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Effect of the Gauss-Bonnet parameter in the stability of thin-shell wormholes
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We study the stability of thin-shell wormholes in Einstein-Maxwell-Gauss-Bonnet gravity. The
equation of state of the thin-shell wormhole is considered first to obey a generalized Chaplygin gas,
and then we generalize it to an arbitrary state function that covers all known cases studied so far. In
particular, we study the modified Chaplygin gas and give an assessment for a general parotropic fluid. Our
study is in d dimensions, and with numerical analysis in d = 5, we show the effect of the Gauss-Bonnet
parameter in the stability of thin-shell wormholes against the radial perturbations.

DOI: 10.1103/PhysRevD.88.124023

L. INTRODUCTION

In an attempt to minimize the exotic matter of a travers-
able wormhole, Matt Visser introduced the concept of a
thin-shell wormhole (TSW) [1]. More precisely, in
Ref. [2], two copies of the Schwarzschild spacetimes are
cut and glued to make the TSW. On the other hand, Brady,
Louko, and Poisson studied the stability of a thin shell
around a black hole in Ref. [3]. In that work, using the
Israel’s junction conditions [4], the mechanical stability of
a static, spherically symmetric massive thin shell was
investigated. Following this work, Poisson and Visser in
Ref. [5] considered the stability of the TSW against line-
arized perturbations around some static spherically sym-
metric solutions of the Einstein equations. In that paper, in
particular, the form of equation of state of the matter that
supports the TSW was chosen to be p = p(o), and follow-
ing the calculation, a parameter 8%(o) = 3—(’; that plays an
important role for having a stable TSW was defined.
Irrespective of the form of p(o), it was shown that g—g at
the static configuration, which occurs at a = a, the equi-
librium radius of the throat of the TSW, appears in the final
condition. The idea of a TSW and its stability have been
developed and generalized in many directions. Ishak and
Lake, in their work [6], continued along the previous line
by adding the cosmological constant into the solution of
the bulk spacetime. Eiroa and Simeone [7] developed the
cylindrical TSW, and Lobo studied the phantom worm-
holes and their stability in Ref. [8], while a TSW in dilaton
gravity was introduced in Ref. [9]. A generic, dynamic
spherically symmetric thin shell and its corresponding
stability was discussed in Ref. [10]. Chaplygin gas travers-
able wormholes and a generalized Chaplygin gas sup-
ported spherically symmetric TSW were discussed in
Ref. [11], while a higher-dimensional static spherically
symmetric TSW in the Einstein-Maxwell theory was
studied by Rahaman, Kalam, and Chakraborty in
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Ref. [12]. Vacuum thin-shell solutions in five-dimensional
Lovelock gravity were studied in Ref. [13]. Extension
toward the Einstein—-Maxwell-Gauss-Bonnet (EMGB)
gravity was investigated in Ref. [14], and its stability and
existence of a TSW supported by normal matter was
discussed in Ref. [15] .The nonasymptotically flat TSW
in the higher-dimensional spherically symmetric Einstein—
Yang-Mills theory was considered in Ref. [16] and its
extension to Einstein—Yang-Mills—Gauss-Bonnet was
given in Ref. [17]. A TSW in Horava-Lifshitz gravity
was introduced in Ref. [18], and a TSW in the Lovelock
modified theory of gravity was given in Ref. [19]. In
Ref. [20], a rotating TSW in Kerr spacetime was found,
and a TSW in Brans-Dicke theory and its stability were
investigated in Ref. [21]. Furthermore, a TSW in the Dvali,
Gabadadze, and Porrati theory was determined in
Ref. [22], while a TSW in the Einstein-nonlinear
Maxwell theory was found in Ref. [23].

The above list is not complete, and there are some other
works that in some senses generalized the idea of the TSW
introduced in Refs. [1,2]. Another form of generalization
also is going on parallel to the concept of the TSW, which
is the Israel junction conditions [4]. In Ref. [24], the
generalized Darmois—Israel boundary conditions were
worked out, and using it, generalized junction conditions
in Einstein—Gauss-Bonnet (EGB) gravity and in third-
order Lovelock gravity were found in Refs. [17,19]. For
the whole set of Lovelock theories, the Israel junction
conditions were generalized by Gravanisa and Willison
in Ref. [25].

