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Abstract In this paper, we study slowly rotating black hole solutions in Lovelock
gravity (n = 3). These solutions are obtained in uncharged and charged cases, re-
spectively. Up to the linear order of the rotating parameter a, the entropy and gy-
romagnetic ratio of black holes keep invariant after introducing the Gauss-Bonnet
and third order Lovelock interactions.
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1 Introduction

It is believed that Einstein’s gravity is a low-energy limit of a quantum theory
of gravity. Considering the fundamental nature of quantum gravity, there should
be a low-energy effective action which describes gravity at the classical level [1]].
In addition to Einstein-Hilbert action, this effective action also involves higher
derivative terms, and these higher derivative terms can be seen in the renormal-
ization of quantum field theory in curved spacetimes [2; [3; 14 |5; 6], or in the
construction of the low-energy effective action of string [[7; 18} 9]. In AdS/CFT
correspondence, the higher derivative terms can be regarded as the corrections of
large N expansion in the dual conformal field theory. In general, the higher powers
of curvature can give rise to a fourth or even higher order differential equation for
the metric, which will introduce ghosts and violate unitarity. However, Zwiebach
and Zumino [[10; [11] found that the ghosts can be avoided if the higher derivative
terms only consist of the dimensional continuations of the Euler densities, leading
to second order field equations for the metric [12]. This higher derivative theory
is the so-called Lovelock gravity [13], and the equations of motion contain the
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most symmetric conserved tensor with no more than second derivative of the met-
ric. In this paper, we indulge ourselves with the first four terms of the Lovelock
gravity, corresponding to the cosmological constant, Einstein term, Gauss-Bonnet
and third order Lovelock terms respectively. So far, the exact static and spherically
symmetric black hole solutions in third order Lovelock gravity were first found in
(L4 (155 (165 175 (185 [19; 20], and the thermodynamics have been investigated in
[12; 175 185 195 1205 1215 225 235 1245 125]].

On the other hand, a great many attentions have been focused on the rotation
effect of static and spherically symmetric black hole solutions. In the AdS/CFT
correspondence, the rotating black holes in AdS space are dual to certain CFTs in
arotating space [26]], while charged ones are dual to CFTs with chemical potential
[275128;129]. In general relativity, the higher dimensional rotating black holes have
been recently studied and some exact analytical solutions of Einstein’s equation
are found in [30; 315 3253351345 [35]].

Since the equations of motion of Lovelock gravity are highly nonlinear, it
is rather difficult to obtain the explicit rotating black hole solutions. In order
to find rotating black hole solutions in the presence of dilaton coupling electro-
magnetic field in Einstein-Maxwell theory, Horne and Horowitz [36] first devel-
oped a simple perturbative method by introducing a small angular momentum
into a non-rotating system, and obtained slowly rotating dilaton black hole solu-
tions. Until now, this approach has been extensively discussed in general relativity
[37; 1385 139; 140; 1415 1425 143]]. Taking advantage of this crucial tool, Kim and Cai
[44] studied slowly rotating black hole solutions with one nonvanishing angular
momentum in the Gauss-Bonnet gravity. Recently, some numerical results about
the existence of five-dimensional rotating Gauss-Bonnet black holes with angu-
lar momenta of the same magnitude have been presented in [45]. In addition, it
is worth to mention that some rotating black brane solutions have been investi-
gated in the second (Gauss-Bonnet) and third order Lovelock gravity [46; 47 48]
Nevertheless, these solutions are essentially obtained by a Lorentz boost from
corresponding static ones. They are equivalent to static ones locally, although not
equivalent globally. In this paper, we will analyze slowly rotating black hole solu-
tions in third order Lovelock gravity. Generally, the rotating parameters could be
more than one in high dimensional Einstein-Maxwell theory [33]. Following the
Horne and Horowitz’s perturbative method, we limit on one small rotating param-
eter a case here. The slowly rotating black hole solutions will be studied in both
uncharged and charged cases, and then we analyze some physical properties of
these black holes.

