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In this paper, we consider logarithmic and exponential forms of nonlinear electrodynamics as a source
and obtain magnetic brane solutions of the Lovelock gravity. Although these solutions have no curvature
singularity and no horizon, they have a conic singularity with a deficit angle. We investigate the effects of
nonlinear electrodynamics and the Lovelock gravity on the value of the deficit angle and find that various
terms of Lovelock gravity do not affect the deficit angle. Next, we generalize our solutions to spinning
cases with maximum rotating parameters in arbitrary dimensions and calculate the conserved quantities of
the solutions. Finally, we consider nonlinear electrodynamics as a correction of the Maxwell theory and

investigate the properties of the solutions.

DOI: 10.1103/PhysRevD.91.084031

I. INTRODUCTION

Nonsingular solutions are playing an increasingly impor-
tant role in physics. The cosmological singularity at the
early Universe corresponds to an infinite energy density
state, and therefore it may probably be essential to consider
the quantum gravity to understand the initial state of the
Universe. Hence, from the cosmological point of view,
nonsingular models of the Universe have a special position
for scientists [1]. From a gravitational viewpoint, various
regular solutions, such as gravitational instantons, solitons,
and horizonless magnetic branes (string) solutions, have
become the subject of interest in recent years [2—11].

On the other hand, considering four-/higher-dimensional
spacetimes, the cosmic strings/branes are topological
defects that are inevitably formed during phase transitions
in the early Universe [12]. Investigation of the horizonless
magnetic solutions and their relations to the topological
defects help us to think about the origin of cosmic magnetic
fields [13,14]. Besides, from a geometric point of view,
these structures are fascinating objects, which have no
curvature singularity and no horizon but have a conic
singularity. One of the important motivations for inves-
tigating the horizonless magnetic stings/branes comes from
the fact that these kinds of solutions may be interpreted as
cosmic strings/branes. The horizonless solutions of Einstein
and higher-derivative gravity theories in the absence and
presence of the Maxwell and dilaton fields have been studied
in the literature [5,6]. An extension to include the nonlinear
electrodynamics has also been done [7-11].

The purpose of the present paper is constructing a new
class of static and spinning magnetic brane solutions that
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produces a longitudinal magnetic field in the background of
anti-de Sitter spacetime. These solutions are the generali-
zation of the solutions of Ref. [11] to higher dimensions
and higher-derivative gravity.

In order to have better description of phenomena in our
Universe, physicists have introduced various theories. It has
been confirmed that most of phenomena in the nature are
inherently chaotic and may be described with nonlinear
theories. In electrodynamics domain, although the Maxwell
theory is in agreement with experimental results, it fails
regarding some important issues such as the self-energy of
pointlike charges, which motivates us to regard nonlinear
electrodynamics (NED). NED theories may be created
from various viewpoint and motivations. For more explan-
ations of some motivations, we refer the reader to the
following brief examples: solving the problem of a point-
like charge self-energy, being compatible with AdS/CFT
correspondence and string theory frames, understanding
the nature of different complex systems, obtaining more
information and insight regarding to quantum gravity,
describing pair creation for Hawking radiation, and the
behavior of the compact astrophysical objects such as
neutron stars and pulsars [15—17]. These evidences moti-
vate one to consider NED theories.

Through the last decades, different classes of the non-
linear theories have been introduced [18-26]. Among the
NED theories, the so-called Born—Infeld (BI) type theories
are quite special, the Lagrangians of which may be
originated from the string theory. It has been shown that
the low-energy limit of heterotic string theory on the
electrodynamics side leads to a quartic correction of the
Maxwell field strength [27]. Moreover, one finds that all-
order loop corrections may be summed up as a Bl-type
Lagrangian [28-30]. Recently, two kinds of BI-type
Lagrangians have been considered to examine the
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possibility of black hole solutions [20-25]. Although there
are some analogs between the Bl-type theories, one can
find that there exist some differences between them.

In recent years, a renewed interest has grown in higher-
dimensional spacetime as well as higher-dimensional
gravity [31]. The main reason comes from the fact that
these theories emerge in the effective low-energy action of
string theory on the gravitational side [32-35]. One of the
special classes of higher-derivative modifications of
Einstein (EN) gravity is the Lovelock theory [36], which
is a ghost-free model [37,38]. Regarding the postulates of
general relativity, most physicists believe that the Lovelock
Lagrangian is a natural generalization of the EN gravity to
higher dimensions. Besides, Lovelock gravity may solve
some of the problems of the Einstein theory such as the
normalization problem, and hence it is a well-defined model
[39-41]. In this paper, we consider the Lovelock gravity in
the presence of two classes of BI-type NED models and
obtain their horizonless solutions. We also investigate the
effect of NED as a correction to the Maxwell theory.

The layout of this paper will be as follows. First, we
introduce the suitable field equations regarding the
Lovelock gravity coupled with different magnetic sources
in which we are interested. Next, we obtain static solutions
for the metric function. Then, we will consider a spinning
magnetic string, and by employing the counterterm
method, we calculate conserved quantities. The last section
will be devoted to closing remarks.

II. STATIC SOLUTIONS

Recently, Dias and Lemos [4] have introduced an
interesting spacetime with a magnetic brane interpretation
|

G\ = —3(4R"**R ., R",., — 8R? ;. R R’
1 4R,*R
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where £2) and £ denote the Lagrangians of the Gauss—
Bonnet (GB) and third-order Lovelock (TOL) gravities,
given as

£®) =R, ;R — 4R, R" + R?, (6)

LO) = 2R R, R, + 8R", R, +24R" R, R,
+ 3RR™R 1, + 24R™R Ry, + 16R™R,,R°,
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In this work, we take into account the recently proposed

interesting NED models [21]. One of them is the Soleng
model, which is in logarithmic form of nonlinear

R’ +4R"R,.R,, —8R*,R.,R’, + 4RR R’ — RQRW)

PHYSICAL REVIEW D 91, 084031 (2015)

that is horizonless. The mentioned metric in d dimensions
may be written as

2 d 2 2
ds? = =L dr +]%+ Pfp)dd* +55dx (1)

where dX2 = 3% | dx? is the Euclidean metric on the d;-
dimensional submanifold [hereafter, we denote (d — i) with
d;]. The angular coordinate ¢ is dimensionless and ranges
in [0, 2x], while x; range in (—oo0, 00). This metric provides
us horizonless solutions that are of our interest. Now, we
are going to obtain the solutions of first, second, and third
order of the Lovelock gravity in the presence of NED with
the field equations

Ou(y/=gLpF®™) =0, (2)

Agay +GY) + 0,GY) + a,GY)
1

= EgabL(F) - 2LFFL1L‘FZ7 (3)

where Ly = dz—gf), in which L(F) is the Lagrangian of

NED; A = — dz‘—l@’z and G{(Ilb) = R, — 3 gapR are, respectively,
the cosmological constant and the Einstein tensor; a;’s are
the Lovelock coefficients; and

G\ = 2(R R, ™ = 2R, ,,;R” — 2R ,R°, + RR,,)

HpVo
£
- T > (4)
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electromagnetic field (LNEF), and another one has an
exponential form of nonlinear electromagnetic field
(ENEF), which was proposed by Hendi with the following
explicit forms

{ﬂz[exp (—ﬁﬂz) —1] ENEF
L(F) =

, 8
-84 1n (1 +$) LNEF ®

where f is the nonlinearity parameter and the Maxwell
invariant is F = F,,F®, in which F,, = 0,A, — 0,A, is
the electromagnetic field tensor and A, is the gauge
potential. It is easy to show that the electric field comes
from the time component of the vector potential (A,),
while the magnetic field is associated with the angular
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component (A,). Since we are looking for the magnetic
solutions, we consider the following form of the gauge
potential:

