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Abstract

We consider families of charged rotating asymptotically AdS; Extremal black holes
with Vanishing Horizon (EVH black holes) whose near horizon geometries develop
locally AdSs throats. Using the AdS3/CFTy duality, we propose an EVH/CFT, cor-
respondence to describe the near-horizon low energy IR dynamics of near-EVH black
holes involving a specific large N limit of the 4d N =4 SYM. We give a map between
the UV and IR near-EVH excitations, showing that the ‘UV first law’ of thermody-
namics reduces to the ‘IR first law’ satisfied by the near horizon BTZ black holes in
this near-EVH limit. We also discuss the connection between our EVH/CFT proposal
and the Kerr/CFT correspondence in the cases where the two overlap.
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1 Introduction

There has been a lot of progress in the microscopic understanding of black hole thermo-
dynamics in some special cases within string theory involving extremal and near-extremal
black holes/branes following the seminal work by Strominger and Vafa [1].

It was later appreciated that the appearance of an AdSs; throat in the near-horizon
region of many of these black holes is at the heart of this microscopic description [2], using
the seminal work of Brown and Henneaux [3] establishing the existence of two Virasoro
algebras as the asymptotic symmetry algebra of asymptotically AdS; space-times. This was
eventually properly understood in the context of the AdS/CFT correspondence [4].

More recently, holographic descriptions for generic extremal black holes with AdS, throats
in their near horizons were proposed. These involved either the AdSs/CFT; correspondence
[5] or 2d chiral CFTs following the so called Kerr/CFT correspondence [6]. Whenever the
horizon of the black hole is compact, both proposals suggest the existence of a non-dynamical
dual description, in the sense of not allowing finite energy excitations, whose vacuum degen-
eracy accounts for the macroscopic black hole entropy.

In this work, we continue our previous investigations of (near-)Extremal Vanishing Hori-
zon (near-EVH) asymptotically AdS; black holes [7, 8, O] by adding rotation in 5d, using
the family of black holes constructed in [I0]. In a generic near-EVH black hole, by defini-
tion, vanishing of the horizon area appears because a one dimensional cycle on the horizon

manifold becomes of zero size, so that its near-horizon geometry includes a 3d metric of the

fornt]
ds? 2 »dT’ 2
ST X —€p 6—2 + 3
3
The vanishing cycle is responsible for both the vanishing of the entropy and the transforma-
tion of the standard AdS, throat into a local AdS3 throat, providing a bridge between the

two successful theoretical scenarios mentioned above.

dp?

? + €2p2d<,02 + ... (11)

As explained in [14], the geometry (LI appears in the near core geometry of massless
BTZ black holes. The latter has two inequivalent near horizon limits: one giving rise to
the null self-dual orbifold, corresponding to the vacuum of the chiral sector surviving the
extremal limit; and a second giving rise to the pinching AdSs orbifold, AdSs/Z; . with e — 0,
which decouples both chiral sectors by sending the boundary cylinder to zero. The null self-
dual orbifold is the vacuum of a 2d chiral theory in which finite chiral excitations exist,
giving rise to different DLCQ sectors of the full non-chiral CFT [I5] [16]. On the other hand,
at least when the entropy vanishes, the pinching orbifold resembles the situation within the
AdS,/CFT; and Kerr/CFT descriptions.

As first mentioned in [14] and further elaborated in [9, I1], the conclusion about the
absence of dynamics in a 2d CFT on a pinching orbifold cylinder, i.e. a cylinder of radius
R — 0, can be avoided if the central charge ¢ of the theory is sent to infinity keeping
cR = finite. This can be understood in a very intuitive way [14]: the energy levels of a 2d

Many different examples of EVH black holes have been studied in the literature, e.g. see [T} 12, [13] and
explicitly checked that the appearance of a local AdSs is generic.



CFT on a cylinder of radius R are of the form € /R, where € is a typical eigenvalue of Ly, Lo,
whereas the central charge ¢ controls the mass gap (the differences between the & eigenvalues
are of the form E /c). Altogether the energy separation between the energy levels is given
by E /(cR). So, the energy eigenvalues of a 2d CFT of central charge ¢ on a cylinder of
radius R is the same as those of a 2d CF'T with central charge ¢ = cK, on the same cylinder
orbifolded by Zx (the latter may be viewed as a cylinder of radius R = R/K).

Recalling the Brown-Henneaux formula for the central charge ¢ = % [3], the ¢ — oo
scaling in the CFT5 can be realised in gravity by a G3 — 0 limit, keeping the AdS3 radius /3
fixed. In the geometry (L.IJ), this would correspond to G5 ~ € — 0. In higher dimensions, d
dimensional (near)-EVH black holes, with compact d—2 dimensional horizons, would require

GdN€—>O.

All these considerations motivated the near-EVH triple decoupling limit introduced in
[TT]. This defines near-EVH black holes as those with vanishing horizon area Ay, and Hawking
temperature Ty such that

Ah ~ Ty~ Gd — 0, Ah/Gd = ﬁxed, TH/Gd = fixed . (12)

In this limit the dynamics of the black hole is described by a 2d CFT with a finite central
charge, temperature proportional to Ty /G4 and entropy equal to Ay/(4G4). At the level of
the near-horizon geometry this corresponds to a generic BTZ black hole.

A further feature of our setups, which is not generic to all EVH black holes, is the
existence of a UV description in terms of N =4 SYM. The appearance of non-trivial IR 2d
CFTs describing specific sectors of this theory has been explored in [7], 8, 0] and provides
non-trivial evidence regarding the rearrangement of field theory degrees of freedom in these
sectors based on gravity considerations. The scaling of Newton’s constant (L2]) implies we
will be focusing on a large N limit of the N =4 SYM in which N?T} is kept fixed.

This paper is organized as follows. In section 2] we introduce the charged rotating asymp-
totically AdSs black holes we shall analyse, reviewing their charges and thermodynamics.
In section [3, we determine the set of EVH and near-EVH black holes within this family. In
section 4] we study the near-horizon geometries of these near-EVH black holes. In section
B, we compute the central charges of the IR 2d CFTs, map the UV N = 4 SYM quan-
tum numbers to the IR 2d CFT excitations and derive the IR first law of thermodynamics
from the corresponding one at the UV. In section [0, we discuss the relation between the
EVH/CFT and the Kerr/CFT correspondences within this class of black holes. The last
section is devoted to concluding remarks. Some technical details of computations have been
gathered in the Appendices.



2 Charged rotating AdS; black holes

The particular class of black holes considered here are solutions to the U(1)3 5d gauged
supergravity whose bosonic action is [17]

S d°z/—g R——a — =Y X°F’+ X!
= T6n G5 / ! ( 7 Z P Z
1 UV 17p0 AN
where & = (i1, p2) and
X1 = 6_%¢1_%¢2, X2 = 6_%¢1+%¢2, X3 = 6%@1 . (22)

Its most general asymptotically AdSs black hole solutions include three electric charges, two
angular momenta (spins) and mass. They form a six parameter family of solutions. The
four parameter subclass of static black holes was constructed in [I§]. The EVH black holes
in this subclass, which are two-charge black holes, were studied in [7, [8], [9].

In this work we consider black holes with two independent spins, mass and two equal
R-charges, with the third R-charge a function of the remaining charges. These solutions
were first constructed in 10@ Their metrics are

ds? = H3 [—é(dt—asinzﬁigb b cos? Hdw)
p Za =
Coab, b _,.do a ,odv,
+— —dt——sm29: o0s? 2.3
p2<f3 fa Zq f1 ub) ( )
Zsin?0 a 1dp., Wcos*0,6 b 1dy, 2 P ,0
T A T A AP T U LY RS R N
p? (f3 f2 *—*a> P (f3 fi ~b> (X Ae )

gauge and scalar fields

d d
Al = A2:P1(dt—asin29:¢—b00829?

Sa b

A* = Py(b sinzﬁci—CZS +a coszﬁci—w)
g =p

X, = Xo=H"3 X;=H3, (2.4)

2The most general six-parameter solution to this theory was constructed in [19].



where

H = p*/p*, p*=r*+a*cos’d + b sin®0, p*=p* + ¢,
fi = @40 fo=0 4% fy= (") + 7)) + g

2 2
Ay = 1—;—2COS 9—%sin29,
1
X(r) = ﬁm«+ﬁxﬁ+m%—2m+@ﬁ+ﬁ+qx§+ﬁ+qwﬁ, (2.5)
= fife(X +2m —¢*/p%),
2 fa f3 r? 2 2\/ 2 2 2
Z = —-bC + [f3—€—2(a —b%)(a® +1° + q) cos” 0],
W o= 2c+f1f3[f3 —( — )b + r? + ¢)sin® 4],
2 2 /2
Ea = l_a_7 Ebzl_b_aa Plzwa P3:i
/2 /2 F2 2

This family of solutions is specified by four parameters (a, b, ¢, m). The metric (2.3)) is written
in an asymptotically rotating frame (ARF). The coordinate transformation

b
¢ =d+ 5t U=+t (2.6)

brings it to the asymptotically static frame (ASF), where it is manifestly the AdSs metric
with radius ¢ in the standard global coordinate system.

