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ABSTRACT: Recent studies on the holographic descriptions of Kerr black holes indicate that
the conformal or the warped conformal symmetries are responsible for the Kerr black hole
physics at both background and perturbation levels. In the present paper, we extend the
validity of these studies to the case of accelerating Kerr black hole. By invoking a set of
non-trivial diffeomorphisms near the horizon bifurcation surface of the accelerating Kerr
black hole, the Dirac brackets among charges of the diffeomorphisms form the symmetry
algebra of a warped CFT which consists of one Virasoro and one Kac-Moody algebra with
central extensions. This provides the evidence for warped CFTs being possible holographic
dual to accelerating Kerr black holes. The thermal entropy formula of the warped CFT
fixed by modular parameters and vacuum charges reproduces the entropy of the rotating
black hole with acceleration.
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1 Introduction

The holographic principle of gravity provides profound insights into both macroscopic and
microscopic properties of black holes in general relativity. Stemming from the Anti de-Sitter
(AdS)/conformal field theory (CFT) correspondence, the entropy of BPS black holes in string
theory admits microscopic interpretations by state counting [1, 2]. The crucial mechanism
that enables these descriptions is the conformal symmetry, which is applied from the AdS
factor in the black hole near horizon geometry. To be specific, these descriptions rely on
a concrete set up of the correspondence based on symmetry analysis in lower dimensions,
which is known as the AdS3/CFTy [3]. The infinite local symmetries in the 2D CFT help to
determine the physical degrees of freedom in a bulk spacetime with AdS factor. For example,
the asymptotic growth of states determines the entropy of black holes in string theory [4, 5].

For spacetimes without AdS factors, the holographic principle still applies for many
cases. Kerr black holes are typical celestial objects in universe. The holographic aspects of
Kerr black holes have been widely explored both on the gravity side and on the field theory
side. For extreme Kerr black holes, the near horizon region obtained by a scaling procedure
shares the SL(2, R) x U(1) isometry [6]. Under specific boundary conditions, the asymptotic
symmetry analysis shows that this scaling region has enhanced symmetries which are identical
to the local symmetries of a chiral 2D CFT [7-9]. This is known as the Kerr/CFT conjecture,
supported by the evidence that the Cardy formula reproduces the extreme Kerr black hole
entropy [7, 8], and thermal correlators of a 2D CFT match the scalar scattering amplitudes
on an extreme Kerr background [10]. For non-extreme Kerr black holes, the near horizon
scaling region disappears and the spacetime geometry carries no explicit conformal symmetry.
However, in this case, scalar perturbations with low frequency on a generic Kerr background
can be shown to satisfy hypergeometric equations in the near region radial direction, which
are manifestly invariant under global conformal transformations [11]. This hidden conformal
symmetry is intrinsic to the Kerr background and governs the dynamics of the scalar field
on it, which is reflected from the facts that the black hole entropy is reproduced form the
Cardy formula and the scalar scattering amplitudes coincide with thermal correlators of a
2D CFT [11, 12]. Further more, a two copies of Virasoro algebra, which is the symmetry



algebra belongs to a 2D CF'T, can be explicitly built in the covariant phase space near the
horizon bifurcation surface of a generic Kerr black hole [13].

In this paper, we will analysis the holographic descriptions of accelerating Kerr black
holes in the covariant phase space. Black holes with acceleration parameters are also exact
solutions to the Einstein equation with possible electromagnetic fields coupled. Such a
solution is usually known as the C-metric which describes a pair of black holes constantly
accelerating away from each other [14-21]. Physically, the acceleration of black holes is caused
by cosmic strings induced from conical singularities in the solution. We will take a typical
solution to the vacuum Einstein equation in four dimensions into account, which describes a
pair of rotating black holes constantly accelerating away from each other [15, 18, 19], known
as the accelerating Kerr black hole. Parallel to the stories in the Kerr/CFT, some aspects
of the holographic properties for such solutions have been figured out. At extremality, the
accelerating Kerr-Newman black hole acquires a warped and twisted product of AdSsxS? near
horizon scaling region, and the asymptotic symmetry analysis can be applies to build a 2D CFT
dual [22]. For slowly accelerating Kerr black holes, the equation of motion for low frequency
scalar perturbations in the near region still possesses hidden conformal symmetry [23]. The
black hole entropy in the accelerating case still matches the result from the Cardy formula.
See [24, 25] for holographic properties of the accelerating black holes in lower dimensions.
One next step is to ask whether the 2D CFT is unique for holographic descriptions of a
generic accelerating Kerr black hole. Following the studying in the non-accelerating case [26],
we take a warped CF'T as the possible dual field theory to the accelerating Kerr black hole.

The warped CFT is a two dimensional non-relativistic quantum field theory with warped
conformal symmetries featured by one Virasoro algebra plus one U(1) Kac-Moody algebra [27,
28]. It was initiated from the investigation of the holography of a large class of geometries
with SL(2, R) x U(1) isometry. Many aspects of the properties of the warped CFT have been
uncovered [29-45]. Natural choices of the corresponding gravitational theories are the warped
AdS3 spacetimes, where the asymptotic symmetries can be represented by the Virasoro and
Kac-Moody algebra [46-52]. The near horizon geometry of an extreme Kerr black hole also
endowed with SL(2, R) x U(1) isometry, which can be viewed as a quotient of warped AdSs
with fixed polar angle [7]. So the warped CFT is also relevant to the Kerr black hole. The
Virasoro and Kac-Moody algebra with non-trivial central extensions have been built in the
covariant phase space for a non-extreme Kerr black hole, and a Cardy like DHH entropy
formula of the warped CFT [28] assists to recover the entropy of the Kerr black hole [26]. The
scattering amplitudes of scalar and gravitational perturbations on a generic Kerr background
also have dual warped CFT interpretations [53]. In the present paper, we generalize the
work in [26] to the accelerating Kerr black hole case. We will figure out a possible dual field
theory as the warped CF'T by explicitly carrying out the Virasoro and Kac-Moody algebra
with central extensions, and show the matching between the entropy from DHH formula and
the entropy of rotating black holes with acceleration.

This paper is organized as follows. Section 2 reviews the accelerating Kerr black hole
spacetime as well as the hidden conformal symmetry of the Klein-Gordon equation on it.
The global part of the warped conformal symmetry is specified by imposing a constraint in
the momentum space of the scalar perturbation. In section 3, we consider the linearized
covariant charges associate to a set of vector fields. These vector fields are chosen so that the
induced infinitesimal coordinate transformations keep the scalar equation and the constraint

- 92—



invariant. And their Fourier zero modes coincide with the scaling generators of the conformal
coordinates. The commutation relations of the vector fields form a Virasoro and Kac-Moody
algebra without central extensions. In the covariant phase space, the Dirac brackets of the
covariant charges induced from these vector fields form a warped conformal algebra with
central extensions. Section 4 is for the consistency check for the validity of the warped
conformal symmetries by reproducing the entropy of the accelerating Kerr black hole from
DHH formula. Section 5 is for summary and discussion. In appendix A, we construct another
sector of the Virasoro algebra with central extension, which indicates the known possibility
of a 2D CFT being relevant holographic dual to the accelerating Kerr black hole.