A, = h(p)5t. (9)

Using Eq. (9) with the mentioned NED, one can show
that the electromagnetic field equation (2) reduces to the
differential equations

(pl2p? — dph™)h" + dr 1220 = 0 ENEF
(4pPp% = r/*)W"™? + 4dyh' (PB* + W) =0 LNEF’
(10)
where the prime and the double prime denote the first and

second derivatives with respect to p. Solving these equa-
tions, one obtains

M) B[ /=Lydp ENEF "
P77\ B2 1 pi2ap LNEF
qd, q 1P P

where ¢ is an integration constant that is related to the

electric ~ charge, Ly, = LambertW(—(/%)2), and
Ih=,/1- (/%)2. Taking into account the mentioned

gauge potential, one finds the nonzero components of
the electromagnetic field are

2 exp (—142), ENEF
F¢P = _F/NP = ot ' (12)
P22 (1-Ty).  LNEF

To obtain real solutions for the electromagnetic field, we
should restrict the coordinate p with a lower bound p,. It
means

4qly1/d, 1
pP=>Po= (2ﬁl)1/d exp(%)’ ENEF-
(7‘1) 2 LNEF

We should note that for large values of f all relations
reduce to the corresponding relations of the Maxwell
theory. Besides, one can find that obtained results of
electromagnetic fields reduce to those of Ref. [11] in four
dimensions.

To obtain the metric function, f(p), one can use nonzero
components of the gravitational field equation (3). After
cumbersome calculations, we find that there are two
different differential equations with the explicit forms

e; = ’C] + alez + a3]C3 = 0, (13)
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e, =Ky + @Ky + a3K33 =0, (14)
where
A/
Ky =-p° (p— + A) - Bp°
d,
I —exp(4), ENEF
x 4Pp ’
adsff  dsdef?
Ky = d3d4p4[2ff" +2f7? +i+5_gf]’
p p

1/ 12 / 2
Ks = —dsdydsdedsds fp? [3f +6/7  6/F +L}

ddyg dgp ~ p?
Ky = pPA—p2p°

A exp(F4) + exp() — 1, ENEF

N\ 8( i+ )
1+ 2p) 1)

2pf’
Ky = —dydydyds fp? (f =+ d—5> ;

LNEF’

3 /
K33 = dydydydsded, f* <f + Zf >
7

Now, we desire to obtain higher-dimensional magnetic
brane solutions in the EN, GB and TOL gravities, sepa-
rately. One can set a3 = 0 to obtain the GB solutions, and
for @, = a3 = 0, we obtain magnetic solutions of the EN
gravity. After some simplifications, we obtain

o = 2mlP 2Ap?
N ph didy
2 [ d 2,242 (1-1)
g2 | 8 [ p 2t dp)
T ;2 T L LNEF
2y ([ [Vt —dp) ’
il VL
_Ti+ e Wi ENEF
(15)
p’ 1/2
= 1 —wl/4), 16
fon = 5 (1= 97) (16)
P 1/3
= 1 —wl/3), 17
JroL s d4a2( ) (17)
where
2}{d3d4(12 d1d2l3m
U=14+22""" — w, 18
+ id, yo + (18)
with
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4ﬁ2{ln E22n 1)) - (Zd;—f”rl} 4 EPS £ | NEF

212q2

P+ 3 (VT -+ ) )

in which y =4 and 3 for the GB theory and the TOL

. . . _ 2,2 .
gravity, respectively; F is ,F, ([%2’17’2] [3’2]21}, ;zlpgfz); m is
an integration constant related to total finite mass of the

solutions; and we set az = 3‘33:1;6 a% for more simplifications

of TOL gravity solutions.

A. Properties of solutions

At the first step, we are going to discuss the geometric
properties of the solutions. To do this, we look for possible
black hole solutions by obtaining the curvature singularities
and their horizons. We usually calculate the Kretschmann
scalar, R,z,sR", to achieve essential singularity. Con-
sidering the mentioned spacetime (1), it is easy to show that

N\ 2 2
R5,5R™7° = [ 4 2d, (%) + 2d,d, %) . (20

Inserting the metric function, f(p), in Eq. (20) and using
numerical analysis, one finds that the Kretschmann scalar
diverges at p = p, and it is finite for p > p,, and naturally
one may think that there is a curvature singularity located at
p = po- In what follows, we state an important point, which
confirms that the spacetime never achieves p = p,. As one
can confirm, easily, the metric function has a positive value
for large values of p > p,. So, two cases may occur. For the
first case, f(p) is a positive definite function with no root.
Since we are not interested in naked singularity, we give up

EN

PHYSICAL REVIEW D 91, 084031 (2015)

2d2d d
P 143 ’ (19)
ENEF

|

this case. We consider the second case, in which the
metric function has one or more real positive root(s) larger
than py.

From Figs. 1-3, we find that there is a p;y (Pmin = Po) In
which for p > p.;, the metric function is real. These figures
show that increasing the nonlinearity parameter leads to
decreasing ppi,. Since we are looking for the metric
function with at least one real root, we should adjust the
metric parameters with a suitable range of the nonlinearity
parameter to obtain f(p = pyin) < 0.

Moreover, Fig. 3 indicates that, although metric func-
tion of the TOL gravity is real for arbitrary p, in GB
gravity, one encounters an imaginary interval for some
values of the GB parameter. In other words, in GB
gravity, we should adjust the metric parameters with a
suitable interval of o to obtain a real metric function with
at least one real root. Besides, Fig. 3 shows that the root
of metric function does not depend on the Lovelock
parameters.

Now, we denote r, as the largest real positive root of
f(p). The metric function is negative for p < r, and
positive for p > r, and hence the metric signature may
change from (—++++---+)to (———++---4) in
the range 0 < p < r,. Taking into account this apparent
change of signature of the metric, we conclude that one
cannot extend the spacetime to p < r,. To get rid of this
incorrect extension, one may use the following suitable
transformation by introducing a new radial coordinate 7:

FIG. 1. LNEEF branch of EN gravity: fen(p) vs p for I =3, ¢ = 1, and d = 4. Left panel: m = 0.5, f = 2 (continuous line), f = 2.5
(doted line), and f = 5 (dashed line). Right panel: f =5, m = 0.5 (continuous line), m = 1 (doted line), and m = 2 (dashed line).
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FIG. 2. LNEF branch of GB gravity: fgg(p) vs p for [ =2, ¢ =0.1, m = 0.005, and d = 7. Left panel: g =10, a, = 0.01
(continuous line), @, = 0.03 (doted line), and @, = 0.06 (dashed line). Right panel: @, = 0.01, = 2.6 (continuous line), f = 3.2
(doted line), and f = 10 (dashed line).

