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1 Introduction

The AdS/CFT correspondence [1] posits an equivalence between string theory in certain
asymptotically AdS spacetimes and the corresponding dual conformal field theories. This
paradigm provides implicit resolutions to many of the puzzles presented by gravity as it
can now be reformulated in terms of a unitary field theory. A necessary first step for this
program involves the microscopic counting of the degrees of freedom responsible for the
Bekenstein-Hawking entropy of asymptotically AdS black holes. In the context of string
theory on AdSs x S®, a powerful early attempt to the microscopic computation of the black
hole entropy was put forward in [2]; such an attempt has been recently improved in [3-5] to
provide a precise matching between the Bekenstein-Hawking entropy of the black hole and
the microstate counting in the dual N/ = 4 SYM theory. The key idea in these recent works
has been to consider complex backgrounds or complex chemical potentials. This approach
has now been generalized to include the microscopic counting of the entropy of rotating,
electrically charged asymptotically AdS black holes in various dimensions [6-14]. These
recent works, together with previous progress on magnetically charged asymptotically AdS
black holes [15, 16], provide a fairly complete and novel approach to microstate counting
for asymptotically AdS black holes and mark the beginning of a new era in explorations of
quantum gravity.

A so-called Cardy-like limit has played a prominent role among the recent literature
on microstate counting dual to the entropy of rotating electrically charged asymptotically
AdS black holes [4, 6, 8-10]; the limit is loosely defined as

lwi| < 1, (1.1)

i.e., the angular velocities are very small compared to other parameters on the field theory
side. The Cardy-like limit above has the advantage of greatly simplifying the analysis of the
effective large— N matrix model obtained from the superconformal index or the partition
function of the boundary conformal field theory.

Let us discuss this limit by focusing on the states or operators it singles out. One
interpretation of the Cardy-like limit follows from selecting a particular sector in the dual
field theory. More precisely, we consider the entropy function given schematically as S =
I+, widi+ > A1Qr — A" Ar — Y, wi — 27i) in terms of conserved charges, chemical
potentials and a Lagrange multiplier, A, and search for a self-consistent scaling of the form
w; ~ eand Ay ~ O(1). Demanding that all terms contribute at the same order in € leads to
the following scalings of quantum numbers in table 1 that describes the singled-out sector.



Dimension of CFT | w | A J @ | Entropy Function
d=3 e| 1 |1/e2] 1/e 1/e

1

1

1

d=4 € 1/e3 | 1/ 1/€2
1/e3 | 1/ 1/€
/et | 1/€ 1/e

d=5
d=26 €

Table 1. Scaling of conserved quantum numbers in various field theory dimensions.

The self-consistency of these scalings is checked a posteriori. Since the charges (angular
momenta and electric charges) are large, the intuition for a semiclassical regime is justified.
It is precisely in this regime that the Legendre transform to obtain the entropy as the
extremization of the entropy function is fully justified.’

In this paper we study the Cardy-like limit on the gravity side, which we refer to as
the gravitational Cardy limit. To define this limit, we start with the field theory Cardy-
like limit (1.1) and find its counterpart on the gravity side using some relations between
field theory and gravity parameters. More explicitly, the gravitational Cardy limit has
specific expressions for various examples considered in this paper given by (2.18), (3.18),
(4.18), (4.52) and (5.16), which impose some special limits on the parameters of the cor-
responding black hole solutions. For all the asymptotically AdS, 56 7 solutions studied in
this paper, the gravitational Cardy limit can be universally written as

laigl — 1, (1.2)

where a; roughly characterize angular momenta in units of the inverse radius of AdS,
g. It turns out that when combined with a particular near-horizon limit for rotating
asymptotically AdS BPS black holes, the gravitational Cardy limit provides further insight
by yielding a near-horizon AdSs geometry, independent of the dimension of the black
hole. Hence, the black hole entropy can be obtained from this near-horizon AdSs a la the
Kerr/CFT correspondence.

More specifically, the asymptotically flat extremal black hole entropy can be obtained
using the Kerr/CFT correspondence near the horizon region [18], and this approach has
been generalized to asymptotically AdS extremal black holes [19, 20]. The main idea
is to apply the limit introduced in [19-21] to probe a particular near-horizon region of
extremal black holes. In this limit the near-horizon geometry is simplified to be some
circles fibered over AdSs, from which one can find a Virasoro algebra and, consequently,
compute the corresponding central charge and Frolov-Thorne temperature. Using the
Cardy formula, the black hole entropy can be successfully reproduced for extremal black
holes. The conceptual advantage of this approach is that it microscopically explains the
black hole entropy based on general near-horizon symmetries and does not require intimate
knowledge of the full higher-dimensional dual CF'T. The situation is akin to microscopically
computing the entropy of the AdS black holes without full knowledge of the UV complete
theory, which in this case is the higher-dimensional boundary CFT. We thus present

LOur intuition closely follows the BMN paradigm where a closed sector of large R-charge operators of a
given scaling is singled out [17].
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Figure 1. The Gravitational Cardy limit plays a role in the broader picture of the study of AdS
black holes, giving us a near-horizon AdSs geometry, similar to that of the extremal vanishing
horizon limit. The entropy can be computed in three separate regimes (qu)v and are all found to
be equal.

steps toward certain universality of asymptotically AdS black holes. This is similar to
Strominger’s discussion of the entropy of asymptotically flat black holes, using only the
near-horizon geometry [22] without recourse to the full string theory description originally
used in [23].

In this paper, we apply the same near-horizon limit introduced in [19-21] to the BPS,
i.e., to supersymmetric and extremal, asymptotically AdS black holes in various dimen-
sions. As a new ingredient, we take the gravitational Cardy limit, and the near-horizon
geometry will be further reduced to only one U(1) fibered over AdSs, or equivalently, an
AdS3 geometry. Hence, the gravitational Cardy limit provides the minimal amount of in-
formation for computing the black hole entropy using the Kerr/CFT correspondence. We
will demonstrate this statement using several examples of asymptotically AdS black holes
in various dimensions.

A pictorial way to summarize the situation is presented in figure 1 where we indicate
how to reproduce the Bekenstein-Hawking entropy of asymptotically AdSgz+1 BPS black
holes from two points of view: (i) the boundary CFT, and (ii) the near-horizon Virasoro
algebra arising as the asymptotic symmetry algebra.

The near-horizon Virasoro-based results are simpler. The most important point, how-
ever, is that our explicit computations demonstrate the existence of certain universality for
the class of rotating electrically charged asymptotically AdS black holes in dimensions 4,
5, 6 and 7. This universality manifests itself as an underlying AdS3/CFT5 correspondence
living in the near-horizon region.

To further gain intuition into the gravitational Cardy limit we discuss in this paper,
it is instructive to compare our approach with a somewhat related Extremal Vanishing



Horizon (EVH) limit discussed in [24] (see also [25—28]). For asymptotically AdS441 BPS
black holes, the authors of [24] related the boundary CFT,; and the corresponding near-
horizon computations in the EVH limit. In this case, there arises an effective 2d CFT
obtained in the near-horizon region. However, the (near-)EVH limit is strictly restricted
to the (nearly) vanishing horizon case, i.e., Aggy — 0, T" — 0, Apy/T — constant. In
contrast, the gravitational Cardy limit works for generic asymptotically AdS BPS black
holes without restricting the horizon area. This is because the gravitational Cardy limit
also rescales the conserved charges.

This paper is organized as follows. In section 2 through section 5 we discuss the
asymptotically AdSs, AdS,, AdS; and AdSg cases, respectively. For each case, we first
review the black hole solution, and then define the corresponding gravitational Cardy
limit. After taking the gravitational Cardy limit under the Bardeen-Horowitz near-horizon
scaling, we can see a structure of Virasoro algebra and compute the black hole entropy using
the microscopic Cardy formula, which matches the results from the boundary CFT,; and
the Bekenstein-Hawking formula for AdSg41. Some possible extensions for future research
are discussed in section 6. In appendix A, we present some details of verifying the equations
of motion for the near-horizon geometries.

2 Asymptotically AdS5 black holes

In this section, we consider the asymptotically AdSs black holes and the corresponding
gravitational Cardy limit. We will demonstrate that the black hole entropy can be com-
puted in various ways as shown in figure 1, and that the other thermodynamic quantities
scale in the gravitational Cardy limit precisely as in the field theory approach following
table 1.

2.1 AdS; black hole solution

In this subsection, we first review the non-extremal asymptotically AdSs black hole solution
found in [29] with degenerate electric charges Q1 = Q2 = Q3 = @ and two angular momenta
J1,2, and then take the BPS limit to obtain its supersymmetric version.

The non-extremal asymptotically AdSs black hole background was found in [29] as a
solution to the equations of motion of the 5d minimal gauged supergravity in the Boyer-
Lindquist coordinates x# = (¢, r, 6, ¢, ©). The metric and the gauge field of the black hole
solution are given by

Ag [(1+ g*r?)p?dt + 2qv] dt 2 Ayt 2 p2dr? p*db?
g52 = ~ Do+ g s av) dt ql;w+‘i<f_ —w) 4240
EaZpp P p* \ZaEp AW Ay
2 2 2 b2
+ 7 :—a sin?0 dp? + %COSQHCZ@ZQ, (2.1)
=N =
3q (DNgdt
A= L;q <H9H —w) +asdt, (2:2)
p Za=b



where

v = bsin?0 d¢ + a cos®0 di)
d d
w = asin’6 _—d) + bcos®0 _—w ,
Sa =b
Ap =1 — a?¢? cos®0 — b%g? sin?6,
_ (r*+a®)(r* +0°) (1 + ¢°r®) + ¢* + 2abg
r2 B
p* =12+ a® cos?0 + b*sin’h

2m

: (2.3)

= — 2 2
Ee=1—a%g",
EbEl—b2 27

f=2mp* — ¢* + 2abqg®p”,

and asdt is a pure gauge term with a5 a constant. These black hole solutions are char-
acterized by four independent parameters (a,b,m,q). The thermodynamical quantities,
including the mass F, the temperature 1" and the entropy S, can all be expressed in terms
of these independent parameters. The other physical quantities, such as the electric charge
Q, the electric potential A, the angular momenta J; o and the angular velocities €21 o can
similarly be written in terms of the four independent parameters. For example, the gravi-
tational angular velocities €)1 2 and the temperature 1" are given by

B a(ri +b2)(1 + 927“1) + bg

QO =
L 0T+ a)( ) +abg
o _ D02+ a1 +g7r2) +ag
2 (rt 4+ a?)(r2 +b%) +abg ’ (2.4)
ri {1 +g2(2r2 +a® + bQ)} — (ab+ q)?
T —

)

27Ty {(ri +a?)(r? +b%) + abq}

where 4 denotes the position of the outer horizon given by the largest root of A, in (2.3).

As carefully discussed in [3], it is crucial to make the following important distinctions of
these solutions, in the broader context when complex potentials are allowed. The extremal
black hole solution is characterized by the appearance of a double root in A, = 0, while
the BPS black hole solution is obtained by solving the supersymmetry equations.

The BPS limit is a special limit in the parameter space, such that the backgrounds
in this limit are both extremal and supersymmetric. For the class of AdSs black hole
solutions (2.1), the BPS limit corresponds to the following condition

m

=\ 2.5
e 1+ ag+bg (25)

Moreover, to prevent unphysical naked closed timelike curves (CTC), it is shown in [29]
that the BPS solutions should further satisfy the constraint

m:;(a—l—b)(l+ag)(1+bg)(1+ag+bg). (2.6)



Hence, in the BPS limit only two of the four parameters (a, b, m, q) are independent, which
can be chosen to be (a,b). The special case a = b corresponds to the supersymmetric AdSs
black hole solutions found by Gutowski and Reall [30]. In the BPS limit, the outer horizon

r4 coincides with the inner horizon at rq

b+ ab
T(%:a—i_ g+ag7 (2'7)

and the black hole entropy S, the electric charge (), and the angular momenta Jy, have

the following expressions in terms of (a,b)

72(a + b)v/a + b+ abg

% = (1 — ag)(1 — bg)
0, = m(a+0b)
T 4g(1 —ag)(1—bg)’ (2.8)
I m(a+ b)(2a + b + abg)
P 4g(1—ag)?(1—bg)
i = m(a+b)(a+ 2b+ abg)

4g(1 - ag)(1 —bg)*
where the entropy S, is computed from the Bekenstein-Hawking entropy formula

A

= 2,
TR (2.9)

SBH

a quarter of the horizon area in units of Planck length. Using the expressions (2.8), we can
also rewrite the black hole entropy as a function of @) and Ji o

3Q? T
The AdS/CFT dictionary helps translate the parameters of the AdSs black holes to

quantities in N' =4 SYM

1 s

“N?= — 43 2.11

2 AGN Y (2.11)
with /5 = g~! denoting the AdSs radius. We can rewrite the expression (2.10) of the AdSs
black hole entropy (in the unit G = 1)

3Q2 N2
SBH:27T\/§_2(J1+J2)- (212)

This expression has recently been extracted directly from the boundary CFT in [3-5] with
further clarifying field theory work presented in [31-40]. We show below that this boundary
CF'T result can also be obtained from a particular near-horizon Cardy formula.