Among other aspects, the foremost challenging prob-
lems related to the TSW [1-23] are, i) positivity of energy
density and ii) stability against symmetry-preserving per-
turbations. To overcome these problems, recently there
have been various attempts in EGB gravity with Maxwell
and Yang-Mills sources. Specifically, with the negative
Gauss-Bonnet (GB) parameter (a <0), we obtained a
stable TSW, obeying a linear equation of state, against
radial perturbations [15]. By linear equation of state, it is
meant that the energy density o and surface pressure p
satisfy a linear relation. To respond to the other challenge,
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however, i.e., the positivity of the energy density (o > 0),
we maintain still a cautious optimism. To be realistic, only
in the case of Einstein—Yang-Mills—Gauss-Bonnet theory
and in a finely tuned narrow band of parameters were we
able to beat both of the above-stated challenges [15]. Our
stability analysis with the negative energy density was
extended further to cover nonasymptotically flat (NAF)
dilatonic solutions [16].

In this paper, we show that stability analysis of a TSW
extends to the case of a generalized Chaplygin gas (GCG),
which has already been considered within the context of
Einstein—Maxwell TSWs [4]. Because of the accelerated
expansion of our Universe, a repulsive effect of a
Chaplygin gas (CG) has been considered widely in recent
times. By the same token, therefore, it would be interesting
to see how a GCG supports a TSW against radial perturba-
tions in GB gravity. For this purpose, we perturb the TSW
radially and reduce the equation into a particle in a poten-
tial well problem with zero total energy. The stability
amounts to the determination of the positive domain for
the second derivative of the potential. We obtain plots that
provide us such physical regions indicating stable worm-
holes. Beside the example of a GCG, we consider an
equation of state with its general form. Namely, the relation
between the pressure p and the energy density o is given
by the parotropic form p = (o), for an arbitrary function
(o). The stability criteria for such a wormhole have been
derived as well.

The organization of the paper is as follows. In Sec. I, we
introduce our formalism of the TSW in EMGB theory. The
stability problem of the obtained TSW supported by GCG
is considered in Sec. III. In Sec. IV, we generalize our
equation of state further and consider cases other than the
GCG. The paper ends with our conclusion in Sec. V.

II. TSW IN EMGB GRAVITY

The d-dimensional EMGB action without cosmological
constant

1 1
S = % [\/ngddx(R + aEGB - Z:F), (1)

where G is the d-dimensional Newton constant, F =
F ., F*" is the Maxwell invariant, and « is the GB parame-
ter with Lagrangian

Leg = R = 4R,,R*" + R,,,cR*"77.  (2)

nrpo

The variation of § with respect to g, yields the EMGB
field equations,

Gy, +2aH,, =T,, 3)

in which H,, and T, are given by
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H,, =2(=R,"R,ges — 2R s R*"

wpvo

1
- ZR/.L(TRUV + RR,u.V) - _g/.LV'EGB’ (4)

2
— a 1 af
T/.LV - F,LLaFV - Zg,uVFa,BF . (5)
Our static spherically symmetric metric ansatz will be
ds*> = —f(r)dr* + d_r2 + r2dQ? (6)
f(r) -
in which
d=2i-1
dQ2 ,=d6}+ []sin?6,d6?
i=2 j=1 (7

0=0, ,=2m0=0,=m1=<i=d-3

and f(r) is to be found.

Construction of the thin-shell wormhole in the static
spherically symmetric spacetime follows the standard
procedure used before [1-3]. In this method, we consider
two copies M, , of the spacetime

Ml,z ={(t) r, 011---: 0d72)|r201 a>rh}’ (8)

which are geodesically incomplete manifolds for which
the boundaries are given by the following timelike
hypersurface:

21,2={(t,r,01,...,0d_2)|F(r)=r—a=0, a>rh}_

€))

By identifying the above hypersurfaces on r = a, one gets
a geodesically complete manifold M = M, U M,.

