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ABSTRACT: We study the asymptotic symmetries of three-dimensional Warped Anti-de
Sitter (WAdS) spaces in three-dimensional New Massive Gravity (NMG). For a specific
choice of asymptotic boundary conditions, we find that the algebra of charges is infinite-
dimensional and coincides with the semidirect sum of Virasoro algebra with non-vanishing
central charge and an affine 4(1); Kac-Moody algebra. We show that the WAdS black
hole configurations organize in terms of two commuting Virasoro algebras. We identify
the Virasoro generators that expand the associated representations in the dual Warped
Conformal Field Theory (WCFT) and, by applying the Warped version of the Cardy
formula, we prove that the microscopic WCF'T computation exactly reproduces the entropy
of black holes in WAdS space.
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1 Introduction

Warped Anti-de Sitter (WAdS) spaces are examples of the so-called non-AdS holography;
that is, a proposal to generalize AdS/CFT holographic duality to cases in which the gravity
side is not given by an asymptotically Anti-de Sitter spaces (AdS) space, but rather by
a deformation of it. WAdS3 spaces are squashed or stretched deformations of AdSs [1]
and have very interesting applications [2-4]. One of the most salient properties of these
spaces is the fact that they admit black holes [5]. This permits to explore the black hole
physics from the holographic point of view in a setup that goes beyond the asymptotically
AdS examples.

In the recent years, different proposals for a WAdS3/CFTs correspondence have been
explored [6-8]. One of such proposals, dubbed WAdS/WCFT, states that asymptotically
WAdS3 geometries, including black holes, are dual to what has been called a warped con-
formal field theory (WCFET), i.e. a peculiar type of scale invariant two-dimensional theory
that lacks of Lorentz invariance. In [8], this realization was studied in the case of Topo-
logically Massive Gravity (TMG) and String Theory. Here, we will discuss WAdS3/CFT,
correspondence in a new setup, namely in the context of the parity-even three-dimensional
massive gravity known as New Massive Gravity (NMG). We will give strong evidence
supporting the dual description of quantum gravity about WAdS3 spaces in terms of the
WCF Ty description.

We will study the asymptotic symmetries of WAdS3 in NMG and we will find that
the asymptotic symmetry algebra is infinite-dimensional and coincides with the semidirect



sum of Virasoro algebra with non-vanishing central charge and an affine 4(1); Ka¢-Moody
algebra. We will identify the Virasoro generators that organize the states associated to
the WAdS3 black hole configurations, and by applying the WCFEFTy version of the Cardy
formula proposed in [8], we will prove that the microscopic WCFTy computation exactly
reproduces the entropy of the WAdSs black holes. In addition, we will present a succinct
derivation of such entropy formula from the CFTs point of view.

The paper is organized as follows: in section 2, we briefly review NMG theory. In
section 3, we review the geometry of WAdSs space and the properties of asymptotically
WAdS3 black holes. In section 4, we study the asymptotic isometries in WAdS3 spaces
and compute the algebra of charges associated to the asymptotic Killing vectors, which is
found to be the semidirect sum of Virasoro algebra and the affine 4(1); Ka¢-Moody algebra.
We also study the representations of this conformal algebra and identify the states that
correspond to the black hole configurations in the bulk. In section 5, we show how the
black hole entropy is reproduced by the WCFT dual computation. Section 6 contains our
conclusions.

2 New massive gravity

New Massive Gravity (NMG), proposed in ref. [9], is a parity-even theory of gravity in
three dimensions which, when linearized around maximally symmetric backgrounds, coin-
cides with massive spin-2 Fierz-Pauli action. Therefore, at a generic point of the space of
parameters, it propagates two local degrees of freedom.

NMG is defined by the action

1 , 1 3,
e /d x\/—g <R 2A + 3 <RWRW 8R >) , (2.1)

where m represents the mass of the graviton. The relative coefficient 3/8 between the two

1T =

quadratic terms is essential for the theory to be free of ghosts about physically sensible
backgrounds.
The equations of motion derived from (2.1) take the form

1 1
R/“/ — §Rg,w + Aguy + WKMV = 0, (22)
where tensor K, contains four derivatives of the metric (see [9] for an explicit expression).

