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Abstract: We review constructions of three-dimensional ‘quantum’ black holes. Such spacetimes arise
via holographic braneworlds and are exact solutions to an induced higher-derivative theory of gravity
consistently coupled to a large-c quantum field theory with an ultraviolet cutoff, accounting for all
orders of semi-classical backreaction. Notably, such quantum-corrected black holes are much larger
than the Planck length. We describe the geometry and horizon thermodynamics of a host of asymp-
totically (anti-) de Sitter and flat quantum black holes. A summary of higher-dimensional extensions
is given. We survey multiple applications of quantum black holes and braneworld holography.

Keywords: black holes; semi-classical gravity; AdS/CFT; gravitational holography; braneworlds

1. Overview

Semi-classical gravity remains a useful proxy to study quantum effects in gravity from
the perspective of a macroscopic observer. In this context, quantum fields live in a classical
dynamical spacetime where the combined system is characterized by the semi-classical
Einstein equations [1,2]

FT
Gab(g)+Agub :87'CGN<T1§% > (1)

On the left-hand side is the usual Einstein tensor for a classical spacetime g,; with cos-
mological constant A, while on the right-hand side <TaQbFT> is the expectation value of the
(renormalized) stress—energy tensor of the quantum field theory in some quantum state |'¥).
Semi-classical gravity should be viewed as an approximation and only valid in a certain
regime. Indeed, the semi-classical approximation fails near the Planck scale, as at this level,
quantum gravity effects become important, such that (1) can no longer be trusted. Further,
the semi-classical fields in Equation (1) are not expected to be valid for generic quantum
states |¥), e.g., macroscopic superpositions [3]. They are, however, known to be valid when
|'Y) is approximately classical, i.e., a coherent state.

Even in its regime of validity, solutions to semi-classical gravity, particularly black
holes, are difficult to study consistently. Largely, this is because solving (1) amounts
to solving the problem of a backreaction—how quantum matter influences the classical
geometry and vice versa—which is a notoriously difficult and open problem, as it requires
simultaneously solving a coupled system of geometry and quantum correlators. Often, in
three spacetime dimensions and higher!, the problem is examined perturbatively, offering
limited insight, especially when backreaction effects become large. These difficulties only
compound when there are a large number of quantum fields, or when the field theory is
strongly coupled, as is the case for quantum chromodynamics and the standard model of
particle physics.

A context in which the physics of a large-N number of strongly interacting quantum
fields may be probed is the Anti-de Sitter/conformal field theory (AdS/CFT) correspon-
dence [6]. Born out of studies in string theory, AdS/CFT is a non-perturbative candidate
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model of quantum gravity, where gravitational physics in a bulk 4 + 1-dimensional asymp-
totically AdS spacetime has a dual description in terms of a CFT living on the d-dimensional
conformal boundary of AdS. This duality is therefore a concrete realization of gravitational
holography [7,8]. More specifically, in a large-N expansion, the planar diagram limit of
the CFT, the bulk is well approximated by classical gravity (we will state this dictionary
more precisely below). A powerful feature of the AdS/CFT correspondence is strong—weak
coupling duality: coupling constants between the bulk and boundary theories are inversely
related, Gy ~ N~1. Thus, computations of strongly coupled field theories may instead
be performed via a classical gravity calculation. While the boundary geometry on which
the CFT lives may be curved (and even contain black holes [9]), it is fixed. Consequently,
standard AdS/CFT holography alone is insufficient for addressing the semi-classical back-
reaction problem?.

Enter braneworld holography [11]. Historically introduced as a possible solution to
the hierarchy problem [12,13], braneworld models treat the four-dimensional universe
we experience as a membrane sitting in a spacetime with large extra-dimensions. When
combined with holography, braneworlds function as a useful toolkit to address difficult
problems in semi-classical gravity. In this framework, AdS/CFT duality is adapted to
incorporate situations where a portion of the bulk, including its boundary, is removed by a
d-dimensional Randall-Sundrum [13,14] or Karch-Randall [15,16] braneworld. Crucially,
the geometry of the end-of-the-world (ETW) brane is dynamical, having an induced theory
of gravity. More precisely, the brane serves as an infrared cutoff in the bulk, translating to a
ultraviolet (UV) cutoff for the holographic CFT. As in holographic renormalization [17-21],
a tower of higher-derivative corrections to the d-dimensional Einstein—-Hilbert action are in-
duced by the holographic cutoff CFT;. From the brane perspective, the induced theory may
thus be interpreted as a semi-classical theory of gravity [22], where the higher-derivative
corrections incorporate backreaction effects due to the CFT living on the brane, which is
governed by

Gij + Aygij + (higher-curvature) = 87er<Tij FT>p1anar' (2)

Here, A; and G; are induced cosmological and Newton constants on the brane, and the
right-hand side indicates the holographic CFT is in its planar limit’.

At first glance, it would appear the braneworld has only complicated the situation
with its higher-derivative corrections: solving the induced field Equation (2) requires solv-
ing the problem of backreaction in a complex higher-derivative theory of gravity. The
computational advantage of braneworld holography, however, is that the semi-classical
induced brane theory has an equivalent bulk description in terms of classical AdS;,4
gravity coupled to a brane obeying Israel junction conditions. Thus, exact spacetimes
solving the classical bulk field equations with brane boundary conditions automatically cor-
respond to exact solutions to the semi-classical brane equations of motion (2). Holographic
braneworlds thus provide a means to exactly study the problem of backreaction without
having to explicitly solve semi-classical field equations. In particular, classical AdS;, 4
black holes which localize on the ETW brane are conjectured to precisely map to black
holes in d-dimensions, including all orders of quantum backreaction [22], i.e., ‘quantum’
black holes.

The primary purpose of this article is to review the state of the art regarding such holo-
graphic quantum black holes. Emphasis is given to a particular class of analytic black holes
which localize on an AdS, braneworld, which were first uncovered by Emparan, Horowitz
and Myers [23,24], corresponding to three-dimensional quantum black holes [22,25-27].
These braneworld black holes lead to an important observation: a backreaction can lead
to the existence of black holes where there were none before. That is, famously, there are
no black hole solutions in vacuum to classical Einstein gravity in three dimensions with
positive or vanishing cosmological constant. Rather, the geometry of a point mass in Minkj
or dSs is described as a conical defect without a black hole horizon [28,29]; Schwarzschild-
dSs, for example, is a conical defect with a single cosmological horizon but no black hole
horizon. Quantum corrections due to backreaction alter the three-dimensional geometry in
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such a way that a black hole horizon is induced, leading to a type of (quantum) censorship
of conical singularities. Meanwhile, classical black holes do exist in three-dimensional
Einstein gravity with a negative cosmological constant [30,31], which is a consequence
of the tendency for gravitational collapse afforded by the negatively curved geometry.
Nonetheless, in such contexts, a backreaction yields behavior strikingly different from their
classical counterparts.

A secondary goal of this review is to advertise a host of applications of holographic
quantum black holes. These include the exact study of semi-classical horizon thermody-
namics, holographic entanglement entropy and complexity, and the prospect of probing
black hole singularities. Combined, quantum black holes serve as a theoretical laboratory
to exactly test ideas in semi-classical/quantum gravity, deserving of further exploration.

Road Map and High-Level Summary

Backreaction without holography. Section 2 sets the stage by exploring quantum correc-
tions to three-dimensional geometries at the perturbative level. This demonstrates that one
need not appeal to AdS/CFT or holographic braneworlds to see how a quantum backreac-
tion alters classical three-dimensional geometry. For example, a conformally coupled scalar
field in Schwarzschild-(A)dSz produces a Casimir effect with negative energy density such
that, upon solving the semi-classical Einstein Equation (1), the linear-order change to the
tt-component of the metric in static patch coordinates goes like [32,33]

oy = ———=, 3)

where Lp = iGj3 is the Planck length in three dimensions* and F(M) is a positive function
of the mass of the point particle generating the conical defect. The 1/r-correction—which
is solely a quantum effect—modifies the original blackening factor and its root structure,
implying a black horizon may arise due to a backreaction. However, since the correction is
on the order of the Planck length, this conclusion is tenuous, since quantum gravity effects
are expected to play a role at this scale. If there is a large-c amount of such quantum fields,
it is conceivable that their combined quantum effect is to produce a correction proportional
to cLp >> Lp, for which quantum gravity effects can be neglected. Unfortunately, it is thus
far unknown how to solve the backreaction problem with such a large number of fields via
non-holographic methods. Thus, while the perturbative analysis is suggestive, it advocates
for the holographic braneworld approach described above.

Holographic braneworlds and quantum black holes. In Section 3, we present a general
portrait of braneworld holography and quantum black holes. Historically, this framework
is a natural extension of holographic renormalization, and it is a prescription where bulk
infrared (IR) divergences are eliminated by introducing an IR cutoff hypersurface near the
AdS boundary, adding local counterterms, and employing a minimal subtraction scheme.
In standard braneworld holography, the IR cutoff surface is replaced by an end-of-the-
world brane B of tension 7. The would-be divergent counterterms now combine with
the brane action as seen from the bulk, leading to an induced theory of higher-derivative
gravity on the brane (34)

I —L/ddx\/th_zA +L RZ_LRZ 4. 4)
P T 167Gy Ui SNCERICEF AN ATCESY '

coupled to a CFT with an ultraviolet cutoff. Here, G; and A are induced scales dependent
on the bulk Newton and cosmological constant and brane tension, and the ellipsis denotes
an infinite tower of higher-derivative terms, which is proportional to increasing positive
powers of the bulk AdS length scale L. A metric variation of this action results in the
semi-classical equations of motion (2), the solutions of which are conjectured to constitute
quantum-corrected geometries due to the backreaction of a large-c holographic CFT with a
UV cutoff.
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Benchmarking quantum black holes. Section 4 is devoted to constructing three-dimensional
quantum black holes using holographic braneworlds, including static and rotating black

holes in AdS; (Section 4.2), dS;3 (Section 4.3), and Minkowskis (Section 4.4). In all cases,
the bulk geometry is taken to be the AdS; C-metric, with either a Karch-Randall (asymp-
totically AdS3) or Randall-Sundrum (asymptotically flat or dSz) end-of-the-world brane

embedded inside. The neutral, static geometries induced on the brane include corrections

of the type (3), supporting the intuition gained from the perturbative analysis. For example,
the static quantum BTZ black hole is (64)

52 72 -1
d2pr7 = (V —8GsM — W)d? ; <;§ 8GsM — EF(VM)> a7 + A, (5)
where M is the black hole mass, and G3 is a renormalized Newton’s constant due to an
all-order resummation of the higher-derivative terms appearing in the induced action (4).
One notable difference between the black hole (5) and the perturbative geometry (3) is
that £ ~ cLp > Lp, where c is the central charge of the cutoff CFT3 on the brane. Thus,
the correction appears on a scale where quantum gravitational effects can be consistently
ignored; the geometry (5) is a quantum-corrected black hole much larger than the Planck
length. Further, the geometry (5) is an exact solution to the semi-classical brane theory.
Quantum black hole thermodynamics. Section 5 focuses on the horizon thermodynamics
of quantum black holes. As with the geometry, the thermodynamics of the braneworld
black hole is induced from the thermodynamics of the bulk AdS black hole. For example,
the bulk and brane horizon temperatures coincide. Meanwhile, the bulk entropy, given by
the Bekenstein—-Hawking area relation, is reinterpreted as generalized entropy
Si <= S, ©6)

the sum of gravitational and matter entanglement entropies. Consequently, from the brane
perspective, the first law of thermodynamics of quantum black holes is

dM = TdSh + ... )
where the ellipsis refers to possible additional variations such as rotation or charge. Thus,
by accounting for a semi-classical backreaction, classical gravitational entropy is replaced
by its semi-classical generalization. Since the bulk thermodynamic variables are exactly
known, the first law holds to all orders of backreaction. This is highly non-trivial from the
brane perspective. Indeed, the induced semi-classical theory includes an infinite tower
of higher-derivative terms and the matter entropy of the cutoff CFT3. To determine the
entropy and mass non-perturbatively in a backreaction would require a resummation of
the infinite tower of terms and knowledge of how to compute the von Neumann entropy
of the CFT3, which is a supremely challenging task. Via holography, this resummation is
performed by the bulk.

Holographic braneworlds, moreover, provide a natural higher-dimensional origin
of extended black hole thermodynamics (Section 5.6), where the cosmological constant is
treated as a dynamical pressure. This is because the cosmological constant on the brane is
partly induced by the brane tension. Tuning the brane tension alone amounts to varying the
induced brane cosmological constant, such that mechanical work performed by the brane
is interpreted as extended thermodynamics of the black hole on the brane. Intriguingly, all
AdS3 quantum black holes obey a semi-classical generalization of the reverse isoperimetric
inequality, indicating quantum black holes have a maximal entropy state at fixed volume.

Quantum black holes can also have a wildly different thermal phase structure than
their classical counterparts (Section 5.8). Specifically, in the case of the static quantum
BTZ black hole, a large enough backreaction triggers reentrant phase transitions, e.g., a
transition from thermal AdS to the quantum black hole back to thermal AdS. The first
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of these transitions can be understood as a quantum analog of the familiar first-order
Hawking-Page transition of AdS black holes, while the second transition back to thermal
AdS is entirely a consequence of non-perturbative backreaction effects.

Puzzles in higher-dimensions. Section 6 briefly reviews the history and status of higher-
dimensional braneworld black holes and their semi-classical interpretation. Indeed, while
we focus on three-dimensional quantum black holes, the conjecture [22,34] that classical
bulk black holes correspond to quantum-corrected black holes on the brane, in principle,
holds in arbitrary spacetime dimensions. After assessing arguments that imply four and
higher-dimensional quantum black holes must be evaporating, we describe static four-
dimensional braneworld black holes and their peculiar features when viewed as quantum
black holes. We conclude with a short summary regarding the holographic duals of
evaporating black holes.

Applications. In Section 7, we present a non-exhaustive list of applications and possible
avenues for future research using the quantum black hole constructions described in this
review. Historically, braneworlds, motivated by string theory, were conceived as possible
resolutions to problems in high-energy phenomenology, e.g., the hierarchy problem of the
standard model of particle physics [12,13]. Although there are yet to be any experimental
signatures of extra dimensions or braneworlds, the view taken here is that braneworld
holography provides an invaluable framework to test ideas in (non-perturbative) semi-
classical gravity and beyond. For example, prescriptions in holographic information theory,
i.e., entanglement entropy and complexity, can be tested in the context of quantum black
holes. Moreover, classical ideas such as cosmic censorship can be revisited using quantum
black holes as a guide.

Appendices. While unnecessary to follow the core narrative of this review, we include
a number of appendices to be self-contained and pedagogical. The conventions used in
the majority of this review are presented in Appendix A. In Appendix B, we provide
further details about holographic regularization, including a detailed derivation of the
local counterterms that give rise to the induced gravity theory on the brane. Appendix
C summarizes the relevant history and physics of braneworlds. Geometric elements of
the C-metric utilized in the main text are given in Appendix D. Appendix E presents a
derivation of the thermodynamics of the static, neutral quantum BTZ black hole using a
(bulk) canonical partition function.

2. Black Holes and Backreaction in 3D: A Perturbative Analysis
2.1. Three-Dimensional Black Holes and Conical Defects

In vacuum general relativity, black holes tend to disappear when lowering the space-
time dimension from four to three. This can be understood at the level of dimensional
analysis. If the only dimensionful parameter is three-dimensional Newton’s constant G3,
then introducing a massive object of mass M does not introduce an additional length scale
needed to characterize a black hole horizon solely in terms of its mass; indeed, G3M is
dimensionless’. In fact, a massive point particle in flat (2 + 1)-dimensional general relativity
is a conical defect with angular deficit § = 277(1 — /1 — 8G3M) and a conical singularity at
the origin [28]. Moreover, while a cosmological constant A will introduce another length
scale, this alone is not sufficient to have a black hole horizon. Gravitational attraction is
also required.

To elaborate, there are black holes in asymptotically AdS;. Namely, the Bafiados—
Teitelboim—Zanelli (BTZ) black hole [30,31]

ds? = —N(r)dt* + N~ (r)dr® + r*(d$ + Npdt)?, (8)
with lapse and shift metric functions

(4G3])?
rz2

4G
— ©)

2
N(r) = —8GsM + % + Ny =
3
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for mass M and spin . The roots of the lapse,

2 2
1= L3 [8G3Mi \/(8G3M)2 - (863]> ] (10)
2 Ly

characterize the outer () and inner/Cauchy (r_) horizons, with 4 > r_ > 0, assuming
MLz > ] > 0 to avoid naked singularities. The reason we can interpret the BTZ metric
as a ‘black hole’ is because the negatively curved geometry of AdS; provides an innate
geometric tendency for gravitational collapse (see, e.g., [35])°. Alternatively, there are no
black holes in dSs; the positively curved dSz background leads to an inability for collapse’.
Consequently, a point mass in dSs, is described by a conical defect [29] with a single
cosmological horizon.

To see this latter point, consider the Kerr-dS; metric. The line element formally takes
the same form as (8) except now with lapse and shift functions

2 (4Gs])? 4Gs]
N(F):1—8G3M—R%+( 1’2) y N¢E+TTI (].1)
where R3 denotes the dS; length scale and the “+” sign in Ny denotes convention. Next, we
introduce dimensionless parameters v = 4. /R3 and « = —4G3J/yR3 = ir—/R3, where
r4 are
RZ 2
i = 73 [(1 —8G3M) £ \/(1 —8G3M)? — (8123]) ] , (12)
3

with only a single positive root, r, identified as the cosmological horizon. Then, the
coordinate transformation [27,29,39]

(r/R3)? 4 a2

F=7t+aRsp, ¢=7¢p—at/Rs, F/R3= V4 a2 (13)
brings the Kerr—dS3; geometry into an empty dS; form, i.e.,
-1
2 7\ o 7 2 2072
3 3

Here, however, the coordinates (f,$) do not have the same periodicity as standard dSs,
where (t,7,¢) ~ (t,r,¢ + 27). Rather,

(£,¢) ~ (F+27mR3a, p + 2717). (15)

Thence, Kerr—dSs is a conical defect geometry with angular deficit 6 = 277(1 — 7).

It is worth pointing out that the AdS; geometry (8) is not always a black hole. For
8GsM < 0, the geometry is a conical defect, taking the form of empty AdS;3 (the line
element (14) with Wick rotation R3 = —iL3), with the same periodicity (15), where now
# =r,/Lzand v = 4G3i]/L3%. In particular, when | = 0, the states with —1 < 8G3M <
0 correspond to conical defects with angular deficit 6 = 27(1 — /—8G3M), while for
8G3M < —1, the geometry has a conical excess; at 8GsM = —1, the BTZ geometry is exactly
empty AdS;. Furthermore, when 8G3M < 0 (for arbitrary J), the metric components are
well defined everywhere; i.e., there is no horizon and the conical singularity at ¥ = 0
is ‘naked’.

2.2. Backreaction and Quantum Dressing

Another way to introduce a dimensionful parameter is to allow for quantum effects.
Namely, for i # 0, there exists the three-dimensional Planck length Lp = 1G3 (though
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there is no notion of Planck mass in three dimensions). The question then is whether such
quantum effects can modify the classical three-dimensional geometry so as to induce a
(black hole) horizon when there was none before.

Evidence of this comes from perturbatively solving the semi-classical Einstein
Equation (1) for a conformally coupled scalar field ® [26,27,40-45], which is character-
ized by the action

1 1 1
I= 1671G; /de\/jg[R —2A] - 5 /de\/Tg{(Vq’)z + SRdDZ} (16)

In such a set-up, the first step is to determine the renormalized stress tensor (T,;). This
is accomplished by first constructing the Green function associated with the equation of
motion for the scalar field ® in (A)dSs;, (O — %R)QD = 0. Generically, the Green function is

1 A 1

G 7 ! - a 7
(%) 47t |x — x| 47 |x + x|

(17)

where A = 0,1, —1 corresponds to the scalar field obeying transparent, Neumann, or
Dirichlet boundary conditions, respectively. For non-rotating backgrounds’ and assuming
transparent boundary conditions, the renormalized stress tensor has the form

h
(T8) = SF%) diag(1,1,-2), (18)

where F(M) is a positive function of the mass. The explicit expression for F(M) is differ-
ent depending on whether the background is conical (A)dS3 or the BTZ geometry (see,
e.g., [26,27,44,45] for details), while the radial dependence and diagonal tensorial structure
will change when considering non-transparent boundary conditions [42]. In any case,
the Green function of the quantum scalar field in the BTZ background is in the Hartle—
Hawgking state, satisfying the Kubo-Martin-Schwinger (KMS) condition at the black hole
temperature [42].

Having the stress tensor (18) source the right-hand side of the semi-classical Einstein’s
Equation (1), one finds for the static geometry the O(Lp) correction to the three-dimensional
metric (8) is

r? 2LpF(M)

N(T‘) = ? — 8G3M — 5gtt ’ 5gtt = f ’ (19)
3

for the AdS; geometries, and

r? 2LpF(M
N(r) =1-8GsM— o5 —dgu, g = % , (20)
3

for conical dS;. Notably, dg; > 0, indicating gravitational attraction [32,33]'Y. This
attractive effect suggests that a horizon induced due to a semi-classical backreaction might
appear to dress the naked AdS; conical singularity or, in the case of conical dS, lead to a
black hole horizon in addition to its classical cosmological horizon.

The ‘horizon’ radius, however, is proportional to the Planck length at the scale when
quantum gravitational effects are expected to become important. Consequently, the above
perturbative semi-classical analysis cannot be trusted, and we are not able to conclude
the backreacted geometry results in a genuine horizon. This is not to say a semi-classical
backreaction will always result in Planckian-sized horizons. Indeed, both gravitational
and quantum effects are at play: a large ¢ > 1 number of conformally coupled scalars
results in a combined quantum effect o< ¢/ which may gravitate to yield large semi-classical
black holes, i.e., those with horizon radius ~ Gch = cLp >> Lp, for which quantum gravity
effects may be safely neglected. To verify this, the backreaction problem of a large number
of fields must be non-linearly accounted for, and, thus far, perturbative methods have been
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unable to accomplish this consistently. Braneworld holography provides a framework for
which the backreaction problem due to a large-c holographic conformal field theory can be
exactly solved.

3. Braneworld Holography and Quantum Black Holes

The perturbative analysis above suggests that a semi-classical backreaction due to
quantum fields can lead to the appearance of a black hole horizon when there was none
before. Due to the limitations of the perturbative approach, however, the observation is
cursory at best. Since the perturbative correction to the classical geometry is on the order
of the Planck scale, we cannot definitively argue that a black horizon appears. Only if
there are a large-c number of quantum fields present would this conclusion be plausible.
The only known framework where a solution with these requirements can be consistently
achieved is braneworld holography, where one innately works in a large-c limit. Below, we
summarize the relevant aspects of holographic braneworlds.

3.1. AdS/CFT Dictionary and Holographic Renormalization

The AdS/CFT correspondence [6], in its strongest form, describes a duality between
a theory of gravity and conformal field theory at the level of their partition functions, as
summarized by Gubser, Klebanov, Polyakov and Witten (GKPW) [46,47]

<e Jo O¢(0)> = Zarar[910)] 0 1)
CFT

On the right-hand side, we have the gravitational partition function of a bulk field ®
over an asymptotically d + 1-dimensional AdS spacetime M, with conformal boundary
dM, and ¢ is the fixed boundary value of the bulk field ®. On the left-hand side is
the generating functional for the dual d-dimensional CFT living on .M, where O is the
field theory operator dual to the bulk field. Taking variations with respect to ¢y and then
setting ¢ (o) = 0, one can obtain correlation functions of O, which are sourced by ¢ q). This
equivalence of partition functions (21) is often dubbed the standard AdS/CFT dictionary,
and, at least formally, it defines a model of non-perturbative quantum gravity.

One of the essential features of the AdS/CFT correspondence is that it can probe
strongly coupled field theories on a non-dynamical background using weakly coupled,
classical (super)gravity. This is because, typically, the holographic field theories are non-
Abelian gauge theories with a gauge group of rank N and 't Hooft coupling A, where,
at large-N and A >> 1 (the planar-diagram limit), the dynamics are effectively classical,
with O(1/N) corrections in the dual field theory corresponding to bulk gravity quantum
corrections O(G)'!. More generally, the dual field theory degrees of freedom are encoded
in the central charge ¢, which, for known holographic theories scale with N, i.e., ¢ ~ N*
for positive, real a. Thus, the large-c limit coincides with the classical limit'? in the bulk,
and the right-hand side of the dictionary (21) may be approximately given by a sum over
classical saddles {®;}

lim <e_ Jor O¢(0) > = 2 e*@?a-\sfhe“ [(Di], (22)
e CFT i

where each field configuration @; is a solution to the bulk classical gravity equations of
motion subject to the prescribed boundary conditions'®. A particular case of interest is to
turn off all sources ¢ ) except those with the boundary value of the bulk metric. In such an
event, at large c, it is consistent to turn off all bulk fields except the metric, such that the
bulk is described by a pure theory of gravity, which is often taken to be the Einstein-Hilbert
action.
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I =
167Gy

Holographic Renormalization

The standard dictionary (21), however, requires special care in regard to divergences.
Indeed, even at tree level (22), the gravity partition function exhibits long-distance infrared
(IR) divergences, which correspond to ultraviolet (UV) divergences in the CFT correlation
functions. These divergences may be removed via holographic renormalization, which is
a prescription that adds appropriate local counterterms [17-21] in a minimal subtraction
scheme. Since they will become relevant momentarily, let us outline the holographic
renormalization procedure, leaving further computational details for Appendix B.

Consider a bulk asymptotically AdS;,; spacetime M of curvature scale L; 1 and
cosmological constant Ay = —d(d —1)/2L3 41 Which is governed by classical Einstein

gravity

_ 1 d+1.,. /~3(D _ / dy
ik = Tgrg /Md /=g (R—2Ag01) + [ dVTRK (@3)

871Gy 11

Here, G;,1 is the d + 1-dimensional Newton’s constant, §,; is the metric endowed on M,
and K in the Gibbons-Hawking York (GHY) boundary term is the trace of the extrinsic
curvature of the boundary submanifold 0. M endowed with induced metric /;;. Working in
the large-c, planar-diagram limit, the bulk gravity theory has a dual holographic description
in terms of a CFT} living on the asymptotic conformal boundary oM.

Asymptotically, the bulk AdS spacetime can be cast in a Fefferman—Graham gauge [48,49]
such that near the boundary

A do? 1 o

ds? = gﬂbdx“dxb = L§+1 <452 + pgij(x,p)dxldx]) (24)
where the d-dimensional metric has the expansion g;i(x,p) = gfjo)(x) + pgi(jz) (%) + ... +
/2 gZ(]fi) (x). The conformal boundary is located at p = 0. By perturbatively solving the bulk
Einstein’s equations, the higher-order metric coefficients gl(jbo)

(©)
1
On shell, the bulk action (23) has IR divergences at p = 0. To isolate and regulate these
divergences, we introduce an IR cutoff p = €, for € < 1, near the asymptotic boundary, and
integrate over bulk coordinate p between € < p < p., where p. > € is some constant'®. See

Figure 1 for an illustration. This procedure produces a regulated bulk action,

(x) may be cast covariantly

in terms of the metric g;.” and derivatives thereof.

1 .
reg d+1 —5(P _ dyr/_
L5 = 167Goe, [ p>€d x/=8§(R—2A441) +2 d%x/ hK]. (25)

p=¢€
Using the perturbative expansion for g;;(x, p), the regulated action (25) may be divided
into a contribution Iy, which diverges in the limit € — 0 and a finite contribution I,

I8 = Liiy + Ifin- (26)

Schematically, the IR divergent contribution is (see Appendix B for details)

_ _Lan d —d/2 —d/2+1 -1
Laiv = 167Gy /d x\/8(0) [e a) € ap)y+..te ag o — logea(d)}, (27)

(0)

with coefficients a(g), 4 3), ... that are covariant combinations of g; j and its derivatives. In

terms of the boundary metric £, it may be cast as

L 2(d—1) R L2 dR2
T67Gsn /675"“‘7[ ot e (M )

(28)
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Figure 1. Holographic regularization. A constant timeslice of empty AdS;, 1. An IR cutoff surface is
introduced at p = € (thick, red line). The regulated action follows from integrating out the bulk radial
coordinate from € < p < p.. As € — 0, the cutoff surface recedes to the AdS boundary.

where the ellipsis indicates higher-curvature and higher-derivative contributions (see,
e.g., [17,21,51,52]). The finite contribution Ig, ~ O(€%) + O(e)... survives the € — 0 limit,
though it will also typically include higher-curvature terms. Its interpretation will be
given momentarily.

At this stage, the renormalized action is obtained by minimal subtraction,

T reg
I = lim (%, + ), 9)
where a local counterterm action has been introduced, I.; = — Iy, to precisely cancel the

IR divergences. Then, via the standard AdS/CFT dictionary, variations with respect to the
metric h;; of the renormalized action yields the quantum expectation value of the stress
tensor of the holographic CFT,

(TSFTy — fim [ —— 2 Ol _ 2 6Wcrr[h]

T e\ Vi(x,p) 087 (x€) Vi oni
such that the renormalized bulk action is identified with the quantum effective action of
the CFT, Wcpr[h]. Thus, at leading order, the finite action I, characterizes the CFT.

(30)

3.2. Braneworld Holography

In braneworld holography [11], the bulk IR cutoff surface d M is instead replaced by a
d-dimensional end-of-the-world (ETW) Randall-Sundrum [13,14] or Karch-Randall [15,16]
brane B at a small fixed distance away from the boundary (for a lightning review of
braneworlds, see Appendix C). Hence, the physical space is cut off at the ETW brane and
there are no longer IR divergences to be removed. For simplicity, assume the brane is purely
tensional, having an action

I = —T/dex\/?h, (31)

where T is the brane tension. Since a portion of the bulk has been removed, to complete the
space, a second copy of AdS; 1 with a brane is sewn to the first cutoff geometry along the
cutoff surface (see Figure 2). This surgical procedure leads to a discontinuity in the extrinsic
curvature Kj; across the junction. The Israel junction conditons [53] relate this discontinuity
to the brane stress tensor S;; via

AKl‘]' — hl]AK = 87‘[Gd+151']‘ = *87'L'Gd+1’['hl‘]‘, (32)
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Figure 2. Braneworld surgery. Replace the IR cutoff surface with an end-of-the-world (Karch-
Randall) brane B (thick, red line), excising the shaded region from the bulk spacetime. To complete
the space, two copies of the spacetime are glued along B, making the brane double-sided. A BCFT,
lives on the AdS; 1 boundary d M and is coupled to a defect CFT;_; where B intersects the AdS
boundary (yellow dot). The induced brane theory is characterized by a specific higher-derivative
gravity coupled to a CFT; with a UV cutoff.

where AKj; = K; — Kl; denotes the difference between the extrinsic curvature across either

‘+" and ‘—’ sides of the brane (here, we take K; = —Ki; such that AK;; = 2Kj;), and
the last equality follows from taking the metric /;; variation of the brane action (31), i.e.,
S.. = 2 Ol

i = e Thus, the location of the brane in the completed space is determined by the

junction conditions (32), which in the present case amounts to tuning the brane tension .