rr=p* - r%r, It is worthwhile to mention that with this new coordinate,
S >0 71 the electromagnetic field, and the metric functions lead to
pzryor20. (21) the form
Using the mentioned transformation with dp:\/%dr
one finds that the metric (1) should change to V' HE 24P L
5 exp (=), ENEF
(rP+rl)?
r’+r? r? F.y = N (23)
ds® = ———1d* + —————dr* + Pf(r)d¢? 0 & ’
P (r* + 1) f(r) Pr)Z(1-T),  LNEF
2+
+—0 *dx>. (22)
TOL TOL
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FIG. 3. LNEF branch of TOL gravity: froL(p) vs p for [ =2, ¢ = 0.1, m =0.005, and d = 7. Left panel: g = 10, a, = 0.01
(continuous line), a, = 0.03 (doted line), and @, = 0.06 (dashed line). Right panel: @, = 0.01, = 2.6 (continuous line), f = 3.2
(doted line), and f = 10 (dashed line).
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P2 +2 )%

d
82 (r2+12) —8/jz(fr(r2+ri)73[l"+l n ( 2124 7—(1-T)ldr) LNEF
f 2ml3 2A(r2 + ri) + 4 dz(r2+ri)% (24)
EN = 4 ey o B WS ’
(PP +13)? did; _ PR uanJ LWWW)\/W‘” ENEF
did d3
12 dy(rP+12)7
(2 +ri)
B = g das ( ) (25)
(2 +r)
— 1 — w3, 26
frou =" ) (26)
where
o 2){d3d46(2 d1d213m
Ve Tae Vet ) .
with
2 r r
ol (P55 ) ) e
Wi = ﬂz 1y 2d,ql f \/T+_1 — ENEF (28)
20 g ? VL) R
[
in  which L, = LambertW(— z(lzﬁizlzz)dz), F —  where Ey = E(r)|,_y, in which E(r) denotes the electro-
Ay Bd-l] AP prn o magnetic part of metric functions [third term of Eq. (24)
2F (3 2(132] 7 24, ]’[)’72(,«243«3)42)’ and I'= /1 _/;2(r2[ir1)dz- and W, in Eq. (27)], and Ej = dE(r) |,_o- With employing

Since we suppose that r,. > p, the solutions (electromag-
netic field and metric functions) are real for r > 0. In
addition, the function f(r) given in Egs. (24)—(26) is
positive in the whole spacetime and is zero at r = 0.
Although the Kretschmann scalar does not diverge in the
range 0 < r < oo, one can show that there is a conical
singularity at » = 0. One can investigate the conic geom-
etry by using the circumference/radius ratio. Using the
Taylor expansion, in the vicinity of r = 0, we find

r 2f(r
f(r)=f(r)]— + <d];(r) :0>r+% <d‘{r(2 | =0) g
+O(F3)+"" (29)
where
ra =0 =0

and it is a matter of calculation to show that, regardless of
gravity branches (EN, GB, and TOL), we will have the
relation

+2E
d2°

d*f(r)
dr?

2A
d,

2r
+E';éo

i (30)

r=0

dr
obtained results, one can show that

/7 +r+lf

999 _
grr

I df(r)

lim —
= 2 dr

r—0t r

r—)OJr =0
#1, (31)

which confirms that as the radius r tends to zero the limit of
the circumference/radius ratio is not 2z and therefore the
spacetime has a conical singularity at » = 0. This canonical
singularity may be removed if one identifies the coordinate
¢ with the period

1 -1
Period,, = 27 <lim,_)0; g;ﬂ> =2z(1-4u), (32)
where y is given by
_ 2 (Ernp T (33)
F=4 lr+ ar* |,_, '

In other words, the near-origin limit of the metric (22)
describes a locally flat spacetime that has a conical
singularity at r =0 with a deficit angle d¢ = 8zu.
Using the Vilenkin procedure, one can interpret u as the
mass per unit volume of the magnetic brane [42]. It is
evident from Egs. (30) and (33) that the deficit angle is
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LNEF
1.7
\
\- ———————
1.6
%
T tel,
T T T
1.4
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p

FIG. 4. 6¢/nvs pford=4,1=1and r, = 2. Left panel (ENEF): ¢ = 1 (continuous line), ¢ = 2 (doted line), and ¢ = 3 (dashed
line). Right panel (LNEF): ¢ = 1 (continuous line), ¢ = 2 (doted line), and ¢ = 3 (dashed line).

independent of the Lovelock coefficients and is only a
function of the cosmological constant and electromag-
netic field.

It is obvious that the nonlinearity of electrodynamics can
change the value of deficit angle 6¢. To investigate the
effects of nonlinearity, r,, g, and dimensionality, we plot
o¢ vs p and r (Figs. 4-8). Figures 4 and 5 show that, for
the ENEF branch, the deficit angle is an increasing function
of nonlinearity parameter, while for the LNEF branch, itis a
decreasing function of . In addition, figures of the deficit
angle show that there is a minimum for nonlinearity
parameter f.,;, in which for f < 5, the obtained values
for deficit angle are not real (see Figs. 4-5). Besides, one
finds S, increases as the charge parameter of magnetic

ENEF
2.0
1.9
[
_¢ 1-8_
Y
1.7
1'6-| T T T T T
0 10 20 30 40 50

FIG. 5.

branes increases, whereas for an increasing value of r,,
Pmin decreases (see Figs. 4 and 5).

The figures of the deficitangle versus r, (see Figs. 6and 7)
show that there is also a minimum r,_in which for r, >
ry,. the deficit angle is real. For large values of f, the
deficitangleis anincreasing functionof r, (see Figs. 6and 7).
These figures show that there is an extremum r,_ that for
ry.. <ry <r,.deficitangleisadecreasing functionofr,
whereas for r, > r,  the deficit angle is an increasing
function of S (see Figs. 6 and 7).

Considering the fact that obtained results are magnetic
branes in arbitrary dimensions, studying the effect of
dimensionality on the deficit angle is another important
issue. Figures 7 and 8 show that for fixed values of

LNEF

1.50 A

1.45 A

1.40
1.35 .

1.30

1.25 T T T T T T T T T

é¢/m vs pford=4,1=1, and g = 1. Left panel (ENEF): r, = 1 (continuous line), », = 1.2 (doted line), and r, = 1.4

(dashed line). Right panel (LNEF): r, = 1 (continuous line), », = 1.2 (doted line), and r, = 1.4 (dashed line).
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LNEF
1.8
\
174\
\
164 \
B \
o154\
\
1.4 \
\-,
1.3 1 A\
1 15 2 25 3 35
"+

FIG. 6. 6¢/n vs r, ford=4,1 =2 and g = 1. Left panel (ENEF): § = 2 (continuous line), # = 3 (doted line), and § = 5 (dashed
line). Right panel (LNEF): = 1.1 (continuous line), # = 1.5 (doted line), and # = 5 (dashed line).

metric parameters the deficit angle is an increasing
function of d. Also, as one can see, ff,;, iS a decreasing
function of dimensionality, and for higher dimensions
Pmin goes to zero (see Fig. 8). Also, numerical analysis
confirms that r, _ is an increasing function of dimen-
sionality (see Fig. 7).

III. CLASS OF SPINNING SOLUTIONS

In this section, we generalize the static spacetime to the
case of rotating solutions. As we know, the rotation group
in d dimensions is SO(d — 1) with [(d — 1)/2] independent
rotation parameters, in which [x] denotes the integer part of
x. The rotating magnetic solutions with k < [(d —1)/2]
rotation parameters may be written as

ENEF

2 2 k 2
ds? = _% <Edt -3 aid¢i>
i=1
= k 2

+ f(r ( 22— 1dt — ——— a,-dgb’)

) =

r2dr? 2+ ri k

+ + 5= (a;dp; — a;de;)*?

(P4+r)f(r) BE-1) ; s

2 2
+ 1 ; ™ axe, (34)

where = = /14 ) ¥a?/I?, dX? is the Euclidean metric
on the (d — k — 2)-dimensional submanifold with volume
V 4—k—2, and f(r) is the same as f(r) given in Egs. (24)—(26)

LNEF

FIG.7. é¢/mnvsry forf=4,1=1,and g = 1. Left panel (ENEF): d = 5 (continuous line), d = 7 (doted line), and d = 11 (dashed
line). Right panel (LNEF): d = 5 (continuous line), d = 7 (doted line), and d = 11 (dashed line).

084031-8



MAGNETIC BRANE SOLUTIONS OF LOVELOCK GRAVITY ...

ENEF

2.0

1.9 1

1.7 1

1.6

FIG. 8.