NMG equations of motion (2.2) admit a large set of interesting solutions, including
Schrodinger spaces, Lifshitz spaces, Warped AdSs, and AdSs x R spaces. Therefore, this is

a fruitful arena to explore different proposals of non-AdS holography. Among them, here
we will be concerned with the so-called WAdS3 spaces.

3 Warped AdS; spaces

As said, WAdS3 spaces are solutions of NMG [10]. These geometries are squashed or
stretched deformations of AdSs3 space [1]. We review these geometries below.



3.1 Timelike WAdS3 space

To organize the discussion in a convenient way, let us begin by considering the timelike
WAdSs space. This geometry is important for our discussion as it will be ultimately
associated to the vacuum of the WAdS3 black hole spectrum we are interested in.

The metric of timelike WAdS3 corresponds to the three-dimensional Godel space-
time [11]. Its metric is given by

ds? = —dt® — dwrdtdd +

2dr? 272
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and solves NMG equations of motion for the particular choice of parameters
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The mass of Godel spacetime in NMG has been recently computed in [12], and the
result was found to be

40%0*
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The isometry group of WAdS3 space (3.1) is SL(2,R) x U(1), which is generated by the
four Killing vectors that the three-dimensional section of four-dimensional Godel solution

Mcasa = — (3.3)

exhibits. In the particular case w?¢? = 1, solution (3.1) coincides with AdSs.

3.2 WAAdS; black holes

Now, let us move to the analysis of the spacelike WAdS3 spaces. In particular, we will be
interested in the black hole geometries found in [5, 10], which at large distance asymptote
squashed spacelike WAdS3 space. The metric of these black holes is

ds? dr?
liQ =dt® + 4 + 2ur — \/ryr_(v? + 3))dtdye

(V2 +3)(r —ry)(r—r-) (3.4)
+7 [302 = Dr + (02 +3)(rs + 1) — v (P £3)] di?,
and solves NMG equations of motion for the values of parameters
2 _ 2004 _ 4%0,2
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The conserved charges of WAdSs black holes have been computed by different meth-
ods [10, 13, 14]. The mass is given by

14 V2
M= Qy = 2 +3) ((7"_ ) — \/m) , (3.6)

Gl(20v2 — 3)

while the angular momentum is given by

12 I/2
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Black holes (3.4) include extremal configurations, corresponding to 4 = r_. In those

cases, the angular momentum saturates the condition

G1(2002 — 3)

J= 4v(v? + 3)

M2, (3.8)

which is the necessary condition for the existence of horizons. Condition (3.8) is supple-
mented with M > 0.

Black hole solutions (3.4) are obtained from the timelike WAdS3 space (3.1) by means
of global identifications [6], in the same way as BTZ black holes [15] are obtained from
AdSs as discrete quotients [16].

This orbifold construction preserves a U(1) x U(1) subgroup of SL(2,R) x U(1) isome-
tries, which is generated by the two Killing vectors

2lv
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The global identifications, generated by to Killing vectors (3.9), generate two periods
Or and Br. The inverse of these periods yield the two geometrical temperatures
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The entropy is given by

{3
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and reads, in terms of the charges (3.6)—(3.7),

S = T (M /M2 kj) , (3.13)

(2 +3)

where k = 4v(3 + v?)/(GI(20v* — 3)). This way of writing the entropy will be important
for our purpose.

4 Asymptotic symmetries

4.1 Asymptotic isometry algebra

In this section, we will study the notion of asymptotically WAdS3 spaces. To do this, first
we choose as a background metric, g, the solution (3.4) with ry = 0 = r_; and then we
impose the same boundary conditions as in [17], namely*

Git = 1+ 0(7“_1) Gtr = 0(7"_2)7 Jto = Por + o(1), (4.1)
l2

3
v -3 v 3 000
(V2 + 3)r2 +0(r™7), gro =0(r™), 9o = 47 “(v"—=1)+ O(r),

Grr =

In WAdS3 spaces, other sets of boundary conditions have been considered; see for instance (18, 19]. Tt
would be interesting to investigate other definitions of boundary conditions in the context of NMG as well.



which include in particular the black hole solutions (3.4). The set of asymptotic diffeomor-
phisms allowed by these boundary conditions are

b, = (Nq ey 4 O(ril))ﬁt + (—im‘em“" +0(1))0, + (eiw + O(T72>)8¢,,

tn = (Ny €™ + O(r~1))8,, (4.2)

where n € Z, and where N1, Ny are two arbitrary normalization constants. Indeed, acting
with £,,,t, on a metric obeying (4.1) leads to a perturbation obeying the same falling-off
conditions.

