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Abstract

In this paper we generalize the results of Guica et al. (2008) [M. Guica, T. Hartman, W. Song, A. Stro-
minger, arXiv:0809.4266 [hep-th]] to 5-dimensional Anti-de Sitter gravity theories with neutral scalars
non-minimally coupled to gauge fields. Due to the attractor mechanism, the near horizon geometry of ex-
tremal black holes is universal and is determined by only the charge parameters. In particular, we study a
class of near horizon geometries that contain an AdS, x 52 factor after Kaluza—Klein reduction. In this way
we obtain the microscopic entropy of Gutowski—Reall black hole. We also point out a possible connection
with the AdS, /CFT correspondence.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Recently, the Kerr/CFT correspondence [1] has been used extensively to understand the statis-
tical entropy of stationary extremal black holes. These studies are based on the universality of the
near horizon geometry of extremal black holes. More precisely, the isometry group of the near
horizon geometry is enhanced to SO(2, 1) x U(l)d_3 in d =4, 5 dimensions [2,3,5]. Thus, the
near-horizon states of an extremal black hole could be identified with a certain two-dimensional
chiral conformal field theory1 [1,6-10].

* Corresponding author.
E-mail addresses: dumitru@aei.mpg.de (D. Astefanesei), yogesh@mri.ernet.in (Y.K. Srivastava).
1 In fact, the isometry of the near horizon geometry is SL(2, R)g x U (1), and so the right movers are in the ground
state. The zero mode of Virasoro algebra of the Kerr/CFT correspondence generates U (1);, — since the zero mode of
SL(2, R)R is 0;, the right movers are related to the entropy away from extremality.
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The analysis in [1] is similar to the one proposed by Brown and Henneaux for AdS3 [11]. In the
Hamiltonian formalism, the global charges appear as the canonical generators of the asymptotic
symmetries of the theory. For each such infinitesimal symmetry, there is an associated phase
space function that generates the corresponding transformation of the canonical variables.

The asymptotic conditions in [11] are the most general for AdS3 Einstein gravity and they
respect the following important consistency requirements [12]: they are invariant under the AdS
group; they decay sufficiently slowly to the exact AdS so that to contain the spinning black holes;
the fall-off is sufficiently fast so that the conserved charges are finite. It is also important to
emphasize that the asymptotic behaviour of the metric in the presence of matter fields can be
different from that arising from pure gravity. Consequently, the standard asymptotic conditions
should be relaxed. However, it was shown (see, e.g., [13]) that the boundary conditions can be
relaxed so that the original symmetry is still preserved — though, the charges are modified in
order to take into account the presence of the matter fields.

Obviously, if the theory is slightly modified, the boundary conditions should also be modified
in order to accommodate the new solutions of physical interest. In [1] the near horizon geometry
involves a fibration over AdS, and so it is another phase space of extremal horizons with a
different set of boundary conditions. That is, some of the deviation metric (k) components
are of the same order in inverse powers of r as the corresponding components in the background
metric itself. However, these boundary conditions still yield finite charges and give rise to a
Virasoro algebra. The construction of phase spaces containing arbitrary functions in the leading
components of the metric has been done before [1] (see, e.g., [14]).

In this paper we consider extremal stationary black holes in Einstein gravity coupled to
Abelian gauge fields and neutral scalars. Due to the enhanced symmetry of the near horizon ge-
ometry, the attractor mechanism [15] can be extended to general extremal spinning black holes
[16]. Unlike the non-extremal case for which the near horizon geometry (and the entropy) de-
pends on the values of the moduli at infinity, in the extremal case, the near horizon geometry is
universal and is determined by only the charge parameters. This is interpreted as a signal that a
clear connection to the microscopic theory is possible.

We discuss in detail the attractor mechanism for a class of near horizon geometries that be-
come AdS; x S? after Kaluza—Klein (KK) reduction. We use the entropy function formalism
[16-18] to explicitly show that the entropy is independent of the asymptotic values of the scalars.

Thus, based on these observations, we argue that the Kerr/CFT correspondence can be gener-
alized to a large class of black holes. A particular example of great interest is the Gutowski—Reall
(GR) black hole [19] for which an understanding of the statistical entropy is lacking. Our
emphasis is mainly on understanding the relationship between Kert/CFT correspondence and
AdS,/CFT duality.

In five dimensions there are two distinct asymptotic Virasoro algebras [6—8] that can be ob-
tained by imposing appropriate boundary conditions. Even if the corresponding central charges
are different, the statistical entropies computed by using the Cardy formula are equal and match
the Bekenstein—-Hawking entropy. Since these algebras act on the Hilbert states of the CFT, it
seems that there exist two distinct holographic duals.

Inspired by the proposal of [20], we compute the central charge in the AdS> geometry obtained
by KK reduction of GR black hole to two dimensions. Interestingly enough, we found that it is
proportional to the entropy and this may be a hint that there is a connection between the Kerr/CFT
correspondence and the AdS,/CFT duality. However, at this point, it is not clear to us if this is
indeed the case.
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The paper is organised as follows. In Section 2 we argue that for extending the Kerr/CFT
correspondence to more general theories with massless scalars and gauge fields the attractor
mechanism plays a crucial role. In Section 3, we present a concrete analysis of the entropy
function for a class of near horizon geometries which contain an AdS, x §? factor after KK
reduction. In Section 4 we show that GR black hole belongs to this class and apply the Kerr/CFT
correspondence to compute its statistical entropy. In Section 5 we present an analysis of the
near horizon geometry of GR black hole from a two-dimensional point of view. This analysis
suggests a possible connection with the AdS,/CFT duality. Finally, we end with a discussion of
our results in Section 6.