Moreover, unlike the metric on the AdS boundary, the brane metric is dynamical, and

it is governed by a holographically induced higher-curvature theory of gravity coupled

to matter. Precisely, the induced brane theory is found by adding to the bulk theory (23)

the brane action (31). Integrating out the bulk up to the ETW brane B, as in holographic
regularization, leads to an effective induced theory with action I

I'= IBgrav [B] + ICFT [BL (33)
where the brane gravity theory is (cf. [52,54])
IBgraV - 2Icliv + I

/ddxF{R 2Ad+(d—f}‘§—(~_{;—2)(R%4<;”i21)>+“':|’ (34)

1671’Gd

where the factor of two accounts for integrating out the bulk on both sides of the brane,
and the ellipsis corresponds to higher curvature densities, entering with higher powers of
L? +1- So far, the higher-derivative contributions have been computed up to quintic order in
curvature for arbitrary d and sextic order for d = 3 [52]. In principle, these results could be
extended to arbitrary order, even though the calculations might be practically prohibitive.
Here, G; represents the effective brane Newton’s constant induced from the bulk

d—-2

G = 57— Gan, ()
and Ay = —(d —1)(d — 2) /2L3 is an effective brane cosmological constant with an induced
curvature scale Ly
1 2 471Gy 1L
= <1 _ WT) (36)
Ld Lin N
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As written, it has been assumed the brane has a negative cosmological constant such that
the bulk theory is coupled to a Karch-Randall brane [15]. When coupled to a Randall-
Sundrum brane, the brane cosmological constant can be tuned to be positive or zero, as
will be considered later.

Due to the presence of higher-derivative terms in the induced action (34), the brane
theory of gravity is in general ‘massive’ since a massive graviton bound state will localize
on the brane [15]. This brane graviton mass, however, will become negligible for a brane
very near the boundary. Furthermore, general higher-derivative theories of gravity are
often sick since they are typically accompanied by ghosts. In the present case, however,
provided the series of higher-derivative terms is not truncated, the brane theory is not
expected to inherit these usual pathologies, since the starting bulk theory and the procedure
of integrating out bulk degrees of freedom are not pathological.

The action Icpr[B], meanwhile, describes the CFT theory, now living on the brane, and
corresponds to the finite contribution to the regulated bulk action upon integrating out the
bulk. To see this, note that upon integrating out the bulk degrees of freedom on both sides
of the brane, we have

=218 + 1. (37)

Then, add and subtract the 214;y, giving
I= (24 + Ir) + Qg — 2aiv), (38)

where the first term in parentheses is recognized as Ipgray (34). The second term is simply
215, = Icpr, which, to leading order in the cutoff ¢, is identified with the quantum effective
action of the CFT, Icpr = Wcepr + O(€). In most cases of interest, we work in the limit
that € is small, i.e., when the brane is close to the (now fictitious) AdS;,; boundary, such
that the matter on the brane has an approximate description as a large-c holographic CFT.
Roughly speaking, a portion of the conformal AdS;; boundary has been pushed into the
bulk, such that the dual CFT, is now residing on the brane—however, this comes at a cost.
Since the brane represents an IR cutoff surface, the CFT has a UV cutoff [55,56]. The cutoff,
2
brane metric h;; = (LgJrl /e)gz.(jo), the UV cutoff of the CFT is dyy = Lj,1.

from the perspective of the boundary g..’ metric, is denoted by €, while from the induced

3.3. Double Holography

A Karch-Randall braneworld'” has three equivalent descriptions: (i) bulk, (ii) interme-
diate, and (iii) boundary.

¢ Bulk: The bulk perspective is that of classical dynamical gravity in AdS;; coupled to
an asymptotically AdS; ETW brane of tension 7. The simplest set-up assumes Einstein
gravity plus a purely tensional brane; however, it is in principle possible to include
higher-curvature corrections or fields to the bulk or brane actions. Israel junction
conditions determine the location of the brane in the bulk, such that for a purely
tensional brane, tuning the tension constitutes changing the position of the brane.

¢ Intermediate: The intermediate brane viewpoint describes induced dynamical gravity
coupled to a UV cutoff CFT; UV, which further communicates with a boundary CFT,
(BCFTy) via transparent boundary conditions. Bulk graviton fluctuations localize
on the brane [13,14]. A subset of these graviton modes are light states with mass
controlled by the tension; hence, the induced brane theory is an example of a massive
theory of gravity. The remaining bulk graviton modes appear as a tower of Kaluza-
Klein modes with masses set by the effective AdS; brane length scale 1/L;.

*  Boundary: Holographically, the bulk system has a dual description in terms of a CFT}
with a boundary (where the brane intersects the AdS; 1 boundary), i.e., a boundary
CFT,. This set-up constitutes AdS/BCFT [57,58]. This perspective emerges when the
brane gravity itself has a dual description in terms of a (d — 1)-dimensional conformal
defect. Upon replacing the brane gravity by a conformal defect (by integrating out
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the bulk and brane), the boundary perspective is characterized by the CFT; on a
fixed background, which is coupled to the defect. The boundary perspective is thus a
UV /microscopic description of the bulk/brane gravity viewpoints.

Specific models exhibiting this type of ‘double holography’—holographic spacetimes
dual to a BCFT that have three equivalent descriptions—have top—down string theoretic
realizations [59]. We, however, will work with bottom—up constructions, for which their
doubly holographic nature will play an important role in studying aspects of holographic
entanglement and complexity, as we summarize in Section 7'°.

3.4. Holographic Quantum Black Holes: A Conjecture

Two equivalent ways to interpret the theory (33) are as follows. From the bulk per-
spective, I characterizes a theory of a (d + 1)-dimensional system with dynamics ruled
by Einstein gravity coupled to an end-of-the-world brane obeying appropriate boundary
conditions. Meanwhile, from the (intermediate) brane perspective, I represents a specific
higher-curvature gravity in d dimensions coupled to a large-c cutoff CFT that backreacts
on the brane metric /;;. The tower of higher-order derivative terms to the Einstein—Hilbert
contribution represents quantum corrections induced by the backreaction of the CFT;. We
refer to this higher-derivative tower as ‘corrections’ because in most cases of interest, one
treats the brane action as an effective theory, assuming L; > L;,1 and guaranteeing the
higher-derivative terms are suppressed by at least O (L3 1/ L2)". Consistency between
these two viewpoints implies solutions to the classical bulk equations satisfying proper
brane boundary conditions exactly correspond to solutions to the semi-classical field equa-
tions on the brane. Therefore, the classical (d + 1)-dimensional geometry encodes the entire
series of quantum corrections to the d-dimensional brane geometry, accounting for all or-
ders in the backreaction. Thus, holographic braneworlds provide a distinct computational
advantage: rather than directly solving a complicated semi-classical theory of gravity, one
may instead solve simpler classical gravitational field equations one dimension higher.

This philosophy, combined with the observation [62] that the ~ 1/73 corrections to
the four-dimensional Newtonian potential due to massive Kaluza—Klein modes in the
Randall-Sundrum model precisely coincide with corrections induced by one-loop quantum
effects of the graviton propagator [63], suggests braneworld black holes from the brane
perspective are quantum-corrected geometries. These insights in part motivated Emparan,
Fabbri and Kaloper [22] to make the following conjecture:

Conjecture: Classical black holes which localize on a brane in AdS;,1 exactly map to
d-dimensional quantum-corrected black holes including all orders of backreaction.

Such quantum-corrected black holes are dubbed ‘quantum’ black holes, though, they
technically are solutions to the semi-classical theory induced on the brane. An illustration
is given in Figure 3.

Explicit tests of this proposal include the exact localized AdS,; braneworld black
holes discovered by Emparan, Horowitz, and Myers [23,24] with their projection onto the
brane being reinterpreted as three-dimensional quantum black holes'®. As we will see
below, at least for the neutral, static geometries, the exact quantum black holes receive the
same modifications to their geometry as suggested by the (non-holographic) perturbative
analysis summarized in Section 2. The rotating and charged holographic quantum black
holes, meanwhile, do not match the non-holographic perturbatively corrected counterparts
(cf. [27,40,45]). In particular, a perturbative backreaction to the rotating BTZ black hole
or Kerr-dS; solution due to a conformally coupled scalar field leads to a wildly more
complicated radial dependence than that of a holographic CFT and a quantum stress tensor
with a qualitatively different singularity structure, having an impact on the status of strong
cosmic censorship. The remainder of this review will focus on these three-dimensional
quantum black holes.

Before moving on to analyze the three-dimensional black holes, it is worth briefly
commenting on the status of the proposal [22] in higher and lower dimensions. For brane
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Figure 3. Braneworld black hole. The bulk white region is excised down to the brane B (blue line)
and glued to a copy of itself. A bulk black hole with an event horizon (red line) is intersected by
(depicted here, Karch-Randall) brane, inducing a horizon on the brane.

dimensions d > 4, the most physically relevant case being d = 4, there are still no known
exact stationary solutions (see [64] for a review of analytic and numerical braneworld
black holes)!”. In fact, there is a no-go theorem [66] which alleges the exterior geometry
on the brane in d > 4 cannot be static. The lack of exact solutions makes identifying the
specific state of the CFT; more difficult. In [22,34], for d > 4, it was qualitatively argued
the obstruction to having static quantum black holes can be understood as a consequence
of backreaction due to Hawking effects, such that any black hole that localizes on the
brane must evaporate. However, static braneworld black holes in higher dimensions have
been found numerically, e.g., [67-72], and the qualitative argument was shown to have
flaws [69]. We review the status of the conjecture for higher-dimensional quantum black
holes in Section 6.

In d = 2 dimensions, the induced theory on the brane is characterized by a matter
quantum effective action, which to leading order in expansion in the UV cutoff is char-
acterized by the Polyakov action [4] coupled to a topological term and a cosmological
constant. The precise form of the brane action likewise follows from a modification of
holographic renormalization [19,50,73], where the counterterm action exactly truncates
(see also [74,75]). Such a theory does not admit black hole solutions by itself. Thus, in
order to find two-dimensional braneworld black holes, the theory must be modified by
including a Dvali-Gabadadze—Porrati (DGP) term [76] to the tensional brane action (31).
For example, one may replace the brane action (31) with a non-minimally coupled dilaton
theory, e.g., Jackiw-Teitelboim (JT) gravity [77,78], as seen in [54]*. Such dilaton models of
gravity admit exactly solvable black hole solutions including a semi-classical backreaction,
e.g., [84-87].

Lastly, let us make some general remarks about static black holes localized on the
brane. First, a brane with non-vanishing tension is an accelerated trajectory with respect
to the bulk, i.e., the brane does not undergo geodesic motion. Thus, a black hole which
localizes on the brane is in an accelerating frame, and it is the same for any observer glued
to the brane. Next, a static black hole stuck to the brane will neither eat the brane nor
slide off it. The reason is as follows [88]. To be static, the brane intersects the black hole
orthogonally; otherwise, the black hole would grow by eating the brane”!. Consequently,
the brane bends to remain orthogonal to the black hole if the latter is being pulled off the
brane (by, say, another black hole in the bulk). Thus, a static black hole localized on the
brane experiences a restoring force due to the tension of the brane and does not slide off.
Evaporating black holes, on the other hand, eventually slide off the brane.

4. Quantum Black Hole Taxonomy

Having laid the groundwork of braneworld holography in general dimensions, here
we focus on the d = 3 case, i.e., a holographic AdS, bulk with a three-dimensional ETW
brane. In this set-up, it is possible to write down a host of analytic braneworld black hole
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solutions to the bulk field equations plus Israel junction conditions. From the brane perspec-
tive, these black holes may be interpreted as ‘quantum’ black holes—those which exactly
solve the induced semi-classical brane gravity including all orders of backreaction due to
a large-c holographic CFT3 with a UV cutoff. Below, we classify known quantum black
holes in three-dimensional (A)dS and Minkowski backgrounds. These include the quantum
BTZ family of black holes (static, rotating, and charged) and their de Sitter /Minkowski
analogs. Each of these braneworld black holes arise from specific parametrizations of the
AdS, C-metric coupled to a Randall-Sundrum or Karch-Randall brane.

4.1. Bulk Geometry: AdS C-Metric

In this review, the bulk AdS, gravity is taken to be Einstein-Maxwell theory. The
most general metric solving the Einstein-Maxwell—A gravity is the Plebiafiski-Demiariski
type-D metric [89]. We are interested in a specific sub-class of solutions, namely the AdS,
C-metric, which can be interpreted as a single or pair of accelerating black holes in an
AdS, background, depending on the parameters of the solution. Here, we summarize
the essentials for the braneworld construction (see Appendix D for a longer review). In
particular, the neutral, non-rotating C-metric in Boyer-Lindquist-like coordinates has a line
element (primarily following the conventions of [25])

ds? = _e —H(r)dt* + dr? +7? A + G(x)d¢? (39)
T Wt H{r) Gx) )|
with metric functions
r? ut 2 3
H(r):ﬁ—'_K_T’ G(x) =1—xx" — ux°. (40)
3

We treat ¢ and r as time and radial coordinates, respectively. However, the range for r is
not the usual one for Boyer-Lindquist coordinates, with the AdS; conformal boundary
shifted from its familiar location, r = co. Rather, the position of the boundary depends on
the coordinate x: for some values of x, the conformal boundary is closer than infinity, while
for other values of x, the boundary is ‘further’ than infinity. That is, the radial coordinate
has range r € (—0, bary) U (0, 0), with xrpqry = —£ being the location of the asymptotic
AdS4 boundary, where the conformal factor diverges (this unfamiliar range for the radial
coordinate can be seen more readily using the (f,x,y,¢) coordinates in Appendix D).
Further, (x, ¢) are angular variables, with x € [—1, 1] analogous to cos 6, and ¢ is a general
azimuthal coordinate whose periodicity will be discussed below.

Here, y, x, £ and {3 are real parameters characterizing the solution whose physical
meaning will become more apparent momentarily. For now, ¥ = %1, 0 describes different
possible slicings of the brane geometry, e.g., k = —1 will recover the classical BTZ geom-
etry on the brane; however, here, we leave x unspecified, thereby describing a family of
braneworld black holes. The non-negative parameter y is related to the mass of the bulk
black hole. When interpreted as an accelerating black hole, the parameter £ > 0 equals the
inverse acceleration, A = ¢~1, and is related to the bulk AdS, length scale L4 via

1 1\

Lastly, the positive parameter {3 will be related to the AdS3 brane curvature scale, however,
with 0 < £ < o0, such that /3 > L.
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To gain further intuition for the global aspects of the metric (39), first set 4 = 0 and
perform the coordinate transformation [25]

cosh(o) = L4 ATm rx' 52 , P = ﬁ (42)

This brings the C-metric line element (39) to the form

-1

L2 2 22

ds* = L2do? + 7; cosh?(0) | — ( 7 ) dar* + (K + 22> dr* +#2dg? |, (43)
3 3

which is recognized to be empty AdSs, which is foliated by AdS; slices with radius
L4 cosh(o) at constant 0. Written this way, the role of x becomes apparent: for constant ,
x = 41, —1 and 0, respectively, correspond to global AdSs, BTZ and Poincaré AdSs.

To obtain a better sense for the parameter ¢ and why the geometry (39) describes a
black hole, perform the parameter and coordinate rescalings y = 2m/¢ and r = {3p//{.
Keeping m, L4, and p finite, the limit £ — oo results in

de 2

ds®> = —f(p)dt* + 1 (p)dp® + p* <(1Kx2) +(1- sz)dﬁbz)/ flo)=x+2 - Zﬂ’

Lz p
(44)

the metric for static, neutral AdS, black holes (further clarified upon transforming x =

cos ). Since £~ = A, the limiting geometry (44) shows the acceleration distorts spherical

surfaces parametrized by (x, ¢).

4.1.1. Horizons and Bulk Regularity

The limiting geometry (44) also shows black holes appear for y # 0. More generally,
whether the C-metric (39) has a black hole depends on the root structure of the metric
functions (40). In particular, the roots of H(r) correspond to Killing horizons generated by
the time translation Killing vector d;, where we desire positive roots if we are to describe
physical black hole horizons. Since the system is accelerating, it will also have non-compact
Rindler-like acceleration horizons. To rid ourselves of the acceleration horizon, it is suffi-
cient to work in the case where ¢ > L4. With this restriction, H(r) has a single positive root
r+ representing a black hole horizon??, and the C-metric describes a single ‘slowly acceler-
ating’ black hole suspended away from the center of AdS, by a cosmic string attached at
the horizon [90]. As with other spherical surfaces, the acceleration distorts the horizon into
a conical shape.

Real roots of G(x), meanwhile, correspond to symmetry axes of the Killing vector
g =0y ie, & ~ G(x), vanishing at a zero of G(x). These roots characterize the geometry
of the horizon in the bulk. To ensure a finite black hole horizon in the bulk, one must be in
the parameter space where there exists at least one positive root of G(x), the smallest of
which will be denoted x1, and then work in the restricted range 0 < x < xy. The general
strategy is the following [23,24]. Treat the root xq as a primary parameter while y is derived
from x1 via G(x1) =0, i.e.,

1—Kx?
= 45
2 e (45)
The desired parameter range follows from taking x; > 0 and
x1 € (0,1] for x = +1, (46)
x1 € (0,00) for x = —1,0. (47)

Observe y monotonically decreases from +oo to zero, where y = 0 coincides with the upper
limit of x1, e.g.,, whenx = +1, y — 0as x; — 1.
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Figure 4. Accelerating black hole. A constant t and ¢ slice of the AdS; C-metric in the ‘slow
acceleration” limit. Conical singularities in the C-metric distort the black hole horizon, giving it a
conical shape at one pole where a cosmic string is attached. The string pulls the black hole toward
the conformal boundary, suspending it away from the center.

Further, for the range of i and « we are interested in, G(x) has three distinct zeros,
each of which leads to a distinct conical singularity. The conical singularity at x = x1, for
example, is removed via the identification

47 47Txq1

e A ey R o

We see for the range of x1, the function G'(x1) = — % < 0, and that A¢ is independent
of £ and ¢3. Moreover, A¢ grows monotonically from 0 to 277. Fixing the period of ¢ in
this way, the spacetime will have conical singularities at the remaining roots of G(x). The
effect of these conical singularities is a distortion to the black hole horizon, which may be
viewed as a cosmic string with a tension proportional to the angular deficit pulling the
black hole away from the center of AdS, toward the boundary, generating the black hole
acceleration (see Figure 4). Below, we will see how the spacetime surgery used to construct
a Z» braneworld will eliminate these conical singularities from the surgically complete bulk
geometry.

4.1.2. Karch-Randall Braneworld Construction

The most advantageous geometric feature of the C-metric (39), for any y and «, is
that the x = 0 timelike hypersurface is umbilic. That is, the extrinsic curvature K;; of the
hypersurface is proportional to the induced metric /;; on x = 0. In particular, the outward

unit normal to timelike surfaces of constant x is n’ = — (% + %) \/G(x)d’, such that®® (see
Appendix D .4)
1
Kij = S hij (49)

at x = 0. Umbilic surfaces automatically satisfy the Israel junction conditions (32). In this
case, upon substituting (49), a brane at x = 0 has tension

S 1
N 271'G4€‘

(50)

Thus, the tension is proportional to the acceleration of the bulk black hole. The tensionless
limit corresponds to ¢ — co, where £3 — L4 by virtue of (41).
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Figure 5. Karch-Randall braneworld. Left: A constant ¢ and ¢ slice of the AdS; C-metric with y =0
and ¥ = +1 (Poincaré disc). Lines of constant x are denoted in blue, while lines of constant r are
denoted in red. The ¢-axis of rotation is at x = £1. Right: Schematic of a Karch-Randall ETW brane
at x = 0 with a static black hole (i # 0). Only the (gray) shaded region, 0 < x < x1, is kept where
x = x1 is the ¢-axis of rotation. To complete the space, a second copy of the shaded region is glued
along x = 0, resulting in a Zp-symmetric double-sided braneworld.

To see how tuning the tension amounts to changing the position of the brane, recall
the empty AdS, metric (43). The x = 0 brane amounts to surfaces of fixed ¢ = ¢ obeying

cosh(oy) = b 1+ g (51)
b L, 2
and the brane geometry is AdS; with curvature radius /3, i.e., a Karch-Randall brane. In
the tensionless limit, { — oo, then ¢, = 0, cutting the bulk in half through the equator.
Alternatively, as the tension becomes larger, { — 0, it follows 0, — oo, i.e., the brane is
pushed to the asymptotic boundary of AdS,. The solution is valid for all 0 < ¢ < oo;
however, we will be primarily interested in the case where the brane is near the AdS,
boundary (before it has been removed via the ETW brane). See Figure 5 for an illustration
(and refer to Appendix D.5 for details projecting to the Poincaré disk).

More generally, the induced metric at x = 0 simply follows from setting x = 0 in the
bulk C-metric (39), resulting in

-1
7'2 E 11'2 g
ds?v—o = — <£§ K- ﬁ)d# + (fg K- ”r> dr + r2dg?, 52)

For x = —1, the boundary geometry (¢ — 0) has a black hole with horizon radius 1 = /3.
For ¢ # 0, it is clear the geometry (52) is capable of describing a static black hole, which
will ultimately be understood as the quantum BTZ black hole as we detail below.

Recall the bulk geometry will retain conical singularities at the remaining roots of
G(x) (not x = x7). As it happens, there are no conical singularities in the restricted range
0 < x < xq; for u > 0, the remaining conical singularities live in the range x < 0. Then,
treating the x = 0 hypersurface as a cutoff brane, excising the x < 0 region leads to
a spacetime free of conical singularities. To complete the space, a second copy of the
0 < x < xj region is glued along x = 0, resulting in a Z,-symmetric double-sided Karch-
Randall braneworld. Further, with the conical singularities removed, the final bulk solution
no longer has a cosmic string. Nonetheless, the static black hole attached to the brane is in
an accelerated frame.
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4.1.3. Karch-Randall Braneworld Holography
Applying the formalism of Section 3, the induced brane action is (setting d = 3 in (33))

3
PxvV/—h|R—2A3+ L3 SR> —R% ) + .| +1
167rG3 / x [ 3+ <8 i | + | +IcEr, (53)
with induced Newton’s constant G
=
Gs =5 L, (54)
and effective (AdS3) brane cosmological constant and curvature scale,
1 1 2 Ly
Ay =——, — 1-—, 55
T 212 ( ] > 9)

where we used tension (50). Note that while L3 appears in the action, the solutions on the
brane are characterized by /3.

In fact, we will primarily be interested in the case when L3 ~ ¢3. This is because we are
interested in the case when the three-dimensional graviton becomes effectively massless,
i.e., when the brane is near the boundary. Hence, using the bulk length scale (41), it follows

1 1 2 4
= |1+ O , 56
A LT <£4 ) %)
with ¢ ~ Ly < ¢3. In this limit, the induced theory is
3 2 2
= 16”(}3 / xv/=h| R+ 5 +£ ( R,]) + | + Icer, (57)

such that the higher-curvature expansion can be viewed as an expansion in an effective
cutoff scale . Notice higher-curvature corrections enter at quadratic order.

The parameter ¢ also features into the coupling to the gravity theory of the cutoff CFT3
on the brane. To see this, first note the central charge c3 of the CFTj3 is normalized such that

L3 4 (58)
c ——
TG 26/t
where we introduced the parameter v = ¢/ /3. Expanding for small (¢/(3) gives
23
203G3 =Ly~ 0|1 — — +2—
c3G3 4 E( 265 + 864 + .. ) (59)

and ¢z ~ G%, which enters at a linear order in ¢. Thus, the matter contributions enter at
order O(¢), while higher-curvature corrections appear at O(¢?). Proceeding, the typical
value of Icpr is | Icpr| ~ c3, while the typical value of the gravitational part of the action
(53) is |1, Bgrav| ~ é—i Combined, this leads to an effective dimensionless coupling g
quantifying the size of the effects the CFT3 has on the brane geometry [91]

[Icrr|  Gacs (60)
|IBgrav| Ly

Seff ~

Thus, for small ¢ < /3, we see gt ~ v < 1, backreaction effects are ‘small’, and the induced
theory is effectively characterized by the action (57). Further, from (59), we see for a fixed c3,
gravity becomes weak (G3 — 0) as { — 0. Alternatively, when v > 1, backreaction effects
are said to be large.
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It is worth comparing the cutoff length scale to the three-dimensional Planck length
Lp = hG3 (where here, we have temporarily restored factors of 71). From (59), it follows

0~ C3hG3 =c3Lp > Lp, (61)

since the holographic cutoff CFT5 obeys c3 >> 174, Recalling the induced brane metric (52),
notice the blackening factor includes a O(r~!) term which goes like y/. We can anticipate
this term as a semi-classical correction which sets the size of the braneworld black hole to
be much larger than the Planck length.

4.2. Quantum BTZ Black Holes

Let us now delve into the geometry of quantum black holes. We begin with the simpler
neutral, static quantum BTZ solution to establish its essential features, which we later enrich
by adding rotation and charge.

4.2.1. Static Quantum BTZ

Recall the induced geometry at x = 0 (52). Naively, we might refer to this as the
quantum black hole; however, the angular coordinate ¢ has period A¢ (48). We thus rescale
coordinates (t,7,¢) to put the naive metric (52) in canonically normalized coordinates
(t,7, ). Specifically,

17-
t=nt, r:E, o=n¢, (62)
with Ap )
X1
=1 = . 63
1557 =5 e (63)

The line element for the brane metric is now

-1

& (F(M)\ - 72 (F(M _

dsgprz = — (Zz —8GsM — (7)>df2 + (22 —8GsM — (r)> P + A . (64)
3 3

Here, we have suggestively identified the three-dimensional mass

Kk L, 1 xxd Ly Gs
= = 5=, = G —_— = y 65
8G3 L4;7 2G5 (3 — kx2)? G 37 V1-—v2 (©5)
and ( 2)
1—xx
EM)=un® =8-— "1 66
( ) ]/”7 (3 _ Kx%):; ( )

The mass identification (65) is primarily motivated by the fact that for in Einstein—
AdS gravity, the mass corresponds to the subleading constant term in the g metric in
appropriate coordinates. However, the induced theory on the brane is a higher-derivative
theory, and thus the definition of mass is expected to be modified due to higher-derivative
corrections, starting at O(¢2). When treated as corrections to Einstein gravity, the mass
M may still be identified as the constant term in g;t; however, now the classical Newton’s
constant Gz is ‘renormalized’ by the higher-derivative terms [92]

2 \* 12\ Gy \?
Alternatively, here, it is assumed that the renormalized Newton's constant be identified
as Gz = G3% at all orders in ¢, although this differs from (67) at order O(¢/ L3)425. As
such, G3 in mass (67) is interpreted as an all-order resummation of the higher-derivative

corrections to the mass [25], whilst Gz is the ‘bare” Newton constant, since it is the physical
constant Gz M which is being corrected. Further evidence for the identification of the mass



Universe 2024, 10, 358

21 of 119

will be given when we explore the horizon thermodynamics of the three-dimensional black
hole. Lastly, the form function F(M) (66) is purely a function of mass M because it depends
on M only through x; and is otherwise independent of v = £/¢3.

The metric (64) is highly reminiscent of the perturbative geometry (19) incorporating
the semi-classical backreaction effects of a conformally coupled scalar’®. We emphasize,
however, that the 1/r correction in g (19) is perturbative, while it is exact in (64). In
particular, the geometry (64) is an exact solution to the gravitational field equations of the
semi-classical induced action (57)

1 2
87‘[G3<T1‘]‘> = R,’j — 5]’11] (R + L2>
’ (68)
9

1 1, /13 1
+ 2 [4RikRjk — 2 RRij = OR;j + L ViViR + Shyj (8R2 —4R? + ZDRH,

- where[J = V2, Decomposing the holographic stress tensor in an expansion in 2,ie.,
(T%) = (T')o + £2(T")2 + ..., it follows

, 1 2
; ; 09 s 1 1.,(13 1 1
— k . 2 2
(70)

Substituting in the metric (64), we obtain for the renormalized stress-energy tensor

(Thyo = 1 (F(M)
i 167Gy

diag{1,1, -2} (71)

to leading order and

(T, = 1 M <1diag{1, —11,10} — 24523Mdiag{3, 1,-4} + EF(M)) (72)

27 16nG; @ \22 273

for the O(¢?) corrections. Notice (Tij)2 has a non-zero trace, which is a consequence of
breaking the conformal symmetry due to the cutoff £. In principle, one could compute (T;;)
at all orders of backreaction—unlike the non-holographic perturbative analysis—however,
it proves cumbersome to do so.

Since the backreaction is turned off as £ — 0, the metric (64) in this limit may be
interpreted as ‘classical’; indeed, the 1/r correction is eliminated, and the resulting geometry
solves the three-dimensional vacuum Einstein equations. Hence, for ¢ # 0, the geometry
(64) is naturally understood as a quantum black hole in AdS3, namely, the quantum BTZ
(qBTZ) black hole. Notice further, in the limit of a small backreaction (v < 1), the 1/7 term
in (64) is proportional to £ ~ cG3 > Lp (61), such that the horizon size of the quantum BTZ
black hole is large compared to the Planck length. Further, it is worth emphasizing that the
solution (64) consistently solves the semi-classical brane equations of motion for any ¢ > 0,
including large backreaction effects (v > 1).

Unlike the classical BTZ black hole, the quantum BTZ (64) has a curvature singularity
at 7 = 0, as evidenced by the Kretschmann invariant,

12 6F(M)2¢?

RMR;y = = 4
jkl 4 76
63 7

(73)
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The curvature singularity descends from the curvature singularity of the bulk four-dimensional
C-metric at r = 0, and it is hidden behind the (bulk) horizon r = r, . Here, the singularity at
7 = 0 sits behind the horizon at 7 = 7, the largest positive root of the metric function H(7),
where the time-translation Killing vector {' = 1781; goes null. Thus, at least for holographic
quantum matter, the singularity structure of a classical black hole becomes dramatically
altered due to a semi-classical backreaction. Note, moreover, relative to Zi, the surface
gravity, defined via {'V;; = x{j, is

1 1 o3
Ky = g|H/(r+)\ = §|H/(’_’+)| =02 27 + };T’? / (74)
3 +

In the limit £ — 0, this corresponds to the surface gravity of the classical BTZ black hole.