PHYSICAL REVIEW D 91, 084031 (2015)

LNEF
1.8 {mmm o e
B R REREEEEERELECRCREE
50
I
1.6
1.5
0 1 2 3
p

é¢p/mvs fpforr, =2,1=1and g = 1. Left panel (ENEF): d = 5 (continuous line), d = 7 (doted line), and d = 11 (dashed

line). Right panel (LNEF): d = 5 (continuous line), d = 7 (doted line), and d = 11 (dashed line).

for various gravity. We should note that the nonvanishing
components of electromagnetic field are

E-1, _ @-1
Fn=-—2 Frp=—"—%
=da; =d;
2
olamexp (=), ENEF
X s . (39)
PUr)®? (| 1), LNEF

q

Again, we should note that, although this rotating
spacetime has no curvature singularity and horizon, it
has a conical singularity at r = 0.

A. Conserved quantities

Here, we calculate the angular momentum and mass
density of the magnetic solutions. To obtain finite con-
served quantities for the asymptotically anti-de Sitter (AdS)
solutions, one may use the counterterm method [43]. Here,
for the asymptotically AdS solutions of the Lovelock
gravity with flat boundary, Rabcd(y) = 0 (our solutions),
the finite energy-momentum tensor is [44]

Tab :L

& (Kab _ K}/ab) + 2a2(3jab _ Jyab)

d
+ 30{3(5Pab _ P}/ab) +l_2yab .
eff

(36)
where [ is a function of [ and «, and when a goes to zero
(Einstein solutions), /¢ reduces to I. In Eq. (36), K is the
extrinsic curvature of the boundary, K is its trace, y* is the
induced metric of the boundary, and J and P are, respec-
tively, traces of J* and P*’, where

1
Jab :g(chKCdKab +2KKacKZ _2KacKCdeb _KzKab)’
(37)

and

Py = {K* = 6K2KSIK  + BKK  KIK™
— 6K (K%K o K¢ + 3(K (KK 1
— (4K? = 12KK ,4K** + 8K 4, KK ) K . K
— 24KK ;. KUK 4 K¢
+ (12K = 12K . K )K .. K“K g

+ 24K, KK 4o KT K} (38)

To compute the conserved charges, one can write the
boundary metric in Arnowitt—Deser—Misner form,

y*dx*dx? = =N*di* + o;;(de' + Vidt)(dg’ + Vidr),
(39)

where the coordinates ¢’ are the angular variables para-
metrizing the hypersurface of constant r around the origin
and N and V' are the lapse and shift functions, respectively.
The quasilocal conserved quantities associated with the
stress tensors of Eq. (36) are

() = A N (40)

where o is the determinant of the metric o,;, n“ is the
timelike unit normal vector to the boundary B, and £ is a
Killing vector field. The rotating magnetic spacetime (34)
has two conserved quantities that are associated with the
Killing vectors & = 9/0t and {; = 0/0¢'. The total mass
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and angular momentum of the magnetic brane solutions per
unit volume V,_;_, are given by

27)k
4

M = /d"Zx\/ETabn“cfh = (
B
(41)

2 k
1= [ atxerancet =2 sama, @)
B

where the mass parameter m comes from the fact that
lim,_of(r) = 0. Our last step will be devoted to calculate
the electric charge of the magnetic solutions. To do so, we
should consider the projections of the electromagnetic field
tensor on a special hypersurface. The electric charge per
unit volume V,_,_, can be found by calculating the flux of
the electromagnetic field at infinity, yielding

(27)*
2

0= qlVZr -1, (43)
which shows that the electric charge is proportional to
the magnitude of the rotation parameters and is zero for
the static solutions (= = 1). This is due to the fact that the
electric field, F,., vanishes for the static solutions. In
addition, since the asymptotic behavior of the electromag-
netic field is the same as that of the Maxwell theory, the
nonlinearity does not affect the total electric charge.

IV. NED AS A CORRECTION

It is arguable that, instead of considering nonlinear
theories of the Maxwell field, one can use the method in
which the nonlinearity is playing as a correction term. In
other words, one is free to consider nonlinearity as a
perturbation to linear theory and construct a new nonlinear
theory. This treatment is justified with the following
reasons. First, to find experimental results for nonlinear
electromagnetic fields, one should consider its weak non-
linearity and not strong. This is due to the fact that the
Maxwell theory has acceptable consequences in most
domains and the perturbed nonlinear theory of electrody-
namics may increase the Maxwell accuracy. On the other
hand, to avoid the complexity of nonlinear theories and
obtaining interesting solutions, it is logical to consider the
dominant nonlinearity terms and use them in order to study
a nonlinear theory. As for BI types of nonlinear electro-
dynamics for large values of nonlinearity parameter, they
have same structure with a little differences in some factors.
One can show that the first and second leading-order terms
are, respectively, the Maxwell Lagrangian and quadratic
power of the Maxwell invariant. Therefore, in this section,
we consider following Lagrangian as a source and study the
effects of additional correction to the Maxwell theory (MC)
as nonlinear electromagnetic field on solutions:

PHYSICAL REVIEW D 91, 084031 (2015)
L(F) = =F +nF* + O(n). (44)

One may follow the procedure of previous sections with
the mentioned Lagrangian (44) and the metric (34) to
obtain

=2-1
F,, = _(Eiai)F”Pi
__E 1)< q  4gn ) (45)
Ea; (r* + ri)%4 P(r? + ri)%

Inserting Eq. (45) in the gravitational field equations, we
find the following metric functions for the EN, the GB, and
the TOL gravities in the presence of the Lagrangian (44),

Fon = 2MPB 3 2(r* + ri)
EN — (}’2 + ri)d3/2 dldz
" (A _ 4dirg 32d,1*q*n >
dy(rP + 32 (3d=T)(r* +1r2)* )’
(46)
(”2 + ”%r) 1
f = — 1 - \IJZ N 47
b = 5 (1= (47
(r+r3) 1
=—(1 =U3), 48
SroL dsdyaty ( ) (48)
where
\I/ _ 1 + 2)(d3d4a2 < _ d1d213M _ 4d1[2q2
did, (r? + rﬁ)dl/2 dy(r* +ri)%
32d,1*q*n
) 49
EE =y 4

and y = 4 and 3 for the GB theory and the TOL gravity,
respectively.

We should note that, regardless of various coefficients,
one can obtain these solutions, directly, by suitable series
expansions of Egs. (24)—(26). In addition, in agreement
with Eqgs. (41), (42), and (43), independent calculations
show that the conserved charges do not depend on the
nonlinearity parameter of BI-type NED theories.

Here, we are in position to study the deficit angle. To do
so, we employ the method that was mentioned in previous
sections and plot various appropriate graphs. It is a matter
of calculation to show that the second-order derivation of
the metric with respect to the radial coordinate will be in the
form

d*f(r) 2N 8P%¢®> 64l%q* LoD (50)
=0 a1 n
dr 2 r=0 d2 d2 r idz d2 Vidz
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FIG.9. 6¢/n vsnforl =1 and d = 4. Left panel: r, =2, g = 2 (continuous line), g = 2.5 (doted line), and ¢ = 3 (dashed line).
Right panel: ¢ = 3, r, =2 (continuous line), r, = 2.1 (doted line), and r, = 2.2 (dashed line).

for all mentioned gravity branches, where it is confirmed
that the deficit angle does not depend on the Lovelock
coefficients.

Studying the effects of the charge parameter show that,
for very small values of ¢ and n = 0, the calculated deficit
angle is nonzero and is a decreasing function of charge (see
the left panel in Fig. 9). As charge increases, for a certain
range of the correction parameter, the deficit angle is
negative, and there is a 7, where calculated deficit angle
is zero. This 7 is an increasing function of charge (see the
left panel in Fig. 9). As for the effects of 7, plotted graphs
have similar behavior as the charge, whereas the effects of
r, are exactly opposite of the effects of charge (see the right
panel in Fig. 9).

