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This paper presents a new metric and studies slowly rotating Gauss—Bonnet black holes with a nonvanishing

angular momentum in five dimensional anti-de Sitter spaces. Taking the angular momentum parameter a up to second
order, the slowly rotating black hole solutions are obtained by working directly in the action. In addition, it also finds
that this method is applicable in higher order Lovelock gravity.
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1. Introduction

It is a general belief that Einstein’s gravity is
the low-energy limit of a quantum theory of gravity.
Lovelock" extended the Einstein tensor, which is only
a symmetric and conserved tensor depending on the
metric, to the most general tensor. In higher dimen-
sional spacetimes, the Lovelock theory is the most nat-
ural extension of general relativity and its field equa-
tions of motion contain the most symmetric conserved
tensor with no more than a second derivative of the
metric. It has been argued that the Gauss—Bonnet
term appears as the leading correction to the effective
low energy action of the string theory. Until now, the
analytic expressions of static and spherically symmet-
ric Gauss—Bonnet black hole solutions have been in-
vestigated in Refs. [2]-[4] and of Born-Infeld-Gauss—
Bonnet models in Refs. [5]-[7].
ics of the uncharged static spherically Gauss—Bonnet

The thermodynam-

black hole solutions have been considered in Refs. [8]-
[10] and of charged solutions in Ref. [11]. Konoplya et
al.'213] presented an analysis of the scalar perturba-
tions in the background of Gauss-Bonnet black hole
spacetimes and the (in)stability in high dimensions.
Very recently the quasinormal mode of a scalar field in
five-dimensional Lovelock black hole spacetime for dif-
ferent angular quantum numbers [ has been obtained

in Ref. [14]. Liul®! studied the electromagnetic per-
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turbations of black holes in Gauss—Bonnet gravity.
For Gauss—Bonnet gravity, it is interesting to ex-
plore some rotating black holes. However, since the
equations of motion are highly nonlinear, it is rather
hard to obtain the exact analytic rotating black hole
solutions. By introducing a small angular momentum
as a perturbation into a non-rotating system, Kim and
Cail'® studied slowly Gauss-Bonnet rotating black
hole solutions with a nonvanishing angular momen-
tum. It is worth mentioning that the Lagrangian of
Gauss—Bonnet action only involves three terms con-
stituted by the contracted product of Ricci curvature
and the Riemann curvature tensors. Meanwhile, the
resulting field equations, obtained after variation with
respect to the metric tensor, have seven terms. If con-
sidering a higher order Lovelock gravity, the resulting
field equation for third order Lovelock gravity contains
thirty-four terms.l'718] Therefore, taking into account
all the relevant terms of the Lovelock action, we find
that obtaining slowly rotating black hole solutions by
solving the field equations in high dimensions is a very
complicated task. Note that the exact static Gauss—
Bonnet black hole solutions were obtained by working
directly in the action in Refs. [2], [8] and [9]. In this
paper, we dedicate to investigate the slowly rotating
black hole solutions in Gauss—Bonnet gravity following
the same method. Apparently the lowest level contri-
bution of rotation should be proportional to a2, where
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a is the parameter in Gauss—Bonnet gravity. The met-
ric demonstrated in Ref. [16] is linearly dependent on
a, hence it is not applicable in this case. So, we need
to find a proper metric ansatz up to a?.

This paper is organized as follows. In Section 2,
we present a new form metric and obtain slowly ro-
tating black hole solutions by working directly in the
action. Section 3 is devoted to a summary of the re-
sults.

2. Slowly rotating Gauss—Bonnet

black holes in five dimensions

In this section, we analyse the slowly rotating
Gauss—Bonnet black holes in five dimensional space-
times. In order to explore slowly rotating black holes
by working directly in the action, the new metric de-
scribing rotating black holes is expressed as

ds? :_[f(r)+lll2+a (lff:;"))cos 0} 4
1 a®(cos? 0f(r) —1) B a2 -
g e ) ¢

2,.2
+ (7‘2 +a%cos? 0+ al;" cos? 9) d6?

+ {72 +a®+a*(1— f(r))sin® g

2a°r?sin? 0
2
+ 2ar?p(r) sin® fdtd ¢ + 2 cos? dp?, (1)

] sin? 0d ¢?

where the parameter a is a small quantity and the
functions f(r) and p(r) are independent.

The action for Gauss-Bonnet theory with nega-
tive cosmological constant A = —6/1% in five dimen-

sions is given byl?!