Aside from the match of the perturbed geometry, the leading order contribution to
(Tij) (71) agrees with the renormalized stress tensor of the free conformal scalar (except
Lp — £). This match between the holographic and free field results is because transparent
boundary conditions have been imposed on the CFT or the free scalar. In the former, these
boundary conditions are naturally selcted because bulk fluctuations, which are dual to
CFT excitations, move freely throughout the bulk. For the free field computation, however,
transparent boundary conditions were an explicit choice. In either case, notice the leading
order contribution to the stress tensor is not of the standard thermal type, i.e., diag{—2,1,1}.
Nonetheless, the CFT is in a thermal state. Indeed, the Green'’s function from which <T1-]-> is
derived (in the perturbative treatment) is periodic in imaginary time with a period given
by the (inverse) Tolman temperature [42]. Further, the Green function obeys analyticity
properties shared by the Hartle-Hawking state, which is a state describing a black hole in
thermal equilibrium with its own radiation.

A family of quantum black holes. From the mass identification (65), M takes values in the
finite range [23,24],
1 1

<M<,
8Gs = T 2403

where / is held fixed. The upper bound follows from studying for the end behavior of
M(xq), with x; = V3 (excluding x; = —+/3 on account of the parameter range (46)) at
k¥ = —1 being a maximum. The lower bound, meanwhile, occurs for x = +1and x; =1
(where y = 0 according to (45)), and M = 0 for either x; = 0 or ¥ = 0. Thus, the qBTZ
solution has negative and positive masses.

(75)

In fact, the solution may be categorized into physically distinct branches:

Branch 1: —1< —xkx} <3, 76)
Branch 2: 3< —kxf <oco.

To understand how these branches arise, it is first natural to distinguish solutions with
negative mass versus those with positive mass. All negative mass solutions occur for
k = +1 and for x; € (0,1], while all positive mass solutions occur for x = —1 and
x1 € (0,00). Note further M = 0 for either x; = 0 (for both ¥ = +1) or x; — oo (and
k = +1). This suggests the positive mass solutions subdivide along the range x; € (0, v/3)
and x; € (v/3,0), smoothly joining at x; = /3. Further, since it is the combination Kx3
that appears in all physical quantities of interest, the negative mass branch and the positive
mass branch with x; € (0, \@) smoothly connect at x; = 0. Succinctly, the qBTZ solution is
characterized by the two branches (76); however, a finer subdivision of the two branches
is [25]
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Figure 6. The qBTZ family of solutions. The qBTZ black hole consists of quantum-dressed conical

singularities, branch 1a (red) and quantum-corrected BTZ black holes, branch 1b (blue) and branch 2
(green). Branches la and 1b join at M = 0 and F = 8/27 (x; = 0), while branches 1b and 2 coincide at
8G3M = 1/3 and F = 4/27 (x; = v/3). Another branch describes (uncorrected) BTZ black holes with
mass M > 0 induced from the bulk BTZ black string (the positive horizontal axis).

Branch 1a: k=41, 0<x1<1,
Branch1b: x=-1, 0<x <3, (77)
Branch 2: k=-1, V3<x <.

Although each of the mass branches (77) smoothly connects, each branch has a different
physical interpretation. This can be better understood by considering the types of solutions
belonging to each branch in the limit of vanishing backreaction. Firstly, branch 1a contains
the ground state M = —ﬁ, where F(M) = 0 (substitute x; = 1 into (66)). Geometrically,
the gBTZ line element (64) takes the form of global AdS;. Notably, however, this ground
state is valid for any ¢ > 0, and thus for ¢ # 0, it can be thought of as three-dimensional
quantum anti-de Sitter spacetime, qAdS,;, accounting for a large-c cutoff CFTj3 living in
AdS; with a vanishing renormalized stress tensor. Above this ground state, negative mass
solutions (branch 1a) correspond to AdS; conical defects in the limit £ — 0, such that
for ¢ # 0, the negative mass family of solutions are understood to be quantum-corrected
conical singularities, though are still referred to as quantum ‘black holes’. Classically, the
conical defects are horizonless, while when ¢ > 0, the quantum Casimir stress tensor
shrouds the conical singularity in a horizon.

Branches 1b and 2, having M > 0, both describe quantum corrections to the classical
BTZ black hole geometry. The sources of the corrections of these two branches, however,
differ. Since branch la and 1b connect at x; = 0 (where M = 0 and F(0) = 8/27) and 1a
black holes form due to the backreaction of Casimir stress—energy, so too are the corrections
resulting in the 1b black holes dominated by Casimir energy. Alternatively, the M = 0
state of the branch 2 black holes (where x; — c0) have zero F(M) and hence stress—energy.
This suggests the non-zero stress—energy of the M > 0 states among the branch 2 black
holes is due to Hawking radiation in thermal equilibrium with the finite temperature black
hole (where the dominant Casimir energy has been subtracted from the quantum state
appearing in (Tj;) [25]).

Classically, the negative mass conical singularities and positive mass BTZ black holes
are disconnected sets of solutions to Einstein—-AdSs gravity—there is a ‘mass gap’ [31].
Evidently, a semi-classical backreaction smoothly connects these solutions, such that the
quantum BTZ geometry represents a family of quantum black holes. We illustrate this
famﬂﬁ s rlfa{ﬁ.%%el ?{) wonder if there exist any other bulk solutions which give rise to a BTZ
black hole on the brane with masses M > 0, including those that exceed the upper bound
in the range (75). Indeed, recall the AdS, geometry (43) for which = 0. When k¥ = —1,
this four-dimensional geometry is dubbed the ‘BTZ black string’, since sections of constant
o contain a BTZ black hole. Despite u = 0, a BTZ black hole lives on the brane at x = 0 with
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mass M > 0 in the canonically normalized coordinates (f, 7, ¢); however, the geometry is
uncorrected from its classical counterpart, since the quantum stress tensor vanishes (on
account of F(M) = 0 for all M > 0). Unlike the three branches (77), this braneworld black
hole has no upper bound on M, and hence solutions with M > 1/24G3 are induced by a
BTZ black string localized on the AdS3 brane.

4.2.2. Rotating Quantum BTZ
Bulk and Brane Geometry

It is reasonably straightforward to find rotating quantum BTZ black holes. The starting
point is the rotating AdS C-metric describing accelerating Kerr—AdS, black holes,

B 02 H(r) 2 X(x,7)
ds? = (=7 {— S (dt +ax?dp) + e dr? .
S (Z(x,7) , 5 G(x) a 2
+7r < Gl dx +Z(x,r) (dtp—r—zdt) )} ,
where
H(r)—2§+1c M—i—é, G(x)zl—sz—‘uxB—i-Zix‘l,
° 2.2 ' ° (79)

Here, a controls the rotation (the angular momentum per unit mass) and for a = 0, we
recover the static C-metric (39). By evaluating the Kretschmann scalar invariant R*“R ;,.;,
there is a curvature singularity when 2L = 12 + a?x? = 0, i.e., where r = x = 0. This is the
familiar ring singularity of Kerr black holes.

Despite complicating the geometry by including rotation, the x = 0 hypersurface
remains umbilic, such that Kj; = ¢ _1hij (49) and a Karch-Randall brane at x = 0 has tension
(50). The geometry at x = O is

2
ds?|,—o = —H(r)dr* + H ' (r)dr* + 1* (dcp - rﬂzdt) . (80)

At first glance, this line element looks like a rotating black hole in Boyer-Lindquist-like
coordinates. As in the static case, however, this geometry does not reflect the whole story.
In particular, the ‘naive metric’ (80) unexpectedly no longer has a ring singularity but
instead a curvature singularity at » = 0. Of course, we should not yet expect the geometry
(80) to describe a black hole, since bulk regularity conditions to deal with the conical nature
of the bulk solution have not yet been imposed. Unlike the static system, however, bulk
regularity conditions for the rotating solution are more subtle because they affect more
than just the periodicity of angular coordinate ¢. Our treatment below follows the analysis
in [27].

Firstly, notice that the Killing vector dy of the bulk C-metric (78) no longer has a
vanishing norm at a zero x; of G(x). Rather, it is the Killing vector

&b = 9% — ax}oy, (81)

which obeys ¢2|,, = 0. Thus, avoiding conical defects at x = x; requires one to identify
points along the integral curves of (81) with an appropriate period. To determine the
correct periodicity, consider the rotating C-metric (78) near a zero x = x; such that G(x) ~
G'(x;)(x — x;). The removal of a conical singularity at, say x = x; (denoting the smallest
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positive root of G(x)), has us simultaneously perform a coordinate transformation f =
t + ax?¢ together with the periodicity condition for ¢

47 47Tx1
~ + A , A = = ’ 82
¢~ ¢tAp AP |G (x1)] 3 —xx?— a2 (52
where to arrive to the second equality, we recast the parameter u in terms of x; and define
1—xx? + a2 ax?
= 7§+ f= 1 (83)
X3 3

In other words, identifying points along the orbits of (81) are made on surfaces of constant
F=t+axigp. (84)

As in the static braneworld construction, the remaining zeros x; # x; are effectively
removed by gluing a second copy of the spacetime with the end-of-the-world brane at
x = 0 such that the complete bulk spacetime has the restricted range 0 < x < x7.

Now, return to the naive metric (80) and consider the limit r — oco. The metric
is asymptotic to ‘rotating AdS;’, where the dtd¢ metric component is a constant. The
coordinates (t,7,¢), however, are not canonically normalized due to the periodicity in
¢ (82). Further, since points along orbits of (81) are identified, the ¢-periodicity returns
one to a different point in time #: indeed, from (84), we see that assuming f ~ f, then
t ~ t —2mnax?, for n = A¢p/2m. Unfortunately, this means we cannot merely rescale
coordinates (t,7,¢) — (,7,¢) as in the static case. Moreover, the periodicity alters the
asymptotic form of the metric such that the dtd$ would instead grow as 72, implying a
diverging angular momentum?’.

The r?-divergence can be ameliorated by changing coordinates (¢, ¢) to (f, $) where,

‘&x

t=Ff—ax?p, ¢=¢— —L (85)

I

3

The coefficient — % in ¢ is carefully chosen such that the r?> divergence in the f — ¢ com-

ponent of the naive brane metric is eliminated. Even still, the angular coordinate <f> is not
periodic in 277. Luckily, this is now easily resolved by the simple rescaling, f = #f and
¢ = ¢, such that the transformation [25]

t=n(f—alsp), <P=11(43—Z;f>/ (86)

places the brane geometry (80) in a more canonical form. It proves useful to also have the
inverted coordinate transformation (86),

_ 1 . - 1 a
tfin(l_ﬁz)(tjta@(p), 4’;7(1_g2)<¢+g3t>' (87)
From here, the Killing vectors transform as
= (a4 Lo, 9 = - (95 + ats3;) (88)
=\ =)\

Notice in the coordinates (f, ¢), the Killing vector (81) is now & = 17_184-,.
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With the coordinate change (86), the brane metric does not quite have the canonical
asymptotic form of a rotating AdS black hole. To do so, one introduces a normalized radial
coordinate 7 such that [25].

72— p2 2,/2 —Kx1
rzz(l_iﬁziqz’ rs_€3—1/ —Kx2—€3 5 (89)

Altogether, having imposed bulk regularity conditions, the brane geometry (80) in the
canonically normalized coordinates (,7, ¢) is

44 72 In?
2 _ 2 ~2 pen )
ds |x_0——<1<17 (1 i _K>+£2_r>dt
-1
472 -2 01— 22 @22
_FQ%<1 f_i>+;2 U R LU PR
€~2€ - R
+( ST >d¢2£3ﬁyx1172(1+fr)(d¢dt+dtd<p),
1

where we have kept both r and 7 when convenient (treating r = (7).

Quantum Black Hole

As in the static case, we reexpress the metric (90) as
1

-2 \
2 r Lun 2 (4 93]) 22 4t ) o
ds* = (82 8GsM — — )dt <£3 8GsM + ~——— —lu(1—a°)y = dr

y€a2€317 — 0N -
+< p )dgb —8g3](1+w)d¢dt
(G

where we have suggestively identified the mass and angular momentum | of the black
hole,

442 —xx? + 3% (4 — kx?)
8GsM = —kn? 1+ P | =4 1 1 97
g3 K1 < i ;oc%) G- —7) (92)
4033(1 — kx2 + a2
4Gs] = bypPapm, = 2RAL o T T) (93)

(3 — xx? — a2)?

The above identifications are made on geometric grounds: in the asymptotic limit # — oo,
the terms proportional to ¢ decay faster than than the constant —8G3 M or the | in the did¢$
component. Further, G3 = L4G3// is again the renormalized Newton’s constant, which
now also plays the role of accounting for higher-derivative corrections to the angular mo-
mentum.

Horizon and singularity structure. In the static case, roots of the bulk metric function H(r)
correspond to the bulk Killing horizon of the time-translation Killing vector d;. Including
rotation in the bulk, the Killing vector

?:&+%%, (94)
i
for r; finite has modulus % = g,,0% = —ﬁH(ri)Z(x, r;) at r = r;. Taking r; to be

real, {2 = 0 when H(r;) = 0, where r; are positive real roots of H(r) (79) (restricting to a
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coordinate range where there exists at least one real root). Let v, denote the largest positive,
real root of H(r), corresponding to the radius of the outer black hole. As with Kerr-AdSy,
there is a second positive real root r_, satisfying _ < r, which corresponds to the inner
black hole horizon. Using H(r4+) = 0 and assuming r, # r_, it is straightforward to
express

ul = (hrg%f) {(ri_ +7%) +€§K},
r4r— (95)
2= 62 [M + 12 friro+ 631{}

The limit of vanishing angular momentum, a — 0, coincides with r_ — 0.

In canonically normalized coordinates (f,7, $), the inner and outer horizons of the
quantum black hole are generated by orbits of the canonically normalized generator (94),
ie.,

- 1-a d d
=1 2)5 = =+ 0szz,
1424 ¢’

(96)

where we used the Killing vector transformation (88). Here, () is the angular velocity of
the horizons r4 relative to a non-rotating frame at spatial infinity

2.2

B a rhx?
O = 1+ . 97
* ri—i—a%c%( 2 ) ©7)

For x; = 1, this coincides with the familiar angular velocity of Kerr—AdS; (e.g., [94,95]).
Meanwhile, the angular velocity ()’ relative to a rotating frame at spatial infinity is

2,4
a asx
Q= 1-—4), 98
T2 a2l ( 2 ) (%8)
obeying Q4 — Q) = ax? /(3. Further, relative to (?, 70, the surface gravity of the inner and
outer horizons is
n(-a) 13 n1-a) 1 2
Kt = —5——— |H (r+)| = Gulry +2rt —24%03 99
. (rh 4+ a2x2) 2 () (rh + a2x2) 2837+ [Caplr r-20G) 99)

where we used the definition of the surface gravity k1 on a Killing horizon generated by ,
7'V, ¢ = x1°. In particular, using parameters (95)

N [l N 202 2 40
+ = 2/ 2.2 T4 1’_)|(T++7’_+ 3K)+ T+(T++1’_)|,
205(r% + a?x7)
1) (100)
K 7 (r— —r )| + 7% + 65r) +2r_(r +7-)].

©203(r2 + a%x?)

In the limit of vanishing rotation, x 1 becomes the surface gravity of the static qBTZ, (74).
Further, the surface gravities vanish in the extremal limit, i.e., where the inner and outer
black hole horizons coincide, r+ = r_.

The horizons shroud a ring curvature singularity at ¥ = 0, i.e., # = ;. Further, near the
ring singularity, there exists the possibility of closed timelike curves. Indeed, consider the
norm of the axial Killing vector 84; of (91) to be

03203 (a2 033
B =hgy=r+" ML o MG (101)

r JR2_2 — 2
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meaning that if one has a too small and negative enough radii r, the axial vector becomes
timelike, and its orbits are closed curves around the rotation axis. To ensure a; > O requires

an additional restriction of the solution parameters: (i) 1 — a2 > 0, and (ii) 7 > 0, which
implies —xx?7 > %> — 3. Notice the second condition is always implied by (i) if x = —1.

Quantum stress tensor. As an exact solution to the full semi-classical theory (57), the
metric (91) is known as the rotating quantum BTZ black hole. In the limit of vanishing
backreaction, £ — 0, the classical rotating BTZ black hole is recovered for x = —1, while for
k¥ = +1, the geometry is that of a rotating AdS3 conical defect. For ¢ # 0, the non-vanishing
components of the renormalized quantum-stress tensor (69) are found to be [25]

7 1 Ly 3203
Tho = 1+ 22 3
(T’ 1671G3 (1—&2);’3( e x2r2 |7
; 1 lu
r — L
Toho = 16763 73 -
_ 52 2
(P o 1 e‘u ~2 3ﬂ 63
<T43>0 T 167G3 (1 —a2)r3 <2+a * x2r2 |’ (102)
; 1 3llua 203
i 3ty 3
Ny = — 14 —3
{Tg)o 167tG3 (1 — a2)r3 ( + x%r2> ’

g1 30ui ﬁ
(T)o = 167tG3 (3(1 — a2)r3 (1 + x2r2 |

These are most efficiently computed by first computing the components of the stress tensor
in the naive coordinates (80) and then performing the appropriate coordinate transfor-
mations imposing bulk regularity. The O(¢?) components (Tij)2 (70) are cumbersome to
express in canonically normalized coordinates; however, in naive coordinates, (Ti]->2 is not
traceless, indicating the presence of a UV cutoff breaking the conformal symmetry of the
CFT;.

Notice the mass (92) and angular momentum (93) only depend on i and Kx% and not
on /. Meanwhile, £ only enters as an overall prefactor in the stress tensor components (102).
Hence, the leading-order stress tensor only depends on backreaction effects via Gz and not
GzM or G3]. Further, unlike the static solution (71), the stress tensor for the rotating qBTZ
black hole is not characterized by a single function F(M). Consider, however, the large-7
asymptotics of the components (102). For example, substituting normalized coordinate (89)

into (T%)o, yields
; Sulv/1— a2
li Tt_ U
I {THo = G

7—00 t

(14 2a2). (103)
Peeling off £/167G37, identify the form function

8V1—a2(1+2a2)(1 — kx? + %)

F(M,]) = n°uv/1—a2(1+28%) = (3 —Kx} —a2)3 » (109
such that for large 7
; 1 (F(M,])
(Too — TN (105)

Due to the ~ /73 behavior in each of the remaining components, up to unimportant factors,
the large-7 structure of (102) essentially depends on F(M, J) as defined in (104). We will
use F(M, ]) to better understand the family of rotating quantum black holes momentarily.

It is worth comparing the structure of the holographic stress tensor (102) to the stress
tensor of a conformally coupled scalar field found by solving the semi-classical Einstein
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equations perturbatively (in particular, see [25,45]). The non-holographic stress tensor may
be expressed as an infinite sum over images, e.g.,

® 1 A
871G3(T 2 3<An+rz”), (106)
n=1 }’l n

with r, = \/D,7% + Dy, where coefficients Ay, A,,, D, and D,, are all complicated functions
of M and J. An analogous structure holds for the remaining components. Coefficients aside,
each term of the infinite sum has a similar radial dependence as the holographic stress tensor.
The radial dependence of the entire infinite sum (106), however, is far more complicated
than the radial dependence of the holographic stress tensor (102). Notably, while the
holographic stress tensor is manifestly non-singular away from the ring singularity 7 = rs,
it is not clear whether the same is true for the perturbative stress tensor.

Black hole branches revisited. In the non-rotating case, there are three branches of quantum
black holes, branches 1a, 1b, and 2 (77). There is an analogous set of branches for non-
vanishing |, where, in particular, branches 1b and 2 meet at a maximum value of M for
fixed J. This occurs when

3 2
2yos M= (2 q) BV (107)
8Gs \ x% Gz xf
At x; = v/2, one attains an extremal bound, where M = | /{3 = 1/4Gs. There is another
extremal bound among the branch 2 black holes, founding by minimizing the mass M for
fixed |,

i=1 M—i—¥ (108)

’ b3 G3(2+x3)

which coincides with the bound (107) at x; = /2. Classically, the rotating BTZ black hole
obeys the extremality bound M > ]J/¢3. For the quantum black hole, however, for any
value of J, this classical extremality bound is violated, M < ]//3, when —Kx% < 22, giving
rise to ‘super-extremal’ black holes among the branch 1 solutions. Pictorially, the branches
of quantum black holes have a similar representation as Figure 6 (see Figure 6 of [25]).

4.2.3. Charged Quantum BTZ
Bulk and Brane Geometry

It is relatively straightforward to generalize the neutral quantum BTZ solutions to
a charged system. Now, the bulk is characterized by the charged AdS; C-metric. For
simplicity, setting rotation to zero, the line element is of the same form as (39), except the
metric functions (40) receive an additional term:

2= L e+ 27 2 (2L i (109)
= [Ty a6 vl

r2 ul g0 2 3 2.4
H(T’)—E‘FK_T‘F]T/ G(x)*l_Kx —HXT —gx. (110)

This is a solution to four-dimensional Einstein-Maxwell gravity with negative cosmological
constant —2A4 = 6/L2,

6 é* ) 2 167TG4
R+? 41-"] f==5 (111)

_ 1 4
_167IG4/de -8
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where /. is a coupling constant with dimensions of length, g is the dimensionless gauge
coupling constant, and F,, = d,A), — 9, A, is the Maxwell field tensor. The U(1) gauge field
A, for the charged C-metric (109)

A= Aydx" = % {e(r+ - r)dt +g(x —x1)de|, (112)

where e and g, respectively, denote the electric and magnetic charge parameters of the
accelerating black hole such that g2 = e? + ¢2. A gauge has been chosen for the gauge
potential (112) such that it remains regular at the largest root of H(r) = 0, denoted r, and
X = Xq.

As for the neutral black hole, real roots of G(x) correspond to symmetry axes of the
Killing vector dj, and we work in the restricted regime 0 < x < x;. The conical singularity
at x = x7 is removed via the identification

47 47

p~p+Ap, AP = G/ (x1)] = |_3_|_le q x1| (113)

where we treat y as a ‘derived’ parameter following G(x1) = 0,

1—xx X
po oy (114)
X3

while x; and g are primary parameters.

Lastly, as usual, the x = 0 hypersurface is totally umbilic, such that the Israel junction
conditions fix the brane tension to be T = (271G4¢)~!. The Maxwell field strength also has
junction conditions to obey. In particular, let n” denote the normal to the brane at x = 0
(pointing toward increasing values of x) and let ef be a basis for tangent vectors to the
brane. Then, projecting F;; onto the brane such that F;; = Fabe?e;? and f; = abe?nb, one has
the following junction conditions [96] for a purely tensional brane

—rt —
AFj=Ff —F; =0,
Afi=fi = fi =47,

where j; is the electromagnetic surface current.

(115)

Induced Brane Theory

As in the neutral examples, the induced theory on the brane essentially follows from
replacing the IR bulk cutoff in holographic renormalization with a brane. When the bulk
theory of gravity is Einstein-Maxwell, the induced brane action (53) receives corrections
due to the bulk Maxwell contribution, such that the induced brane action is now

3
/ Bxv/—h [R 2A3+L2< SR - Rf]) +] F I+ Icpr, (116)

167‘[G3
where the electromagnetic term Igy is
Ten = 2/d3x\/—hAiji IS, (117)

The first contribution is a boundary term with respect to the bulk Maxwell term necessary
to keep the Dirichlet variational problem well posed. The second contribution describes
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local counterterms associated with the four-dimensional bulk Maxwell action that are
included in holographic renormalization®® [97]

Igy = LM /d3 XV = { F2+L2<2338RF2 - ZR’ Ey Pk
X - (118)
+ %Flf(VijFki — Vinij) + MViFZ]VkF§> + O(Li)] .

Then, treating ¢ < ¢3 such that Ly ~ ¢, the effective theory on the brane (57) is now

/d3 W[RJF—E*

1 F? + 167G A;j'

167‘[G3

5 .
2(9p2 _ p2 272 2 _ O pi jk 119
4 ¢ <8R R1]> ~ 0272 (288RF o RiFicF (119)

3

+ 9—8Fif(VijFki — V;VFEy) + Mwﬂw#;) + O(€3)] + Icr.

where in addition to the induced scales (54) G3 = G4/2L4, and Lj (55), there is an effective
three-dimensional gauge coupling

167tG 2g2 2g2
2 3 2 * *
¢ = - ) —-— 120
* % 7 83 5[4 5 2/ ( )

such that ¢2 = 472 /5. 1t is clear that in the limit £ — 0, the coupling g3 — oo becomes
non-dynamical. Indeed, we will see how this ‘charge’ contribution to the metric disappears.

The metric equations of motion of the induced theory to order O(¢?) are as in the
neutral case, except now with an additional contribution coming from the F2 contribution
in the action. That is,

1 2 1 ,
87TG3<Tij> = Gij — f%hl] > (PkF 4hi]'P2> + 167TG3Ak]khi]‘ + ..., (121)

where the ellipsis constitutes terms at higher order in ¢; the O(¢?) contribution is precisely
the same as in the neutral case (70), while O(£3) contributions arise from the (272 term in
the action (119). Further, varying with respect to the gauge field A;, we find the analog of
the semi-classical Maxwell equations,

i1

72 <16 11 209
7N — f i 2 ji j i
(7 ]+16G{V1F+5€( 72RVP +gFiVR+ 5. R

122
317 (122)

5 iko i 2 ko pi
+ RV, 4 ZPROR) 4

i VA VAL v LR 317V7VkViFik) + 0(43)}.
Quantum Black Hole

Upon imposing bulk regularity conditions (equivalent to those for the neutral, static
geometry), the induced geometry on the brane at x = 0, in terms of canonically normalized
coordinates (t,7,¢) = (nf,n717, 1), is [98] (see also [99])

ds2qprz = — H(P)dP + H™'(7)d7* + 7P2d¢?,

P _LF(M.q) | PZ(M,q) (123)

H(7) = —8MGs + 62 7 72
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Here, the mass is identified to be
K K 4x?
M=-——p>=—— 1 , 124
8G, ! 8G3 (3 — ka2 + ¢2x})2 124
and form functions 5 -
1—xx{—g°x
F(M,q)=un®=28 1 L 125
(M, q) = uy (3—xx2 + 2xi)3 (125)
16g%x4
Z(M,q) = ¢*n* = 71 (126)

(3 —Kkx? — g2x})*

As an exact solution to the semi-classical theory (119), the geometry (123) is recognized as
the ‘charged’ version of the quantum BTZ black hole. Notice, however, in the limit £ — 0
the g-dependent correction vanishes, indicating the charge of the braneworld black is a
consequence of backreaction. Notably, the classical geometry (¢ = 0) is not that of the
charged BTZ metric [100]; we will return to this point momentarily.

Substituting the metric (123) into the stress tensor at the leading order in ¢ is equivalent
to the neutral static qBTZ stress tensor (71), while the effects of charge arise at O(¢?).
Further, in coordinates (£, 7, ¢), the projected components of the electromagnetic tensor are

Using the junction conditions (115), the induced current density is

5 gly?
=3

T (128)

With these, the leading-order O (/) contribution to the semi-classical current density (122)
has components

7 02 en?  el\Jc
(Jh = - a o Ve
8mGsly T QT

5 0 gn? Ve
¢y L 8N 88
e R P

(129)

Interestingly, the temporal component vanishes in the limit £ — 0, while the azimuthal
component is independent of backreaction. This is consistent with the three-dimensional
dyonic defect in conical AdS3 or a BTZ black hole [98].

Unlike the rotating case, the limit of vanishing backreaction does not return a classi-
cally AdS; geometry charged under three-dimensional Maxwell theory. Indeed, in three
dimensions, the (electric) gauge field A; has a logarithmic dependence, A; ~ glog(r),
producing a logarithmic correction to the three-dimensional blackening factor of a classical
charged BTZ [100]. This lack of logarithmic behavior arises from the fact the bulk four-
dimensional gauge field does not localize on the brane in the same way as a gravity [98].
Still, the quantum black hole (123) is charged. As with mass or angular momentum, com-
puting charge Q from the brane perspective would require a resummation of the infinite
tower of higher-derivative terms appearing in the induced theory. Alternatively, the bulk
theory performs this resummation, and the charge of the brane black hole is identified with
the electric charge of the bulk black hole [98] (see also [101])

Q= gzi / «F, (130)
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where the factor of two in the first equality is due to the Z; symmetry, xF refers to the
Hodge dual of the bulk Maxwell tensor, and the integration is taken to be at the boundary.
In particular, the electric charge is

_ 2el 27T'7 8rtlenx
Qo= [}y [ =5, (131)

where xF = r2Fd¢dx. Similarly, the magnetic charge Qy is

2 8mlgnxy

Qg = P F= TR (132)

and Q% = Q% + Qg Notice Q? does not explicitly appear in the blackening factor (123).
Associated with the electric and magnetic charges are their respective potentials ., and
Hg- Since, holographically, the bulk Einstein-Maxwell theory (111) has a dual interpretation
in terms of a CFT3 with a chemical potential, it is natural to refer to y, and ¢ as chemical
potentials. In particular, the electric chemical potential equals the electric component of the
bulk gauge field (112) at the boundary intersecting the brane at x = 0 (where rpgry — —00),

lim A= 2&17

Tpdry —> —0 ry ,

(133)

Similarly, under electromagnetic duality of the bulk solution, the magnetic chemical poten-
tial y1¢ has the same form as (133), except with e <+ ¢. Notice ugQ, — peQg = 0.

A Family of Charged Quantum Black Holes

Having included g, the parameter x; depends on g and belongs to a different range than
the static (46) or rotating case. To determine this range, two conditions are imposed [98]:
(i) the bulk has a horizon ry > 0, and (ii) x; is finite, having a maximum x7"®, such that
constant (t,7) surfaces are compact. The finite maximum value of x; is linked to the fact

that the bulk (and brane) geometry has an extremal limit. Demanding there are no naked
(x)

ext’s
black hole becomes extremal. The parameter x; = x"®

Explicitly, for arbitrary x, the extremal mass is [98]

(K) \/>\/\/m—K(2K+\/W)

ext - 3y

singularities requires y to be bounded below by y.,;, i.e., the value of y when the bulk

(x)

ext*

when y = pu

(134)

This can be derived as follows. First, the condition of extremality requires two positive
real roots of H(r) to be coincident; i.e., 4 = r_ = rg implies H(r) = (r — r9)?f(r) for some
differentiable function f(r) such that H(ry) = H'(ry) = 0. A little algebra yields

2, 2r2 12 3r2
pea(ro) = = ("Uf)' Toa(ro) =[x+ 22 (135)
3 3

()

Inverting gq,; (1) for ro gives

) _ 83\/\/1(2 +12v29% — x
0 \@ :

(136)

Substituting this into yg(z (135) yields (134). Evidently, extremality occurs when a backreac-

tion is non-vanishing (v # 0) or charge is non-zero for ¥ = +1. Alternatively, for x = —1,

there exists an extremal radius, r(()_l) = (3/+/3, even when g = 0 and where y,g;tl) < 0.
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Figure 7. Branches of charged qBTZ. Metric function F(M, q) as a function of mass M for fixed g
and v = 1/5. The blue (bottom) and red (top) lines correspond to, respectively, extremal and neutral
qBTZ solutions. The gray lines are non-extremal charged solutions with, from darkest to lightest,
g=1/51,5.

