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Cloud of strings in third order Lovelock gravity
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Lovelock theory is a natural extension of the Einstein theory of general relativity to higher dimensions in
which the first and second orders correspond, respectively, to general relativity and Einstein—-Gauss—Bonnet
gravity. We present exact black hole solutions of D > 4-dimensional spacetime for first-, second-, and
third-order Lovelock gravities in a string cloud background. Further, we compute the mass, temperature,
and entropy of black hole solutions for the higher-dimensional general relativity and Einstein—-Gauss—
Bonnet theories and also perform thermodynamic stability of black holes. It turns out that the presence of
the Gauss—Bonnet term and/or background string cloud completely changes the black hole thermody-
namics. Interestingly, the entropy of a black hole is unaffected due to a background string cloud. We
rediscover several known spherically symmetric black hole solutions in the appropriate limits.

DOI: 10.1103/PhysRevD.90.044068

I. INTRODUCTION

Lovelock gravity is one of the natural generalization of
Einstein’s general relativity, introduced by David Lovelock
[1], the action of which contains higher-order curvature
terms. The Lovelock action in D(> 4)-dimensional space-
time reads
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where xp is a constant related to Gp via xp := /8xGp
with k% > 0, the coupling constant a(,) has dimension
of (length)*”=Y, and L, is the Euler density of a
2 p-dimensional manifold. The symbol 6 describes a totally
antisymmetric product of Kronecker deltas, normalized to
take values O and £1 [1,2], defined by
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where a ) is related to the cosmological constant A by
a(y) = —2A. The Lovelock action I reduces to the Einstein—
Hilbert action in four dimensions, and its second term is the
Gauss—Bonnet invariant. Lovelock theories are distinct,
among the larger class of general higher-curvature theories,
in having field equations involving not more than second
derivatives of the metric. Consequently, Lovelock gravity
theories are free from many of the pathologies that affect
general higher derivative gravity theories.
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As higher-dimensional members of Einstein’s general
relativity family, Lovelock gravities allow us to explore
several conceptual issues of gravity in depth in a broader
setup. Most interestingly, one can include features of black
holes such as their existence and uniqueness theorems, their
thermodynamics, the definitions of their mass and entropy,
their horizon properties, etc. Also, such a theory may be used
in the context of the AdS/CFT correspondence to investigate
the effects of including higher-curvature terms [3]. It has,
therefore, been explored to a large extent, also possibly for its
appearance in strings theories at low energies [4]. In this
paper, we will be concerned with the black hole solutions
of this Lovelock theory, and we will discuss how higher-
curvature corrections to black hole physics substantially
change the qualitative features we know from our experience
with black holes in general relativity. Since their inception,
steady attention has been devoted to black hole solutions,
including their formation, stability, and thermodynamics.
The spherically symmetric static black hole solution for
second-order Lovelock gravity (the theory that is usually
referred as the Einstein—Gauss—Bonnet theory) was first
obtained by Boulware and Deser [5], and this kind of solution
for third-order Lovelock gravity was introduced in Ref. [6].
Exact black hole solutions of the former can be found in
Ref. [7] and the latter in Refs. [8—10]. The black hole solution
in Einstein—Gauss—Bonnet theory in a string cloud model
was considered in Refs. [10,11].

The recent theoretical developments signal toward a
scenario in which the fundamental building blocks of the
Universe are extended objects instead of point objects and
have been considered quite seriously [12]. The most natural
and popular candidate is one-dimensional strings object.
This resulted in the intense level of activity towards the
study of the gravitational effects of matter in the form of
clouds of both cosmic and fundamental strings [11,13-15].
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In addition, the intense level of activity in string theory has
led to the idea that many of the classic vacuum schemes,
such as the static Schwarzschild black hole (point mass),
may have atmospheres composed of a fluid or field of
strings. Further, this two-fluid atmosphere can model an
array of physical situations at diverse distance scales, which
can depict the atmosphere around a black hole with a
distance scale of multiples of Schwarzschild radii. It could
also describe a globular cluster with components of a dark
matter at a scale tuned to the order of parsecs. The event
horizon for the classical Schwarzschild metric in the
background of a cloud of strings has a modified radius
ry = 2M /(1 — a) with a as a string cloud parameter [13],
thereby enlarging the Schwarzschild radius of the black
hole by the factor (1 —a)~!, which may have several
astrophysical consequences, e.g., on a wormhole [16].
Further, Glass and Krisch [17] have demonstrated that
allowing the Schwarzschild mass to be a function of radial
position builds an atmosphere with a string fluid stress
energy around a static, spherically symmetric, object. Thus,
the study of Einstein’s equations coupled with a string
cloud, in both general relativity and modified theories, may
be very important because relativistic strings at a classical
level can be used to construct applicable models [12].