2 Hidden conformal symmetry

The metric of the accelerating Kerr black hole in the Boyer-Lindquist coordinates takes
the following form [18, 19]

9 Q .9 2 Psin?0 /, 5, 2 p? [dr?  dO?
ds® = 2, (dt—asm 9d¢) + 02,2 ((r +a )d¢—adt) + 2 6—1-? ;
(2.1)
where
Q=1-—arcosb, p? =712+ a?cos? 0,
P =1—2aM cosf + o’a® cos® 8, (2.2)

Q=>1-a*?)A, A=r>—2Mr+a>.

The three parameters M, a = J/M, and « are the black hole mass, the angular momentum
per unit mass and the acceleration of the black hole, respectively. This solution of the vacuum
Einstein equation characterises a pair of rotating black holes uniformly accelerating away
from each other under the action of string-like forces represented by conical singularities
along the axis of symmetry. Near the north (# = 0) and south (6 = 7) poles, there are deficit
and excess polar angles which induce the conical singularities

2 2
lim — |99 _9r@, lim - /9% _9re_, (2.3)

0—0sin 6\ ggg 0—m sinf \ ggo

where O = 1F 2aM + a?a?. The black hole outer (+) and inner (—) horizons are located at
re =M+ VM2 —a?. (2.4)

At r =1/, there is an accelerating horizon, which lays far beyond the black hole horizons
when the acceleration is small. The outer horizon area Apy and the surface gravity kg
determine the Bekenstein-Hawking entropy and the Hawking temperature of the black hole
respectively in the following forms

Ay 2 Mry kg (ry—ro)(1—a?r?)
Spn = = Ty =— = . 2.5
BH 4 1—a?r?’ B~ on S8TMr,y (2:5)

Now let us first review the massless scalar perturbation on the accelerating Kerr black
hole background and the hidden conformal symmetry appearing in the corresponding solution



space. Then we will specify the symmetry to a subalgebra which generates the global
warped conformal symmetry by imposing a constraint in the momentum space of the scalar
perturbation. Such constraint is also responsible for the holographic interpretations of the
scalar scattering process in terms of a warped CFT. For a perturbative massless scalar field
®, its equation of motion is given by the Klein-Gordon equation

VAV, ® =0. (2.6)

On the accelerating Kerr black hole background, the scalar field equation allows separable
solutions of the form [54]

® = (1 — arcosf)e “HmIR(1r)S(), (2.7)

where w and m are the frequency and angular momentum of the scalar field. With this ansatz,
the Klein-Gordon equation can be separated into the radial and angular equations [54]

d (QdR(r)> n [ (2Mr w — am)? B (2Mr_w — am)?

dr dr (r—ro)(ry —r-)1—=a2r2)  (r—r_)(ry —r-)(1—a2r?) (2.8)

+ (2 4+ 2M7r + 4AM? + a*)w? — 2amw — 202r(r — M) | R(r) = KR(r),

1 d (. dY(0) m’ 2 2 . 2 20272 o 2, Y(0)
sin9d9<sm9 70 )_Lin29+aw sin“ 0 — 2amw — a*(M* — a”) sin“ 0 B2 29)
Y0 |
= B

where K is the separation constant and Y (8) = v/PS(f). To show the hidden conformal
symmetry, we assume the low frequency limit

Mw<1, (2.10)
and consider the scalar field equations in the near region
rw <1, (2.11)

as usual on the Kerr background [11]. In addition to the non-accelerating case, we also need
to impose further restriction on the acceleration of the black hole as discussed in [23]. We
consider the pair of black holes which are slowly accelerating away from each other such
that the near region is far within the accelerating horizon

a’r? < 1. (2.12)

Given these assumptions, a?r? is well approximated by azri in the near region and low

frequency limit. The radial equation (2.8) thus is simplified to have two regular singular
points at horizons r = r4, which takes the form

- " — R(r)=K'R(r), (2.13)

d dR(r) (2Mryw—am)?/k%  (2Mr_w—am)?/k%
() e - e



where b =1 — a2r§r and K' = K/ky. This is the hypergeometric equation with solutions
transforming in the representation of SL(2, R), which indicates the existence of hidden
conformal symmetry in the solution space of the scalar field. To explicitly show the symmetry,
it is convenient to invoke the conformal coordinates used in [23]!

r—r
w—|— — +€27FTR¢,
r—r_—
_ r—r _ky
w™ = | ——e¥ o mrt (2.14)
rTr—r_
. k
_ T T n(Tp+TR)e— it
A | A ’

T+ +r_
4ma

where
Ty —1T_
Tph=—"—"ky, Tp= ky . (2.15)
4ma

By using these conformal coordinates, one can define SL(2, R) generators in the following

way [11]
H, = aa
( g;) (2.16)
( ya yzafj)

These vector fields satisfy the SL(2, R) Lie bracket algebra
[Ho, H:t] = :Fiﬂi s [H_, H_|_] = —2iH0 . (2.17)

With these vector fields and given the near region radial equation (2.13), one can show that
the 0 independent part of the scalar field ®(¢,r, ¢) = e~ “HMPR(r) satisfies the Casimir
equation of the SL(2, R)

HO(t,r, ¢) = L+ 1)D(t, 7, 9), (2.18)
where

H? = —HZ+ - (H+H +H_H,)

82 8 02

is the SL(2, R) quadratic Casimir. The eigenvalue K’ of the Casimir operator is assigned to be
£(€+ 1). This intuitively indicates that the scalar field with low frequency in the near region
of a slowly accelerating Kerr black hole forms the representation of the SL(2, R) symmetry
with chiral conformal weight ¢. There is another set of SL(2, R) generators (H<, Hy) which
can be obtained by exchanging w* and w™ in the expressions (2.16). Combined with the
unbarred generators, these are known as the hidden conformal symmetries [23].

We do not remove the conical singularity at = 7, so there is no ©_ factor present.



However, in this paper, we are considering the warped conformal symmetries appearing
in the near region. Thus not all the barred generators are legal under this consideration. In
terms of the Boyer-Lindquist coordinates, the zero modes of the hidden conformal generators
can be written as

i 0 2,MTL6

- AN Fadied 2.20

0= % Tro6 Tk TRt (2:20)
_ M 9

Hy=—2i—2. 2.21

0= TN ot (2:21)

As the generator Hp only has time derivative operation, the eigenvalue of Hy hence is
proportional to the frequency w of the scalar field. In studying the bulk scattering processes
holographically with a warped CFT, we should view the frequency w of the scalar perturbation
as a fixed constant instead of a variable conjugate to the time t. The evidence can be found
in the context of WAdS/WCFT [34] and Kerr/WCFT [53]. This condition in the momentum
space of the scalar field set the eigenvalue of Hy to be a fixed constant. However, the
generators H. have non-trivial commutation relations to Hy, i.e., [ﬁo,ﬁi] = FiH.. So
the Hy operating on the scalar field will change the eigenvalue of H which is not expected
from a warped CF'T interpretation. In other words, taking the warped conformal symmetries
in the near region into account, the allowed global symmetry generators are Hp+ and Hy.
Hp 4+ are generating the SL(2, R) symmetry and Hy is responsible for the U(1) symmetry
of the warped CFT.