2.2 Gravitational Cardy limit

The Cardy-like limit for the N' = 4 SYM index was defined in [4]. This limit has been
discussed in the context of N'=4 SYM also in [31, 32, 39]. In the more general context of
N =1 superconformal theories, it has been discussed in [33-35]. A key ingredient in the
limit is the regime

wi| <1, Ar~0Q1), (i=1,21=1,23). (2.13)

Using the relation found in [3, 38|

o
oT

Re(w;) = Re(Ar) = 8;; (2.14)

) )
T=0 T=0

we can express the Cardy-like limit (2.13) in terms of quantities in the dual gravity theory,
0P
L~ o), (2.15)

SUCh lhat
8T T=0 8T T=0

with i =1, 2 and I =1, 2, 3. Using the expressions of the thermodynamic quantities (2.4),
we obtain for the asymptotically AdSs BPS black holes,

<1,

ot — lim M —QF  2n(-1+ag) [1+ag+bg

OT lgps  1-0 T 39 “ , (2.16)
08 — lim Qo — Q5 2n(—1+bg) [1+ag+bg

T lgpg T—0 T 3g ab ’

where ()], are the values of €y in the BPS limit. From the expressions of % BPS

(1 = 1,2), we conclude that for asymptotically AdS; BPS black holes, the gravitational
Cardy limit corresponds to the special limit of the parameters on the gravity side

1 1
a——, b——. (2.17)
g g

For later convenience, we parameterize a and b as

1 1
a=-—€, b=——¢€. (2.18)
g g
For this case, € has the dimension of length. Taking the gravitational Cardy limit (2.18)

for the parameters into account, the BPS thermodynamic quantities (2.8) become

\/371'2 1
S* = 957 + 0(6 ) N
__7 -1
Q* - 29462 + 0(6 )7
o » (2.19)
Ji = S8 +0(e7),
* 27 -2
Jy = S8 +0(e77),

which are precisely the scalings of the field theory results [4, 41].



2.3 Black hole solution in the near-horizon + gravitational Cardy limit

In the previous subsection, we have obtained the gravitational Cardy limit for the parame-
ters on the gravity side. In this subsection, we discuss how the near-horizon metric changes
in this limit as well as clarify other ingredients.

The asymptotically AdSs metric (2.1) can be written in the following equivalent form,
which is more convenient for the discussions in this subsection,

A Ag’r‘Q Sin2(29) dr?  df?
d 2 — _ T dtQ 212 wv B d d dt 2 B d dt 9
i 4Z222 B, By, TPAA A, T w(dY +v1dd +v2dt)" + By (dd +v3dt)”,
(2.20)
where
2

B, = 93391~ 9 By = gu,

o (2.21)
_ 934 _ 9o4 _ 904 934 — 903 944
v = —, Uy = —, V3 = 5
g44 g44 934 — 933 G44

with the non-vanishing components of the metric (2.1) explicitly in the coordinates

(t7 T, 67 2 ¢)

Ag(1+ g*r?) N A%(2mp? — ¢* + 2abqg?p?)

goo = — = = —2= )
SRS prE2E2
Ay [a(?me —q?) + bgp*(1 + a2g2)} sin26
go3 = g30 = — 1—2= )
P =a=b
Ay [b(2mp2 —q¢?) +agp*(1 + 6292)} cos?6
go4 = G40 = — 1=2= )
P =p=a
2 2
_ -
g1 = A, 922 A’ (2.22)

(r? + a?) sin?0 N a[a(Qme —¢*) + qupﬂ sin*f

933 = — — )
Za p4:c2L

(r? + b?) cos20 b[b(2mp2 — @)+ 2aqp2} cos*f
ga4 = — =+ 1—2 ’

—

=p ="

[ab(2mp2 —¢?) + (a® + b2)qp2} sin6 cos?6
934 = 943 = 1= =

A central element in our approach is a near-horizon limit following the prescription of
Bardeen and Horowitz [21] to zoom into a near-horizon region, and at the same time we
move to a rotating frame by implementing the following coordinate change

~ t ~ t
r—rg+ AT, t— —, ¢_>¢+9X’ w—>w+gx. (2.23)

>| =



Taking A — 0 brings us to a particular near-horizon region of the AdS; BPS black holes
given by the following metric in the coordinates (t,7,6, ¢, 1))

2

2g(1 dr? ~ 1-— ~
ds = ~2OUA500) oy o0 0T 0) [ag P99
a(l+ ag)? 29(1 + bag) 72 9
(14 ag)y/a (a + 5)
a(4 —ag + 3ag cos(29)) cos?0 [ _ 600 sin6 B 2
g sin o~
d d 0)7rdt
+ 2g(1 — ag)? vt 4 — ag + 3ag cos(20) o+VO)T ]
2a
+ do? 2.24
g9(1— ag) (224
where
4a(2 + ag) sin®0
Apas, (0) = (2+ag) , (2.25)
g(1 —ag) (4 —ag + 3ag COS(ZG))
692(1 — ag) a(a+ %)
V(o) = (2.26)

~ a(1+ag) (4 — ag + 3ag cos(26))’

and for simplicity, we have set a = b, in consistency with the gravitational Cardy limit (2.18)

that will be imposed later. For some special values of 6, the metric (2.24) has the topology

of two U(1) circles fibered over the AdSs parametrized by (£, 7), as pointed out in [19, 20].
After a further change of coordinates

2g(1 4+ 5ag) ~
“ateg) © (2.27)

T

we can bring the metric (2.24) into the form

- 1—
ds” = S | P dT o+ i W P S il ) B
9(1 + Sag) " 2(1 4+ 5ag) a<a+§>
a(4 —ag + 3ag cos(20)) cos’0 [ _ 600 sin20 o 2
gsin _
d d V(0)rd
+ 2g(1 — ag)? v 4 — ag + 3ag cos(260) sV T]
2a
+ _ d02 , 2.28
o1 —ag) (229
where
_ 39(1 —ag)y/a (a + %)
V(0) = (2.29)

(1+ 5ag) (4 — ag + 3ag cos(26))

In both U(1) fibrations, the coefficients in front of 7dr are proportional to 97 (2.16)
with a = b. Hence, according to the relation (2.14), w; from N' = 4 SYM indeed play
the role of angular velocities in the metric (2.28), and the Cardy-like limit from the field



theory side means the angular velocities slow down on some U(1) circles in the near-horizon
metric (2.28).

In appendix A.1, we verify explicitly that the resulting background is a solution of the
5d minimal gauged supergravity equations of motion. This statement holds for arbitrary
values of a = b. Up to this point, our approach is completely rigorous and verifying the
equations of motion explicitly provides a powerful seal of approval. However, to flesh out
the scaling properties of the solution, in what follows we implement the gravitational Cardy
limit in the space of parameters which further simplifies the geometry.

We apply the gravitational Cardy limit (2.18) to the metric (2.28) and keep the leading
orders in €, which leads to

1 dr? 2 4sin?(@)e [1 ~ g 2
ds? = —— | —2dr2 + & _d02_[d— ~d}
8 12¢2 [ " TR g€ g3(1 + cos(20)) e ¢ 4\/§r T
3cost(@) |1~ 2sin?(0) ~  gsec?(0) _ ?
SRR LR L . 2.
i [ed¢+e(1+cos(29))d T (2.30)

From this metric, we can see that in the gravitational Cardy limit ¢ — 0 only one U(1)
circle remains non-trivially fibered over AdS;. We have only assumed that ¢ is small
without strictly taking the limit e — 0, and the near-horizon metric will approximate
to AdSs, as € becomes smaller. However, since the two initial U(1) fibrations give the
same result of the black hole entropy according to the Cardy formula and the extreme
black hole/CFT correspondence [20], the remaining U(1) is enough to compute the AdSs
black hole entropy. We will demonstrate this point in the next subsection. To summarize,
the gravitational Cardy limit simplifies the near-horizon geometry but keeps the minimal
amount of information for computing the black hole entropy.

Let us finish by warning the potentially puzzled reader. The analysis above, surround-
ing equation (2.30), is local and has the sole intention of clarifying the geometry of the
gravitational Cardy limit. If bothered by this last limiting procedure it is possible to step
back and derive all the quantities from the safer background obtained in equation (2.28).
However, without this gravitational Cardy limit the connection to the field theory approach
would be very tenuous.

2.4 Black hole entropy from Cardy formula

In the previous subsection, we showed that a warped AdSs geometry appears in the near-
horizon region of asymptotically AdS; BPS black holes in the gravitational Cardy limit.
This circumstance permits the use of ideas presented in [18], which lead to the identification
of a Virasoro algebra as the asymptotic symmetries in the near-horizon geometry and,
subsequently, to a microscopic description of the black hole entropy via the Cardy formula.

Let us briefly review how the Virasoro algebra emerges as the algebra of asymptotic
symmetries of the near-horizon region of the extremal Kerr black hole [18] (see also [42]).
Recall that the asymptotic symmetry group is the group of all allowed diffeomorphisms
modulo trivial ones where allowed diffeomorphisms are defined as those that preserve cer-
tain boundary conditions of the asymptotic metric. The starting element in determining

~10 -



the algebra of asymptotic symmetries is, therefore, to consider diffeomorphims generated
by vectors of the form

0 0

e = — —ré(p)= 2.31
= eld)zg — e @) 5 (231)
where €(¢) is a function periodic in ¢. For simplicity we can choose to be e(¢) = —e™™M?,
and consequently obtain the mode expansion of (. as
Cny = _6m¢8€ib — inrei”¢£ , (2.32)
which satisfies a centreless Virasoro algebra
i[Ctm)s )l = (M — 1) Cmm) - (2.33)

The charge associated with the diffeomorphis (. is given by an integral over the boundary
of a spatial slice 0%
1
=— | ke,
Rk 871G Jox ¢
where k¢ is a 2-form defined for a general perturbation h,, around the background met-

TiC Guv

(2.34)

1 1
kelh, g) = — 4 Cabuy ¢"DVh — ¢"Dght? 4+ (D" hH 4 ihDVCM — h"? Dyt
1
+5h7 (D" + Dgg“)] dz® A dz? (2.35)
with h = haggo‘ﬁ . The Dirac bracket of the charges is
1
{QC(m)a QC(n)} = Q[C(m>,§(n)] + 7G o5 kC[‘CCga g] ) (236)

where L denotes the Lie derivative with respect to ¢

Egg;w = Cpapg;w + gpuaucp + gupaucp . (2'37)

The mode expansion of the Dirac bracket (2.36) leads to a Virasora algebra

1
[Lin, Lp] = (m —n) Ly + 13¢L (m® 4+ am) Smtn, 0, (2.38)
where ¢y, can be obtained from the integral
1 i 3
% . k((m) [‘CC(n)ga g] = _ECL (m + am) 5m+n,0 ) (2'39)

and « is an irrelevant constant.

To compute the black hole entropy using the Cardy formula, we still need the Frolov-
Thorne temperature, which can be obtained in the following way. The quantum fields on the
background (2.1) can be expanded in the modes e ~“!T¥m¢_ After taking the scaling (2.23),
these modes become

. 7iw3+im(~+i) (™M ima inRt+ingd
efzwt+zm¢> . > o+gx _ e—z(x—Tg)H—zmqﬁ = emet+mL¢’ (2‘40)
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from which we can read off the left-moving and the right-moving mode numbers

_w—myg

npEm, nR=-——— . (2.41)
The Boltzmann factor is
_ w—mQ _np_nRp
e Thw —=e T Tr , (2.42)

where Ty is the Hawking temperature, and 77, g are the left-moving and the right-moving
Frolov-Thorne temperatures. Combining (2.41) and (2.42), we obtain the near-extremal
Frolov-Thorne temperatures

Ty Ty

Tr = ——— Tr =
L g_Q, R Y

(2.43)
The values for the extremal AdSs black holes can be obtained by taking the extremal limit
(TH — O).

In order to apply the technique described above, we need to first transform the AdSs
Poincaré coordinates (7,7) in the metric (2.28) to global coordinates (7, 1)

V1 + 72 sin(f)
F=r+V1+72cos(l), ¢ 'r= , 2.44
g @, 9 7+ V14 72 cos(f) ( )
which leads to
di? dr?
2 79 N
A+ = —(1+ ) di?+ —— |

mdr Ty = 1) 1+ 72 (2.45)

rdr =7dt +dy,

where

’Yzlog<1+\/1+7ﬁsin(f)> ' (2.46)

cos(t) + 7sin(f)
Consequently, the near-horizon metric (2.28) of the AdS; BPS black holes can be written as

2

dr? . 1— R
2
2(1+ 5ag)y/a (a + §)
a(4 —ag + 3ag cos(29)> cos0 600 sin6 _ 2
A gsin n s
d d 0) 7 dt
+ 29(1 — ag)? vt 4 — ag + 3ag cos(20) o+ VO
2a
+——db?, 2.47
9(1 —ag) (2470
where
A~ 3a(l —ag A~ 3a(l —ag
b=d+ S VB L=eoh (2.48)
2(1+ 5ag),/a (a+ %) 2(1 + 5ag) a<a+ %)
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Applying the formalism reviewed in this subsection, we can compute the central charge
and the extremal Frolov-Thorne temperature in the near-horizon region of the asymptoti-
cally AdSs BPS black hole solutions (2.47)

9ra?