The outline of this paper is as follows. In Sect. 2| we review the (n = 3) Love-
lock gravity, and derive the equations of gravitation and electromagnetic fields.
Then, we explore slowly rotating uncharged black holes and obtain the slowly
rotating black hole solution f(r) and expression for function p(r) by putting a
new form metric into these equations. Moveover, we discuss some related physi-
cal properties of the black holes. In Sect. [3| we set about learning slowly rotating
black holes in charged case. Sectiond]is devoted to conclusions and discussions.
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2 Slowly rotating black holes in uncharged case
2.1 Action and black hole solutions

The third order Lovelock gravity coupled to an electromagnetic field is given by
1
I = %/de\/—g(—ZA + 014 + 0D+ 03 —47'L'GF,_WFHV), (1)

where @; is the i-th order Lovelock coefficients, Fyy = auAv — avA# is electro-
magnetic field tensor with potential A;,. The Einstein term .#] equals to R, and the

second order Lovelock(Gauss-Bonnet) term .2 is RyvocR*YOX — 4R, R*Y + R2.
The third order Lovelock term %% reads

L5 = 2R"V O RoipeR” 1y + 8R! 5 RO RP e + 24R* VO Ry p RY) 2)
+3RR"OXRyy o+ 24R ¥Ry Ry + 16R*Y Ry 6 R, — 12RR*V Ry +R°.

Varying the action with respect to g,y and Fyy, the equations for gravitation
and electromagnetic fields are

1 2 3
Aguy + Gy + oGy + a3Glay = 871G Ty, 3)
du(v/~gF*") = 0, “
where Ty = FuoF\,* — % SuvFapF B s the energy-momentum tensor of electromagnetic
field. The Gl(ll‘z = Ryy — %Rguv, Gl(lz‘z and Gﬁ\z are the Einstein tensor, second order

Lovelock(Gauss-Bonnet) and third order Lovelock tensors respectively:

) 1
GL\E = 2(RuokeRy™" = 2RupvoRP — 2Ru6RS, + RRyuy) — 5-%28uv,

Gy = 3RuyR® — 12RR ZRoy — 12RuyRapRYP +24R IRE Ry,
—24R,“RPOR 55y + 3RuvRapoxR* PO — 12Rua Ry g RP X — 12RRy v RO

+ORR g o RYPT + 24R 0y pREROP + 24R 0o R R + 24R,, 51y s RocR2OPX

nopo

“12R, 5o RX*PO Ry — 12R 3 R* R, + 24R”""“’Rﬁ’<1ec,,<va

uapo nopo

A 1
—12R 10 pR% g RPOXP — 6R,POR P Rycpary — 24R, 5 Ry i Re s — 5L3suv.

B

Usually, the action Eq. (I)) is supplemented with surface terms (a Gibbons-
Hawking surface term) whose variation will cancel the extra normal derivative
term in deriving the equation of motion Eq. (3). However, these surface terms
is not necessary in our discussion and will be neglected. Note that for third order
Lovelock gravity, the nontrivial third term requires the dimension(D) of spacetime
satisfying D > 7.

Assume the metric of slowly rotating spacetime to be [44]

1 & ™,
—rdr? ) Phidxdx —2arp(r)hadidg,  (5)

d 2 I d 2
s f(r)de +f(r) R
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where h; jdxidxj represents the metric of a (D — 2)-dimensional hyper-surface
with constant curvature scalar (D — 2)(D — 3)k and volume X, here k is a con-
stant. Without loss of generality, one can take k = 0 or 1. When k = 1, one
has h;jdx'dx/ = d8?* + sin”> 0d¢> + cos> 0dQ3_, and has = sin® 8; when k = 0,
hijdx'dx) = d6? +d¢* +dx3,_, and hag = 1; when k = —1,h;;dx'dx’ = d6? +
sinh” 0d¢? + cosh’> 0d Q2 , and hay = sinh? 6, where dx?, , is the line element
of a (D — 4)-dimensional Ricci flat Euclidian surface. While dQ3 _, denotes the
line element of a (D —4)-dimensional unit sphere. For the convenience future, we
introduce new parameters &

2A 2i—2
Ol = ————— o =o D—-2-1 i =1,2,3). 6
aO (D*l)(D*2)’ 1 llI:—[l( )a (l 1< ) ( )
Firstly, we consider pure gravity case; namely 7, = 0. substituting Eq. @)

into Eq. and discarding any terms involving a” or higher powers, we find that
the rr-component of the equations of motion