Considering different values of the correction parameter,
the deficit angle vs r, shows that calculated deficit angles
have different behaviors. For small values of nonlinearity,
three different behaviors are seen for different regions of .
in which these regions are specified with r, = and r
(see the left panel in Fig. 10). For 0 <r, <r, ., the
deficit angle is a decreasing function of r,, and in
ry =ry,., there is a divergency. In this region, calculated
deficit angles are positive and real valued, and in the case of
ry, <ry <ry  foracalculated deficit angle, firstitis a
decreasing and then increasing function of r,, and for
ry =ry,,, the second divergency happens. Next, for
ry > ry ., one finds that the deficit angle is an increasing
function of r, but there exists a region in which calculated

FIG. 10. &¢/nvs r, forl = 1. Leftpanel: ¢ = 3, d = 4, n = 0.02 (continuous line), # = 0.05 (doted line), and = 0.08 (dashed line).
Right panel: ¢ = 1, = 0.05, d = 5 (continuous line), d = 8 (doted line), and d = 11 (dashed line).
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Maxwell-ENEF-LNEF

2

FIG. 11.

PHYSICAL REVIEW D 91, 084031 (2015)
Maxwell-MC

1 1.5 2 2.5 3

o¢p/mvsr, forl =1, q=4and d = 4. Left panel: Maxwell case (continuous line), ENEF case for = 5 (doted line), and

LNEEF case for # = 5 (dashed line), respectively. Right panel: Maxwell case (bold line), MC case for n = 0.02 (doted line), n = 0.05

(dashed line), and n = 0.08 (continuous line).

deficit angles are negative, and for an r__, the deficit angle
is zero (see the left panel in Fig. 10).

Next, for larger values of nonlinearity, there are regions
identified with specific values naming r, , r, ., and r.
For 0 < r, < r,, deficit angles for different values of the
nonlinearity parameter are almost the same. In other words,
calculated values of the deficit angle are almost indepen-
dent of the variation of the nonlinearity parameter because
its effect is so small. re, is an extremum in which for r, <
ry <ry  the deficit angle decreases where r  increases,
while for r > r > r,_,the deficit angle is an increasing
function of r, (see Fig. 11). Finally, for large values of r
(ry, < ry), similar behavior as for the case of small values
of ri (0 <ry <ry)isobserved. Calculated values of the
deficit angle are almost independent of the nonlinearity
parameter and are almost the same. r o Ty T and the
related deficit angle to this extremum are increasing
functions of the nonlinearity parameter. As for the effects
of dimensions, it is evident from plotted graphs that r
(and the related deficit angle) is a decreasing (increasing)
function of dimensions (see the right panel in Fig. 10).
These figures indicate that there exist regions in which
calculated values of the deficit angle for different dimen-
sions lead to almost the same result, and it is almost
independent of dimensions.

Here, we present a geometric interpretation for the
negative deficit angle. Considering a two-dimensional
plain, we can cut a segment of a certain angular size
and then sew together the edges to obtain a conical surface.
The deleted segment from the plan is known as a deficit
angle with positive values. Now, we imagine a new
situation when a segment is added to a new plane to obtain
a flat surface with a saddlelike cone (for more details, one
can see Fig. 2 in Ref. [45]). This added segment is

corresponding to a negative deficit angle (or surplus angle)
[45,46]. We should mention that, although the deleted
segment is bounded by the value of 2z, the added segment
is unbounded. Therefore, we conclude that the range of
deficit angles is from —oo to 2.

V. CLOSING REMARKS

In this paper, we supposed that the geometry and matter
field of spacetime come from the Lovelock gravity and
NED. At first, we considered a suitable static metric to find
horizonless magnetic solutions. We found that, for having
the real electromagnetic field, we should consider a lower
bound (p,) for the coordinate p. We discussed the geometric
properties of EN, GB, and TOL solutions and found that,
although these solutions have no curvature singularity,
there is a conical singularity at » = 0 with a deficit angle
o0¢ = 8mu, where one can interpret u as the mass per unit
volume of the magnetic brane. In addition, we found that
both the NED and the Lovelock gravity do not affect the
asymptotic behavior of the solutions, and in other words,
obtained solutions are asymptotically AdS. We obtained the
deficit angle of the conical geometry and investigated the
effects of Lovelock gravity and NED. At first, calculated
values for the deficit angle showed that it is independent of
the GB and the TOL parameters. In other words, we found
that the Lovelock parameters do not affect the deficit angle.
This result comes from the fact that the value of second
derivatives of the metric function does not depend on the
Lovelock coefficients, which is the consequence of geo-
metric properties of the 7 = constant and r = constant
hypersurface (this hypersurface is a Ricci flat manifold).
This behavior is similar to the property of Ricci-flat black
holes in higher orders of the Lovelock gravity, in which

084031-12



MAGNETIC BRANE SOLUTIONS OF LOVELOCK GRAVITY ...

their horizons and conserved quantities of the black hole do
not depend on the Lovelock parameters.

We also investigated the effects of nonlinear electrody-
namics. Although both ENEF and LNEF branches are BI
type, they have different nature. We found that there is a
minimum value for the nonlinearity parameter where for # <
Pmin the deficit angle was not real. This is because of the
behavior of the Lambert function that is present in the ENEF
branch and the logarithmic function that appears in the
LNEF branch. We also showed that, considering higher-
dimensional solutions, f.;, may change, and for certain
dimensions, the deficit angle is real for arbitrary f
(Pmin < 0). We found that the deficit angle is an increasing
function of the nonlinearity parameter in ENEF, whereas for
LNEE, it showed the opposite behavior. We also saw that
increasing the charge parameter leads to increasing fn,
while for increasing r,, the value of f;, decreased.

Looking at the behavior of the deficit angle vs r,, we
found that there is an r,__, where for r, > r, ., the deficit
angle is real valued. Moreover, we found that for small
values of the nonlinearity parameter the deficit angle is only
an increasing function of r,, whereas for an increasing
value of f, there willbe r,  inwhichforr, ~<r, <r,
the deficit angle is a decreasing function of r,, and for
ry >ry  itincreases as r, increases.

The next step was devoted to introducing spinning
magnetic branes, which are horizonless. We found that
for rotating magnetic branes there is an electric field in
addition to the magnetic one. We employed the Gauss law
and the counterterm method to calculate the electric charge,
finite mass, and angular momentum of rotating magnetic
brane solutions. We found that the electric charge is
proportional to the rotation parameters, and it vanishes
for the static solutions (= = 1). We should note that
vanishing the electric charge for = =1 is due to the fact
that the electric field, F,,, vanishes for the static solutions.

As one can see for the weak nonlinearity power, the
obtained deficit angle for different theories of nonlinearity
has different values compared to the Maxwell theory. One
may argue that, for large values of 3, the obtained values for
the deficit angle should lead to those of the Maxwell theory
and support this statement with fact that for large values of
p these two electromagnetic fields become Maxwell theory.
This idea is an acceptable one, when we are only dealing
with the electromagnetic fields. But in calculation of the
deficit angle, we are using the second derivation of the
metric function. Because of different structures of nonlinear
theories (logarithmic and exponential ones), it is most
likely that this property of these two nonlinear electrody-
namics (for large values of f, they lead to the Maxwell
theory) is not preserved, and therefore the obtained values
are different. In other words, one may expect to see
different values for the deficit angle even for large values
of the nonlinearity parameter, and they are not necessarily
the same as Maxwell ones. It means that, although these
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two types of nonlinear theory are BI type and for
p—> o they lead to the same result, they are completely
different theories with their different characteristics and
properties.