2. Attractor mechanism

In this section we discuss the attractor mechanism for extremal spinning black holes in AdS.
Based on the results of [16] we argue on general grounds that there is an attractor mechanism for
extremal stationary black holes in AdS.

It is now well understood that supersymmetry does not really play a fundamental role in the
attractor phenomenon. The attractor mechanism works as a consequence of the SO(2, 1) sym-
metry of the near horizon extremal geometry. This symmetry arises because the near horizon
geometry involves a fibration over AdS;. The infinite throat of AdS; is at the basis of the attractor
mechanism (see [21] and Section 4.3 of [22] for a detailed discussion on the physical interpreta-
tions). Therefore, the scalars vary radially, but they are ‘attracted’ to fixed values at the horizon
(if the entropy function does not have flat directions) depending only on the charge parameters
— for the stationary black holes the values of the scalars at the horizon have also an angular
dependence.

For the application of Kerr/CFT analysis, the attractor mechanism is crucial. Since the
Kert/CFT analysis is done in the near horizon limit and it is usually difficult to extend the no-
tion of Frolov—Thorne (FT) vacuum [23] all the way to asymptotic infinity, it is crucial that the
analysis does not depend on asymptotic values of the moduli.

We consider a theory of gravity coupled to a set of massless scalars and vector fields, whose
general action has the form?

_k2
M

, 1 . ,
I[Guv.¢' Al = — / d’x —G[R —28ij($)0,¢ 0" d) — fap (@) F,}, FPH

— N;__GgABC(q&)FIfVFfGAfe“”W” + V(¢’)}, 2.1)
where FB = dA®B with B= (0, ..., N) are the gauge fields, ¢i with (i =1, ..., n) are the scalar
fields, and k% = 167 Gs5. We use Gaussian units to avoid extraneous factors of 47 in the gauge
fields, and the Newton’s constant is set to G5 = 1. This action resembles that of the gauged
supergravity theories.>

We are interested in stationary black hole solutions of the equations of motion. In general
relativity the boundary conditions are fixed. However, in string theory one can obtain interesting
situations by varying the asymptotic values of the moduli and so, in general, the asymptotic

2 InD=>5itis possible to include an additional ‘AFF’ Chern—Simons (CS) term.
3 The gauged supergravity theories contain a potential for the scalar fields. When there are no scalar fields the distinc-
tion between gauged and ungauged theories is made by the cosmological constant.
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moduli data should play an important role in characterizing these solutions. However, due to the
enhanced symmetry SO(2, 1) x U(1)?3 of the near horizon geometry of extremal black holes
the entropy is independent of asymptotic data.

To study the attractor mechanism of these solutions we use the entropy function formalism of
[16].* However, the existence of a Chern—Simons term in the action is problematic — the entropy
function method relies on gauge as well as diffeomorphism invariance of the Lagrangian density.
The apparent lack of gauge invariance is usually tackled via a 4D reduction [18,25] (though,
see [26]).

The most general field configuration consistent with the symmetry of the near horizon geome-
try of an extremal spinning black hole is of the form [16] (see also [3—5] for a general discussion
of near-horizon geometries for extremal black holes)

2 2 5.2 dr? 2
ds“=v1(0)| —r-dt +r—2 + B(0)do

+ Map(0)(d9? + ar dt)(d¢” + aPr dt), (2.2)
AM =My dt + b)Y (0)(d¢® + ar dt), (2.3)
¢S — uS (9)’ (24)

where a® and e™ are constants, and vy, Myp, u®, and B are functions of 8. The form of the metric
implies that the black hole has zero temperature.

At this point it is important to emphasize the existence of two distinct branches of stationary
extremal black hole solutions which, in [16], are dubbed ‘ergo-’ and ‘ergo-free’ branches ac-
cording to their properties. The first branch, also known as the fast branch, can exist for angular
momentum of magnitude larger than a certain lower bound and does have an ergo-region. On the
other hand, the ergo-free branch can exist only for angular momentum of magnitude less than a
certain upper bound. The ergo-free branch can be smoothly connected to a static extremal black
hole.

Interestingly enough, for the ergo-branch, despite (some of) the near horizon scalar fields
being dependent of the asymptotic data, the entropy is independent of the scalars. Thus, one can
still apply the Kerr/CFT correspondence in this case.

3. Entropy function

We discuss in detail the entropy function formalism for the most general geometry that has an
AdS, x §? after KK reduction — a particular case is GR black hole.