We introduce the induced coordinates on the wormhole
& = (71,0, 0,,..)—with 7 the proper time—in terms of
the original bulk coordinates x¥ = (¢, r,0y,..., 04_5).
Further to the Israel junction conditions [4], the general-
ized Darmois—Israel boundary conditions [24] are chosen
for the case of EMGB modified gravity. The latter con-
ditions on 2, take the form

2<Kab - Khab> + 4a<3‘]ab - Jhab + 2PacdeCd> == KzSab’
(10)

in which (.) stands for a jump across the hypersurface
S =3,=23,, hy,=8u — Nah, is the induced metric on
3 with normal vector n,, and S} = diag(o, py,, pe,. - .) is
the energy-momentum tensor on the thin shell. Therein, the
extrinsic curvature K, (with trace K) is defined as

9%x¢
K%t = —nil———
ab (65“85”

ax™ ox"

TS a—g,,)_ (11)

The divergence-free part of the Riemann tensor P,;.; and
the tensor J,;, (with trace J) are given also by
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Pabcd = Rabcd + (Rbchda - Rbdhca) - (Rachdb - Radhcb)
1
+ ER(hachdb = haghep), (12)
1
Jop = §[2KKMK,§ + K,,K“K,, — 2K, KK, — K*K ;).
(13)

The black hole solution of the EMGB field equations
(with A = 0) is given by [26]

f=(r)
.
2a
N (2M 0’
8 (1 - \/1 i 4a<8md*1 2(d —2)(d - 3)r2<d—2>))’

(14)

in which @ = (d — 3)(d — 4)a, M is an integration con-
stant related to the Arnowitt-Deser-Misner (ADM) mass of
the black hole, and Q is the electric charge of the black
hole. (We must comment that in the rest of the paper we
assume « = 0, and the calculations are based on the nega-
tive branch solution, i.e., f(r) = f_(r).) The correspond-
ing electric field 2-form is given by

F =Lthdr.

F2d=2) (15)

The components of the energy-momentum tensor on the
thin shell are

UZ_S;=_M[z_‘l_‘g(y—xwraz))], (16)
8 a 3a
p=Sy
1 [2d—3)A 2¢ 4a 3¢
= —{————+———|3A ——(1+a?
877'{ a A 3a2|:3€ A( “

+ %3(51 —5)— %(aéi + ?(1 + a'z))]}, (17)

in which € = d + f'.(a)/2, A = y/f+(a) + 4, and while
a “dot” implies a derivative with respect to the proper time
7, a “prime” denotes differentiation with respect to the
argument of the function. These expressions pertain to the
static configuration if we consider ¢ = a, = constant, and
therefore

oo _—W « [3 ~ 2 lap) - 3)], (18)

ag 3(18
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_ V/f=(ap) {2(d —3) filao)
Po 8 a fr(ao)

g O el |

19)

We add also that in the case of a dynamic throat the
conservation equation amounts to

d d
S (0d )+ p—(a) = 0. (20)

III. STABILITY OF THE EMGB TSW
SUPPORTED BY GCG

Our aim in the following is to perturb the throat of the
thin-shell wormhole radially around the equilibrium radius
ay. To do this, we assume that the equation of state is in the
form of a GCG [11], i.e.,

op\?
pP=\—) Po
o
in which » € (0, 1] is a free parameter and o/ p, corre-
spond to o/p at the equilibrium radius a,. We plug the
latter expression into the conservation energy equation (20)

to find a closed form for the dynamic tension on the thin
shell after perturbation as follows:

(1+v)(d-2) (1+v)(d-2) +V
ro=a ) @)
a (o)) a

(22)

21

Equating this with the one found in Eq. (16), one finds a
particlelike equation of motion,
a’>+ V(a) =0, (23)

which describes the behavior of the throat after the pertur-
bation. The intricate potential V(a) satisfies

Fol@ — Via)d — 2)

2 4@
X [— — 5 (ela) + 2V (@) - 3)], (24)

a

in which o is given by Eq. (22). At the static configuration
at which a = ay, one can show that V(ay;) =0 and
V'(ay) = 0. This implies that Eq. (23) can be expanded
about a = a, such that

1
P2+ 3 V(ag)x* = 0, (25)
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in which x = a — a. The derivative of the latter equation
with respect to 7 yields

1
X+ E V”(ao)x = 0, (26)

which upon V”(ay) = 0 admits an oscillatory motion or
stability of the thin-shell wormhole at a = a,. The exact
form of V"(ay) is given by

5811/ + 282
2agfol3ag — 2a(3 — fo)llag + 2a(1 + fo)I’