Charges and thermodynamics: Whenever the equation X () = 0 allows real solutions,
the configurations (2.3]) describe a family of black holes. This is discussed in detail in
appendix [Al in the regime of charges we are interested in this work. In the following, we
review their charges and thermodynamics.

The angular momenta and electric charges of the family of black hole solutions can be
evaluated using Komar and Gaussian integrals respectively [21],

ma (2m+ q =) b (2m+q=,)
J, = — , Jp = — , 2.7
4G5Z, 22 " AGsE.E 27)
\/ 2 b
Ql = Q2=ijbq, Qsz Lqﬁ- (2-8)
4G5:a Zp 4G5£2_a Zp
Note that J, = Jy and J, = Jy are the standard angular momentum associated with

rotations along the ¢ and 1 angles in the 3-sphere. The horizon structure determines the
thermodynamic properties of the black hole. Its temperature can be computed through the
horizon surface gravity, leading to

2rY + 71 (02 + a® 4+ b* 4 2q) — a®b*
2mr C2[(r2 + a?)(r2 + b?) + qr?]




whereas the Bekenstein—-Hawking entropy is proportional to the area of the black hole hori-

zon,

m?((r} +a®)(r} +0?) + qri]
2G5=,Zpr

Sp = . (2.10)

The outer horizon (r = r) is the Killing horizon generated by the Killing vector field
K =0, + Q50,4+ Q3 d,, where Q7 and Q3 stand for the angular velocities on the horizon in
the ASF [10]

Qs _ a(ri +rib® +rig+ 0 + %r3) s _ b(ri +ria® +rig+ ?a® + (2r}) (2.11)
@ C2(a®+r2) (b2 + 1) + gt b 2(a? +72) (b2 +r1) + Cgr2 '

The same angular velocities in the ARF equal QF = Q7 — % and Qf = Q) — 5.

The electrostatic potentials ®; associated to the electric charges can be computed through
the definition ®; = —K"A!|,_. . One finds

2 2 2
B, = Py = VA ¥ md Ty aab (2.12)

(@ + ) +r3) + gt T @ )E ) e

O35 =

The mass of these black holes can be determined either from the ADM mass or by
integrating the first law of thermodynamics

3
Ty dSpn = dE — Qu dJy — QpdJy — Y ®;dQ;, (2.13)

i=1

giving rise to

[1]
[1]

. W[Qm(QEa + 251) - Ea Eb) + q( Eg + 25% + QEa Eb — E?L Eb —

2
b
E=
=2 =2
8G,52 =2

o) ] (2.14)

There are BPS black holes among the family (2.3)) with energy E a linear combination
of the electric charges and angular momenta [10] 20} 21]. The generic BPS solutions in this
class preserve 1/4 of the supersymmetries of the original theory, i.e. two (out of eight) real
supercharges [21), 22]. We also note that BPS AdSs black holes can only happen if we have
electric charges turned on, i.e. neutral rotating AdS5 black holes cannot be BPS; moreover,
all the static BPS AdS5 black holes have naked singularities, which can be removed by the
addition of rotation [22].

Embedding in type IIB supergravity: All solutions to (2.I]) can be uplifted to on-shell
10 dimensional type IIB supergravity solutions using the ansatz [23]

62

ds3, = \/stg + —=
A

3
> XN dpd + pd (s + A'J0)?), (2.15)
i=1

S



with X; as in (Z3]), p; are functions parameterizing a unit 2-sphere
T
i3 = COS (v, fo = sinasin 3, [y =sinacosf, «,f € [0,5] (2.16)

and ;
A=>"Xip? = H 5 (3 + p3) + Hopig. (2.17)
i=1
The 10d metric (2.15) is a solution of IIB supergravity with constant dilaton ¢, where e® = g,

and selfdual RR-fiveform field [23].

Recalling that Gygp = 87%¢2(8 and performing a standard compactification over the 5-
sphere, we learn that the 5d Newton’s constant equals

1 A
Cs =CoaE =5 Ne

where N is the 5-sphere RR five-form flux and ¢ its radius (¢* = 4wg,¢? N). Thus, all black
hole charges scale like N2,

(2.18)

The 10d perspective allows to reinterpret the 5d electrostatic potentials ®; and electric
charges Q; as angular velocities (; and angular momenta J; on the transverse S®. Due to
the conventions in (2.10]), their relation is

As in 5d, all 10d angular velocities can be computed by requiring the vanishing of the norm
of the Killing vector field K = d; + Q3 04s + Q) 0ys + 0, at the outer horizon.

Four dimensional N = 4 SYM description: Using AdS/CFT, the black holes (2.3))
correspond to thermal states in the dual N =4 SYM defined on RxS? carrying charges :

/12
AZﬁE, 31:32:Q1:m]\[2

2= = ’
P 2 “;& i (2.20)
alzm q:b 2 m q:a 2
Seg=J,=————=N", Sy =Jp = ————>N".
203225, b b 203222,

As usual, energy E becomes conformal dimension A, angular momenta J,, J, SO(4) spins
34, 8y and the electric charges @);, R-charges J;. By construction, these are functions of the
the four parameters (a,b, ¢, m) and scale like N?.

Intersecting giant description: As a 10 dimensional solution the metric corresponds
to a system of two stacks of intersecting black giant branes. These are topologically three-
sphere branes with their world-volume on two three cycles on the S°, intersecting on a circle
parameterized by 13 in our coordinates. These giant gravitons are rotating on ¥, and ),
directions which are transverse to their world-volume; the electric charges correspond to the

7



angular momenta of the giants in each stack. The number of giants in each stack is then
given by [24]
Ny =Ny = 29, ) (2.21)
N
As we see for generic values of the a, b, ¢ parameters the number of giants in each stack grows

as N, and hence we are dealing with a system of order N? giants.

We should comment that the intersecting giant graviton picture is a good one if we are
close to a BPS point, where moving slightly away from that would correspond to turning
on excitations (deformations) on the giant graviton world-volume. In this picture the spins
Ja, J» would correspond to rotating the giant on the S?€AdSs. (Recall that each giant is
already rotating on a circle in S°.)

3 The set of EVH black holes

Consider the four dimensional black hole parameter space, either in terms of (a,b,q, m) or
(a,b,q,ry). We are physically defining the subset of EVH configurations as a limit of near-
extremal black holes in which Spy , T ~ € — 0, keeping Sgu/Th finite. Inspection of (2.9])

and (210) reveals
Spi, Ti~e—0 = ry~e, a~ve, boé?, f>a>0, a+8>2. (3.1)

where we used the a < b exchange symmetry to assume b < a. Thus, EVH black holes
require

7y =0 and ab=0] (3.2)

These describe a bifurcate hypersurface, corresponding to the a = 0 or b = 0 branches. Since
b < a, we shall focus on the b = 0 branch. Requiring X (r; = b = 0) to vanish, ensuring the
presence of a horizon, gives rise to the further constraint

_ ¢ +a’(C+q)

3.3
T2 (3.3)
In the following, we shall distinguish between two types of EVH configurations:

Static: a=b=r, =0 and Rotating: b=7r, =0, a#0. (3.4)

In figure [II we illustrate the space of EVH configurations, where we already took into
account that ¢ > 0 and |al, |b| < ¢. Static configurations correspond to the g-axis at a = 0
with 2m = ¢*/¢%, whereas rotating ones correspond to generic a # 0 points with m given
by B3). Among the rotating BPS EVH black holes we have quarter-BPS configurations
specified by g =al, b=10, or ¢ =bl, a = 0.