The global warped conformal symmetry SL(2, R) x U(1) are spontaneously broken to
U(1) x U(1) by the periodic identification of the angular coordinate ¢, i.e., ¢ ~ ¢+ 27. Under
this periodic identification, the conformal coordinates transform as

2 _ 2 _ 2
R T e e T e R e (2.22)

Only Hy and Hy are invariant under these transformation generated by the U(1) x U(1)
subgroup element

o~ TrHo—idn T Ho (2.23)

In the next section, we will see that an explicit Virasoro algebra plus an U(1) Kac-Moody
algebra with central extensions can be formulated in the covariant phase space of a set of
specific choice of vector fields. The zero modes of these vector fields are proportional to the
unbroken U(1) x U(1) generators mentioned in this section. The Virasoro companioned U(1)
Kac-Moody algebra characterize the local symmetries of a warped CFT. So the results in the
present paper will support the warped CFT possibly being the holographic dual quantum
field description of the accelerating Kerr black hole.

3 Warped symmetries in the accelerating Kerr geometry

The near region SL(2, R) x U(1) warped conformal symmetry of the scalar field on the
accelerating Kerr black hole background is spontaneously broken to U(1) x U(1) symmetry,
which can be viewed as time translational symmetries along

k
+ _orT - — "t _onT 1
t TR, =7t~ 2 TLe, (3.1)



with energy eigenfunction and eigenvalues taking the forms

— , - 2M%w — am 2Mw
e—zwt—l—zmd) — e—szt+—zth ’ Wp = ’ wr = ) 3.9
N Ve L= (3.2)
The corresponding Hamiltonians are
Hp—i iy =i (3.3)
=i—, =i—. .
B ot T

In terms of the conformal coordinates (2.14), the Hamiltonians coincide the scaling operators

. 0 y 0
= +_- _— =
HR—z<oJ e +28y) Hy, (3.4)
S _ 0 y 0 —
Hp =— — +Z | = —H .
L z(w Ow™ +28y> 0 (3:5)

which are also related to the zero modes of the warped conformal generators.
Following the discussion in [26], where the warped CFT local symmetries were presented in
the Kerr spacetime, we consider a set of diffeomorphisms induced by the following vector fields

0 de(wh)y 0

¢(e) = €(W+)&7L dot 20y’ (3.6)
ma:awver£i+g£), (3.7)

with functions e(w™) and é(w™). The form of these vector fields are chosen so that the
induced infinitesimal coordinate transformations will keep the SL(2, R) quadratic Casimir
H? and the generator Hy invariant. Infinitesimally, the vector fields ¢(¢) and p(€) lead to
the following conformal coordinate transformations

e'(wh)
wh s wh+ew?), w —sw, y—oy+ 5 Y (3.8)

and N
wh —wt wo = w Feéwhw” éwr) 3.9
; fwie™, Y=yt =5y (3.9)

The SL(2, R) quadratic Casimir H? (2.19) and Hy = i(w™9,,- + (y/2)9,) are invariant up to
the leading order under above transformations. This means that the vector fields keep the
radial equation of the scalar field as well as the eigenvalue of the generator Hy invariant. The
vector fields depend on functions of coordinates, which should be viewed as local symmetries
represented from both the dynamics and kinematics of the scalar field. The corresponding
conserved charges of these local symmetries and their commutation relations will be figured
out in the remaining part of this paper. The form of the vector fields (3.6) and (3.7) are
the same as in the Kerr case [26] due to the same expressions of H? and Hy. However, the
physical charges will differ from the Kerr case because of the acceleration of the black hole.

The functions e(w™) and é(w™) are chosen so that the vector fields are periodic un-
der (2.22), which is equivalent to require

(™ Trut) = e Tre(ut), e TRut) = (). (3.10)



To find out the algebras for the above vector fields, the typical choices of these functions
are using their Fourier modes [26]

in

€m = 27rTR(w+)1+2;n73R . én=(wh)¥R (3.11)

where m and n are integers. Define (, = ((¢,) and p, = p(é,), which are the warped
conformal generators in the coordinate space, one can figure out the following corresponding
commutation relations

Z[CTW CTZ] = (m - n)Cm-l—n >
i[Cm,pn] = —NPm+n (3.12)
i[pmypn] =0.

This is the Virasoro Kac-Moody (VKM) algebra without central extensions. The zero modes
of the VKM algebra are proportional to the zero modes of the warped conformal generators

Co = —i2nTrHy, po=—iHy. (3.13)

Next, we will calculate the linearized covariant charges associated to the diffeomorphisms
induced by the vectors (3.6) and (3.7) acting on the event horizon. The covariant charges
will implement symmetries associated with the diffeomorphisms on a phase space through the
Dirac brackets. The corresponding Dirac brackets are the quantum version of the classical
algebras determined by the vectors now with central extensions and the central charges reflect
the underling quantum degree of freedoms. The variation of the covariant charge associated
to a vector ( in general relativity has two parts

0Q=0Qiw +Qwz. (3.14)

The first part is the Iyer-Wald charge [55]

1
5Quw (G, hig) = 1= [ +Fiw (3.15)

The co-dimension two surface of integration 0% will be chosen as the horizon bifurcation
surface Ypir. The two-form field Fry has components given by

1
(Frw) = 5VuCuh + Vil Co + Vo(uh®, + Voh, G = ViuhGy = (1 v), (3.16)

where h#” is the variation of the inverse metric g — gt + h*” and h = g, h*. The
second part is the Wald-Zoupas charge [56]

S hig) = g [ e (). (3.17)

The one-form field X is constructed from the background geometry and linear in A*¥ for the
consistency conditions on the covariant charges. The determination of X is a case by case
formulation which depends on the background geometry under considering. For the black
hole bifurcation surface case, the candidate choice of X is given by [13]

X = 20", Q,da* (3.18)



where €, is the component of the Hajicek one-form which measures the rotational velocity
of the horizon

Q=" Vyls. (3.19)

Here I#0,, and n*d,, are the null normal vectors to the future and past horizons respectively,
and satisfy [#n, = —1. The null parameter of the vectors are chosen so that they are invariant
under the 27 identification of the coordinate ¢. g, = g +lun, +nyly is the induced metric
on 9. Given the integrability, the covariant charges will form an algebra with Dirac bracket

{an, QCm} = Q[cn,gm] + Km,n ) (320)

where the central extension term is given by [57]

Km,n = 6Q(<n) ‘CCmg; g) . (321)

We will specify the charge algebras associate to the classical commutation relations (3.12).
Parallel to the discussion in [26], we define the charge variations associated to the vectors
¢, and p, as

0Ly, =0Q(Cnsh;g), 0P, =0Q(pn, hig) . (3.22)

Assuming these charges are integrable and the Dirac brackets are well defined in the sense
that the charge itself can be realized as an operator generating diffeomorphisms on a Hilbert
space, the charge algebras can be divided into three sectors with possible central extensions.
One is the Virasoro sector

{Ln, L} =(m—=n)Lygn +Kmn, Kmnn=09n, Le.059)- (3.23)
Next is the Kac-Moody sector
{Pn, Pn} = kmn kmn = dQ(pn, Ly,.9; q)- (3.24)

Finally there is possible central term in the mixed sector
{Ln, P} = mPrin+Rinn,  Rmn = 0Q(Cn, £p,,99) - (3.25)

