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Warped anti-de Sitter (WAdS)/warped conformal field theory (WCFT) correspondence is an interesting
realization of non-AdS holography. It relates three-dimensional warped anti-de Sitter (WAdS3) spaces to a
special class of two-dimensional quantum field theory with chiral scaling symmetry that acts only on right-
moving modes. The latter are often called warped conformal field theories (WCFT),), and their existence
makes WAAS/WCFT particularly interesting as a tool to investigate a new type of two-dimensional
conformal structure. Besides, WAdS/WCFT is interesting because it enables one to apply holographic
techniques to the microstate counting problem of non-AdS, nonsupersymmetric black holes. Asymptoti-
cally WAdS; black holes (WBHj3) appear as solutions of topologically massive theories, Chern-Simons
theories, and many other models. Here, we explore WBH; x Z,_3 solutions of D-dimensional higher-
curvature gravity, with X,_; being different internal manifolds, typically given by products of deformations
of hyperbolic spaces, although we also consider warped products with time-dependent deformations. These
geometries are solutions of the second order higher-curvature theory at special (critical) points of the
parameter space, where the theory exhibits a sort of degeneracy. We argue that the dual (W)CFT at those
points is actually trivial. In many respects, these critical points of WAdS; x X;,_3 vacua are the squashed/

stretched analogs of the AdS, Chern-Simons point of Lovelock gravity.

DOI: 10.1103/PhysRevD.106.126026

I. INTRODUCTION

AdS/CFT holographic correspondence [1] gave rise to a
revolution in high-energy physics, as it gave access to the
nonperturbative regime of gauge theories and gravity.
Holography opened up the possibility of addressing other-
wise inaccessible problems in strongly coupled quantum
field theories, in relativistic hydrodynamics, in black hole
thermodynamics, in high-energy scattering amplitudes, in
quantum cosmology, and in many other topics in high-
energy physics as well as in other areas of physics. The
indubitable capability of the holographic techniques to
work out the details of strongly coupled systems led to the
exploration of similar realizations in the context of con-
densed matter and statistical physics [2,3]. This motivated
the search for nonrelativistic strongly correlated systems
that could in principle allow for a holographic realization.
This is how gravity duals for models with anisotropic scale
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invariance, both with [4,5] and without [6] Galilean
symmetry, were rapidly proposed, these being given by
the so-called Schrodinger and the Lifshitz spacetimes.
From a broader perspective, the search for holographic
realizations beyond anti-de Sitter (AdS) spaces has been
one of the main lines of research in theoretical high-energy
physics for at least 20 years; the de Sitter/conformal field
theory (CFT) correspondence [7], the Kerr/CFT correspon-
dence [8], the celestial holography [9], and other realiza-
tions of flat space holography [10] are some examples of
this. Then, the question arises as to what extent the
holographic paradigm can work for non-AdS scenarios
and what can we learn from such adaptations.

One of the most interesting realizations of non-AdS
holography is the so-called WAdS/WCEFT correspondence,
which relates 3-dimensional warped anti-de Sitter (WAdS;)
spaces to a special class of two-dimensional (2D) quantum
field theory with chiral scaling symmetry that acts only on
right-moving modes. These theories are the often-called
warped conformal field theories (WCFT),), and they make
WAAdS/WCEFT particularly interesting as a tool to inves-
tigate a totally new type of 2D QFT. Besides, WAdS/CFT
is interesting because it enables one to apply holographic
techniques to the microstate counting problem of non-AdS,
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nonsupersymmetric black holes. The original proposal for
the warped version of the correspondence [11] was to relate
the asymptotically WAdS; spaces to a CFT,. This was
further studied and revisited in the literature [12—15], and a
refined version of it was proposed in Ref. [12], where 2D
theories with chiral scaling symmetry were identified as the
actual dual to gravity about WAdS;; cf. Ref. [16]. The local
symmetries of such 2D theories include one copy of the
Virasoro (vir) algebra in a semidirect sum with a (1)
current algebra, which is exactly the asymptotic isometry
algebra of WAdS; spacetimes' [17,18]. This symmetry
algebra differs from the algebra vir @ vir that generates the
standard 2D local conformal transformations; however, as
argued in Ref. [13], in some respects, the former is equally
powerful in constraining the theory. In particular, it permits
working out a microscopic counting of black hole micro-
states in WAdS; spacetime by means of a Cardy type
formula [11]. In Ref. [14], it was argued that, by means of a
nonlocal transformation, the microstate counting of black
holes in WAdS; space can also be organized in terms of
standard CFT,, yielding equivalent results.