27)
|

Vi(ay) =
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where

B, — 6[_ 2d(d3— 5)f;
+ [(=foao + 2(d — 5))@ + ag(d — 3)]f,
N W]
2
X [4f3a + (—2af)ag — 2a3 — 12a)f,
+ f{)ao(a(z) +2a)] (28)

and

B, = —16a2(d — 5)f4 + 8afil(afl — 18 + 4d)a2 + afl(d — Tag + 12a(d — 5)]
+{[(4f2 — 32f1)a2 — 32(d — T)fhao — 144(d — 5)1@* — 16[fllad + (d — 6)fhao + 6(d — 4) — 3]ada
— 12ata(d — 3)}f3 + 2[3adfl + 3(d — 3)adfh — 2a(f? — 3f!)ag + 6af(d — 7))(a3 + 2a&)aqf,

~ 3a2f(ad + 2a)*.

Figure 1 depicts a five-dimensional plot of the stable
region with respect to ay and v with M = 20, Q = 1, and
variable @. The stable regions are indicated by the letter S.
As itis displayed in Fig. 1, the stability region has two parts
in each case, the area in negative v and positive v. The
former is almost for » < —1, which is not a physical state.
The latter contains partly the interval v € (0, 1], which is

2 2
s
/ @=0.0001 j
1 1
/

v/ g
0 0

«=0.2000

%
-2 -2

1 1.2 1.4 1.6 1.8 2 0.8 1.0 1.2 1.4 1.6 1.8 20
a0 a0

«=0.2200 s «=0.2500

v // v

T

-2
10 12 14 16 18 20 06 08 1.0 12 14 16
a0 a0

o
o
1

-2
06 08

FIG. 1 (color online). Stability region in terms of » and radius
of the throat a for d = 5, M = 20, Q = 1 and various values of
a. The stable region is denoted by S. The metric function is also
displayed for r larger than the horizon.

(29)

in our interest. We observe that by increasing & this
physical stable region develops, and therefore the TSW is
more stable. In addition to the stable regions in Fig. 1,
we plot the metric function to give an estimation of the
location of the horizon for the same parameters.

IV. STABILITY OF THE EMGB TSW SUPPORTED
BY AN ARBITRARY EQUATION OF STATE

In this section, we study the stability of the EMGB TSW,
which is supported by an arbitrary gas with the barotropic
equation of state

p = (o) (30)

in which (o) is an arbitrary function of . This covers
naturally the polytropic equation of state p ~ ot with
the index 0 = n < oo. As before, we consider the static
equilibrium configuration at a = a,, where o, and p, are
given by Egs. (18) and (19). Furthermore, the equation of
motion of the throat after the perturbation is still given by
Eq. (23), where V(a) satisfies the condition (24) in which o
in the left-hand side is the energy density after the pertur-
bation. The form of o, explicitly, depends on the form
of p = (o) and can be found by applying the energy
conservation law (20), which is also equivalent with

o = ——d;2(0+ D). 3D

Further, one has

(c+p), (32

o = _(d_Z)p'+(d_1)(2d_2)
a a
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in which a prime denotes the derivative with respect to a.
Having p’ = /(0)o’, the latter equation reads

A=+ p)
2

[(d=2)¢'(0) +(d— D] (33)

Nevertheless, using Eqs. (31) and (33), one can explicitly
find the form of V/(a) and V" (a) from Eq. (24) and show
that at a = ay, V(ay) and V'(a,) vanish while

Z(d - Z)fo ¢/(UO)@51 + @2& + 2(1%653
2aifolad + 2a(1 + fo)]

Vi (ag) = . (34

in which

®, =4af; — Qaayf) + 12a + 2ad) fo + aofb(ad + 2a),
(35)

®, = 8(d — 5)f3 + fA—4aifl — 4fi(d — T)ay
2

—24(d - 95)] + 4a0[( " 70)610 + fold — 7)]f0

—2a2f%, (36)

12
Jo

S = a3 foff ~12) + Gofhar = 2@ = 3. 7

We note that ¢/(o)(= 5—((,’)) = Z—(”;IU:%, while the other
functions are calculated at a = a,. Depending on the
form of i, we face different TSW. For instance, setting

fl—i = 7, = constant reduces to a linear gas supporting
TSW with

Y =mneo+C, (38)

where C is a constant. Imposing p(a = ay) = py and
o(a = ay) = o leads to C = py — ny0y and therefore