In addition, we found that the plotted graph for the
Maxwell theory presents a divergency that is due to root(s)
of f”. While for considering nonlinear theories, the
divergency vanishes, and calculated values of the deficit
angle and plotted graphs showed no divergency. In other
words, in the process of going from a linear theory
(Maxwell) to a nonlinear theory (logarithmic form or
exponential one), calculated values of the deficit angle
will be divergence free, and it has smooth behavior.
Therefore, considering nonlinear theories changes proper-
ties of solutions and solves the problems regarding the
linear theory that is the primary motivation of considering
nonlinear electrodynamics. It is notable that considering
nonlinear theories puts some restriction on values. In other
words, there is a region in which the calculated values of
the deficit angle are not real. But this region is not where
the divergency of the Maxwell theory exists. In other
words, by considering a suitable value of the nonlinearity
parameter, one can cover regions in which the Maxwell
theory has divergency.

Later, we investigated the effects of nonlinearity as a
correction. We found that, despite other two nonlinear
theories (logarithmic and exponential forms), deficit angle
of MC theory is always a real value function, and there is no
region in which the deficit angle is imaginary. Plotted graphs
of this theory also showed that variation of the nonlinearity
parameter is only effective in a region (r, <r;, <r, ), and
in other regions (r,, > r,, ry >r,,), itis almost indepen-
dent of this variation. The same behavior was seen for the
effects of dimensions as well. It was shown that for small and
large values of r,_ the effect of the nonlinearity part decreases
rapidly (almost vanishes) and the structure of magnetic
branes (conelike) is similar to the Maxwell theory. On the
other hand, for small values of the correction parameter, not
only did it not solve the divergency of the Maxwell field, but
it also added another divergency to it. In other words, two
divergencies in the case of the very weak correction
parameter were seen in MC theory. This shows the fact
that this theory of nonlinearity and its deficit angle are quite
sensitive to the modification of the correction parameter.
This sensitivity is stronger even for small values of the
correction parameter. Although for some regions the calcu-
lated values of the deficit angle are almost the same as the
one for the Maxwell theory, there is an effective range in
which nonlinearity (correction) will be dominant and has the
most contribution in the deficit angle.

Other interesting results were the existence of the
negative, vanishing and divergences values for the deficit
angle. The positive deficit angle is representing a conelike
structure for the object, whereas the negative deficit angle is
denoted as an extra angle that is known as a surplus angle
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[45,46]. This extra angle changes the shape of the object
into a saddlelike cone.

Finally, it is worthwhile to think about the physical
properties of deficit angle as well as the surplus one. In
addition, one may investigate the possible wormhole
solutions [47] of the mentioned models. These works are
under examination.

PHYSICAL REVIEW D 91, 084031 (2015)
ACKNOWLEDGMENTS

We would like to thank the anonymous referees for
valuable suggestions. We thank Shiraz University Research
Council. This work has been supported financially by the
Research Institute for Astronomy and Astrophysics of
Maragha, Iran.

[1] V. F. Mukhanov and G. V. Chibisov, Pis’'ma Zh. Eksp. Teor.
Fiz. 33, 549 (1981) [JETP Lett. 33, 532 (1981)]; A.A.
Starobinsky, Quantum Gravity, Proceedings of the 2nd
Seminar on Quantum Gravity, Moscow, 1981 (Institute for
Nuclear Research Press, Moscow, 1982), p. 58; reprinted in
M. A. Markov and P. C. West, Quantum Gravity (Plenum,
New York, 1984),p. 103; A. A. Starobinsky, Pis’maZh. Eksp.
Teor. Fiz. 9,579 (1983) [Sov. Astron. Lett. 9,302 (1983)]; R.
Easther and K. I. Maeda, Phys. Rev. D 54, 7252 (1996); S.
Kawai and J. Soda, Phys. Rev. D 59, 063506 (1999); S.
Tsujikawa, R. Brandenberger, and F. Finelli, Phys. Rev. D 66,
083513 (2002).

[2] G. W. Gibbons and C. N. Pope, Commun. Math. Phys. 66,
267 (1979); T. Eguchi, P. B. Gilkey, and A. J. Hanson, Phys.
Rep. 66, 213 (1980); S. H. Hendi, R. B. Mann, N. Riazi, and
B. Eslam Panah, Phys. Rev. D 86, 104034 (2012).

[3] E. W. Hirschmann and D. L. Welch, Phys. Rev. D 53, 5579
(1996); T. Koikawa, T. Maki, and A. Nakamula, Phys. Lett.
B 414, 45 (1997); O.].C. Dias and J. P. S. Lemos, J. High
Energy Phys. 01 (2002) 006; Phys. Rev. D 66, 024034
(2002); M. H. Dehghani, Phys. Rev. D 71, 064010 (2005).

[4] O.J.C. Dias and J. P. S. Lemos, Classical Quantum Gravity
19, 2265 (2002).

[5] M. H. Dehghani, Phys. Rev. D 71, 064010 (2005).

[6] W.A. Sabra, Phys. Lett. B 545, 175 (2002); M.H.
Dehghani, Phys. Rev. D 69, 064024 (2004); E. D’Hoker
and P. Kraus, J. High Energy Phys. 10 (2009) 088; M. H.
Dehghani and A. Bazrafshan, Can. J. Phys. 89, 1163 (2011).

[7]1 M. H. Dehghani, A. Sheykhi, and S. H. Hendi, Phys. Lett. B
659, 476 (2008).

[8] M. H. Dehghani, N. Bostani, and S. H. Hendi, Phys. Rev. D
78, 064031 (2008).

[9] S.H. Hendi, Phys. Lett. B 678, 438 (2009).

[10] S.H. Hendi, Classical Quantum Gravity 26, 225014 (2009);
S.H. Hendi, S. Kordestani, and S.N.D. Motlagh, Prog.
Theor. Phys. 124, 1067 (2010).

[11] S.H. Hendi, Adv. High Energy Phys. 2014, 697914 (2014).

[12] H. B. Nielsen and P. Olesen, Nucl. Phys. B61, 45 (1973).

[13] A. Vilenkin, Phys. Rev. D 23, 852 (1981); W. A. Hiscock,
Phys. Rev. D 31, 3288 (1985); D. Harari and P. Sikivie,
Phys. Rev. D 37, 3438 (1988); A.G. Cohen and D.B.
Kaplan, Phys. Lett. B 215, 67 (1988); R. Gregory, Phys.
Rev. D 54, 4955 (1996); T. Vachaspati and A. Vilenkin,
Phys. Rev. Lett. 67, 1057 (1991); A. Vilenkin and E.P. S.
Shellard, Cosmic Strings and Other Topological Defects
(Cambridge University Press, New York, 1994).

[14] A.Banerjee,N.Banerjee,and A. A. Sen, Phys.Rev.D 53,5508
(1996); M. H. Dehghani and T. Jalali, Phys. Rev. D 66, 124014
(2002); M.H. Dehghani and A. Khodam-Mohammadi,
Can. J. Phys. 83, 229 (2005).

[15] F. Chen, K. Dasgupta, J. M. Lapan, J. Seo, and R. Tatar,
Phys. Rev. D 88, 066003 (2013).

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

[17] R. Aros, M. Romo, and N. Zamorano, Phys. Rev. D 75,
067501 (2007).

[18] M. Born and L. Infeld, Proc. R. Soc. A 144, 425 (1934); B.
Hoffmann, Phys. Rev. D 47, 877 (1935); H. P. de Oliveira,
Classical Quantum Gravity 11, 1469 (1994); M. H.
Dehghani, N. Alinejadi, and S.H. Hendi, Phys. Rev. D
77, 104025 (2008).