Intense activity of studying black hole solutions in
modified theories of gravity including Lovelock theories
of gravity is due to the fact that, besides theoretical results,
cosmological evidence, e.g., dark matter and dark energy,
the possibility of modification of the Einstein gravity is
suggested. Many other authors have found exact black hole
solutions with a string cloud background, for instance, in
general relativity [13], in Einstein—-Gauss—Bonnet gravity
[10,11], and also in Lovelock gravity [14,15].

It is the purpose of this paper to obtain an exact black
hole solution in second- and third-order Lovelock theories
with a cloud of strings in the background. We shall present
a class of black hole solutions endowed with a cloud of
strings. In particular, we explicitly bring out how the effect
of the background string cloud can alter black hole
solutions and their properties as we know from our
knowledge of black holes in general relativity. Our atten-
tion will be given to the second-order Einstein—Gauss—
Bonnet case, which exhibits most of the relevant qualitative
features. We obtain D-dimensional static spherically sym-
metric black hole solutions in a string cloud background
with the three terms of Lovelock gravity that are Einstein or
general relativity, Gauss—Bonnet, and third-order Lovelock
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terms. We analyze their thermodynamic properties and
also perform a stability analysis the for Einstein—Gauss—
Bonnet case.

II. EINSTEIN LOVELOCK ACTION

Lovelock gravity is the most general second-order
gravity theory in higher-dimensional spacetimes, which
is free of ghosts [1]. The Lovelock tensor is nonlinear in the
Riemann tensor and nontrivially differs from the Einstein
tensor only if D > 4. The third-order Lovelock action with
matter in D > 4 dimensions reads [1]

1
1g= E/M dxP\/=g|L) + ayLop + L)) +Ls, (4)

with kp = 1. The Einstein term £; = R, the second-order
Lovelock (Gauss—Bonnet) term Lgp is

Lp = R,,sR"" — 4R, R* + R*, (5)
and
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is the third-order Lovelock Lagrangian. Here, R,,, R,,,s.
and R are the Ricci tensors, Riemann tensors, and Ricci
scalar, respectively. The variation of the action with respect
to the metric g, gives the Einstein-Gauss—Bonnet—
Lovelock equations,

Gh, + mGE + aGl) =T, (7)
where G%, is the Einstein tensor, while G5 and G,(g,) are
given explicitly, respectively, by [2]
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and T, is the energy-momentum tensor of matter that we
consider as a cloud of strings. Note that for third-order
Lovelock gravity, the nontrivial third term requires that the
dimension of spacetime should satisfy D > 7.

III. STRING-CLOUD MODEL

Let us consider a cloud of strings as matter. For
completeness, we give a brief review of the theory of a
cloud of strings (see Ref. [13] for further details). The
Nambu—Goto action of a string evolving in spacetime is
given by

Ig = /ﬁdllod/ll, L =m(y)"2, 9)
s
where m is a positive constant, A° and A! being timelike

and spacelike parameters [12]. The string world sheet X
is given by

Ox* Ox¥
Yab = 9 gra b (10)

and y = det y,;,. Associated with the strings world sheet,
we have the bivector of the form

H v
ap 0% Ox
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where €? denotes the two-dimensional Levi-Civitd tensor
given by €’! = —¢!® = 1. Within this setup, the Lagrangian
density becomes

1 1/2
L=m |:— 52/‘”2””] .

Further, since T#¥ =20L/0¢"*, we obtain the energy-
momentum tensor for one string as

T = meE,r [ (—y)'/2. (12)

Hence, the energy-momentum tensor for a cloud of
strings is

T = p3ros,t [ (—y)V/2, (13)

where p is the proper density of a string cloud and quantity
p(y)~1/? is the gauge-invariant density. The strings is
characterized by a surface-forming bivector ¥** and con-
ditions to be a surface-forming are

Splasprl = 0,
v, 2eg = 0, (14)

where the square bracket in Eq. (14) indicate anti-
symmetrization of the indices enclosed in the bracket.
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The above equation, in conjunction with Eq. (11), leads to
the useful identity

SHOY, T = y¥ub, (15)

which will be used in subsequent calculations. Further, the
conservation of energy-momentum tensor 7% = 0 implies
that

Vu(p2r)Z" [ (=7)'/2 + p2rV, (5,4 / (=) '/?) = 0,
(16)

which upon multiplication by ¥,,/(-y)/? leads to
V,(pZF)Z,'Z,,/y = 0. Contracting the previous identity
with X, and using Eq. (15), we obtain V,(p2*)Z," = 0,
and finally adapting to parametrization, we get

9,(v/=8p2) = 0. (17)

IV. FIELD EQUATIONS

Here, we want to obtain D-dimensional static spherically
symmetric solutions of Eq. (7) with a cloud of strings as
source and investigate its properties. We assume that the
metric has the form

1
fr)

where 7;; is the metric of a (D — 2)-dimensional constant
curvature space k = 1, 0, or —1. In this paper, we shall stick
to k = 1. To find the metric function f(r), we consider the
components of Eq. (7). Using this metric ansatz, the
Einstein—Gauss—Bonnet-Lovelock rr equation of motion
(7) reduces to

[P =28, (f(r) = 1) 4 3asr(f(r) = 1)*]f'(r)
+ (n=Dr(f(r) = 1) = (n = 3)ar*(f(r) = 1)?
270

+(n=5)as(f(r) = 1)* = —-T7. (19)

ds> = —f(r)dt* + dr? + r*y;dx'dx’, (18)

in which a prime denotes a derivative with respect to r,
n=D-2, a,=(n—-1)(n—-2)ay, and a3 = (n—1)
(n—2)(n —3)(n —4)az. In general, Eq. (19) has one real
and two complex solutions. It may have three real solutions
as well under some conditions. Here, we consider only the
real solution.