WAAJS; spacetimes are stretched or squashed deforma-
tions of AdS; spacetime which have four Killing vectors
generating the isometry group SL(2,R) ® U(1). This can
be regarded as a minimal symmetry breaking of the AdS;
isometry group SO(2,2) ~SL(2,R) ® SL(2,R) down to
SL(2,R) ® U(1). Provided suitable boundary conditions
are imposed, the asymptotic isometry group of WAdS; is
generated by vir &ii(1), exactly the same symmetry that
appears in Kerr/CFT. This is far from being an accident
since, as we will review later, a particular case of WAdS;
naturally emerges in the near horizon limit of four-
dimensional (4D) extremal black holes [28]. Besides,
WAdS; spaces also appear in other contexts: they are
solutions of topologically massive gravity (TMG) [29-32],
its supersymmetric extensions [33-35], and the so-called
new massive gravity (NMG) [36]; they also appear in string
theory [37,38], in theories with additional massive spin-2
fields, [39], in higher-spin theories [40], in Chern-Simons
(CS) theories of lower spin [41,42], and in even more exotic
gravity models [43]. Here, we will see that the WAdS;
spaces also appear as geometric factors of solutions of
higher-dimensional, higher-curvature gravity theories at
critical points.

Critical points are curves of the parameter space of a
gravity theory for which the dual CFT exhibits special
properties. Typically, this leads to simplifications that
permit solving some specific problem in the CFT.
Critical points are points of the parameter space where
the dual CFT becomes either chiral, or factorizable, or

'WAdJS/WCFT correspondence, together with the properties of
WAGJS; spaces and of the black holes that asymptote to them,
have been largely studied in the recent literature; see for instance
Refs. [17-27] and references therein.

topological, or even trivial, or at least remarkably simple
and tractable in some way. Some of the properties that the
holographic theories exhibit at the critical points are the
vanishing of the central charge of the boundary theory or
the emergence of bulk logarithmic modes that demands
strong boundary conditions to render the dual CFT unitary
or the degeneracy of the gravity vacua. A concrete example
of this is the chiral point of TMG [44-46], at which the
right central charge, c, vanishes and new solutions appear
[47-49]. A similar example is three-dimensional NMG
[50,51] with a graviton mass that equals one-half of the
AdS; curvature, leading to a dual CFT with no diffeo-
morphism anomaly and no Weyl anomaly, i.e., ¢ = 0;
cf. Refs. [23,52-54]. Other examples are the Critical
Gravity in four [55] and higher [56] dimensions, for which
the black hole states have vanishing conserved charges.
However, the best studied example of a critical point
in higher dimensions is probably the CS point of five-
dimensional (5D) FEinstein-Gauss-Bonnet (EGB) gravity
[57], which is special in many respects. This corresponds to
the curve of the parameter space on which the EGB gravity
theory exhibits a unique maximally symmetric vacuum and
the action of the theory can be expressed as a SD CS gauge
theory for the group SO(2,4). In the notation of Ref. [58],
this corresponds to Agg = 1/4 (in our notation, this
corresponds to aA = —3/4). This is the point where the
shear viscosity to entropy density ratio, 7/s, in the four-
dimensional theory vanishes, as does the central charge c—
while the other 4D central charge, a, takes a negative value.
While the critical point Agg = 1/4 lies outside the segment
of the parameter space in which the gravity theory is free of
causality problems, the value Agg = 1/4 itself cannot be
excluded by the very same perturbative arguments, as the
5D CS gravity lacks of linearized local degrees of freedom
around AdSs. Also at this point, aA = —3/4, the theory
exhibits degeneracy around other vacua; for example, there,
both Schrodinger and Lifshitz spaces solve the field
equations for arbitrary values of the dynamical exponent
z [59], which is a remarkable fact that seems to imply
something special about the nonrenormalizability of that
exponent [60]. Here, we will observe a similar phenomenon
occurring for WAdS; vacua. More precisely, we will see
that the WAdS; x Z,_3 vacua of the quadratic EGB gravity
theory, which for D = 5 appear when aA = —1/4, exhibit
degeneracy in the parameters that control the squashing/
stretched deformation of the space and its curvature radius.
In this sector, the theory behaves effectively as a topologi-
cal theory whose dual WCFT, turns out to be trivial.
The paper is organized as follows. In Sec. II, we
review the geometry of WAdS; spaces and of WAdS;
black holes (WBH3;). In Sec. III, we construct WBH; x %,
solutions in D = 5 dimensions; we discuss the computation
of the black hole entropy and conserved -charges,
which happen to be zero. In Sec. IV, we generalize these
solutions to higher dimensions, considering different types
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of compactifications. We conclude that all these WAdS; x
Xp-_3 vacua are dual to theories that are trivial, with
vanishing Virasoro central charge and Kac-Moody level.