¢ = ; 2.49
(1= ag) (1 + 5ag) (249
1+ 5ag 2
T, = ——"— -. 2.50
P Ba(—ag)r | (a " g) (2:50)
The BPS black hole entropy in this case is then given by the Cardy formula
72 n2a+/2a + a?g
Spyp=—ci Ty =Y~ ~J 2.51
BH 3 crirp 93/2(1 — ag)z ) ( )

which is the same as the result from gravity (2.8) with @ = b. In fact, we can also apply
the formalism discussed in this subsection to the near-horizon metric in the gravitational
Cardy limit (2.30), which can be recast into the global coordinates

1 dr? 2 4sin?(@)e  [1 .. g 2
2 L |1 g2 2z 2_[ B 5 di
ds 1292 l (1+75)di” + 1+ 72 g€ g3(1 + cos(26)) ed¢ 4\/§rd
3cost(f) [1  ~ 2sin?(6) - gsec(0) . . ?
— |~ — r . 2.52
* gt de + e(l +cos(20))d 43 Fdt (2:52)

The corresponding central charge and the extremal Frolov-Thorne temperature are

3 2V/3
L 2%’ TP rge (2.53)

The black hole entropy can obtained from the Cardy formula

2 NEY
S = —ci T, =

3 .g57 ) (2-54)

which exactly matches the gravity result in the gravitational Cardy limit (2.19).

2.5 Comparison with results from boundary CFT

The asymptotically AdSs BPS black hole entropy can also be obtained from the boundary
N = 4 SYM by extremizing an entropy function [3-5] originally motivated in [43] and
more recently studied in [44]. One can first compute the free energy in the large-N limit
using the partition function via localization or the 4d superconformal index. The entropy
function is then defined as the Legendre transform of the free energy in the large- N limit

23: QrAr + Z Jiw; — (Z Ar =) w- 27ri> . (2.55)
1 i

N? A1ArAg

S(Ar, w) = 2 oy

In the Cardy-like limit (2.13)
wr~e, Ar~0(1), (2.56)
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we can read off from the entropy function (2.55)

1 1

1
J~ =, Qr~ 5, (2.57)

S~ —
€2’ €3’ €

which have been summarized in table 1.

The electric charges @); and the angular momenta J; are real, while the chemical
potentials A and the angular velocities w; can be complex, and so can the entropy function
S. By requiring that the black hole entropy Sppm be real after extremizing the entropy
function S, we obtain one more constraint on Q7 and J;. More precisely, the asymptotically
AdSs black hole entropy is given by [3-5]

2
SpH = 277\/@1@2 + Q203 + Q3Q1 — N7(J1 +J2), (2.58)

subject to the constraint
N2 N2
(Ql + Q2+ Q3+ 2) (QlQQ + Q2Q3 + Q3Q1 — 7(!]1 + J2)>

N2
- <Q1Q2Q3 + 2J1J2> =0, (2.59)

which is a consequence of the reality condition on the black hole entropy Spp.

For the AdSs black hole solutions in [29], the electric charges are degenerate, i.e.
Q1 = Q2 = Q3 = Q. Hence, for this class of black hole solutions in the BPS limit, the
black hole entropy becomes

N2
SBH:27T\/3Q2—2(J1+JQ). (260)

This is exactly the same as the result from the horizon area (2.12) in the unit g = 1,
and the one from the Cardy formula (2.51). The constraint (2.59) for this degenerate case

becomes
N2 N2 N2
(3Q+2> <3Q2‘2<"1+J2)> = QP+ Gk, (2.61)

which is also consistent with the thermodynamic quantities from the gravity side (2.8).

3 Asymptotically AdS, black holes

In this section, we consider the asymptotically AdS4 black holes and the corresponding
gravitational Cardy limit. Similar to the AdSs case, we demonstrate that the AdSy black
hole entropy can be computed in various ways as shown in figure 1, and the other thermo-
dynamic quantities scale correspondingly (see table 1) in the gravitational Cardy limit.
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3.1 AdS,; black hole solution

The non-extremal rotating, electrically charged asymptotically AdSs black hole solution
with gauge group U(1) x U(1) in 4d N = 4 gauged supergravity was constructed in [45].
The solution is characterized by four parameters (a,m, d1,d2). The metric, the scalars and
the gauge fields are given by

2 2
A a sin26 dr?  db? Ay sinZf rirs + a?

2_ _2r _ o 205 Y _ 27 a

ds® = W(dt = dqb) —I—W<:T+ :9>+ W ladt — dqﬁ] ,

(3.1)
W ’ r? + a2 cos20 ’
2v/2m sinh h in*g
A — v/2m sinh(d7) cosh(d1) 72 (dt— as:n dgf)) + oy dt (3.2)
W =
2v/2m sinh h in®
= DS B (3 080,)
W =
where
r;, =r4+2m sinh2(5i) , (1=1,2)
A, =712+ a® = 2mr + g*rira(rire 4 a?),
Ap =1 — ga® cos?0 , (3.3)
W =rirg + a® 005297
=E=1-— a292 ,

and g = BZI is the inverse of the AdS, radius. Note that we have added pure gauge terms to
the two gauge fields where a4 and ay4o are constant. The metric (3.1) can also be written
in the following equivalent expression, which is more convenient for later discussions,

2 2
ds? = —AB’“EA;’ dt?> + Bsin?0(d¢ + fdt)? + W (CZN + ‘Z) : (3.4)
with
~ (a® +111r9)2Ag — a?sin?(0) A,
B= = : .
f= aZ (A, — Ag(a® +7172)) &9)

Ag(a? +1r17r9)? — a?A,sin%0

The non-extremal asymptotically AdS,; black holes with four degenerate electric
charges (Q1 = Q2, Q3 = Q4) and one angular momentum J have been found in [46], which
are characterized by four parameters (a, m,d1,02). The BPS limit imposes a condition

i — gy 2 (3.6)
ag
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For the black hole solution to have a regular horizon, we impose an additional constraint

2 cosh? (81 + &)

= . 3.7
91102 sinh3(§; + d2) sinh(26;) sinh(24;) (3.7)

(mg)

The two conditions (3.6) (3.7) in [46] have typos, which have been corrected in [47, 48], see
also [49]. With these constraints, there are only two independent parameters for asymp-
totically AdS4 BPS black holes, which we choose to be (41, d2) for convenience. In the BPS
limit, the position of the outer horizon is

_ 2msinh(éy) sinh(d2)

. cosh(dy +d2) (3:8)

which coincides with the inner horizon.
The physical quantities of non-extremal AdSy black holes can also be solved as functions
of (a,m,d1,02). In particular, the gravitational angular velocity 2 and the temperature T

are given by

1+ g2 A’
= tgmnr) . A (3.9)
rire + a? 4 (rire + a?)

Moreover, the other thermodynamic quantities of asymptotically AdS, black holes are [46]

g 7(rire + a?)

—_ )
—
—

ma
J = — (cosh(201) + cosh(2d2)) ,
=2 (3.10)

m .

Ql == Q2 = 4? smh(251) 5
m .

Qg = Q4 = 47: smh(2(52) .

3.2 Gravitational Cardy limit
The Cardy-like limit for the 3d ABJM theory was defined in [9, 10],

lwl <1, Ar~0(1), I=1,---,4). (3.11)
Using the relations found in [48]

Q- O Oy — Pt
w=~lim ——— AI:—hm%, (3.12)

with 2* = g and ®} = 1 denoting the BPS values of {2 and ®;, we can find the gravitational
counterpart of the Cardy-like limit (3.11)

()
6T T=0

Hence, we obtain for the near-extremal AdS, black holes

0P

L SE| ~om). (3.13)

T=0

0 o 2= me3(1492) (coth(8y + 6,) — 2) \/sinh(20;) sinh(203) (3.14)
_ = 11 = — .
OT |gpg T—0 T (coth(d1 + d2) + 1) \/sinh(d1 + d2) cosh(d; — d2)
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This expression has several roots
01 =0, d=0, & + d2=arccoth(2). (3.15)

However, §; = 0 and d3 = 0 are unphysical, because according to (3.8), 6; = 0 or do = 0 will
cause r+ — 0. Hence, we conclude that the gravitational Cardy limit for asymptotically
AdS4 BPS black holes is

91 + 62 — arccoth(2). (3.16)

Equivalently, this can be written in terms of the other parameters as
ag — 1. (3.17)
We introduce a small parameter ¢ to denote small deviations from this limit, i.e.,
81 + 62 = arccoth(2) + €. (3.18)

For this case € is dimensionless. Imposing first the BPS constraint (3.6) and the regularity
condition (3.7) near the horizon, and then taking the gravitational Cardy limit (3.18), we
obtain the thermodynamic quantities (3.10) to the leading order in €

T
* — 5 9 1 ?
S: = 37, +0(1)
cosh (261 — log(3)
J* = ( 2 ) + O(e_l) Y
9g2e2 \/2 sinh(401) — 5sinh?(201) (3.19)
* * !

QR =Q oW,

= +
2 4ge\/6tanh(d1) + 6 coth(dy) — 15
B \/2 tanh(51) + 200th(51) -5

Q=i = e +o(1),

which are consistent with [9, 41] and the Cardy-like limit on the field theory side (3.11)

we~e, Ano~0O(). (3.20)

3.3 Black hole solution in the near-horizon + gravitational Cardy limit

In the previous subsection, we have obtained the gravitational Cardy limit for the parame-
ters on the gravity side. In this subsection, we discuss how the near-horizon metric changes
when taking the gravitational Cardy limit. In appendix A.2, we verify explicitly that the
resulting background is a solution of the 4d gauged supergravity equations of motion. In
the following, we implement the gravitational Cardy limit in the space of parameters, which
further simplifies the geometry.

For the asymptotically AdSy black hole metric (3.4), we perform a near-horizon scaling
similar to the AdSs case (2.23)

t ~ t
T A t= ¢ — ¢ — glcoth(dy + d2) — 2]~

5 (3.21)
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Furthermore, we take the gravitational Cardy limit (3.18) and keep only the leading orders
in e. The metric (3.4) finally becomes

g* (9—18 et +€861) (34cos(26)) o 3(34cos(26)) (6461 —1) (6451 —9) d72

ds® = — —
° 3(9—10e%01 4¢80) rar 162 (9—18e%01 4-¢801) 72
3+cos(20) 2sinf {da V3g?cosh (251~ log(3)) ~]2
— T
2¢2sin%6 992 (3+cos(26)) L €  /sinh(24;)sinh (log(3)—24;)
+O(e). (3.22)
Defining

4g° (9 — 5cosh(4 61) + 4sinh(46;))? -
3(5—5cosh(4d1) +4sinh(461))

(3.23)

T

we can rewrite the metric (3.22) as

Lo 3B+ cos20)) (et — 1) (et —9) { g0, d?’z} 34 cos(20)
o 1692 (9 — 18¢401 1 801 TOT TR 242 5in%0
2sin*6 d(E 2
YW venFdr| +0 3.24
S T o | VDT +0(0), (3.21)
where

~ 9cosh (24 — }10g(3)) (5 5cosh(441) + 4sinh(41))
Vo) = 2,/10 — 6 cosh (46, —1log(3)) (9 — 5cosh(46;) + 4sinh(461)) (3:25)

3.4 Black hole entropy from Cardy formula

For the asymptotically AdSs black holes discussed in this section, we apply the Cardy
formula to the near-horizon metric only after taking the gravitational Cardy limit. More
explicitly, we first rewrite the metric (3.24) from the Poincaré coordinates (7, 7) to the
global coordinates (7, £) using the relations (2.44)—(2.46). Consequently, the near-horizon
metric in the gravitational Cardy limit (3.24) becomes

3 (3 + cos(26)) (6461 - 1) (6451 — 9)
162 (9 — 18e%01 + ¢801)
2sin?6 di) 7

+ 997 (3 + cos(26)) { + V(61)7 dt] + O(e), (3.26)

€

di? 3 + cos(26) 02

ds® =
N 1+72] " 2425in%0

[—(1+f2)df2+

where #, # and 7 are defined in (2.44) and (2.46), while

A N

v =¢+ V(dh)ye. (3.27)

Applying the same formalism in subsection 2.4, we obtain the central charge and the
extremal Frolov-Thorne temperature in the near-horizon region of the asymptotically AdS,
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BPS black holes,
3\/§ e291(3 4 €%91)/5 + 4sinh(46;) — 5cosh(4 )
21810 — o861 _g) ’
B 9+ 4sinh(4 1) — 5cosh(4 d1)
187 sinh(d1) cosh(d;) cosh (2 & — 3 log(3)) V2 tanh(d1) + 2 coth(d;) — 5 '

cr, =
(3.28)
17,

Using the Cardy formula, we can compute the black hole entropy of the asymptotically

AdS, BPS black holes:
g 2 T ™
= —¢C —_
BH = zcLlr 3g%
which is the same as the black hole entropy in the gravitational Cardy limit (3.19) from

(3.29)

the gravity side.