_ 1 5
I = m/d /—g(—24+ R+ a%), (2)

where « is the Gauss—Bonnet coefficient with dimen-
sion (length)? and is positive in the heterotic string
theory. The second term R is the Einstein—Hilbert
term and the third order term is the Gauss—Bonnet
term

Py = Rysao RN — 4R ;R + R2. (3)

We also notice that the Lagrangian of Lovelock
gravity is the sum of dimensionally extended Euler

densities!!?]

Z = i an%, (4)
n=0

where o, is an arbitrary constant and %, is the Euler
density of a 2n-dimensional manifold:

1
& saiby...anby peidy Crdn
on 6c1b1 ..Cpdnp R aiby -+ .- R anbp+ (5)

&, =

Here the generalized delta function is totally antisym-
metric in both sets of indices. Usually, we set %) =1
and hence «g is just the cosmological constant. The
& gives us the usual Einstein—Hilbert term and %
is the Gauss—Bonnet term and then it reads

1

_ a1brazbz peidy cada
£ = 156117102(12 R alblR azbz - (6)

In this paper, we focus on the Lagrangian of Gauss—
Bonnet term with Eq. (6), instead of the correspond-
ing one in Eq. (3).

In principle, one can directly put the metric
Eq. (1) into the action Eq. (2) and derives out the
equation of motion for functions f(r) and p(r). How-
ever, this will become complicated, especially in higher
order Lovelock gravity. Fortunately, what we need is
the term proportional to a2, including the lower terms
in action. According to the ansatz of metric, all non-
vanishing components of Riemann tensors (up to a?)
can be classified into three groups: (I) diagonal form
R ;77 (II) off-diagonal form proportional to a; (III)
off-diagonal form proportional to a?. Some key steps
are given in Appendix. For group (I), the elements
read

12 512 512
R = R%12+ R %19,
2 52i 52
R¥9; = R™9; + R,

RY; = RY,; + RYy,,
Rijij = Rijij + Rijij. (7)

where 3 < i < j <5 and the Riemann tensors 1?12127
R%*,, and RY i; represent the components which are
independent of parameter a, while the tensors R2;,,
R2i2i and R ij are proportional to a?. Denote the La-
grangian of Gauss—-Bonnet term from the contribution
of the case (I) by %, we can write

where

- 1

_ ai1biazbs peid; pc2da
Dg/pd - zaclblczdzR alblR azbz

= 24R1212R3434 + 48R1313R2424

+ 24R" 3R 45 + 24R% 53 R 45,
- 1 _ -
gd - 56(6111511522;22 RCldl aiby Rc2d2 azbs
~ 5 ~
=24 Ry x B3, +8)  RYy;

Jj=3
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( R24 4+R4545)

+SZR2J

+ 8(33434 + R¥35 + RYy5)
x (R¥15 + R 13 + R%y3). (9)

(2R 14 + R 5)

Unlike the static and spherically symmetric met-
ric, there are some off-diagonal Riemann tensors.
With the help of the properties of Kronecker delta
function, one can find that the contribution of off-
diagonal Riemann tensors in case (III) vanishes. The
parts of Lagrangian from the off-diagonal Riemann
tensors in case (II) are obtained as

jod = godl + $0d2a (10)
where
Lpar = A(R™3,R** 15 + R0 R* 13 + RM93R®y),
Lpaz = 4R34 R** 13 + R** 15 R34 + R4 R 5
+ R2412R1554 4 R1334R5415 4 R3413R1554).
Furthermore, the Ricci scalar R is given by
R=R+R, (11)

where R is equal to 6(1 — f(r) —rf(r))/r?> — f(r)"
and R is proportional to a2 and given in Appendix.

Varying the action in Eq. (2) with regard to the
function p(r), we have

0 = 2 (1) 230 — ()
+ [6af(r) — 5% + 2ar f(r) — 6] f(r)p(r)’
+ 3[— fr)Yr? —2af(r) +2r

+2af(0)10) — 2000+ B o). )

Here we suppose that the coefficient of function p(r)
vanishes, and then easily obtain

f(>_1+2(1_ lm) (13

20

where the Gauss—Bonnet coefficient « is rescaled to
a/2 and m is an integration constant. Hence, Equa-
tion (12) reduces to

[2a.f (r)r — 2ar — r3]p(r)”

+ [6af(r) — 5r + 2arf(r) — 6a]p(r) = 0. (14)
Then, the expression for function p(r) can be written
as

Cy 4é 4 am
—— 1-—
8am 2

—0 + 017 (15)

where C7 and C5 are two integration constants. Let
Cy = 4m and C; = 1/2a, Eq. (15

1 4 4am
— |1 —-4/1— — . 1
2¢& ( 2 + ré > (16)

In addition, we obtain another equation for functions

) becomes

p(r) =

f(r) and p(r) by varying the action in Eq. (2) with re-
spect to f(r). It is worth to point out that this equa-
tion identically equals zero when f(r) and p(r) take
the forms of Eqgs. (13) and (16), respectively. Notice
that the expressions for functions f(r) and p(r) are
identical to the counterparts shown in Ref. [16].