Here, the density p and the bivector X, are the functions
of r only as we seek static spherically symmetric solutions.
The only surviving component of the bivector X is
X" = -3" Thus, T! =T. = —pX", and from Eq. (17),
we obtain 0,(1/r"T?) = 0, which implies

T =T;="% (20)
r
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for some real constant a. In the rest frame associated with
the observer, the energy density of the matter will be given
by p = a/r". The energy-momentum of the source can be
written as

T :%diag[l,l,o,...,o]. (21)

The weak energy condition demands that for every timelike
vector field the matter density observed by the correspond-
ing observer is always non-negative:

p>0,  p+P,>0. (22)

The strong energy condition requires

p+P. >0, p+nP; > 0. (23)
Clearly, all energy conditions hold.

In three and four dimensions, Lovelock theory coincides
with Einstein theory [18], e.g., for D = 4 (i.e., n = 2), we
get

P+ f(r)-1=a, (24)

which clearly is independent of @, and a3, and therefore it
will be the Einstein equation in four dimensions admitting
the solution

f(r):l—sz—l—a. (25)

This solution was first obtained by Letelier [13], and the
metric represents the black hole spacetime associated with
a spherical mass m centered at the origin of the system of
coordinates, surrounded by a spherical cloud of strings. The
event horizon of the metric is placed at rgy = 2m/(1 — a).
In the limit a — 0, we recover the Schwarzschild radius,
and close to unity. the event horizon radius tends to infinity.
On the other hand, a cloud of strings alone (m = 0) does
not have a horizon; it represents only a naked singularity at
r = 0. Besides, the metric (18) with (25) can be understood
as the metric associated with a global monopole.

But in higher dimensions, the Lovelock theories are
actually different. In fact, for D > 4, Einstein gravity can be
thought of as a particular case of Lovelock gravity since the
Einstein—Hilbert term is one of several terms that constitute
the Lovelock action. Hence, for D > 4 and a, = a3 = 0,
we obtain

fr)=rf(r)+n=3)r!(f(r)-1) = % (26)

nr

which admits the solution

(27)
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We also observe that the four-dimensional solution (25)
is recovered in the limit n — 2. The integration constant
m in Eq. (27) is related to the Arnowitt-Deser-Misner mass
M via

167M 2 (n+1)/2
m = 67 , V, = A , (28)
nv, I'n+1)/2

where V,, is the volume of the (D — 2)-dimensional unit
sphere.

To study the general structure of the solution given by
(26), we look for the essential singularity. It is seen that the
Kretschmann scalar (K = R,,.4R**?) for the metric (18)
reduces to

/ 2
K= RabcdRade = f,’z(r) +2n (2r) + Zn(n - 1)f(};) ’
r r
which on inserting (26) becomes
= 4r12(n;:22)m2 8n(n 2—n+11)2am éia; (72
r r ner
+n*—d4nd —6n+4). (29)

The Kretschmann scalar (29) diverges as r — 0, indicating
the scalar polynomial or essential singularity at r = 0. It is
interesting to see that the metric (18) is well behaved even if
m = 0, as (29) indicates.

In the higher-dimensional case, a fact that deserves to
be emphasized is that a cloud of strings alone, unlike in
four dimensions, can have an event horizon located at
rsen = (2a/n)"/"=2)_Thus, we have extended the Letelier
[13] solutions to higher-dimensional spacetime. Now, we
look for the existence of event horizons, and therefore for
possible black hole solutions. The horizons, if they exist, are
given by zeros of f(r) = g’"" = 0. The black hole horizon of
the solution (26) is located at, e.g., in the five-dimensional
case, rgy = a+Va>+18m/3 and at r = rgy =53/
6 +a/n'/? with 5= 216m + 67V1296m? — 643 for six-
dimensional case.