II. WARPED AdS SPACES
A. Hyperbolic WAdS;

As mentioned in the Introduction, the WAdS; spaces are
stretched or squashed deformations of AdS;. This aspect of
these geometries is well understood if AdS; space is written
as a Hopf fibration over AdS, [Eq. (2.3) below with v = 1];
cf. Ref. [61]. WAdS; appears simply as a deformation of that
fibration. Actually, AdS; appears as a particular case of
WAUJS;, the case for which the warping deformation vanishes
(v = 1 in the notation used below and in Ref. [11]).

The WAJS; spaces are classified in three different classes,
each of them exhibiting different causal properties. One of
these classes is the hyperbolic WAAdS;, also known as
spacelike WAdS;. This can easily be thought of as a warped
deformation of AdS; and is the one usually considered in
WAdS/WCFT holography. A different class is the elliptic
WAAS; spaces, or timelike WAdS; spaces, which corre-
spond to the three-dimensional sections of the Godel solution
of four-dimensional cosmological Einstein equations. These
spaces present closed timelike curves, which are inherited
from its four-dimensional general relativity embedding. The
third class is an intermediate case, called the parabolic (or
null) WAAS;. This is closely related to the Schrodinger
geometries studied in the context of nonrelativistic holog-
raphy. All these spaces have four Killing vectors, generating
aSL(2,R) ® U(1) isometry group.

As we commented in the Introduction, one of the
contexts in which hyperbolic WAdS; spaces naturally
appear is in the study of the near horizon geometry of
rapidly rotating black holes [28]; cf. Ref. [11]. In fact, if
one considers the near horizon limit of an extremal Kerr
black hole as one does in Kerr/CFT [8], then one finds the
four-dimensional geometry called Near-Horizon-Extremal-
Kerr (NHEK) [62]; namely,

dp?
dskupx = Q*(0) <—(P2 + 1)dz* + P+ 1)
+ Y2(0)(dg + pdr)? + d92> (2.1)
with
2siné
Q2(0) =J(1 20), YO =——, (22
(0)=J( +eos0).  T(O) =1 (22)

where 7 € R, p € R, ¢ € [0,27], and 0 € [0, z]. Here, 6
corresponds to the azimuthal angle, and J > 0 is the
absolute value of the angular momentum of the black hole,
which rotates around the axis € = 0~ z. This implies
J<Q*0)<2J and 0<Y%@) <4 for all . In an

appropriate system of coordinates, the three-dimensional
metric of the spacelike WAdS; is given by evaluating the
four-dimensional NHEK metric (2.1) at constant 6 = 0,;
namely,

dp?
(P*+1)

(dg + pdf)2> :

ds? s = O (—(;ﬂ + 1)de? +
2

+ 213 (2.3)
where £2 = Q?(6,) and where v is a convenient variable to
parametrize the warping factor Y2(6,); as said, v =1
corresponds to the undeformed AdS; (Y2 = 1), while
v > 1 corresponds to the hyperbolic WAdS; (Y2 > 1);
the case v =0 is also special, since in that case, after
rescaling as ¢ — ¢/v, the geometry becomes locally
equivalent to AdS, ® R. All these spaces have constant
curvature invariants, some of which read

6 6
RAA_—Z, REREZF(D4_21/2+3)’
6
RERERE = —— (L5430 — 9?4 9),

Nevertheless, for 1% # 1, the spaces are not of constant
Riemannian curvature. For generic v, the WAdS; spaces
are neither conformally flat nor asymptotically locally
AdS;. This can easily be seen in an appropriate coordinate
system. In global coordinates, spacelike WAdS; can also
be written as follows,

3
dsiyags = dr* = 2urddg + 1 (2 = 1)r2d¢?

LﬂZ

—_dr?, 2.4
+(1/2—|—3)r2 4 (2:4)

with 7 € R, r € Ry, ¢ € [0, 2x]. For a different coordinate
system, see Ref. [11]; for coordinate systems for the elliptic
WAJS;, see Ref. [27].

B. Black holes in WAdS;

WAAJS; spaces admit black hole solutions that asymptote
to them; cf. Refs. [29-32]. In a convenient coordinate
system, the metric of these black holes can be written as
follows,

dsiygn = di* = (2vr =1, r (27 + 3) ) didgp
Lﬂ2
+ dr?
(VP +3)(r—ry)(r—r.)

+£ (3(v2 —)r(? +3)(ry +r.)

—duy/ (V* + 3)r+r_)d¢2,

(2.5)
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where r_ and r, provided they are both positive, describe
the location of the inner Killing horizon and of the outer
event horizon, respectively. These correspond to integration
constant of the solution. Here, 7 € R, r € Ry, ¢ € [0, 2x].