To figure out the central terms, we will use the conformal coordinates (2.14). The surface of
integration 9% is the black hole horizon bifurcation surface Y;, which is the intersection
of the future and past horizons. In the original Boyer-Lindquist coordinates, the future
horizon is located at r = 4, t € (0,00) and the past horizon is located at r = r4,t € (—o0,0).
These are mapped to w™ = 0 and w' = 0, respectively. So the bifurcation surface is at
wt = w™ = 0. Near this co-dimension two surface, in terms of the conformal coordinates,
the black hole metric (2.1) can be expanded as

F_ F F_ F
ds? = ——dwTdw™ + L dy* + Fppdt* + wm —Ldw dy + w~ —LdwTdy
Yy Yy Yy Yy

+O(Whwhe, (@), (3.26)



where

4(r% + a? cos® 0)

B = (1 —arycosf)?ky’
o 16J2Psin? 0
Y (r? 4 a?cos? 0)(1 — ary cos0)2k2
72 +a?cos? §
Foo = (1 j ary cosf)2P’ (3:27)
P —2(87J)*Tr(TL, + Tr) + 321 Ja*Tr(ks+ — P)sin? 6
v (r2 + a?cos?6)(1 — ary cos0)2k3 ’
Py, - —8(4mJ )T (T + Tr) + 8 [4J2 + 4w Ja*(Ty, + Tr) + a*(r% + a® cos® )] sin? 6

(r1 4+ a?cos? 0)(1 — ary cos0)2k3
N 64r2at [T?(2ks P +2k% — ky — 3) + T Tr(k+ P+ k3 — ky — 1)] sin?0
(r2 + a? cos? ) (1 — ary cos)2k3
8atk? (k% — 1)sint @
(r2 + a?cos? ) (1 — ary cos )2k

The null normal co-vector and vector of the future and past horizons are chosen respectively as

—2Ty, 2Ty,
lydxt = yTetTrdw™, n"0, = —yTL*TrRQ,,- . (3.28)

Note that the y dependent factors are set for the periodicity under identifications (2.22). An
observation made in [13] is that the integrations on the bifurcation surface with metric (3.26)
have non-vanishing contributions coming from the simple poles in w' and the relevant
integral has a part of the contribution

2
edm TRw+

_ i(m+n)
0 w+) 1+

>Tr dwt = 41> TROm, —n - (3.29)

+

Wo

The integral is performed near the reference point wd when w* — 0. Taken this into account
and using the functions (3.27), the variation of the charge along (,,, on the bifurcation surface
associated to (, receives the following two contributions

0Qnw Gy Le,9:9) = i (4x°TR)m + m®) 611,

% /ﬂdH\/Fny69(2F++Fy—F+y)
0 16F+_

J  Tg

Y e L S
Zki T, 4+ Tr

(@r*T3)m +m®) oy, (3.30)

0Qwz(Cn» L¢,,9:9) =1 ((47F2T12g)m + m3) Om,—n

" /” devayFee 2(Tp —Tr)Fy— — (Ty + Tr)(F—y — Flyy)]
0 32(T7, + Tr)Fy_

J T, —Tgr

=i ((4n°T% 3) S - 31
ZkiTﬁTR((” Bym +m®) b, (3.31)

,10,



The central extension term in the Virasoro sector is determined by adding up the above
two parts. The linear term in m can be absorbed into the zero mode of the generators
and we are left with

J

B@nm/::i%54n3&n_n. (3.32)
+

The variation of the charge along p,, associated to p, contains the following two parts

091w (Pn, Lp,, 95 9) = —imdpm, —n

/ do Y FuFoo(2Fy— — Foy + Fiy)
165,

17,

S 3.33
kﬂ+ﬁm (3.33)

0Qwz(Pn, Lp,,g;9) = 1M, —n,

y /” qo Y Fuutoo 2(Tp — Tr)Fem — (T + Tr)(F_y — Fiy)]
32(TL + TR)F+,

J I, —Tgr

= -0y —p - 3.34
Zki TL—I—TRm e ( )

Adding up these two parts gives the central extension term in the Kac-Moody sector

kmn = —i— J MO, —n - (3.35)
k3

Finally, the two parts of the charge variation along p,, associated to (,, take the forms

5QIW(Cn7 Epmg; g) = ((QWiTR)m + m2> 5m —n

/ do Fny‘99 F—y F—i—y)
16F,_

I T -Tay,. ,
= _ETLTTR ((2mTR)m +m ) Om,—m 5 (3.36)

6Qwz(Gas Ly, 9:9) = i (2iTR)m +m?) 61,

" /’r gV Evutoo (2(Ty, — Tp)Fy— — (T, +Tg)(F_y — Fyy)]
32(TL + TR)FJF,

J T —Tg

, 2
= ETLTTR ((2mTR)m +m ) Om,—n - (3.37)

These two parts cancels with each other which gives vanishing central term in the mixed sector
Ry =0. (3.38)

In deriving the central terms, the Wald-Zoupas counter-term with the Hajicek one-form (3.19)
is essential. There are two main motivations for this choice of the counter-term. One is that
the central terms derived solely from the Iyer-Wald charge depend on the temperature of
the dual warped CFT. The Wald-Zoupas counter-term makes the central terms temperature

— 11 —



independent. Second is that it can eliminate the mixed central term from L,, and P, bracket
which is also expected from the canonical form of the warped conformal algebra. Putting the
three sectors together, the charge algebra of (3.22) induced from (3.12) can be expressed as

{Lp, Lin} = (m —n)Lypsn + z‘k%m?'am,_n :
+

{Ln, P} = mPpin, (3.39)
{Pn,Pn} = —iiQmém’_n.
Ky

This is known as the warped conformal algebra consists of a Virasoro algebra and a U(1)
Kac-Moody algebra with the central charge ¢ and the Kac-Moody level k being

J J

=12— k=—-2—. 3.40
e=1277, 2 (3.40)

The point to emphasize here is that although the conformal coordinates (2.14) are introduced
to make the global warped conformal symmetry manifest when the acceleration parameter «
is small, the charge algebra presented in (3.39) is exact for a. The conformal coordinates
are valid for finite v in the near horizon region where ar? is well approximated by a2ri for
any « in the radial equation of the scalar field. In calculating the variation of the charges in
the near horizon region, we perform a coordinate transformation from the Boyer-Lindquist
type to the conformal one and allow « to take any value smaller than 1/r. The presence
of the warped conformal algebra suggesting that the accelerating Kerr black hole could be

described holographically in terms of a warped CFT.