The generators (4.2) satisfy the algebra

i[lm, ln] = (M —n)lpin,
i[lmstn] = —Ntmin, (4.3)
i[tm,tn] = 0.

This is the semidirect sum of Witt algebra and the loop algebra of u(1).

4.2 Algebra of charges

In the covariant formalism [20, 21|, conserved charges associated to an asymptotic Killing
vector £ are given, in three spacetime dimensions, by the expression

1

2T
/0 V =9 €uvyp kéw [597 Q]d% (4'4)

with ¢ a solution, d¢g a linearized metric perturbation around it, and kg “[0g,g] a one-form
potential of the linearized theory.

This potential depends of the theory considered and was computed for NMG in ref. [14]
for Killing vectors £ using the so-called Abbott-Deser-Tekin formalism. The result takes

the form )
ny _ ApY 0z
k§ =Q% + 22 @K (4.5)
where the first contribution comes from the pure GR part of the equations of motion, while
% = QR — 3 o accounts for the contribution of the K, tensor. Explicit expressions

for Q' Qfz, and Q. can be found in equations (13), (22) and (28) in [14], respectively.

As an example, the black hole mass and angular momentum (3.6)—(3.7) are obtained by
computing charges associated to the Killing vectors d; and 0, respectively.

In the case of asymptotic Killing vectors, the one-form potential to be considered
is given by ke¢[dg, g] + kgs [0g, L¢g|, where the second term is a supplementary contribution
linear in the Killing equation and its derivatives. This term is at the origin of the difference
between the conserved charges in the Barnich-Brandt-Compere formalism [20, 21] and in
covariant phase space methods [22]. However, in most of the cases, this term does not
contribute to any charge. For instance, in the case of the WAdS black hole solution (3.4) and
with the asymptotic Killing vectors (4.2), this term has been shown to be of order O(r~1)
in Topologically Massive Gravity (TMG) [23]. A way to see that it will not contribute to
the asymptotic charge neither here is to notice that the piece coming from the K, tensor of



NMG can only contain terms proportional to the second derivative of the Killing equation,
and therefore will be at most of order O(r~1), as it happens in TMG. The consistency of
the results confirms this a posteriori.

If we denote the charges differences between the black hole solution (3.4) and the
background g by L, = Qq,, T;, = @y, , we find the following charge algebra?

1
i{Lm, Ln} = (M —n)Lyin + —(cm?’ + 6kN12m)5m+n70,

12
i{ L, T} = =T + §N1N2m5m+n,0, (4.6)
i{ T, Tp} = §N22m5m+n’0,
where 0613
ERElCT T ) 4.7
wnd 4v(3 + 1v?)
k= G0 3 (4.8)

Algebra (4.6) is equivalent to the semidirect sum of Virasoro algebra with central
charge ¢ and the affine (1), Ka¢-Moody algebra of level k.

Normalization Nj in (4.6) can be fixed by matching the asymptotic Killing vector £
with the vector £ in (3.9), which yields

2lv

Ny = ) (4.9)
Analogously, for tg to match £ in (3.9), we fix Ny =1 .
Defining the new generators
Py =T, + gNlNg , (4.10)
and realizing that ¢ = —6kNZ, algebra (4.6) takes the familiar form
i{Lin Ln} = (m = 1) Lo + 55 (m* = m)3nsn0:
i{Lm, Pp} = —nPpin, (4.11)

. k
Z{Pma Pn} = §m5m+n,0-

Note that, the absolute value of (4.7) coincides with the value of the central charge
conjectured in [13], which leads to reproduce the entropy of WAdSs black holes (3.4);
namely

w2l
S = ?C(TR + TL). (4.12)

2Charges (4.4) are, indeed, finite and integrable on the black hole phase space. The finiteness of asymp-

totic charges of the most general configuration obeying the falling-off (4.1) is also guaranteed. About the
integrability of the most general configuration obeying the falling-off (4.1), proving this explicitly in the
case of NMG is remarkably involved due to the complexity of the covariant charges in this higher-derivative
theory.