3.1 Near-EVH black holes

To explore the physics of near-EVH black holes, we describe regions in parameter space close
to the EVH hypersurface. Given a generic b = 0 EVH point parameterized by (8.3)), one can

8



Figure 1: Bifurcate EVH hyperplane. The left figure shows the EVH hyperplane in (a, b, q)
space. The a = b = 0 ¢ axis stands for static EVH black holes, while b = 0, a # 0 points
correspond to rotating EVH black holes. The subset of EVH BPS configurations, which
occur for ¢ = fa, b =0 or ¢ = bl,a = 0, are indicated by 45° lines. The right figure shows
the b = 0 branch of the EVH hyperplane in (a, ¢; m) space.

decompose the space of deformations into tangential and orthogonal. The first correspond to

(g +69)% + (a+6a)* (2 + q + 6q)
202

These tangential deformations take us from one EVH black hole to a different one on the

EVH hyperplane. Orthogonal deformations correspond to excitations of an EVH black hole,

giving rise to near-EVH black holes. We will study the static and rotating cases separately.

m+dm = . (3.5)

Near-EVH static black holes: Static EVH configurations are described by (a, b, ¢;m) =
(0,0, q; ¢*/2¢*) and hence the most general orthogonal deformation is

¢ q. ¢
(0, 0,q; ﬁ) — <5a, 0b,q — 6—25m; op + 5m> ) (3.6)
Recalling (B.0I), one can choose dm ~ €2, da ~ €*,0b ~ ¢’ where 8 > a > 0, a + 3 > 2.
Demanding to have a black hole, i.e. X (r) = 0 to have real positive solutions, implies o > 1.
One may hence choose, R

dm= Me*, da=ae, Ob=be, (3.7)

where a, b are either finite or may go to zero in some positive power of €. Thus, the most
general physical excitations of static EVH black holes are described by the three parameters
M,a, b. This is consistent with the co-dimension three of the the EVH surface describing
the static case ([3.4), as depicted in figure Il

Once these deformations are turned on, the equation determining the horizon location
X (ry) = 0 becomes
r 4 ~ T 2 A
Vv, (—) - [ZWSM YL@+ bQ)} (—) vat =0, (3.8)

€ €

9



with ) )
_ 4 _ q - q
Vs—l—i—f—z, Ws—1+€—4, Ys—l—l—g—z. (3.9)
This ensures both r4 ~ € as required in (B.]). In this limit one can work out the temperature

([2.9) and entropy (2.10)

1_‘_E)_ﬁ 2 2
qr ( 2 7 V,ri —r2
SeH :WN2£—27+7 Ty = o ry = =

1
2rq  ry (3.10)

where we used rir? = V;'a??, which follows from (B.8). By construction, Sy ~ Ty ~
Ty ~ €.

Near-EVH rotating black holes: Using m(a,q) in (8.3), rotating EVH configurations
are described by (a, 0, ¢;m(a,q)). Their most general orthogonal deformation is hence

' q\ om 1 ,\ om
(a,0,¢;m) —> (a—a<1+£—2>£—2,5b,q—<q+§a)£—2,m+6m . (3.11)
For finite a, ¢, the scaling ([B1]) requires
5b=be*, om = Me*. (3.12)

Unlike the static EVH case, the most general excitations of a rotating EVH black hole are
described by two parameters, M,b. This is consistent with the co-dimension two surfaces
defining them in (34]), as shown in figure [l

These deformation parameters determine the location of the horizons

4 2 ~
V(E) _OWM (g) Fat? =0 (3.13)
with , )N 2 )
29 a q a a q\2
V=1+5+ 5 W:1+<£—2+@) +£—2(1+£—2) . (3.14)

Notice its a — 0 limit does not reproduce the static equation (3.8)). This is because the
near-EVH scaling of b with e is different from the static case in ([3.1) and, more importantly,
because there exists a non-commuting order of limits between taking a near horizon limit and
considering the a — 0 limit, as we shall explicitly see in section .4l For these reasons, we
will study the static and rotating cases separately in the following, noting when the former
can be obtained as a limit of the latter.

It is reassuring that whenever the parameters {a, ¢; b, M } allow real roots riﬁ, the entropy
and temperature of these near-EVH black holes equal
e

24+ "1y S o, = BT (315)

Ty =
2=, 0’ f 2m(q + a?) T 21(q + a?) 1y

SBH =aN

3For a thorough analysis on when this occurs, see appendix [Al

10



By construction, the ratio Sgy/Ty is finite. Notice these equations reproduce (BI0) when
written as a function of r4 at a = 0.
We stress expressions (3.15) resemble the analogue quantities for BTZ black holes, i.e.

SpTz = % and Ttz = . In fact, we will see in the coming sections that the near hori-

ri-rs
27TZ2’!‘+
zon of these configurations 3develops a locally AdS3 throat. The corresponding 3d Newton’s
constant G3 and AdSj3 radius ¢3 will be such that this analogy will become an equality.

4 Near Horizon Geometry Analysis

In this section we study the near horizon geometries corresponding to the static and rotating
EVH black holes identified in (3.4) together with their near-extremal versions (3.6])-(B.11)).

4.1 Static EVH case

Let us consider a static EVH black hole (e = b = 0) and study its deep interior geometry by
expanding in small € for » = ep. The metric expansion is

e g3 { Vie?
s° = -
€2_|_2q q2

dp*  (?Vie?
p2dt2+?—l— " prdi; (4.1)

2 2 2
+ qus <d92 + sin® 0d¢* + cos® 9dw2> + E(duL—de,uz)
3
22 5
* s (dr = dit)z + i (dypy — dit)2 ,
H3 L43

Extremality determines the scaling —e?p? dt? together with dp?/p? giving rise to an AdS,
throat responsible for the SO(2,1) isometry enhancement of the near horizon geometry [25].
The new feature here is the vanishing size of the one-cycle along 13 as €2p?. Notice this is
the isometry direction in the 5-sphere with vanishing R-charge (J3 = 0). This is responsible
for the vanishing of the entropy and transforms the standard AdSs throat into a local AdSs
throat, as discussed in the introduction. Even though J, = J, = 0, the cycles along 0, and
Oy remain of finite size.

The near horizon geometry is obtained by considering the limit
. / v
=G40t (i=1,2) t=—0" =2 r:egx, (4.2)
€

on the original black hole metric (2.15]), with

1 q VY,
Q?:ng—z,/uﬁz— o (4.3)

11



being the horizon angular velocity at the EVH point. The resulting metric is

2d 2 £2d 2
ds® = s | — L £2T 33:23: + xzdiz} + qus (d92 + sin” Adp? + cos? 9d¢2)
3
2 ~ ~
+ g(du? + dp3 + piddi + p3dys) . (4.4)

Due to the 27e periodicity in ¥, this geometry describes a warped locally AdS;xS? geometry,

with radii given by
q

V,’
More precisely, the local AdS;3 throat is the pinching AdSs orbifold introduced in [14], cor-
responding to the near horizon of a massless BTZ black hold]. Once more, notice how the
circle in AdS3 comes from the direction in the 5-sphere where there is no R-charge at the
EVH point. Besides the pinching, which does not introduce a curvature singularity, the
geometry (2) is otherwise everywhere smooth except at uz = 0.

The static EVH case was already studied in [7, 8, [9]. In these references, the near BPS
EVH case ¢ ~ ¢ — 0, which requires N — o0, was considered and argued to require a
different limit in which the pinching is absent and the 4d ball decompactifies. Our analysis
here shows the latter is not necessary, though the tree-level supergravity description becomes
unreliable since both AdS; and S?® become Planck scale.

4.2 Static near-EVH case

Near-EVH static black holes are described in parameter space by (8.6). These are excitations
of the static EVH vacua. Hence, one expects them to be encoded in the near-horizon
geometry as pinching BTZ black holes [14]. Indeed, as discussed in more detail in section
(.2.2 these excitations are described by mass and angular momentum of the pinching BTZ
with the possible addition of constant electric and magnetic fields on the transverse 3-sphere,
describing the J, and J, rotations.

These expectations are verified when we combine the near horizon limit (A2]) with the
angular coordinate redefinitions

~ b ¢ al ~ a bl
— ___7-__~’ = ———7’——~, 46
Y=y q+/4 C_IX 0=0 a1 qX (46)

4Massless BTZ black holes allow for a second near horizon limit giving rise to the null self-dual orb-
ifold [14]. This structure also exists here. Defining 77z = (,/q/€)t, we can write the € terms in (@) as
—€* (dripl3 — dy3). Introducing light-like coordinates 2* = THE £ b3, the second near horizon limit imple-

mented by 27 = 2T and 2~ = Ze—; gives rise to the null self-dual orbifold. The two limiting geometries are
related by an infinite boost.
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The resulting near horizon metric is

2 _ 2 2 _ 2 €2x2d1,2 N T
ds? — _ (2 —23)(z x_)d 2 3 2(di — TET= 42
° M?’[ (222 (22 — 22) (22 — 22) T (dys l322 ™)
~ ~ 12 ~ ~
+ qu3(d6* + sin? 0d¢* + cos? Odi)?) + g(alu% + dpd + p2di? + padi)3) (4.7)

where x4 are given in terms of (3.9) as

€2
2qV

~ ~ 2 ~
l’?l: = <2W5M - Ys(&2 + b2) + \/<2W5M - Ys(d2 + b2)> - 4V5&2b2)> . (48)

Notice how the original pinching AdS;3 turned into a pinching BTZ metric The constant
shifts in the AdS3 boundary coordinates {7, x} in (f8]) corroborate the existence of constant
electric and magnetic fields responsible for the UV spins J, and .J,.