0= (D—7)03(f(r) —k)* = (D—5)0a(f(r) —k)*r*+ (D —3)au(f(r) —k)r*
+B3asr(f(r) —k)* +20(f(r) k) +ar ) f () +(D—Dar®, ()

where a prime denotes the derivative with respect to r. Note that the angular mo-
mentum parameter a does not appear in the rr-component. Thus, the slowly rotat-
ing black hole solutions f(r) is identical to the static one in form. Generally, the
Eq. has one real and two complex solutions. (It may has three real solutions
under some conditions.) Here, we only take the real one. This general solution
f(r) for D-dimensional slowly rotating black hole is

d2+\3/\/7+ K2(r)+ k(r) — \S/\/YJr KZ(F)K(F)] , (8

Fr) =k+ -

2
303

where

- . Y amas 2742 167GM
= (3 _ A&2\3 — 3 o 3
y=Q0@Ba0s—0a)°, x(r)=0a > > %+—(D—2)ZkrD*‘

The integral constant M is the gravitational mass. Hereafter, for simplicity, we
take notation m = %. It is easy to find that the solution is asymptotically flat
for A =0, AdS for negative value of A and dS for positive value of A. For the
asymptotically AdS solution, putting & = —1/I? in Eq. @), we obtain

o+ {/\/ Y+ (r) +K(r) - {/\/ Y+ (r) = K(r) } ;

5 90y G 275532{ 1 m}

]- )

o= (k—f(r)/r* =~

1
38

12 D1 (10)

Meanwhile, there exists off-diagonal r@-component of equations of motion,
which is concerned with function p(r). A tedious computation leads to a following
equation

A ) 4 BACEDZIBON 1y o, an
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where

A(r) = 8y +2000 + 30397,

N . _ 2rone’  6rozee’

B(r) = 2 3a3¢° . 12

(r) = 01 +200 +38¢" + ==+ ——— (12)
It can be changed into a closed form

D (561 +25£2(P+3563(p2)/
l / !/ — _ | =
[log p(r)] [r b 12000+ 30507
= —[log(rP (& + 28,9 +3039°))] . (13)

Therefore, the formal expression for function p(r) in third order Lovelock gravity
is given by

Codr
r)= ~ .~ — +
P / rP (0 + 200 + 30;3032)

Ci, (14)

where the C; and C, are two integration constants.
In fact, the Eq. is same as one in the static black hole solution [17;[18;[19;
201

Pl o 3 '
{lz+rD‘<p(a1+az<p+a3<p2) =0, (15)
and ¢ is a real root of the following 3th-order polynomial equation
1
ﬁ.
With the help of Eq. and taking C, = m(D — 1), C; = 0, one can find the

function p(r)
-+ \3/\/}/4- K2(r)+ k(r) — i/\/w- k2(r) — k(r) ] V)

~ ~ - m
R A (16)

plr)=—¢=

1
36,

2.2 Physical properties

As shown in Eq. , the slowly rotating black hole solution f(r) is independent
of a. Though most interesting physical properties also depend only on a?, one
can still extract some useful information from it. Based on discussions in the last
subsection, we will investigate physical properties of slowly rotating black holes
in this subsection.

According to the solution f(r), the gravitational mass of the solution can be
expressed as

D—-2)5277
M= %(;ﬁ/lz—l-kdlri+k2&2ri+k3&3) (18)
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and the Hawking temperature of the black hole is
_ f(ry)
4z
(D—1)r8 /1> + (D —3)kayrt + (D —5)k*drt + (D - 1)k

- . (19
amr (6ur 4 2kEr 1 3K20) (19)
Thus, the angular momentum of the black hole
2aM aX P’ . _ ~
= = (S0 kot + KR + K@) (20)

 D-2 81G

Another important thermodynamic quantity is black hole entropy. Usually, the
entropy of black hole satisfies the so-called area law of entropy that the black hole
entropy equals to one-quarter of the horizon area [49;150;51]. It applies to all kinds
of black holes and black strings of Einstein gravity [5253]]. However, in higher
derivative gravity, the area law of the entropy is not satisfied in general [54]]. Since
black hole can be regarded as a thermodynamic system, it obeys the first law of
thermodynamics dM = TdS + wydJ. Through the angular velocity wy, one can
get the entropy of black hole.