If v/G > 0, then we find
c<0 and k>0. (4.13)

In the next section, we will discuss (4.13) in the context of the unitary highest-weight
representations of the algebra (4.11). However, let us mention here that, since Ly is not
bounded from below, one can freely reverse the sign of ¢ by redefining the generators as
Ly, — —L_,.

Before concluding this section, let us mention that the computation of asymptotic
charges can also be carried out in the case of timelike WAdS3 spaces. The algebra obtained
in that case is the same, with the central charge c and the level k given by

48043 8w(l + 2w?)

¢ GOl +17 —2)° N T GaoewE =2y

(4.14)

respectively, where w = v/l and w?¢? + 2 = 3¢2/I?. As a consistency check of this result,
one can observe that the value of ¢ tends to the AdS3 value caqs = 3¢/(2G)(1+1/(2m?2¢?))
in the limit w?¢? = 1.

4.3 Unitary highest-weight representations

Algebra (4.6) admits a simple automorphism, given by the spectral flow transformation
Pnﬁpn :Pn +p05n,0a (415)

with pg being an arbitrary complex number. This one-parameter transformation, which
in the case of 4(1); algebra merely amounts to shift the zero-mode of P,, has to be taken
into account when building up the highest-weight representations.

We can now play the standard game and promote charges L, and P, to the rank of
operators acting on a vector space whose elements are represented by quantum states |v).
This amounts to replace the Poisson brackets in (4.11) by commutators, namely i{, } — [,].
In addition, for these operators we have the hermiticity relations

Pl=pP.,  Ll=L_. (4.16)

Our informal style prevents us from using hats.

Since, in particular, [L, 150] = 0, then one can construct the highest-weight representa-
tions starting with the primary states |v) = |h, p, po), labeled by three complex parameters
h, p, po corresponding to the eigenvalues

Lo‘h7p7p0> =h |h1p7p0>7 p0|h7pap0> =p |h7p>p0>7 (417)
and imposing
Ly, |h,p,po) =0, Pn]h,p, po) =0, Vn >0 (4.18)

where pg refers to which spectrally flowed sector the state corresponds to. For instance,
the state of the py = 0 sector obeys Py|h, p,0) = p|h,p,0) and FPy|h,p,0) = (p+po)|h,p,0),
where Py is defined as in (4.15). This invites to identify states |h,p — pg,0) with states



|h, p,po) for all py. This seems trivial in the case of u(1); affine algebra, but spectral flow
acts in a non-trivial way on algebras such as su(2)y, or sl(2)x, of which (1) is a subalgebra,
mapping in the former cases Ka¢-Moody primary states to descendents and, in the case
s1(2)r, generating new representations.

Descendent states are then defined by acting on primaries |h,p, pg) with arrays of
positive modes P_,, and L_,, with n > 0.

Unitarity constraints are derived from algebra (4.11) in the usual way. In particular,
this yields the conditions on ¢ and k, together with the dimension h and momentum pg
of the states. More precisely, demanding ||L_1|h,p,po)||*> > 0 yields h > 0; analogously,
| Polh, p,po)||? > 0 implies p € R. Spectral flow symmetry (4.15) also implies pg € R. On

the other hand, positivity of |L_,|h, p,po)||? (for large n) and ||P_1|h,p,po)||? yields

¢c>0 and k>0, (4.19)

respectively. These conditions seem to be in contradiction with (4.13). A priori, this may
seen puzzling; however, this is not a problem at this point because Lg is not bounded
from below.? Instead, the Virasoro operators associated to the black hole spectrum ((4.20)
and (4.23) below) will be bounded from below and have positive central charges (see (4.27)
below). To see this, let us first define

_ 1
Ly =+ > PP, (4.20)
m
where : : stands for normal ordering. Operators L, obey Virasoro algebra? with c_ = 1;
namely
o _ 1
Ly, Ly = (m—n)L,, ., + Em(m2 — D)dmtn.0 (4.21)
and satisfy
[L,.,, Pn] = —nP_pin. (4.22)