We note that the gravitational mass of a black hole is
determined by f(r,) = 0, which, from Eq. (27), reads

nn—1)V 2a
M=————""r"11- . 30
30 < nr’}r_z) (30)

Equation (30), takes the form of the D-dimensional
Schwarzschild black hole when a — 0. The Hawking
temperature associated with the black hole is defined by
T = k/2r, where « is the surface gravity defined by

1 ,
K* = _Zg”gugn.igtt,js (31)

which on inserting the metric function becomes
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: (32)

1
o= |37

Accordingly, the Hawking temperature of the black hole on
the outer horizon reads

T_i_(”_l){l—n( 2 ] (33)

2r 4ar, n—1)r—2

Then, we can easily see that the temperature is positive for
the case 2a < n(n — 1)r"? and negative otherwise. The
temperature goes over to zero when 2a = n(n — 1)r'=2.
Taking the limit a — 0, we recover the temperature for
higher-dimensional general relativity:

(n=1)
T= (34)

Another useful and important thermodynamic quantity
associated with the black hole horizon is its entropy.
The black hole behaves as a thermodynamic system;
quantities associated with it must obey the first law of
thermodynamics dM = TdS. Hence, the entropy is given

by
M
S:/T“dM:/T‘la—dm, (35)
or,

and substituting (30) and (33) into (35), we arrive at

(n - I)Vn

S:
8

r. (36)
We note that V.72 = V,_,r?2 is just the horizon area of a
black hole. We therefore conclude that the higher-
dimensional black hole also obeys an area law. In the
limit D — 4, it becomes the standard area law. It is
interesting to note that the formula (36) is independent
of a string cloud background.

Next, we turn our attention to the stability of the black
holes by computing the specific heat and to study the effect
of a string cloud background on the stability of the black
hole. It is well known that the thermodynamic stability of
the system is related to the sign of the heat capacity. If the
heat capacity is positive, then the black hole is stable; when
it is negative, the black hole is said to be unstable. The heat
capacity of the black hole is defined as

o)) o

Using Eqgs. (30) and (33) in (37), we get

Vv
Cz—nT:"r’i[

n(n— 1)r’r2—2a} (38)

nr-? —2a
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It is clear that the heat capacity C of the black hole depends
on a string cloud parameter a. In the limit a — 0, we
obtained specific heat of a Schwarzschild—-Tangherlini
black hole,

n(n-1V,

e (39)
which indicates the thermodynamic instability of the black
holes. The extension of the above analysis of Lovelock
gravity is an interesting subject to explore.

C=-

V. EINSTEIN-GAUSS-BONNET SOLUTIONS

Next, let us consider the theory with a3 = 0, which is
usually referred to as the Einstein—Gauss—Bonnet gravity.
The static spherically symmetric black hole solution of
Einstein—Gauss—Bonnet theory was first obtained by
Boulware and Deser [5]. The simplest Lovelock
Lagrangian contains the well-known Gauss—Bonnet term
that embodies nontrivial dynamics for the gravitational
field in five- (and higher-)dimensional theories.
Equation (19) with a3 = 0 takes the form

n[(r* =2ar(f(r) = D)f'(r) + (n = )r*(f(r) = 1)

~ (1= lf(r) = 1] = 5.

which may be called the Einstein-Gauss—Bonnet master
equation. This equation admits a general solution in
arbitrary dimensions as follows:

1’2 8&2}7’! 8&261
=14+—=—(1+£,4/1
f:l:(r) +2&2 ( \/ +(n_1)rn+l+ nrt |’

n>3. (40)

The sign = refers to the two different branches of solutions.
But only negative (-ve) branch is connected to standard
Einstein—Hilbert gravity, as it reduces to the general
relativity solution (27) when a, — 0. The above solution
is analyzed for the five-dimensional case in Refs. [11,14].
To study the general structure of solution (40), we take the
limit r - oo or m = a = 0 in solution (40) to obtain

2
lim £, (r) = 1 +;—, imf_(r)=1 (41
r—0o0 2 r—o0

this means the plus (+) branch of the solution (40) is
asymptotically de Sitter (anti-de Sitter) depending on the
sign of a, (£), whereas the minus branch of the solution
(40) is asymptotically flat. In the large r limit, Eq. (40)
reduces to solution (27), and the metric becomes
D-dimensional Schwarzschild in a string cloud background.
In Fig. 1, we plot the f(r) as a function of r in the various
dimensions. It is interesting to note that these solutions admit
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FIG. 1. Plot of metric function f(r) vs r in various dimensions with M = 1 for the Einstein-Gauss—Bonnet case. (Left): @, = 0.3 and
a=20.2,0.4,0.6, and 0.8 (top to bottom). (Right): @, = 0.8 and a = 0.2,0.4,0.6, and 0.8 (top to bottom).
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only one horizon and the radius of the horizon is increasing
with the increase in the value of a string cloud parameter a.
Henceforth, we shall restrict ourselves to the negative branch
of the solution (40). It may be noted that in Eq. (40) m is
related to Arnowitt-Deser-Misner mass M via (28).