3.5 Comparison with results from boundary CFT

The asymptotically AdS4 BPS black hole entropy can also be obtained from the boundary
3d ABJM theory by extremizing an entropy function [9, 10], which has also been studied
in [44]. One can first compute the free energy in the large-N limit using the 3d super-
conformal index or the partition function via localization. The entropy function is then
defined as a Legendre transform of the free energy in the large- N limit

2120 k3 N2 VA A AR, .
S(Ar, w) = 3 ~ —2wJ—zI: AQr—A XI:AI — 2w+ 2mi | . (3.30)
In the Cardy-like limit (3.11)
wr~e, Ar~0O(1), (3.31)
we can read off from the entropy function (3.30)
1 1 1
S~ = J~ — ~ = 3.32
e’ €27 QI e’ ( )

which have been summarized in table 1.

Similar to the AdSs case, for AdSy the electric charges Q7 and the angular momentum
J are real, while the chemical potentials A; and the angular velocity w can be complex,
and so can the entropy function S. By requiring that the black hole entropy Spp to be real
after extremizing the entropy function .S, we obtain one more constraint on J; and J. More
precisely, for the degenerate case with Q1 = @3, Q2 = Q4 and one angular momentum J,
the asymptotically AdS4 black hole entropy is given by [9, 10, 48]

SR %\/9Q1Q2(Q1 + Q) — 2kJN3
o 3 Q1+ Q2 ’

(3.33)

subject to the constraint

2kJ2N® + 2kJN3(Q1 + Q2) — 9Q1Q2(Q1 4+ Q2)> =0, (3.34)

which is a consequence of the reality condition on the black hole entropy Spp.
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If we identify the field theory parameters with the ones on the gravity side in the
following way [48, 50]

G 3

we can rewrite the black hole entropy (3.33) and the angular momentum as

1 242
_ 20N Qun = Q. Jsn=1J, (3.35)

™ JBH
Spn = : (3.36)
9°G (%QBHJ + %QBH,Q)
1 /2 2 2 2
JBH = 3 <gQBH,1 + gQBH,2) (1 + \/1 + 169*G? Q];H’l QJ;HQ) ; (3.37)

which are consistent with both the thermodynamic quantities on the gravity
side (3.10) (3.19) and the black hole entropy in the gravitational Cardy limit from the
Cardy formula (3.29).

4 Asymptotically AdS; black holes

In this section, we consider asymptotically AdS7 black holes and the corresponding gravi-
tational Cardy limit. Similar to the previous sections, we demonstrate that the AdSy black
hole entropy can be computed in various ways as shown in figure 1, and the other thermo-
dynamic quantities scale correspondingly in gravitational Cardy limit. For completeness,
we discuss two asymptotically AdS7 black hole solutions in the literature: a special case
with all equal charges and all equal angular momenta in subsection 4.1 and a more general
case with two equal charges and three independent angular momenta in subsection 4.2.

4.1 A special case

In this subsection, we consider the gravitational Cardy limit of a special class of non-
extremal asymptotically AdS7 black holes discussed in [7].

4.1.1 AdS7 black hole solution

The solutions M7 x S* to 11d gauged supergravity, with M7 denoting an asymptotically
AdS7 black hole, have the isometry group SO(2,6) x SO(5). Hence, this class of solutions
has three angular momenta from the Cartan of the maximal compact subgroup SO(6) C
SO(2,6) and two electric charges from the Cartan of SO(5). The most generic solution has
not been constructed in the literature so far. Instead, the solutions with two charges and
three equal angular momenta were found in [51], while the ones with two equal charges
and three angular momenta were found in [52]. As the intersection of these two classes, the
solution with two equal charges Q1 = @2 and three equal angular momenta J; = Jy = J3
has been considered in [7].

For this special solution, the metric of the asymptotically AdS; black hole part is
given by

, o Y
f1i=2

—

dt® + if dr® + H2j;12 p (a — ;?dt) + % ds(%Pg ) (4.1)
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where

1
o=dyx+ §l3 sin?¢, (4.2)

1 1
dstpe = d&® + 1 sin? ¢ (13 + 13) + Zzg sin? & cos? ¢, (4.3)

with (1, l2,l3) denoting the left-invariant 1-forms of SU(2), which can be explicitly chosen
to be [53]

Iy =siny df — cossinfdo,
lg = cospdf + sinsin 0 do (4.4)
ls = —(dip + cos O do),

0<O0<m, 0<¢p<2mr, 0<o <A4m. (4.5)

Moreover, the asymptotically AdS; black hole solution also contains two 1-forms, one 3-
form and two scalars, which are given by

msinh(d) cosh(d) a0
Aly =AYy = Ag = EH (dt —a0) + Z—dt,
masinh?(¢)
Agy= —s=x—"0Ndo+andt Nd0 Ndp+ appdt Nd§E Ndp + azgdt NdE N dY,

25 =
prEE_

X, =Xo=H Y%,
(4.6)

where we have added some pure gauge terms to the potentials, and

p-=Er7,

H=1+ 2msi;1h2(5) ’

fi== [Qama;inhwz +2ma?[Z2 + cosh(9) (1 - 22)].
2 = 9= + ma cosh?(9)

2
Y = ¢?p®H? + 25 — 2mp? {CLQQQ cosh?(8) + E} + 2ma? {Ei + cosh?(8) (1 — Ei)] ,
2. =14a9, E=1-d%¢,

(4.7)

with g = £ 1 denoting the inverse of the AdS7 radius. The thermodynamic quantities of
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the black hole have the following expressions

oy
dmg p3VER
g 7 p? _f1 ’
4G NE3

1 2fo=_
Q:_<g+ f2 )7
g 1

o - 4m sinh(6) cosh(d) (: B 2af25_)
p'EH o h ’

2
—[12(ag + 1)? (ag(ag + 2) — 1) — 4cosh?(9) (3a’g* +124%¢* + 11a%¢* - 8) |,

mm

EFE=——
32GNg=

ma,7r2

_ 2 2 33 2 2 B
J = e [4ag(ag + 1)° — 4 cosh?(9) (a g° +2a”g” + ag 1)} ,
mm? sinh(d) cosh(d)

@= AG N g=?

(4.8)

The expression of the temperature 7" has three roots r+ and rg, all of which coincide at the
extremality. As we can see, the solution depends only on three parameters (a,m,d). As
shown in [7], the BPS condition and the absence of naked closed timelike curves (CTCs)

require that

20 2 128e20(3e20 —1)3

—1- = - : 4.
3ag’ T 729 g*(e? +1)2(e20 —1)6 (49)

Hence, there is only one independent parameter in the BPS limit, which we choose to be 4.
In addition, all three roots of T', i.e. 7+ and rg, coincide in the BPS limit, and its value is
9 16

= ) 4.10
" 3g%(3e?0 —5)(e® + 1) (4.10)

The thermodynamic quantities in the BPS limit become

T, =0,
5 — 32m3v/9e20 — 7
* 3v3GngP(3e20 —5)3 (20 +1)3/2
Qe =1,
P, =2,
5 1672(18 %% — 21 % 4 7) (4.11)

* = 3GNg(3eD —5)i(e2 +1)2°
1672(9 e + 18 €% — 23)
" 9G NGO (3e20 —5)4(e20 4 1)2
8n2(3e% — 51 — 320 4 5)
Qs = Gngi(3e2 —5)4(e20 +1)2
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4.1.2 Gravitational Cardy limit
The Cardy-like limit for the 6d N' = (2,0) theory was defined in [8], which for the special

solution with three equal angular momenta is

lw <1, A~OQ1). (4.12)
Using the following relations found in [7]
1 1
=—(Q—-Q,), =—(®—-d,), 4.1
W= (-0, 6= (@) (113)
we obtain the corresponding limit as
o9 0P
— 1 — ~O(1). 4.14
(57), <1 57| ~ow (114)
Using the relation (4.13), we can express (g%) in terms of the paramter 6. The explicit
form is not very elucidating, but we do find a root to the equation (g—fﬁ) = 0, which is
1 5
= =1 . 4.1
) 5 og (3) (4.15)

Hence, the gravitational Cardy limit for the class of asymptotically AdS; BPS black
holes (4.1) is

1 5
06— =1 - . 4.1
- 5log ) (116)
Note that this is equivalent to
ag — —1, (4.17)

as in the other black hole solutions. We can introduce a small parameter to denote the

deviation from this limit, i.e.,
1

)
=_1 - . 4.1
J 5 og<3)+e (4.18)

For this case € is dimensionless. Expanding in €, we find the BPS thermodynamic quanti-
ties (4.11) in the gravitational Cardy limit (4.18) to the leading order

T, =0,
3
T
Sp= e + O(c7?),
250 G goed (™)
0, =1,
o, =2,
4.19)
37T2 (
Bi=——— + 03,
250Grgia 1O
S o
* T 1250 G ghed <N
Q= =t O
= €°),
500 G ngoe’
which are consistent with [8, 41] and the Cardy-like limit on the field theory side (4.12)
we~ e, Ag~0O(1). (4.20)
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4.1.3 Black hole solution in the near-horizon 4 gravitational Cardy limit

In the previous subsection, we have obtained the gravitational Cardy limit for the parame-
ters on the gravity side. In this subsection, we discuss how the near-horizon metric changes
when taking the gravitational Cardy limit. In appendix A.3, we verify explicitly that the
resulting background is a solution of the 7d gauged supergravity equations of motion. In
the following, we implement the gravitational Cardy limit in the space of parameter which
further simplifies the geometry.

We can apply the following scaling near the horizon r, (4.10) to the BPS AdS7 black
hole metric (4.1)

_ 6g sinh(J) t

t
* )\~, t ) - . 3N
T TR EAT TN XX cosh(d) + 2sinh(d) A

with A — 0. In addition, taking the gravitational Cardy limit (4.18), we obtain the near-
horizon metric to the leading order in ¢

(4.21)

ds? = —10 ¢? 22/5 ¢ 72 df? + ¥ﬁ
16 g2 23/5 72

LB e P
% 22 ( X+ 2l3 sin?¢ — 5v/5 g€ rdt) + 5o dsipa - (4.22)
Defining

T =8V5g2\/et, (4.23)

we can rewrite the near-horizon metric in the gravitational Cardy limit (4.22) as follows

a2y 9
|2
72 25 g2e2

1 Se _  \* 25
(dx + 5[3 sin?¢ — 5 r dT) + @ ds(chz .
(4.24)

1

2 _
95" = 152075

[—?2d72+

4.1.4 Black hole entropy from Cardy formula

For the asymptotically AdS7 black holes discussed in this section, we apply the Cardy
formula to the near-horizon metric only after taking the gravitational Cardy limit. More
explicitly, we first rewrite the metric (4.24) from the Poincaré coordinates (7, 7) to the
global coordinates (7, ) using the relations (2.44)—(2.46). Consequently, the near-horizon
metric in the gravitational Cardy limit (4.24) becomes

! di”? 22/ 1 Be N2 225
2 _ A2 372 . . 9 . )
ds® = 16 g2 23/5 —(1+7%)dt —1—1 —i—fz] +259262 (dx—i— ilgsm £ — Srdt) +@dsw27
(4.25)
where £, # and 7 are defined in (2.44) and (2.46), while
.. O€
X=X=g7 (4.26)

Applying the same formalism in subsection 2.4, we obtain the central charge and the
extremal Frolov-Thorne temperature in the near-horizon region of the asymptotically AdS7
BPS black holes as follows

32 4

I L A 42
LT o00g5e2 Tk (4.27)
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Using the Cardy formula, we can compute the black hole entropy of the asymptotically

AdS; BPS black holes
2 3
Spy = —ci T, = ———
BH = 3 crly 250 g5’

which is the same as the black hole entropy in the gravitational Cardy limit (4.19) from

(4.28)

the gravity side in the unit Gy = 1.