Y = nolo — ap) + po, (39)

which is the case studied in Ref. [27]. Another interesting

case is given by ‘di—ﬁ = — 7, giving

(40)

in which C is an integration constant. Again, imposing
pla = ag) = py and o(a = ay) = o, dictates that C =
Do — 2—3 and therefore

PHYSICAL REVIEW D 88, 124023 (2013)
1 1
g = 770( ) + po-

—-— — (41)
ag ()

Setting p, — Z—g = 0 or ny = pyo, implies the well known
CG which we have studied in the previous chapter i.e.,

o

Y = po—. (42)
o

Another important state that has been considered recently

is the modified generalized Chaplygin gas (MGCG) ob-

tained by setting

dy V1o
Jo &t pea) (43)
(&9 = constant) (44)
which implies
Y=o — R4 45)
o

Applying p(a = ag) = py and o(a = ay) = o yields
C = py + L — £y0p and consequently
0

1 1
b= &0 — op) — 770( —,,) + po- (46)

— =
g g,

Setting C = 0 or ny = oj(£9o¢ — po) simplifies the latter
equation as

b=t~ 2, (47)

which has been studied in Ref. [28]. Figure 2 depicts the
effect of the GB parameter on the stability regions of the
CG model of the TSW in pure GB gravity (i.e., Q = 0). It
is observed that increasing the value of the GB parameter
decreases the stability areas. Figure 3 displays stability
regions as Fig. 2 but with Q = 1. Almost the same effect
of the GB parameter is seen in this case, too. We note from
the standard CG model that 0 < 1, while the figures are
plotted for —2 < 5y = 2. What we are referring to as the
stability region should be understood in this interval.
Figures 4 and 5 are plots of stability regions for TSW in
EGB (Q = 0) and EMGB (Q = 1) supported by MGCG
(&g # 0, ny # 0, v=1). Figure 4 should be compared
with Fig. 2, and Fig. 5 should be compared with Fig. 3 to
see the change of the stability of the TSW in the EGB and
EMGB bulk due to MGCG instead of CG. We observe that
effects of MGCG become more significant for the regions
of stability r < r;, and for the cases that admit no horizon.
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FIG. 2 (color online). Stability region in terms of 7, and the
radius of the throat a, for CG (v =1, {3 = 0),d =5, M = 20,
Q = 0, and various values of «. The stable region is denoted by
S, which is identified by V"(ag) > 0, from Egs. (27)—(29). The
metric function is also displayed in terms of ». The shaded region
is for » < r, in which ry, is the event horizon.

2 2
s «=0.00 s| 2=0.10
n° J% Mo
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26 05 Q1T 1S 2 o o5 GpIT 1S 2

FIG. 3 (color online). Stability region in terms of 7, and the
radius of the throat a, for CG (v = 1, {3 = 0),d =5, M = 20,
Q = 1, and various values of «. The stable region is denoted by
S. The metric function is also displayed in terms of 7. The shaded
region is for r < r; in which ry, is the event horizon.
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2 S 2=0.00 2 s| «=0.20
nO /f(r); Tl0 %(r)l

(s [ s

0 0.5 ao,l T L5 2 0 0.5 ao,l T 15 2
2 S 2
@=0.60 2=0.80
! fltr)| ¢ f(r
no T.lO
0 0
S
-1 . S
2 -2
0 0.5 ao,lr L5 2 0 05 a,g,l'r 15 2

FIG. 4 (color online). Stability region in terms of 7, and the
radius of the throat ay for MGCG (v = 1, §4=1),d=5, M =
20, Q = 0, and various values of «. The stable region is denoted
by S. The metric function is also displayed in terms of r. The
shaded region is for » < r;, in which ry, is the event horizon.
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2 2
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1 1
n, ) |, w
0 (ﬁ 0
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25 05 QT s > % 05 ay,lT 15 2

FIG. 5 (color online). Stability region in terms of 7, and the
radius of the throat ay for MGCG (v = 1, §g=1),d =5, M =
20, Q = 1, and various values of «. The stable region is denoted
by S. The metric function is also displayed in terms of r. The
shaded region is for r < r; in which ry, is the event horizon.
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2 2
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FIG. 6 (color online). Stability region in terms of 1, and the
radius of the throat a, for logarithmic gas (LG) ford = 5, M = 20,
Q = 0, and various values of «. The stable region is denoted by
S. The metric function is also displayed in terms of r. The shaded
region is for » < r, in which ry, is the event horizon.