For the slowly rotating solution, the stationarity and rotational symmetry met-
ric Eq. (5) admits two commuting Killing vector fields

J 0
Sn=3; o= Ers 1)

The various scalar products of these Killing vectors can be expressed through the
metric components as follows

&) &y = gu=—f(r),
&) Eo) = 819 = —ar®p(r)has,
E0)-&9) = 899 = "has.

To examine further properties of the slowly rotating black holes, as well as
physical processes near such a black hole, we introduce a family of locally non-
rotating observers. The coordinate angular velocity for these observers that move
on orbits with constant r and 6 and with a four-velocity #* such that u - 5(4,) =0
is given by [34} 135} 44])

Q=5 —ap(r)

8¢9
- 323 dz*f/\/mﬂ(r)—i/\/ﬁ?(r)—x(r)] )

In contrast to the case of an ordinary kerr black hole in asymptotically flat space-
time, the angular velocity does not vanish at spatial infinity

[aﬁf/ y+fc2+f<—\3/\/y+f<2—f<]=aA. (23)

0o —

a
303
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U 2
where K = 5623 — 200000 27% and A a constant.
When approaching the ltz)lack hole horizon, the angular velocity turns to be
Qp=ap(ry)=—a@(ry) = —;%k. This Q4 can be thought as the angular velocity
+
of the black hole. The relative angular velocity with respect to a frame static at
infinity is defined by

COH:.QH—.QOOZ—@<];+A>. 24)
"+

Therefore, we get the entropy of slowly rotating black hole up to the linear order
of the rotating parameter a

(25)

g Tk palg 2(D—2)kéy 3(D—2)k*@s
G 7T p—ar T -6yt |

which recovers the results in [[17; |18} 195 [20].

3 Slowly rotating black holes in charged case

In this section, we consider slowly rotating black hole solution with charge. In
charged case, the situation is dramatically altered. Since the black hole rotates
along the direction ¢, it will generate a magnetic field. Considering this effect, the
gauge potential can be chosen

Apdi* = Agdt +Aypd9. (26)

Here we assume Ay = —aQc(r)has. As aresult, the electro-magnetic field associ-
ated with the solution are

d(has)
do -

where Q, an integration constant, is the electric charge of the black hole and a
prime denotes the derivative with respect to r. From #-component of electromag-
netic field equation d (\/—gF*") = 0, one can find F;, = 47”%, which is the
same as the static form. Unlike the static case, there exist the ¢-component of the
electromagnetic field equation, and then the equation for function ¢(r) reads

Fyr=—Aj, Fy=-aQc (r)hu, Fop=—aQc(r)

27)

/
(P4 £(r) (1)) — 2k(D — 3)rP~Sc(r) = ’%’). (28)
To find the black hole solution, one may use any components of the equations
of motion Eq. (3). While, these equations are influenced by charge and the rr-
component reads

&}JO—ZD = [Bar(f(r) —k)> =28 (f(r) —k)r* + o] f (r)
2(D-2)m ’ ’ l
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Setting @ = —1/1%, we take the general charged solution f(r) of D-dimensional
slowly rotating black hole in third order Lovelock gravity

Oéz—i-\/\/)/*—klc )+ K (r \/\/yﬁr@ — K (r ] (30)

fr)=

where

o 2 9@ 0 2762 m q*
}’*=(3(X1063—0@2)3, K*(’):a§—7—73 _1/12 D—1" ,2D-4

We also introduce f(r) = k — r?¢, with

0 + \/\/V*+K2 r)+ K (r \/\/}’*+K2 r)— K (r ] 31)

The integration constant M = (Dlg;)GEk m is also gravitational mass and the charge