4.1.5 Comparison with results from boundary CFT

The asymptotically AdSy BPS black hole entropy can also be obtained from the boundary
6d (2,0) theory by extremizing an entropy function [4, 7, 8] originally motivated in [54] and
more recently studied in [44]. We can first compute the free energy in the large-N limit
using the background field method on S°, the partition function via localization or the 6d
superconformal index. The entropy function is then defined as a Legendre transform of the
free energy in the large-N limit

3 2 A2 2 2 3
C N3 AN ZQ1A1+2szzA<ZAIZwi2m> . (4.29)
I=1 =1

I=1

A, wi) =
S( L ) 24 WiWaws

In the Cardy-like limit (4.12)

w~e, Ar~0O(1), (4.30)
we can read off from the entropy function (4.29)
1 1 1
SNg, JN€74’ QINgu (431)

which have been summarized in table 1.

Similar to AdSy 5, for AdS7 the electric charges ()7 and the angular momenta J; are
real, while the chemical potentials A; and the angular velocities w; can be complex, and so
can the entropy function S. By requiring that the black hole entropy Sgg to be real after
extremizing the entropy function S, we obtain one more constraint on (); and J;. More
precisely, the most general case with two charges (@1, Q2) and three angular momenta
(J1, Jo2, J3) was discussed in [4, 8], while the degenerate case with Q1 = Q2 and J; = Jy =
Js was discussed in [7]. For the most general case, the asymptotically AdS; black hole
entropy is [4, 8]

3(Q3Q2 + Q1Q3) — N3(J1Jo + Jods + J3J1)
Spy = 21 , 4.32
BH \/ 3(Q1+ Q2) — (4:32)
subject to the constraint
3(Q2Q2 + Q1Q3) — NB(J1J2 + JaJs + J3J1)
3(Q1+ Q2) —
N3 2+
= lg(Jl + Jo + J3) + Q1 Q2 + 201 Q2‘|
2 N3 20)2
x [1— |1- NN o ds + Q1@ 1 (4.33)

2 2
(NTS(Jl +Jo + J3) + % + 2@1@2)

which is a consequence of the reality condition on the black hole entropy Spp.
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We apply the general result to the special case Q1 = Q2 = Q and J; = Jo = J3 = J,

6Q3 — 3N3J?
=2M\| ——— 4.34
Spa =27 60 N3 (4.34)
with the constraint
60Q3 — 3N3J2 5 ) 2N3.J3 4+ Q4
= 22 _(N S DY [ S S 4,
60 — N3 (Ve +3Q%) N3J+3Q7 | (4.35)

which are consistent with both the thermodynamic quantities on the gravity
side (4.11) (4.19) and the black hole entropy in the gravitational Cardy limit from the
Cardy formula (4.28) under the AdS;7/CFTg dictionary of parameters [4, §]

372

Gy =—r.
N T 16¢5N3

(4.36)

4.2 More general case

In the previous section, we have discussed a special solution of asymptotically AdS7 black
holes with two equal charges (1 = Q2 and three equal angular momenta J; = Jo = J3. In
this subsection, we consider a more general solution with two equal charges 1 = ()2 and
three independent angular momenta (J1, Ja2, J3), which was first introduced in [52].

4.2.1 AdS; black hole solution

The metric for this class of asymptotically AdS; black holes is

] |Gl | el P o [ Catt o D G o ot WO
R Y Z
R 2
#2747+ )
Y (dt’ + (22 = 1) dipy — r222dapy — 7 A)2
(r? +y?)(y* — 2%) H(r? 4 y?)(r* + 2%)
A q 2
dt/ 22 d 2 2d _ >
i (r? +22)(2* — y?) < T ) d =y iy H(r2—|—y2)(r2—|—22)A
a%a%a% / 2 2 2 2 2 2 2 2.2 222
+T2y222 dt’ + (y= + z° —r*)dyy + (y“z° — roy” — r°z%)de — rey“z°dis
2
2.2
q gy-z
_ 1 4.37
H(r? +y?)(r? + 22) ( + a1a2a3> A) ] ’ ( )
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while the 1-form, the 2-form, the 3-form and the scalar are

A= 2m sinh(0) cosh(d)
1 = H(r? +y2)(r2+22)7"
q
Apy = AN

H(r? +y2)(r? + 22)
[+ Y a3+ diy + 3 aPad(gP i + din) + a3 (P + d)
i i<y
— 92(y2 + 22)dt' — Y222 dy) + a1 as as (dwl + (y2 + z2)d¢2 + yzzzdwg)} ,
Ay — [d 2 2 2.2
(3) = qarazag |dyy + (y~ + 27)dp2 + y“ 2 dips

1 1

~ agA A (Zdz A (s + g2 i) + 52—y A (Ao + z%wz)) ,

r? +y? + 22
X=H1",
(4.38)
where
1+ g%r2 2 2qgarazas | ¢°g>
RETH(TQ+a?)+q92(2r2+a%+ag+a§)— 2 + -2 —2m,
i=1
1 gzyz 3
Y572H(a?—y2),
Yy i=1
2.2 3
Z2=1"9" a2 -2 (4.39)
Z2 . 1 9
=1
A=dt' + (y? + 22)dpr + y?22dis
q
H=1
MGERRIGEEIN
q = 2msinh?(9).
It can be shown that after the change of coordinates
t=t"+(a? + a3 + a3y + (af a3 + a3 a3 + a3 ai)s + a? a3 a3 s,
b; 4.40
aJ~ =gt + 1+ > (g1 + o) + [ @S (g% + ¥3), (4.40)
7

J#i J#i
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the metric (4.37) can be written in an equivalent form

05 = 5

(P +y)(?+2%) o Py -2 s (P42 -y
7 dr® + v dy* + 7
r’y?2?RY Z

H2];<(af — a3)2B1 B2 B3

dz?

dt? + B (dps + vsadea + vardey + vgodt)?
+ Bg(dqf)g + vorde1 + U20dt)2 + By (d¢1 + ’Ulodt)2 , (4.41)

where By, Ba, B3, v10, V20, V21, V30, v31 and vz can be determined by comparing (4.41)
with (4.37). We can see that in the gravitational Cardy limit B; and Bs are subleading
compared to Bs. Hence, qualitatively the term Bs(d¢s + vsadgs + v31ddy + v3odt)? in the
metric forms the only U(1) circle fibered over AdSs in the gravitational Cardy limit of
the near-horizon solution, similar to the other cases in this paper. However, because the
explicit expressions of these coefficients are lengthy and not very illuminating, we do not
list them here.

The thermodynamic quantities can be expressed as

2 = 3
T 2m 5 2= _ 2(1 4 2a1a2a
E=g=== ?—m+§+§ > = -Ei- ( :1239) ,
215253 | = T \GA S =i
o gD YTl +af) — 03 + af) + 24(9°r + gmazas) — g%
= B 2 (2 20,2 2 2 _ )
T+ [(7’+ + al)(ﬁ + @2)(7"+ +a3) + Q(T+ a1a2639)]
S — 7 [(r} + a?)(r] + a3)(r] + a3) + q(r} — arazasg)]
45132537"+ ’
i [ gD T + ) +agr | — Tl a0 (4.42)
(4 a])( +a3)(r +a3) +q(r] — a1aza39)
I 2m {ai cosh2(6) — gsinhz(é) (H#i aj+aid iz a?g + alagagaiQQ)}
' 45, 59E3E; ’
B 2m sinh(8) cosh(8) 73
C (A a)(rf +a3)(rd + ad) + q(r] — a1azazg)
Q= 72msinh(d) cosh(4)

E15023
where r4 denotes the position of the outer horizon, and
Ei=1-d?g®, Bae=1lxayg, (i=1,23). (4.43)

This class of asymptotically AdS; black hole solutions is characterized by five param-
eters (m, 0, a1, ag, ag). The BPS limit for this class of solutions is

2
e =1- , (4.44)
(a1 + az + as)g
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while the naked closed timelike curves (CTCs) can be avoided by requiring an additional

condition o
sl R, Sy S (al + (12)((12 + ag)(ag + al)

4.45
(1 —a1g — asg — asg)’g (4.45)

q=-

Hence, only three parameters are independent, which we can choose to be (a1, a2, az). In
the BPS limit, the thermodynamic quantities can be simplified as follows

72 [cr(ar + @) | X3 B+ Vi BiE) — (14 a1azasg®) (2 + X aig + iy iy g?)|
85%+E%+E§+(1 —a1g — azg — asg)’g
T:O, Qz:_97 (I.:la

73 (a1 + az2)(az + as)(as + a1)(araz + azas + azar — a1azasg)

9

S =— - ,
4211 B9y E31 (1 — a1g — agg — a39)297’0
p 7% (a1 + az)(az + a3)(az + a1) [ai — (a4 2a; Y45 a5+ T1jes a5)9 + ala2a3g2}
t 8214824 E34 51 (1 — a19 — azg — azg)?g ’
7% (a1 + az)(az + a3)(a3 + a1)
Q i — — )
2514524234 (1 — a19 — azg — azg)g
(4.46)

where

ro = a1az + aza3 + aza; — aija203g . (4.47)

1 —a19g —azg —asg

4.2.2 Gravitational Cardy limit

Similar to subsection 4.1.2, for the more general AdS; solution with three independent
angular momenta, we can translate the Cardy limit for the 6d N/ = (2,0) theory defined
in [8]

wil <1, A~O(1), (i=1,2,3) (4.48)

into the gravitational Cardy-like limit for this class of asymptotically AdS7 black holes

(5.,

A choice of the parameters (a1, az, as) that satisfies the limit (4.49) is

<1 oo
ToT

~0O(1). (4.49)
T=0

a] — a2 = a3 = ——. (4.50)
g
As in the other black hole solutions, this can be summarized as
a;g — —1. (4.51)
We can introduce a small parameter € to denote the deviation from this limit, i.e.,
1 .
a;,=——+4e€, (i=1,2,3), (4.52)

g
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or in a more refined way

1 1 1
a1=—§+6, 62=—§+6+771, a3=—§+6+772, (m, m2 < €). (4.53)

Expanding in ¢, after expanding in n; and 72, we find the BPS thermodynamic quanti-
ties (4.46) in the gravitational Cardy limit (4.52) to the leading order

S = Lo
T 2¢83 € b
2
* m -3
2
T -2
Q* 9763 + 0(6 ) 9

which are consistent with [8, 41] and the Cardy-like limit on the field theory side (4.48)
Wix ~ €, A* ~ 0(1) . (4.55)

4.2.3 Black hole solution in the near-horizon limit

In this subsection, we consider the near-horizon limit of the asymptotically AdS7 black hole
metric. As mentioned in subsection 4.2.1, we should in principle take the Cardy limit of
the near horizon solution (4.41). Applying the refined gravitational Cardy limit (4.53), we
find that By and Bs are subleading compared to Bs. Therefore, in the near-horizon limit
we obtain an AdSs geometry, just like the other cases. However, in practice the expressions
of the coefficients are lengthy, so we consider an alternative near-horizon metric discussed
in [20]. That is, the metric (4.37) can be expressed in an equivalent form

d52 :H2/5 d'f’z"‘

2 L 2V(02 2 2 L 2V(2 L2 2 2\(.2 .2
(T+ygr+2) (r*+y°)(y Z)dy2+(r+2)z(z ?J)dzz

Y

3 (121 2\ a0 2
n Y dt—z (r 24—a2)'yZ doi qgA
A ) A o HOTRHE )

=1 (3

)
3 (2. 9\ 17 2
+ Z dt—z (T ;l—ai)’yz do; _ qgA
(r2+22)(22—y?2) — az—z2 &  H(r2+y?)(r?2+z2)

2

5 .
+a%a§a§ -3 (r*+a7)vi doi gA - gy222
r2y2z2 a? & H(r24y?)(r2+422) aiasas ’

=1 2
(4.56)

where we have used the changes of coordinates (4.40) and

b = ¢ — aig’t, (i=1,2,3),
i = ai(af — yz)(z2 22)7 (4.57)
5 = a;( 1—a Ha —a

J#i
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Applying the following scaling to the new metric (4.56)

Qb ¢

—7ro(1+ A S it T, b
r TO( + p)7 ¢ ¢l+27TTﬁ)'I“0)\ ) QWT;?T'[))\’

(4.58)

which is slightly different from the original Bardeen-Horowitz scaling [21], we obtain the
near-horizon geometry in the limit A — 0

222 2 2 L2\ (.2 2
d82=H§/5l({/0(—pdt +dp>+(r0+y¥y Z)dy2+(ro+z )Z(Z y)dz2

2
Y o(ré+2%) To—i-a v do;
+ pdi+y ~O T
(r3+y? )(y2—22< Z 20 HOUO

-y
z 20 (12 + +a2)yi dd; ?
To To ?/ T() a; )i AQ;
pdt A R
(r3422)(22—y?) ( +Z§:1 a?—2% 4, +HOU0>
2
aja3aj [ 2 qgy* 2 5 (r2 taf 2)y; do; gy22?
t o\ (Vo —— Z + I+ ;
roy“z? \ Vrog ajasas pr Z 0; HOUO ajasas
(4.59)
where
U= +y°)("+2),
vi = ai(a} —y?)(a} — 2°),
0; = =0 H((Z2 — a]2)
JFi
Uo=U| =@+ + 2,
=70
q (4.60)
H = H = 1 + 5
0 r=ro (r3 + y2)(r3 + 22)
3
3(a1azaz — qg)
V56r8+2a3+ o 15r0+67“02a+ Z a? +2q ,
~ 2 2 3
A= _ ro(2r +y* + 2%) pdi — Z% Qf%'

V i=1 ’L

Taking the refined gravitational Cardy limit (4.53), we can see that two of the three U(1)
circles in the near-horizon metric (4.59) become degenerate. However, the remaining two
U(1) circles are still of the same order in the gravitational Cardy limit. This is expected,
because we should take the gravitational Cardy limit of the near-horizon of the metric (4.41)
instead of (4.56), in order to have only one U(1) circle fibered over AdSs in the near-
horizon plus gravitational Cardy limit. Nevertheless, the gravitational Cardy limit reduces
some redundant U(1) circles, while keeping the essential information for the near-horizon
Virasoro algebra.
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4.2.4 Black hole entropy from Cardy formula

We can apply the formalism described in subsection 2.4. The central charge and the
extremal Frolov-Thorne temperature in the near-horizon region of the asymptotically AdS7
BPS black holes (4.59) were obtained in [20]. In the refined gravitational Cardy limit (4.53),
the results are )
481 gV
=———  Tp= , 4.61
g2e2V L= 3ome (4.61)

Hence, the black hole entropy from the Cardy formula in the gravitational Cardy limit is

CL

2 3

T s
Spa = —ci 11, =

; TR (4.62)

which is exactly the same as the result from the gravity solution (4.54).