For the slowly rotating solution, the stationary
and rotationally symmetric metric in Eq. (1) admits
two commuting Killing vector fields £y = 0/0t and
&y = 0/0¢. The Killing vectors can be used to give
a physical interpretation of the parameters m and
a. Following the analysis given in Refs. [20]-[23],
one can obtain coordinate-independent definitions for
these parameters. We have the integral

_ 3 v 13 5
M=—5G fgf(t) & v,
1 wv 43 5
= m%g(@d nz (17)

where the integral are taken over the three-sphere at
spatial infinity,

1
*x,, = g\/—gewamdxa AdxP AdzY. (18)

We can obtain the mass M and angular momentum J
as follows:

_ 3my, _ 2Ma
167G 3

(19)

3. Concluding remarks

In this paper, we proposed a new metric and ob-
tained the slowly rotating Gauss—Bonnet black hole
solutions in five dimensions by working directly in the
action. It is worth noting that the diagonal compo-
nents of the metric also involve a? besides the function
f(r). Moreover, gi» was proportional to 72p(r) in or-
der to make the equation for p(r) much simple. By
discarding any terms involving a® and higher powers
in @ in the action, we obtained the exact form for func-
tion p(r), while the function f(r) still kept the form
of the static solutions. In addition, we described the
Killing isometries of the metric and presented its mass
parameter and angular momentum of the black holes.
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The advantage of this method is avoiding the
equations of motion to obtain the slowly rotating black
holes solutions. Although we only considered the
slowly rotating black holes in five dimensional space-
times, this method is still valid for general Gauss—
Bonnet gravity in higher dimensions including charge.
Furthermore, in general Lovelock gravity, the Einstein
equation must involve the terms derived from the ac-
tion of Lovelock gravity, which becomes very hard if
n > 3. However, in the present case, the key is to find
the action, which is possible to carry out for slowly
rotating and charge cases. Besides, this approach can
also be used to find the slowly rotating solutions in-

volving multiple angular momenta in different orthog-
onal planes of rotation. We will discuss them else-
where.

Appendix A

From the metric in Eq. (1), we give some of the
intermediate steps of the calculation.

Riemann tensors The non-vanishing Riemann
tensors can be classified into three groups: (I) diago-
nal form R i3 (1) off-diagonal form proportional to
a; (1) off-diagonal form proportional to a?.

group (I):
R2,, = R2, + R'?15, Ry, = S
) 12 9 )
512 o rf(r) +r2f(r)"  r?f(r)? o (T2f(r)p(r) ;o n\P(r)  rPp(r)”?
ity = e (-1 O SR e (R <oty <ty ) -
ROV S0P RO ]y (220 0) B -3
+ gt mari s 0+ (T g+ L o),
RY;; = R"; + R"y;, RYy; = —%, (3<i<5),
<) r)? 1 r) T rp(r)2f(r)  rp(r)p(r) r)+1 9 r)
R = {505+ g+ - S |- g+ - L e -
2 ) O] o)
g L st
- , - )2 / F2p(r )2 Py 1 )2
= { | =rte+ B - rptyatn - PP - L0 - o B
L L 1 DL o A P (o LS B { B SR O
+ 472 2r3 + 2f(r) ] 0 f(r) Jrf(r)r4 + r3 rd ’
s _ [0 +rfO)yp()? e )1 p()p(r)] o
e O oty o R e L
)’ r 5 1] ,
n |:f2(TB) f:4):| cos 9+7A}a ,
R¥, = R¥, + R¥y;, R¥y = —%, (3<i<5),
R¥45 = R,y = az{fg)' + 2(1 r4f(r))} cos? 6,
soa [ [F()?+2f(r)" f(r) r2p(r)p(r)”  3f(r)f(r)"  f(r)*  rPp(r)?
B = {[ 4r2 -1 2 B 2r3 * 4
_ 3Tp(T2)p(T)/} sin® 0+ 4(2 — 2f(r) + f(r)/r)}a27
Rijij ZRiji]‘ +Rijij, Rijijzl_rif(r), (3§i<j§5),
- 6 —5f(r) — f(r)? r)f(r) 10 rp(r)p(r)] . 5 9 6(1— f(r
it = [P SSOY 10_ e ] g S S-SV,
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With regard to Ricci scalar, the term R, which is proportional to a2, is given by
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R = —n — 8= 5 + + p(r)* + | 14r — p(r)
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