2n(D 2)(D 7>)C[2

¢ =

02 is expressed as 0% =
It is worthy to point out that ¢, satisfies the following equation
1 m 2
3+ 00+ Bl + ] = 5 — L (32)
which is exact form for charged static black hole in Lovelock gravity [555 56557
5851595 160]. It is not strange. In Einstein equation, the rotating effect is from the
energy-momentum tensor. As shown in Eq. (27)), there exist two non- Vanishing Fy
and Fyy which are proportional to parameter a. Dlscardmg all terms involve a® and
higher power, FuyF*Y in action Eq. (1)) reduces to F;.F'" which is the same as the
counterpart in static case. Hence, the diagonal components of Einstein equation
keeps invariant.
In addition, the off-diagonal ¢¢-component of the equation of motion is con-
cerned with functions p(r) and c(r)

P (0 42000, + 38902 p(r) =4GQ%c(r) +Cs, (33)

where Cj is a constant.
Thanks to the Egs. (28), (32) and (33), we eventually find these explicit solu-
tions for functions p(r) and c(r)

1
4n(D—3)rD-3

p(r) = —o.
oc2+\/\/y*+1c2 r) + K. (r \/\/}/*—I—K‘z r) — K. (r ].(34)

In the rest of this section, let us explore some physical properties of charged
black holes. From Eq. (30), the charged solutions get no corrections from the ro-
tation up to linear order of g, and the introduction of charged O does not alter
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asymptotic behavior of the metric. Therefore, the expressions for the mass and
angular momentum for two cases do not change. Another particular characteristic
of charged black hole is its gyromagnetic ratio. In general relativity, one of the
remarkable facts about a Kerr-Newman black hole in asymptotically flat space-
time is that it can be assigned a gyromagnetic ratio g, just as an electron in the
Dirac theory [34; 135; [61]]. For example, the gyromagnetic ratio g of a charged
rotating black hole is g = 2 in four-dimensional spacetime [62; |63]]. For slowly
rotating third order Lovelock black holes, the magnetic dipole moment is i = Qa.
According to J = 12)‘%, the gyromagnetic ratios is obtained

2uM
g:'u—:DfZ.
oJ

It is clear that the value of g is the same as the case in general relativity [34;35]]
and in Gauss-Bonnet gravity [44], and it only depends on the number of spacetime
dimensions.

4 Conclusion and discussion

Based on the non-rotating charged black hole solutions, we have successfully de-
rived the slowly rotating (charged) black hole solutions by introducing a small
rotating parameter a in third order Lovelock gravity. In the new metric, we choose
8p = —ar?p(r)has and discard any terms involving a” and higher powers, and
then get the expression for function p(r), while the function f(r) still keeps the
static form. In charged case, the vector potential has an extra non-radial compo-
nent Ay = —aQc(r)hss due to black hole rotation. Since the off-diagonal compo-
nent of the stress-tensor of electro-magnetic field was related to ¢(r), the equa-
tions for p(r) and ¢(r) become two coupled differential equations. However, the

exact solution for ¢(r) and p(r) can be expressed as c(r) = —W and

p(r) = —@,. Up to the linear order of the rotating parameter a, the expressions
of the mass, temperature, and entropy for the black holes got no correction from
rotation in both uncharged and charged cases. The above discussion is based one
rotating parameter. In general, there exist some black hole solutions with more
than one rotating parameters in higher dimensional gravity [33 34;[35]]. We hope
such kind of solution could be studied in a same procedure.

In third order Lovelock gravity, the Lagrangian .#% involves eight terms consti-
tuted by the Ricci and the Riemann curvature tensors. Moreover, the resulting field
equations, obtained after variation with respect to the metric tensor, have thirty-
four terms. Considering a higher order Lovelock term, for instance the quartic
Lovelock tensor, it involves twenty-five terms and each contains the product of
four curvature terms. A general expression of the corresponding field equations
was obtained in [64], while this work is very complicated. Therefore, taking into
account all the relevant terms of the Lovelock action, then obtaining slowly rotat-
ing black hole solutions by solving the field equations for general space-times in
high dimensions, is a formidable task. Note that the exact static and spherically
symmetric black hole solutions of the Gauss-Bonnet gravity have been found by
working directly in the action [14} [155 [16; [65} 1665 167; 168}, 169], even higher order
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Lovelock gravity [5551565157; 15851595 160]. Then, this simple method has been pop-
ularized in studying slowly rotating black holes in third order Lovelock gravity
[17; (185195 [20]. However, the metric should be taken a proper form. By using the
same approach, the generalization of the present work may be further simplified
and is now under investigation.
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