4 Black hole entropy from warped symmetries

In this section, we will use the entropy formula derived from the modular property of the
warped CFT to recover the entropy of the accelerating Kerr black hole in (2.5). We choose
the coordinates ¢t and ¢~ defined in (3.1) as the finite temperature warped CFT coordinates.
These coordinates are defined on a torus due to the Boyer-Lindquist coordinates ¢t and ¢
having the following spatial and thermal identifications

(t,¢) ~ (t, ¢+ 2m) ~ (L +if, ¢ +ifvm), (4.1)

where f = 1/Ty and vy = a/(2Mr,) are the inverse Hawking temperature and angular
velocity for the event horizon. So the warped CFT coordinates inherit the following spatial
and thermal identifications

(T, t7) ~ (T + 4An TRt~ — 47*Ty) ~ (tT + 2mi, t~ + 2mi) . (4.2)

The above identifications determines a generic torus where the warped CFT lives on. To
invoke the entropy formula, one can use the modular property of the warped CFT which
manifests as a symmetry in the partition function for swapping the canonical spatial and
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thermal circles. Such a torus with canonical spatial circle can be obtained by a following
warped conformal transformation

tt . Tr
_ — =+ 4+ =T 4.3
27TTR ’ * TR ’ ( )

=

after which the torus (4.2) becomes a canonical one

(T, 67) ~ (T = 2m, ) ~ (I — 207, + 277), (4.4)
where
R 7 ~ i(TL + TR)
= L S L 4.5
oy T Tr (4.5)

In terms of the canonical torus (4.4), the thermal entropy of the warped CFT takes the
form [26, 28]

| =

. 1.
Py + amiZ Ly, (4.6)
T

where Egac and 156’“"’ are the vacuum expectation values of the Virasoro and Kac-Moody
zero modes on the canonical torus, respectively. These vacuum values are not independent
since the vacuum state is parameterized by a spectral flowing in the warped CFT, and
they are related through [28]

R pvac 2
Lgac — _i + ( 0 ) (47)

24 ko

where c¢ is the Virasoro central charge and k is the Kac-Moody level. On the canonical
torus, the zero mode Lg is the conserved charge associate to the vector 8/dft which is
the rotational Killing vector —0/d¢ of the original metric (2.1) given (4.3) and (3.1). So
this charge is proportional to the angular momentum of the rotating black hole and thus
has vanishing vacuum value

Ly =0. (4.8)

Substituting the result (4.8) and the central extension parameters (3.40) into (4.7), one can get
(F)? = =77 - (4.9)

Given the vacuum values of the zero modes, the entropy in (4.6) with thermal parameters (4.5)
can be evaluated as

2nMry
ky

A A J
5(0‘1)(T|7‘) = 4W2k7(TL +TgR) = (4.10)
+

which is precisely the thermal entropy of the accelerating Kerr black hole expressed in (2.5).
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5 Summary and discussion

In this paper, we investigate the possible holographic dual to the accelerating Kerr black
hole as a warped CFT. The accelerating Kerr black holes are exact solutions to the vacuum
FEinstein equation in four dimensions. These solutions characterize a pair of rotating black
holes uniformly accelerating away from each other caused by the cosmic strings from conical
singularities. Similar to the Kerr black hole, the hidden conformal symmetry applied to low
frequency scalar perturbations in the near region also exists when the pair of rotating black
holes are slowly accelerating. By imposing the constant frequency condition to the scalar
perturbation, the allowed symmetry generators are reduced to that of the global warped
conformal symmetry. To specify the local warped conformal symmetry, we implement a set of
vector fields whose commutation relations form the Virasoro and Kac-Moody algebra without
central extensions. These vector fields are settled according to the forms used in the Kerr
black hole case now with acceleration parameter. They are chosen not from the first principle
but inspired by the invariance of the scalar radial equation as well as the eigenvalue of the
U(1) generator under the corresponding infinitesimal coordinate shifts. These vector fields
should be viewed as local symmetries represented from both the dynamics and kinematics
of the scalar perturbation. It is interesting to find out the consistent boundary conditions
which support the diffeomorphisms induced from the chosen vector fields.

In the covariant phase space of the chosen vector fields, the linearized covariant charges
form the warped conformal algebra consists of a Virasoro algebra and a U(1) Kac-Moody
algebra with central extensions under Dirac brackets. The variations of covariant charges
are calculated by the Iyer-Wald charge mended by the Wald-Zoupas counter-term, which is
introduced to make the cental terms temperature independent as well as vanishing mixed
central term. Since the covariant charges are evaluated near the horizon, in spite of the
global warped conformal symmetry applied to the scalar perturbation in the near region
when the accelerating is slow, the warped conformal algebra with central terms obtained
here is exact for the acceleration parameter of the black hole.

The construction of the warped conformal symmetries indicates that the warped CFT is
possibly relevant for the holographic descriptions of the accelerating Kerr black hole. Invoking
the modular properties of the warped CFT partition function, the thermal entropy of a finite
temperature warped CFT can be determined by the modular parameters and the vacuum
charges of the symmetry generators, which gives a Cardy like DHH entropy formula. This
entropy formula can be used to recover the entropy of the accelerating Kerr black hole, given
the central terms obtained from the covariant charges’ algebra. This is the first consistency
check for the possible warped CF'T dual of a accelerating Kerr black hole.

From the warped CFT perspective, the acceleration of the bulk spectime must have some
field theory impacts which distinguish an accelerating Kerr black hole form a single Kerr
black hole. One of the clues can be found from the periods 7 and 7 of the thermal circle of a
warped CFT defined on a canonical tours (4.5). Given the temperatures T and 17, (2.15),
the canonical thermal periods satisfy the following relation

TT—2) .,
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The acceleration of the bulk spacetime makes the combination of the canonical thermal
periods on the left hand side of the above equation less than 1. The holographic interpretation
of the bulk acceleration depends on the fully construction of the dictionary between the
accelerating Kerr black hole and the warped CFT. The cosmic strings which induce the
conical defects around the north and south poles in the bulk geometry might introduce heavy
states in the dual warped CFT. These are interesting future topics to explore. This paper
presents a first step to the dictionary at a symmetry level.

Some interesting questions are waiting to be clarified. For example, are those warped
symmetries responsible for the dynamics of the scalar or higher spin perturbations on the
accelerating Kerr black hole background? For a slowly accelerating Kerr black hole, the
radial equation (2.8) at large distance, which approaches to the accelerating horizon, can
be approximately written as

dr *dr r2—r2

d ((TQ ) TQ)dR(r)> N (((7«3 radw—am)® 2) R(r) =0, (5.2)

where r, = 1/« is the accelerating horizon radius. This is a associated Legender equation
which also allows hypergeometric solutions. Is this fact indicates the existing of conformal
symmetries near the accelerating horizon? In appendix A, we attach an alternative construc-
tion of another sector of the Virasoro algebra. So it seems that the underling symmetries
of the rotating black holes depends highly on the choice of the diffeomorphisms taken into
account. One need a first principle guidance from the consistent boundary conditions to pick
out the allowed diffeomorphisms. We leave these topics for future research.