4.2.5 Comparison with results from boundary CFT

As we discussed in subsection 4.1.5, for the asymptotically AdS; black holes with general
charges (Q1, Q2) and angular momenta (J1, Ja, J3), the entropy can be obtained from the
boundary 6d (2,0) theory [4, 8], and the results are summarized in (4.32) subject to the
constraint (4.33).

We have discussed a degenerate case in subsection 4.1 with 1 = Q2 and J; = Jo =
J3. In this subsection, we have seen another degenerate case with @1 = Q2 = @ and
(J1, J2, J3), which consequently has the black hole entropy

6@3 — N3(J1J2 + JoJ3 + J3J1)
=9 4.

SpH W\/ 60 — N ; (4.63)

subject to the constraint
6Q° — N3(J1Jo + JoJs + J3J1)
6Q — N3
N? ZN3J o ds + Q4
= 3(J1+J2+J3)+3Q21 - - @ S|, (4.64)
(NT(J1 + Jo+ J3) + 3Q2>

which are consistent with both the thermodynamic quantities on the gravity
side (4.46) (4.54) and the black hole entropy in the gravitational Cardy limit from the
Cardy formula (4.62) under the AdS;/CFTg dictionary of parameters [4, 8]

372

Gy =—r.
N 16 g5 N3

(4.65)

5 Asymptotically AdSg black holes

In this section, we consider the asymptotically AdSg black holes and the corresponding
gravitational Cardy limit. Similar to the other cases, we demonstrate that the AdSg black
hole entropy can be computed in various ways as shown in figure 1, and the other thermo-
dynamic quantities scale correspondingly in the gravitational Cardy limit.
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5.1 AdSg black hole solution

In this subsection, we discuss the near-horizon plus Cardy limit of the non-extremal asymp-
totically AdSg black holes constructed in [55], which are solutions to 6d N = 4 SU(2) gauged
supergravity.

The bosonic part of this class of solution is given by the metric, a scalar, a 1-form

potential and a 2-form potential. The metric is

(r? 4+ y*)(y? — ZQ)dyz n (r? + 2%)(2* — y2)d 2

2 2V (2 4 L2
o 12| (T HY)(+27)
=H
ds 7 dre + v 7 z
F 7+ )0+ )
Y qrA 2
dt' + (22 — r?)dypy — r*22daps — )
TG (= = g
Z qrA 2
dt/ 2.2 d .2 2d o )
* (r2 4 22)(22 — y?) ( T g =ty H(r? + y?)(r? 4 22) ’
(5.1)
while the 1-form potential, the 2-form potential and the scalar are
A 2mr sinh(0) cosh(d) ag
W HR+)2+22)7 " dt
q yz (2r(2r* + 4> + 2%) +q)
A = —
@ T Hr2 + y2)2(r2 + 22)2 l H dr A A
+2 (7 + 220 = y?) + ) dy
A 5.2
dt' + (22 — 1) diy — r222diby — ar ) (5.2)
( (Z r ) 1/}1 T z 1/}2 H(TQ —|—y2)(7“2 +22)
+y (2 +y) (0% = 22) + qr) d
A
dat’ 2 2\ d — 1202 di — qr )
(44 7 = s s = g ) |
X=HY*
where
= t . a4¢1 _ b4¢2
T EaZy Egala®—0%)  Epb(b? —a?)’
2 2 2
gt a“¢1 b 2
_ 5.3
=z = T W@ - T —a) (5:3)
g't ®1 ®2

= TR a@ o) S —ad)
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and
R= (4 a®)(r? 4+ v*) + ¢* [r(rQ +a?) + q} [T(T’Z +b%) + q} — 2mr,
= —(1-¢*°)(a® — ) — ),
= —(1—-¢g*2%)(a® = 2)(V* - 2°),
_ qr (5.4)
T Ty
A=dt' + (Y + 22 dyy + y?22dys

q = 2msinh?(9), Z.=1—d%¢%, S =1-0b%¢°.

Note that we have added a pure gauge term to the 1-form potential. It was shown in [55]
that the metric (5.1) can be written in an equivalent form

2 22 | L2 2 L 2N(2 L2 2 L2\(,2 _ .2
ds? — /2 (r* +y=)(r +Z)dT2+(T +y§/(y Z)dy2+(7“ +Z)Z(Z Z/)dzz

. RY Z
H?Z2 22 a2b2(a? — b2)2B) By

dt* + Ba(dea + va1 dgr + vag dt)?
+ Bi(d¢y + vlodt)21 , (5.5)

where Bj, Ba, v1g, v20 and v9; can be determined by comparing (5.5) with (5.1). Because

the explicit expressions of these coefficients are lengthy and not very illuminating, we do

not list them here. Moreover, we notice a sign error in [55] for the term ~ dt? in (5.5).
The thermodynamic quantities can be expressed as

E=_—— 2m<_1+_1)+q<1+f“+f”ﬂ ,
3=a=p E¢ = Za
o 2 [ 4 a®)(rl +0%) + gry ]
35, 5, ’
T 27“_%(1 + g%ﬁ)(%i +a?+b%) — (1 - g%i)(ri + 612)(7“_2|r +b?) + 4q927“i —q%¢®
B drry [(r2 + a?)(r2 +b2) + qry ] ’
2ma(1 + Zp sinh?(9)) 2rmb(1 + Z, sinh?(6))
= 3525, 2= 352E ’
a b —a
Q= ° [(1+ g?r2)(r2 +b%) + qg*ry] Q, b[(1+ %) (rE + a*) + qg*ry]
(r2 +a?)(rl +b%) + qry (rt 4+ a?)(r2 + b?) + gy
_ 2mmsinh(4) cosh(d) ~ 2mry sinh(6) cosh(d)
@= = ’ (2 +a?)(r2 4+ 02) +gry

(5.6)

This class of asymptotically AdSg black hole solutions is characterized by four parameters
(m, d, a, b). The BPS limit can be obtained by imposing the following condition

2

25

=14 —-. 5.7
¢ (a+0b)g (5.7)
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The absence of the naked closed timelike curves (CTCs) for these supersymmetric black
holes requires an additional condition
Ea-i-Eb-l- (CL + b)T-‘r

(1+ag+bg)g ’ (58)

q:

where in the BPS limit

ab
= |———— B =1 . T =141bg. 5.9
T4 1+ ag + by a+ +ag b+ =+ bg (5.9)

5.2 Gravitational Cardy limit
The Cardy-like limit for the 5d SCFT was defined in [6]

lwil <1, A~O(), (1=1,2). (5.10)
Using the following relations [48]
Q= . -0
w; = —%ILI}) T A = —%1310 T (5.11)

with 2 = g and ®* = 1 denoting the BPS values of §2; and ®, we can find the gravitational
counterpart of the Cardy-like limit (5.10)

oY 0P
1, — ~0(1). 5.12
' <8T >T0 < T |p—o . o1
The equations (%%’) = 0 have the roots
1 1
a=-— and b=-. (5.13)
g g
Hence, the gravitational Cardy limit for the class of asymptotically AdSg black holes (5.1) is
1 1
a—— and b— —. (5.14)
g g
Similar to the black hole solutions in the previous sections, we have
aig — 1, (5.15)
where a; = {a,b}. We can introduce small parameters to denote the deviations from this
limit, i.e.,
1 1
a=—-+¢€, b=—-—+e+n, withO#n<Ke. (5.16)
g g

Expanding in € after expanding in 7, we find the thermodynamic quantities (5.6) in
the BPS and gravitational Cardy limit (5.16) to the leading order

472

_ —1
Sy = 9g6c2 +O0(e ),
8w
J* = 4 O —2 ,
1 9\/59763 (6 )
o . (5.17)
J = + O(e7?),
2 9\/39763 (6 )
2
* 1) —1 7
Q' = g O
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which are consistent with [6, 41] and the Cardy-like limit on the field theory side (5.10)

w

e, A ~O(1). (5.18)

5.3 Black hole solution in the near-horizon + gravitational Cardy limit

In the previous subsection, we have obtained the gravitational Cardy limit for the parame-
ters on the gravity side. In this subsection, we discuss how the near-horizon metric changes
when taking the gravitational Cardy limit. In appendix A.4, we verify explicitly that the
resulting background is a solution of the 6d gauged supergravity equations of motion. In
the following, we implement the gravitational Cardy limit in the space of parameters, which
further simplifies the geometry.

We apply the following scaling near the horizon r1 (5.9) to the asymptotically AdSg
black hole metric (5.5) in the BPS limit

N ? -~ -~
T =Ty 4 AT, t_>X’ ¢1_>¢1+9X’ ¢2_>¢2+9Xa (5.19)

with A — 0, and then take the AdSg gravitational Cardy limit (5.16). To the leading order
in € and 7, the metric becomes

ds® = \[g \/ 1+ 3¢%y2)(1 + 39222) [3 + 3g4y222 + g2(y2 + 22)] 72 dt*
(L4 3g%9) (14 362 Hy, )
449272
2 2,,2 2 2 2 2.2 2 2
9°(1+39°y°)(2* —y°) o g (1+3g°2°)(2° —y°) 2
H.(y, 2)d H.(y, 2)dz
301 = g22) (v, 2) dy” + 3(g22 = 1)° (y, 2)
N 4(1 o g2y2)2(1 o 9222)2 [22 +y2<1 4 29222)} (d¢1 d¢2)
39 [3+ 3g1y?2% + g2(y? + 22))° 2
2
LA 9*y*)(g*2* — D)1 +3¢%%) (1 + 39222)H (. 2) (dd, - ﬁg%m’g
12¢g5(y? + 22 + 2g%y%22)e? e T ’
(5.20)
where
8
Ho(y, 2) = /1 . 5.21
(y: 2) \/ + (14 3¢2%y%)(1 + 3g222) ( )
Defining
7= 6¢%t, _ =92 (5.22)
an

— 36 —



we can rewrite the metric (5.20) as

(1+3¢%y*) (1 +3¢°2%) [ dr?
ds®> = H,(y, z) 14442 —72dr+ =

g2(1+ 3g2y22)(§2 — ) 0P g*(1+39%2%)(2* —y*) , »
3(1 - g2y?)3 3(g?22 —1)3
41— g"y?)* (1= g%2°)" [ + 4 (1 4+ 2%27)] 5
392 [3 + 3gMy222 + g2(y? + 22)]” €2 *
1— a202) (0222 — 1)(1 2,2\(1 2.2 _ 2
X ( gy )(g z )(1+3g7y~)(1 +3g°27) doy — ﬁgeFdT . (5.23)
12¢g8(y? + 22 + 2g%y%22)€? 12

5.4 Black hole entropy from Cardy formula

For the asymptotically AdSg black holes discussed in this section, we apply the Cardy
formula to the near-horizon metric only after taking the gravitational Cardy limit. More
explicitly, we first rewrite the metric (5.23) from Poincaré coordinates (7, 7) to global
coordinates (7, t) using the relations (2.44)-(2.46). Consequently, the near-horizon metric
in the gravitational Cardy limit (5.23) becomes

1+ 3g%9%)(1 + 3¢%2?%) ( N di?
ds® = H, ( — (1+7%) di? >
5 (. 2) 14442 (1+77) dt" + 77

G* (14 3¢%y) (22 — y?) 0 G (22 =y (14 3¢%2%)
3(1 — g%y?)3 3(g%2% — 1)°
L A0 - F2y?)2(1 — g222)? [22 + y* (1 + 2¢%27)] 2
3923 + 3g4y222 + g2 (y2 + 22)]* 2

2
(L-g**)(¢° = (1 +3¢%*)(1 +3¢%2%) [ o VB0 -
* 12¢5(y% + 22 + 2¢2y222)e? v 1279 ’ (5:24)
where /3
A~ 3
V= ¢ — 13 9€7- (5.25)

Applying the same formalism in subsection 2.4 and choosing appropriate ranges of y
and z, we obtain the central charge and the extremal Frolov-Thorne temperature in the
near-horizon region of the asymptotically AdSg BPS black holes as follows:

57 43
cp = ———, = )
L 3v/3g%€¢ L 5mge

(5.26)

Using the Cardy formula, we can compute the black hole entropy of the asymptotically

AdSg BPS black holes:
2 472
Spy = —c Ty =

which is the same as the black hole entropy in the gravitational Cardy limit (5.17) from
the gravity side.
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5.5 Comparison with results from boundary CFT

For the asymptotically AdSg BPS black holes, it was shown in [6, 14, 48] that the entropies
of these black holes can be obtained from the boundary 5d ' = 1 superconformal field
theories by extremizing an entropy function, which has also been studied in [44]. We can
first compute the free energy in the large- N limit using the 5d superconformal index. The
entropy function is then defined as a Legendre transform of the free energy in the large- N

limit
s 3 2 2
Af, w) = ———F5—— A iwi + A | A= i —2mi | . 2
S(Ar, w;) 8lg4Gw1w2+Q +;Jw+ ( izzlw m) (5.28)
In the Cardy-like limit (5.10)
wr~e, Ar~0O(1), (5.29)
we can read off from the entropy function (5.28)
1 1 1
SNZQa JN;?), QIN:Q, (5.30)

which have been summarized in table 1.