VI. THERMODYNAMICS OF EINSTEIN-GAUSS-
BONNET BLACK HOLES

In this section, we explore the thermodynamics of the
Einstein—Gauss—Bonnet black hole solutions (40). The
Einstein—Gauss—Bonnet black holes in a string cloud
background are characterized by their mass (M) and a
string cloud parameter (a). The mass of the black hole is
determined by using f(r,) = 0:

nn=1V, a  2a
Micas = 27 " 1 [1 - Ea nr”fz] - 42)

In the absence of a string cloud background (a — 0), we
recover the mass obtained for the Gauss—Bonnet black
hole:

nn—-1)V, a
Mgcp = 7( 3271) ! {1 + r—zz} (43)
+

To calculate the thermodynamic quantities for the metric
(18) with function (40), we use the same approach that was
applied in the previous section for the general relativity
case. The temperature for the Einstein—Gauss—Bonnet
black hole in a string cloud background can be put in
the form

2 4 (n=3) 2a
(n=1)["+ TG0 % ~ =)

(ri + 2a,)

Tgges = (44)

4nr

Note that the last factor in Eq. (44) modifies the Gauss—
Bonnet black hole temperature [19], and taking the limit
a — 0, we recover it. The Gauss—Bonnet black hole
temperature in the absence of a string cloud reads

2 (n=3)
n—1[r+5n®
Toon = : 45
EGB 47zr+{ r2 +2a, (45)

and when a, — 0, it becomes the temperature given by
Eq. (34). In Fig. 2, we have plotted temperature as a
function of r, in various dimensions. It is interesting to
note that for a particular radius of horizon Hawking
temperature vanishes. As seen from Fig. 2, the Hawking
temperature exhibits a peak that decreases and moves to the
right when a string cloud parameter a grows.

The entropy of a black hole typically satisfies the area
law that states that the entropy of a black hole is a quarter
of the event horizon area [20]. Now, the entropy of the

PHYSICAL REVIEW D 90, 044068 (2014)

Einstein—Gauss—Bonnet gravity black holes in a string
cloud background, determined using Eq. (35), reads

(n-1)V, n 2a
SEGBszir” 1+—— .
8 * n-2r

The entropy for our model differs from the expression for
entropy in general relativity, in which it is proportional to
the area of the event horizon. However, it is interesting to
note that the entropy of the black hole has no effect of a
background string cloud.

Finally, we analyze how a string cloud background
influences the thermodynamic stability of the Einstein—
Gauss—Bonnet black holes. The thermodynamic stability of
a black hole is performed by analyzing the behavior of
its heat capacity. The heat capacity of Einstein—Gauss—
Bonnet black hole in a string cloud model, using Egs. (37),
(42), and (44), reads

nn—-1)V,
4( 5 ) r22art ay(r3 + 2a,)?

=i ((n=1)rk + (n = 3)a)(r} +2a) ey, (46)

C:

with

8y =8[2artay(r} +6ay) +n*riay (1 + riay +2a3)
—n(r"May + Tr2ad + 61’ + dart a3 + 2arSay)).
(47)

It is clear that the heat capacity depends on the Gauss—
Bonnet coefficient a,, a string cloud parameter a, and the
dimensions D. When a, — 0, it returns to the general
relativity case. If in addition a = 0, it becomes Eq. (39). In
what follows, we analyze the stability of the Einstein—
Gauss—Bonnet black hole and bring out the effect of a
string cloud background. It is difficult to analyze the heat
capacity analytically due to complexity of Eq. (46); hence,
we plot it in Fig. 3 for different values of a, a,, and D.
Clearly, the positivity of the heat capacity C is sufficient to
ensure thermodynamic stability. Figure 3 shows that heat
capacity is discontinuous exactly at one point for a given
value of a and @,, which is identified as the critical radius
r.. Further, we note that there is a flip of sign in the heat
capacity around 7. Thus, the black hole is thermodynami-
cally stable for r, < r., whereas it is thermodynamically
unstable for r, > r., and there is a phase transition at
r, = r. from the stable to unstable phases. Thus, the heat
capacity of an Einstein—Gauss—Bonnet black hole, in any
dimension for different values of a and «,, is positive for
r, <r., while for r, > r, it is negative. It is worthwhile
to mention that the critical radius 7. changes drastically in a
string cloud model, thereby affecting the thermodynamical
stability. Indeed, the value of r.. increases with the increase
in the string cloud parameter a for a given value of the
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Gauss—Bonnet coupling constant a,. On the other hand, the
r. decreases with an increase in @, in all dimensions for
D > 6, and r, increases with a, in D < 6. It is notable that
the black hole is thermodynamically stable when the
temperature of black hole satisfies 0 < T < T, while it
is unstable for T > T, [(T,) is critical temperature at the
critical radius r,].

VII. CONCLUSION

Lovelock theories share the property of general relativity
that no derivatives of the curvature tensor, and thus only
second derivatives of the metric tensor, arise in the field
equations. It follows that Lovelock gravities share a number
of additional nice properties with Einstein gravity that are
not enjoyed by other more general higher-curvature theo-
ries. Hence, these theories receive significant attention,
especially when finding black hole solutions. In this paper,
we have obtained exact static spherically symmetric black
hole solutions to general relativity, Einstein—Gauss—Bonnet
gravity, and the third-order Lovelock gravity (see the
Appendix) in the background of a cloud of strings in
arbitrary D = n + 2 dimensions. Thus, we have general-
ized the static, spherically symmetric black hole solutions
for these theories in a string cloud background. We then
proceeded to find exact expressions, in the Einstein—
Gauss—Bonnet gravity, for the thermodynamic quantities
like the black hole mass, Hawking temperature, and
entropy, and in turn also analyzed the thermodynamic
stability of black holes for the case of first- and second-
order theories. In addition, we explicitly brought out the
effect of a background string cloud on black hole solutions
and their thermodynamics.