A Another sector of the Virasoro algebra

Consider the following vector field

‘= ML(W—)HQ%&% +(2nTy + m)(w—)#’ﬂg(}?y , (A1)

where 7 is an integer. The commutation relation for the vectors (, with different n satisfies
the Virasoro algebra

Define the charge variation associated to the vector ¢, as
5Ly = 5Q(Gas hig) - (A.3)

Choosing the null normal co-vector and vector of the past and future horizons respectively as

—oTp 2T
luda" = yTiTrdw™,  n'0, = —yTL7TRO, 4 , (A.4)

one can find the charge algebra of (A.3) as the Virasoro algebra with central extension

{Lp, Ly} = (m —n)Lpsn + K (A.5)
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where the central term R’mm is given by

Km,n = 5@(6717 Ec'mg; g) : (AG)

To evaluate the central term, one use the non-vanishing contributions from the simple poles
in w™ on the bifurcation surface. The relevant integral now is

647T2TLW7 _ i(m+n)
/ (@) I do = 42Ty (A7)

Wo

near the reference point w, when w™ — 0. The variation of the charge along Gm on the
bifurcation surface associated to (,, has the following two parts

5Q1W(§n7 £C_mg; g) =1 ((4W2Tg)m + mS) 5m,—n
% /ﬂ—de\/FnyGG(QF-F— _F—y+F+y)
0
J

16F, _
T
S P—

22 3

6QWZ(C_H7 [fmg; g) =t ((47r2Tg)m + m3) 6m,—n

" /7r go Y FyyLoo [2(T1 — Tr)Fy - — (Tp + Tr)(Foy — Fyy)]
0 32(TL + TR)F+,

(am>T3)m + ) Gy, (A.9)

J T, —Tgr
= Ql1—a—
k‘_%_ T, +Tgr

Adding up the above two parts and absorbing the linear term in m into zero mode of the
generators, we get the central term

_ . J
Km,n = ZE

>0, —n - (A.10)
This leads to another sector of the Virasoro algebra
o _ J
{Ln, Ly} = (m—n)Lm_m—i—zk—zm Om—n (A.11)

with the central charge ¢ being

=122 (A.12)

Acknowledgments

This work is supported by the NSFC Grant No. 12105045.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

,16,


https://creativecommons.org/licenses/by/4.0/

References

1]

2]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

A. Strominger and C. Vafa, Microscopic origin of the Bekenstein-Hawking entropy, Phys. Lett. B
379 (1996) 99 [hep-th/9601029] [INSPIRE].

A. Sen, Microscopic and Macroscopic Entropy of Extremal Black Holes in String Theory, Gen.
Rel. Grav. 46 (2014) 1711 [arXiv:1402.0109] [INSPIRE].

J.D. Brown and M. Henneaux, Central Charges in the Canonical Realization of Asymptotic
Symmetries: An Example from Three-Dimensional Gravity, Commun. Math. Phys. 104 (1986)
207 [INSPIRE].

A. Strominger, Black hole entropy from near horizon microstates, JHEP 02 (1998) 009
[hep-th/9712251] [INSPIRE].

J.M. Maldacena and A. Strominger, AdSs black holes and a stringy exclusion principle, JHEP
12 (1998) 005 [hep-th/9804085] [INSPIRE].

J.M. Bardeen and G.T. Horowitz, The Eztreme Kerr throat geometry: A Vacuum analog of
AdSs x S?, Phys. Rev. D 60 (1999) 104030 [hep-th/9905099] [NSPIRE].

M. Guica, T. Hartman, W. Song and A. Strominger, The Kerr/CFT Correspondence, Phys. Rev.
D 80 (2009) 124008 [arXiv:0809.4266] [INSPIRE].

Y. Matsuo, T. Tsukioka and C.-M. Yoo, Another Realization of Kerr/CFT Correspondence, Nucl.
Phys. B 825 (2010) 231 [arXiv:0907.0303] [INSPIRE].

B. Chen, B. Ning and J.-J. Zhang, Boundary Conditions for NHEK through Effective Action
Approach, Chin. Phys. Lett. 29 (2012) 041101 [arXiv:1105.2878] [INSPIRE].

I. Bredberg, T. Hartman, W. Song and A. Strominger, Black Hole Superradiance From
Kerr/CFT, JHEP 04 (2010) 019 [arXiv:0907.3477] [INSPIRE].

A. Castro, A. Maloney and A. Strominger, Hidden Conformal Symmetry of the Kerr Black Hole,
Phys. Rev. D 82 (2010) 024008 [arXiv:1004.0996] [INSPIRE].

J. Nian and W. Tian, Gravitational Waves of Non-Ezxtremal Kerr Black Holes from Conformal
Symmetry, arXiv:2308.03577 [INSPIRE].

S. Haco, S.W. Hawking, M.J. Perry and A. Strominger, Black Hole Entropy and Soft Hair,
JHEP 12 (2018) 098 [arXiv:1810.01847] [iNSPIRE].

W. Kinnersley and M. Walker, Uniformly accelerating charged mass in general relativity, Phys.
Rev. D 2 (1970) 1359 [nSPIRE].

J.F. Plebanski and M. Demianski, Rotating, charged, and uniformly accelerating mass in general
relativity, Annals Phys. 98 (1976) 98 [INSPIRE].

0.J.C. Dias and J.P.S. Lemos, Pair of accelerated black holes in anti-de Sitter background: AdS
C metric, Phys. Rev. D 67 (2003) 064001 [hep-th/0210065] [INSPIRE].

K. Hong and E. Teo, A new form of the C metric, Class. Quant. Grav. 20 (2003) 3269
[gr-qc/0305089] [INSPIRE].

K. Hong and E. Teo, A new form of the rotating C-metric, Class. Quant. Grav. 22 (2005) 109
[gr-qc/0410002] [INSPIRE].

J.B. Griffiths and J. Podolsky, Accelerating and rotating black holes, Class. Quant. Grav. 22
(2005) 3467 [gr-qc/0507021] [INSPIRE].

,17,


https://doi.org/10.1016/0370-2693(96)00345-0
https://doi.org/10.1016/0370-2693(96)00345-0
https://arxiv.org/abs/hep-th/9601029
https://inspirehep.net/literature/415163
https://doi.org/10.1007/s10714-014-1711-5
https://doi.org/10.1007/s10714-014-1711-5
https://arxiv.org/abs/1402.0109
https://inspirehep.net/literature/1279902
https://doi.org/10.1007/BF01211590
https://doi.org/10.1007/BF01211590
https://inspirehep.net/literature/231928
https://doi.org/10.1088/1126-6708/1998/02/009
https://arxiv.org/abs/hep-th/9712251
https://inspirehep.net/literature/452915
https://doi.org/10.1088/1126-6708/1998/12/005
https://doi.org/10.1088/1126-6708/1998/12/005
https://arxiv.org/abs/hep-th/9804085
https://inspirehep.net/literature/469200
https://doi.org/10.1103/PhysRevD.60.104030
https://arxiv.org/abs/hep-th/9905099
https://inspirehep.net/literature/499897
https://doi.org/10.1103/PhysRevD.80.124008
https://doi.org/10.1103/PhysRevD.80.124008
https://arxiv.org/abs/0809.4266
https://inspirehep.net/literature/797589
https://doi.org/10.1016/j.nuclphysb.2009.09.025
https://doi.org/10.1016/j.nuclphysb.2009.09.025
https://arxiv.org/abs/0907.0303
https://inspirehep.net/literature/824740
https://doi.org/10.1088/0256-307X/29/4/041101
https://arxiv.org/abs/1105.2878
https://inspirehep.net/literature/900200
https://doi.org/10.1007/JHEP04(2010)019
https://arxiv.org/abs/0907.3477
https://inspirehep.net/literature/826242
https://doi.org/10.1103/PhysRevD.82.024008
https://arxiv.org/abs/1004.0996
https://inspirehep.net/literature/851125
https://arxiv.org/abs/2308.03577
https://inspirehep.net/literature/2686080
https://doi.org/10.1007/JHEP12(2018)098
https://arxiv.org/abs/1810.01847
https://inspirehep.net/literature/1696837
https://doi.org/10.1103/PhysRevD.2.1359
https://doi.org/10.1103/PhysRevD.2.1359
https://inspirehep.net/literature/61315
https://doi.org/10.1016/0003-4916(76)90240-2
https://inspirehep.net/literature/110198
https://doi.org/10.1103/PhysRevD.67.064001
https://arxiv.org/abs/hep-th/0210065
https://inspirehep.net/literature/599000
https://doi.org/10.1088/0264-9381/20/14/321
https://arxiv.org/abs/gr-qc/0305089
https://inspirehep.net/literature/619457
https://doi.org/10.1088/0264-9381/22/1/007
https://arxiv.org/abs/gr-qc/0410002
https://inspirehep.net/literature/660843
https://doi.org/10.1088/0264-9381/22/17/008
https://doi.org/10.1088/0264-9381/22/17/008
https://arxiv.org/abs/gr-qc/0507021
https://inspirehep.net/literature/686791

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[36]

[37]

[38]

[39]

J.B. Griffiths and J. Podolsky, A new look at the Plebanski-Demianski family of solutions, Int. J.
Mod. Phys. D 15 (2006) 335 [gr-qc/0511091] [INSPIRE].