[19] M. Hassaine and C. Martinez, Phys. Rev. D 75, 027502
(2007); M. Hassaine and C. Martinez, Classical Quantum
Gravity 25, 195023 (2008); H. Maeda, M. Hassaine, and C.
Martinez, Phys. Rev. D 79, 044012 (2009); S. H. Hendi and
H.R. Rastegar-Sedehi, Gen. Relativ. Gravit. 41, 1355
(2009); S.H. Hendi and B. Eslam Panah, Phys. Lett. B
684, 77 (2010).

[20] H. H. Soleng, Phys. Rev. D 52, 6178 (1995).

[21] S.H. Hendi, J. High Energy Phys. 03 (2012) 065; S.H.
Hendi, Adv. High Energy Phys. 2014, 697863 (2014); S. H.
Hendi, S. Panahiyan, and E. Mahmoudi, Eur. Phys. J. C 74,
3079 (2014).

[22] S.H. Hendi, Ann. Phys. (Amsterdam) 333, 282 (2013).

[23] S.H. Hendi, Ann. Phys. (Amsterdam) 346, 42 (2014).

[24] S.H. Hendi and A. Sheykhi, Phys. Rev. D 88, 044044
(2013).

[25] S.H. Hendi and M. Allahverdizadeh, Adv. High Energy
Phys. 2014, 390101 (2014).

[26] S. Habib Mazharimousavi and M. Halilsoy, Phys. Lett. B
678, 407 (2009); O. Miskovic and R. Olea, Phys. Rev. D 83,
024011 (2011); R. Banerjee and D. Roychowdhury, Phys.
Rev. D 85, 104043 (2012); S. Gunasekaran, R. B. Mann,
and D. Kubiznak, J. High Energy Phys. 11 (2012) 110; Z.
Zhao, Q. Pan, S. Chen, and J. Jing, Nucl. Phys. B871, 98
(2013); S. H. Hendi, Eur. Phys. J. C 73, 2634 (2013).

[27] Y. Kats, L. Motl, and M. Padi, J. High Energy Phys. 12
(2007) 068; R. G. Cai, Z. Y. Nie, and Y. W. Sun, Phys. Rev.
D 78, 126007 (2008); D. Anninos and G. Pastras, J. High
Energy Phys. 07 (2009) 030.

[28] N. Seiberg and E. Witten, J. High Energy Phys. 09 (1999)
032.

084031-14


http://dx.doi.org/10.1103/PhysRevD.54.7252
http://dx.doi.org/10.1103/PhysRevD.59.063506
http://dx.doi.org/10.1103/PhysRevD.66.083513
http://dx.doi.org/10.1103/PhysRevD.66.083513
http://dx.doi.org/10.1007/BF01197188
http://dx.doi.org/10.1007/BF01197188
http://dx.doi.org/10.1016/0370-1573(80)90130-1
http://dx.doi.org/10.1016/0370-1573(80)90130-1
http://dx.doi.org/10.1103/PhysRevD.86.104034
http://dx.doi.org/10.1103/PhysRevD.53.5579
http://dx.doi.org/10.1103/PhysRevD.53.5579
http://dx.doi.org/10.1016/S0370-2693(97)01171-4
http://dx.doi.org/10.1016/S0370-2693(97)01171-4
http://dx.doi.org/10.1088/1126-6708/2002/01/006
http://dx.doi.org/10.1088/1126-6708/2002/01/006
http://dx.doi.org/10.1103/PhysRevD.66.024034
http://dx.doi.org/10.1103/PhysRevD.66.024034
http://dx.doi.org/10.1103/PhysRevD.71.064010
http://dx.doi.org/10.1088/0264-9381/19/8/314
http://dx.doi.org/10.1088/0264-9381/19/8/314
http://dx.doi.org/10.1103/PhysRevD.71.064010
http://dx.doi.org/10.1016/S0370-2693(02)02581-9
http://dx.doi.org/10.1103/PhysRevD.69.064024
http://dx.doi.org/10.1088/1126-6708/2009/10/088
http://dx.doi.org/10.1139/p11-114
http://dx.doi.org/10.1016/j.physletb.2007.11.015
http://dx.doi.org/10.1016/j.physletb.2007.11.015
http://dx.doi.org/10.1103/PhysRevD.78.064031
http://dx.doi.org/10.1103/PhysRevD.78.064031
http://dx.doi.org/10.1016/j.physletb.2009.06.074
http://dx.doi.org/10.1088/0264-9381/26/22/225014
http://dx.doi.org/10.1143/PTP.124.1067
http://dx.doi.org/10.1143/PTP.124.1067
http://dx.doi.org/10.1016/0550-3213(73)90350-7
http://dx.doi.org/10.1103/PhysRevD.23.852
http://dx.doi.org/10.1103/PhysRevD.31.3288
http://dx.doi.org/10.1103/PhysRevD.37.3438
http://dx.doi.org/10.1016/0370-2693(88)91072-6
http://dx.doi.org/10.1103/PhysRevD.54.4955
http://dx.doi.org/10.1103/PhysRevD.54.4955
http://dx.doi.org/10.1103/PhysRevLett.67.1057
http://dx.doi.org/10.1103/PhysRevD.53.5508
http://dx.doi.org/10.1103/PhysRevD.53.5508
http://dx.doi.org/10.1103/PhysRevD.66.124014
http://dx.doi.org/10.1103/PhysRevD.66.124014
http://dx.doi.org/10.1139/p04-083
http://dx.doi.org/10.1103/PhysRevD.88.066003
http://dx.doi.org/10.1143/PTP.105.1017
http://dx.doi.org/10.1143/PTP.105.1017
http://dx.doi.org/10.1103/PhysRevD.75.067501
http://dx.doi.org/10.1103/PhysRevD.75.067501
http://dx.doi.org/10.1098/rspa.1934.0059
http://dx.doi.org/10.1103/PhysRev.47.877
http://dx.doi.org/10.1088/0264-9381/11/6/012
http://dx.doi.org/10.1103/PhysRevD.77.104025
http://dx.doi.org/10.1103/PhysRevD.77.104025
http://dx.doi.org/10.1103/PhysRevD.75.027502
http://dx.doi.org/10.1103/PhysRevD.75.027502
http://dx.doi.org/10.1088/0264-9381/25/19/195023
http://dx.doi.org/10.1088/0264-9381/25/19/195023
http://dx.doi.org/10.1103/PhysRevD.79.044012
http://dx.doi.org/10.1007/s10714-008-0711-8
http://dx.doi.org/10.1007/s10714-008-0711-8
http://dx.doi.org/10.1016/j.physletb.2010.01.026
http://dx.doi.org/10.1016/j.physletb.2010.01.026
http://dx.doi.org/10.1103/PhysRevD.52.6178
http://dx.doi.org/10.1007/JHEP03(2012)065
http://dx.doi.org/10.1140/epjc/s10052-014-3079-9
http://dx.doi.org/10.1140/epjc/s10052-014-3079-9
http://dx.doi.org/10.1016/j.aop.2013.03.008
http://dx.doi.org/10.1016/j.aop.2014.04.006
http://dx.doi.org/10.1103/PhysRevD.88.044044
http://dx.doi.org/10.1103/PhysRevD.88.044044
http://dx.doi.org/10.1016/j.physletb.2009.06.049
http://dx.doi.org/10.1016/j.physletb.2009.06.049
http://dx.doi.org/10.1103/PhysRevD.83.024011
http://dx.doi.org/10.1103/PhysRevD.83.024011
http://dx.doi.org/10.1103/PhysRevD.85.104043
http://dx.doi.org/10.1103/PhysRevD.85.104043
http://dx.doi.org/10.1007/JHEP11(2012)110
http://dx.doi.org/10.1016/j.nuclphysb.2013.02.006
http://dx.doi.org/10.1016/j.nuclphysb.2013.02.006
http://dx.doi.org/10.1140/epjc/s10052-013-2634-0
http://dx.doi.org/10.1088/1126-6708/2007/12/068
http://dx.doi.org/10.1088/1126-6708/2007/12/068
http://dx.doi.org/10.1103/PhysRevD.78.126007
http://dx.doi.org/10.1103/PhysRevD.78.126007
http://dx.doi.org/10.1088/1126-6708/2009/07/030
http://dx.doi.org/10.1088/1126-6708/2009/07/030
http://dx.doi.org/10.1088/1126-6708/1999/09/032
http://dx.doi.org/10.1088/1126-6708/1999/09/032

MAGNETIC BRANE SOLUTIONS OF LOVELOCK GRAVITY ...