A. Logarithmic model of gas supporting
the TSW in EMGB gravity

As one can see from Eq. (34), in V/(ay), only /(o)
appears. In the case of GCG, i.e., y = — 2 with 0 < 7,
andO<v=1,¢'(c)= ;’Zl}’, . We note that the case v = 0
is excluded; for this reason, separately we consider the case
v =0 briefly here. When » =0, #'(c) =7, which
implies ¢y = nyIn|o| + C. In Figs. 6 and 7, we plot the
stability regions of the TSW supported by the logarithmic
state equation in EGB and EMGB bulk metrics,
respectively.

V. CONCLUSION

In conclusion, for a GCG obeying the equation of state
p = (29" py, we have found stable regions within a physi-
cally acceptable range of parameters in EMGB gravity.
The role of GB parameter « in the formation of stable
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FIG. 7 (color online). Stability region in terms of 7, and the
radius of the throat a, for LG for d =5, M = 20, Q = 1, and
various values of «. The stable region is denoted by S. The
metric function is also displayed in terms of r. The shaded region
is for r < r;, in which r;, is the event horizon.

TSW is investigated. It is found that formation of stable
regions is highly dependent on the value of « as depicted in
our numerical plots. The energy density, however, turns out
to be negative to suppress such a TSW as a prominent
candidate. Besides, a general equation of state is consid-
ered in the form p = (o), which reproduces all known
particular cases. It is found that depending on the tuning of
the parameters stable regions expand/shrink accordingly.
Unfortunately, in all cases tested, one had to be satisfied
with a negative energy density as the supporting agent for
the TSW in EMGB theory. Finally, we wish to comment
that in addition to the classical role played by wormholes
their possible quantum roles within the context of the
“firewalls paradox’ has recently been highlighted [29]. It
is speculated that the emitted Hawking particles are en-
tangled through wormholes to the innerhorizon particles of
a black hole [30]. Once justified, the subject of wormholes
will turn into a hot topic to transcend classical boundaries
to occupy a significant role even in quantum gravity.

[1] M. Visser, Phys. Rev. D 39, 3182 (1989).

[2] M. Visser, Nucl. Phys. B328, 203 (1989).

[3] P.R. Brady, J. Louko, and E. Poisson, Phys. Rev. D 44,
1891 (1991).

[4] W. Israel, Nuovo Cimento B 44, 1 (1966); V. de la
Cruzand and W. Israel, Nuovo Cimento A 51, 774
(1967); J.E. Chase, Nuovo Cimento B 67, 136 (1970);
S.K. Blau, E.I. Guendelman, and A. H. Guth, Phys. Rev.

124023-7


http://dx.doi.org/10.1103/PhysRevD.39.3182
http://dx.doi.org/10.1016/0550-3213(89)90100-4
http://dx.doi.org/10.1103/PhysRevD.44.1891
http://dx.doi.org/10.1103/PhysRevD.44.1891
http://dx.doi.org/10.1007/BF02710419
http://dx.doi.org/10.1007/BF02711502
http://dx.doi.org/10.1103/PhysRevD.35.1747

Z. AMIRABI, M. HALILSOY, AND S. HABIB MAZHARIMOUSAVI

(5]
(6]
(71

(8]

[10]

[11]

[12]

[13]

D 35, 1747 (1987); R. Balbinot and E. Poisson, Phys. Rev.
D 41, 395 (1990).

E. Poisson and M. Visser, Phys. Rev. D 52, 7318 (1995).
M. Ishak and K. Lake, Phys. Rev. D 65, 044011 (2002).
E.F Eiroa and C. Simeone, Phys. Rev. D 70, 044008
(2004); 81, 084022 (2010); C. Simeone, Int. J. Mod. Phys.
D 21, 1250015 (2012); E.F. Eiroa and C. Simeone, Phys.
Rev. D 82, 084039 (2010).

F.S. Lobo, Phys. Rev. D 71, 124022 (2005) (and the
references therein).