J. Podolsky and J.B. Griffiths, Accelerating Kerr-Newman black holes in (anti-)de Sitter
space-time, Phys. Rev. D 73 (2006) 044018 [gr-qc/0601130] [INSPIRE].

M. Astorino, CFT Duals for Accelerating Black Holes, Phys. Lett. B 760 (2016) 393
[arXiv:1605.06131] [INSPIRE].

H.M. Siahaan, Hidden conformal symmetry for the accelerating Kerr black holes, Class. Quant.
Grav. 35 (2018) 155002 [arXiv:1805.07789] INSPIRE].

G. Arenas-Henriquez, A. Cisterna, F. Diaz and R. Gregory, Accelerating Black Holes in 2 + 1
dimensions: Holography revisited, JHEP 09 (2023) 122 [arXiv:2308.00613] INSPIRE].

A. Cisterna, F. Diaz, R.B. Mann and J. Oliva, Exploring accelerating hairy black holes in 2 4+ 1
dimensions: the asymptotically locally anti-de Sitter class and its holography, JHEP 11 (2023)
073 [arXiv:2309.05559] [INSPIRE].

A. Aggarwal, A. Castro and S. Detournay, Warped Symmetries of the Kerr Black Hole, JHEP 01
(2020) 016 [arXiv:1909.03137] [INSPIRE].

D.M. Hofman and A. Strominger, Chiral Scale and Conformal Invariance in 2D Quantum Field
Theory, Phys. Rev. Lett. 107 (2011) 161601 [arXiv:1107.2917] [INSPIRE].

S. Detournay, T. Hartman and D.M. Hofman, Warped Conformal Field Theory, Phys. Rev. D 86
(2012) 124018 [arXiv:1210.0539] [INSPIRE].

D.M. Hofman and B. Rollier, Warped Conformal Field Theory as Lower Spin Gravity, Nucl.
Phys. B 897 (2015) 1 [arXiv:1411.0672] [INSPIRE].

A. Castro, D.M. Hofman and G. Sérosi, Warped Weyl fermion partition functions, JHEP 11
(2015) 129 [arXiv:1508.06302] [INSPIRE].

S. Detournay and C. Zwikel, Phase transitions in warped AdSs gravity, JHEP 05 (2015) 074
[arXiv:1504.00827] [INSPIRE].

A. Castro, D.M. Hofman and N. Igbal, Entanglement Entropy in Warped Conformal Field
Theories, JHEP 02 (2016) 033 [arXiv:1511.00707] [INSPIRE].

W. Song, Q. Wen and J. Xu, Modifications to Holographic Entanglement Entropy in Warped
CFT, JHEP 02 (2017) 067 [arXiv:1610.00727] [INSPIRE].

W. Song and J. Xu, Correlation Functions of Warped CFT, JHEP 04 (2018) 067
[arXiv:1706.07621] [INSPIRE].

K. Jensen, Locality and anomalies in warped conformal field theory, JHEP 12 (2017) 111
[arXiv:1710.11626] [INSPIRE].

L. Apolo and W. Song, Bootstrapping holographic warped CFTs or: how I learned to stop
worrying and tolerate negative norms, JHEP 07 (2018) 112 [arXiv:1804.10525] [INSPIRE].

Q. Wen, Towards the generalized gravitational entropy for spacetimes with non-Lorentz invariant
duals, JHEP 01 (2019) 220 [arXiv:1810.11756] InSPIRE].

L. Apolo et al., Entanglement and chaos in warped conformal field theories, JHEP 04 (2019) 009
[arXiv:1812.10456] [INSPIRE].

W. Song and J. Xu, Structure Constants from Modularity in Warped CFT, JHEP 10 (2019) 211
[arXiv:1903.01346] [INSPIRE].

,18,


https://doi.org/10.1142/S0218271806007742
https://doi.org/10.1142/S0218271806007742
https://arxiv.org/abs/gr-qc/0511091
https://inspirehep.net/literature/698104
https://doi.org/10.1103/PhysRevD.73.044018
https://arxiv.org/abs/gr-qc/0601130
https://inspirehep.net/literature/709452
https://doi.org/10.1016/j.physletb.2016.07.019
https://arxiv.org/abs/1605.06131
https://inspirehep.net/literature/1463264
https://doi.org/10.1088/1361-6382/aacc54
https://doi.org/10.1088/1361-6382/aacc54
https://arxiv.org/abs/1805.07789
https://inspirehep.net/literature/1674138
https://doi.org/10.1007/JHEP09(2023)122
https://arxiv.org/abs/2308.00613
https://inspirehep.net/literature/2684245
https://doi.org/10.1007/JHEP11(2023)073
https://doi.org/10.1007/JHEP11(2023)073
https://arxiv.org/abs/2309.05559
https://inspirehep.net/literature/2696691
https://doi.org/10.1007/JHEP01(2020)016
https://doi.org/10.1007/JHEP01(2020)016
https://arxiv.org/abs/1909.03137
https://inspirehep.net/literature/1753112
https://doi.org/10.1103/PhysRevLett.107.161601
https://arxiv.org/abs/1107.2917
https://inspirehep.net/literature/918768
https://doi.org/10.1103/PhysRevD.86.124018
https://doi.org/10.1103/PhysRevD.86.124018
https://arxiv.org/abs/1210.0539
https://inspirehep.net/literature/1189017
https://doi.org/10.1016/j.nuclphysb.2015.05.011
https://doi.org/10.1016/j.nuclphysb.2015.05.011
https://arxiv.org/abs/1411.0672
https://inspirehep.net/literature/1326011
https://doi.org/10.1007/JHEP11(2015)129
https://doi.org/10.1007/JHEP11(2015)129
https://arxiv.org/abs/1508.06302
https://inspirehep.net/literature/1389876
https://doi.org/10.1007/JHEP05(2015)074
https://arxiv.org/abs/1504.00827
https://inspirehep.net/literature/1357900
https://doi.org/10.1007/JHEP02(2016)033
https://arxiv.org/abs/1511.00707
https://inspirehep.net/literature/1402625
https://doi.org/10.1007/JHEP02(2017)067
https://arxiv.org/abs/1610.00727
https://inspirehep.net/literature/1489353
https://doi.org/10.1007/JHEP04(2018)067
https://arxiv.org/abs/1706.07621
https://inspirehep.net/literature/1607284
https://doi.org/10.1007/JHEP12(2017)111
https://arxiv.org/abs/1710.11626
https://inspirehep.net/literature/1633635
https://doi.org/10.1007/JHEP07(2018)112
https://arxiv.org/abs/1804.10525
https://inspirehep.net/literature/1670648
https://doi.org/10.1007/JHEP01(2019)220
https://arxiv.org/abs/1810.11756
https://inspirehep.net/literature/1700789
https://doi.org/10.1007/JHEP04(2019)009
https://arxiv.org/abs/1812.10456
https://inspirehep.net/literature/1711316
https://doi.org/10.1007/JHEP10(2019)211
https://arxiv.org/abs/1903.01346
https://inspirehep.net/literature/1723309

[40]

[41]

[42]

[43]

[44]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

B. Chen, P.-X. Hao and W. Song, Rényi mutual information in holographic warped CFTs, JHEP
10 (2019) 037 [arXiv:1904.01876] [INSPIRE].