(-1)

ext

In fact, generally, p can become negative (wWhenever g < ﬁ), as does F(M, q), for

k = —1; meanwhile, x = 41,0 gives ]/tg;tl) > 0.

Furthermore, x]"® is determined by substituting the extremal parameter (134) into
(114) and solving for the resulting x1 in terms of g4 and v. An analytic expression for x]"® is
possible but cumbersome and not particularly illuminating. Some intuition can be gained,
however, by looking at the limit when both g and v are small. Three cases are worth
highlighting:

* x = 1:forq =0, x; is bounded above by 1, as u — 0. For g4 < 1, this upper bound is

lowered to
el =1 g 4242 (137)
¢ k= —1: for g = 0, x; covers the whole real line, approaching x; = 0 from above as
u — o0 and vice versa. Turning on q < 1, the maximum x]"® is
2 21334
A0 LY 2V (138)
3v/3vg? 2 8
* x = 0: in the neutral case, the parameter range is equivalent to the x = —1 case;
however, for g < 1, then
h
xIl’ﬂaX,O — (V) , (139)

Vi
withh(v) =1— 33% + ﬁ + (9(1/3/2) 4.

A visual representation of the branches for the charged qBTZ black hole can be found in
Figure 7. Notably, the branches have qualitatively similar features as the neutral gBTZ. This
is because the finite mass range of the charged black holes is a subset of the mass range of
the neutral qBTZ (75). The branch with M < 0 corresponds to the classically horizonless
charged defects, now with a horizon induced by quantum backreaction. Note, however,
unlike the neutral or rotating quantum BTZ solutions, here, F(M, q) can go negative for
any v when charge parameter 4 is large enough.

The limit of vanishing backreaction, v — 0, is more subtle than the neutral quantum
BTZ solutions. As is usual, in this limit, the brane is sent closer to the asymptotic AdS,
boundary, where both gravity and the gauge theory become frozen. The geometry becomes
that of a charged defect in conical AdS3 or Minks (x = +1) or a black hole (x = —1).
Since the latter is a black hole geometry, the backreaction (v # 0) produces a quantum-
corrected charged black hole; i.e., the horizon is not induced solely due to a backreaction.
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Figure 8. Parameter space for charged quantum BTZ. The blue square and yellow ‘banana’ regions
correspond to solutions with a conical defect and excess, respectively, delimited by a thick black
contour. The rightward directed (red) lines denote the extremal family of solutions at fixed v (from
darkest to lightest, v = 0,1/3,1,5,20). Here, x = 1. For details, refer to [98].

Alternatively, for the conical charged defects, horizons can only arise via quantum effects.
Unlike the neutral set-up, however, whether a horizon appears depends on a balance
between i and g—a backreaction does not always dress the conical defects with a horizon.
Specifically, when the non-backreacted solution has g > /2, then the backreaction will
result in a spacetime possessing a naked (timelike) singularity [98]. Meanwhile, for g < u/2,
a backreaction will produce a quantum black hole provided the backreaction is not too
large. As v increases for a fixed g, an extremal black hole forms, and an even stronger
backreaction results in naked singularities. For an illustration, see Figure 8.

4.3. Quantum dS Black Holes

In Section 2, we saw, perturbatively, that a semi-classical backreaction modifies conical
dS3 geometries to induce a black hole horizon (in addition to its classical cosmological
horizon). This observation is bolstered using braneworld holography. The construction
and analysis are similar to the quantum BTZ black hole; however, there are some essential
differences.

4.3.1. Bulk Set-Up

The starting point in the bulk is again the AdSy C-metric (39) with metric functions

(40) except with fixed x = +1 and ¢% = —R% (or Wick rotate {3 — iR3). The AdS4 length
scale is then . , .

— === 140

L2 R3 (2 (140)
Unlike the qBTZ set-up, keeping L7 > 0 requires R > (2, placing an upper bound on ¢
for fixed Rj3. Further, rearranging (140) yields ¢ < Ly—the opposite of the quantum BTZ
construction. This condition is the first crucial difference between the quantum BTZ and dS
set-ups, as maintaining ¢ < L4 implies the acceleration horizon is not effectively eliminated.
To see this explicitly, consider the analog of the coordinate transformation (42) [26]

(141)
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such that the line element of the C-metric (39) (with y = 0) becomes
2 -1
2 2,0 Ly . .o 7 2 7 22 | a2 3.2
ds® = Lido” + R—% sinh“(c) [—[1— R—g e+ [ 1— R—g ar= +#d¢-| . (142)

Clearly, constant-c slices give dS in static patch coordinates with radius Rz = Ly sinh(c)
and a cosmological horizon at # = R3.
The cosmological horizon at # = Rj3 (for constant ¢) is in fact identified with the bulk
acceleration horizon. This can be seen via the coordinate transformation
22 2 2
L_Rk cosh(o) = £ cosh(¥), % - _F s1r21h (8) , (143)
R3  p2cosh®(d) — L2

which brings the line element (142) to AdS;—Rindler form,

-1

2 2

ds? = — (fL’z - 1) dtk + (iz — 1) dp? + p%(d9? + sinh?(8)d¢?). (144)
4 4

Orbits of the Rindler-time translation Killing vector 0, correspond to uniformly acceler-
ating trajectories. The cosmological horizon in (142) corresponds to the (non-compact)
acceleration horizon p = Ly with horizon temperature T = (27tLy) !

As in the qBTZ black hole, when p # 0, the root structure of the metric function H(r)
results in a black hole horizon. Meanwhile, real roots of G(x) correspond to orbits of dy,
and to ensure a finite black hole horizon, we again restrict to the range 0 < x < x1, where
x1 is the smallest root of G(x). Specifically, since x = +1, it follows x; € (0,1] (46), where
U, via (45), is monotonically decreasing from —+co to zero, with = 0 for x; = 1. Further, as
before, the conical singularity at x = x; is removed via the identification (48) with x = +1.

The next essential difference between the quantum AdS and dS black hole construc-
tions is that an asymptotically dS3 Randall-Sundrum brane is embedded AdS, at the
umbilic x = 0 hypersurface. Israel junction conditions again fix the brane tension to be
T = (2tG4¢) L. In terms of the empty dS; geometry (142), the brane sits at

R
sinh(o}) = =2, (145)
L4
excluding the region ¢ > 3. Notice, moreover, the area of the bulk horizon at # = Rz is
finite,
14
2 2

27TL4(COSh(U'h) — 1) = 2”R3m (146)
That is, while the bulk acceleration horizon is generally non-compact (since it extends to the
asymptotic boundary at o — 0), its intersection with the brane is compact. Thus, the bulk
acceleration horizon induces a (compact) cosmological horizon on the dS; brane. When
u # 0, the bulk black hole horizon is projected onto the brane, resulting in an induced

geometry

1
2 2
2 N N S AP ool 2, 2.2
ds2|yo = (1 2 r>dt+<l © r) dr? + 12d¢?, (147)

with a single black hole and cosmological horizon. See Figure 9 for an illustration.
Another caveat about the Randall-Sundrum brane construction is that the brane geom-
etry will contain Big Bang and Big Crunch singularities in the asymptotic past and future.
The reason follows because of the amount the brane radiates as it accelerates in the bulk.
From the brane perspective, the time to reach the asymptotic past or future dS boundaries
is infinite. Thus, the brane emits an infinite amount of radiation, thereby causing a piling
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Figure 9. Randall-Sundrum braneworld. Left: Bulk AdS, with a dS3 brane. The brane is represented
as a (magenta) hyperboloid. The bulk region up to the brane (x < 0, dashed magenta region) is
excluded. To complete the construction, glue a second copy along the two-sided brane. Cosmological
horizons on the brane correspond to bulk acceleration horizons intersecting the brane (red dashed
line). Center: AdS, C-metric with 4 = 0, in (r, x) coordinates in a slice at + = 0 and constant ¢.
Lines of constant x are blue arcs; lines of constant r are red arcs (full circles for 0 < r < £). The
thick blue circle x = 0 is where we place the dS3 brane; its interior is 0 < x < 1, with x = 1 the ¢
axis of rotation. The exterior region x < 0 is excluded in the braneworld construction. The vertical
red dashed line is the horizon at » = R3. Its intersection with the brane yields a dS3 cosmological
horizon. The coordinates only cover half of the disk with the other half being obtained through
analytic continuation. Right: Constant t-time slice of a single AdS, cylinder with a de Sitter brane
(thick red circle) containing black holes. The coordinates cover half of the disk, containing a single
black hole and cosmological horizon, where the other half is obtained via analytic continuation.

of rays at future/past Cauchy horizons. The formation of the cosmological singularities
is essentially the same phenomenon that enforces (strong) cosmic censorship at the inner
Cauchy horizon in charged or rotating black holes. Alternatively, the Randall-Sundrum
braneworld can be understood in terms of false vacuum decay [102-104] mediated by
Coleman and de Luccia bubbles [105] of ‘nothing’. This vacuum decay process inevitably
leads to Big Bang/Big Crunch singularities.

4.3.2. Quantum Schwarzschild—de Sitter

The naive metric (147) is not cast in canonically normalized coordinates, as ¢ has
periodicity ¢ ~ ¢ + A¢p. Rescaling coordinates (t,7,¢) — (nf, 777, 1$) with 5 given in (63)
(for x = +1), the geometry on the dS3 brane is

N 7 12 | 20t n 72 (F(M
dsgsas = —H(P)dP* + H(F)~'dr + 7d@?,  H(F) = (1 ~80M = g - (r )> (148)
where we identify

4x2
(3—x3)%’

(1—xf)

1

F(M) =8 (149)

with renormalized Newton's constant G = G3%. The mass identification is motivated
by how the mass of de Sitter black holes in Einstein—dS gravity is typically given by the
subleading constant term in the g;; component of the metric.

Analogous to the quantum BTZ set-up, the dS metric (148) has the same form as
the perturbative solution (20) to the semi-classical Einstein equations. Again, here, the
1/r correction is exact, and the metric is an exact solution to the whole tower of higher-
derivative terms of the induced action. Substituting the metric into the gravitational
equations of motion (see (69)—(70) with 3= —R%) yields the same structure of the stress—
energy tensor <Ti].>0 (71) and <Tij>2 (72). In the limit of vanishing backreaction, the geometry



Universe 2024, 10, 358

38 of 119

(148) takes the form of classical Schwarzschild-dSs, which is a conical defect with a single
cosmological horizon. For ¢ # 0, the metric is interpreted as a static quantum black hole in
dSs, i.e., a three-dimensional quantum Schwarzschild—de Sitter black hole (qSdS) [26]. As in
the qBTZ system, the qSdS black hole for ¢ > 0 has a curvature singularity at 7 = 0 that is
hidden behind a black hole horizon induced by a semi-classical backreaction.

In contrast with the qBTZ system, the qSdS solution does not subdivide into several
branches of quantum black holes. Indeed, since ¥ = +1, here, 0 < x; < 1. In this range,
given the mass identification (149), the qSdS always has M > 0, with M = 1/8G3 and
F=8/27atx; =0,and M = F = 0at x; = 1. The M = 0 solution with ¢ # 0 is dubbed
quantum dS3z, accounting for a large-c cutoff CFT living in dS;. Meanwhile, the M = 1/8G3
solution is the analog of the upper bound on the classical Schwarzschild-dS; conical defect.

The quantum SdS black hole, in fact, has a more stringent upper bound on mass
than the conical defect mass. This is a consequence of the fact that the geometry (148) has
both a black hole and cosmological horizon, and it is in complete analogy with classical
higher-dimensional Schwarzschild—de Sitter black holes. It is well known that classical
SdS black holes (in four or higher spacetime dimensions) have an upper bound on their
mass in order to avoid the presence of a naked singularity. This largest mass black hole is
known as the Nariai black hole [106] with mass My. Geometrically, the Nariai black hole
is one in which the (typically smaller) black hole horizon r;, coincides with the (typically
larger) cosmological horizon ., i.e., r;, = r. = rn, which is the Nariai horizon radius. In
the context of the AdS; C-metric, the four-dimensional geometry has a Nariai limit that
induces a Nariai geometry on the brane at x = 0 [26]

2 2\ !
ds3, = — (1 - f’2>dr2 + (1 - P2> dp? + 72>, (150)
N N

Here, T and p are time and radial coordinates, respectively, and 7y = #ry with ry = R3/+/3.
The (bulk) Nariai black hole places an upper bound on (y/) in the C-metric; specifically,
(ul) < (ul)n = 2rn/3. This bulk upper bound places an upper bound on the mass M
of the qSdS black hole, which is denoted My;. The precise form of My is complicated;
however, the Nariai mass was found to live in the finite range [26]

% <8GzM < 1, (151)
where the upper limit corresponds to when ¢/R3 — 0, while the lower limit occurs for
v = 1. Therefore, the Nariai mass bound M < My is generally more restrictive than the
conical defect bound M < 1/8G3. Notably, the classical SdS; conical defect does not have a
Nariai limit. Thus, a semi-classical backreaction induces an upper limit on the amount of
mass allowed in dS; which does not saturate the maximum conical deficit angle.

Finally, the Nariai solution puts a bound on the quantum backreaction due to the CFT
for which a quantum dS; black hole exists. In particular, for non-vanishing backreaction
(¢ # 0), the form function F(M) has a maximum value. Correspondingly, the angular
deficit A¢ has a maximum value. For too large angular deficits, a backreaction creates a
black hole with a mass M > My such that it is too large to fit inside the dS; static patch.
For such deficits, the quantum SdS solution no longer exists, and the resulting geometry
is described by a naked conical defect spacetime, which is analogous to the braneworld
geometry induced by the bulk BTZ black string.

4.3.3. Quantum Kerr—de Sitter

As in the static case, rotating quantum dS;3 black holes can be constructed in essentially
the same way as the rotating qBTZ (91). Starting from the rotating C-metric (78) with
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k¥ = +1 and replacing 4 — —a, and imposing bulk regularity, the metric on the brane in
canonically normalized coordinates is [27]%

72 /n?
s = <1 sgm - T M)d;z
4 R3 r
-1
72 =2\2 .4
<1 —8G3M — ;—Jr (4G6)° ’M(H?Z i/ r) a7 (152)

(iR - Lo
+<#+f4“ry7)mﬁ-4gg<y+;2>u@ﬁ+dM¢y
1
with mass and angular momentum identified as

4% 4[x? — @%(x? — 4)]
8GM=1-n*1-a+— | =1- —1 1 , 153
gs ] ( a-+ x%) (3—x2+a2)? (153)

4Rza(x2 4% — 1)
(3 —x2 +a2)2

The metric (152) is dubbed the quantum Kerr-dS;3 black hole since when ¢ — 0, the
geometry of the classical Kerr—ds; conical defect is recovered. There are a couple of limits
worth noting: (i) when the parameter u (83) vanishes, i.e.,, x; = V1 — a2, both M = ] =0,
resulting in the empty dS3 geometry, and (ii) mass M also vanishes When x1 = V9 —a%
however, | # 0 and u # 0, resulting in a quantum rotating dSs.

Substituting the geometry (152) into the gravity field equations results in a holographic
stress tensor with components of essentially the same form as (102)—see [27] for explicit
details. Now, the function F(M, J) from evaluating the large-7 behavior of (T%)o is

4G3] = —Raapxin” = (154)

2 5 8v1+a(1—2ax1—x§—a5

= uPV1+a2(1 - 24°%) B-2+2p . (155)
Notice F(M,J) will vanish either when u = 0, i.e., x1 1 — 4. The zero @ = 1/2,
meanwhile, is unique only to the (T@)O component with the remaining components of the
holographic stress tensor being non-zero for this value of . This stands in contrast with the
rotating qBTZ black hole, for which every component vanishes when 42 = 1. Further, as in
the qBTZ case, the radial dependence of the renormalized stress tensor due to a conformally
coupled scalar field (found perturbatively in [27]) is significantly more complicated than
the holographic stress tensor.

Horizon Structure

Horizons in the bulk correspond to positive real roots r; of H(r), where the Killing vector

a
&:afﬁ% (156)

i

becomes null. To classify the types of horizons, define the function Q(r) = r>H(r). Since
Q(r) is a quartic polynomial in r, it will generally have either four, two, or zero real roots.
Consider the case when there are four real roots: three positive roots correspond to the
cosmological horizon 7., the outer black hole horizon r,, and inner black hole horizon r_,
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obeying r_ < ry < r., while the fourth root, r, = —(r. + r+ + r—) < 0 and resides behind
the singularity at » = 0. Using H(r;) = 0, and H(r+) = 0, we can express

RE=r2+12 +rery +r_(re+ry +r12),
it = (re+r)(re+r)(re+r-)
2412 trery +r_(re+re4ro) (157)
By rergr—(re+ry +7r2)

i g (et o)

The limit r— — 0 coincides with a = 0, while r; = ¥_ = 0 corresponds to 4 — 0, resulting
in the Kerr-dS; geometry with a single cosmological horizon.
The positive roots r; to H(r) correspond to rotating horizons with rotation );,

a (x3r? — R}
O =—--—- , (158)
'TR3 (r? +a2x3)
generated by the (canonically normalized) Killing vector
72
= NAFE) bbb, (159)

Moreover, the surface gravity «; associated with each horizon r; is given by

1+
e (r? 4+ a2x3) 2

(1+a) 1
(Zz ) ol IRt~ 2 2R, (160)
i 1 37

|H'(ri)] =

where we used the definition {?V;,{¢ = x°. Explicitly,

B 17(1+52)
ST R

_ n(1+a)
SR ) e ) T2, e
. = n(1+a?)

2Re(7 + @) (re—r_)(ry —r—)(re+ry +2r-).
Notice the cosmological horizon surface gravity x, vanishes when r. = r4 or r. = ¥_ and
similarly for the other surface gravities. Whenr_ — 0, i.e., x, and x4 simplify to the surface
gravities of the cosmological horizon and black hole horizon of the qSdS black hole [26].
In the naive coordinates, a computation of the Kretschmann scalar reveals a curvature
singularity at » = 0, corresponding to a ring singularity at 7 = ; in canonically normalized
coordinates. As in the rotating qBTZ black hole, closed timelike curves can appear near the
ring singularity. These closed timelike curves can be eliminated via an appropriate periodic
identification [107], such that constant  hypersurfaces are closed and span two black hole
regions with opposite spin, cutting through intersections of r = rcand r = r.

Ergoregions. As with classical Kerr—dS spacetimes, the gKdS black hole has a stationary
limit surface and two ergoregions associated with the outer black hole and cosmological
horizons. Explicitly, the Killing vector 9; in the naive metric has norm A/

N =—H(r)+ 5. (162)

Thus, at the outer and cosmological horizons, the time-translation Killing vector d; becomes
spacelike. The locus of points where A = 0 yields a stationary limit surface, satisfying
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r(R3 — r?) = R3ul. Since there exist regions in between the outer and cosmological horizons
where 0 is timelike, there are two ergoregions, where an observer is forced to move in the
direction of rotation of the outer black hole horizon or cosmological horizon. In principle,
the Penrose process of energy extraction in the gKdS solution operates in morally the same
way as a classical four-dimensional Kerr—-de Sitter black hole (see, e.g., [108]).

Extremal limits. As with the four-dimensional Kerr-de Sitter black hole, the quantum
Kerr-dS; has a number of limiting geometries. Specifically, (i) extremal or ‘cold” limit,
where r = r_; (ii) rotating Nariai limit, where r. = r4, and (iii) the ‘ultracold” limit where
tc = r4 = r_. In the near-horizon regime, the geometries appear as fibered products of a
circle and two-dimensional anti-de Sitter, de Sitter, and Minkowski space, respectively. For
details, see [27]. These limiting geometries, moreover, have the same qualitative features as
(warped) dS3 black hole solutions to topologically massive gravity, cf. [37,38,109]. There is
also a ‘lukewarm’ limit, where the surface gravities . = x. at a value different from the
surface gravity of the Nariai black hole.

Adding charge. Similar to the charged quantum BTZ black hole, quantum de Sitter black
holes can be charged (see [110]). In this context, as with the classical charged dS black holes
in 3 + 1-dimensions and higher, the charged black hole has three horizons: outer and inner
black hole horizons, and the cosmological horizon. As such, the solution has three limiting
geometries: (i) the extremal limit, where r; = r_; (ii) the charged Nariai limit, where
e = r4, and (iii) the ultracold limit, where r. = v = r_. Moreover, the physical parameter
space of the solution is characterized by a ‘shark fin” diagram for non-zero backreaction
parameter v.

4.4. Quantum Black Holes in Flat Space

A point mass in three-dimensional Minkowski space, Minks, is described by a coni-
cal singularity with no horizon; the Schwarzschild solution in three dimensions is not
a black hole. Again, quantum backreaction effects alter the geometry such that the
black hole horizon appears to hide the conical singularity [32]. The only known way
to consistently construct an exact quantum black hole in asymptotic Minkj space is via
braneworld holography.

The bulk set-up is the same as for quantum dS; black holes: the AdS; C-metric with
a two-sided Randall-Sundrum brane. In some respects, the asymptotically flat quantum
black holes may be viewed as a special limit, R3 — oo, of the dS3 black holes. Although they
were the first exact three-dimensional braneworld black hole solution to be discovered [23],
quantum black holes in Minkj; have received less attention than their (A)dS cousins [22].
For this reason, we present a fresh take on quantum Mink3 black holes.

4.4.1. Bulk Set-Up

Consider the static C-metric (39) with metric functions (40), except x = +1 and without
the (A)dS factor, such that H(r) has the form

H(r) =1- £ (163)

It is straightforward to verify the bulk geometry is an Einstein metric with a negative
cosmological constant where the bulk length scale is

Ly =¢. (164)

This is the first notable difference compared to the (A)dS examples and will have ramifi-
cations as we proceed. This means the acceleration horizon is present in the spacetime.
However, it has a different effect than in the dS case where £ < L.

For i # 0, the bulk geometry has a black hole horizon at H(r;.) = 0,

re =, (165)
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Figure 10. Randall-Sundrum braneworld. Left: A constant t and ¢ slice of the AdS; C-metric
with ¢ = 0 and ¥ = +1 (Poincaré disc). Lines of constant x are in blue, while lines of constant r
are in red. The ¢-axis of rotation is at x = £1. The thick blue circle is x = 0. Right: Schematic
of an asymptotically flat Randall-Sundrum ETW brane at x = 0 with a static black hole (i # 0).
The shaded magenta region is excluded. The acceleration horizon for the dSz braneworld has been
effectively pushed to the AdS, boundary.

hiding the curvature singularity at # = 0. There is a second horizon at r — oo corresponding
to the bulk AdS, horizon™. To see this, consider the bulk geometry with y = 0 (such that
H(r) = 1and G(x) = 1 — x?). The coordinate transformation

w=L+xr, f=rV1-—2x2 (166)
brings the bulk metric to empty AdS, in Poincaré form

2
ds? = % (—dt2 +d? + Pdg? + dwz). (167)
Evidently, r = 0 no longer represents a curvature singularity but instead a non-singular
worldline w = ¢, 7 = 0. Meanwhile, xr = —¢ maps to the asymptotic boundary w = 0 and
r — oo to the AdS4 horizon w — oo.

As is now standard, real roots of G(x) correspond to orbits of dy. Let x; denote the
smallest root of G(x) and again restrict to the range 0 < x < x3. Withx = +1, x; € (0,1]
(46), where u is defined in (45). The conical singularity at x = x; is removed via the
identification (48) with k¥ = +1.

The x = 0 hypersurface is umbilic. In Poincaré coordinates with y = 0 (166), this
surface is located at w = ¢. We place a two-sided ETW Randall-Sundrum brane at x = 0,
retaining only the region 0 < x < x; (Figure 10). To complete space, we glue another
copy of the region 0 < x < x7 along the brane at x = 0. Israel junction conditions fix the
brane tension to be T = (27TG4€)’1. Notably, since ¢ = Ly, the tension is said to be at its
critical value. As we will see momentarily, this condition leads to a vanishing induced
cosmological constant. The induced geometry at x = 0 is

-1
ds2_g = — (1 — Vf)dtz + (1 - ”f) dr® + r2dg>. (168)

For ¢ # 0, this geometry describes a black hole with horizon radius ry = pf. In terms
of coordinate w, the black hole horizon is located at w; = ¢ + xr. Therefore, the brane
at w = { cuts through the bulk black hole horizon such that the black hole extends only
slightly off of the brane to a distance wmax = ¢ +ryx1 < £+ ry (since x; < 1).

The induced brane theory is (53); however, since Ly = ¢, the induced brane cosmo-
logical constant (55) is zero, while the induced Newton's constant (54) is Gz = G4/2¢. The
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2
central charge of the cutoff CFT3 is c3 = é—i = ﬁ Higher-derivative terms enter at order

(’)(62), and treating the cutoff as small, ¢ < 1, the higher-derivative contributions serve as
corrections to three-dimensional Einstein gravity.

4.4.2. Quantum Schwarzschild Black Hole

The angular coordinate ¢ in the naive metric (168) has a periodicity of ¢ ~ ¢ + A¢.

Working with rescaled coordinates (t,7,¢) — (3,777, 7$) for 5 (63) (with k = +1), the

geometry on the Minkj brane is®'

dSéSchw = —H(P)dP + H(r) 'dr? + Pd$?, H(F) =1 —8GsM — @ (169)
where we identified the mass as in the de Sitter context (149)
1 (xf-1)(x7-9) (1-x9)
M= ——F—1——5—-, F(M) =38 . 170
8 (3-x) M) =86y (70

Since Ly = ¢, the renormalized Newton’s constant G3 = Gs.

The geometry (169) is an exact solution to the induced semi-classical equations of
motion (68) (with ¢3 — oo) with a quantum stress tensor as in (71) and (72) (with 3 — c0).
Thus, we interpret the solution as the three-dimensional quantum Schwarzschild black hole.
A curvature singularity at 7 = 0 is hidden behind a black hole event horizon at

CF(M)

At the horizon, the time-translation Killing vector Z = 178;; goes null, having surface gravity

1, ., (F(M 1 —8G3M)?
e =y (| = 5 - G (172)
+

4.4.3. Quantum Kerr Black Hole

Rotating black holes in Mink3 are constructed by embedding a Randall-Sundrum
brane with critical tension inside the rotating C-metric (78), such that the metric func-
tions are

2
H(r) zl—y—g—i-a—z, G(x)=1—x%—ux®,
ror (173)

Formally, the bulk regularity analysis is the same; however, some of the expressions are
simpler because in this limit 7 = 0, which is a consequence of the G(x) function losing its
quartic term compared to its (A)dS siblings. Thus, the metric on the brane in canonically
normalized coordinates is

2 2 4 -1
K (1 ~8GM = Mrn)dfz i (1 —8GM + (4(;3]) -1 r) e

la%x4n? l s
I <fz I F‘rﬁ) dp? — 4G,] (1 + xr) (dpdE + dFdp),
1
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with canonical coordinates
F=yp'(t—axig), p=n"'¢
s o o 2ax3,/2 — x2 (175)
7=+, rg= ——————s——,
Tr s Ts 3-122)
where 17 = 2x;/(3 — x}). Further, the angular momentum ] is identified as
4ax?(x? — 1)
4Gy = — 1L _—-, 176

while the mass is identified as in the static case (170) and is thus independent of the rotation
parameter a. A ring singularity appears at 7 = rs.

The metric (174) is dubbed the quantum Kerr3 black hole. In the limit of vanishing
backreaction, one recovers the classical conical Kerr geometry. At leading order in a small-/
expansion, the stress tensor of the holographic CFTj3 is

z V4 3a2x2
Thy = — 1 1 1
{T'ro 1671(3373( Tt >

(Th)o = 16;&,

(T = ‘167fé3r3 (2 - 3Q:zx%>/ (177)
o= s (1)

(T2)o = —163;1(?;5-

Notice now that function F(M, J) from evaluating the large-7 behavior of <T§>0 is exactly
equal to F(M) = u#?, as in the static case.

4.5. Horizon Structure
Bulk black hole horizons correspond to real roots r; of H (r), ie.,

ry = %(M £/ (ul)? — 4a2). (178)

These correspond to rotating horizons with rotation

a

Qr=————, (179)
(13 +a%x%)
generated by Killing vector {/ = a§ + Qiafl-). The surface gravities are
2 2
Ui L) n 2a

ke =—— EH(ry)| = ———|ut — =|. 180
* (rh 4+ a2x2) 2 [H(r=)] 2(r% 4 a2x2) # re (180)
There is an extremal black hole when the inner and outer horizons coincide, 4 = r_ = rey,

i.e., when puf = 24. In this limit, the surface gravities (180) vanish.
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5. Quantum Black Hole Thermodynamics

Black hole thermodynamics [111-114] reveals an interplay between geometry, quan-
tum mechanics, and thermodynamics. This is encapsulated by the Bekenstein-Hawking
entropy—area relation,

. kBCS A[H]

S=2= " (181)

for Boltzmann constant kg, and we have temporarily restored factors of 7 and speed of
light c. The area law states black holes carry a thermodynamic entropy proportional to the
area of a codimension-2 cross-section of their event horizon H. Hence, black holes may
be treated as genuine thermal systems with energy, entropy, and temperature, and other
thermodynamic variables depending on the type of black hole. In the case of stationary
black holes, the laws of black hole mechanics [115] may be reinterpreted as laws of thermo-
dynamics. For example, the first law relates a variation in mass M to variations of the other
thermodynamic variables

dM =TdS + ..., (182)

with Hawking temperature T, and where the ellipsis implies variations of other possible
thermodynamic variables, e.g., electric/magnetic charge, rotation, and so forth.

As we review below, just as the bulk geometry imprints itself on the brane, so too
does its thermal description. Thus, classical thermodynamics of the bulk black hole geom-
etry is interpreted as semi-classical thermodynamics of the quantum black hole system.
This allows for an exact study of quantum black hole thermodynamics at any order in a
backreaction.