In what follows, we are interested in the most general metric that has an AdS> x S 2 after KK
reduction:

ds* = 8ap dx* dxP = Gy, dx®dx? + u? (dd) + A, dxa)z, (3.5)
where
Gapdx®dx® = vi(=r?dt* +r72dr?) + v2(d6? + sin” 0 dy?). (3.6)

After KK reduction, the KK gauge field appears as a gauge field in four dimensions. In order
to apply the entropy function method, one should also consider a KK gauge potential that re-
spects the symmetry of AdS, x S%. We are interested in a KK gauge potential with the following

4 Entropy function formalism was applied to black holes in AdS space in [24].
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components: Ag =0, A,/, = pcosf, and the other two components are functions of r. The gauge
field also preserves the symmetries of the near-horizon geometry and so the gauge potential is
given by

A=Agdx®=erdt+ pcos6dy +b[de + A, (r)dr]. 3.7

Thus, the KK and original field configurations in four dimensions are given by:
_ 1 -
F = EF;de“ Adx' =edr ndt — psinfdo A dy,

F:%Fwdx”/\dx”=edr/\dt—psin9d9/\d1//. 3.8)
We use the following results of the dimensional reduction

8ap dx® dxP = Gapdx dx® + G op(dy™ + AL dx®)(dy® + AE dx?),

V=g =v—G/det(G 2p), (3.9

1 1 1
Rs =Ry — ZG“G”dGABF;},FC‘j, + ZaaGABB“GAB — ZGABE)L,GABGCDB“GCD

—04(GaBd“Gag) (3.10)
to rewrite the 4-dimensional action in the near-horizon limit (the scalars are constant) as:
1 1 ,- 12 2A
Si=—— [ d*x|uv/=G(Ry— -1 F* = F2 4 =) = Z22F, Fyy |. 3.11
4 (k4)2/ x|:u ( 4= 7u + 7 Nkl v (3.11)

The quantities u, b, vy, v2, e, e, p, and p are constants labelling the background. We now
define:

f(ﬁ,ﬁ,é’,ﬁ)E/dedqb«/—Gﬁ (3.12)

evaluated for this background. Furthermore, the definitions for the charges and the entropy func-
tion are

E=2n[eq+eG— f(u,b,vi,v2,e.¢ p,p)] (3.13)

af af
q= -,
de

20’ 17
so that E/2m is the Legendre transform of the function f with respect to the variables {e, e}.
Thus it follows as a consequence of the equations of motion that, for a black hole carrying
electric charge ¢ = (g, ¢) and magnetic charge p = (p, p), the constants ¥ = (v, v2), i = (u, b)
and € = (e, e) are given by:

oE oE oE oE
— =0, — =0, — =0, — =0, (3.14)
ou ob vy vy
| BEG.T.G. 7 | BEG.T.3. 5
_ L okwvg.p o _ 1 0BG V.4, p) (3.15)

S 2w aq
Then, the entropy associated with the black hole is given by

2 3G

Sgw = E(i, v, 4, p) (3.16)

evaluated at the extremum (3.14).
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A straightforward calculation gives

T Am 2 2 1, & ;32) <e2 p2) 12]
ViU + ———-u —+ =) 2—=4+Z= )+ =
1@ P = g g B ) (G )

+ A w (3.17)
(k) V3
By combining the equations for v; and v, we obtain the following relation:
2 2 24
——+——=—=0. (3.18)

1%) V1 32

Unlike the theory of gravity with two derivatives in flat space case where the two radii are
equal, in the AdS space the radii are different (see, e.g., GR black hole). Using the attractor
equations we can rewrite (3.17) as

47 uvy 2.9 4w 16epb
f=——F—(~ue" +2v —4de’) + —————, (3.19)
(k4)? v (= ) (ks)? /3

and we obtain the entropy S = 16712uv2/(k4)2 =327" uvz/(k5)2 =272uv,.
The entropy function formalism can also be extended to black holes with an AdS3 factor in
the near-horizon geometry by using the following relation between AdS3 and AdS, metrics:

ds3 =vi(=r?dt* +r~%dr?) + u*(d¢ + Ar d1)* (3.20)

where the constraint v; = (uA)? assures that the geometry (3.20) is AdS3.
4. Gutowski-Reall black hole and its near horizon geometry

In what follows we recapitulate the main results of [19,27] and rewrite the near-horizon ge-
ometry in a form suitable to our analysis. We explicitly show that, indeed, there is an AdS, in the
near horizon geometry of GR black hole and obtain the KK reduction to four dimensions. Finally,
we use the Kerr/CFT correspondence to compute the statistical entropy of GR black hole.

4.1. Generalities

The theory we shall be considering is minimal D = 5 gauged supergravity with bosonic action

S ! / Rs 3N o1 L a2 FAFAA
>~ 47Gs I 2 33
1 12
x| V=g Rs — F? S
(k)Z/ [ g( ; UZ) 33

where Rjs is the Ricci scalar, F? = Fopg F “f and F = dA is the field strength of the U (1) gauge
field. We also use the notation (kD)2 = 16 Gp, where Gp is the gravitational constant in D
dimensions. The bosonic equations of motion are

8“’3V’8AaFﬂyFr,g:|, 4.21)

S ) , 12
Rup — 2Fuy Fp +3gaﬁ F+5)=0,

2
d*F+—FAF=0. (4.22)
V3
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In flat space [27], the geometry of the event horizon of any supersymmetric black hole of
minimal 5-dimensional supergravity must be 73, S! x §2, or a quotient of a homogeneously
squashed S3. However, there is no general classification of the near horizon geometries of susy
black holes in AdS spacetime.