B. Gao and J. Xu, Holographic entanglement entropy in AdSs/WCFT, Phys. Lett. B 822 (2021)
136647 [arXiv:1912.00562] [INSPIRE].

B. Chen, P.-X. Hao and Y .-J. Liu, Supersymmetric Warped Conformal Field Theory, Phys. Rev.
D 102 (2020) 065016 [arXiv:2006.04112] [INSPIRE].

L. Apolo, H. Jiang, W. Song and Y. Zhong, Swing surfaces and holographic entanglement beyond
AdS/CFT, JHEP 12 (2020) 064 [arXiv:2006.10740] [INSPIRE].

L. Apolo, H. Jiang, W. Song and Y. Zhong, Modular Hamiltonians in flat holography and
(W)AdS/WCFT, JHEP 09 (2020) 033 [arXiv:2006.10741] [INSPIRE].

B. Chen, Y. Liu and B. Yu, Reflected entropy in AdSs/WCFT, JHEP 12 (2022) 008
[arXiv:2205.05582] [iNSPIRE].

D. Anninos et al., Warped AdSs Black Holes, JHEP 03 (2009) 130 [arXiv:0807.3040] [INSPIRE].

G. Compere and S. Detournay, Semi-classical central charge in topologically massive gravity,
Class. Quant. Grav. 26 (2009) 012001 [Erratum ibid. 26 (2009) 139801] [arXiv:0808.1911]
[INSPIRE].

G. Compere and S. Detournay, Boundary conditions for spacelike and timelike warped AdSs
spaces in topologically massive gravity, JHEP 08 (2009) 092 [arXiv:0906.1243] [INSPIRE].

M. Blagojevic and B. Cvetkovic, Asymptotic structure of topologically massive gravity in
spacelike stretched AdS sector, JHEP 09 (2009) 006 [arXiv:0907.0950] INSPIRE].

D. Anninos et al., The Curious Case of Null Warped Space, JHEP 11 (2010) 119
[arXiv:1005.4072] [INSPIRE].

D. Anninos, S. de Buyl and S. Detournay, Holography For a De Sitter-Esque Geometry, JHEP
05 (2011) 003 [arXiv:1102.3178] [INSPIRE].

M. Henneaux, C. Martinez and R. Troncoso, Asymptotically warped anti-de Sitter spacetimes in
topologically massive gravity, Phys. Rev. D 84 (2011) 124016 [arXiv:1108.2841] [INSPIRE].

J. Xu, Gravitational radiations of Kerr black hole from warped symmetries, arXiv:2310.03532
[INSPIRE].

D. Bini, C. Cherubini and A. Geralico, Massless field perturbations of the spinning C metric, J.
Math. Phys. 49 (2008) 062502 [arXiv:1408.4593] [INSPIRE].

V. Iyer and R.M. Wald, Some properties of Noether charge and a proposal for dynamical black
hole entropy, Phys. Rev. D 50 (1994) 846 [gr-qc/9403028] [iINSPIRE].

R.M. Wald and A. Zoupas, A general definition of ‘conserved quantities’ in general relativity and
other theories of gravity, Phys. Rev. D 61 (2000) 084027 [gr-qc/9911095] [INSPIRE].

G. Compere and A. Fiorucci, Advanced Lectures on General Relativity, arXiv:1801.07064
[NSPIRE].

,19,


https://doi.org/10.1007/JHEP10(2019)037
https://doi.org/10.1007/JHEP10(2019)037
https://arxiv.org/abs/1904.01876
https://inspirehep.net/literature/1727966
https://doi.org/10.1016/j.physletb.2021.136647
https://doi.org/10.1016/j.physletb.2021.136647
https://arxiv.org/abs/1912.00562
https://inspirehep.net/literature/1768033
https://doi.org/10.1103/PhysRevD.102.065016
https://doi.org/10.1103/PhysRevD.102.065016
https://arxiv.org/abs/2006.04112
https://inspirehep.net/literature/1799874
https://doi.org/10.1007/JHEP12(2020)064
https://arxiv.org/abs/2006.10740
https://inspirehep.net/literature/1801904
https://doi.org/10.1007/JHEP09(2020)033
https://arxiv.org/abs/2006.10741
https://inspirehep.net/literature/1801898
https://doi.org/10.1007/JHEP12(2022)008
https://arxiv.org/abs/2205.05582
https://inspirehep.net/literature/2080061
https://doi.org/10.1088/1126-6708/2009/03/130
https://arxiv.org/abs/0807.3040
https://inspirehep.net/literature/791098
https://doi.org/10.1088/0264-9381/26/1/012001
https://arxiv.org/abs/0808.1911
https://inspirehep.net/literature/793074
https://doi.org/10.1088/1126-6708/2009/08/092
https://arxiv.org/abs/0906.1243
https://inspirehep.net/literature/822406
https://doi.org/10.1088/1126-6708/2009/09/006
https://arxiv.org/abs/0907.0950
https://inspirehep.net/literature/825012
https://doi.org/10.1007/JHEP11(2010)119
https://arxiv.org/abs/1005.4072
https://inspirehep.net/literature/856118
https://doi.org/10.1007/JHEP05(2011)003
https://doi.org/10.1007/JHEP05(2011)003
https://arxiv.org/abs/1102.3178
https://inspirehep.net/literature/889640
https://doi.org/10.1103/PhysRevD.84.124016
https://arxiv.org/abs/1108.2841
https://inspirehep.net/literature/923939
https://arxiv.org/abs/2310.03532
https://inspirehep.net/literature/2706498
https://doi.org/10.1063/1.2938699
https://doi.org/10.1063/1.2938699
https://arxiv.org/abs/1408.4593
https://inspirehep.net/literature/1311606
https://doi.org/10.1103/PhysRevD.50.846
https://arxiv.org/abs/gr-qc/9403028
https://inspirehep.net/literature/372182
https://doi.org/10.1103/PhysRevD.61.084027
https://arxiv.org/abs/gr-qc/9911095
https://inspirehep.net/literature/510675
https://arxiv.org/abs/1801.07064
https://inspirehep.net/literature/1649253

	Introduction
	Hidden conformal symmetry
	Warped symmetries in the accelerating Kerr geometry
	Black hole entropy from warped symmetries
	Summary and discussion
	Another sector of the Virasoro algebra