Temperature & entropy: To use the standard thermodynamic relations satisfied by BTZ
black holes, we must compactify (A7) to three dimensions. Consider the ansatz

2

ds® = s gff’)d:c“d:c” + qus(d6® + sin® 0d¢? + cos? 0dip?) + l

) g(d/ﬁ o dpd + p2dY? 4 pddd?),

and plug it into the 10d type IIB supergravity action. Focusing on its Einstein-Hilbert term
1

1
167TG10/\/T(10)(IOR+'”):167TG3/\/7(3)(3R+”')’

we can identify the 3d Newton’s constant to be

1 ¢ 2¢% N2

R = Ly (4.9)

G3 16G10 4

Thus, the temperature and entropy of the pinching BTZ black holes (A7) equal

2 — a2 14

Torz = = 5 = Th,
2rrly €4 (4.10)
2me - x4

SBTZ = 4G3 - SBH 5

where for Ty and Sy we have used (BI0). As expected, the second matches the original 10d
black hole entropy whereas the first agrees with the scaling of time in (€2]). This confirms the
expectations raised in section B, when interpreting the near-EVH temperature and entropy
(B10) as BTZ thermodynamical quantities.

°For the subset of excitations that preserve extremality, i.e. x, = z_, there exists a second near horizon
limit again giving rise to the null self-dual orbifold.
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4.3 Rotating EVH case

Consider a rotating EVH black hole (b = 0) and study its deep interior geometry by expand-
ing in small € for » = ep. The metric expansion is

hihso a’+q dp a? + q
ds? = - 25201 PEdy?
T a4y [ ?1q A% - ¥
(@> 4+ @Qhihy 5  hy a*?cos’ | ,  a*l?cos? O’ q 2
* 1— ﬁ cos? Gde * ho (A + dpiz) + (a® 4+ q)h1hs A + hihs (dw?’ + afdw>
sin20 |a®Y, — % (a® + q) cos® 0 + qZ .
+ - d (do — Q%dt)’

=2h1hy
B 2al+\/qY 5 sin? 0
Eahlhgv a? + q

+£2h1“1 (dipr — Q?dt)2+£2h1“2 (dupy — Q9dt)*, (4.11)

1 qY az
=) =—— | — (O — 4.12
1 2 / a2+q7 a CL2—|—q ( )

are the horizon angular velocities at the EVH point, V is as in (8.14]) and

(dp — QO%dt) [113 (dupn — QYdt) + p3 (dipo — Q3dt) |

where

a’cos® 0 + q,u3
a’+q

e a®cos® 0 + q 2
1 a2_'_q ) 2

(4.13)

As before, there is a single vanishing cycle responsible for the vanishing entropy and
the emergence of a local AdS; throat. This corresponds to the isometry direction d, along
the 3-sphere in the asymptotic AdS;. Notice that despite having vanishing J,, J3, rotating
EVH black holes still have a single vanishing cycle, keeping the di3 + Ld cycle finite. The
relevance of this combination is physically understood noticing that

0, + at 93 -0 (4.14)

(up to O(e?)) in the near-EVH limit (3.12)), where (ZI1), (ZI9) and ([2I2) have been used.

Thus, there is no angular velocity along the U(1) defined by dis + Ldi. This point also
brings up the question on the uniqueness of the near horizon U(1) describing the AdSs
angular momentum. We briefly discuss this matter below.

Choice of IR U(1) : The previous discussion suggests to work with

14
§ = sinwg Y3 + coswe ¥, tan we = iy (4.15)
q
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Vs

We

0

Figure 2: x — ¢ directions in 13 — ¢ plane. ¥ and 15 are respectively coming from AdS5 and
S5 parts of the original geometry. £ is the direction transverse to near horizon AdSs; while y
is the angular part of AdSs.

However, there is still some freedom left in the choice of the AdS; cycle ¢ in ([@IT]), since it
could be replaced by

1

X = cos(we — o) (coswy 3 —sinw, ) , (4.16)

for arbitrary w, and as long as y does not coincide with &, ie. wy, —we # 7/ QE we will
obtain the same near-horizon geometry as in (£I1]). The normalization in y was chosen so
that the volume form in the 3 — v plane equals the volume form in the y — £ plane, i.e.
dips A\ dp = dx A d§ and both x and ¢ are ranging over [0,27]. In fact, not only the near
horizon metric (£I1), but also all physical observables are expected to be independent of
wy. We will see this explicitly in our analysis in the rest of this paper.

Contrary to the static EVH case, which always requires a 10d uplift to have a well
defined near horizon geometry, the rotating EVH one does allow a purely 5d description for
the particular choice w, = 7/2, for which y = . In this case, the entire pinching AdSs lies
inside AdSs. Its near horizon geometry is presented in Appendix [Bl

After this digression, let us return to the near horizon geometry which is obtained by
considering the limit

P =+t Uy = 1y + O 1, o=+ ¢,

K X T [2(a® + q)
= _ _A — K= — 4.1
o7 X o r=eg < 2T (4.17)

6To be more precise, for our near horizon limit procedure leading to metric (@I)) to go through, one

needs to assume that wy, — we — % is finite (and not of order ).
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on the original black hole metric resulting in

2 fzd 2
(a? —I—q)h1h2 5 E cos?acos®l ., a4 qhy ~
A, do Ko, & + = h3 — Agsin® 0do
o fi2 211 2, e o 217 7\2
O - sin® ad + O [ul(dwl — Ad®)? + 12(diy, — AdD)
1 2

where «, 8,0 € [0,7/2], ¢ € [0,27], uy = sinacos 5, pe = sinasin § and
2 /Ys : 29
A—l—a—0089 A iy

4.19
& UsE,/V B (4.19)
The first line in (4.18) is again conformal to a pinching AdSs orbifold with radius
2
g=re__ o (4.20)

Voot

which reduces to (4.3]) in the static limit (a = 0). This metric solves the type IIB supergravity
equations of motion with a constant dilaton and a RR 5-form. The analysis is very similar
to that in [§].

There are special values in parameter space that deserve special mention. For ¢ = 0, one
recovers Kerr AdSs, £ = 13 and y may be chosen entirely inside AdS;. The BPS surface
defined by ¢ = al has no special features compared to the generic case (LI8). Finally, the
a — ¢ limit (the edge of the EVH plane in figure [I)) must be handled with care. Recent work
[13] confirms the existence of a 2d chiral spectrum also in this case.

4.4 Rotating near-EVH case

Near-EVH rotating black holes are described by (B12) in parameter space. Their near
horizon geometry is obtained through the same limit (£I7) and gives rise to

(22 — 22)(2? — 22) (222 da? _ozre )\
ds* = hyihy | — + dr? 3 2 dy — d
° 1 (222 T (22 — 22%) (22 — 22) X gz

(a®> 4+ q@)hihy 5 (Pcos?acos®l  , a’+qhs -
——df* + ————d —NAysin?0d 4.21

+ A, + K2hils &+ = h3 g sin” Odo ( )
5 h 0%hy 0%hy ~ ~
ol et sin® adf? + S ad(diy — AdG) + pd(ddy — Adg)?)

where i1, fi2, b, ha, Do, A'in (ZI6), (EI3) and EI9), and o, 5,6 € [0,7/2], ¢ € [0, 2n].

The first line is conformal to pinching BTZ black holes in the region of the deformation
parameter space where the outer and inner horizons x.

K2ri — 62(a2 + q)
62 q2 + a2€2

= , (4.22)

WM + VW22 — Va2132]
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exist. This holds fOIE] R
W2M > Va?b?.

Notice b = 0 corresponds to a vanishing inner horizon, whereas M = 0 forces b= 0, in this
region of parameters. Thus M controls the size of the outer horizon. Notice how the outer
and inner horizons of the near-EVH static black hole in (4.8]) cannot be obtained as a limit
of the ones for the rotating case in ([A22]). As stressed in section B.], this is due to the fact
that the near horizon and the near-EVH limits in the two cases do not commute.