In AdS space [19], Gutowski and Reall found an interesting solution that is asymptotically
AdS and does not have an AdS; component in the near-horizon geometry. In the ungauged theory
the near-horizon geometry of a BPS black hole is maximally supersymmetric. In the gauged
supergravity this is not true because the only maximally supersymmetric solution is AdSs.

The ansatz for the full metric in Gaussian coordinates is [27]

ds* = —r?A2dU* +2dU dr + 2rh s dU dx® + yap dx* dx5, (4.23)

where y4p is a function of r and x“. This metric guarantees the existence of a regular near
horizon geometry, defined by the limit r = €7, U = U /¢ and € — 0.

The horizon, r = 0, is a Killing horizon of V = 9/0U — the near-horizon metric has the
same form (4.23), but with A, k4, and yap depending only on x“. The gauge field A in the
near-horizon limit (Ly A = 0) is given by

V3

A= 7rAdU+aAdxA. (4.24)

4.2. The near horizon geometry

For A > +/3/¢ the near-horizon solution is

6Ar
2 242 112
+ : 4’ (d¢ + cosO dyr)? 4 d6? + sin® 0 dy? |,
A2 —3072| A2 — 342
\/5 ﬁsin@
F=—""AdUANdr+ ————do AdV, 4.25
2 Tt AT —aey 0NV (4.25)

where A is constant everywhere.
Dimensional reduction on 3/d¢ yields an AdS, x S? geometry. We rewrite (4.25) in a suitable
form for KK reduction:

ds* = —r*A2dU?* +2dU dr

A 2 3r, 4 2
+<m> [dd)—i—cos@dl/f—a(A -3¢ )dU}

9r? 2
— @ U ol

2

d6* +sin? 0 dyr?). (4.26)

To make the AdS, part manifest, we introduce a new coordinate

= (A 49U + L ae= (A% +9¢7%)dU — . 4.27)
r r2
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and rewrite (4.26) as

1
A2+ 92 A2 —3¢72

+ 4_Y ¢+ cosOdy — A3 ’ (4.28)
—_— cos ————\ldt+—=5)| . .
A2 —3¢2 LA A2 49072 r2

It is important to note that the above is a one parameter family of solutions, labelled by the

parameter A which controls the topology of the black hole horizon. Since we are interested in a

compact horizon geometry (squashed sphere), we impose the following constraint: A > +/3/£.

A detailed discussion for other values of A (which lead to non-compact horizons) can be found
in [19]. In particular, for A = 0, one obtains the near horizon geometry of a black string.

ds> (—r2 dr24+r2 d,2) + (d92 +sin® 6 dwz)

4.3. Boundary conditions and central charges

Let us consider a perturbation of the near horizon metric (gy). If A, is some deviation
from it the new metric is given by g,, = guv + Ay Following [6,8] we see that, being in five
dimensions, we can have two consistent boundary conditions corresponding to two U (1)s such
that the diffeomorphisms will generate two copies of chiral Virasoro algebra.

One of the possible boundary conditions for £, is

hee =002 hey =0G5) hg=0()  hy =00)  hy=0(1)
hre=her R =00%) hg=00G5) hy =0(%) hy=0(%)

hgr = h-g hor=hrg  hog=01) hgy=01) hgg=0() |- (429
hye=hey  hyr=hry  hge=hos hyy=0@) hye=0(1)
her =hey  hor=hrg  hgp=hey  hys=hey  hes=0O()

We give the details about how to get the most general diffeomorphism that preserves these

boundary conditions in Appendix A. We obtain that the most general diffeomorphism that pre-
serves (4.29) is given by

1 1
= [c + O(ﬁ)]af + [ @)+ O()]a, + o(;>ae

1 1
+(’)<r—2>8¢+ [y(¢)+0<r—2>]8¢, (4.30)

where C is an arbitrary constant and y (¢) is an arbitrary function of ¢. From this, the asymptotic
symmetry group is generated by the diffeomorphisms of the form

=9, (4.31)
¢ =y(@)ds —ry' (9)d,. (4.32)

Especially, (4.32) generates the conformal group of one of the U(1) circles. A generator of
the Virasoro algebra of the chiral CFT3 is identified with this class of diffeomorphisms which
preserve the appropriate boundary condition on the near horizon geometry. To see that it really
obeys the Virasoro algebra, we expand y (¢) in modes and define y,, = —e~"®. Then, it can be
easily seen that {,? , which are defined as

¢? = y,dp —ry, o, (4.33)
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obey the Virasoro algebra under the Lie bracket as

(68, 68] 0 = —i(m —m)Eh . (4.34)

We notice that the Virasoro generators are constructed from r and ¢. In other words, we see that
the generators of the Virasoro algebra act on only ¢-direction in the dual boundary field theory.
Thus it is very different from the usual holographic dual CFT, where the time direction ¢ play
some role. It seems that we cannot describe dynamical processes by using this Virasoro algebra,
but at least to calculate the entropy, we can use the Virasoro algebra on the ¢-direction.

The allowed symmetry transformations include time translations generated by ¢’ which cor-
respond to energy above extremality. Since we study only extremal black holes, we set the
corresponding conserved charge Qj = 0. This restriction is consistent because ¢’ commutes
with other generators in the asymptotic symmetry group.