This is nothing but the Sugawara construction in the case of u(1); see also [25].
Secondly, we define operators
LF=L, —L_,, (4.23)
which also generate a Virasoro algebra.
Notice from (4.11) and (4.22) that operators L} commute with P, and, consequently,
one finds two commuting Virasoro algebras; namely

(L, L,.]=0. (4.24)

m]

3Here, it is probably convenient to be reminded that Virasoro algebra is invariant under the inversion
L, — —L_, and ¢ — —c; see (4.23).
“Notice also that if one applies spectral flow transformation (4.15), one verifies that the zero mode
2

changes as follows Ly — Ly — 220 Pg — 0.



In addition, unlike what happens with Virasoro algebra generated by L,, operators
L evaluated on the black hole spectrum turn out to be bounded from below. To see this
explicitly, notice that the energy spectrum LS—L is given by

1 c 1
t= M- — - = N1 /2)? 4.2
h kM J 21’ h k(/\/l—l—/c 1/2)%, (4.25)
where h* refer to the eigenvalue of LaE, and where we have used that ¢ = —6kN?. On the

other hand, from (3.8) we observe that the black hole spectrum is such that both L and
L, are bounded from below. In fact, from (3.8) we have

="y —r_)*> 4.2
=) 20, (4.26)

which implies the bounds
L > (4.27)

In the next subsection we will see how the microstates representing black hole configu-
rations (3.4) seem to organize themselves in representations of Virasoro algebras generated
by L. Strong evidence of that is the CFTy rederivation of the black hole entropy (3.12).

5 WCFT; and microscopic entropy

In ref. [8], a Cardy type formula for WCFT has been proposed. This formula is supposed
to give the asymptotic growth of states in the dual theory, which would lack of full Lorentz
invariance. We will describe below how such a formula actually comes from the two Virasoro
algebras generated by L.

Following [8], we first shift the Virasoro operator Lg as follows

Lf = Lf =L + =, (5.1)
24
and perform the spectral flow operation
- kN
%%%:P—ji (5.2)

Notice that performing (5.1) and (5.2) corresponds to having chosen in (4.2) the gauge
Ny = 0; this is exactly what is done in [8] (see (77) therein, cf. (14), (19) and (20) in [24]).
Physically, it corresponds to associate the zero-energy state I~/6—L = 0 to the zero-mass black
hole M = J = 0.

Now, we are ready to show how the Cardy formula associated to the new Virasoro
operators (5.1) and (5.2) actually reproduces the black hole entropy. First, we write the
standard CFT Cardy formula

Scpr = 2m\/ —4Lg Ly + 2w/ —4L L (5.3)

where I:gt(vac) correspond to the minimum values of Ea[, i.e. the value of the wvacuum
geometry. It is important to remark that the way of writing Cardy formula in (5.3) admits



the possibility of the spectrum of Eoi to exhibit a gap with respect to the value —c*/24.
More precisely, it takes into account that in theories with such a gap, the saddle point
approximation involved in the derivation of the Cardy formula yields an effective central
. . (vac)
charge ceq given by ceg/6 = —4Ly .
Recalling that Ly, = P¢/k, formula (5.3) reads

AT~ (vae) - ———
SwerTr = %ZPS ") Py + dmy /L O L (5.4)

In turn, the only remaining ingredient needed to apply this formula is to find out which
is the right vacuum geometry. Because the theory is parity even, we naturally expect the
vacuum geometry to be® 72 = 0: that is to say,

1

Pévac) _ j\/l(vac)7 ES‘(V&C) — E<M(VaC))2‘ (55)
This yields
A
Scpr = %M(vac) (M + \/_/\W) (56)

And, indeed, we verify that entropy (3.12) exactly matches formula (5.4) if one identifies
the vacuum geometry with the Godel geometry (3.1); namely

4022

(90) — M = i T
M Masd =~ gm0 gy

(5.7)
The identification of timelike WAdS3 (5.7) spacetime as the vacuum geometry of the

spacelike WAdS3 black hole spectrum is something that had been observed in [8] for the

case of TMG and String Theory. Here we obtain the similar result for the case of NMG. It

is natural, on the other hand, that the vacuum geometry preserves the full SL(2, R) x U(1).
Therefore, we have shown that