Temperature & entropy: To use the standard thermodynamic relations satisfied by BTZ
black holes, we must compactify ({.21]) to three dimensions. This is achieved by considering
the ansatz

2 2 2 2
5 3 , (@ +@hihy o  (PcosPacos’d  , a*+qhs 2 0452
ds® = hihag(S)datdz” + A o T e s = thg 0do
L iy iy i : i
e’ + = sin® ad o |d(ddy — AdG)? + i (dvs — Add)’
1 2

Proceeding as in subsection [4.2], the 3d Newton’s constant is

1 2N/(@® + ) (a® + g)

= 4.23
Gs =l (423)
Note that in the a = 0 case we recover the static EVH expression (4.9]).
The temperature and entropy of the pinching BTZ black holes equal
i A ¢
Tory = ——— = —Tu,
2me - x4

Sprz = 1G5 = Spu -

Once more the 3d entropy matches the original 10d black hole one (B.15]), while the propor-
tionality of temperatures is consistent with the temporal scaling in (ZI7).

5 The dual EVH/CFT formulation

In this section we compute the central charges of the IR 2d CF'T that is dual to the asymp-
totically AdS; structure emerging in the near horizon of static and rotating EVH black holes,
and provide an explicit map between its IR quantum numbers and those of the 4d UV dual to
the original black hole. We also discuss how the IR first law of thermodynamics follows from
the UV one in (2.13]). We view the latter as further supporting evidence of the EVH/CFT
correspondence [11] reviewed in the introduction.

TFor W2M < Va2b? we get a space with a conical defect. This is similar to the situation discussed in [A.
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5.1 IR 2d CFT description

The central charge ¢ of the IR 2d CFT and the quantum numbers (Lo, Lgy) describing the
gravitational black holes described in the previous section can be extracted from standard
AdS;/CFTy [26] taking the pinching periodicity into proper consideration [14]

3ty 3(a®+q) e+,
c= 2G3€ =~z v NZe (5.1)

2 2
c Ty o

O3 M =L Ly——="F_"= 2

sMpT7 o+ Lo D 803G €, (5.2)
= I+1’_

J, =Lyg—Ly= . 5.3

BTZ 0 0 4€3G3€ ( )

Requiring a finite central charge to have a finite gap in this IR 2d CFT is achieved by the

large N limit:
(5.4)

It is manifest the entropy Spy in (815 remains finite in this limit. It is shown below that the
same holds for the excitations Mpryz, Jgtz which will be related with precise combinations
of the UV quantum numbers.

Static EVH: The central charge may be obtained from (5.]) at a =0

3q°

Cstatic — — —— N2€ . (55)
1+ %
whereas excitations equal
IMW, — Y (a2 + b?) ib
lsMprz = N NZe, Jprz = 2—€2N26. (5.6)

Notice how the static EVH point (0,0, q;m(q)) determines the IR 2d CFT by fixing its
central charge, whereas its orthogonal deformations (3.6))-(8.7) encode their finite excitations.
Any tangential deformation (B.5) would have simply changed the value of ¢, which would
correspond to a different CFT. Note also that the BTZ mass has contributions from all three
parameters describing the transverse deviations from the EVH surface.

Rotating EVH: The central charge is given by (5.1]) with excitations

UK 03K -
lsMpry = ——— MW N%¢,  Jgrg = —— abV/'V N2 (5.7)
2€3~:a 2€3:‘a
As before, the rotating EVH point (a, 0, ¢; m(a, q)) determines the IR 2d CFT central charge
and vacuum structure, whereas its orthogonal deformations (3.11)-(B8.12) encode its excita-
tions.
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As we have noted all physical quantities at the static EVH point can be recovered from
the corresponding expressions at the rotating EVH evaluated at a = 0 point. This is not,
however, true for the excitations above these EVH points. For example, the static values for
Mgrz, Jerz and Ty cannot be recovered by simply setting a = 0 (or taking a — 0 limit) of
the rotating EVH ones. This is due to the fact that in the static case both a,b scale as ¢,
while in the rotating case, a is finite and b ~ €.

Using Cardy’s formula [26]

SCFT—Q’]T“ Lo—ﬂ —|—27T LO__ s (58)

one can immediately check the bulk entropy (B.I3) is reproduced for both EVH black holes.

5.2 EVH/CFT2 VS. AdS5/CFT4

The 10d dimensional black holes (2I5)) interpolate between asymptotically AdSs and locally
AdS;3 geometries. The former has a dual (UV) description in terms of N = 4 SYM, whereas
the latter must have a dual (IR) description as advocated above. In this section we relate
the quantum numbers of both dual theories.

Since our states are typically non-BPS, the conformal dimension Ayy is expected to
“run” along the RG flow implemented by the near horizon limit » = ep, ¢ — 0. Hence, its
relation to Arg is non-trivial. On the other hand, given the quantized nature of the remaining
conserved U(1) charges, these will not run. The analysis of this RG flow in field theory and
gravity is beyond the scope of this paper, but we can gain some insight by studying how the
quantum numbers of a bulk scalar field probe transform along the flow. Given the isometries
of the original black hole (23), the UV quantum numbers of this scalar field (in the static
AdS; frame) will be associated with the eigenvalues of the following operators

AUV = gE = M@t, Ja,b = —’ia(z,S’wS Ji’g = _gQiﬁ = —Za¢23 (59)
Similarly, the IR quantum numbers are mapped to
AIR = iﬁg@T, J)z = —20;( Jf = —2'05 . (510)

From now on, as the notation above suggests, we will identify these eigenvalues with the
gravity conserved charges. Though this need not hold generically, it will turn out to provide
us with the right intuition.

5.2.1 IR-UV charge mapping, rotating EVH case

Given the original 10d black hole charges ([2.7)), (2.8)) and (2.14)) and the near-EVH expansion
of parameters (3.12), charges fall into two categories in the rotating near-EVH regime:

o Y ={A,Jy,J,} having an € expansion of the form Y = Y(© 4 2y )
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o 7 = {J,, J3} with expansion Z = €22?.

Y ©) is the value of charges at the EVH point, whereas Y ?, Z?) are the near-EVH excitations.
Q; and €, have analogous expansions to J; and J,, with finite Qf and Q0 values at the EVH
point (AI2) and with €* corrections.

As discussed in section [4.3] the J, and .J3 charges

b(q? + a*0? + q(?)N? abgN?
Jb = 2€53a €, Jg = WEQE s (511)
are naturally encoded in the IR geometry in terms of
1 : (a® +q) P oA72
Jy = — (—sinweJy, + cosweJ3) = 2625[1\/mab N<e = Jprz, (5.12)
1 .
']5 = m (SanXJ3 + cos CUXJb) ~ N2€2 y (513)
where we used
g = coswex + P £, Y= —sinwex+ 05 €. (5.14)

cos(wy — we) cos(wy — we)

The AdS; pinching is responsible for the 1/e factor in the first equality of (5.12). This allows
Jy to remain finite, matching the BTZ angular momentum, whereas J¢ ~ € is subleading, in
the limit (5.4). This prevents any unphysical dependence on the mixing angle w, to survive
our limit, as expected on physical grounds.

Let us consider the IR conformal dimension Ag. If we proceed analogously to the other
charges, we learn

0 (3K (.0 . 0 _ 0
A = ils— = —— (il = +ilQ)° — o8
e (Z ot T 5 +§2@ ’8¢,~>
ls K
- 73? (A —€Q957, —20007;) . (5.15)
Using the 5d charges (2.8), (Z7) and (2Z.I14)) in the near-EVH regime (3.12)), we find
Ar = 58 (A0 g 09 70 9 00 50)) ¢ KT&E (A<2> —0QUSJD 2 Q?Jf”)
€
= Alg + (sMgprz , (5.16)

where we used (5.7), the identity Mgy = K(A® —00J% — 20097 and AY, is defined
as
(3 K N*(a*0? — ¢?)
Afg = 2—— 27 5.17
e 4z, (5:17)
Notice Ay only depends on the rotating EVH point (and not the excitations) and could
consequently be interpreted as a “zero point energy” from the IR 2d CFT perspective. This
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contribution is generically divergent, but vanishes when supersymmetry is preserved, i.e.
q = al. This would reproduce the expected A = Ly + Lo bound in this case, due to the
protection of supersymmetry along the RG flow. Near the BPS point, i.e. ¢ = al—¢e26%/(2al),
the 'zero point energy’ still remains finite.

63 KN2€

= s 62 + (3Mpry. (5.18)

We conclude that both A and J; match the expected IR 2d CFT quantities. This is
a good piece of evidence in favour of the EVH/CFT correspondence since despite lack of
supersymmetry, the RG flow from the UV to the deep IR does not lead to contributions
not captured by the 2d CFT. This fact supports the expectation that the near-EVH sector
in the UV dual 4d CFT is a decoupled sector described by this IR 2d CFT where the UV

quantum numbers were reshuffled as explained above.