Similar to AdS457, for AdSg the electric charge ) and the angular momenta J; are
real, while the chemical potential A and the angular velocities w; can be complex, and so
can the entropy function S. By requiring that the black hole entropy Spg to be real after
extremizing the entropy function S, we obtain one more constraint on ) and J;. More
precisely, the asymptotically AdSg black hole entropy and the corresponding constraint are
given implicitly by the following two relations [6, 48]

- 272 Q\? 8t
Sty — ———S%; — 1272 () S —J1Jy =0 5.31
BH ~ 330 " BH ™ 34 BH+394GN 1J2 ) (5.31)
Q 2 472 <Q>3
— 5 —(J1+ J2)Sgg—— (=] =0 5.32

which are consistent with both the thermodynamic quantities on the gravity side (5.6)
and (5.17) as well as the black hole entropy in the gravitational Cardy limit from the
Cardy formula (5.27) under the AdSg/CFT5 dictionary of parameters [6, 48]

1

4

T N°/2. (5.33)

6 Discussion

In this paper, we have discussed the near-horizon gravitational Cardy limit of asymptot-
ically AdS4 567 black holes. The gravitational Cardy limit can be written universally as
la;g| — 1, where a; are parametrize angular momenta in units of the inverse AdS radius, g,
for all the black hole solutions we analyzed. As we have explicitly shown in these examples,
the gravitational Cardy limit leads to an AdSs geometry near the horizon and is effectively
an additional limit on the independent parameters of the black hole solutions. The macro-
scopic Bekenstein-Hawking entropy of asymptotically AdS black holes has recently been
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given a microscopic foundation using the dual boundary CFT3456. Our work relies on a
near-horizon AdS3 geometry and we provide an effective microscopic description via the
CFTs Cardy formula obtained from the algebra of asymptotic symmetries.

It is instructive to point out various analogies with the previous instance when string
theory answered explicitly the problem of microstate counting for black hole entropy. In the
mid 90’s, Strominger and Vafa [23] used the full machinery of D-brane technology to provide
a microscopic description of the Bekenstein-Hawking entropy of a class of asymptotically
flat black holes. Viewing the D-brane description as the UV complete description of gravity,
the analogy with the current developments is that the microscopic description of the entropy
of AdS441 black holes in terms of field theory degrees of freedom in the dual CFT; boundary
theory is the UV complete description. After the UV complete description of the 90’s,
Strominger went on to provide a universal description [22], based only on the near-horizon
symmetries exploiting the AdS3 near-horizon region and the asymptotic symmetry algebra
computation of Brown and Henneaux [56]. Similar symmetry-based approaches were shown
to apply to a wide variety of black holes by Carlip [57]. The results presented in [19, 20]
and in this manuscript show that we can understand the entropy of asymptotically AdS
black holes based only on near-horizon symmetries via the Kerr/CFT correspondence.

The satisfying aspect of this point of view resides in the separation-of-scales principle.
Such a universal feature of gravity as the Bekenstein-Hawking entropy formula can cer-
tainly be explained using UV complete formulations of quantum gravity but must also be
understood without recourse to the existence of such a UV complete theory and could be
determined strictly from low energy symmetry principles.

The point of view advocated in this manuscript leads to a number of interesting ques-
tions some of which we now describe. It would be interesting to understand the field theory
counterpart of the locally AdSs near-horizon region that arises from the Bardeen-Horowitz
limit plus the gravitational Cardy limit. It clearly suggests the existence of an effective
CFT5 which we have used to microscopically compute the entropy but whose further de-
tails we do not know. Some aspects of this effective CETy were studied in [58, 59] for the
AdSs and the AdSy black holes, but it required going away from extremality. In the bigger
picture described above, understanding how this effective CFTy embeds in the boundary
CFTy is the dual to finding the UV complete description of the gravitational theory living
near the horizon — a worthy challenge. Along these lines, in this manuscript, we have only
discussed the asymptotically AdS black holes in the BPS limit, hence at zero temperature.
It would be interesting to extend the discussion to near-extremal asymptotically AdS, ¢ 7
black holes and to reproduce the Bekenstein-Hawking entropy formula from a near-horizon
Cardy formula. When higher-derivative terms are included in the gravity theory, the black
hole entropy does not obey the area law. It was shown in [60] that the central charge
of the near-horizon asymptotic Virasoro symmetry also gets modified in the gravity with
higher-derivative terms, while the Frolov-Thorne temperature and the Cardy formula still
hold. Other higher-derivative aspects of AdSy black holes were recently considered [61, 62].
A tantalizing property of higher-derivative corrections in AdSs black holes was recently
reported in [63], which showed that the leading o’-correction is absent in the BPS limit.
This suggests that the central charge of the near-horizon asymptotic Virasoro symmetry
remains the same in this case.
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There is another line of attack that is worth sketching. Recall that the original setup
for Cardy-like limits is 2d CFT. In this case, one simply has a formula for CFTy on
S x S which effectively relates the high energy and low energy degrees of freedom. It is
fair to think of this relation as a UV/IR relation with the important characteristic of being
controlled by the anomaly, c¢. Similar formulas have been developed in higher dimensions by
Di Pietro and Komargodski in [64] and further clarified in [31, 65, 66]. In particular, in four
dimensions they found an effective description of theories in S x M? whose effective action
is controlled by anomaly coefficients. A similar analysis has been rigorously performed
for a set of six-dimensional theories [4, 8, 67]. More closely related to the questions we
addressed in this paper is the recent work of Seok Kim and collaborators who have used
an effective low energy action approach to find the leading term in the entropy function for
the Cardy-like limit, first in A/ =4 SYM as well as in the 6d ' = (2,0) SCFT living on N
Mb5-branes [4], and later for a more generic 4d N' = 1 situation [33]. These developments
point to the possibility that the Cardy-like limit may be understood as the leading term in
an effective field theory expansion. Although for these cases in the BPS limit the Cardy-like
free energy has been derived from the effective quantum field theory approach, higher order
corrections as well as finite temperatures should be taken into account to go beyond the
leading order in the BPS limit. It would be quite interesting to explore such possibilities
on the field theory side and, ultimately, connect it with a more standard hydrodynamics
approach on the gravity side [68, 69].

Finally, it would be nice to develop what seems like a more natural AdS; or SYK
approach to the entropy of extremal AdS black holes as described in figure 1. Some inter-
esting work along this direction was performed in [70] for AdSs and more recently in [71]
for AdS4. Finding the connection between the AdSy and AdSs low energy descriptions in
more details is an interesting problem.
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A Veritying the equations of motion for the near-horizon

Gravitational theories are nonlinear and, therefore, a truncated sector of a solution need
not be a solution itself. For that reason, we explicitly verify that, in each instance, the
near-horizon limit satisfies the equations of motion. This fact alone should inspire trust in
the consistency of the resulting geometry and the potential existence and closure of a dual
field theory sector. Returning to the analogy with the BMN paradigm, this is equivalent
to checking the equations of motion for the plane wave background [17].

Al AdSs

We verify the equations of motion for the near-horizon geometry for AdSs. The Lagrangian
describing the solution in [29] is

E:(R+12g2)*1—1*F/\F+L

FANFANA, Al

and the equations of motion are

1 1 1 1
Ry — = Foc By + S gap |~ F? 122>—0 dxF— —FAF=0. A2
ab 2acb+39ab(4 + 12¢g ) * \/g ( )
In order to facilitate the computation, we turn to a vielbein description for the near-horizon
geometry,
a
=,/—5——7d
T\ 10ag2 + 297

e [ & dF
7\ 10ag2 + 29 7
[ 2 A.
e3 = a4 50, (A.3)
g—ag

1 (p2 ((~3agcos 20 + ag — 4)di} — Gagsin® 6d6) + 3a (a’9” + ag — 2) 7dr ),

€4 =D
e5 = p3 (3@(1 — ag)rdT + 2p2d(5) ,
where
. cos
n (1 —ag)(5ag + 1)y/2(ag + 2)(3ag cos(20) — ag +4)’
2
p2 = ‘W’;)@ag +1), (A4)
sin 0
ps =

(5ag + 1)/(1 — ag)(3ag cos(20) — ag +4)
Note that this coframe describes the near-horizon, which is computed using [21]. After
applying the near-horizon geometry and gauge fixing, the gauge potential is

B V6(1 — ag) o V/6ag cos .
Vag + 24/5ag + 1 ! V3agcos20 —ag +4 4

2y/3ag(1 — ag)sin @ . (A.5)

" (Vag + 2v/3agcos20 —ag + 4 o

A(l),near -
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Note that the exterior derivative and the near-horizon geometry limit commute to give an
equivalent expression for the gauge field,

3ag(ag + 2 . 3(1—a
F(Q),near = dA(l),near = wel N ez + 2gsinf ( 9) ez N\ ey
a 3agcos260 —ag + 4 (A6)
6(ag + 2) '
0 A es.
+ygcos \/(3ag cos26 —ag +4) 3
Then,
vag—+2
Flo) near A Flo) noar = 69°/2 49 2y/1 —agsinfe; ANea NegAe
(2),nea (2),nea g \/a(3ag(30829—ag—|—4) ( g 1 2 3 4
—\/2ag+4coseel/\eg/\63/\e5).
(A.7)
The other term gives
ag + 2 3ag(ag + 2
d*F(2),near =d [\/égcose\/?)agcos 5 — ag+4el ANeg Aeg — (a)e:)) Neyg N es
1—ag
2v/3gsin 6 Aea A
+2V/3gsin \/‘S)agcos29—ag+461 2 651
2v/3(ag + 2)g%/? .
= 2y/1 —agsinfe; Nea Neg Ne
va(3agcos20 —ag +4) ( g Pam AT
—\/2ag+4COSH€1/\62/\63/\€5).
(A.8)

Comparing equations (A.7) and (A.8), we can see that the equation of motion for the
gauge potential is satisfied. For the Einstein equations, the geometric data we need are the
nonzero components of the Ricci tensor

1lag +4
ROO,near = _Rll,near = .9(29)’
a
dag — 2
R22,near = _M7
2a

g (9a2g? cos 20 — a?g? + 14ag — 4)

R33 near = — a(3agcos26 —ag +4) ) (A.9)
R34 near = — 3v2¢°\/2 — ag — a?¢” sin f cos §
7 3agcos260 —ag + 4 )
g (21a%g® cos 26 — 11a”g” — 12ag cos 20 + 28ag — 8)
R44,near = — '

2a(3ag cos 20 — ag + 4)
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We also need the explicit nonzero contractions of the gauge field Fi nearF, fnear = Fubnear

3g(ag + 2
fOO,near = ((1)’ Ill,near = _IOO,nearv ]:22,near = 3927
z _ 12¢2(1 — ag) sin? @ P _ 7392 sin 20+/2(1 — ag)(2 + ag)
dnear = g 0c0s20 —ag + 4’ 34,near 3agcos20 —ag + 4 ’
F _ 692(0,9 + 2) COS2 4 Fab,near _ ﬁ
44, near — 3ag cos 20 — ag + 4 ab,near - a .

(A.10)

The equations of motion are then verified once we impose these expressions.