The Hawking temperature of the WBH; can be com-
puted by standard techniques, yielding

(L +3)
4nl  (ur, —

(ry —r_)
(P +3)rr.)

T, = (2.6)

As it happens with the Banados-Teitelboim-Zanelli black
holes and AdS; space, the WBH; (2.5) are discrete
quotients of hyperbolic WAdS; space [11]. This orbifold
construction leads to define a right-mover and left-mover
temperatures as the inverse of the identification periods;
these are

_ (@2 +3) -1 /(2
TL—W(F++F_ v/ (v +3)r+r_),

(L? +3)
Tp = 87 (ro—r_), (2.7)
respectively. Then, we have the relation
243) T
r, =3 Tk (2.8)
drtv Tr+ Ty

When r, = r_ =0, both Ty and T, vanish, and we get the
empty space (2.4); namely, the hyperbolic WAdS;. Besides,
the black holes (2.5) are not only locally equivalent to
WAJS;, but, provided suitable boundary conditions are
prescribed, they are also asymptotically WAdS;. Such
asymptotic boundary conditions are prescribed at large r
and are those preserved by the following asymptotic Killing
vectors,

ing 2 fz
L,= 7 <I/2D? 0, — inro, — fa,,)> +oe (2.9)
T,=e"760,+ -, (2.10)

where the ellipsis stand for subleading orders in 1/r, namely,
O(1/r*) x 0y, O(1/r) x 9,, O(1) x 9,. The Killing vectors
Ly and T, generate the exact U(1) x U(1) isometry of the
black hole background, while L, ; complete the SL(2, R)
factor of the isometry group of global WAdS;. The full set of
L,, T, generate the infinite-dimensional algebra

{Lm7Ln} = l(l’l - m)L11+mv

{Lm7 Tn} =inTy . {Tma Tn} =0, (2'11)
which is the Witt algebra in semidirect sum with the loop
algebra u(1) ® C*(S'). Through the Sugawara construc-
tion, this algebra produces two mutually commuting copies

of Witt algebra. This was exploited in Ref. [14] to work out
the microstate counting of WBH; from the standard CFT,
perspective. The Noether charges associated to the asymp-
totic symmetries generated by (2.9)—(2.10) also form an
algebra which, generically, turns out to be a central extension
of (2.11), resulting in vir &i(1), i.e., a Virasoro algebra in
semidirect sum with an affine Kac-Moody algebra. However,
we will argue that this is not the case for the critical points we
study here; at the critical points of the D-dimensional higher-
curvature theories we will consider, where solutions of the
form WBH; x X,_; exhibit degeneracy in the squashing/
stretching parameters v, both the Virasoro central charge and
the Kac-Moody level of the dual theory vanish.

III. WAdS VACUA IN HIGHER-CURVATURE
GRAVITY

A. Gravity action and boundary terms

In a D-dimensional higher-curvature gravity theory, we
will consider solutions of the form

M = WBH3 X 2[)_3, (31)

with WBH; being asymptotically WAdS; black holes and
Xp_3 being a negative curvature manifold consisting of a
product of locally hyperbolic spaces and tori. The simplest
higher-curvature model admitting such solutions is (quad-
ratic) Lovelock theory of gravity, namely, the most general
torsion-free metric theory of gravity yielding covariantly
conserved field equations of second order. This theory
propagates a single massless spin-2 mode, and, in virtue of
that, it is well behaved in many aspects. In D <4, the
theory coincides with Einstein gravity [Eq. (3.4) below],
while it includes higher-curvature terms for D > 5. For
D = 5 and D = 6, the action of Lovelock theory reduces to
the quadratic EGB gravity action, usually considered in the
context of holography. For D > 7, the theory also admits
terms that are cubic in the curvature, and quartic orders
appear for D > 8. Here, we will restrict the analysis to the
quadratic action since this case suffices to support the
backgrounds we are interested in.

As said, we will be concerned with backgrounds of the
form WBH; x Xp_5. The simplest cases will be given by
direct products of locally WAdS; and (D — 3)-dimensional
maximally symmetric spaces of constant curvature k.
Consider the ansatz

ds? = giy S dxtax? + g dxid, (3.2)

where ggAdS) are the components of the metric (2.3) and

gl(. ; are the components of a space of constant curvature k;
namely,
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o L25;.dx'dx’/
) gxidyd = T TE 3.3
gl] (1 + %5](1)&'/()(1)2 ( )
Here,a,b,... =0,1,2,whilei, j, k,[,... =1,2,...,D — 3.