[29] E. Fradkin and A. Tseytlin, Phys. Lett. B 163, 123 (1985);
R.R. Matsaev, M. A. Rahmanov, and A. A. Tseytlin, Phys.
Lett. B 193, 207 (1987); E. Bergshoeff, E. Sezgin, C. Pope,
and P. Townsend, Phys. Lett. B 188, 70 (1987).

[30] A.A. Tseytlin, Nucl. Phys. B276, 391 (1985); D.J. Gross
and J. H. Sloan, Nucl. Phys. B291, 41 (1987).

[31] P. Horava and E. Witten, Nucl. Phys. B475, 94 (1996); A.
Lukas, B. A. Ovrut, and D. Waldram, Phys. Rev. D 60,
086001 (1999); L. Randall and R. Sundrum, Phys. Rev.
Lett. 83, 3370 (1999).

[32] N. Kan, K. Kobayashi, and K. Shiraishi, Phys. Rev. D 88,
044035 (2013).

[33] C. Callan, I. Klebanov, and M. Perry, Nucl. Phys. B278, 78
(1986).

[34] P. Candelas, G. Horowitz, A. Strominger, and E. Witten,
Nucl. Phys. B258, 46 (1985).

[35] D. Gross and J. Sloan, Nucl. Phys. B291, 41 (1987).

[36] D. Lovelock, J. Math. Phys. (N.Y.) 12, 498 (1971); D.
Lovelock, J. Math. Phys. (N.Y.) 13, 874 (1972).

[37] C. Callan, R. Myers, and M. Perry, Nucl. Phys. B311, 673
(1989).

[38] R. Myers, Nucl. Phys. B289, 701 (1987).

[39] K. S. Stelle, Gen. Relativ. Gravit. 9, 353 (1978); W. Maluf,
Gen. Relativ. Gravit. 19, 57 (1987).

[40] M. Farhoudi, Gen. Relativ. Gravit. 38, 1261 (2000).

PHYSICAL REVIEW D 91, 084031 (2015)

[41] R. Utiyama and B. S. De Witt, J. Math. Phys. (N.Y.) 3, 608
(1962).

[42] A. Vilenkin, Phys. Rep. 121, 263 (1985).

[43] J. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998); E.
Witten, Adv. Theor. Math. Phys. 2, 253 (1998); P. Kraus, F.
Larsen, and R. Siebelink, Nucl. Phys. B563, 259 (1999); O.
Aharony, S. S. Gubser, J. Maldacena, H. Ooguri, and Y. Oz,
Phys. Rep. 323, 183 (2000).

[44] J.D. Brown and J.W. York, Phys. Rev. D 47, 1407
(1993).

[45] C. de Rham, Living Rev. Relativity 17, 7 (2014).

[46] V.M. Gorkavenko and A.V. Viznyuk, Phys. Lett. B 604,
103 (2004); A. Collinucci, P. Smyth, and A. Van Proeyen, J.
High Energy Phys. 02 (2007) 060; G. Dvali, G. Gabadadze,
O. Pujolas, and R. Rahman, Phys. Rev. D 75, 124013
(2007); G. de Berredo-Peixoto and M. O. Katanaev, J. Math.
Phys. (N.Y.) 50, 042501 (2009); A. Ozakin and A. Yavari, J.
Math. Phys. (N.Y.) 51, 032902 (2010).

[47] M. S. Morris and K. S. Thorne, Am. J. Phys. 56, 395 (1988);
M. S. Morris, K. S. Thorne, and U. Yurtsever, Phys. Rev.
Lett. 61, 1446 (1988); M. H. Dehghani and S.H. Hendi,
Gen. Relativ. Gravit. 41, 1853 (2009); S. H. Hendi, Can. J.
Phys. 89, 281 (2011); S. H. Hendi, J. Math. Phys. (N.Y.) 52,
042502 (2011); S. H. Hendi, Prog. Theor. Phys. 127, 907
(2012).

084031-15


http://dx.doi.org/10.1016/0370-2693(85)90205-9
http://dx.doi.org/10.1016/0370-2693(87)91223-8
http://dx.doi.org/10.1016/0370-2693(87)91223-8
http://dx.doi.org/10.1016/0370-2693(87)90707-6
http://dx.doi.org/10.1016/0550-3213(87)90465-2
http://dx.doi.org/10.1016/0550-3213(96)00308-2
http://dx.doi.org/10.1103/PhysRevD.60.086001
http://dx.doi.org/10.1103/PhysRevD.60.086001
http://dx.doi.org/10.1103/PhysRevLett.83.3370
http://dx.doi.org/10.1103/PhysRevLett.83.3370
http://dx.doi.org/10.1103/PhysRevD.88.044035
http://dx.doi.org/10.1103/PhysRevD.88.044035
http://dx.doi.org/10.1016/0550-3213(86)90107-0
http://dx.doi.org/10.1016/0550-3213(86)90107-0
http://dx.doi.org/10.1016/0550-3213(85)90602-9
http://dx.doi.org/10.1016/0550-3213(87)90465-2
http://dx.doi.org/10.1063/1.1665613
http://dx.doi.org/10.1063/1.1666069
http://dx.doi.org/10.1016/0550-3213(89)90172-7
http://dx.doi.org/10.1016/0550-3213(89)90172-7
http://dx.doi.org/10.1016/0550-3213(87)90402-0
http://dx.doi.org/10.1007/BF00760427
http://dx.doi.org/10.1007/BF01119811
http://dx.doi.org/10.1007/s10714-006-0304-3
http://dx.doi.org/10.1063/1.1724264
http://dx.doi.org/10.1063/1.1724264
http://dx.doi.org/10.1016/0370-1573(85)90033-X
http://dx.doi.org/10.1016/S0550-3213(99)00549-0
http://dx.doi.org/10.1016/S0370-1573(99)00083-6
http://dx.doi.org/10.1103/PhysRevD.47.1407
http://dx.doi.org/10.1103/PhysRevD.47.1407
http://dx.doi.org/10.12942/lrr-2014-7
http://dx.doi.org/10.1016/j.physletb.2004.10.043
http://dx.doi.org/10.1016/j.physletb.2004.10.043
http://dx.doi.org/10.1088/1126-6708/2007/02/060
http://dx.doi.org/10.1088/1126-6708/2007/02/060
http://dx.doi.org/10.1103/PhysRevD.75.124013
http://dx.doi.org/10.1103/PhysRevD.75.124013
http://dx.doi.org/10.1063/1.3089813
http://dx.doi.org/10.1063/1.3089813
http://dx.doi.org/10.1063/1.3313537
http://dx.doi.org/10.1063/1.3313537
http://dx.doi.org/10.1119/1.15620
http://dx.doi.org/10.1103/PhysRevLett.61.1446
http://dx.doi.org/10.1103/PhysRevLett.61.1446
http://dx.doi.org/10.1007/s10714-009-0756-3
http://dx.doi.org/10.1139/P11-009
http://dx.doi.org/10.1139/P11-009
http://dx.doi.org/10.1063/1.3567409
http://dx.doi.org/10.1063/1.3567409
http://dx.doi.org/10.1143/PTP.127.907
http://dx.doi.org/10.1143/PTP.127.907