Spu = ScFT- (5.8)

6 Conclusions

In this paper, we have computed the asymptotic symmetry algebra corresponding to
Warped Anti-de Sitter (WAdS) spaces of three-dimensional New Massive Gravity (NMG).
We have shown that this is given by the semi-direct sum of one Virasoro algebra (with
non-vanishing central charge) and one affine 4(1);, Kac-Moody algebra. We have identified
the precise Virasoro generators that organize the states associated to the WAdSs black
hole configurations, which led us to rederive the WCFT entropy formula (5.4). Our result
then can be thought of as a consistency check supporting the WCFT proposal of ref. [8].
By applying the WCFT entropy formula, we have proved that the microscopic com-
putation in the dual WCFT exactly reproduces the entropy of the WAdSs black holes.
Essential ingredients for the matching (5.8) to hold are: a) The definition of Virasoro al-
gebras generated by L as in (4.20) and (4.23) with (5.1) and (5.2), b) the choice N; = 0

5This is different from the case of TMG.

,10,



in (4.2) that induces the shifting (5.1)—(5.2), ¢) the identification of the vacuum geometry
of the black hole spectrum as in (5.7). These ingredients agree with the recipe proposed
in [8] for the cases of Topologically Massive Gravity and String Theory.

As further directions, we can mention some open questions that deserve to be studied
further: i) The first one is whether new conformal structures appear for different sets of
asymptotic boundary conditions. It is well known that the properties of the boundary
theory depend on the different asymptotic behavior of the fields at infinity. Therefore,
the question arises as to whether asymptotically WAdS3; boundary conditions exist such
that, while being sufficiently restrictive for the dual theory not to have negative-norm
excitations, they still allow for a rich space of solutions in the bulk. Different proposals for
WAdS3 asymptotics were proposed in the literature [18, 19] and it would be interesting to
investigate their dynamical implications. 4i) Another interesting future direction is to study
the applications of WAdS;/WCFT; to Kerry/CFTy correspondence. In Kerr/CFT in four
(and higher) dimensions, the so-called Near Horizon Extremal Kerr (NHEK) geometry is
closely related to the WAdS3 spaces studied here [1, 6], and, therefore, the application
of the holographic ideas developed for WAdS3/WCFT; to the more realistic case of four-
dimensional spinning black holes is of principal interest.

Acknowledgments

The authors thank Sophie de Buyl, Geoffrey Compere, Stéphane Detournay, and P.-H.
Lambert. L.D. is a research fellow of the “Fonds pour la Formation a la Recherche dans
I'Industrie et dans I’Agriculture”-FRIA Belgium and her work is supported in part by
IISN-Belgium and by “Communauté francaise de Belgique - Actions de Recherche Con-
certée. The work of G.G. has been partially funded by FNRS-Belgium (convention FRFC
PDR T.1025.14 and convention IISN 4.4503.15), by the Communauté Francaise de Bel-
gique through the ARC program and by a donation from the Solvay family. The support
of CONICET, FNRS+MINCyT and UBA through grants PIP 0595/13, BE 13/03 and
UBACyT 20020120100154BA, respectively, is greatly acknowledged.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] I. Bengtsson and P. Sandin, Anti de Sitter space, squashed and stretched,
Class. Quant. Grav. 23 (2006) 971 [gr-qc/0509076] [INSPIRE].

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

[3] D.M. Hofman and B. Rollier, Warped conformal field theory as lower spin gravity,
Nucl. Phys. B 897 (2015) 1 [arXiv:1411.0672] [INSPIRE].

[4] D. Anninos, J. Samani and E. Shaghoulian, Warped entanglement entropy,
JHEP 02 (2014) 118 [arXiv:1309.2579] [INSPIRE].