5.2.2 TIR-UV mapping, static EVH case

Proceeding as in section [5.2.1l we distinguish three categories of 10d black holes charges in
the near-EVH static regime (3.7):

e Y ={A, J;, 5} having an e expansion of the form Y = YO + 2y @),
e X ={J,,J,} having an € expansion of the form X = eX®).
e J; with expansion J; = €2J§2).

Since all charges scale like N2, charges X have a finite value due to (5.4)).

Given the large gauge transformations (4.2) and (4.6)) implemented in the near-EVH
static regime, we learn the angular momentum along the AdSs pinching circle equals

1 bl al 1 ¢ .
Jo = —i0y = —i | —=0y. + —04 + —0y | = —=Js + —(aJy, + bJ,
X 0% Z( €w3+q ¢+q w) 6i’>+q(@b+ )

(5.19)
2% N
= Jprz + 2—q(an + bJa),
where we used (B.6]). Furthermore, from (2.7) and (B3.7)
0 . abY
—(a = 2 NZe.
% (aJy+bJy) Y2 €
The IR conformal dimension equals
l Y
AIR = '6[307 = 3 |:AUV -2 Q?Jl — (be + aJa)}
Ve 1 (5.20)
€3€ EYS ’

= Al + 7 <A§?¢ —20 Q0P — p (@ + BJISI))) ,
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where the “zero point energy” AY% is defined as

14 U3 N2¢?
AV = 3 (A _9p 0Oy = _ 3 .
IR \/56( uv 1Y1 ) NG 104

(5.21)

Note the zero point energy of the static EVH case A{; can be obtained as the a = 0 limit
of the rotating EVH case (5.17). In the BPS case where g ~ ¢'/2 [8, 0] A% remains finite.
Using the expressions for mass and angular momenta (2.7), (28) and (2.I4]) and the near-
EVH scalings (3.7)) we find

2 ~2 | 12
@) 0,2 _ N qYs a”+0
Ay — 200 J] =on MWS+2€2( 7 )|,
. (5.22)
12 A (d2 + bz)Ys 9
—(a =-——2"°N
q(aJa + be) 202 €,
and hence 00 0
A = A% + lsMpry — —=—(aJ, + bJy) (5.23)

Va2q
where Mgty is given in (5.0]).

Thus, even after removing the 'zero point energy’, both J; and A contain extra terms
compared with the expected BTZ mass Mgtz and angular momentum JBTZH. As mentioned
in the discussion section, these terms should be associated with some notion of spectral flow
in the dual CFT. Nevertheless, we will show below that the contribution of these terms to
the IR first law cancels, as expected under spectral flow.

5.3 First law of thermodynamics, IR vs. UV, 3d vs. 5d

Having identified the UV-IR charge map, we now derive the IR first laws from the UV one
in (2.13). Physical variations appearing in the first law are generically defined as one-forms
on the black hole parameter space. In our examples, the UV {dE,dJ,,dJy,,dJ;,dJ3} forms
are defined on a four dimensional space spanned by (a,b,q,m), while in the IR, physical
variations belong to the subspace of orthogonal deformations to the EVH hyperplane, leaving
the EVH point fixed. The latter are computed using the near-EVH charge expansions worked
out in sections (.2.1] and inserting them into (2I3)). Below, we consider static and
rotating EVH cases separately.

$We comment that the negative value of Ay from the dual 2d CFT viewpoint may be attributed to the
—c/12 Casimir energy of the theory on the cylinder.

9As our “chain rule” analysis indicates, it is possible to define new q~5 and 15 coordinates such that (5.23)
and (5.I9) respectively reduce to simply Ar = A% + l5Mpryz and Jy = Jprz. The new (;3 and 1/3 which do
this are
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5.3.1 Rotating EVH case

Consider the UV first law (2.13). Using (4£.24)), its left hand side equals

€
THdSBH = RTBTZdSBTZ . (524)

To discuss its right-hand-side, notice first that the maps (5.15)-(5.16]) yield

1
dMpry = -dAm = Ke (a8 — 2001 — RRaI)
3
K
= — (dE = 2QdJ, — QFdJ,) + O(¢?).

€

(5.25)

Notice we explicitly dropped the piece coming from the variation of the ‘zero point energy’
dAY%: since the latter is independent of the near-EVH excitations. Second, using

b q ab
OV = _a @ 00—t -
b gt a2r?’ 3 l(g+a?)ry’ (5.26)
Qg+l—an:0, tanwgza—g,
q q
and (5.12), we derive
Oy + QsdJs = E(Q0d I + QdJP) + O()
€ (5.27)
= —Qprzd
7o 1z JBrz,
where we used % %
Qprz = x;x_ =0, = —(coswe) — sinwY) . (5.28)
xils € €

Note that as expected, the mixing angle w, does not appear in any of the expressions above.

Adding all contributions and dropping the overall ¢/ K constant factor, the exact IR first
law is derived

TudSpn = dE — 204dJ; — QudJ, — QydJ, — Q3d T3

\’ (5.29)
TBTZdSBTZ = dMBTZ - QBTZdJBTZ

where we already dropped all vanishing subleading contributions in the ¢ — 0 limit. Notice
the ¢ direction does not contribute above because the Q¢d.J; term is an order €? smaller than
the leading term.

5.3.2 Static EVH case

Using (A.1I0), the left hand side of the UV first law scales like

q
THdSBH = €§TBTZdSBTZ- (530)
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When analysing the right hand side, recalling (£3)), (5.20), (522) and (5.23]) we have
Y

dE -3 Q0dJ, = % (dMBTZ + gz (&Ja + ISJb)) . (5.31)
i=1,2

Since the angular velocities equal (recall (2.11]) and (2.19))

T_xy ab 1 14 9
Q = = — = ———03 + O(e
BTZ 63,1'3_ \/\7-8637”_2’_ \/a 3 ( )
a(l? +r2Y,) b aY
Qy=—T"% [ 2_Q +—1e+0(), 5.32
7 N EURE () (532)
b(a? +1r2Y,) a bY
Qp=——T"% [ =_Q o O(e3
b =] i BTZ + 7 e+ 0(e),
we derive
qY g€ l . -
Q.dJ, + dJ, = \/_g <QBTZdJBTZ + Wd (aJa + be>) , (533)
qe
QydJy = f7 (—E%QBTZdJBTZ) . (5.34)

Adding all terms, we notice all the Qprz dependence arranges itself as —e, /g JQpr7dIBT7,
whereas all dependence on d.J, and d.J, cancels, so that, modulo the overall €,/q// factor

TudSpn = dE — 204dJ; — QudJ, — ydJ, — Q3dJ5

\ (5.35)
TBTZdSBTZ = dMBTZ - QBTZdJBTZ

where we already dropped all vanishing subleading contributions in the e — 0 limit. Notice,
in particular, how the extra dependence on J, and J, in (5.23)) and (5:19) drops from the IR
first law. This highlights the invariance of the first law under large gauge transformations
generating constant electric and magnetic terms on the transverse 3-sphere. Such invariance
occurs in the standard D1-D5 dual CFT and we expect something similar to hold here.

6 Relation between EVH/CFT and Kerr/CFT

In this section we seek a connection between the 2d CFTs appearing in the EVH/CFT corre-
spondence discussed in previous sections and the 2d chiral CEFTs emerging in the Kerr/CFT
correspondence [6]. Our perspective is that a 2d chiral CFT is nothing but the Discrete
Light-Cone Quantization (DLCQ) of a standard 2d CFT [15], as was already discussed in
[9] for static charged AdS; EVH black holes. To explore this perspective, we first review the
Kerr/CFT formalism and apply it to the family of black holes (2.3]) and their 10d embed-
dings (2.I5). In the region of parameters where Kerr/CFT and EVH/CFT overlap, we can
always derive one of the Kerr/CFT descriptions from the EVH/CFT. Some of the caveats
that require a better understanding are mentioned in the discussion section [7l
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Review of Kerr/CFT for AdS; black holes [2I]. The Kerr/CFT correspondence
applies to any extremal black hole of finite horizon size. In our notation, one considers the
near horizon limit

T

7“:7“()(1“‘6'3/), t QEZQS_I'QaOta ?&:¢+Qb0t> (61)

- 21Ty roe
where 7 stands for the extremal horizon, T}; is the derivative of Hawking temperature w.r.t.
the horizon size ry and all 0 indices refer to the thermodynamical quantities being evaluated
at it. Using the Taylor expansion for the function X in (Z3]) controlling the horizon size,