5.1. Bulk Thermodynamics

When we think of mapping out the properties of a thermodynamic system, we typically
think of one near equilibrium. Likewise, in black hole thermodynamics, often the first task
is to check whether the system has a well-defined notion of thermal equilibrium. Such is
the case, for example, of Kerr-Newman black holes in AdS, where thermal equilibrium is
unambiguously defined [116]. Alternatively, the thermodynamics of black holes in de Sitter
space is conceptually more subtle because a static patch observer encounters a system with
two horizons at different temperatures (except in special limits, e.g., Nariai), such that the
system is not generally in equilibrium. Similarly, due to the presence of an acceleration
and black hole horizon, the thermodynamics of the C-metric is generally more subtle than
non-accelerating black holes—even when the accelerating black holes are embedded in
AdS. Furthermore, although the C-metric line element does not display time dependence,
uniformly accelerating black holes will deliver non-vanishing radiation at asymptotic
infinity [117]. Thus, it is not obvious how an accelerating black hole could possibly be in
equilibrium.

The AdS C-metric, does, however, have a distinct advantage over the flat or dS C-
metrics. Working in a particular regime of parameters, the negative cosmological constant
has the effect of essentially removing the acceleration horizon such that it can be consistently
neglected. This regime is precisely the ‘slowly accelerating” black hole [90] where the
(inverse) acceleration and AdS, length scale satisfy

Slowly accelerating: ¢ > L. (183)

In such situations, the AdS; C-metric is described by a single black hole suspended away
from the origin by a cosmic string attached to the AdS boundary (recall Figure 4). Con-
sequently, being able to ignore the acceleration allows for the temperature of the black
hole system to be defined in a straightforward way. Even still, due to the presence of
cosmic strings, the black hole is not isolated. This makes consistently carrying out the
thermodynamic analysis of the slowly accelerating black hole non-trivial. Indeed, one must
account for both the black hole and cosmic string, leading to a modified first law including
variations of the tension of the cosmic string [118-121]°2.
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While the starting point is the same, the thermodynamics of the bulk black hole system
used in the braneworld black hole constructions in Section 4 is ultimately different from
the usual AdS; C-metric. Firstly, in the braneworld construction, there is no cosmic string;
instead, there is a brane. For a purely tensional brane of constant tension, the brane does
not play an obvious role in the bulk black hole thermodynamics (we will revisit this when
we allow for variable tension). Second, the bulk geometry is regular in that the zeros to the
metric function G(x) are removed along with the conical defects they induce. These two
facts make the thermodynamic analysis less subtle than the standard C-metric.

In general, however, the question of thermal equilibrium remains due to the presence
of the bulk acceleration horizon. In fact, this question distinguishes the treatment of the
Karch-Randall and Randall-Sundrum braneworld constructions. For the former, the bulk
system started with a slowly accelerating black hole (183), such that the acceleration horizon
does not imprint itself on the brane. Alternatively, for a dS3 Randall-Sundrum brane, the
bulk acceleration horizon cannot be ignored because one is not in the slow acceleration
regime, thus complicating the thermal analysis. Instead, ¢/ < L. The edge case / = Ly
corresponds to the flat Randall-Sundrum brane. Recall in this scenario the acceleration
horizon does not localize on the brane (as in the dS3 Randall-Sundrum brane) such that the
acceleration horizon may be ignored. We will return to these differences momentarily.

Moving forward, let us first consider the thermodynamics of the bulk system with an
AdS; Karch-Randall braneworld. In the literature on the exact three-dimensional braneworld
black holes, typically, one assumes the Bekenstein-Hawking entropy Formula (181) and
Hawking temperature. The energy is then identified by demanding the first law hold,
which is subsequently found to coincide with the mass M identified geometric construction.
For example, consider the static, neutral black hole construction (39). It proves useful to
introduce the real and non-negative parameter [24]

l3
= 184
z roxy (184)

for black hole horizon radius .. Given the range of x;, generally, z € [0, ). It is possible
to express the parameters x1, p and r4 solely in terms of z and v = ¢//¢3. In particular,
solving H(ry) = 0 for x7 yields

’ 1 (1-vz®)

=" 185
. x 22(1+vz) (185
Rearranging z (184) and substituting for x7 above gives
(1+vz)
Further, with (185), the parameter y (45) obeys
(142%)

The Hawking temperature T of the bulk black hole horizon is proportional to the
surface gravity relative to the canonical timelike Killing vector 07 (74). Using (185)—(187),
the temperature can be recast in terms of z and v,

Kt 1 z(2+3vz+vz3)
T=—= . 1
2w 2mly 1+ 3z2 4+ 2vZ8 (188)
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The Bekenstein-Hawking entropy, meanwhile, is (setting c = i = kg = 1)

_Area(ry) 2 woo, 2
i Te T 4G4/o d¢/0 e

 8nl} vz
4Gy 14322 +2vz3

(189)

where the factor of two appearing in the second equality is because the brane is two-sided.
Keeping parameters /3 and v fixed, we can identify the energy E via

3.E = Ta.5, (190)

such that the first law
dE = TdS (191)

is obeyed. In particular, the energy E is explicitly found to be

V14+1222(1 —vz8) (1 +vz)

E =
2Gs (143224 2vz3)?

=M, (192)

where in the second equality, we substituted (185)-(187) into the identified mass (65). This
confirms M should indeed be identified as the mass of the bulk black hole.

Gravitational Path Integral Approach

The above method is sufficient for studying the thermodynamics, assuming the identi-
fication of the thermodynamic variables is correct. A more fundamental approach would
be to evaluate the quantum gravitational canonical partition function in the semi-classical
limit via the on-shell Euclidean action [123]. Such an approach was taken in [124] (see
Appendix E for details).

Formally, the partition function Z() is given by a Euclidean path integral whose fixed
boundary data on field configurations corresponds to thermodynamic data defining the
thermal ensemble. At leading order in a stationary phase approximation, this becomes

Z(‘B) ~ e_lon-shell, (193)

where f is the (inverse) temperature of the system and I, ¢hen1 is the on-shell Euclidean
action. In say, the Schwarzschild black hole, B is introduced as the periodicity of the
Euclidean time circle to make the Euclidean solution regular at the horizon. In the case
of the AdS,; warped geometry, additional care is needed. Firstly, one Wick rotates the
Lorentzian geometry (39) tg = it for Euclidean time tg. To avoid a conical singularity at
r = r4, the Euclidean time direction is compactified into a circle, tg ~ tg + Atg, with period

4r
Atp = ——. (194)
[H'(r+)]
Further, the bulk regularity conditions eliminating the conical singularity at x; must
be respected. Combined, one works with Euclideanized canonically normalized time
coordinate fr with periodicity

_ _ At
fE~fe+B B= 715 (195)

Working at fixed B thus defines working in a canonical ensemble of fixed temperature
T = p~!. Indeed, the periodicity (195) is the inverse of the temperature (188).
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With respect to the partition function (193), the thermodynamic energy E and entropy
S are defined as

= —alg IOgZ ~ a/ﬂon—shellr

(196)
S = BE +1logZ ~ (Bdg — 1) Lon-shell-
With some work, the on-shell action for the static, neutral black hole is
272z 14+ 2vz+vz2(2+vz
Ion-shen = — [ ( )] (197)

Gyv (24 3vz+vz3)(1+ 322 +2vz3)’

from which one recovers the mass (192) and entropy (189). In summary, the thermodynam-
ics of the bulk black hole directly follow from a Euclidean gravitational path integral.

Critical to this approach is being able to identify a system in thermal equilibrium.
The black hole system in question has multiple non-degenerate horizons, as in the case
with the dS3 Randall-Sundrum brane. Thus, upon Wick rotating to Euclidean signature,
the geometry will have multiple conical singularities: one associated with each horizon.
In such cases, one removes a single conical singularity by fixing the periodicity of the
Euclidean time coordinate for the associated horizon. Consequently, one is only able to
treat a part of the entire system (neglecting the other horizons). Strictly speaking, however,
in such situations, the complete system is not in thermal equilibrium, and it is not clear
how to define a thermal partition function (without further modification).

5.2. Identifying Bulk and Brane Thermodynamics

The thermodynamics of the classical four-dimensional black hole is reinterpreted as
the semi-classical thermodynamics of the three-dimensional quantum black hole. This is a
by-product of the fact that the bulk black hole horizon localizes on the brane such that the
temperature of the bulk black hole coincides with the temperature of the horizon induced
on the brane. To wit, consider a (d + 1)-dimensional static bulk geometry with line element

ds®> = —A(r)dt> + A~ Y(r)dr* + r?dQ3 ,, (198)

where r = r;, denotes the event horizon of the black hole, equal to the largest root of
A(r) = 0, and is generated by the time-translation Killing vector 8?. Let ® = ®(r, ¢') for
(d — 1) Gaussian normal coordinates {¢'} denote the hypersurface equation of the brane .
The induced metric on B is [125]

dsy = —A(r)di* + (A*l(r) + rz(arCD)z)er + r2ydg'dg)

o (199)
= —f(r)dt* + g (r)dr* + rPy;dg'dg),
having identified
=AW, §) = o) (200
= A S =T AR (0,0)

The bulk event horizon at » = r;, corresponds to a horizon on B, i.e., the bulk and brane
blackening factors have the same root structure. Further, assuming 0, is regular such that
A(r)(9,®)? vanishes at r = ry,, the temperature of the bulk black hole coincides with the
horizon induced on the brane:

[A'(r)] f'(r)g'(r) "
T = =V e =T (201)
" 47-[ r=ry 47-[ r=ry

Geometrically, the identification of the bulk and brane horizon temperatures is because

the bulk time-translation Killing vector remains a time-translation Killing vector on the

brane®.
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Below, we review the thermodynamics for each type of quantum black hole explored
in Section 4, starting with the static neutral quantum BTZ family of black holes.

5.3. Quantum BTZ Black Holes
5.3.1. Static Quantum BTZ

The thermodynamic variables of the static bulk black hole worked out above are

v VIt 12 22(1 —vz3)(1 4 vz)
2Gs  (1+3z2+42vz3)2 7
_ 1 z(2+3vz+ vz3) (202)
27l 1+ 322 4+2vz3 ’
_ 8ml3 vz
4Gy 14322 +2uz3°

The claim is that these thermodynamic variables are to be interpreted as the thermodynamic
quantities of the quantum black hole. Above, we already saw how the temperatures
coincide. From the brane perspective, determining the mass is a highly non-trivial task
due to the higher-derivative nature of the gravity action. Let us therefore first focus on the
entropy S.

Entropy
From the bulk perspective, S is the classical four-dimensional Bekenstein-Hawking
entropy, S = S}(;g (189). Alternatively, from the brane point of view, S must be a sum of

gravitational entropy and the von Neumann entropy of the holographic CFTs3. That is, S is
identified as the generalized entropy [126]:

4rtls  zvV1+12

(4) — c(3) _ 2
Spr = Sgen 4Gy 1+ 322 +2vz3’ (203)

where we replaced Gy = 2G3Ly = 2G3¢/+/1 + v2. Because we have the full bulk solution,

Séﬁl is exact and valid for all v. To parse the gravitational and matter contributions to the
entropy, however, it is useful to expand (203) in a small v expansion,

4rlzz 87laz* 271032 (1 + 622 4 92* + 82°)
Sien = ke - : 21 0(1%). (204
8 4G5(1+322) 4G3(1+ 322)2V 4G5(1 + 322)3 vt +O(7). (204)

The first term can be understood as the three-dimensional Bekenstein-Hawking entropy of
the classical BTZ black hole*

47‘[£3Z 7'[2£§ ZMBTZ
S = = Tgrz = 3y | ———=. 205
B1Z = 4G+ 320) | Gy P12\ T (205)

where Tprz = lim,_,¢ T and similarly for Mpyz. The second term in (204) is proportional
to £ ~ c3. Since higher-derivative contributions to the entropy enter at order v2, the O(v)
term can only correspond to the von Neumann entropy of the CFTj3 in the limit of weak
backreaction. The O(v?) and higher-order terms are in principle a combination of the
matter and higher-derivative effects that are difficult to distinguish.

Since the brane theory is in general a higher-derivative theory, in principle, the entire
gravitational entropy can be computed using the Iyer-Wald entropy functional [127,128],

. 9L
SIW =27 LdD 2x\/§ Wﬂjekl. (206)

Here, g;; is the induced metric of the codimension-2 cross-section H of the horizon with
binormal €;;, and L is the scalar Lagrangian scalar characterizing the gravity theory, e.g.,
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for the Einstein—Hilbert Lagrangian, St = %Pg = Sgy. In the case of the semi-classical
induced theory on the brane (57), the Iyer-Wald entropy is [25]*

s§33—4G /dx\f[1+€2( R— g”R )+O(€4/€§)], (207)

with gi# = gij — gij being the metric in the directions orthogonal to the horizon®®. The
leading contribution is the three-dimensional Bekenstein-Hawking entropy,

5 _ 2” _ 2mry
SBH = 4G3/ = 4G/ 4G5 (208)

Substituting in parameters (185) and (186), notice

S ml3z%(1 +ZZ)1/
BH /714_1/2 gen BTZ 7(33(1—}—322)2

(3)

Due to its dependence on v, Sg;; contains semi-classical backreaction effects; only when
v = 0 does (208) coincide with the classical entropy in (204). Notice the difference

+O@2). (209)

vz(1+ 22)

= Tyaz T (210)

It is natural to interpret this difference as the leading contribution to the CFT entropy.
Evaluating the Iyer-Wald entropy (207) on the quantum BTZ background (64) yields

2 z(1+ 22
Sw=1-%- 7(1 +Vz)V3 + OS5 (211)

Thus, the higher-derivative contributions to the gravitational entropy enter at order O(v?).
With the Iyer-Wald and generalized entropies, the CFT3 entropy can be determined.
This is because the generalized entropy associated with a black hole horizon is, generally,

Sgen = SIW + S{;n]\a]t/ (212)

where STt = —trplog p is the von Neumann entropy of state p of quantum fields living on
the classical background confined to one side of the horizon. Typically, the matter entropy
is UV divergent due to vacuum entanglement just across the horizon. The leading order
divergence is of the form A[H]/eP~2 for UV regulator €, while there will also be sublead-
ing divergences in €. The Bekenstein-Hawking contribution to Sy (with renormalized
Newton’s constant) regularizes the area divergence of the matter entropy, while the sub-
leading divergences are regulated via the higher-derivative contributions to Syw. Thence,
the generalized entropy is UV finite and independent of the UV cutoff [130-132]. Therefore,
the matter entanglement entropy can be formally computed by taking the difference of the

generalized and gravitational entropies. Explicitly to leading order in v’
() g0 g0 _Anh?v
SCFT = Sgen - SIW ~ —m = —VZSBTZ. (213)

Note that the minus here does not imply the entanglement entropy is negative. Rather, here,

S(CSF)T corresponds to the finite contribution to the entanglement entropy after the leading
piece has been absorbed in a renormalization of G3 (which differs from the renormalization
of G3 due to higher-derivatives effects on the mass).
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Observe when z < 1, the matter entropy (213) takes the form
2
(3) . mlavzt 2
SCFT|2<<1 ~ — G3 = —27TC3(7[€3T) ’ (214)

where we used Tprz|.«1 =~ z/7l3 and ¢ ~ 2c¢3G3. The proportionality to T? is consistent
with the behavior of a 2 4 1-dimensional conformal gas, implying the entropy is thermal.
Meanwhile, for large-z but vz < 1,

S(3) ~ 7'[531/ _ _27TC3
CFTIz>>1 3G3 3 7

(215)

a non-thermal entropy. Comparing the two limits of the matter entropy, we can infer
z < 1 characterizes states where thermal effects dominate, while z > 1 describes states
dominated by non-thermal effects. In fact, as we will see momentarily, the large and small-z
limits, respectively, coincide with quantum states having large and small Casimir effects.

The First Law of Thermodynamics

Having identified the bulk horizon entropy with the generalized entropy on the brane
(203), the bulk first law (191) from the brane perspective reads

dM = TdS),. (216)

This observation is consistent with two-dimensional quantum black holes (another context
where the backreaction problem can be exactly solved) [133,134]. Thus, accounting for a
semi-classical backreaction, the standard first law of horizon thermodynamics is modified
by replacing ‘classical” entropy with Sgen. It is worth emphasizing this first law is exact and
valid for all v, i.e., for small or large backreaction.

From the brane perspective, since the theory includes an infinite tower of higher-
derivative contributions, an unambiguous definition of the mass is lacking. Therefore, the
first law (216) provides another route to determining the mass. That is, we demand that
the quantum BTZ black hole satisfies the semi-classical first via which the right-hand side
defines the mass M (202). Notice that in the large-z limit, the mass hits its minimum value

. 1
}L}%M = 86y (217)
This mass can be thought of as the negative Casimir energy of the cutoff CFT3, thus
explaining the non-thermality of the matter entropy (215). Alternatively, for small v and z,
the Casimir effects are suppressed, leading to a thermal matter entropy (214).

Recall that the qBTZ solution parametrizes a family of quantum black holes with three
branches (76)**. As depicted in Figure 11, all quantum black holes have higher temperatures
than classical BTZ with the same mass. Incidentally, the branch 1a quantum dressed conical
singularities (—1/(8G3) < M < 0) have negative heat capacity, IM /9T < 0, except at
M = 0, where the heat capacity diverges. In this range, where Casimir effects are dominant,
the entropy S is most naturally understood to be entanglement entropy due to vacuum
fluctuations across the horizon. Meanwhile, the largest black holes in branch 1b also have
negative heat capacity, M. < M < 1/24G3, where M. # 0 is some critical value of the mass
where the heat capacity diverges. Further, the branch 1b black holes have a larger entropy
than branch 2, which is likely due to the fact that the branch 1b black holes are formed due
to backreaction of the Casimir energy.

5.3.2. Rotating Quantum BTZ

Using the analysis of the static quantum BTZ as a guide, it is in principle straightfor-
ward to analyze the thermal properties of the rotating quantum BTZ black hole (91). The
essential new feature here is that there is an outer and inner black hole horizon, r; and
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Figure 11. Quantum BTZ thermodynamics. Top: Mass (solid, red curve) versus temperature for
v = 1/3. Bottom: Generalized entropy (solid, red curve) versus mass for v = 1/3. The black dashed
lines correspond to the classical BTZ behavior.

r—, with r_ < ro. Thus, there is a parameter z (184) for each horizon. Below, we report
only the thermodynamics for the outer horizon as the analysis of the inner horizon follows
mutatis mutandis. In addition to z = {3 /r4x1, we also introduce the rotation parameter

& =d/\/—Kxy, (218)

where, recall, @ = ax?/ (3.
Following the logic leading to the parameters (185)—(187), now

xZ_fl 1—vz3
U k221 4vz—a2(z—v)]’
1+ vz —a?z(z —v)
2 2
— , (219)
"+ 3k 1—vz3
1 2 1 21_ 2
oy = 220 2)

1—vz3
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Substituting these into the expressions for mass (92), rotation (93), surface gravity (100),
and angular velocity (97), the thermodynamic variables are [24,25]

V1412 (1—v23)[22(1 4 vz) + a?(1 4 4v3 (1 + a2) — (1 + 4a2)z%)]
2G; [1+4 322 +2vz3 — a?(1 + 4vz3 + 324))? ’
1 [Z2(14vz) —a?(1—2v2 + 24)] 2+ 3vz(1 + a?) — 40222 4 vZ3 + a?v2”]
27145 z(14vz)[1+a2(1 — 2z2)][1 + 322 + 2vz3 — a2(1 — 4vz3 4 3z4)] ’
31+ 12 z(1+a?(1 —22))

M:

T

°= Gs [1+ 322 4 2vz3 — a2(1 + 4vz3 + 3z4)]’ (220)
U3V + 02 az(1+22)[1 4+ a2) (1 — 22)] /(1 — v23)[1 + vz — a2z(z — V)]
I= Gs [1+ 322 4+ 2vz3 — a2(1 + 4vz3 + 3z4)]2 ’
0- a(1+22) /(1 —vz3)[1 + vz — a2z(z — V)]
t3 z(1+vz)[1+a2(1 —22)]

As with the static case, these variables serve as the thermal quantities of the bulk AdSy
black hole and are identified to be the thermodynamic variables of the quantum black hole.
In particular, the Bekenstein-Hawking entropy of the bulk black hole is

2 p2 2,2
(4):i/mryd /xld ril 1491
SBH 4Gy Jo ¢ 0 x(£+r+x)217 + ra 221)
o lxg(rh +axy)
a G4 {+ r+Xx1
and is identified to be the generalized entropy of the black hole on the brane Sé?n Notice
that in the limit of vanishing backreaction, the entropy reduces to the classical BTZ entropy

. o3 T3 J ]
lim S = \/2?3<\/M+€3+\/M €3>. (222)

The Wald entropy is formally no different than before, and the matter entropy (213) obeys
the same relation at the leading order in v.
It can be explicitly verified that the thermodynamic variables (220) satisfy (for fixed v)

.M — T9,S — Q3.] = 0,

(223)
aaM - Talxs - Qa“] - O.
Consequently, from the brane perspective, the semi-classical first law is
dM = TdSh +Qd]. (224)

Again, n.b., mass M and angular momentum J, from the point of view of the brane, include
the infinite tower of higher-derivative contributions in the gravity action (encoded in G3),
which was exactly resummed due to our knowledge of the bulk theory.

While the first law holds for any range of parameters, not all ranges are physically
sensible. Thus, restrictions are made when exploring the thermodynamics of the rotating
solution [25]. In particular, for non-extremal solutions, one takes

0<a?< 1+vz

et (225)

The lower bound is chosen to avoid naked closed timelike curves (x = +1 negative mass
quantum-dressed cones belonging to branch 1a have a> < 0 (218)). The upper bound
follows from demanding the outer black hole event horizon r be real and positive. For
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Figure 12. Parameter space for rotating quantum BTZ. The blue region covers solutions that obey
the extremality bound of classical rotating BTZ black holes, 0 < & < aext. Green and red regions
correspond to superextremal black holes, ® > wext. The red region contains black holes that violate
the quantum reverse isoperimetric inequality (277) and are thermodynamically unstable.

k = —land v < z < v~1/3, the upper bound implies 1 + 4?(1 — z%) > 0. Even with
this bound, however, the temperature T of the black hole can go negative without further
restricting the range of parameters. The classical BTZ extremal limit (108) occurs when

2 2 22(1 +VZ)

S LA O s L 226
O T Rt T 153 +z4 (226)

where temperature T = 0.

As noted in Section 4.2.2, the rotating quantum black holes can exist beyond the classi-
cal extremality bound (226). This is because the temperature T and angular momentum
J are in general non-monotonic with respect to a. There are thus two distinct types of
rotating black holes: (i) those which respect the classical extremality bound, 0 < & < aeyt,
where T and | are monotonic in «, and (ii) the ‘superextremal’, i.e., & > text, Where T
and | are non-monotonic. In Figure 12, we illustrate these distinct families, where the
blue region corresponds to black holes respecting the extremality bound, while the green
and red regions correspond to ‘superextremal’ solutions. The superextremal black hole
solutions are possible due to the combined non-linear effects of the rotation and quantum
backreaction, and they are consequently dubbed non-perturbative rotating black holes [135].
Among these solutions (those belonging to the red region) are black holes which are both
thermodynamically unstable (having a negative heat capacity) and violate the so-called
quantum reverse isoperimetric inequality (see Equation (277)).

5.3.3. Charged Quantum BTZ

As with the rotating case, the charged quantum BTZ black hole (123) has an outer and
inner horizon. In addition to the parameter z = ¢3/r x, it is useful to introduce

v = gx3, (227)
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along with 7, = ex? and 4 = gx3, obeying 7v* = 72 + 'y§. Consequently, following the

logic yielding parameters (185)—(187) gives [99]*

2= 1(1—v2® + 9%z + 4%

K z2(14vz) ’
2
. kl5(14vz) 298
T+ (1—vz3+ 721/23 + 721/224) ’ (228)

Hx = (1—vz3+192 vz3+’yzvzz4)‘

In terms of these parameters, the thermodynamic quantities are [98]

V1+1222(14vz)[1 —v23 + y2v23(1 + vz)]
2Gs 14322 +2vz3 + 9222(1 + vz)?)?

oz 2+43vz—vZB(YP(1+vz)? - 1)

o 2ml3 [14 322 + 2vz3 + 4222(1 +vz)?]’

l3vV1 + 12 z

M:

S=TG, (14322 + 2023 + 9222(1 + vz)2]’ (229)
Q. = 167 Yez? (1 +vz)V1 +12
e

5¢3Gs [1+ 322 + 2vz% + 9222(1 + vz)?]’

| 583 Yevz3 (1 + vz)
He =\ 4nG;, (14322 4+ 2vz3 + 4222(1 + vz)?]’

More specifically, parameters (228) are substituted into mass (124), electric charge (131) and
potential (133) (the form of the magnetic charge Q. and potential j, are of the same form but

with e — 7). Further, the temperature follows from the surface gravity, T = m — A 4(;*)‘ ,
while the entropy is
27”7 47tlr x1y
s—gW _ / / - 217 230
Se = 4Gy E—l—xm 12 Gyl +rix7) (230)

(3)

and is identified as the three-dimensional generalized entropy Sgen. It can be easily verified
that the thermodynamic quantities (229) satisfy

9:M — T0;5 — 1cd:Qe — Hgd2Qg = 0,
M — T9yS — 10y Qe — 1igdy Qg = 0, @31)
Oy M — TS — Hedy; Qe — g0y, Qg = 0,

where y; = 7, 7g. Thus, from the brane perspective, the first law of thermodynamics is

dM = TdSZ + edQe + pgdQy. (232)

Notice that in the limit v — 0, the chemical potentials y, and pg vanish (as does the
charge, which is readily apparent from (131)). This is indicative of the fact that the charge
of the brane black hole is a quantum effect, and the charged quantum BTZ black hole
does not reduce to the classical charged quantum BTZ black hole. Further, in the limit of
vanishing backreaction v — 0, the classical relation (205) between Sprz, Tgrz and Mprz
continues to hold. In fact, the generalized entropy has a qualitatively similar behavior as
the entropy of the neutral, static qBTZ (Figure 11). The only essential difference between
entropies of the charged and neutral black holes is that, rather than reaching zero, the
charged black hole entropy ends at a finite, non-zero value—the entropy of the extremal
black hole [98]. Meanwhile, in stark contrast with the neutral qBTZ, with q # 0, as the mass
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Figure 13. Charged quantum BTZ thermodynamics. Top: Temperature versus mass for v = 1/3 and
g = 0.1,0.3,1 (left to right; blue, black, red). Bottom: Generalized entropy versus mass forv =1/3
and g = 0.3. The entropy ends at a non-zero finite value (black dot).

decreases monotonically below zero, the temperature reaches a finite maximum value and
then quickly tends to zero at the extremal limit (shown in Figure 13). For a more complete
treatment of the thermodynamics of the extremal black hole, see [98].

5.4. Quantum dS Black Holes

Geometrically, the chief difference between the quantum BTZ and dS; black holes is
that the latter are equipped with a cosmological horizon. As with classical de Sitter black
holes, the black hole horizon is generally hotter than the cosmological horizon. According
to a static patch observer, then, the system is characterized by two generally unequal
temperatures and thus not in thermal equilibrium. This complicates and enriches the
thermodynamic analysis of quantum de Sitter black holes.

5.4.1. Quantum Schwarzschild-de Sitter
Along with v = £/R3, it is useful to introduce the dimensionless parameter [26]

R3

Z ’
riXq

(233)

where 7; refers to either the black hole or cosmological horizon, r;, and 7., respectively. We
can now express X1, i, and r solely in terms of v and z

» 114wz
X=5—m,
z2 1+vz
1+vz
2 2
— R 234
R T (234)
221
Hxq

T 1+us
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These are the Wick rotated counterparts of the qBTZ solution parameters (185)—(187).
Further, Gy = 204G3 = 2G3¢/+/1 — v2. In terms of parameters (234), the mass (149) is

1 —1+8vz%)
—V1- . 2
e 1 + 21/23) (235

In the quantum de Sitter limit, where z = 1, it follows M = 0. Also note the mass M
vanishes at large z, lim, .o M =~ 49}7 + (9(1/22). For fixed x1 # 1 and for z = z, it is
natural to think of the large zj limit as a small quantum Schwarzschild black hole, where
Rz > rxq.

Temperature

On the brane, the black hole and cosmological horizons will appear to emit radiation
at the Hawking and Gibbons-Hawking temperatures Ty, T, respectively. Explicitly,

zp 2+3vzy — vzi ze 2+43vze — vz

T, = — , T. = . 236
h 27R3 325 — 1+ 2vz} ¢ 27mR3322 — 1+ 2v7d (236)

In the limit v — 0, the black hole temperature vanishes, since z; diverges, while the
cosmological horizon temperature reduces to

EmT, — L %

= ———— = Tgq4s.. 237
V=0 7R3 3z%2 — 1 SdSs @37)

Since in general r, < ¢, and hence z. < zj, the black hole horizon has a higher temperature
than the cosmological horizon, T, > T.. Thus, as usual for Schwarzschild—de Sitter
spacetimes, the black hole and cosmological horizons are not in thermal equilibrium. Only
in the Nariai limit do the temperatures of the two horizons coincide. There is more on this
below.

Entropy and the First Law
The four-dimensional Bekenstein-Hawking entropy of the bulk black hole is

s _ Area(ry) 2 /27”7 / 72
SBH = 45, 4G, ap | dary (01 xr.)2
TRz zv1-— v2

Gz 322 —1+2vz8

(238)

As with the AdS3 quantum black holes, from the brane perspective, the bulk entropy is

interpreted as the three-dimensional generalized entropy ng)n In the limit z = 1, the
generalized entropy of the quantum de Sitter solution is proportional to the Gibbons—
Hawking entropy of the dS3 cosmological horizon, i.e., the sum of gravitational entropy
and entanglement entropy due to the CFT living outside of the cosmological horizon.
Further, the generalized entropy is related to the three-dimensional Bekenstein-Hawking

)

entropy Sgy; of the horizon(s) on the brane via

50 _ Y1-v2 o) (239)
BN 14z TBH
where 51(33) = 228'7 In the limit of vanishing backreaction, the three-dimensional entropies

coincide and are equal to the cosmological horizon entropy of classical Schwarzschild—
dSs [136]

. (3 mR3 z 7T2R2
lim Sgth = 5 57 = g T = 5g. T 1=8GM = Ssgs.  (240)
c
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In a perturbative series expansion of small v, the linear-order O(v) contribution to the
generalized entropy (238) captures the CFT matter entropy, while quadratic and higher-
order contributions include the effects of the higher-derivative corrections. Formally, the
matter entropy is given by the difference of the generalized entropy and Iyer-Wald entropy,
which, to leading order and for large-z, has the same non-thermal result as static quantum
BTZ (215).