The other allowed boundary condition is

hit =00 hy =05 hp=0G)  hy=01)  hyp=0(r)

hri=hiyr  hyr=005) ho=005) hey=005) hyp=0()

hoe=hig  hor=hg  hee =0  hoy =0()  heg=0(3) (4.35)
hyt=hey  hyr=hry  hyo=hgy hyy=01) hys=0(1)

ho=hig  hor=hrg  hgg=hop  hey =hys hsp=0()

and the general diffeomorphism preserving (4.35) can be written as

= [C + O(%)]at +[-reé' () +OM)]o, + O(%)ae

1 1
+ [e(w)+0<r—2>]a¢+0(r—2)a¢,, (4.36)

where C is an arbitrary constant and € (v) is an arbitrary function of . The asymptotic symmetry
group (ASG) is generated by ¢! and

¢y =eW)dy —re (¥)d,. (4.37)
In exactly the same manner as above, we define €, = —e™ "V and so
eV = e€ndy —red, (4.38)

obey the Virasoro algebra

[frgv Q//]Lie =—i(m— ”)§$+n~ (4.39)

In this case the Virasoro generator is constructed from r and .

We will see that these boundary conditions indeed lead to the correct black hole entropy.’
As discussed in [9], the two CFTs are related by a SL(2, Z) modular group transformation that
interchanges two circles in the near horizon geometry and so maps the two CFTs corresponding
to two circles into each other.

5 We would also like to point out that we have explicitly checked that the contribution of gauge fields and the CS term
vanishes. Since, recently, this result was proven for the general case — see the note added at the end of the paper — we
do not present the details here.
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Following the covariant formalism of the ASG [28], a conserved charge Q; associated with
an element ¢ is defined by

1

D))

where 0 X is a spatial surface at infinity and
1 vV My v no Vi Lo 1 VL
k;[h,g]:zea,gmv ¢"DM¥h — V" Dgh*° + ¢ D h +§hD ¢
1
—h"° Dyt + EhU”(D"{g + Dg;“)] dx® AdxP Adx?. (4.41)

Here g, is the metric of the background geometry and 4, is deviation from it. We also notice
that the covariant derivative is defined by using g,,. In addition to a charge Q, associated
with ¢, there exists a charge Qj, associated with d;. As discussed above, this is set to zero to
preserve the extremality condition.

Then let us consider the Dirac bracket of O, under the constraint Q3 = 0. It is determined
by considering the transformation property of the charge Q,, under a diffeomorphism generated
by &, It then follows that

1
{Qa» Qg Ipirac = Qi) + o~ / ke, L, 8. 81- (4.42)
X

By expanding the charge in terms of L,,’s and replacing the Dirac bracket {., .} by the commuta-
tor we see that L, satisfy a Virasoro algebra

C
[Lin, Ly]=(m — n)Lm—i-n + Em(m2 + a)8m+n,0- (4.43)

This prescription works for both boundary conditions. The central charges ¢; in these Virasoro
algebras, at the level of Dirac brackets of the associated charges Q},, can be calculated from the
m? terms in the expression

1

8
4z

i
kg (Lo g8l=—1; (m? +am)c;. (4.44)

Using the Lie derivatives calculated in Appendix A, we get for the first boundary condition (of
interest for the next section)

36
c= 0¥ (4.45)
(A

To calculate the entropy, we also need to calculate the FT temperature [23]. Using the formula
given by Chow et al. [10], we see that these temperatures are given by the constants k; and k>
appearing in the dt d¢ and dt dyy components of the metric written in the form

dr?
d 2 _ _ zdtz ar
S5 v1< r + 2

+v2(d0? +5in? 0 (e1 — €2)?) + u*(e1 + ez +cos O (e — ez))z, (4.46)
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where e; =d¢; + kirdt and ¥ = ¢1 — ¢ and ¢ = ¢ + ¢». In terms of k; the FT temperatures
are given by

1 72 7?2
= FTi, S = ?ClTl = ?Csz. “4.47)
So, finally we get the following values for the entropy® and the central charge:
S:2n2v2u, k= 3u1 , c=n36v1u. (4.48)
LAV LA
Here k = 5 anFT where Tkt is the FT temperature.

5. The relation with AdS,/CFTy

Since the extremal black holes have an AdS in their near horizon geometry, it is expected that
the dual conformal quantum mechanics (CQM) living at the boundary plays an important role in
understanding their statistical entropy. Indeed, it has been shown in [20] that the entropy function
gives rise to an entropy that can be interpreted as the logarithm of the ground state degeneracy of
the dual CQM in a fixed charged sector. Since the CQM is living on the boundary that is a circle,
the partition function may be represented as a trace over the Hilbert space of the CFT.

The main result of Sen is a specific relation between degeneracy of black holes microstates
and an appropriately defined partition function of string theory on the near horizon geometry
(referred to as the quantum entropy function). More concretely, the microscopic degeneracy
Smicro = Indnicro 1S given by

finite

dicro(q) = <exp[—qM yﬁ do Ay D , (5.49)
AdS,

where ()ags, denotes the unnormalized path integral over various fields on Euclidean global

AdS, associated with the attractor geometry for charge g and Ag” are the values of gauge fields

along the boundary of AdS». In the classical limit this reduces to the usual relation between

microscopic entropy and macroscopic (Wald) entropy.