The action of quadratic Lovelock theory is given by the
EGB action’

1
Ty = dPx/=4(R — 2A
”‘1&&& V=4l

+ a(R? = 4Ry RMN + RynpoRMNPQ)),

(3.4)

supplemented with boundary terms; see Eq. (3.6) below.
Here, M,N,P,Q,...=0,1,2,....D — 1.
The corresponding field equations read

0=Gyy + Agun + a(ZRMPQSRNPQS — 4Ry pyoR™
— 4Ry Ry, + 2RR 1y

1
3 (R* —4RpoR™ + RPQSTRPQST)QMN>» (3.5)

with Gy = Ry — S Rguw-

Being a field theory of second order, the variational
principle is defined from (3.4) in the usual way. This
requires the inclusion of a generalized Gibbons-Hawking
term. In other words, we must supplement (3.4) with
boundary terms to guarantee a well-posed variational
principle subject to Dirichlet boundary conditions on
0M; cf. Ref. [64]. The appropriate boundary terms are

1 A
Tom=—5— [ d°'xV/=h(K+2a(J-2G"K,,), (3.6)
87G oM

where K, is the extrinsic curvature on oM, h,, is the
induced metric on dM, hatted tensors such as G, are
constructed with the induced metric 4, and J is the trace
of tensor

H»

1
J’“’:g

-2K,,K”"K,, — KZKW).

(ZKKW,K‘,‘,’ + K,, K"K,

(3.7)

Coordinates on oM are denoted x* where u=0,1,...D—2.

B. Field equations and WAdS; vacua

Let us consider first the five-dimensional case (D = 5).
This will serve as a working example throughout this
section of the paper. In the next section, we will see how the
results also apply for D > 5.

2Our conventionsQfol]ows Ref. [63], e.g., [V, Vy]VE =
RPQMNVQs Ryn = Ryons R = R}

Replacing the ansatz (3.2) into the field equations (3.5),
the latter turn into a simple system of algebraic equations;
namely,

3 — 2.2 dak k
3ur dak
2
¢ r_IJ 4(Zk k_
E¢ E] ﬁ<1+7) A—ﬁ—O (3.10)
EX=E)=A 3—0 3.11
x =Ly = +ﬁ (3.11)

Thus, we need to find the appropriate choice of the
parameters A, a, L, and k that solves this system. To do
that, we need to distinguish between two cases: Let us
consider first the case 1> =1, which corresponds to
AdS; x %, vacua. In this case, we find

3 2 L2
a=—-+—

- , k= +1.
2 4 2k

(3.12)

However, the case of our interest is actually 2> # 1, which
yields

(3.13)

where we see that the cosmological constant, A, is negative;
the coupling constant of the curvature square terms, a, is
positive; and the internal manifold has negative curvature,
k = —1, and therefore we choose the quotient X, = H, /T,
with I" being a Fuchsian subgroup. The remarkable fact is
that there is no restriction for the squashing/stretching
parameter v, which here appears as a sort of zero mode that
controls the shape of the fibration in (2.3). It is also worth
mentioning that this degeneracy appears on the curve

1
al\ = ——

Z (3.14)

of the parameter space, which differs by a factor 3 from the
5D CS point.

C. On-shell action for the WAdS vacua

Now, we can evaluate the five-dimensional action on-
shell for the WAdS; x H,/T" ansatz. Surprisingly, every-
thing combines in a way that the different pieces of the
action Z =7y, + Zypq evaluated on (3.2)—(3.13) vanish.
Explicitly, the Lagrangian density on shell reads
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+ RMNPOR v po)

3 2k 12a

while the integrand of the boundary term is

87GLyp = K + a(J —2G"K,,)

B dak\ VP +3 (2r—r, —r_)
-(1+E) % r=rtr—r)

Both quantities vanish in virtue of (3.13), so that Z = 0.
Something similar occurs in higher dimensions. This
suggests that the thermodynamic properties of the
WAGJS; black holes in this theory are trivial, something
we will confirm below by direct computation using differ-
ent methods. This phenomenon is reminiscent of what
happens with some Lifshitz black holes in higher-curvature
gravity: In Ref. [65], the authors found an asymptotically
Lifshitz black hole with dynamical exponent z = 3/2 in a
four-dimensional theory of gravity with both terms R? and
RMR,, in the action. Such a solution exhibits a vanishing
on-shell action as well as vanishing entropy. The same
happens for the WBH; x X,_5 solution we construct here.