— 11 —


http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1088/0264-9381/23/3/022
http://arxiv.org/abs/gr-qc/0509076
http://inspirehep.net/search?p=find+EPRINT+gr-qc/0509076
http://dx.doi.org/10.1103/PhysRevD.80.124008
http://arxiv.org/abs/0809.4266
http://inspirehep.net/search?p=find+EPRINT+arXiv:0809.4266
http://dx.doi.org/10.1016/j.nuclphysb.2015.05.011
http://arxiv.org/abs/1411.0672
http://inspirehep.net/search?p=find+EPRINT+arXiv:1411.0672
http://dx.doi.org/10.1007/JHEP02(2014)118
http://arxiv.org/abs/1309.2579
http://inspirehep.net/search?p=find+EPRINT+arXiv:1309.2579

[5] K.A. Moussa, G. Clément and C. Leygnac, The black holes of topologically massive gravity,
Class. Quant. Grav. 20 (2003) L277 [gr-qc/0303042] [INSPIRE].

[6] D. Anninos, W. Li, M. Padi, W. Song and A. Strominger, Warped AdSs black holes,
JHEP 03 (2009) 130 [arXiv:0807.3040] [INSPIRE].

[7] W. Song and A. Strominger, Warped AdS3/Dipole-CFT Duality, JHEP 05 (2012) 120
[arXiv:1109.0544] [INSPIRE].

[8] S. Detournay, T. Hartman and D.M. Hofman, Warped conformal field theory,
Phys. Rev. D 86 (2012) 124018 [arXiv:1210.0539] [INSPIRE].

[9] E.A. Bergshoeff, O. Hohm and P.K. Townsend, Massive gravity in three dimensions,
Phys. Rev. Lett. 102 (2009) 201301 [arXiv:0901.1766] [INSPIRE].

[10] G. Clément, Warped AdSs black holes in new massive gravity,
Class. Quant. Grav. 26 (2009) 105015 [arXiv:0902.4634] INSPIRE].

[11] M. Banados, G. Barnich, G. Compere and A. Gomberoff, Three dimensional origin of Godel
spacetimes and black holes, Phys. Rev. D 73 (2006) 044006 [hep-th/0512105] [INSPIRE].

[12] L. Donnay, J.J. Ferndndez-Melgarejo, G. Giribet, A. Goya and E. Lavia, Conserved charges
in timelike warped AdSs spaces, Phys. Rev. D 91 (2015) 125006 [arXiv:1504.05212]
[INSPIRE].

[13] G. Giribet and A. Goya, The Brown-York mass of black holes in Warped Anti-de Sitter
space, JHEP 03 (2013) 130 [arXiv:1212.2100] INSPIRE].

[14] S. Nam, J.-D. Park and S.-H. Yi, Mass and Angular momentum of Black Holes in New
Massive Gravity, Phys. Rev. D 82 (2010) 124049 [arXiv:1009.1962] INSPIRE].

[15] M. Banados, C. Teitelboim and J. Zanelli, The black hole in three-dimensional space-time,
Phys. Rev. Lett. 69 (1992) 1849 [hep-th/9204099] [INSPIRE].

[16] M. Banados, M. Henneaux, C. Teitelboim and J. Zanelli, Geometry of the (2 + 1) black hole,
Phys. Rev. D 48 (1993) 1506 [gr-qc/9302012] INSPIRE].

[17] 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].

[18] 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].

[19] G. Compere, M. Guica and M.J. Rodriguez, Two Virasoro symmetries in stringy warped
AdSs, JHEP 12 (2014) 012 [arXiv:1407.7871] [INSPIRE].

[20] G. Barnich and F. Brandt, Covariant theory of asymptotic symmetries, conservation laws
and central charges, Nucl. Phys. B 633 (2002) 3 [hep-th/0111246] [INSPIRE].

[21] G. Barnich and G. Compere, Surface charge algebra in gauge theories and thermodynamic
integrability, J. Math. Phys. 49 (2008) 042901 [arXiv:0708.2378] [INSPIRE].

[22] 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] [INSPIRE].

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

[24] G. Compere and S. Detournay, Centrally extended symmetry algebra of asymptotically Godel
spacetimes, JHEP 03 (2007) 098 [hep-th/0701039] [iINSPIRE].