X 2p2 2 24242
X = (r—ry)? 2(T0)+O(e3) = Vy(r—ro)%, with Vj = 1400 0ot a ; T2 (6.9
To
the resulting metric describes an S* bundle over AdS, [21]
2 2, o dy? 2 2 2
d%:Aw)—ym-+Z; + F(0)d0” + Bi(0)ei + By(8) (e2 + C()er)” ,
where the scalar functions are given by
X7 (P} +a) XP (o5 +q)
A(9) = 20 7 2 F(h) = 20~ 2
)= T ) - THALD,
s Iou
31(9) = X? (92¢ - T) ) B2(9) = Xlogq(z;qpa 0(9) =0 >
Gy Gy
p (Z + b*C'sin® 0) sin? 0 0 (W + a®C cos? §) cos? 0 0 abC'sin’ ) cos?® 6
= = » Gy = = » Yoy = —o=
e 5 +a)fe=2 | s +a)fizs |7 i+ o iR

whereas the set of one-forms e, = d¢, + ky,ydr for a = 1,2 (in terms of our earlier notation
¢1 = ¢ and ¢y = 1) is determined by the constants

~ 2aZ,( 82 + b%q)

265, (0 + a2
k¢— k — b(l +aq)

froVy ’ v f3roVy

According to the Kerr/CFT dictionary reviewed in [27], these fix the dual CFT Frolov-
Thorne temperatures

(6.3)

1
T, —
ba 27T]€¢a ’

whereas the central charges of the chiral Virasoro algebra obtained from the asymptotic
symmetry group analysis equal [21]

(6.4)

_ 6mal(rd + b*)% + qb? _ 67b[(r2 + a*)* + qa?]

6.5
“ ERTIR @ GsViEar2 (6.5)
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Embedding to 10 dimensions: As originally discussed in [6], when the 5d geometry is
embedded in higher dimensions, as in (Z.I5]), the number of geometrical U(1) isometries that
can get enhanced to a full Virasoro is enlarged. Proceeding as before, we write the 10d near
horizon geometry as

2

5 d 5 3
ds?, = A(6,) <—y2d72 + y—%) + Bi(B)es? + Ba(0,) (e + C(60)2es)’

+ Z Fip,, (0 Orm) 0,06, +ZD ) (e, + PilBo) (es + ),

n,m=0 i=1

with 6y being the latitudinal coordinate in AdSs and 6, 6, those of the transverse S® (the
same as «, § angles defined in (2.I6])), and

- \/XA(Q()), Bl 2 \/7312 90 D2(9n> = MZ .

where A is defined in (2I7). The non-zero Fy, g, are

m

Foo, = \/ZF(H) , Fy,9, = Ho(cos? 0 + sin? 0; sin” ) + sin® 6 cos® 0y,

Fy,9, = Ho(cos? 0 cos? 0y) + cos® 0y sin® By, Fy,9, = sin 0; sin 0, cos 6 cos (1 — Hy).

This metric can be viewed as a warped S?xS® bundle over AdS,. The corresponding Frolov-
Thorne temperatures are fixed by

2rig\/1+ 2m/q
k#’l = sz = £3fOV
2abq

ky. = — 2+ a®+b° .
" ﬁrofgvf(T°+a+ +q), (6.6)

D(2r2 + a? + 17 + 29),

corresponding to the three U(1)s in the 5-sphere, whereas the central charges of the corre-
sponding CF'Ts are

67T7‘0q\/ 1+ 2m 27‘0 +a?+ 0+ 2q) 67rabq(2rg +a?+b?+ q)
1 V2 = 3 G5:a:be vs £G5Ea5bvfrg
(6.7)

Kerr/CFT suggests the existence of five apparently inequivalent chiral CE'Ts reproducing
the entropy of the extremal black holes upon using Cardy formula

19Negative central charge ¢, may sound alarming. However, we note that in a 2d CFT the sign which has
physical significance is cLg or %Lo and that the charge corresponding to rotations on 13, @3 is negative in
our conventions (Z8)); had we chosen the opposite orientation for s, both ¢y, and Q3 would have changed
sign.

26



where T; is the corresponding Frolov-Thorne temperature [21]

8TH /87’4_

T, = .
aQ /ar+ Pa—

(6.9)

It may be surprising that a given black hole has many dual descriptions. At the classical
level, it was shown in [28] that there exist some transformations, leaving the near horizon
metric invariant, relating different CFTs in an infinite lattice of them.

Taking the near-EVH limit: Since Kerr/CFT works for extremal finite size black holes,
while EVH/CFT works for near-EVH black holes which can be extremal or non-extremal,
we need to compare them in some region of parameter space where both apply. This can be
achieved by restricting to the extremal excitations in the EVH/CFT side, i.e. when the BTZ
geometry obtained in the near horizon limit of near-EVH black holes is an extremal BTZ,
and considering the vanishing entropy limit in the Kerr/CFT side. The second step involves
a singular limit. On the CFT side, this is because some of the Kerr/CFT central charges
tend to zero trying to reproduce the appearance of a vanishing geometric cycle to account for
the vanishing entropy. On the bulk side, this is because of the non-commutativity between
taking the near horizon limit of a near-EVH black hole and taking the near-EVH limit of
the near horizon of an extremal finite horizon black hole. The two limit procedures lead to
different geometries.

Despite these concerns, we will show the Kerr/CFT central charge associated with the
vanishing U(1) isometry cycle remains finite in the EVH limit and always matches the
standard AdS; Brown-Henneaux central charge computed in the EVH/CFT correspondence.

Rotating EVH case. The leading terms in the Kerr/CFT central charges in the EVH
limit (3.12) take the form

3bq+ a*V~1 3y/q ab {3
=T an N == MRS 6
3av'V (2 3qV'V (2
%= =, N w=o Z, Al (6.11)

where we used the identities V; = 4V and 72 = ab/v/V. In the infinite N limit (5.4),
Chy Cyy, Cyy ~ € — 0. Thus, the corresponding CFTs break down. Conversely, ¢, and cy,
diverge. Nonetheless, we already discussed in section [l that the relevant IR U(1)s are given
by (5I4). Following [28], the central charges transform like

€

Ce = COSWeCy + SIN weCy, cy = ~cos(we — o) (COS Wy Cpy — SIN Wy Cy) (6.12)
X

UFor 43 direction which the central charge was negative, one may directly show that the Frolov-Thorne
temperature is also negative, c¢f. discussion in footnote [I0
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under the coordinate transformations (5.14]). These equal

V£2 / 2 262
ce =0+ 0O(e), _WVEVEta N, (6.13)

C e
X =
2=, (2 2

where we used tanwg = af/q. The vanishing of ¢, agrees with the absence of angular velocity
and momentum. More importantly, ¢y exactly equals the Brown-Henneaux central charge
in (B.I). This latter is in accord with our proposal/vision for connecting Kerr/CFT and
EVH/CFT: the chiral 2d CFT appearing in Kerr/CFT is the DLCQ of the one appearing
in the EVH/CFT.

Static EVH regime. The leading terms in the Kerr/CFT central charges in the EVH
limit ([B.7) take the form

3(] B 2 3q a 9
— N2, = -N 6.14
RARENA vor A R ENVA vl (6.14)
61/ql3 ab 3¢2
Cypy = Cypy = 7\/; 36—2\/Y3N262, Cypz = _64\/\7]\72’ (615)

where we used the identities V; = 4V and 7§ = ab/y/V;. As in the rotating EVH case, we
are interested in identifying the central charges for the relevant IR U(1)s. Following [2§],

(A2) implies

Cy = —€Cyy = Cstatic - (6.16)
Thus, ¢y exactly matches cgatic (G.0).

This matching supports the claim that the chiral CFT appearing in Kerr/CFT is the
DLCQ of the one appearing in the EVH/CFT [15]. Moreover, the Kerr-CFT also matches
the temperature of the left-sector T, of the 2d CFT in EVH/CFT satisfying w51y, = x¢/ls.
(Note that in the extremal case the temperature of the right-moving sector of the 2d CFT
appearing in EVH/CFT vanishes.) One may then use Cardy’s formula

2 s 3q° o To _qTo

— _ 2, _
S_EC(EgTL)_gfél\/\Ts E'E—WE?NE—SBH,

where in the last equality we used (B.10).