D. Wald entropy formula

To compute the entropy of the WBH;, we resort to the
Wald formula [66], which amounts to computing the
entropy by integrating a charge on the event horizon,
H*. The formula for the entropy in D dimensions reads

oL
S, = 271 Aﬁ dD_2x\/E€MN€PQaRM—NPQ’ (3.15)
where L =Ly + Ly is the quadratic gravity

Lagrangian, including boundary terms; €,y is the binormal
tensor on H*'; and ¢ is the determinant of the induced
metric on the constant-z and constant-r hypersurfaces
evaluated on H*. Since the geometry is of the form
WBH; ® 55, the integral in (3.15) is over D —2
dimensions as it includes the angular direction ¢ as well
as the D — 3 directions of the internal manifold X,,_5.
Explicit computation of this charge integral yields
vanishing entropy, Sy, = 0. More explicitly, we get

daL

€MN€PQ W x1- 4aAk,

(3.16)

which vanishes in virtue of (3.13). That is to say, the
entropy of the WBH; in this theory is identically zero.

E. Noether-Wald conserved charges

One can also compute the Noether charges of the
solutions associated to translation invariance in ¢ and ¢.
To do that, one can consider the Iyer-Wald formalism
[67,68], which leads to an expression for the charges that
takes the form

0,1 = / P 2x ey QIEMN.  (3.17)

with QJ[¢] being given by the Noether 2-form charge
associated to the on-shell conserved current J[¢] =
dQ[&]; see Ref. [67] for details of its definition. ¢ is the
Killing vector that generates the associated symmetry.” The
integral is performed at a constant-f and constant-r hyper-
surface at infinity.

As for asymptotically AdS spaces, the charges (3.17)
need to be regularized. One can do so by considering the
background subtraction [69]. Following Ref. [70], a more
explicit expression for the Noether-Wald charge can be
written down; namely,

oL
Qw[ﬂ = /S dD_zx\/EeMN ORMNPQ vpr’

(3.18)

which, as for the Wald entropy formula, the integral goes
over ¢ and the coordinates on X,_5. Applying this method
to our solution WBH; ® H,/T", we get

M = Qylo,] =0, J=0Qyl[9,] =0. (3.19)
More explicitly, for these Killing vectors, we get

my L VPEC « 1 — 4aAk 3.20

€ W 5 X I — 4o s ( . )

which vanishes in virtue of (3.13). This means that, as for
the entropy, both the mass and angular momentum of the
WBH; of this theory are zero.

F. Quasilocal stress-energy tensor

Another method to compute the conserved charges is by
means of the Brown-York quasilocal stress-energy tensor
T ,<,]3Y) ; cf. Ref. [71]. This method, frequently used in
holographic renormalization in AdS, amounts to defining
the Brown-York stress-energy tensor near the boundary,
adding counterterms to renormalize it, and then integrating
its projection contracted with the Killing vector that defines

The full expression for the Noether-Wald charge includes an
extra term —¢ - B coming from the action boundary terms relevant
for asymptotically flat spacetimes; cf. Ref. [68]. For asymptoti-
cally AdS spaces, the B term cancels out when performing a
background subtraction; see Ref. [69] for more details. Here, we
will make the same assumption but for asymptotically WAdS
spaces.

126026-6



CRITICAL POINTS OF WARPED AdS/CFT AND HIGHER- ...

PHYS. REV. D 106, 126026 (2022)

an asymptotic isometry [see Eq. (3.25) below]. For the
EGB theory, the renormalized boundary stress-energy
tensor takes the form [64,72]

BY)  (ct) 2 8T 2 6Ty
Tw="Tw +T. =- - . (321
uv H + H \/—_h5h/’w \/—_héh’w ( )
where 7 =7, + T4, and so
= Lok, —kn
" 8zG "
+2a(3J,, = Jh,, +2P,,,K”)),  (3.22)
with
Puvpe = Ruype = 2Ry phoyy + 2Ry, hg),
+ 2Rl by, (3.23)

T are the counterterms in the action, which take the form

Iy= / dP~'xvV/=h(ay + a R + ay R?
oM

+BR7R,p + ), (3.24)
with the hatted quantities referring to curvature tensors
constructed with the boundary metric h,,. The counter-
terms are necessary to regularize the infrared divergences
due to the noncompactness of the spacetime. The conserved
charges are defined as

QBY[?]:/ dP=2x\/ouMT &N, (3.25)
Seo

where & is a Killing vector and « is the normal vector to the
constant-¢ codimension-2 surfaces S, at infinity, » = oo.
The integral in (3.25) goes over D — 2 dimensions, exclud-
ing time and the radial direction. The solution is a product
WBH; ® %,, and so the computation of the gravitational
energy by integrating on the angular coordinate ¢ of the
three-dimensional space would actually give an energy-
momentum density which is constantly extended along the
directions of Z,. In fact, for the transverse directions x', x?,

we get

VA3
T YV O (3.26)
¥ 8nGC

with i = 1, 2. The integral of the regularized quasilocal
stress tensor over a codimension-2 spacelike surface of the
full space gives the total energy momentum, which in this
case vanishes; in fact, despite the nonzero components
(3.26), the relevant components in the integrand of the
conserved charge (3.25) associated to the symmetries
generated by Killing vectors d;, d,, are identically zero.