In particular, these black holes are thermodynamically
stable with a positive heat capacity for the range
0 <r<r,. and their entropy does not obey a horizon
area formula. Interestingly, the Einstein—Gauss—Bonnet
black hole entropy has no correction from a string cloud
background. The possibility of a further generalization of
these results in arbitrary dimensional Lovelock gravity is an
interesting problem for future research.
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APPENDIX: GENERAL CASE, a3 # 0
AND a, # 0 IN D DIMENSIONS

Here, we study exact solutions of general Lovelock
theories for a string cloud source in arbitrary dimensions
and look for particular solutions. Again, it is enough to
solve (19), which admits a solution,

PHYSICAL REVIEW D 90, 044068 (2014)

a e (r), . -
flr)y=1+ 3;3 2+ e (r)AY3 + Azf/3> (&2 —3d;), (Al)
where

1
e (r) =

32n) Py

2\ 1/3 pH(n7)/3
e (r I—( )3&3 )

~ - - 9
A= 3\/5\/30!3 + 2a, <a22 — %) nrn+l)

+ 54a;?(ar — m),
8= —n*(05 — 4d3)r*" 2 + 8r" 1 (ar — m)a,

X n(&% - %) + 108a,2(ar — m)?,
and m is again an integration constant related to the mass of
the black hole.

In Figs. 4 and 5, we have plotted f(r) for the general
Lovelock gravity case a, # a3 # 0 in various dimensions.
Figure 4 shows the variation of f(r) with fixed a, and
varying as; Fig. 5, shows the variation of f(r) with fixed a3
and varying a,.

The solution (A1) reduces to the Lovelock black hole
for a = 0. However, the solution is very complex and
difficult to analyze, and hence, in what follows, we
specialize to the seven-dimensional case.

a.oz #0ay # 0,and D = 7: It may be noted that in seven
dimensions we can see the role of both second-order and
third-order Lovelock parameters. It is interesting to observe
that enormous simplification occurs in the above solution
in seven dimensions (D = 7). The metric can be written as

a , AT 10r(& - @)

=142 ,
F) = 50 T Al

(A2)
where
A = 300V/3d; V6 +5400(ar — m)d;2 + 10d,2r0
(10, — 4543),
o= 25(4&3 - d‘22) + 400721”6}/(51}’ - m) + 108d32
(ar —m)>.

To proceed further, we consider a simple but interesting case
of the following.
b. a3 = 2d,*/9: The metric function f(r) reads

fr)=1+4+— , A3
") 2 2003 A A
2001/16d,2 L, 25r12\
A= 73 2 \/<(ar— m)2a22 48 )022
3 800d,> (3(1}’ —m) . (Ad)
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FIG. 6. Plot of metric function f(r) vs r for the ELL case with a3 = 1 and M = 1 in various dimensions. (Left): @, = 0.3 and a = 0.2

and 0.6 (top to bottom). (Right): @, = 0.8 and a = 0.2 and 0.6 (top to bottom).

In Figs. 6 and 7, we have plotted f(r) for the ELL case in
variousdimensions. Figure 6 shows the variationof f(r) taking
fixed a, and varying as; Fig. 7 shows the variation of f(r)
taking fixed a3 and varying «,.

The above solution in seven dimensions simplifies to
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A = (975 (ar —m) +V3V8)&r'",

B 25r2% + 27a3(ra — m)?r'°

15

1”932/3(25)2/3

o=
eg(r ~
_ 13 €s(r) 2
f(r) =1 +€5(V)A 73— A1/3 ’ (A7) 3
with
a@3=0.3,a =02 a3=0.8,a =02
fr) --- D=7 fCr) -- D=7
H
Il
Bl —— D=3 135 -- D=8
1 1.30
140
' 7 |— D=9 125 A= D=9
\ . l/'
13f , - 120 R
- ,° - R4 -
12} . e e 115 . L7 e
ST ,,/'/ 110 N ://
05 > J>eodb” 15 20 " w ;
05 15 20
a3=0.8,a =0.6 a3=0.8,a =0.6
for) -~ D=7 fer) - D=7

(A8)

FIG. 7. Plot of metric function f(r) vs r for the ELL case with @y = 1 and M = 1 in various dimensions. (Left): a3 = 0.3 and a = 0.2

and 0.6 (top to bottom). (Right): @3 = 0.8 and ¢ = 0.2 and 0.6 (top to bottom).