Unlike the rotating case, ¢, and ¢, also remain finite in the near-EVH static limit. They
satisfy the relations ¢, = CX-EIA)/ q, ¢y = ¢y -la/q. Notice the proportionality coefficients agree
with those appearing in the coordinate transformation (4.€]) removing the mixing between
the angles on S® and the AdS; coordinates 7, y. Within the Kerr/CFT mentality, one
may then propose that in the near horizon, near-EVH static case we have three chiral CFT
descriptions, one associated with the EVH/CFT via the DLCQ description and the other
two (related to ¢ and ¢,) with rotations on the S®. This latter, if true, may not be argued
for through the standard Kerr/CFT prescription for computing the central charges, which
involves imposing certain boundary conditions for metric fluctuations [0, 27]. To see this we
note that the extremal black hole geometry we discuss here is extremal-BTZxS?, the near
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horizon limit of which is AdSs-selfdual-orbifoldxS®. This suggests that one should be able
to extend the standard Kerr/CFT prescription to compute the central charge to the cases
like extremal-BHx X, where X is a compact geometry. This of course cries for a thorough
study and better understanding which we postpone to future works.

7 Discussion

To understand better the physics of Extremal Vanishing Horizon (EVH) black holes, and in
particular the EVH/CFT proposal [11], we continued the analysis of [9] and extended it to
stationary black holes in the class of asymptotic AdS5 black holes. These are black holes with
two equal electric charges and two independent spins. We classified all EVH black holes in
this class and argued that generically the EVH hypersurface is a bifurcate co-dimension two
surface. The bifurcation line, which corresponds to the case with vanishing spin, the static
EVH black hole, is then a co-dimension three surface. We studied excitations around any
given EVH point and showed that all these excitations can be captured by the near-horizon
geometry, which has a locally AdS; throat, a pinching AdS; [14].

We showed EVH black holes interpolate between AdSs at the boundary and a (locally)
AdS; throat at the horizon and discussed the connection between the UV N = 4 U(N)
SYM and the IR CFT, appearing in the EVH/CFEFT proposal. Based on the arguments and
proposal made in [I4] we argued that to resolve the pinching orbifold we should take a large
N limit in the dual gauge theory such that both the temperature of the black hole, measured
in 5d (or 10d) Planck units, and its entropy, remain finite. It is still desirable to have a better
understanding of the pinching resolution proposal made in [14].

Although we did not fully specify the IR CFT5, we mentioned that it can be understood
as a specific BMN-type sector in the UV CFT} in the specific large N limit (5.4]). This
proposal, already made in [8, 9] for different sectors, should still be established through
explicit computations. In the limit in which the angular momentum is much larger than the
R~charge, i.e. a,b — /, evidence for the existence of a chiral spectrum of excitations was
provided in [13].

As pieces of evidence for the EVH/CFET proposal we showed that the first law of ther-
modynamics for the original 5d (or 10d) EVH black hole, in the near-EVH limit reduces
to the first law of thermodynamics of the BTZ black hole appearing in the near horizon.
This result is remarkable, not only because of non-trivial cancellations which happen at a

technical level, but also because it holds quite generically regardless of the details of the
EVH black hole geometry [29].

We also discussed a connection between the EVH/CFEFT proposal and Kerr/CFT for ex-
tremal excitations of EVH black holes, i.e. extremal near-EVH black holes. We showed
explicitly that the chiral CFT appearing in the Kerr/CFT proposal for extremal near-EVH
black holes can be understood as the DLCQ of the CFTy appearing in the EVH/CFT corre-
spondence, realizing the proposal made in [15]. There are several questions and points which
asks for further analysis. One closely related idea, providing a “microscopic description” for
Kerr/CFT through locally AdSs throats, has also appeared in [27, [30].
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There are two further points concerning this work that require further study : the iden-
tification of IR charges for the static EVH black holes and its connection with Kerr/CFT.

Regarding the identification of IR charges, it is known that the appearance of constant
electric and magnetic fields which shift the values for the stress tensor and U(1) R-symmetry
currents under spectral flow in the standard D1-D5 dual CFT [31]. We suspect the same, if
not more general set of spectral flows, should occur here accounting for the extra energy and
angular momentum contributions in (5.19) and (523). To understand this point, one must
study the reduction of our 10d near horizon geometries to three dimensions, extending the
reduction to six dimensions done in [§]. As the 1st law must be invariant under these flows,
the derivation of the IR first law in [5.3.2] should not be modified by spectral flow.

Regarding the connection to Kerr/CFT, one can show that taking a near horizon of a
given extremal black hole and taking an EVH limit do not commute. That is, there seems to
be more than one geometry described by the same “dual CFT” (within the Kerr/CFT pro-
posal). A similar feature has been reported in the “subtracted geometry” proposal [32], that
one may “deform” the near horizon geometry without changing the Kerr/CFT description.
It is desirable to study a possible connection between the ideas discussed in these papers
and the one we presented here.
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A Horizon Structure

Whenever the equation X (r) = 0 allows real solutions, the configurations (2.3) describe a
family of black holes. When this is not the case, it describes a naked singularity. In this
appendix, we study the constrains in parameter space for black holes to exist. To do so,
define

PX =r +AT2—|—B+% (A1)
T
a’b*(?
=t [P+ a®+ 0+ 2] + [(0® + V) (P + q) + a°V* + ¢ — 2ml®] + —;
.
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Note A,C' € R*, because a,b € R and ¢ € RT, whereas B can be negative for large m.

We shall denote the outer and inner horizons by ri. These correspond to the largest
and smallest positive roots of the equation X (r) = 0. When ry = r_, (2:3)) corresponds to
extremal black holes. Figure B shows the root structure for the equation X(r) = 0. The
existence of a horizon requires X. < 0, where X, is the extremum of X. This constraints
the parameters a, b, ¢ and m.

Charges carried by the EVH black holes studied in this work are such that C' < |B| < A.
When these hold, 4 can be expanded as follows

B\* C
2 P — —_— —_—— . .
ry = 2A:I: (2A) a1t (A.2)

Existence of horizons requires B? > 4AC.

N\

Figure 3: X as a function r for a general non-extremal black hole solution.

Near-EVH solutions occur when 71 ~ ¢ — 0. This can happen if (note that A is finite)
RotatingEVH :  a = finite, b= be**, B = —Beé?, a>1 (A.3)
StaticEVH : a = ae’, b=be®, B=—Be®, a>p>1, (A.4)

where B > 0 and C' = Ce*™, 4 > 0. These are of course the two cases discussed in (34)

and (3.3).

Rotating EVH: To study this case let us assume o = 1, v = 0. Indeed it is not difficult
to show that a > 1 cases can be recovered from o = 1, by sending b — 0 and we get back to
solution (AI8). From (A.1l) we can read parameter m

V(0% + a2 + q)

B
(Pa® + qa* + ¢*) + —€ +

1 4
= . A.
m=op 202 oz (A.5)
For the above parameters, condition B? > 4A(C is given by
B? > 4a?? 2 (0 4 2¢ + a?) + O(e?) (A.6)
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Static EVH: For this case, without loss of generality we can assume o = 3 =1, v =0
(larger values of «, # and v may be obtained from this case in the a, b, C =0 limit). In this
case the B? > 4AC condition reduces to

B? > (0% +29)a2b*e? (A7)
and the negative B condition implies,

oml? — ¢? > (0 + q)(a2 + b°)€. (A.8)

Finally, we note that for generic values of the parameters, the black hole horizon topol-
ogy is S? or S3xS®, depending on whether one takes the 5d or 10d perspective. For the
specific values discussed in section [ they degenerate to S?xS!. Furthermore, our black hole
configurations (Z3]) have closed time-like curves. For more discussions on these black holes
and their singularity and causal structure, see [10] 20], 21].

B Near Horizon geometries as 5 dimensional geometries

As discussed in section [4.3] for the rotating EVH case there is a freedom in choosing the x
angle. In particular, one may choose it to be 1, corresponding to w, = m/2 (see Fig. [2).
With this choice, the near horizon geometry may be taken over the 5d black hole solution
(23) without considering the 10d uplift. To this end, consider the following scalings

a a?+qrT U ~ ?2—a®> 7
r:7a2+q€x, t:7a pr wzza ¢:¢+7l2a rz—l—qz (B.1)
Taking € — 0, we get following geometry
2 2
ascoss O 4 (2% —22)(2® —2?) (222 da? - xLT_
d32:73{— a dr? + 3 + 22 (di) — = dr)?
(q+ a?)3 (322 (22 — 22 )(2? — 22) ( (322 )
2 2
as coss 0 5 4 A2sin?0 -
T@(a2 +q)3h} (d«92 922 i d¢2) (B.2)
Scalar fields and non-zero components of gauge fields in this limit are given by
a3 cosi 0 (a® + Q)ghi%
Xi=Xo=——F—, Xy=—F—7— (B.3)
(a% + q)3h? a3 coss 0

) _ @ _ _2a q(1+ #)sinfcosf B
06 — 69 1 5 . )
Eahl\/m
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