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

— 12 —


http://dx.doi.org/10.1088/0264-9381/20/24/L01
http://arxiv.org/abs/gr-qc/0303042
http://inspirehep.net/search?p=find+EPRINT+gr-qc/0303042
http://dx.doi.org/10.1088/1126-6708/2009/03/130
http://arxiv.org/abs/0807.3040
http://inspirehep.net/search?p=find+EPRINT+arXiv:0807.3040
http://dx.doi.org/10.1007/JHEP05(2012)120
http://arxiv.org/abs/1109.0544
http://inspirehep.net/search?p=find+EPRINT+arXiv:1109.0544
http://dx.doi.org/10.1103/PhysRevD.86.124018
http://arxiv.org/abs/1210.0539
http://inspirehep.net/search?p=find+EPRINT+arXiv:1210.0539
http://dx.doi.org/10.1103/PhysRevLett.102.201301
http://arxiv.org/abs/0901.1766
http://inspirehep.net/search?p=find+EPRINT+arXiv:0901.1766
http://dx.doi.org/10.1088/0264-9381/26/10/105015
http://arxiv.org/abs/0902.4634
http://inspirehep.net/search?p=find+EPRINT+arXiv:0902.4634
http://dx.doi.org/10.1103/PhysRevD.73.044006
http://arxiv.org/abs/hep-th/0512105
http://inspirehep.net/search?p=find+EPRINT+hep-th/0512105
http://dx.doi.org/10.1103/PhysRevD.91.125006
http://arxiv.org/abs/1504.05212
http://inspirehep.net/search?p=find+EPRINT+arXiv:1504.05212
http://dx.doi.org/10.1007/JHEP03(2013)130
http://arxiv.org/abs/1212.2100
http://inspirehep.net/search?p=find+EPRINT+arXiv:1212.2100
http://dx.doi.org/10.1103/PhysRevD.82.124049
http://arxiv.org/abs/1009.1962
http://inspirehep.net/search?p=find+EPRINT+arXiv:1009.1962
http://dx.doi.org/10.1103/PhysRevLett.69.1849
http://arxiv.org/abs/hep-th/9204099
http://inspirehep.net/search?p=find+EPRINT+hep-th/9204099
http://dx.doi.org/10.1103/PhysRevD.48.1506
http://arxiv.org/abs/gr-qc/9302012
http://inspirehep.net/search?p=find+EPRINT+gr-qc/9302012
http://dx.doi.org/10.1088/1126-6708/2009/08/092
http://arxiv.org/abs/0906.1243
http://inspirehep.net/search?p=find+EPRINT+arXiv:0906.1243
http://dx.doi.org/10.1103/PhysRevD.84.124016
http://arxiv.org/abs/1108.2841
http://inspirehep.net/search?p=find+EPRINT+arXiv:1108.2841
http://dx.doi.org/10.1007/JHEP12(2014)012
http://arxiv.org/abs/1407.7871
http://inspirehep.net/search?p=find+EPRINT+arXiv:1407.7871
http://dx.doi.org/10.1016/S0550-3213(02)00251-1
http://arxiv.org/abs/hep-th/0111246
http://inspirehep.net/search?p=find+EPRINT+hep-th/0111246
http://dx.doi.org/10.1063/1.2889721
http://arxiv.org/abs/0708.2378
http://inspirehep.net/search?p=find+EPRINT+arXiv:0708.2378
http://dx.doi.org/10.1103/PhysRevD.50.846
http://arxiv.org/abs/gr-qc/9403028
http://inspirehep.net/search?p=find+EPRINT+gr-qc/9403028
http://dx.doi.org/10.1088/0264-9381/26/1/012001
http://arxiv.org/abs/0808.1911
http://inspirehep.net/search?p=find+EPRINT+arXiv:0808.1911
http://dx.doi.org/10.1088/1126-6708/2007/03/098
http://arxiv.org/abs/hep-th/0701039
http://inspirehep.net/search?p=find+EPRINT+hep-th/0701039
http://dx.doi.org/10.1088/1126-6708/2009/09/006
http://arxiv.org/abs/0907.0950
http://inspirehep.net/search?p=find+EPRINT+arXiv:0907.0950

	Introduction
	New massive gravity
	Warped AdS(3) spaces
	Timelike WAdS(3) space
	WAdS(3) black holes

	Asymptotic symmetries
	Asymptotic isometry algebra
	Algebra of charges
	Unitary highest-weight representations

	WCFT(2) and microscopic entropy
	Conclusions