In AdS,, the solution to the classical equations of motion for the gauge fields has two inde-
pendent modes near the boundary: the constant mode and the mode representing the asymptotic
value of the electric field. Since the electric field mode is dominant and the electric fields deter-
mine the charges carried by the black hole, the relation (5.49) is written for a fixed charge sector.
However, one can also work with fixed values of the constant modes (a detailed discussion can
be found in [20]) and this leads to a new partition function with the finite part given by

ZEE @) =) dmicro(@)e ™. (5.50)
i

Since we allowed the asymptotic electric fields to fluctuate, the right-hand side now has a sum
over different charges. Due to the fact that this involves integrating over non-renormalizable
modes, even when such a partition function can be defined, it probably only makes sense as an
asymptotic expansion around the classical limit. However, this is the partition function we are
interested in.

6 We have to ‘trade’ the energy for the temperature in the usual Cardy formula S = 27 /cE /6 by using the first law
dE=TdS.
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In the classical limit both (5.49) and (5.50) reduce to the unusual relation between the sta-
tistical and the thermodynamical entropies and so the microscopic description of the entropy of
an extremal black hole for large charges is a direct consequence of AdS>/CFT) duality in the
classical limit.

It is also important to mention a related interesting work of Hartman and Strominger [29].
This work is especially relevant for our discussion.

In this section, we try to see if there is a relationship between central charges calculated
using Kerr/CFT correspondence and central charges appearing in recent attempts [29,30] to find
the central charge in AdS> by applying a Brown—-Henneaux procedure. On the face of it, this
seems unlikely because the vector fields generating the diffeomorphism are functions of time in
one case AdS, while they are functions of U(1) coordinate in Kerr/CFT analysis. But both of
them involve modifying the asymptotic boundary conditions. In AdS, case, one needs to twist
the energy momentum tensor by a certain U (1) gauge transformation while in the Kerr/CFT
correspondence one needs to take some of the components of the perturbation metric to be of the
same order as the background.”

Let us now discuss GR solutions after KK reduction in two dimensions by using the entropy
function formalism. By comparing (4.28) with (3.5) one can read off vy, v, u, as well as the KK
gauge potential A, . Explicitly, we obtain

1 1 A

NSy T aoarr T4 G20
The original gauge potential in five dimensions is
V3 V3
A=erdt+b(dp+cosbdy) = TAUU’ dt — z—lvz(dqb +cosOdyr), (5.52)

and the field strength configurations after KK reduction are given by
3 A3

2 A T i AdT—sin6dO Ady,
L A(A2 4 og-2) At 4

_ 1 -
F = EFWdXMAdXU=

1

F=EF,wdx“/\dx”:edr/\dt—psinedﬁ/\dw, (5.53)
with e and p as in (4.25). From the solution, we get

_ 3v; _ \/§Av1 «/§v2

= — , = 1’ = N == b = — . 5.54

‘T P ‘T b 20 (5:54)
In the AdS>/CFT) duality, the central charge is given by [30]

¢ =3Vol; Lyp, (5.55)

where the volume element Vol; = 27r/% and Lagrangian density is related to the on-shell bulk
action by

Toulk | oy = — / d*x /=8 Lop. (5.56)
M
This form of the central charge is consistent with the analysis of [20]. Since

fi, 0,2, p) = / dodp N —GL (5.57)

7 We believe that, in fact, in the analysis of [30] these considerations should also be taken in account.
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occurs in the entropy function formalism it is worth to compute its expression for the GR black
hole. It can easily be seen that after dimensional reduction, f (i, v, é, p) will correspond to the
central charge.

Let us now evaluate f (i, U, ¢, p) for GR black hole. Replacing the near horizon data in the
expression (3.17) we obtain

. <. 1
fu,v, e p)=-—svu. (5.58)
ky

By comparing with the results in the previous section, we tentatively make the identification
that f (i, v, €, p) is indeed proportional to central charge and so the central charges appearing
in Kerr/CFT and CFT| are related.® We are currently investigating the possible connection and
hope to report on it in near future.

6. Discussion

In this paper we propose that the Kert/CFT correspondence can be applied to stationary ex-
tremal black holes in gravity theories with massless, neutral scalars non-minimally coupled to
gauge fields.” Our conclusion relies heavily on the existence of the attractor mechanism that fixes
the entropy of both, ergo and ergo-free, branches independent of the asymptotic data.

An important observation is that in the case of Kerr/CFT correspondence, the Virasoro gen-
erators are constructed from r and an angular coordinate (e.g., ¢). In other words, we see that
the generators of the Virasoro algebra act on only ¢-direction in the dual boundary field theory.
Thus it is very different from the usual holographic dual CFT;, where the time direction ¢ plays
some role. It seems that we cannot describe dynamical processes by using this Virasoro algebra,
but at least to calculate the entropy, we can use the Virasoro algebra on the ¢-direction.

The temperature of the dual chiral CFT is determined by identifying quantum numbers in the
near horizon geometry with those in the original geometry [23]. For spinning black holes, one
can give a physical interpretation to the rotating spatial coordinates (with the horizon’s angular
velocity). That is they are comoving with the radiation fluid environment that is required to
equilibrate the black hole.

Frolov and Thorne gave a quantum-field theoretic argument why the environment must rotate
rigidly. Local observers which are comoving with the fluid environment are the natural observers
to describe the equilibrium of a system containing a black hole — they see a locally isotropic
thermal distribution of quanta [23]. However, it is important to emphasize that these observers
are not actually suitable for defining global properties of the system. Indeed, there is no way for
them globally to synchronize their clocks, and consequently there is no global time-slicing with
respect to which they are at rest.