E.F Eiroa and C. Simeone, Phys. Rev. D 71, 127501
(2005); E.F. Eiroa, Phys. Rev. D 78, 024018 (2008).
F.S.N. Lobo and P. Crawford, Classical Quantum Gravity
22, 4869 (2005); N.M. Garcia, F.S.N. Lobo, and M.
Visser, Phys. Rev. D 86, 044026 (2012).

F.S.N. Lobo, Phys. Rev. D 73, 064028 (2006); C.
Bejarano and E.F. Eiroa, Phys. Rev. D 84, 064043
(2011); E.F. Eiroa and C. Simeone, Phys. Rev. D 76,
024021 (2007); E.F. Eiroa, Phys. Rev. D 80, 044033
(2009); M. Jamil, M. U. Farooq, and M. A. Rashid, Eur.
Phys. J. C 59, 907 (2009).

F. Rahaman, M. Kalam, and S. Chakraborty, Gen. Relativ.
Gravit. 38, 1687 (2006).

C. Garraffo, G. Giribet, E. Gravanis, and S. Willison,
J. Math. Phys. (N.Y.) 49, 042502 (2008); arXiv:1001.3096.
M. Thibeault, C. Simeone, and E.F. Eiroa, Gen. Relativ.
Gravit. 38, 1593 (2006).

M. G. Richarte and C. Simeone, Phys. Rev. D 76, 087502
(2007); 77, 089903(E) (2008); H. Maeda and M. Nozawa,
Phys. Rev. D 78, 024005 (2008); S.H. Mazharimousavi,
M. Halilsoy, and Z. Amirabi, Phys. Rev. D 81, 104002
(2010).

[16]
(17]

(18]

[19]
[20]

(21]

[22]
(23]

[24]
[25]

[26]

[27]
(28]
[29]

[30]

124023-8

PHYSICAL REVIEW D 88, 124023 (2013)

S. H. Mazharimousavi, M. Halilsoy, and Z. Amirabi, Phys.
Lett. A 375, 231 (2011).

S.H. Mazharimousavi, M. Halilsoy, and Z. Amirabi,
Classical Quantum Gravity 28, 025004 (2011).

F. Rahaman, P. K. F. Kuhfittig, M. Kalam, A. A. Usmani,
and S. Ray, Classical Quantum Gravity 28, 155021
(2011).

M. H. Dehghani and M. R. Mehdizadeh, Phys. Rev. D 85,
024024 (2012).

P.E. Kashargin and S.V. Sushkov, Gravitation Cosmol.
17, 119 (2011).

E.F. Eiroa, M. G. Richarte, and C. Simeone, Phys. Lett. A
373, 1 (2008); 373, 2399(E) (2009); X. Yue and S. Gao,
Phys. Lett. A 375, 2193 (2011); E.F. Eiroa and C.
Simeone, Phys. Rev. D 82, 084039 (2010).

M. G. Richarte, Phys. Rev. D 82, 044021 (2010).

M. G. Richarte and C. Simeone, Phys. Rev. D 80, 104033
(2009); S.H. Mazharimousavi, M. Halilsoy, and Z.
Amirabi, Phys. Lett. A 375, 3649 (2011).

S.C. Davis, Phys. Rev. D 67, 024030 (2003).

E. Gravanis and S. Willison, J. Geom. Phys. 57, 1861
(2007).

D.G. Boulware and S. Deser, Phys. Rev. Lett. 55,
2656 (1985); M. H. Dehghani, Phys. Rev. D 67, 064017
(2003).

J.P.S. Lemos and F. S.N. Lobo, Phys. Rev. D 78, 044030
(2008).