Putting together the mass (235), temperatures (236) and entropy (238), there is a
separate first law for the black hole and cosmological horizons,

dM = Tydsy) (241)
and
dM = —T.dS3h . (242)
In combination, notice
0= Thdsézl,h + TodSSh. (243)

Thus, as the generalized entropy attributed to the black hole increases, the generalized
entropy of the cosmological horizon decreases. This is a consequence of the minus sign
appearing in the first law for the cosmological horizon (242), i.e., the entropy of the cos-
mological horizon decreases as the mass increases. Akin to classical de Sitter space, this
suggests quantum dS;3 represents a maximum entropy state with a finite number of degrees
of freedom. Hence, quantum de Sitter black holes behave as instantons constraining the
states of the original de Sitter degrees of freedom (see, e.g., [137-139]).

Nariai Limit
As noted above, in general, a static patch observer sees the quantum SdS; black hole
as one with two unequal temperatures. A special limit where the temperatures coincide is

the (quantum) Nariai solution (150), i.e., the largest mass black hole able to fit inside the
cosmological horizon, where r;, = r. = ry. Recall that in this limit, () attains a maximum

21
= ——. 244
PN =3 J3v (244)
such that /3
R 3
'NX X

In this case, x) is the particular value of x; in the Nariai limit found by solving un =
(1 — x3)/x3 for x1. For arbitrary v, there will generally be one real solution for x; and one
real solution, which for small v takes the form

A = \/5(%)1/3 - ?v O, (246)

vanishing in the limit v — 0 (as one would expect). In terms of xll\I, the mass of the Nariai
solution My is therefore defined by My = M]|,—. Similarly, the entropy of the Nariai
solution is defined as SI(\? ) = Sgé)n|Z:ZN. See Figure 14 for a plot of the horizon entropies as
a function of mass M normalized with respect to the Nariai mass.

Regarding the temperature, the Nariai limit is subtle. Naively, setting . = r;, leads to
the horizon temperatures (236) vanishing. This is a consequence of working with surface
gravities xj, and x. defined with respect to the time-translation Killing vector ¢ = 9z

1 1 1
kp = =H' (7)) = —— (73, —72), ko= —=H'(7.) = ——— (7% — 72),
h ( h) Z?her( N h) c 2 ( C) Z?CVZN( N c) (247)
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Figure 14. Quantum SdSj3; thermodynamics. Left: Plot of Sge; (red), 51(33;)1 (blue) and Sgqs, (green) as
a function of mass M and v = 1/3. Dashed curves refer to black hole entropies S, while the solid
curves denote the entropies associated with the cosmological horizon S.. Right: Temperature as
a function of mass M for v = 1/3. Blue and red curves, respectively, correspond to temperatures
Ty, and T, while the magenta and orange curves denote Tj, and T, respectively. The green curve
represents the temperature of the Schwarzschild limit (R3 >> ry,).

which clearly vanish when 7, . — 7y = %17. However, for Schwarzschild—de Sitter, there
is a more natural choice of normalization of the time-translation Killing vector, owed to
Bousso and Hawking [140], resulting in a non-vanishing Nariai temperature. Technically,
the Bousso-Hawking normalization is chosen such that ¢ = —1 at the radius 7y where the
blackening factor H(7) obtains a maximum,

H(f)=0 = 7= %(3?@ —72). (248)

i

for a positive real root 7; of H(7). Physically, the radius 7y corresponds to the location where
an observer can stay in place without accelerating, i.e., the position where the acceleration
due to the gravitational attraction from the black hole balances out the cosmological
acceleration. This is consistent with the asymptotically flat Schwarzschild black hole where
7o — oo (since Rz — o0), and it is empty de Sitter where 7y — 0 (via 7; — 7 R3).

In terms of radius 7y, where

H(7o) = (R — 7). (249
N

the analogous Bousso-Hawking temperature is

T=— (250)

In terms of the horizon radii 7y, ,

- 1 T
The=F — ’
’ 4trNT - 2/3 (251)
N7h,c \/1_, B (@(3?2 2 ))
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where the minus sign corresponds to the black hole temperature, and the plus sign cor-
responds to the cosmological horizon temperature. Carefully taking the limit 7\ ~ 7, .,
the temperature Tj, . of both horizons approaches the Nariai temperature Ty = 1/ (27try)
(see, e.g., Appendix B of [134]). The expression for T in terms of z and v is cumbersome to
leading order, for small v is equal to the dS3 Gibbons-Hawking temperature [26]. Figure 14
displays the temperatures T, Tj,, and T as a function of mass M normalized by the Nariai
mass. The behavior is essentially identical to classical four-dimensional Schwarzschild-de
Sitter black holes (see, e.g., Figure 2 of [137]), reflecting the holographic character of the
induced geometry.

5.4.2. Quantum Kerr—de Sitter
The new feature of the quantum Kerr—de Sitter black hole (152) compared to the

quantum SdS is that now there is an outer and inner black hole horizon obeying r_ < 7, <
rc. In addition to z (233), we introduce the rotation parameter

p= 1= (252)

where {r;} = {r+,r.}. We can express x1, it and r; solely in terms z, v, and a:

2= 1+vz8
V7 21 vz +a2z(z +v))’
2 R21+vz+txzz(z+v) (253)
i 3 1+vz3 ’
_(Z-1)+a’(1+2)
po = 1+ vz8 '

Using the parameters (253), the thermodynamic variables are [27]

2 _ 2 2 2 _ 3 2 4 3
M= L 12 E oD 4a7(1+29)][927 — 14 8vz” +a%(92" —1 4 8vz’)]

7

~ 3G, (322 — 14 2vz3 + a2(1 + 4vz3 + 324))?
aR z2(z22 = 1)1 +a?(1 + 22 1+vz3)(1+vz+a2z(z+v
j Ry e = DL 204 ) v v+ (e 1))
Gs3 (322 — 1+ 2vz3 + a?(1 + 4vz3 4 3z%))
Qlii(zz—1)\/(1+vz3)(1—|—1/z+oczz(z+v))
"Ry z(1+vz)(1+a2(1+422)) ’

7 1 (22(1 +vz) + (1 +2v23 +24)) (2 + 3vz — vz3 + a?(42% + vz(z* +3)))|
' 27mR; z(1+vz)(1+a2(1+22))(322 — 1 + 2vz3 + a2(1 + 3z* + 4vZ3))

TR3 V1 —12z(1 4 a?(1+22))

Gs (322 —1+42vz3 4+ a2(1 4 3z* + 4vz3))’

7

S =
(254)

which follow from substituting the parameters (253) into mass M (153), angular momentum
J (154), rotation Q); (158), surface gravity (160), and the Bekenstein—-Hawking area formula®’.
Collectively, the variables obey the first law

dM = T;dS; + Q;d], (255)

for all values of the parameters. On the brane, S has the usual interpretation as the
generalized entropy Sége)n

The quantum Kerr-dS; black hole has limits where two or more horizons become
degenerate. These include the extremal (r4 = r_) black hole, where Teyx; = 0, the lukewarm
black hole (T, = T4), and the Nariai geometry (r. = r4). As with quantum SdS3, the

Nariai black hole will have a vanishing temperature using the standard normalization of
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the Killing vector. However, in its near horizon geometry, the temperature of the Nariai
black hole and cosmological horizons are equal to the same non-zero temperature Ty.
Lastly, two limiting cases include the quantum de Sitter, at z = 1 or 4 = 0, leading to

M=]=0Q;=0, (256)
27tR3 V1 —v2 1
g TR VI—v2 , (257)
4G5 1+v 27R,
and the limit of vanishing backreaction, where
Mo L (22— 1)(1+a?(1+2%))(92%2 — 1 +a%(92* — 1))
~ 8G3 (322 — 1+ a2(1 + 3z%))2 ’
[ = aR3z(z2 = 1) (1 +a*(1+2%)) V1 + 222
G (322 — 1+ a2(1 + 3z%))2 ’
a(z2—1)V1+a222 (258)
© 7 Raz(1+a2(1+422))’
1 2(1 4 2a%2%) (2% + a?(1 + z%))

T. = ,
© 7 2mR3 2(322 — 1+ a2(1 4 324)) (1 + a2(1 + 22))
Ry z(1+a?(1+22))

Gz (322 —1+4a2(1+32%))’

Sc =

with z = z, since there are no black holes. It is straightforward to verify that the resulting
thermodynamic variables (258) agree with classical Kerr—dS3 [27].

5.5. Quantum Black Holes in Flat Space

As with the quantum de Sitter black holes, the thermodynamics of the asymptotically
flat quantum black holes follow from the bulk AdS4 black hole geometry with a Randall-
Sundrum brane. Notably, however, in this case, the tension is tuned to its critical value (since
Ly = {) such that no cosmological horizon appears. Therefore, only the thermodynamics of
the black hole horizons in the bulk are imprinted on the brane.

5.5.1. Quantum Schwarzschild Black Hole

In a sense, the thermodynamics of the quantum Schwarzschild black hole (169) is given
by the R3 — oo limit of the thermodynamics of the quantum Schwarzschild—de Sitter. Some
care must be taken, however, since in this limit, z = R3/ryx; diverges, while v = ¢/R3
goes to zero. To be more illustrative, recall the mass (170). Rearranging pux; = (1 — x2)/x3
such that x7 = 1/(1 + px;) yields

M = €x(8—+9x)2’ (259)
16G4(1+ 3%)
where
%= px. (260)

It is easy to verify u? = #2(1 + £). Meanwhile, from the surface gravity (172), the tempera-

ture of the bulk horizon is , 1

T anlt (14 32)

T (261)
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Further, the four-dimensional Bekenstein-Hawking entropy is
s@ _ 47ty /xl 2 22 _Ar ridx
BH 4Gy Jo T+ xrg)? 4Gyl +ryx
; ((Fxr)? G T+ rom o6

_Anr R
4Gy (1+3%)

where to reach the final line, we used 1 = u/f.
In summary, the thermodynamic variables of the bulk AdS4 black hole are mass (259),
temperature (261), and entropy (262), and they obey the first law*!

dM = Tds). (263)

From the brane perspective, these thermodynamic quantities are identified as the thermo-

dynamic variables of the quantum Schwarzschild black hole, upon substituting G4 = 2¢Gs,
and where Sgﬂ = Sésezy

It is easy to verify the mass is a monotonically increasing function of £ with a minimum
M =0 (at® = ry = 0) and a maximum at M = ﬁ, at £ — oo. Further, for small %, the

temperature goes like T ~ 1/% and T ~ 1/% for large £, while the entropy behaves as

S(g) N %2
gen ™ 2G3
5(3) ~ ﬁ
gen 3G,

(small %),
(264)
(large %).

It is useful to think about these limits in terms of the bulk parameter y, where £ ~ u for

small £ and % ~ /3 for large £*”. So, for small y, the entropy 51(34})1 ~ %f)z, having the

behavior of a classical four-dimensional Schwarzschild black hole of mass 2MG4 = uf and
temperature T = (47rpul)~1. Alternatively, for u >> 1, the black hole extends a distance £
off of the brane, looking like a ‘flattened pancake’ [23].

Lastly, notice that in the limit of large ¢, the temperature (261) vanishes while the
entropy (262) diverges, whereas for small ¢, the temperature diverges and the entropy
decreases. The latter is consistent with the fact that for a vanishing backreaction, there is no
black hole.

5.5.2. Quantum Kerr Black Hole

The (outer) horizon thermodynamics of the quantum Kerr black hole (174) are readily
worked out to be

(r2 + a?)x1[8r 1 + 9x1 (3 + a?)]

M= ,
8Gs[3x1(r2 + a2) + 2r ()2

o (R~ @) + ) +r.0)

27y (2 4 a2)xy (rexg + €)[3(r2 +a2)xy + 2r4.f)
§®) _ nry (r% + a®)x3

BN G3[3x1 (12 + a?) + 21 (] (265)
= ary (12 + a?)x? Ux1(r2 + a2) + (]
G3[3x1(r2 + a?) + 2r, ()? ry ’

0— a U[x1(r2 + a2) + 4 f]
x1(r3 +a2)(ryx; + 0) "+
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Alternatively, using (13 +a?) = ryul, £ = ux;, and introducing 4@ = a/(u¢), the thermo-
dynamic variables become
Mo £(8+9%) .
32G3(1+ 3%)
(142 (1—4a%+ V1 — 4a2)
47ls(1+3%) {1 +EI+ VI 4@2)} [1 282 41— 4@2} '

3 _ 7 % NCETS) (266)
Sgen 4G3 (1+ %f) (1+ 1 44q ),

B 401+ %
2021+ V1 —48%) +2][1 + V1 — 482]

and obey the first law

Q

dM = TdS) + QdJ. (267)

The quantum Schwarzschild black hole thermodynamics is recovered in the 4 — 0 limit. As
(3)

before, T ~ 1/ for small £ and T ~ 1/%2 for large £, while Sgen has the same £-dependence
as in the non-rotating case (264).

5.6. Extended Black Hole Thermodynamics

While black holes have a thermodynamic description, they are peculiar in that the
first law (182) lacks a pressure-volume work term. This is because for general black
holes, there is no clear notion of pressure or volume. For black holes in spacetimes with a
cosmological constant, the situation changes dramatically. A first glimpse of this comes
from Euler’s theorem of homogeneous functions, which implies black holes with a non-zero
cosmological constant A4, 1 obey [141]

(d—2)GgqM = (d —1)TS — 2PV + ..., (268)

where T refers to temperature , S refers to Bekenstein-Hawking entropy, and the ellipsis
refers to other possible thermodynamic variables, e.g., (Od]. The essential new feature is
used to identify the cosmological constant as thermodynamic pressure

Adi1
Pij1=——F7—. 269
A+1 87Ca s (269)
Then, V is the conjugate variable to the pressure, which is dubbed the ‘thermodynamic
volume’ [141-143] formally equal to*’

For spacetimes with a vanishing cosmological constant, the relation (268) reduces to the
Smarr formula; however, for Ay # 0, the P — V term is required for consistency.

Going one step further, treating the cosmological constant as a dynamical variable
leads to an extended framework of black hole thermodynamics, resulting in the first law of
extended black hole thermodynamics

AM = TdS 4+ VdPy 1 + ... 71)

Glossing over the details, allowing for the cosmological constant to be a dynamical pres-
sure means that the thermodynamics of anti-de Sitter black holes, in particular, acquire
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a richer structure than their asymptotically flat counterparts, behaving as Van der Waals
fluids [145,146], polymers [147] and allowing for the construction of black hole heat en-
gines [148]. Thus, the extended thermodynamics of AdS black holes offer a rich gravita-
tional perspective on everyday phenomena (for a review, see [149]).

Extended black hole thermodynamics is not without its criticisms. A common critique
is treating the cosmological constant as a variable pressure. Indeed, while the P — V term
in the Smarr Formula (268) is required for consistency, its appearance does not imply the
pressure should be made variable, at least from a gravitational perspective. Assuming
AdS/CFT duality, it is more natural to allow for varying the cosmological constant since
variations in A4 are dual to variations in the number of degrees of freedom of the dual
theory [141,148,150-155].

Holographic braneworlds suggest a higher-dimensional origin for extended black
hole thermodynamics [156]. In particular, a dynamical cosmological constant on the brane
naturally follows from tuning the brane tension. In fact, keeping other bulk parameters
Ly11 and Gy 1 fixed, varying the tension alone corresponds to varying the induced brane
cosmological constant on the brane Aj:

Y
0T = 871G,

(272)

Hence, classical black hole thermodynamics in the bulk including work completed by the
brane induces extended thermodynamics of quantum black holes on the brane.

This observation can be made explicit in the context of the braneworld constructions
considered here. Specifically, when treating the brane tension T as a thermodynamic
variable akin to the surface tension of liquids, the first law of the bulk black hole is

dM = TdS + Adr, (273)

where A; = ( %—I\TA)S is the variable conjugate to 7. Consequently, tension variation dt

induces extended thermodynamics on the brane. Particularly, the bulk first law (273) maps
to the extended first law on the brane

dM = TdSgen + VdPy + ..., (274)

thus extending the quantum first law, where the pressure P; is the pressure of the quantum
black hole and V is its conjugate thermodynamic volume.

In summary, since the scales of the brane theory are induced, holographic braneworlds
provide a gravitational motivation for treating the cosmological constant as a variable. For
example, the pressure and volume of the static quantum BTZ black hole are [156]

Ay VT2
py=__% _ V1TV e,

_87TG3 B 47TU2€§G3
oM o 2ml32P[ -2+ 02 4 3032 + vzt +vz(v? — 4)]
OP3 )5, nc5 B (1+ 322 +2vz3)? ‘

(275)

Together with the standard thermodynamic variables (202), it is straightforward to verify
the extended first law (274) is obeyed. Extended thermodynamics for charged and rotating
gqBTZ black holes were computed in [135] (see also [99] for charged BTZ).

5.7. Quantum Reverse Isoperimetric Inequality

One of the more puzzling aspects of extended black hole thermodynamics is the
thermodynamic volume V. In simple cases, e.g., D > 4 AdS-RN, volume V coincides with
the geometric volume of the black hole, i.e., the amount of spacetime volume excluded
by the black hole horizon. In general, however, the thermodynamic volume is not the
geometric volume, cf. [142-144]*. Nonetheless, the thermodynamic volume plays a crucial
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role in understanding black hole thermodynamics. A sharp example of this is that there is
strong evidence that AdS black holes obey the reverse isoperimetric inequality [143]

1 1

(D—-1)V\DT[/Qp_,\ D2

= > 1.

r ( Qp-_ ApH ! (276)

Here, Qp_; is the volume of a unit (D — 2) sphere, of D-dimensional AdS, and Agy is the
area of the black hole horizon. Notably, it is the thermodynamic volume for which this
inequality holds, not the geometric volume. Refined generalizations of the inequality (276),
inspired by the classical Penrose inequality [157,158], have been conjectured and tested for
a plethora of examples [159].

Physically, the reverse isoperimetric inequality states an asymptotically AdS black hole
with fixed thermodynamic volume has an entropy no larger than Schwarzschild-AdS of the
same volume, i.e., Schwarzschild-AdS is a maximal entropy state at fixed (thermodynamic)
volume. While there is no general proof of the inequality (276), there are very few known
counterexamples*’ and all such ‘superentropic’ black holes have a negative heat capacity at
constant volume, Cy < 0, and are thus thermodynamically unstable [165]. Via AdS3/CFT,
duality, black hole superentropicity can be microscopically understood as an overcounting
of the (naive) Cardy entropy of the CFT, [166].

When semi-classical quantum effects are accounted for, the classical inequality (276)
is known to be violated [156]. A natural quantum generalization of (276) is proposed to

be [135] 1 1
(D - 1)Vth> DT ( Qp > ) D2
Ro = > 1. 277
Q < Op-2 4gDSgen o ( )

Here, the classical area has been replaced by the generalized entropy and Vy, is the Casimir-
subtracted thermodynamic volume,

Vihn =V — Veas, (278)

where, in analogy with Casimir mass, Vs is the thermodynamic volume assigned to empty
AdS space. In the case of D = 3, the quantum reverse isoperimetric inequality (277) has
been shown to hold for all AdS; quantum black holes at all orders of backreaction—except
for a subspace of rotating black holes (those belonging to the red region in Figure 12),
which are all found to be thermodynamically unstable, in accordance with Johnson’s
conjecture [165] regarding the classical inequality. This implies there exists a maximum
entropy state among thermodynamically stable quantum black holes at fixed volume.

5.8. Phase Transitions of Quantum Black Holes

As with ordinary thermodynamic systems, black holes in AdS can undergo phase
transitions. A paradigmatic example is the Hawking—Page (HP) phase transition [116]:
below a certain temperature Tp, large AdS black holes in equilibrium with their radiation
transition to thermal AdS. At the level of the quantum gravitational partition function,
this transition signals an exchange between dominant contributions in the Euclidean path
integral. The classical BTZ black hole also undergoes a HP phase transition [167,168]. To
wit, the canonical free energy Fgrz = —T log Z of a static BTZ black hole is

2l _,
Ferz =M—-TS = ——=T7, 279
BTZ 2Ga (279)
for temperature T = r /27t/3. Comparing with the free energy of thermal AdS, Fagqs =
Mags = —1/8Gs, a first-order phase transition occurs at a temperature
1
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When T < Typ, thermal AdS has a lower free energy than the black hole and is, therefore,
the dominant contribution to the partition function; for T > Tp, the black hole has lower
free energy and becomes the dominant contribution to the partition function.

Quantum AdS black holes also undergo thermal phase transitions [124,169]. In fact,
large backreaction effects can trigger new transitions unseen by their classical counterparts.
Consider, for example, static, neutral quantum BTZ. Working in the standard canonical
ensemble, where c and P are held fixed*®, the free energy is

22V1+ 12 [1+2vz +vZ3(2 +vz)]
2Gs (14322 +2vz3)2

FqBTZ =M-— ngen = — (281)
As with the classical scenario, compare to ‘quantum’ thermal AdS3 (QTAdS), i.e., pure AdS;3
including a backreaction due to the cutoff CFT3, with free energy

Frqads = Mgrads = —SL%- (282)
In Figure 15, we present a side-by-side comparison of the canonical free energy of the
classical BTZ black hole and quantum BTZ for large backreaction, v > 1. Focusing on the
quantum BTZ black hole, as the temperature monotonically increases, there are reentrant
phase transitions from thermal AdS to qBTZ and back to thermal AdS: (i) for temperatures
up to a critical temperature (where AF = Fprz — Fgradgs = 0), thermal AdS has lower free
energy, until at the critical temperature, there is a discontinuity in the slope of the free
energy, i.e., a first-order phase transition and a quantum analog of the Hawking—Page phase
transition. (ii) After this temperature, the qBTZ black hole has a lower free energy until there
is a jump discontinuity in the free energy, a zeroth-order phase transition, beyond which
TAdS always has a lower free energy. The reentrant phase transition is the combination of
the first- and zeroth-order phase transitions as the temperature monotonically varies, and
it is exhibited by an (inverse) swallow tail.

As displayed in Figure 15, reentrant phase transitions do not occur for the classical BTZ
black hole. Reentrant phase transitions, however, are known to appear in (classical) higher-
derivative theories of gravity in higher dimensions and Born-Infeld gravity [172-175]. In
all such cases, the transitions are between different phases of the black hole, e.g., large
to small and back to large black holes. For the quantum black hole, the reentrant phase
is a reentrant Hawking—Page phase transition, moving between thermal AdS and the
same black hole. Again, the zeroth-order phase transitions only occur for a large enough
backreaction. In this regime, the brane has decreasing tension, and the gravitational theory
on the brane becomes more massive and effectively four-dimensional. Meanwhile, for a
small backreaction, thermal AdS dominates at all temperatures until the v = 0 limit where
one recovers the phase behavior of classical BTZ.

Even though the phase structure admits a region where the black hole is thermody-
namically favored, it may not contribute to the Euclidean path integral if it is thermally
unstable. The heat capacity serves as a diagnostic to determine whether the black hole is
stable against thermal fluctuations. For example, classically, the Hawking—Page transition is
between thermal AdS and stable black holes (small AdS black holes are unstable). Likewise,
in the case of quantum BTZ, a computation of the heat capacity [176] reveals reentrant
phase transitions occur in the canonical ensemble between thermal AdS and a branch of
thermally stable quantum black holes. More precisely, a study of the temperature of the
gBTZ solution reveals three branches*” of continuously connected black holes: (A) ‘cold’
black hole, (B) ‘intermediate” black hole, and (C) “hot” black hole. Black holes belonging
to branches A and C have a negative heat capacity and are thus unstable, while branch
B black holes have a positive heat capacity and are thermally stable. The reentrant phase
transitions occur only between thermal AdS and these intermediate black holes.
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Figure 15. Phases of BTZ black holes. Top: Hawking—Page transition of classical BTZ. For temper-
atures T < Typ, thermal AdS has a lower free energy (red, dashed line) than the black hole (blue,
solid curve). At T = Typ, there is a first-order phase transition, and for T > Typ, the black hole has
a lower free energy, leading to an exchange in dominance in the quantum gravitational partition
function. Bottom: Reentrant phase transition of quantum BTZ black hole with large backreaction.
Below a critical temperature (the analog of the HP temperature), quantum TAdS has the lower free
energy. At this critical temperature, there is a first-order transition between qTAdS and intermediate
black holes. Between this HP-like temperature and a second critical temperature, the gBTZ has a
lower free energy. At the second critical temperature, there is a zeroth-order transition back to TAdS.

6. Braneworld Black Holes in Higher Dimensions

The majority of this review focused on exact constructions of three-dimensional quan-
tum black holes. From the perspective of the non-holographic perturbative treatment, work-
ing in three spacetime dimensions, d + 1 > 4 was solely to simplify the problem. Indeed,
the expectation value of the renormalized quantum stress tensor (Tj;) is not known in gen-
eral. Exceptions do exist*®. For example, for even-dimensional homogeneous and isotropic
FRW cosmologies, the trace anomaly for conformal quantum fields is known [178,179]. In
the case of static, spherically symmetric backgrounds, however, the renormalized stress
tensor is only known up to an arbitrary function of an appropriate radial coordinate [5].

One possible way to circumvent this issue is to instead work in a truncated s-wave
sector of the matter theory and use the two-dimensional conformal anomaly to fix the form
of the quantum-stress tensor and find quantum corrections to, say, the Schwarzschild black
hole [180-183]. Another approach is to solve the (semi-classical) Tolman—-Oppenheimer—
Volkoff equations for a massless conformally coupled scalar field [184]. Working pertur-
batively in 71, one can construct analytic asymptotically flat, static, spherically symmetric
solutions, while numerics yields non-perturbative corrections in 71*°. Thus, the situation
for solving the backreaction problem in d +1 > 4 is more complicated and subject to
quantum gravitational corrections. This again motivates the use of holographic techniques
as employed in the three-dimensional case. However, as we now review, the status of
finding higher-dimensional quantum black holes via braneworlds is more complicated.
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6.1. Higher-Dimensional Quantum Black Holes?

Given the success of studying three-dimensional quantum black holes starting from
the AdSs C-metric, it is natural to wonder if a similar analysis follows from a higher-
dimensional C-metric. Notably, however, no exact solutions to Einstein’s equations de-
scribing accelerating black holes in dimension D = d + 1 > 4 are known”’. As reasoned
in [192], this is because in D > 5, the string generating the acceleration has a singularity
along its symmetry axis passing through the black hole, which is distinctly less mild than
in D = 4. Put another way, in four dimensions, there exist more general accelerating black
holes accelerated by Levi-Civita strings or rods. The C-metric is a special limit of such a
geometry, which is singled out as a metric where the string has a milder singularity along
its axis and better-behaved asymptotics than its brethren. In D > 5, it seems there is no
such special limit for accelerating black holes. Alternately, one can perturbatively construct
a C-metric in D > 4 by perturbing a higher-dimensional Schwarzschild black hole to give
it uniform acceleration [193]. However, it was found that such a solution with constant
string tension does not allow for localized braneworld black holes (they do not satisfy the
Israel junction conditions). Moreover, allowing for non-uniform string tension results in
infinitely many localized braneworld black hole solutions.

Historically, the first attempt at finding a four-dimensional braneworld black hole
embedded in a five-dimensional bulk was carried out by Chamblin, Hawking and Re-
all [194]. Their starting point takes the original Randall-Sundrum model and replaces the
Minkowski line element on the brane with a four-dimensional Ricci flat metric, e.g., the
Schwarzschild black hole,

ds3 = dy* +a*(y) gy ™ dx'dx. (283)

Here, y denotes the bulk extra direction, and a?(y) denotes the warp factor (for the RS-II
scenario, a%(y) = e~2¥l/Ls for bulk AdSs length scale Ls). The brane is located at y = 0,
such that from the brane perspective, the geometry is exactly the static, four-dimensional
Schwarzschild black hole. Note, however, the five-dimensional Chamblin, Hawking, Reall
‘black string’ (283) suffers from a classical dynamical instability [195] analogous to the
Gregory-Laflamme instability of Kaluza—Klein black strings [196,197]. We will return
to this instability momentarily. Further, the black string extends to the AdSs horizon at
y = oo and where the black hole horizon becomes singular with diverging scalar curvature
invariants.

The Chamblin, Hawking, Reall braneworld black hole thus cannot describe the end
state of gravitational collapse. In fact, whilst searching for examples of Oppenheimer—
Synder gravitational collapse of braneworld black holes, a no-go theorem was posed [66]:
the exterior geometry of the dust cloud cannot be static. This theorem, and the dearth
of evidence of exact static black holes localizing in the RS-II construction (circa 2002),
in part motivated Tanaka [34] and Emparan, Fabbri, and Kaloper [22] to conjecture that
higher-dimensional braneworld black holes must be time-dependent (see also [198]). Their
reasoning utilized AdS/CFT holography and was argued to be consistent with the proposal
that black holes that localize on the brane may be interpreted as quantum black holes.

6.2. Predictions from Holography

Let us review the arguments [22,34] predicting higher-dimensional braneworld black
holes must be time-dependent. Take the bulk to be classical AdSs general relativity with
a four-dimensional RS brane. According to braneworld holography, the induced theory
on the brane describes a higher-derivative theory of gravity coupled to a large-N gauge
theory in the 't Hooft planar limit with large "t Hooft coupling A = Ng%,, (we refer to
this matter theory as a large-c CFT4 with an ultraviolet cutoff owed to the presence of
the brane). In particular, the full AdS/CFT duality in this case is between type IIB string
theory on AdSs x S° and A = 4 super Yang-Mills SU(N) gauge theory with AdS length
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Ls = Ll(jlo) (gsN)1/# (for string coupling g; and ten-dimensional Planck length LSO)) and 't

Hooft coupling A = ¢sN. The effective number of CFT degrees of freedom is”!

3 2
o N2 = (ﬁ;) - (ﬁ;) , (284)
LP LP

such that large N = L5/ Lgl) coincides with the four-dimensional Planck length going to
zero. Further, notice the combination

2 (4)\2 2
2, [ Ls ) (Lp))” _ Lg
Nh = (Lgl)) Ca = —G4, (285)

remains fixed as 1 — 0 and keeping Ls, G4 fixed.