Therefore, for the application of Kerr/CFT analysis, the attractor mechanism is crucial. Since
the Kerr/CFT analysis is done in the near horizon limit and it is difficult to extend the notion of
FT vacuum all the way to asymptotic infinity, it is crucial that the analysis does not depend on
asymptotic values of the moduli.

8 Similar considerations on a relation between central charges in AdS, and AdS3 in the presence of Chern—Simons
terms appeared also in [31], though the Kerr/CFT does not play any role in this work.
9 The existence of a non-extremal black hole horizon is considered as a boundary condition in [32].
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Gravitating systems are never truly isolated in the traditional sense of thermodynamics and
gravitational ‘thermodynamics’ has to be formulated globally because of the infinite range of the
gravitational field.

Within the AdS/CFT duality there is a concrete connection between the attractor mechanism
(gravity side) and the ‘dual’ universality property of the QFT [33] (see also [34,35]). The scalars
(moduli) flow has a nice interpretation as an RG flow towards the IR attractor horizon. Therefore,
the fact (referred to as ‘universality’ of QFT) that the IR end-point of a QFT RG flow does not
depend upon UV details is equivalent, in the holography context, to the fact that the bulk solution
for the small r does not depend upon the details of the matter at large values of r. Indeed, due
to the attractor mechanism the black hole horizon (IR region) does not have any memory of
the initial conditions (the UV values of the moduli) at the boundary. Thus, in the AdS/CFT
duality context, the Kerr/CFT correspondence has a nice interpretation: the universality of the
near horizon geometry in the IR regime is at the basis of the statistical entropy computations that
do not depend of details at the boundary. This statement is related to the fact that more than one
UV quantum field theories can flow to the same IR point.

The existence of the two branches (with and without ergo-region) may be puzzling for the
Kerr/CFT correspondence. How is it possible that this method is working in both cases? The
answer is related again to the existence of the attractor mechanism [16]. The entropy function
has no flat directions for the ergo-free branch: the scalars and all other background fields at the
horizon are independent of the asymptotic data. However, there is a drastic change for the ergo-
branch — the entropy function has flat directions: despite the entropy being independent of the
moduli, the near horizon fields are dependent on the asymptotic data. The existence of an ergo-
region allows energy to be extracted classically either by the Penrose process for point particles or
by super-radiant scattering for fields. It is tempting to believe that the presence of the ergo-sphere
is intimately related to the appearance of flat directions. One might say that the ergo-branch, not
completely isolated from its environment due to these processes, retains some dependence on the
asymptotic moduli. From this perspective, it is amazing that the black hole is isolated enough for
the entropy to remain independent — however, the addition of higher derivative terms might lift
these flat directions.

In AdS spacetime there are no static supersymmetric black holes. The extremal limit is differ-
ent than the BPS limit — in the BPS limit one obtains naked singularities. One way to avoid this
problem is to construct spinning susy black holes. Gutowski and Reall constructed a spinning
susy solution in five-dimensional minimal gauged supergravity.

The main goal of this work was to give an interpretation for the microscopic entropy of GR
black hole. It is important to mention that, despite the fact that this is a susy black hole, a com-
putation of its entropy in the boundary CFT is lacking. The attempts to match it with the index
(the number of chiral primaries ) of the four-dimensional CFT failed [36]. The reason may be
that, since the black hole is not maximally supersymmetric, two or more short (BPS) multiplets
can combine into a long representation.

As a side observation, we mention that it will be interesting to understand the role of the
dipole charge of black rings within the Kerr/CFT correspondence — the analysis in [37] may be
useful.!0

To this end, let us comment on a possible relation connection between the Kerr/CFT corre-
spondence and the AdS,/CFT duality. First, note that one can perform a KK reduction to get a

10° It is known that the dipole charge appears in the first law in the same manner as a global charge [38].
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two-dimensional effective theory. For GR black hole all values of the parameters that character-
ize the near horizon geometry are given in Section 5. Note that the magnetic fields represent flux
through the sphere labelled by the angular coordinates and should not be explicitly displayed.
Thus, one can obtain the degeneracy of microstates by using the quantum entropy function pro-
posal of Sen [20].

One way to compute conserved charges is by using a canonical realization of the ASG. For
AdS, Maxwell-dilaton gravity, Hartman and Strominger [29] proposed that the usual conformal
diffeomorphisms must be accompanied by gauge transformations in order to maintain the bound-
ary conditions. In this way, the conformal transformations are generated by a twisted stress tensor
and one can obtain the central charge for AdS;. Alternatively, one can use a Lagrangian formal-
ism and compute the stress-energy tensor for the boundary theory. This method was implemented
in [30] where it was identified the central charge of AdS, to be proportional to the Lagrangian
density in accord with [20]. However, the meaning of the anomalous transformation of the stress
tensor in the boundary CFT is not clear, since there is no explicit construction of the CFT1.