IV. HIGHER DIMENSIONS AND OTHER
COMPACTIFICATIONS

Now, let us study the higher-dimensional case, which in
particular allows for more general compactifications. We
will consider different examples below.

A. WAdS; x Hp_3 vacua in D dimensions

Let us start by extending the five-dimensional solution
we studied above to D dimensions by simply considering a
(D — 3)-dimensional internal space of constant curvature k.
One rapidly notices that the field equations demand
k = —1, so that X5_5 ends up being locally equivalent
to a (D — 3)-dimensional hyperbolic space with metric
(3.3) and curvature radius L. That is to say, the full space is
of the form WBH; ® Hp_3/I", i.e., locally WAdS; ®
Hp_3. Table T summarizes the values for the parameters
a,\,L,7, and the relations among them for the first
five cases.

It is not difficult to obtain expressions for a, A, and
L?/£? for arbitrary dimension D (with k = —1). These are
given by

a 1

1
> 2(D-3)(D-4) @1
AL? :%((D—S)(D—6) _2(D=3)(D—-4)) (42)
L*? 2D-9
== (4.3)

The first two relations make the Lagrangian vanish, while
the third one makes the trace of the field equations vanish.
Let us notice we can obtain from (4.1) an expression for the
warped critical points in EGB gravity in any dimension,

1 1(D-5)(D-6)
B R TEERIZE))

(4.4)

From the table and the equations above, we notice that
for D=5and D =6 WAdS; ® Hp_5 is a solution at the
same point of the parameter space. This is due to the fact

TABLE I. Relations between the parameters of the theory and
the solution (locally) of the form WAdS; x Hp_3 in D dimen-
sions. The curvature radii of WAdS; and Hp_5 are £ and L,
respectively.

D a/L? AL? L?/¢? Aa

5 1/4 -1 1/3 -1/4
6 1/12 -3 1 -1/4
7 1/24 -11/2 5/3 —11/48
8 1/40 -17/2 7/3 -17/80
9 1/60 -12 3 -1/5
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TABLE II. Relations between the parameters of the theory for
solutions of the form WAdS; x X3 vacua in D = 6 dimensions.
The curvature radii of WAdS; and X5 are £ and L, respectively.

>, a/L? AL? L?/¢? Aa

H, 1/12 -3 1 —1/4
WAAS; 1/12 -3 1 —1/4
H, x S 1/4 -3 1/3 —-1/4

that the density R,pcpRAEP — 4R 5R 45 + R? identically
vanishes for spaces of three dimensions or fewer, and
therefore the terms in the field equations that are propor-
tional to that combination do not contribute for geometries
that are direct products of 3-spaces. In contrast, for spaces
of four dimensions or more, the integrand of the four-
dimensional Euler density does contribute with a non-
vanishing constant.

B. WAdS; x X3 vacua in D =6 dimensions

Next, let us consider solutions WBH; ® X,_; whose
internal manifold, X,,_3, is not necessarily locally equivalent
to a maximally symmetric space. Let us focus in the case
D = 6 as an example. In that case, we may consider different
cases, including products 3 = X, x S'. We can also con-
sider more abstruse deformations of the hyperbolic space
23 = Hj, for instance by considering the six-dimensional
Kleinian space WAdS; ® WAAdS;. Remarkably, in the latter
case, the deformation parameters of both warped spaces,
V15, are independent and arbitrary, while their curvature radii
have to be equal. Table II summarizes the relations among
the parameters of some six-dimensional solutions.

In all these cases, the on-shell Lagrangian vanishes.

C. WAdS; x X, x £, vacua in D=7 dimensions

Now, consider a seven-dimensional case, which enables
one to consider solutions of the form £, = X, ® £,. Some
cases are summarizes in Table IIL.

No X, = H, x §? compactification of this sort exists.
The case £, = H, was considered in Table I. In all the
cases, the on-shell Lagrangian vanishes.

D. Deformations of WAdS; X X3 warping products

So far, we have only considered direct products of the
form WBH; ® X,_3, and so we could ask whether the
degeneracy in the parameter space we have observed in

TABLE III.  Relations between the parameters of the theory for
solutions of the form WAdS; x £, x £, in D = 7 dimensions.
The curvature radii of WAdS;, %, and iz are ¢, L, and L,,
respectively.