M. Sharif and M. Azam, J. Cosmol. Astropart. Phys. 05
(2013) 025.

A. Almbheiri, D. Marolf, J. Polchinski, and J. Sully, J. High
Energy Phys. 02 (2013) 062.

J. Maldacena and L. Susskind, arXiv:1306.0533.


http://dx.doi.org/10.1103/PhysRevD.35.1747
http://dx.doi.org/10.1103/PhysRevD.41.395
http://dx.doi.org/10.1103/PhysRevD.41.395
http://dx.doi.org/10.1103/PhysRevD.52.7318
http://dx.doi.org/10.1103/PhysRevD.65.044011
http://dx.doi.org/10.1103/PhysRevD.70.044008
http://dx.doi.org/10.1103/PhysRevD.70.044008
http://dx.doi.org/10.1103/PhysRevD.81.084022
http://dx.doi.org/10.1142/S0218271812500150
http://dx.doi.org/10.1142/S0218271812500150
http://dx.doi.org/10.1103/PhysRevD.82.084039
http://dx.doi.org/10.1103/PhysRevD.82.084039
http://dx.doi.org/10.1103/PhysRevD.71.124022
http://dx.doi.org/10.1103/PhysRevD.71.127501
http://dx.doi.org/10.1103/PhysRevD.71.127501
http://dx.doi.org/10.1103/PhysRevD.78.024018
http://dx.doi.org/10.1088/0264-9381/22/22/012
http://dx.doi.org/10.1088/0264-9381/22/22/012
http://dx.doi.org/10.1103/PhysRevD.86.044026
http://dx.doi.org/10.1103/PhysRevD.73.064028
http://dx.doi.org/10.1103/PhysRevD.84.064043
http://dx.doi.org/10.1103/PhysRevD.84.064043
http://dx.doi.org/10.1103/PhysRevD.76.024021
http://dx.doi.org/10.1103/PhysRevD.76.024021
http://dx.doi.org/10.1103/PhysRevD.80.044033
http://dx.doi.org/10.1103/PhysRevD.80.044033
http://dx.doi.org/10.1140/epjc/s10052-008-0845-6
http://dx.doi.org/10.1140/epjc/s10052-008-0845-6
http://dx.doi.org/10.1007/s10714-006-0325-y
http://dx.doi.org/10.1007/s10714-006-0325-y
http://dx.doi.org/10.1063/1.2890377
http://arXiv.org/abs/1001.3096
http://dx.doi.org/10.1007/s10714-006-0324-z
http://dx.doi.org/10.1007/s10714-006-0324-z
http://dx.doi.org/10.1103/PhysRevD.76.087502
http://dx.doi.org/10.1103/PhysRevD.76.087502
http://dx.doi.org/10.1103/PhysRevD.77.089903
http://dx.doi.org/10.1103/PhysRevD.78.024005
http://dx.doi.org/10.1103/PhysRevD.81.104002
http://dx.doi.org/10.1103/PhysRevD.81.104002
http://dx.doi.org/10.1016/j.physleta.2010.11.012
http://dx.doi.org/10.1016/j.physleta.2010.11.012
http://dx.doi.org/10.1088/0264-9381/28/2/025004
http://dx.doi.org/10.1088/0264-9381/28/15/155021
http://dx.doi.org/10.1088/0264-9381/28/15/155021
http://dx.doi.org/10.1103/PhysRevD.85.024024
http://dx.doi.org/10.1103/PhysRevD.85.024024
http://dx.doi.org/10.1134/S0202289311020149
http://dx.doi.org/10.1134/S0202289311020149
http://dx.doi.org/10.1016/j.physleta.2008.10.065
http://dx.doi.org/10.1016/j.physleta.2008.10.065
http://dx.doi.org/10.1016/j.physleta.2009.04.065
http://dx.doi.org/10.1016/j.physleta.2011.04.055
http://dx.doi.org/10.1103/PhysRevD.82.084039
http://dx.doi.org/10.1103/PhysRevD.82.044021
http://dx.doi.org/10.1103/PhysRevD.80.104033
http://dx.doi.org/10.1103/PhysRevD.80.104033
http://dx.doi.org/10.1016/j.physleta.2011.08.036
http://dx.doi.org/10.1103/PhysRevD.67.024030
http://dx.doi.org/10.1016/j.geomphys.2007.03.005
http://dx.doi.org/10.1016/j.geomphys.2007.03.005
http://dx.doi.org/10.1103/PhysRevLett.55.2656
http://dx.doi.org/10.1103/PhysRevLett.55.2656
http://dx.doi.org/10.1103/PhysRevD.67.064017
http://dx.doi.org/10.1103/PhysRevD.67.064017
http://dx.doi.org/10.1103/PhysRevD.78.044030
http://dx.doi.org/10.1103/PhysRevD.78.044030
http://dx.doi.org/10.1088/1475-7516/2013/05/025
http://dx.doi.org/10.1088/1475-7516/2013/05/025
http://dx.doi.org/10.1007/JHEP02(2013)062
http://dx.doi.org/10.1007/JHEP02(2013)062
http://arXiv.org/abs/1306.0533