044068-12



CLOUD OF STRINGS IN THIRD ORDER LOVELOCK GRAVITY

[1] D. Lovelock, J. Math. Phys. (N.Y.) 12, 498 (1971); N.
Deruelle and L. Farina-Busto, Phys. Rev. D 41, 3696
(1990); G.A. MenaMarugan, Phys. Rev. D 46, 4320
(1992); 46, 4340 (1992); D.G. Boulware and S. Deser,
Phys. Rev. Lett. 55, 2656 (1985); B. Zwiebach, Phys. Lett.
156B, 315 (1985); R. G. Cai and N. Ohta, Phys. Rev. D 74,
064001 (2006); A. Chakrabarti and D. H. Tchrakian, Phys.
Rev. D 65, 024029 (2001).

[2] D. Kastor and R. B. Mann, J. High Energy Phys. 04 (2006)
048.

[3] M. Fukuma, S. Matsuura, and T. Sakai, Prog. Theor. Phys.
105, 1017 (2001).

[4] D.J. Gross and E. Witten, Nucl. Phys. B277, 1 (1986); D. J.
Gross and J. H. Sloan, Nucl. Phys. B291, 41 (1987); R.R.
Metsaev and A. A. Tseytlin, Phys. Lett. B 191, 354 (1987);
B. Zwiebach, Phys. Lett. 156B, 315 (1985); R. R. Metsaev
and A. A. Tseytlin, Nucl. Phys. B293, 385 (1987).

[5] D.G. Boulware and S. Deser, Phys. Rev. Lett. 55, 2656
(1985); J. T. Wheeler, Nucl. Phys. B268, 737 (1986); R. C.
Myers and J. Z. Simon, Phys. Rev. D 38, 2434 (1988).

[6] M. H. Dehghani and M. Shamirzaie, Phys. Rev. D 72,
124015 (2005).

[71 Y.M. Cho and L P. Neupane, Phys. Rev. D 66, 024044
(2002); I. P. Neupane, Phys. Rev. D 67, 061501(R) (2003);
69, 084011 (2004); R.G. Cai, Phys. Rev. D 65, 084014
(2002); R.G. Cai and Q. Guo, Phys. Rev. D 69, 104025
(2004); T. Torii and H. Maeda, Phys. Rev. D 71, 124002
(2005); M. H. Dehghani, Phys. Rev. D 69, 064024 (2004);
M. H. Dehghani and R. B. Mann, Phys. Rev. D 72, 124006
(2005); M. H. Dehghani and S. H. Hendi, Phys. Rev. D 73,
084021 (2006); M.H. Dehghani, G.H. Bordbar, and
M. Shamirzaie, Phys. Rev. D 74, 064023 (20006);

PHYSICAL REVIEW D 90, 044068 (2014)

M. H. Dehghani and S.H. Hendi, Int. J. Mod. Phys. D
16, 1829 (2007); A. Padilla, Classical Quantum Gravity 20,
3129 (2003); N. Deruelle, J. Katz, and S. Ogushi, Classical
Quantum Gravity 21, 1971 (2004); M. Cvetic, S. Nojiri, and
S.D. Odintsov, Nucl. Phys. B628, 295 (2002).

[8] M. H. Dehghani and R. B. Mann, Phys. Rev. D 72, 124006
(2005); M. H. Dehghani, N. Alinejadi, and S.H. Hendi,
Phys. Rev. D 77, 104025 (2008); S.H. Hendi and M. H.
Dehghani, Phys. Lett. B 666, 116 (2008).

[9] S.H. Mazharimousavi, O. Gurtug, and M. Halilsoy, Int. J.
Mod. Phys. D 18, 2061 (2009).

[10] S.H. Mazharimousavi and M. Halilsoy, Phys. Lett. B 681,
190 (2009).

[11] E. Herscovich and M. G. Richarte, Phys. Lett. B 689, 192
(2010).

[12] J.L. Synge, Relativity: The General Theory, (North
Holland, Amsterdam, 1966), p. 175.

[13] P. Letelier, Phys. Rev. D 20, 1294 (1979).

[14] S.H. Mazharimousavi, O. Gurtug, and M. Halilsoy,
Classical Quantum Gravity 27, 205022 (2010).

[15] S.G. Ghosh and S. D. Maharaj, Phys. Rev. D, 89, 084027
(2014).

[16] M. G. Richarte and C. Simeone, Int. J. Mod. Phys. D 17,
1179 (2008).

[17] E.N. Glass and J. P. Krisch, Phys. Rev. D 57, R5945 (1998);
Classical Quantum Gravity 16, 1175 (1999); J. Math. Phys.
(N.Y.) 40, 4056 (1999).

[18] X.O. Camanho and J.D. Edelstein, Classical Quantum
Gravity 30, 035009 (2013).

[19] C. Sahabandu, P. Suranyi, C. Vaz, and L. C. R. Wijewardhana,
Phys. Rev. D 73, 044009 (2006).

[20] J. D. Bekenstein, Phys. Rev. D 7, 2333 (1973).