Now, according to the conjecture [22], the braneworld black hole must be a solution to
the semi-classical theory sourced by the CFT stress tensor (T;;) in some quantum state. For
a black hole background, in principle, the quantum state could be in any of the common
choices of the vacuum state, i.e., the Hartle-Hawking, Boulware, or Unruh state. Recall
that the Hartle-Hawking state describes a black hole in a thermal bath in equilibrium with
its own radiation, producing a non-dynamical configuration. On the other hand, the Unruh
vacuum describes a time-dependent evaporating black hole (there is a thermal flux of
radiation at future null infinity). To infer whether a black hole in the Hartle-Hawking state
is possible—without finding an explicit solution—one can instead estimate the evaporation
time of a radiating black hole; if the time for evaporation is finite, then a static black hole
solution is not possible. To this end, consider a weakly coupled CFT in four dimensions. In
particular, the trace anomaly for N' = 4 SU(N) super Yang-Mills theory to leading order

inhis ( ) ) )
: h(N- -1 1 AN 1
i 2 2\ 2 10
(T%) = o (Rl-j — §R ) N o (RZ-]- 3R ), (286)

taking N > 1. Thus, the anomaly for such a CFT is simply the free field result enhanced by
a O(N?) factor. With this in mind, the power emitted by Hawking quanta modeled by the
large-N CFT will be

dM  N°h

~ ot 287
dt R3’ (287)

for initial horizon radius Ry = 2 ~ G4M. Then, the time for evaporation tevap heuristically
is
L _ 1Ry _26,dM 2

VAP T Ry dt N Ry dt RS

2
hG4N? = %, (288)
Rg
where we substituted in (285). Thus, the evaporation time is finite (even as i — 0).
Moreover, such a black hole would evaporate rapidly due to the O(N?) enhancement of
the free theory result. Altogether, this suggests black holes cannot remain static on the
brane: they shrink and evaporate in a finite time.

Assuming the bulk/brane correspondence holds, the semi-classical evaporation of the
black hole localized on the brane should have a classical bulk signature. One possibility,
originally put forth in [34] (see also [199]), is that the semi-classical evaporation is linked
to a classical instability of the bulk five-dimensional solution. The intuition is as follows.
Consider the five-dimensional black Chamblin, Hawking, Reall black string (283), and
have a Randall-Sundrum brane intersect it. The radius of the black hole will exponentially
shrink with the AdSs length L5 as one moves away from the brane. Further, the black string
suffers from a Gregory-Laflamme instability when the horizon radius becomes smaller
than Ls. As a result of the instability, a portion of the horizon localized on the brane will
pinch off and fall into a region of the bulk black hole away from the brane. Thus, while the
horizon area of the bulk black hole does not shrink, the area of the horizon localized on the
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brane shrinks. This five-dimensional deformation due to dynamical instability implies a
type of classical evaporation of braneworld black holes.

Another view is that semi-classical radiation corresponds to gravitational radiation
of the bulk black hole. Indeed, from the brane perspective, the Hawking quanta are
modeled by the large-c CFT, corresponding to bulk Kaluza—Klein gravitons. Further, a
black hole stuck to a brane is accelerating away from the center of AdS, thus producing
gravitational waves. Thus, Hawking radiation from the brane perspective corresponds to
bulk gravitational bremsstrahlung [22]. Qualitatively, moreover, the classical gravitational
waves emitted into the bulk have a characteristic frequency w which from the brane
perspective is estimated to be w ~ (G4M)~!, which is the four-dimensional Hawking
temperature. This reasoning suggests why the classical bulk gravitational radiation appears
as thermal radiation on the brane.

6.3. Counterexamples

The essential problem of the holographic argument leading to the finite evaporation
time (288) is that the result assumes the large-N CFT is weakly coupled. Of course, for the
holographic construction of the bulk/brane set-up to be valid, the cutoff CFT on the brane
is strongly coupled, i.e., large "t Hooft coupling. Thus, as first recognized by Fitzpatrick,
Randall, and Wiseman [69], it is not clear the radiation has access to all of its O(N?)
degrees of freedom. Importantly, being at strong coupling can lead to a reductionin the
accessible degrees of freedom, from O(N?) to O(1) via confinement (see also [200])°?. Such
a reduction thus makes it plausible that static braneworld black holes in higher dimensions
do exist.

In fact, there are several examples of higher-dimensional static braneworld black holes,
both analytically and numerically constructed [67-72,201-208]. The question is whether
these static solutions are to be viewed as quantum black holes on the brane. To explore
this point, reconsider the 5D /4D Randall-Sundrum construction with the five-dimensional
Schwarzschild black string (283). Despite its dynamical instability, this is an example
of a static braneworld black hole, where the black hole on the brane is simply the four-
dimensional Schwarzschild geometry. Seemingly then, the cutoff CFT on the brane does
not modify the geometry: from the looks of it, the brane geometry consists of a non-trivial
zero mode and no excited Kaluza—Klein modes [69]. Nonetheless, Fitzpatrick, Randall,
and Wiseman argued the dual quantum black hole description might be consistent with
the existence of such static localized black hole solutions. It is simply that the quantum
corrections to the geometry are suppressed53.

To appreciate this last point, consider the set-up of [202], consisting of an asymptoti-
cally AdSs bulk spacetime, with two positive tension Karch-Randall branes with an AdSs
Schwarzschild black string stretching between the two branes (see Figure 16). In particular,
the bulk geometry has line element

du? + elzgijdxidxj] , (289)
4

with bulk AdSs radius Ls, and induced four-dimensional radius ¢4 = Lgsec(ug). The AdSs
boundary is located at u = £71/2, while the two AdS,4 branes are at u = Fug, each with
the same positive tension T = %22(5?5) , and separated a finite distance apart. Further, take

the four-dimensional metric gij to be the AdSs—Schwarzschild black hole,

o 2 2GyM
gijdx'dx) = —f(r)dt* + f 1 (r)dr® + r*(d6* + sin® 0d¢g?), f=1+ Zz - ==

(290)

Without branes, this system has an instability when r /f4 < 1 (small black holes of horizon
radius r), while it is stable for large black holes, r /¢4 > 1 [210]. The stability structure
remains the same with branes included [202].
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Figure 16. Black string with Karch-Randall branes. An AdSs black string stretches between two
two end-of-the-world AdS, branes, such that all magenta regions (including the AdSs boundary) are
removed. The black string can be replaced by a uniform black funnel, and the ETW branes may be
replaced with Randall-Sundrum branes.

The classical bulk is stable for large mass black holes that localize on the branes
(focus on only a single brane as a being living on one brane would not directly experience
the other brane). From the brane perspective, the induced geometry is simply the AdS,—
Schwarzschild black hole. Seemingly, the geometry has no quantum corrections due to the
backreacting holographic field theory living on the brane. This runs counter to what would
be expected based on a weakly coupled analysis of the quantum-stress tensor’*. Indeed,
recall the trace anomaly of weakly coupled N = 4 SU(N) super Yang—Mills theory (286).
Substituting in the AdSs—Schwarzschild geometry (290), the anomaly reads

31(N? —1)
87205

(Th) = — (291)

Since (T%) is non-vanishing, one expects the AdS,;~Schwarzschild black hole to become
quantum-corrected due to backreaction. In view of the conjecture of holographic braneworld
black holes, the question thus becomes in what sense can the AdS;—Schwarzschild black
hole on the brane be viewed as a ‘quantum’” black hole.

The resolution of this apparent tension with the conjecture is the following. The
quantum stress tensor of the strongly coupled CFT (as required for a consistent holographic
description of the bulk gravity) simply does not correct the geometry, at least at leading
order. To see this, consider the boundary CFT stress tensor, which can be computed in full
using holographic renormalization methods, leading to [202]

3nN?
(Tij) = _mgij- (292)
Taking the trace returns the anomaly (291). The main takeaway is that the stress tensor is
proportional to the metric. In such an instance, the CFT only renormalizes the effective
brane cosmological constant and thus does not lead to any quantum-corrected geometry.
Notice that in the limit, the brane cosmological constant vanishes, /4 — oo, and so too does
the quantum stress tensor, (T;;) — 0. This is consistent with the Schwarzschild black string
with a Randall-Sundrum brane construction in [69].

A conclusion, then, is that formally, the AdS;—Schwarzschild braneworld black hole
can be interpreted as a quantum black hole. The cutoff CFT, however, is special in that
it does not explicitly backreact on the brane geometry, and it only serves to renormalize
the induced cosmological constant. Geometrically, this is a manifestation of the bulk
spacetime (289) being foliated by the AdS;—Schwarzschild black hole. Consequently, the
classical Kaluza—Klein graviton modes are not excited in the background solution. Observe,
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moreover, the correction to the cosmological constant is independent of the black hole mass
and hence its temperature. The brane black hole thus does not radiate, which is consistent
with no excited Kaluza-Klein modes. This is at first puzzling from the perspective of
AdS/CFT, as one would have expected a component of the holographic stress tensor to
correspond to a thermal plasma of CFT degrees of freedom outside the black hole. As noted
in [200], this is a consequence of the large-N super Yang-Mills theory confining to O(1)
degrees of freedom.

It is worth emphasizing the implications of the static solution found from the AdSs
black string [202]. There is no Hawking emission, and up to the term generating the
Weyl anomaly, the quantum stress tensor is everywhere vanishing. Despite the lack of
thermal radiation near infinity, the static state of the CFT is in thermal equilibrium with
the black hole since they nonetheless obey the Kubo-Martin-Schwinger (KMS) condition.
This suggests, from the bulk perspective, such braneworld black holes remain stuck to the
brane, while from the brane perspective, the black hole evaporation is disallowed due to
the large-N and large "t Hooft coupling of the holographic CFT.

6.4. Evaporating Braneworld Black Holes

Putting the status of the higher-dimensional static quantum black holes aside, braneworld
holography has proven useful in studying black hole evaporation. Indeed, while some bulk
black holes can get stuck on the brane and never shrink (‘black droplets’) [71] and hence are
dynamically stable, there are other bulk black solutions that evaporate due to a Gregory—
Laflamme instability [72], as originally suggested in [22,34]. The essential physical insight
is that evaporation takes place when the brane black hole is coupled to an appropriate
thermal bath modeled by thermalized O(N?) degrees of freedom of the CFT. From the bulk
perspective, this means the horizon of the black hole on the brane is to be connected to
another horizon in the bulk. The bulk system will have a Gregory-Laflamme-like instability
such that the black hole attached to the brane slides off the brane into the bulk, forming a
(typically) larger black hole horizon. Thus, while the horizon on the brane reduces its size
(evaporation), the horizon in the bulk does not shrink, which is consistent with the classical
evolution of black hole horizons.

There are in fact several examples of evaporating braneworld black holes (see [72] for
details). In all cases, the bulk system considers D-dimensional black holes in the large-D
limit [212-214] that localize on either one or a pair of Karch-Randall branes™. In particular,
these holes include the following: (i) A small AdS black string is stretched between two
branes with black holes localizing on both branes. The string instability triggers either
the evaporation of both black holes into a single bulk black hole or the evaporation of
one brane black hole into the other brane black hole. (ii) A small AdS black hole on
the brane is connected to a larger bulk black hole (bath) such that the brane black hole
evaporates entirely into the bulk. (iii) A large unstable AdS black droplet is connected to a
non-gravitating boundary (bath) via a thin black funnel, such that the droplet evaporates
into the boundary.

In short, the exhaustive large-D analysis reveals holographic CFIs coupled to black holes
have distinctive traits over their weakly interacting counterparts. According to [72,215], their
semi-classical dynamics are always dual to classical Gregory-Laflamme-like dynamics of
bulk black holes.

7. Outlook and Applications

We have seen how holographic braneworlds provide a means to exactly study the
problem of semi-classical backreaction. In particular, there is a precise construction of
quantum-corrected black holes and an exploration of their horizon thermodynamics. But
this is only a small cross-section of the utility of braneworld holography. Phenomenological
considerations aside—a historical motivation to study braneworld physics—holographic
braneworlds have a number of applications, particularly in the interdisciplinary field of
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holographic information theory. Below, we very briefly give a non-exhaustive and biased
list of applications of quantum black holes and, more broadly, holographic braneworlds.

7.1. Applications
7.1.1. Holographic Entanglement and Gravitational Entropy

For a quantum mechanical system in state p, the von Neumann entropy is defined as

SyN = —tr[plogp]. (293)

If the system is in a pure quantum state, the entropy (293) is identically zero. When the
system comprises smaller subsystems, SN quantifies how entangled the subsystems are.
In quantum field theory, subsystems are often chosen to be spatial regions X of the entire
quantum system. Intriguingly, for ground states of local Hamiltonians, the entanglement
entropy, while divergent in the ultraviolet, generally adheres to an area law (in d + 1-

spacetime dimensions)

ArealoX
SyN = Co# + e (294)

where cg refers to the constant, € refers to the UV regulator, and the ellipsis refers to
subleading UV divergences whose precise terms are state-dependent. Thus, SN scales
with the boundary area of the subsystem rather than its volume, which is in contrast to
the volume law typically observed in thermal states. The entropy-area relation (294) is
clearly reminiscent of the Bekenstein-Hawking entropy formula for black holes, suggesting
black hole entropy arises from vacuum entanglement due to quantum fields across the
horizon, tracing out the interior degrees of freedom [131,216-220]. In particular, in scenarios
of gravity induced due to matter loops [221,222], the Bekenstein-Hawking entropy is
solely due to entanglement due to vacuum fluctuations [223-225], where the UV-cutoff
dependence can be absorbed in a renormalization of Newton’s constant [130].

Gravitational entropy, therefore, is imbued with an information—-theoretic character.
This is crystallized in AdS/CFT, where the entanglement entropy of a holographic CFT can
be computed using the Ryu-Takayanagi (RT) formula [226,227]

Area(7y) '

vN __
S = 4G

(295)
Here, v denotes a codimension-2 minimal surface in the bulk asymptotically AdS space,
anchored to region A on the AdS boundary, such that dy = dA and < is homologous
to A. The RT prescription generalizes the Bekenstein-Hawking entropy formula for
black holes: a black hole horizon is an example of a minimal surface, and the bulk AdS
spacetime need not contain a black hole*®. As such, it has led to numerous insights into
gravitational physics, notably in understanding the emergence of gravity from quantum
entanglement [233-238]> following analogous insights from coarse-grained thermody-
namics [240-245].

When the bulk theory includes higher curvature and semi-classical quantum correc-
tions, the RT Formula (295) generalizes to the following extremization prescription [246]

N = m;n{ext [Afcm + Spc(r) + Siulk@y)] } (296)
v
Here, Spc denotes the Dong—Camps anomaly terms [247,248] analogous to the Wald
corrections to the Bekenstein-Hawking entropy, and S5 is the entanglement entropy of
bulk fields across the entanglement wedge of A, ¥, such that the quantity in brackets is
recognized to be the generalized entropy Sgen (). Further, in the event there are multiple
extremal surfaces, the prescription says the von Neumann entropy S%N is given by choosing
the extremal surface which minimizes the generalized entropy Sgen(7y). Notably, the
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von Neumann entropy can undergo phase transitions as extremal surface configurations
exchange dominance.

Holographic braneworlds provide additional evidence that gravitational entropy can
be interpreted as entanglement entropy. Indeed, the gravity on the brane is induced from
the cutoff CFT®. In combination with the RT prescription, it readily follows that the
area entropy of black holes localized on an ETW brane is exactly equal to entanglement
entropy [55]—the minimal surface coincides with the bulk black hole horizon intersecting
the brane. Additionally, the braneworld set-up naturally resolves various subtleties in
identifying Bekenstein-Hawking and entanglement entropies [251]. In particular, the UV
cutoff € for the CFT—equal to the bulk AdS length scale L;1— fixes the number of species
of the dual CFT such that Newton’s constant is correctly reproduced (cf. Equation (203)),
thus resolving the ‘species problem’. Heuristically, consider bulk AdS, with a black hole.
The contribution of a single field to the CFT5 entanglement entropy is of the order SYN ~ z—i

Then, for a large number of fields c3 = L2/Gy ~ Ls/Gs, the total entanglement entropy is
S‘AN = C3C0/L4 ~ C()/G3.

7.1.2. The Entropy of Hawking Radiation

Hawking’s discovery that black holes emit thermal radiation leads to the information
puzzle [252]: do black holes evolve unitarily or not? According to Hawking’s original calcu-
lation, the fine-grained von Neumann entropy of radiation Sf,?\‘} grows in time indefinitely,
paradoxically surpassing the coarse-grained entropy of the black hole. Alternatively, if the
black hole plus radiation obeys standard quantum principles, the radiation entropy instead
follows a unitary Page curve [253], never exceeding the black hole entropy. Previously
thought to be a problem only quantum gravity would solve, the paradox can be addressed
in semi-classical gravity for which the extremization prescription (296) plays a prominent
role [254-256]. In particular, a variant of (296) known as the “island formula’,

Area(X)

Sin(Zx) = m&n{e;gt[ 1C

+ Spe(X) + 3§\J(ZX)] }, (297)
can be used to explicitly compute unitary Page curves in evaporating or eternal black hole
backgrounds. Here, Syn(Xx) is the fine-grained entropy in the full quantum theory, 53y is
the von Neumann entropy of bulk quantum fields in the semi-classical approximation, and
Yx is a codimension-1 slice bounded by a codimension-2 quantum extremal surface (QES)
X and a cutoff surface. Generally, X is disconnected, Xx = X.gr U I, where Xy is the region
outside the black hole collecting radiation and I is an “island” (with X = 9I) lying primarily
inside the black hole.

Originally achieved for models of two-dimensional dilaton gravity””, holographic
braneworlds confirm unitary Page curves arise in higher-dimensional gravity [65,260]. This
is accomplished using ‘double holography’ (recall the description before Section 3.4). For
simplicity, consider the boundary perspective, i.e., the vacuum state of the d-dimensional
boundary CFT on R x $%~1 coupled to a (d — 1)-dimensional conformal defect along the
equator of the sphere $%~1. The entanglement entropy of the holographic boundary CFT
can be computed using the RT prescription. Taking the bulk to be AdS;; with an AdS;
Dvali-Gabadadze—Porrati (DGP) brane [261] (where the brane action includes, e.g., its own
Einstein—Hilbert term), the entropy of the boundary CFT vacuum reduced to a boundary
region A is given by [54]

. Area(y)  Area(y Nbrane)
SyN(A) = rrlym{ez;t{ Gy + ic, , (298)

for bulk extremal surface v homologous to A and 0 A = 9. The first term on the right-hand
side is the familiar RT formula, while the second term is the gravitational contribution that
arises when the bulk RT surface intersects the DGP brane. There are topologically distinct
configurations for the bulk extremal surface 7: surfaces v which do not intersect the brane
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and (ii) surfaces that intersect the brane; only with (ii) does the second term in the brackets
contribute. As both are candidate extremal surfaces, the entropy Syn(A) is computed using
the surface which gives the smallest value on the right-hand side (298). Transitions between
‘disconnected” and ‘connected” phases will occur depending on the size of oy and the brane
tension and gravitational coupling.

The holographic entropy Formula (298) can be understood as a relation between the
boundary and bulk perspectives. It is through the brane perspective that the right-hand
side can be reinterpreted as the QES or island formula®. Qualitatively, the disconnected
phase corresponds to the situation where, according to beings confined to the brane,
no quantum extremal islands are formed, while in the connected phase, extremal islands
appear®!. By applying this doubly holographic reasoning to higher-dimensional topological
black holes [65], black strings [264,265], and de Sitter space [82,266], the prescription (298)
yields unitary Page curves except in cases where the horizon is extremal with a vanishing
temperature.

Notably, thus far, all 3 4+ 1-dimensional braneworld models that have been explored
and exhibit island formation are described by massive gravity theories; islands disappear in
the limit at which the graviton on the brane becomes massless [267] (see, e.g., [268] for a
review). Further, long-range gravity theories have that the energy of an excitation localized
to the island can be detected outside the island, which is inconsistent with the principle
that operators in an entanglement wedge commute with operators in its complement [269].
Combined, this suggests the phenomenon of island formation is a feature of massive gravity,
and it is even inconsistent in massless theories.

7.1.3. Holographic Complexity

Quantum complexity is another useful diagnostic in information theory. Loosely
speaking, complexity measures the difficulty of constructing an arbitrary quantum state
from a reference state using a specific set of resources. This concept has proven highly
valuable in computer science and quantum computation, where the resources are given
by some elementary operations (‘gates’) and the mapping between reference and target
states defines a quantum circuit. Complexity has also been fruitful in gravitational physics,
particularly as a tool to quantify the information processing of black holes. This application
touches upon the foundational aspects of gravity and its interplay with quantum mechanics
with some evidence suggesting that gravity itself may emerge from the minimization of
complexity —that is, from efficient quantum computation [270-276].

Historically, computational complexity was proposed as a new entry in the holo-
graphic dictionary to address the puzzle of why black hole interiors continue to grow
after scrambling [277]. Various conjectures for its precise duality have been proposed with
the initial contenders being ‘complexity=volume’ (CV) [278,279] and ‘complexity=action’
(CA) [280,281]. CV posits that the complexity of a CFT state |'¥) defined on a Cauchy slice
o is given by the maximal volume of a codimension-one bulk surface ¥ anchored on the

boundary slice o,

ey (e = AE), (299)

On the other hand, CA asserts that complexity is defined by the on-shell gravitational
action I evaluated within a codimension-zero bulk region known as the Wheeler—deWitt
(WdW) patch W, anchored at the given boundary slice o,

(W
ety = 12, 00)
Conceptually, CV is arguably more intuitive than CA, resembling the computational

complexity of a tensor network circuit that captures the entanglement structure of the CFT
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state [282-285]. For high-temperature thermofield double states, however, CV and CA
complexities have the same late time behavior

dCy a

o ~ TS, (301)

£>B

which is consistent with the expectation of complexity in such states.

More generally, an infinite number of gravitational duals to holographic complexity
are technically possible [286,287]. Dubbed ‘complexity=anything” (CAny), these general-
izations are designed to encapsulate key aspects of complexity, including the anticipated
linear growth following scrambling and the observed ‘switchback effect’ —a delay in the
onset of linear growth caused by perturbations. While rigorous proof connecting any of
these proposals to a concrete field theory definition of complexity is currently lacking, the
notion is that they may be associated with ambiguities inherent in its definition. These
ambiguities include the arbitrary choice of elementary gates, cost factors, and the reference
state, among others.

Aspects of holographic complexity proposals have been explored using
braneworlds [82,91,288-290], including the influence of backreaction effects using the
static quantum BTZ black hole as a guide [91]. In summary,

* In the braneworld effective theory, CV admits a semi-classical expansion of the form
~ Vol(Z)  oVol(X)

Cvl¥) =~ +—ap - TVE) (e + -, (302)

with the leading term being the complexity of the classical black hole, 6Vol(X) is
the change in the volume due to the quantum backreaction, V(X) represents higher
curvature terms akin to the Wald corrections to the Bekentein-Hawking entropy, and
Chulk(|¢)) is the complexity of the bulk state |¢) defined on E. Note that the structure
of (302) resembles an expansion of the QES prescription (296). Furthermore, (302) does
satisfy the late time growth (301), upon replacing S with the generalized entropy Sgen.
*  Conversely, CA does not simplify to the classical three-dimensional CA proposal plus
corrections. The action involves cancellations among the bulk, boundary, and joint
terms, making the late-time growth highly sensitive to quantum effects. As a result,
the late time behavior (301) is not reproduced. This discrepancy arises because the
WdAW patch extends to the singularity, whose structure is significantly altered by
quantum backreaction, leading to substantial quantum contributions to CA.

Analogous features have been observed for the rotating quantum BTZ [289]. Based
on these preliminary studies, quantum black holes advocate the need for a semi-classical
generalization of holographic complexity®’.

7.1.4. Singularity Probes and Quantum Cosmic Censorship

Black hole singularities reflect the fact that classical gravity is incomplete. Further, the
Hawking—Penrose singularity theorems imply their inevitability. Due to their unphysical
consequences, Penrose conjectured there must exist a type of cosmic censorship [158],
known as weak cosmic censorship, where a horizon must shroud the singularity from
null infinity. Singularities, moreover, mark a lack of predictive power in an otherwise
classically deterministic theory. The strong cosmic censorship conjecture [292,293], which is
independent of weak cosmic censorship, asserts classical general relativity should remain
deterministic. In technical terms, for generic smooth initial data, the Cauchy evolution
of a Cauchy hypersurface is inextendible beyond the Cauchy horizon. For example, for
charged and rotating black holes, whose inner horizons are Cauchy horizons, the past
timelike singularity heralds a lack of predictivity beyond the inner horizon. Conceivably,
however, the infinitely blue-shifted energy of a particle entering from the exterior of the
black hole should result in a large backreaction so as to turn the smooth (regular) inner
Cauchy horizon into a non-smooth barrier [294,295].
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It is natural to wonder whether either form of cosmic censorship holds when semi-
classical backreaction effects are accounted for. Thus far, there is agreement that the expec-
tation value of the quantum stress tensor of a free scalar field diverges at the inner horizon
of a RN or Kerr black hole (in D = d +1 = 4) on approach from the exterior [296-299],
suggesting a type of strong cosmic censorship. A notable exception, however, is the classical
rotating BTZ black hole, where the backreaction is mild enough such that the inner horizon
does not become singular, indicating a violation in strong cosmic censorship [298,299]%.
A limitation of these works is that the analysis was only accomplished at leading order
in backreaction. The rotating quantum BTZ black hole, on the other hand, which ex-
actly accounts for all orders of backreaction, has essentially the structure of an AdS;—Kerr
black hole. Consequently, as argued in [300], and verified in [301] using the techniques
of [299], rotating quantum BTZ has a singular inner horizon. Thus, for the BTZ black hole,
strong cosmic censorship still holds once backreaction effects beyond leading order are
accounted for.

There is an intuitive sense that quantum effects induce a weak form of cosmic cen-
sorship. Indeed, backreaction of the Casimir stress tensor modifies the conical (A)dSs
and Minks defect geometries such that the naked singularities become hidden behind a
horizon. A standard test of (classical) weak cosmic censorship is to try to overspin or over-
charge near-extremal black holes such that they shed their horizons. So far, Kerr-Newman
black holes do not [302,303]. Likewise, the rotating quantum BTZ black hole cannot be
overspun [176].

Another test of weak cosmic censorship is the conjectured classical Penrose inequal-
ity [304]. Loosely speaking, assuming there are no naked singularities and collapsing matter
settles to a Kerr black hole, then the total mass M for a D > 4-dimensional asymptotically
flat [305-308] or AdS spacetime [309,310] with a marginally trapped surface ¢ is bounded
below by the area A[c]

<
[}

D-1

16mGpM Alo] >D2 2( Alo] )DZ
(D—-2)Qp 2 = <QD2 Tt Qp_» ’ (303)

Here, Gp and ¢p denote the D-dimensional Newton’s constant and curvature scale, re-
spectively, and Q, = 27("*1)/2/T[(n 4 1)/2] is the volume of a unit n-sphere. In the
limit /p — oo, the Penrose inequality for asymptotically flat space is recovered. While
the Penrose inequality has not been proven in general, any spacetime violating (303) is
believed to be a counterexample to weak cosmic censorship. Notably, the classical Penrose
inequality can be violated at leading order in perturbative backreaction [311,312]. This
motivates the need for a semi-classical generalization of (303), i.e., a quantum Penrose
inequality [311,312]

D=3 D-1

167'L'gDM > <4gDSgen> ’2+ 6_2 (4gDSgen )Dz (304)
(D-2)Qp2 Op 2 b\ Op_

w/lw]

where the area A[c] has been replaced for the generalized entropy Sgen associated with a
(quantum) marginally trapped surface. To test whether the quantum inequality (304) holds
even for large backreaction effects, a three-dimensional inequality was proposed in [135]

4Q3Sge“>2, (305)

87‘[Q3(M - Mcas) > g32< o

where M,s = —1/8G3 is the Casimir energy of backreacting quantum fields. All static and
rotating quantum BTZ black holes were found to satisfy (305) at all orders of backreaction.
This implies the existence of weak quantum cosmic censorship® in non-perturbative
semi-classical gravity for which the quantum Penrose inequality would be a logical input.
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7.1.5. Imprints of Quantum Backreaction Beyond Thermal Equilibrium

Realistic, astrophysical black holes are generally thought to be dynamical. Such non-
stationary black holes lack an equilibrium thermodynamic description, and their horizons
change shape and oscillate. One way to explore black hole dynamics is to consider (small)
time-dependent perturbations to static or stationary black holes. Such perturbations display
characteristic patterns of damped oscillations, dubbed quasi-normal modes (QNMs), that
capture deviations away from equilibrium [314,315]. Furthermore, certain quasi-normal
resonances serve as black hole signatures in gravitational wave astronomy.

Technically, QNMs are derived by examining the fluctuation equations of gauge-
invariant perturbations. The simplest example involves the study of probe fields. For exam-
ple, for a probe scalar field ¢, the fluctuation equation is given by the Klein-Gordon equation,

(O+m?)p =0, (306)

where ¢ is subsequently decomposed intro Fourier and harmonic modes, ¢ = ¢/“!Y/" (Q)®(r).
The characteristic quasi-normal mode frequencies w that solve the fluctuation equation
are generally complex, w = wg — iwj, with a negative imaginary part indicating the decay
of perturbations. For holographic AdS black holes, quasi-normal modes appear as poles
in relevant retarded two-point correlators of the dual CFT, providing a field-theoretic
characterization of black holes out of thermal equilibrium [316].

It is natural to wonder how a backreaction modifies characteristic traits of black hole
dynamics. A detailed study of QNMs of the quantum BTZ black hole provides some
preliminary insights [317]. Considering probe fields of brane localized matter, dual to CFT
operators with conformal dimension A € [1, 2] (accessible via the standard quantization)
and spin s = 0, £1/2, it was found that the QNMs and their overtones exhibit qualitatively
different behavior depending on the branch of the qBTZ solution selected. This distinction
can be used to differentiate between the types of singularities cloaked by a horizon: dressed
conical singularities versus genuine quantum-corrected black holes. Furthermore, the
magnitude w; of the imaginary part of the leading mode generally decreases with the
strength of backreaction for the quantum-corrected black hole branch. This implies the
thermalization time, ty, ~ 1/wj, defined by the late-time decay of two-point correlators
(0(0)O(t)) ~ e/, accelerates due to semi-classical effects. This phenomenon can be
explained from the perspective of the dual CFT: quantum matter in the bulk with a large
central charge corresponds to coupling a large number of light operators in the boundary
CFT, increasing the number of degrees of freedom a small perturbation needs to excite
before thermalization is reached.

