropy by Wald’s
formula. We, also, showed that the conserved and thermo-
dynamic quantities satisfy the first law of thermodynam-
ics. Finally, we investigated the stability of charged black
holes of Lovelock gravity in canonical ensemble. We found
that the black holes with respect to the sign of 1 given in
Eq. (27) may be divided into two classes. The negative 7
(small) black holes show a phase transition between very
small and small black holes, while the large black holes
are stable. There is no black hole solution with medium
size. Of course by small black holes we mean the size of
them with respect to the cosmological parameter L. We,
also, investigated the effects of third order Lovelock term
on the stability of the solutions. We found that there is no
large black holes for large negative &3, while the black holes
for small negative &3 are not stable. We also found that
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as a3 becomes larger, stable black holes may exist. This
shows that there is a phase transition as the third order term
of Lovelock gravity becomes larger. Finally, we found that
there is no small black hole solution for positive &3, while
the black hole with negative &3 are stable. Finally, we con-
sidered the uncharged black holes of Lovelock gravity and
found that negative 1 solutions are not black holes with
event horizon, while the positive 5 black holes show a phase
transition.
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7 Appendix

The first term of Eq. (18) which is the energy-momentum
tensor of the surface term is

760 — L (Ko Kyap + 200030 — J
ab —g{ ab — Kvab +202[3Jap — I Vap

— ZG(aCKb)C + ZIéabK — Kab]é

+2KeaGYap — 2K Racha

+ 303[5Pap — Pyap+2K A,(;,)—i-ﬁz(Kab + Kvap)
+ 4J Rap — 2470 Ryye + 8K Rye Rpa

~ 8K K, KpRea + 8K Kap K Req

~ 8K RapReq + 16K o Ry Rea

+ 16K . Kp) K4°Ree — 8Kap KK Ry,

+ 6Jup R — 8K (o Rpye R — 127 Ryepa

— 4K RRycpa — 8K Kpe K9 Rae

+ 16K K K (o Rpyear + 16Ka” KK (o Rpyecy
+ 16K (4 Rpyace R — 16K K%K (. Rpydce

— 16K“YRu* Rpyeae — 4K/ Rac! Roder

+ 8K R Raepa + 8K R Rugbe

- SKCdIéaecflébedf - 8K(acléh)def1écdef

+ 8K, Kp! K Recar — 4Kap KUK Reas

+ 8K Ry Reear + 2van(GL K
+6J“Reg — TR+ 2KK“ K Reeay

— 4K KK Rygen)])

and the second term corresponding to the counterterm is
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A 1 4
P <Rab - EVR>

N A~ n A~
—-C, |- R9R.y — —— R?
p|: yab( cd 4n—1)
n

. 1 . .
- RR,, — D?R + D*R
-1 ab n — I)Vab + ab
-2 . L
W=D bRt AR R
n—1)
2(3” + 2) A Bed B
_p, |t [(G RR )
14 [ 4(1’1 _ 1) ab cd

A A A

= DaDy (RS Reg )+ D? (RS Reyg ) +2RR S Roe
+ yapDeDy (1%1%“’ ) +D? (ﬁﬁab) —D°D, (éﬁac)
HOED [k
1601 — 1)
16 (ﬁzéab — D.DyR2 + yaszléz)]

— DD, (I%I%bc)]

-2 [_Vabﬁefléc‘ljéecfd

13 ( RER Ry + Iébe focd Iéecad)

—2D.Dy (éabﬁcd> +2D.Dy (1%;1%;’)

+ zyabDeDf (ﬁCdéifd) + 2D2 <R\Cd1§ac‘bd)

cad

= 20Dy (RRG, ) = 2Dy (RRS,,) |
n—2

T

+ R,*D:Dy(R) — 2D DD D4 (R)

[ — D,RDyR + Ry D.D, R

7 ~ ~ ~ R
— ERadeDchm) + 2D, (Rpe) D€ (R)
+ Dp(Rae) DS (R) + DpRye DR — 2D, Ryp DR
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— R DaDe(R) + 2Rup D, D (R)

+ %yab(DeléDEﬁ' + D“l%)]

- [2Dan(D21%) —2D*Rap + 2D, R R

— 4RP4I Dy DR pg +12 RPI Dy R payg

— 4(D*RP) R pagn + 6D, (R) D R

2D (RP) Dy(Rpg) +4D(q Dy (R7 Ry

+16D" (RP) Dy Rirgplay — 4 RPI R pa Ry

+ B8RP RY Rpags +4 R R, Rirgpin) |

+ Yab [~ D*R—4 D, Dy(RIRP 2Ry DX (RP)

+4 D, Dy(Rpg)RP"% — D (R)D*(R)
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+ 5Dy (Rpg) D" (RP?) — 8 D, (R ) DI (RP")
— 4R, RFRY 4+ 4 ﬁpqﬁrsﬁl”qs]

1 . .
+ —1[2 D.Dy(D*R) — 2 (D*R)Ryy,
P

+ Da(R)Dy(R) + yap (—2 DR

_ %DCﬁDfﬁ)]“.

where A,’s, B,’s, Cp’s and D)’s are given in Eqgs. (13-
15). The above counterterms remove the divergences of the
energy-momentum tensor for n < 8. As in the case of Ein-
stein gravity, one should add more counterterms for n > 8.
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