A.2 AdS,

The 4d N = 4 gauged supergravity can be obtained by the truncation of the 11d super-
gravity [45]

1 1 1 1
£4 =Rx1-— 5 *dg&/\dgﬁ? - 5624‘0 * dX /\dX - 56 ? x F(2)2 VAN F(Q)Q — §XF(2)2 VAN F(2)2
1 2
= 5T ey (¢ * Flon AP = *xFlay A Fo )
—-g° (4 + 2cosh p + e“’x2> * 1,

(A.11)

where ¢ and x are the dilaton and axion. The subscript in parenthesis denotes the degree
of the form. The solution has two pairwise equal charges and therefore two gauge potential
A1 and A(1yp. The equations of motion are

1 2
0=d (1 T X262‘p (650 *F(2)1 —e€ S0)(}71(2)1)) s
0=d (674‘0 * F(2)2 + XF(Q)Q) ,
1
0=—dxdp—e**xdy Ady + 567@ *xdA)s NdA) — g*(2sinh ¢ + e?x?) 1

e® (e2V42 _ 1 e2¢
M * dA(l)l A\ dA(l)l + X 2dA(1)1 A dA(l)la

2 (e2x? + 1) (e2x?+1)
2 1 e x 2
0=—d(e*? xdx) — 5(114(1)2 A dA(1)2 + m * dA(l)l A dA(l)l —2g°e¥x x 1
e?cp _ e4g0 2
+ Mdz‘l(l)l AN dA(l)la
1 1 1_. 1 _ c 1 od
0= Rgp — §gabR - 5 (VGQDVI)(P - Ev chwgab) - 56 v (Fac,QFb,Q — Zch,2F2 gab)
e?

1 1 1
- 562@ (VaXVbX - QVCXVCXgab> - <Fac,lFlil - ch,lFlcdgab>

2(1 4 x2e?%) 4

1
+ 597 (4 + 2cosh @ + €x*) gap.
(A.12)
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The convenient vielbein for this black hole solution is

= G14\/cos 20 + x2y%rdr,

d
\/cos2(9+x2y —

cos 29 + x2y? (A.13)
=2 \/ = do,

—2cos 20 + xtyt — 222y2 — 1)

—2 20 Ayt — 20292 —
es = Gysin 6 cos20 + wly! — 2%y (G5T‘d7’ + dg),
(222 — 1)* (cos 20 + x2y2)

where GG1, G4, G5 are constants

Gy = xyy/2 (@t = 1) (y* = 1) (xm {ylo n yG) g (6y8 B 8y4) 4 a0y (ys 104t + 5)

g
—1/2

9224 (4y8—7y4—|—1)+x2y2 (5y4—3)—2y4} 2
V2 (2% - 1)

Gi=—r 55—
glz?y? = 3|

2(,..2 2\ (2.2 22_13/2
Gy — 20 @+ y7) (@y” = 3) @y — 1)

NG E s VI sy R

(A.14)
that depend on the parameters §1, do of the solution, which we have redefined as
01 =Inuz, 09 = Iny. (A.15)
The scalar fields in the near-horizon are
_weos(f) (2% — ) (2?2 +1) V2 (y" — 1) (2% — 1)
Xnear y (22 (y* — 1) cos(20) + 20yt — 2ty? — 22 4+ y2) vVl — 1’ (A.16)
(e9). = 22 (y* — 1) cos(20) + 2%y* — 2%y — 2% + 42 .
¢ near = 22 (y7— 1) (cos(26) + 22y?) ’
and for the gauge potentials after adding a pure gauge term for convenience,
4 _ M,y My (— (2% — 1) y2 cos(20) + xty? (v* — 2) — 2% (v* — 1) +¢?) .
(1)1,near ~ cos(26) + 22y? G1+/cos(20) + x2y? !
2,2 _ 1 5 2.2 G
My sin® 0 csc(0) (z*y ) V/cos(20) + 2%y or - 5 o)l
Gav/—2co0s(20) + xtyt — 222y2 — 1 G1/cos(20) + z2y?
A _ M, My (=22 (y* — 1) cos(20) + 2%y* — 2%y? + 2% (1 — 2¢*) + ¢?) .
(D2near = 005(20) + 2212 G1+/cos(20) + 22y? !
My sin® 0 cse(f) (z?y? — 1) \/cos(20) + 22y? s — G5
Gav/—2cos(20) + zty? — 222y2 — 1 G1+/cos(20) + z2y?
(A.17)
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where

2,2
1
M =Y 2
V2
My = -G 2@y +1) (A.18)
g (2 + ) (22— 3) (a2 — 1)
4
My=— .
39 — gr?y?

A.3 AdSy

In this section, we are interested in charged, rotating AdS7 black hole solutions as studied
in [51, 52]. The Lagrangian is

13 1S 1
[,7:R*1—§§:*dgoi/\d<p7;—§§:XIQ*F(IQ)/\F(IQ)—§X12X22*F(4)/\F(4)
i=1 =1

A.19
+2¢ (8X1 X + 4X X5 2 + 4X X5 - XX )« (A.19)

where
X, = e*iPl/\/ﬁﬂpz/\/ﬁ’ Xy = e*@l/\/ﬁJr@Z/\/i’ F(Iz) _ dA{l)? Fuy = dAg), (A.20)

where we have fixed a typographical error corresponding to a minus sign in one of the
terms in the Lagrangian. The bosonic fields include two scalars ¢1 and 9, the graviton, a
3-form potential A(3), and two U(1) gauge potentials A(l), I =1,2. We study two different
solutions to this Lagrangian. The first solution is more general with two charges set equal
but different angular momenta. The equations of motion corresponding to the scalars and
gauge fields are

Opy = \/%92 (4X1 X2 - 3X7 X572 - 83X, X5 ! + 2X;4X2—4) Z X2l
. 2\})(1 XZF By,
Oy = 2\[ (X1 2F1abF1 . X{QFQ“bFfb) +4\/§gz (Xle;2 . Xf2X51> 7
0=d(X;? *F(l)) — F23) A Fay,
= d (X, « Fy)) — Flyy A Fy,

1 2
(X1 X3 % Fy ) — 2gFy — Fly N F),
(A.21)
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and for the graviton, we have

1
0= Ry~ 3Ry — 9° (8X1 X2 +4X7 X5 +4X72X, ' = XX g

2 2
1 1 _ 1 1
S <2vawbw - 4vcwcsoigab> Sy X (QFa R, — S, gab> (A22)
i=1 I=1

1 1
— X12X22 (mFaCdercde - %FCdechdef gab) .

We can truncate this solution as constructed in [51], where the two charges and angu-

lar momenta are set equal. This truncation can be done by letting X = X; = X9 =

eﬂa/m, 2 =0and Aq) = Al

1 = A%l) and the Lagrangian of interest becomes

1 9 1_4
£7:R*1—§*d(,01/\d<,01—X *F(Q)/\F(Q)_iX *F(4)/\F(4)

+29° (8X2 +8X 73— X*S) * 1+ Fgy A Figy A Agz) + 9F ) A Ag),s (42
and the equations of motion are
0=dxdp— 251;02*%) A Fig) + %*F@) A Flay = 1\519—; (2X2 = 3X % 4 X %) x1,
0=d (X Fpp)) = Flay A Fla),
0=d (X{* Fu)) — 20Fu) — Fy A Fd),
(A.24)

and for the graviton

1 1
OZRab_iRgab_ a

1 B 1
5 (Vasovbsc - QVCsDVcsogab) - X2 (FaCFbc — ~F“F, gab)

4
1
Cdercde - gFCdEchdef gab) .

a

1
_ 2 2 -3 v-8) 1 4
g (8X + 8X X ) 12X <P
(A.25)

The fields corresponding to the solution in [51] are

X =H15,

_ 2msinh(6) cosh(9)
N pi=H

(am Sinh2(5)) o Ndo

202
pAEE_

o dt

(dt — ao) +

)

An)

[1]

Ay =

Tandt AdOAdib + azedt AdE A S+ s dt A dE A dip,
(A.26)

where we have added pure gauge terms to both potentials Ay and Ay for convenience.
More precisely, after taking the near-horizon geometry, we have

oz = —1, a7 = —Bsinfsin® ¢, oo = [Bsin 2€, arg = feosfsin28, (A.27)
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where

4 (625 — 1)
=— . A28
b (—13€20 — 99 + 9¢69 + 5) g2 ( )

A convenient vielbein for the near-horizon is

e1 = p17dr,

dr
€2 =P1—,
T

€3 = po (pg?’dT + 4 (sin2 &(de + cosOdy) + 2d>2)) ,

€4 = p5d§7
e5 = pssin&do,

(A.29)

e¢ = p5 sin @ sin dv,
e7 = pssiné cos &(d¢ + cos Ody)),

where

1 23/531/5(625 + 1)1/5

T 96D 1 27eM 1 43
1 1 1

b2 = 22/533/10¢ (1 — 3e29) (5 — 3e20) \/(625 + 1)3/5 (9¢25 — 7)’

3/2
16 (3¢2 = 5)"" (2¢% +3¢% — 1) 3(9¢% —7) (A.30)
6e20 + 27e9 4 43 (—2e% 4 3e%9 — 5)’

pa = —30e% +27e* + 7,
1 98/5 (625+ 1)1/5

ps = — .
9331 [(~2e% 4 3¢45 —5)

b1

b3 =

In the near-horizon limit, the fields in the vielbein basis become
92/5

31/5(625 + 1)1/5’

22/533/10 (20 4 1)4/ ’ (15— 9¢) €1 + v/6eX + 27¢% + 43¢5
A near = V446D 1 2106% + 10865 + 243€8% — 301

B (54625 + 27 — 101)(e1 Nes ANeg —e1 Aeg Aer)

(3),near — 29/531/10(26 4 1)1/10\/9¢25 — 7+/620 1 27 + 43

(99626 —117e* 4 81¢5 — 215) (es Neg Ner —eg Aes A eg)
24/531/10(e20 4 1)1/10,/9¢25 — 7 (6e20 + 2740 +43)

X near —

)

(A.31)

A.4 AdSs

The field content consists of the graviton, a 2-form Ay), the scalar ¢ and one U(1) gauge
potential A(j) after truncation, as shown in [55]. After appropriate rescaling and gauge
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transformations, the 6d Lagrangian is given by

1 _ 1
Le=R*x1— i*d(p/\dgo—X 2 (*F(Q) /\F(Q) +92*A(2) /\A(g)) — §X4*F(3) /\F(g)

2
—l—gz <9X2 +12X72 - X_6) *1— F(Q) A F(Q) A A(Q) — %A(g) /\A(Q) /\A(Z)a

(A.32)
where
X = ®/VE, (A.33)

The equations of motion are

1 1 _ 1
Gus = 5 VWi = V¥ Vepgur + X2 (FFoe = P Fuaga)
- 1 1 1
+X2g° (AéAbc - 4ACdAcdgab) +Xx* <4F,debcd - %FCdchdegab>

i 922 (9X2 112X 72— X‘G) Gabs

(A.34)
0O _LX—Q (FabF 2AabA —LX4Fach
Y= \/g abt+ 9 ab 3\/§ abc
3 2 2 -2 —6
b2 (3X2—4x24+ x79),
Noxd ( ) (A.35)

d (Xiz*F(g)) = —F(Q) /\F(g),
d <X4 *F(g)) = —F(Q) A F(Q) — g2A(2) A A(g) — 292X_2 *F(Q).

We omit the vielbein and several other details for this black hole as the expressions are
quite long. The scalar and the U(1) gauge field in the near-horizon limit take the form

s g(a(b+gy?) +y2(bg+1)) (a(b+ gz?) + 22(bg + 1))

Xnear = (g bg + 1) (a%b(bg + 1) + a (B2 + bg (4 + 22) + g%22%) + gy?22(bg + 1))’
A1) near = W1 (Wﬂdf-i— Waddy + W4d<l5~2) ;

(A.36)
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where
= Vab
Vag+bg+T1(a?b(bg +1) +a (b? + by (v + 2°) + ¢°y*2%) + gy*2*(bg + 1))’
W = [(bz - a2) EaZp(ag +bg +1) (a2 (352 + bg <y2 + 22) _ gzszg)
+a <b2g <y2 + z2) +b (—2g2y2z2 Fo? 4 z2) B 29y2z2) 22y + 1)2}
la'a® (1" +6bg +1) + 20 (b9 + 709" + Tbg +1)

+a? (b4g4 + 14b3¢3 + 30b2¢% + 14bg + 1) + 2ab (3b393 +Tb2g% + Thg + 3) (A.37)

+b2(bg + 1)2}_1,
b(a® — y?) (a2 — 22) (b2g% — 1)

W3 = 3
ab
\ ag+bg+1
W _a (a2g? — 1) (b2 — 32) (b2 — 22)
4 = — .
ab
\ ag+bg+1
Note that we have added a pure gauge term to the 1-form agdt, where ag = —1.
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