Also, as argued in [39], for the case of D1-D5-P system with an AdS3 factor in the near
horizon limit, one can obtain a chiral CFT, occurring in Kert/CFT by taking a further decoupling
limit (going to ‘very near horizon region’ that has an AdS>) on non-chiral CFT that corresponds
to usual AdS3. One of the Virasoro algebras of non-chiral CFT, becomes Virasoro of chiral
CFT; occurring in Kerr/CFT. One should keep in mind, though, that the whole chiral CFT;
does not live in the very near horizon geometry (U (1) fibred AdS, throat structure) at fixed P
because representation of Virasoro algebra includes states with different momentum. Because of
the extremality constraint in Kerr/CFT, one can say that Virasoro algebra contains states above
extremal limit but we only consider extremal states. So one can still compute entropy of extremal
black holes from the Virasoro algebra. Since in [30], the authors got chiral CFT, corresponding
to AdS, by dimensional reduction from non-chiral AdS3 CFT, we can make a link between two
chiral CFTs obtained from non-chiral AdS3 (though, see, footnote 5).

Therefore, it is very tempting to interpret our result in the context of the entropy function
formalism as a central charge in AdS,. In this way, one can obtain a concrete relation between
the Kert/CFT correspondence and the AdS,/CFT, duality. However, our proposal should be
taken with caution: one should explicitly check that the boundary conditions imposed in three
dimensions are directly related to the ones in two dimensions. We leave a more detailed analysis
of the central charge in this context for future work.

Note added

While this paper was being completed, Refs. [40,41] appeared that are related with the present work.
In [40] it was also proposed that the Kerr/CFT correspondence can be applied to a general class of extremal
black hole solutions. In [41] it was also pointed out a possible connection between Kerr/CFT correspon-
dence and the attractor mechanism.
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Appendix A

In this appendix, we present details about our calculation of applying Kerr/CFT analysis to GR
black hole. As expected in five dimensions, we have two U (1)’s, corresponding to two azimuthal
angles and hence one can have two boundary conditions.

One of the possible boundary conditions for £, is

hee =002 hey=0(%) hg=0G)  hy =00)  hy=0(1)
hre=her  hy=0(%) hp=005) hy =0(%) hyy=0(%)

hor =hwo  hor=he  hee=0() hoy=0(G) hep=0() [ AD
hye=hey  hyr=hey  hge=hos hyy =0@)  hye=0(1)
hor =heg  hor=hrg  hep =hop  hys=hgy gy =0(1)

Let us now find the most general diffeomorphism that preserves the boundary conditions — we

have to evaluate the Lie derivatives of g,, with respect to the vector fields ¢ that preserve the
asymptotic symmetries:

’C{g,uvzgpapguv + 8pv au§p+gup 3,C”. (A.2)
We obtain (by keeping just the terms which have a non-trivial contribution):
her =Loger ¢ 0 ger > O(r?) = ¢ =rF6.¥.¢)+ 0(1), (A.3)
1 1
h09=£§800289939§6:0(;> = 4“0:0(;), (A.4)

1
hoz =C§ger :gp139§p :gq)raegqb “1‘8111189;1# + 809" > 0(;)
1

1
= ?=G0O,v,¢) + 0(72)’ ;*”:H<9,w,¢)+0<—),

p
84100G + gy H + 1809 F =0, (A.5)

hog = Lc80¢ = 8red0¢" + 8ppdo? + 8oy dot? = 0(%)

280906 G + 8oy 9 H + 189 F =0, (A.6)

hoy = L 8oy ~ 8ryd6" + gyyd9C? + gpy 8o = 0<%)

8oy 090G + gyy o H +rgrydg F =0. (A7)

Up to this point we obtained G (v, ¢), H(Y¥, @), and F (i, ¢). The next relation removes the
dependence of :

1
hyy =L gyy = g‘eaggww +2g,1/,8¢§r +2g1/,1/,81/,{w + 2g¢¢8¢§¢ >~ O(;),
Bw[g]/,,/,H-l—gM/G%—rng]:O. (A.8)

In fact even this one supports the non-dependence of v and also imposes a constraint on ¢ *:
1
hrx/f = gn//argr + 81//[ grrgr + grl/f{w + gr¢€¢] = 0<r_3>,

§T=C+O<i3). (A.9)
r
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We also obtain

eg = Orgep + 8erdpC T + 8epdpC? + 8redpl” + 8oy dpl?,
hep =" 0, 8ep + 8rgp0pt? + O(1) + g1 047" (A.10)

The first two terms cancel giving us the required F + G’ = 0 relation and O (1) term matches
the O(1) of h;y. But the term g,;94¢" gives an O (r) contribution because ¢" is O(r). One can
try to change ¢ but that conflicts with other equations. So one must set g, = 0 to avoid this
problem. For the case where we set it to zero, we have the usual vector fields which give the
central charge. One can always perform coordinate transformation to get rid of g, term or after
dimensional reduction to four dimensions, one can perform a gauge transformation to get rid of
this component of the gauge field.

So finally we get the result that the most general diffeomorphism that preserves the boundary
condition is given by

1 1
¢ = [c +o(r—3>]at [/ @ +0)]a, + 0(;)69

1 1
+O<r—2>a¢+[y(¢)+0<r—2>}a¢, (A.11)

where C is an arbitrary constant and y (¢) is an arbitrary function of ¢. From this, the asymptotic
symmetry group is generated by the diffeomorphisms of the form

=9, (A.12)
19 =y )3y —ry'($)d,. (A.13)
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