044068-13


http://dx.doi.org/10.1063/1.1665613
http://dx.doi.org/10.1103/PhysRevD.41.3696
http://dx.doi.org/10.1103/PhysRevD.41.3696
http://dx.doi.org/10.1103/PhysRevD.46.4320
http://dx.doi.org/10.1103/PhysRevD.46.4320
http://dx.doi.org/10.1103/PhysRevD.46.4340
http://dx.doi.org/10.1103/PhysRevLett.55.2656
http://dx.doi.org/10.1016/0370-2693(85)91616-8
http://dx.doi.org/10.1016/0370-2693(85)91616-8
http://dx.doi.org/10.1103/PhysRevD.74.064001
http://dx.doi.org/10.1103/PhysRevD.74.064001
http://dx.doi.org/10.1103/PhysRevD.65.024029
http://dx.doi.org/10.1103/PhysRevD.65.024029
http://dx.doi.org/10.1088/1126-6708/2006/04/048
http://dx.doi.org/10.1088/1126-6708/2006/04/048
http://dx.doi.org/10.1143/PTP.105.1017
http://dx.doi.org/10.1143/PTP.105.1017
http://dx.doi.org/10.1016/0550-3213(86)90429-3
http://dx.doi.org/10.1016/0550-3213(87)90465-2
http://dx.doi.org/10.1016/0370-2693(87)90622-8
http://dx.doi.org/10.1016/0370-2693(85)91616-8
http://dx.doi.org/10.1016/0550-3213(87)90077-0
http://dx.doi.org/10.1103/PhysRevLett.55.2656
http://dx.doi.org/10.1103/PhysRevLett.55.2656
http://dx.doi.org/10.1016/0550-3213(86)90268-3
http://dx.doi.org/10.1103/PhysRevD.38.2434
http://dx.doi.org/10.1103/PhysRevD.72.124015
http://dx.doi.org/10.1103/PhysRevD.72.124015
http://dx.doi.org/10.1103/PhysRevD.66.024044
http://dx.doi.org/10.1103/PhysRevD.66.024044
http://dx.doi.org/10.1103/PhysRevD.67.061501
http://dx.doi.org/10.1103/PhysRevD.69.084011
http://dx.doi.org/10.1103/PhysRevD.65.084014
http://dx.doi.org/10.1103/PhysRevD.65.084014
http://dx.doi.org/10.1103/PhysRevD.69.104025
http://dx.doi.org/10.1103/PhysRevD.69.104025
http://dx.doi.org/10.1103/PhysRevD.71.124002
http://dx.doi.org/10.1103/PhysRevD.71.124002
http://dx.doi.org/10.1103/PhysRevD.69.064024
http://dx.doi.org/10.1103/PhysRevD.72.124006
http://dx.doi.org/10.1103/PhysRevD.72.124006
http://dx.doi.org/10.1103/PhysRevD.73.084021
http://dx.doi.org/10.1103/PhysRevD.73.084021
http://dx.doi.org/10.1103/PhysRevD.74.064023
http://dx.doi.org/10.1142/S0218271807011127
http://dx.doi.org/10.1142/S0218271807011127
http://dx.doi.org/10.1088/0264-9381/20/14/315
http://dx.doi.org/10.1088/0264-9381/20/14/315
http://dx.doi.org/10.1088/0264-9381/21/8/004
http://dx.doi.org/10.1088/0264-9381/21/8/004
http://dx.doi.org/10.1016/S0550-3213(02)00075-5
http://dx.doi.org/10.1103/PhysRevD.72.124006
http://dx.doi.org/10.1103/PhysRevD.72.124006
http://dx.doi.org/10.1103/PhysRevD.77.104025
http://dx.doi.org/10.1016/j.physletb.2008.07.002
http://dx.doi.org/10.1142/S0218271809015813
http://dx.doi.org/10.1142/S0218271809015813
http://dx.doi.org/10.1016/j.physletb.2009.10.006
http://dx.doi.org/10.1016/j.physletb.2009.10.006
http://dx.doi.org/10.1016/j.physletb.2010.04.065
http://dx.doi.org/10.1016/j.physletb.2010.04.065
http://dx.doi.org/10.1103/PhysRevD.20.1294
http://dx.doi.org/10.1088/0264-9381/27/20/205022
http://dx.doi.org/10.1103/PhysRevD.89.084027
http://dx.doi.org/10.1103/PhysRevD.89.084027
http://dx.doi.org/10.1142/S0218271808012759
http://dx.doi.org/10.1142/S0218271808012759
http://dx.doi.org/10.1103/PhysRevD.57.R5945
http://dx.doi.org/10.1088/0264-9381/16/4/007
http://dx.doi.org/10.1063/1.532942
http://dx.doi.org/10.1063/1.532942
http://dx.doi.org/10.1088/0264-9381/30/3/035009
http://dx.doi.org/10.1088/0264-9381/30/3/035009
http://dx.doi.org/10.1103/PhysRevD.73.044009
http://dx.doi.org/10.1103/PhysRevD.7.2333