4 a/t? AL? L3/ L3/ Aa
H, x H, 1/24 -9/2 1/3 1/3 -3/16
H, x T2 1/12 -3 1/3 R —1/4

such cases is prerogative of the solutions that are a direct
product of simple spaces. In order to explore other types of
geometries, we will consider here a warped product
WAJdS; X 25 in six dimensions, and with a more general
deformation of the internal hyperbolic space. Consider first
the product space (3.2) in D =6 with X; = H; being
written in coordinates

2

.. L
ds? = g dx'd =75 (dy? +2dxdz). (45)

with x! = x, x> =y, x> = z. Now, consider the following
deformation,

2

L F(t,y,
ds* = F(a’y2 + 2dxdz) +md 2

2 ¢, (4.6)
where ¢ is the time coordinate of the WAdS; piece of the
six-dimensional space and F(t,y, z) is a profile function to
be determined by the field equations. Replacing the ansatz
(4.6) in (3.5), the only restriction for the deformation
profile F(t,y,z) comes from the x, z component of the
field equations. It yields

(52—12a)< oF 202_F>

212 oy Y o2
2 1)(&% - 8%a — 12a%) PF
WD =8a-Ra)oF_
2 (" +3)¢ or

The rest of the components of the field equations impose
the following restrictions among the parameters:

f2

= 12° (48)

Therefore, for 2> # 1, and provided v # 0, we obtain

v 0*F
———— =0, 4.9
(L* +3) or? (49)
and so the deformation profile must be a linear function of
the warped time; namely,

F(t,y,z) = Fo(y.2) + F1(y, 2)t, (4.10)
with Fj, and F| being arbitrary functions of y and z. These
solutions are closely related to pp-waves in AdS (also

knowns as AdS waves), which are a special class of Siklos
spacetimes. In the case 1% = 1, the function F must satisfy

OF ,0°F
Yoo =y =5 =0

4.11
dy oy? (4.11)

which is solved by the profile function
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F(t,y,2) = Gy(t, z) + G,(t, 2)y?, (4.12)
with Fy and F'| being arbitrary functions of ¢ and z. These
correspond to the massless modes of AdS; waves;
cf. Ref. [73].

This shows that the degeneracy of this special point of
the parameter space of the higher-dimensional theory
persists even when one considers a more general type of
geometries, even with some warped products. There are,
however, other warped solutions that are more restrictive in
the z-dependence; for example, if one tries to look for
solutions of the form (3.2) with a time-dependent warping
factor f(z) in front of the metric gii2 , and then the field
equations impose f = const, and this is why we needed to
consider more involved time-dependent warping products
such as (4.6) in order to find nontrivial solutions.

V. CONCLUSIONS

Summarizing, we have studied critical points of
WAAS;/WCFT, correspondence, which are given by
higher-curvature gravity models on a specific curve of
the parameter space. We have found solutions of the form
WAdS; x £p_3 for D >5, which allows for arbitrary
warping factor v, i.e., with arbitrary squashing/stretching
deformation of the WAdS; piece, generalizing what hap-
pens with the dynamical coefficient of the anisotropic scale
invariant Schrodinger and Lifshitz spaces at the CS point of
Einstein-Gauss-Bonnet gravity. In other words, in the
sector we have studied, the theory behaves effectively
almost as a topological theory, in the sense that the
coefficient that controls the squashing/stretching deforma-
tion of independent pieces of the manifold are arbitrary.
Besides, while the ratios of the radii of the different
submanifolds do get fixed by the field equations, the total

volume of the D-dimensional space is also arbitrary. This
type of degeneracy, which is actually common in critical
points of higher-curvature theories, describes a sort of zero
mode associated to scale invariance, while the arbitrariness
of the value of v makes the solution be, so to speak,
insensitive to the shape. This is also observed in warped
compactifications.

The fact of having found a critical point in a gravity
theory with second order field equations is interesting on its
own right. Higher-derivative theories typically give rise to
extra massive excitations that, at the critical point, coalesce
with a massless mode, leading ipso facto to the emergence
of new low decaying mode in the bulk. The latter, from the
dual perspective, comes to source states that render the CFT
nonunitary; e.g., this is, for example, what happens with the
so-called log gravity at the chiral point of TMG, and
examples in Critical Gravity in higher dimensions can be
constructed. This usually requires the prescription of strong
boundary conditions which suffice to render the theory
dynamically trivial. In our setup, being a higher-curvature
theory of second order, this is different: The vanishing of
the entropy and the conserved charges associated to the
WAAJS; black holes implies that the Virasoro central charge
and the Kac-Moody level of the dual WCFT, are zero, and
we take this as evidence that the latter theory is trivial. In
many respects, these critical points of WAdS; x Xp_;
vacua are the squashed/stretched analogs of the AdSp
Chern-Simons point of Lovelock gravity.
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