The pole structure of retarded two-point CFT correlators dual to quantum BTZ QNMs,
moreover, exhibits a markedly different behavior than its classical counterpart [317]. This
includes, for example, ‘pole-skipping’, i.e., points in momentum space where the retarded
Green’s function is not unique. Specifically, for the quantum BTZ black hole, the mo-
mentum of the pole-skipping points exhibits a non-trivial dependence on the parameter
controlling the strength of backreaction. This implies, given the connection between hy-
drodynamics and chaos in holographic CFTs [318,319], the chaotic dynamics of black holes
are dramatically altered when backreaction is accounted for®. Further, by studying pole
collisions in complex momentum space, quantum corrections have a significant impact on
the analytic structure of the poles of retarded Green’s functions. In particular, the quantum
corrections intertwine the tower of modes in a series of level-crossing events noticeably
distinct from the level-touching events observed in the classical BTZ geometry [322].
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Appendix A. Conventions

Here, we summarize our conventions for bulk and hypersurface geometry. We also
describe the variational principle with Neumann boundary conditions, leading to the brane
equations of motion.

Appendix A.1. Background Geometry

Let M be a d + 1 dimensional spacetime endowed with metric §,, with coordinates
x" on M. We take a ‘mostly plus’ convention for Lorentzian signature. The Riemann
curvature tensor with respect to ¢,; is

Ryqp = 0alpq — 0T + 15, frfbd — % . (A)

Appendix A.2. Hypersurface Geometry
Let X denote a timelike or spacelike d-dimensional hypersurface embedded in M. The
hypersurface is defined by a restriction on coordinates x“, i.e., it introduces a scalar function
®(x?) which obeys the constraint ®(x*) = 0. The unit normal 7, to this hypersurface is
n, = eN9,P, with e = n2 = n,n® = +1, where ¢ = +1 indicates the hypersurface is
timelike, ¢ = —1 has ¥ spacelike, and V' is a normalization, N = [§"/9,90,®|~'/2. Denote
the induced metric hi]- on X and its inverse as 1"/, which are defined by
hij = gubeﬂef, eh = hiGyel, (A2)

1
= dx?
=4
definition, nzef = 0. In terms of the background metric ¢,,

for vectors ef tangent to curves contained in ¥ and coordinates ' intrinsic to X. By
Sap = €nany + hyjehel = engny + hgp,  hap = hijehel, (A3)

A

where 1 is the projector onto hypersurfaces orthogonal to 11,. Similarly, h*? = ¢ — en"n?.
Note h%n, = h®n;, = 0.
Define the extrinsic curvature Kij as

K= (Vbna)e?e}’. (A4)
The trace of the extrinsic curvature is
K = hiKj; = Vn". (A5)

Equivalently, the extrinsic curvature with respect to bulk coordinates is

Kap = ehe) Kij = —h5hiV eny. (A6)
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Using the decomposition (A3), it follows
Koy = Vany — engay, (A7)

where a;, is the acceleration for the integral curves of the unit normal n;, a, = n*V,ny,.
Since n’a, = 0, then K,n” = n’V,n, = 0. Further, a,V,n* = —n"V,a;, from which it
follows K = h*K;, = 0Ky,

Appendix A.3. Neumann Boundary Conditions and the Brane Equations of Motion

With these conventions, the Einstein—Hilbert action supplemented with a Gibbons-
Hawking—York (GHY) boundary term is

1 1

_ A+l ~a(p d
1= fmce /Md /R =20) + e | ey /[hleK, (A8)

where here, Gy is Newton’s constant in d + 1-dimensions. The GHY term makes the
variational problem well posed, assuming the metric obeys Dirichlet or Neumann (see
below) boundary conditions at boundary 0 M. Indeed, a standard computation shows the
metric variation of the Einstein—Hilbert term is (upon imposing the Einstein equations of
motion)

167G o1 :f a4y /Ihle(K., — Kh (shﬂb—z(s(f Ay /1 K) A9
GNSIen aMy||€(ah ab) aM]/||€ (A9)

where we have assumed the manifold M is void of codimension-2 corners. Thus,

1
167Gy Jom

d%y+\/|h|e(Kyp — Khgp)oh™. (A10)

The action is stationary when either Dirichlet boundary conditions are imposed, 6h% |3, =
0, or Neumann boundary conditions are imposed

(Kap — Khgp)|gpm = 0. (A11)

Next, consider introducing a brane of tension T at d.M, which is characterized by a

brane action,
T
Tbrane = — d%yy/|h. A12

brane 87TGN oM Yy || ( )

The total action I + I ane Will be stationary provided the bulk Einstein equations hold and
the Neumann boundary condition (A11) is modified to

eKaplom = (€K —T)hgplapm, (A13)

as is referred to as the brane equations of motion. Taking the trace, the tension is

T — de_ 1)1<, (A14)
such that the brane equation of motion (A13) becomes
T
€Kaplom = mhabb/\/l' (A15)

Appendix B. Holographic Regularization: A Detailed Summary

Here, we review holographic renormalization 4 la [19] and derive the induced gravity
action on the brane. For a less brute-force and algorithmic approach of deriving the effective
action, see, e.g. [17,21,51,52].
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Appendix B.1. Fefferman-Graham Expansion and Einstein’s Equations

Following [19], express the asymptotically AdS; 1 bulk metric ¢,; in a Fefferman—
Graham (FG) expansion [48,49] near the asymptotic boundary

ds? ., = L—Zd 24 L—Z (0, x)dx'dx! (Ale6)
d+1 = 102 4 0 &ij\p, ’

where L is the AdS; 1 curvature scale of the d + 1-dimensional bulk, and the asymptotic
boundary is located at p = 0°°. Here, we use the hat notation to denote the bulk quantities,
e.g., the bulk metric is represented by ¢,;. The d-dimensional boundary submanifold has
metric 3;;(p, x) = hij(p,x) = (L/p)gij(p, %)-

The non-vanishing Christoffel symbols with respect to metric (A16) are

1 N
op = Y rpij = 2(gij — P9p8ij).

1 ‘ (A17)
B = 55101+ & p9pgl, I =T'yle).
Consequently, the non-zero components of the Riemann curvature tensor are®”
A 1 ;
RE = —200,8jx — o8+ 08" (9p8j1) (pgi),
IA{“}kl = 2p(Vlapg]-k - Vkapgﬂ),
(A18)

N . 1 . . . 4

RYyy = Riylg] + E[*szlcgjl + p59p8j1 + 08" 8190 8km — P8 (3p8j1) (DpSim)]
1 . , 4 ‘

- E[_‘S;gjk + 081908k + P8 8 k00 &im — P78 (3p8jk) (p&1m )1,

where V; refers to the covariant derivative compatible with g;;. It is also useful to know

N L? L? L?
R = ?Rz’jkl gl - ?(gikgjl — igjk) + ?[&'kapgjl + 819p8ik — Li1%p&jk — &ikpS&il] (A19)

+ L?[(908jk) (9p8it) — (9p8i1) (pik)]-

Let us now work out the form of Einstein’s equations near the conformal boundary.
One route is to explicitly compute the Ricci tensor and scalar. Alternatively, we can use the
fact that the bulk spacetime, asymptotically, has a vanishing Weyl tensor such that

A

Lo o o
Rabea = =77 18ac8ba — Gaaoc] (A20)
near the boundary. In summary, we find
Rijil8] = gui + 8ix8ir — Six8ji — 818k + P(8j18ik — &jk8h),

1 .
S — 58" 88k =0, (A21)
Vigi — Vg =0,
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where we introduced the notation d,g;; = gz’»j. Our expressions match Equations (7)—(9)

of [50]%. Equivalently, by contracting (A21) with g¥/, one often expresses Einstein’s equa-
tions as

(Ric{g] +(d-2)g" +Tr(g g )g +p(28's g — 28" — Tr(g‘lg’)g’)> =0,
jl
_ - (A22)
Tr(g7'g") — sTr(s7'g's7'8) =
ViTe(g7'g') - V’g}z =0,

matching Equation (2.5) of [19]°”. Deriving the Einstein equations in this relied on using
(A20), i.e., that the Weyl tensor vanishes near the boundary. Note that for d = 2, (A20)
holds everywhere.

Appendix B.2. Perturbatively Solving Einstein’s Equations

With Einstein’s equations in hand, we now want to solve them perturbatively near the
boundary p = 0. To this end, we expand the metric g;;(x, o) as

= 8(0)(%) +pg02) (%) + p°(4)(x) + ... (d odd),
= g(o)(x) +pg(2)(x) + ... +Pd/2g(d)(x) + Pd/z(logp)h(d)(X) + O(pd/2+1) (d even).

(A23)

As we will see, the tensors g ;) are given by some covariant expression with respect to the
boundary metric g(q), its Riemann tensor, and their derivatives. Additionally, the subscript
or superscript in g() indicates the number of derivatives with respect to coordinates
X, e.g., g(2) contains two derivatives, g(4) contains four derivatives, and so forth. The
basic algorithm for solving Einstein’s equations order by order in p is to differentiate
Einstein’s Equation (A21) with respect to p and then take the limit when p = 0, recasting
the coefficients g ;o) in terms of (). Notably, for even d, this procedure would have
broken down at order d/2 had the logarithm proportional to k() not been introduced
(A23). Further, the computation differs for d = 2 and d > 2 in that the expansion truncates
in d = 2. Below, we will focus on the procedure for d > 2 (see [19,50,73] for the d = 2 case).

Coefficients g (i) for k # d: We can use the first of Einstein’s equations in (A21) to cast
coefficients g () for k # d solely in terms of covariant expressions of g(q). Begin with g(5) -

Substitute g(p, x) = g(0) + pg(2) + p2g(4) + ... into the first expression in (A21), giving

R = 8585 +8i'si — gl 8 —8i'gie +p( 8l — g\ gle)) + O(p?) + ... (A24)

Now, recall that in the limit p — 0, the Weyl tensor W, on the boundary vanishes. Using
the following useful expression for the Weyl tensor in d-dimensions,

Wijki = Riji + (Pi&it + Pugjx — Pixgji — Pigik), (A25)

where ij is the Schouten tensor,

ikl = @2 <Rjk[8‘] “ =1

it follows Wjj; = 0 implies

P ! ! )R[g]gjk), (A26)

Riji = —(Pigit + Pugjx — Pixgjt — Pigix)- (A27)
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Thus, in the limit p — 0,
;E%Rijkl = —(ij[g(o)}gflo) + Py[g(0 )}g](k) — Pilg (o)]gj(z) Pylg (o)]&(k)) (A28)
with
Pulso)] = st (Rilso] — 57— Rlsls ). (A29)
Jk15(0) (d—2) ' (0) 2(d—1) (0)1&jk

Here, we used that lim,, Rjj[g] = Rjj[g(0)], which is easy to show since R;;, using the
expansion in terms of g(p, x) will vanish for any term proportional to g, for k # 0.

Substituting lim,, 0 R;jx; (A28) into (A24) gives

(0),(2) +g(0) @ _ 0,2 _ (0, (2) _ —( (0) (0)

0
il 8k ik 8ir — 8ik 8ji — 8j1 8k ij[g(o)]gi(z)‘FPil[g( )]g]k 1k[g( )}gﬂ
— Plg(0)l8k)-
(A30)
Matching like terms, we find
2 1 1 0
8](-k) = —Pi[8(0)) = ) <Rjk[8(0)] - MR[g(O)]g;k)), (A31)

recovering Equation (A.1) of [19] (up to an overall sign due to our convention). Note that
(4)

this same argument also reveals /(5);x = 0. To go to higher order, e.g., g;:

jj one takes p

derivatives of R;j; and then takes the limit p — 0.
Trace of g(,,): The third Einstein equation in (A21) yields the trace of g, for any n. For
example, substituting in the expansion (A23) up to g4) and taking the limit p — 0 gives

4 1 2
29— ZgPgs = 0= gff) = 1oPgel?. (A32)

Taking the trace with by contracting with g/*, we are led to

1
Trg() = 1Tr(gfz)), (A33)

where here, Trg(4) = gl&)) 8(4)ij and matches Equation (A.2) in [19].

To reach the next order, write g(p, x) = g(o) +08(2) + 0> S+ o? 8(6), and take the
derivative of the second Einstein Equation (A21) with respect to p and then set p — 0,
giving

4 2 2
63— [431(] 'g"sic 3} )gz(k)g%g”"g”l} = (A34)

Taking the trace and simplifying gives

2 1
Trge) = 3Tr(8()8(2) — ¢ Tr (8%2))- (A35)

Following this procedure, it is also straightforward to show that h( d) is traceless, i.e.,
ij ij ij _
800 )h( 0)ij = 0. Likewise, 8(0)83)ij = 80)8(5)ij = 0.

Covariant divergence of g(;): The second of Einstein’s Equation (A21) fixes the covariant
divergence of g for any k. For example, substituting expansion (A23) up to order O(p)
and taking the o — 0 limit of both sides gives

. i i 2 2
lim Vg, = vig? = lim V(8" g) = Vi(gh s = Vis gk 8- (A36)
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Once the limit has been taken, it is understood that the covariant derivative is compatible
with g (o). More compactly,
(o ,
V’X,S') = V'(8(0)iiTr82))- (A37)
matching the first expression in Equation (A.4) of [19]. To get to the next order, we take a p
derivative of the equation of motion, keeping in mind that the covariant derivative itself
has p dependence inside and then take the limit p — 0 [19].

Appendix B.3. Regulated Bulk Action

Thus far, we have shown, given a conformal structure at infinity, and the metric can
be determined asymptotically up to order p?/2, i.e., the coefficient 8(4)- The aim now is to
study the IR divergent structure of the bulk theory gravity, which is characterized by the

action .
Toun = 75775 U athey/- (

where K is the trace of the extrinsic curvature of the boundary submanifold oM. Here,
it is understood that G and L refer to the bulk Newton’s constant and AdS curvature
scale, respectively. As stated in the main text, the on-shell bulk gravity action will have IR
divergences near the boundary p = 0. To regulate IR divergences of the theory, introduce an
IR cutoff surface at p = € near the asymptotic boundary, where the preceding analysis has
taken place. Thus, in the bulk contribution, we consider the integration region e < p < p,
where p, is some value such that p. > €’’. The GHY boundary term is simply evaluated at
p = €. Thence, the IR regulated bulk action is

1
I8 = M{/p A xy/— (R+ )+2/ d?xVhK o= 6], (A39)

) 42 / dxv/h K} (A38)

To evaluate the bulk contribution, we use that on-shell R = —d(d + 1)/L? near the bound-
ary. Consequently, the bulk contribution becomes

LA+1 2d dLi1
d. / d
/d >€d 2pi/TT <_L2) g(p,x) = /d x/pzedppd/z“ g(p, x). (A40)

The form of the boundary action requires a little more work. We have a hypersurface
equation defined by ® = p — e = 0 with unit normal n, = [§?(9,®)(3,®)]"'/%9,P,
. _ 20 c .
whose only non-zero component is 1, = 7-. The components of the extrinsic curvature
Ky = Vany are easily worked out to be

L
where we used the Christoffel symbols (A17). The trace K is
. 1 .
K= giKij=—-1 (d - Pgl]apgij)‘ (Ad2)
Also, note Vi = p%% /§(p, x). Therefore, the GHY term becomes
20471 i
d _ d,| 2= _ pnotl .
2 aMd xVhK = /a/\/ld xl 572 g(x,p)(d 08 apgq)]

p=e
-1

L )
= fons d'x 72 <—2d\/ g(x,p) +29\/g(x,p>g]3pgij) - (A43)

= aMdd d/2< 2dy/g(x,p) +4p8p\/gxp>
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where to arrive to the final line, we used that 6,/3 = 3,/38"6 Sij-
Combining (A40) and (A43), the (on-shell) regulated bulk action to evaluate is

Ld 1
reg o d /
bulk 167G /d [/ dp d/2+l (P; d/2< 2d g X, P +4p8p\/gx7p> ] (A44)

All that remains is an evaluation of the metric determinant 1/g(p, x) and performing the
bulk integral. To evaluate the determinant, we apply perturbation theory, which says for

8ij = gi(jo) + gij, where g;; is small compared to gl(;)), then

1. 1, 1;;
V8= \/%(1 + 50+ g4 - 4’711“7]1')' (Ad5)

(4)

Ford > 2, q9ij = pgl(].z) + ngij + ..., treating p small. Explicitly,

7 = 30,7 = 8y (08 + 0285 + ) = pTe(8()) + PPTr(gg) +-  (Ad6)
such that o
g = 0?(Trg(2))* + 0% (Trg () (Trg a)) + . (A47)
and T o (202,03 @,0) ) @)
’11]"7]1' = gz(l(())gj(o) [ngkj i tp (gk] 81+ 8k i )+ } (A48)

Collecting terms,

1 1
V8~ /3 (1 + 2pTrg( 2) TP { Trg) + (Trg(z)) - ZTI( (2))} +O(p3)>. (A49)
Consequently, the term to evaluate on the boundary is, to order O(pz),
; d 75 (—2d\/8 +4p0p\/B) 20 [Zde’d/ 24 (d —2)(Trgpy)e /21 4 0(e ™ M)] . (A50)

Meanwhile, the bulk term is

Pe d _ dTrgpmy
/d"ﬂ’m: g(){ 200172 = g O ) 2

(A51)
dTr(g(2)) e~ /2H1 | O(e=/242)
(d-2) '
Together, the regulated bulk action may be cast as
Ilr,eglk Ichv + Iﬁn/ (A52)
the sum of an IR divergent term
Iy = 16 e / X,/8 + 4241, a(2) + E_d/2+261(4) + }, (A53)
with coefficients”!
_ i-2 _ @-1)(d-4) 4
(A54)

d*>4-9d — 16
gy = (M>Ld ?[(Trgz))* = Tr(ghy)],

and a finite contribution I;,, whose explicit form we will not need.
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This is not the full story, as the terms p?/ zg(d) + 0%21og phg) in the expansion (A23)
must be accounted for. These will enter the metric determinant at a higher order in p;
however, generally, they lead to a logarithmic divergence as well as adding to the finite
contributions. For example, reconsider the term

qii = pTr(g(z)) + PZTr(g(4)) + ...+ pd/2Tr(g(d)) + pd/z longr(h(d)). (A55)

But Tr(h4)) = 0 [19]. So, including the o4/ 2T ( 8(4y) contribution to the metric determinant,
adding to I, and a logarithmic divergence to Iy;y, i.e.,

e d (1 d
/e AT (2pd/2TI‘g(d)> = ETrg(d) (logpc —loge). (A56)

Thus, taking into account this term, the divergent contribution to I;i%k is

L _ _ _
Iy = T6C /ddx‘ /200) {e d/za(o) +e€ d/”la(z) +e€ d/2+2a(4) + ...
(A57)

+ eila(d_z) —log(€)agy |,

with a(0), 4(2), and a(4) as in (A54) and, at this order,

_od
ll(d) = Ld ZETrg(d)' (A58)

Note that a4y here is only including the first term and in general is more complicated (see
Equation (B.1) of [19]).

Regulated Action on Boundary
Thus far, the regulated action is expressed in terms of the metric g ). It is preferable

to express the action in terms of the induced metric h;;(e, x) = %2 gij(€,x). Then,

da/2
%\/h(€fx) = \/g(e,x) = /80 (%) (1 + %GTrg(z) + %62 [(Trg(z))2 - Tr(gﬁz))} + O(P3)>,
(A59)
where we used Tr( S4)) = %Tr( g%z) ). Rearranging and performing a power series expansion
in € yields

et/? 1 1
V80 = ?\/h(e,x) (1 — EeTrg(z) + gez [(Trg(z))z + Tr(g%z))] + O(e3)), (A60)

matching the first expression in Equation (B.3) of [19].
The aim now is to evaluate quantities Trg ) and Tr( g%z) ). To this end, we first recall

some relations from metric perturbation. It is sufficient for our purposes to consider
ij = §(0)ij T €8(2)ij, with gl = gl(]O) - eglé). Then, the linear variation of the Christoffel
symbol is

k — rk k _ € k k k
oIy = Tyl8] — Tjlg(0)) = 3 {Vz‘g(z)j +Vign)i—V g(Z)i]}/ (A61)

(0

where here, V; refers to the Levi-Civita connection compatible with g; j ), Consequently,

€
=5 chbg(za)d + chdg(za)b — VeV — Vdvcg(za)b - Vdvbg(za)c +VaV8@)e| »

(A62)
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The leading order change to the Ricci tensor is then
ORij = 5 [VaVigdy + VaVigdh — 08y — ViVigid]
] 2 LY aVI8(2)f aVijs(2)i (2)ij ] Zg(z)u
€ d
=-3 {Va (ViR? [g0)] + V,R] [8(0)]) - mviij[S(oﬂ (A63)

g ..
—URjjlg0)] + z(d((izjl)DR[g(o)]] :

where the second equality follows from substituting the expression for glgz), (A31). Using”?

1
VoViRY = Vo VR = SViViR + (RiRS — R%,;RY), (A64)
we find
€ -2 oo MR 8(0)ij

+2Ryi[8(0) IR [8(0)] — 2Rijuilg(0) IR [g (o)]} :

Lastly, the Ricci scalar R[g] = g Rji[g] = g (Rij[8(0)] + 6Rjj), to leading order in an
€-expansion is

€ 1
R[g] = R[g()] + ) (Rzzj[g(O)] - z(d_DRz[g(o)])r (A66)
where we used (A31) and that gz))JRij =0.
With these expressions, we have
ij _ 1 R
80)8(2)ij = —m [8(0)}
1 € ” 1
~ _ _ ij . _ 2
s Rl g (RgIRsls] — 5y %)) (A67)

2 2 g

where in the second line, we inverted (A66), and in the last line, we used hij = L?Z Sij» such
that R;;[g] = R;j[h]. Meanwhile,

81(]2)8(2)1']‘ = m (R][g(o)]Rij[g(o)} - 4(01_1)21{2[8(0)})

L* 1 - 3d—4
Y ad-2y (Rl][h]R"f ) = 4((d - 1))2 RZW)'

(A68)
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Consequently,

2 1 12 1
Trg(y) ~ T [R[h] -7 <R§j[h} — 2(d_1)R2[h})],

L 1 3d — 4
Tr(gfy)) ~ 227 {R?j[h] - 4((51_1))21{2[}1]]'

L 1 R?[h d?>—7d+8
(Trg(2))* + Trg%z) ~ {(_RZ'[’?] + U (

) +O(R3) +}

€2|(d—2)2Y 4(d —1)2 (d—2)2
L4 1 dR?
2 _Trol | R ™ 3
(Trg(2)) Trg(2> = {(d ) Rj; [h] @2 @=1) +O(R’) + },

(A69)

where O(R3) schematically refers to terms in cubic powers of curvature and the +...
corresponds to higher powers in curvature. The first two expressions match Equation (B.3)
of [19]. Substituting these expressions into our perturbative expression for | /g(g) (A60),
we find

€d/2

V30 = Vh T {1+ 4(;;) (R— ;zfid__;;’g [Rl?j— 4(dd—1)R2D +} (A70)

Substituting this into the divergent action (A57) along with coefficients (A54) gives

B L ‘ 2(d —1)(d - 2)
Igiv = *m/ ddX\/E|:LZ + R

2 (A71)

e e GRS LI I |

With the divergent action in hand, holographic renormalization is completed via minimal
subtraction by adding to the regulated action (A52) a local counterterm action of the form
It = —lgiy, rendering the action finite in the limit e — 0. Alternatively, as described in
the main text, in braneworld holography, where € # 0, a local counterterm need not be
introduced.

Appendix C. Braneworld Basics

String theory is a candidate model of quantum gravity which requires the existence
of extra dimensions. The observable universe, however, is well described by a four-
dimensional spacetime, whose local gravitational dynamics is governed by Einstein’s
general relativity on macroscopic scales and the background on which the Standard Model
of particle physics lives. Thus, it is of interest to come up with a mechanism which reduces
the number of extra dimensions predicted by string theory such that our observable world
emerges as an effective theory in some limit. Historically, the simplest way to reduce the
number of extra dimensions is via Kaluza—Klein (KK) dimensional reduction, where the
extra dimensions are compactified into a small but finite-dimensional internal manifold.
Alternatively, braneworlds provide a mechanism in which a lower-dimensional ‘brane’ (or
domain wall) lives in a higher-dimensional ‘bulk’ spacetime, where the brane effectively
describes the observable world.

Broadly, braneworlds are in part motivated by the membrane-like solutions in string
theory and higher-dimensional supergravity; indeed, some braneworld models have string
theoretic realizations (though in this review, we will be agnostic to the stringy origins
of any particular model). More specifically, braneworlds come in three types: (i) the
Arkani-Hamed-Dimopoulos-Dvali (ADD) model [12], (ii) Randall-Sundrum (RS) [13,14]
and Karch-Randall (KR) models [15], and the Dvali-Gabadadze—Porrati (DGP) model [261].
As we will briefly review below, the braneworld models distinguish themselves by the
type of bulk spacetime the brane is embedded and the way in which gravity is localized on
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the brane. In particular, the RS and KR models embed a brane inside a bulk anti-de Sitter
spacetime—such that the AdS/CFT correspondence applies—and gravity localizes either
in a way similar to KK reduction or via warped compactification.

Appendix C.1. Braneworld Bestiary

ADD model. Motivated by resolving the hierarchy problem in particle physics, the original
braneworld construction, the ADD model consists of a tensionless brane inside a large
bulk spacetime where the extra dimensions are compactified in a manner similar to KK
reduction. The bulk spacetime is assumed to be governed by Einstein gravity with zero
cosmological constant. Massive KK modes in the extra dimensions are largely ignored such
that, upon integrating out the extra dimensions, the effective action is four-dimensional
Einstein gravity with scales induced by the higher-dimensional parent theory. Notably,
the case in which the bulk spacetime is five-dimensional is ruled out because the one-
dimensional volume of the compactified directions is on astrophysical distance scales; ADD
models with at least three extra dimensions are in principle observationally viable.

RS models. There are two distinct Randall-Sundrum models, which are known as RS-1[13]
and RS-II [14]. In both models, the bulk is taken to be asymptotically AdS spacetime’>. The
brane geometry is either asymptotically Minkowski or de Sitter. In the RS-I model, the bulk
is bounded two codimension-1 branes, one with positive tension 7 and the other with nega-
tive tension 7_. In the RS-II model, the negative tension brane is sent to asymptotic infinity.

More explicitly, the bulk physics of the RS-I model is characterized by five-dimensional
Einstein gravity with a negative cosmological constant A5 = —6/ L2, plus an action charac-
terizing the two branes:

1 s
Irs1 = 167G /d xy/=§(R—2As)

— [aydtxv/=hi(z + L5D8) + (v + Lo =y

(A72)

Here, y denotes a bulk spatial coordinate to be integrated over, /;; is the four-dimensional

induced metric of the constant-y hypersurfaces, and ﬁﬁﬁ;{ refers to matter Lagrangians

localized on their respective branes. A negative tension brane is positioned aty =y_ >0
while a positive tension brane is at y = 0, and only the region 0 < y < y_ is retained.
To complete the space, a Z; reflection symmetry is assumed across each boundary plane,
leading to a jump discontinuity in the extrinsic curvature of each brane. Thus, aside from
the bulk Einstein equations, the bulk must obey brane boundary conditions, e.g., the Israel
junction conditions which relate the discontinuity in the extrinsic curvature across the

)

branes to the brane tension and the stress tensor Sl(ji ,
+
AKE — hyAK*® = 87Gs(Tahy; + S1), (A73)

where AKjj = K; — KZ; denotes the difference between the extrinsic curvature across
the branes. Imposing the junction conditions sets the branes to have equal and opposite
tensions. The simplest such solution to the bulk Einstein equations plus Israel junction
conditions is the warped geometry (in horospherical coordinates)

ds% — dyz + EiZ‘yI/LBI’]ijdxidxj, (A74)

where 7;; is the four-dimensional Minkowski spacetime, though it may be replaced by any
four-dimensional metric which solves the four-dimensional brane theory. The AdSs horizon
is located at y = oo (which includes a point at infinity) where the coordinate system (A74)
breaks down (see Figure A1 for an illustration). Mass scales on the negative tension brane
will be exponentially suppressed with respect to the positive tension brane. Consequently,
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beings confined to the negative tension brane would experience weak gravity, while beings
on the positive tension (‘Planck’) brane would experience strong gravity. The RS-I model
thus provides a possible solution to the hierarchy problem of the standard model.

The starting point for the RS-II model is the same except that the negative tension
brane of the RS-I model is sent off to infinity (y— — o0), such that the five-dimensional
warped geometry (A74) takes the form

dst — dy* + e_z‘y|/L517,»jdxidxf

2 (A75)
= m(dz + U,]dx dx]),

where in the second line, the conformal coordinate z = sign(y)L5(e‘V|/ Ls — 1) was intro-
duced. Unlike the RS-I model, the RS-II model is not used to solve the hierarchy problem.
Further, although the extra bulk spatial dimension becomes infinite in extent, the higher-
dimensional gravity becomes localized on the brane nonetheless’*. One way to see this
is through a perturbative analysis of the weak gravitational created by isolated matter
(0)
b

sources on the brane [323-325]"°. Define a bulk metric perturbation by v, = $up —

(with gflg) being the unperturbed five-dimensional background). Working in the Randall-

Sundrum gauge, ‘ ‘
hzz =hi; =0, 9;h';=0, Hh;=0, (A76)

1

the linearized equations of motion for the metric perturbation are
(=32 + V(2)]g; = 100y, (A77)
for ¢;j = \/|z| + Lsh;j and “Volcano’ potential

Viz) = . 15

A 3L25(z). (A78)

Separating variables as ¢;; ~ U (2)e™¥, one obtains an eigenvalue equation for eigen-
functions u,,(z) characterizing an effective four-dimensional massive mode with mass
m? = —k;k'. The general solution for uy,(z) is given in terms of Bessel functions. Alongside
the massive modes is a discrete set of massless ‘zero modes’. From the mode functions,
Green'’s function for —92 + V(z) from which the induced brane metric for a spherical source

of mass M will have components (in the RS gauge)
L%
1+ 3? (51] (A79)

The hy; metic component is simply a modified Newtonian potential for a source M where the
1/73 correction can be shown to be precisely of the form of the corrections to the Newtonian
due to 1-loop quantum effects induced by the four-dimensional graviton propagator [62,63].
KR model. An important extension of the RS-II model is the Karch-Randall braneworld
model [15]. In this set-up, the positive tension brane is detuned such that the four-
dimensional brane geometry is asymptotically AdS,”°. To this, consider the RS-II model
with a two-sided brane with a decreased tension
3(1+9)

= A
T 47TL5 G5 ! ( 80)

Byt

_2GM ([ 212 L — 2GaM
N 2 ) T Ty

for 6 < 0. The (unperturbed) five-dimensional warped geometry takes the form

2
L5

ds® = ——
Lgsin®[(|z| +z0)/L4]

(hyjdx'dx) + dz?), (A81)
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Figure A1. RS-I warped solution. Left: Bulk AdS with a "horosphere’ (red curve), and horizon at
y = oo (diagonal lines). Vertical lines represent timelike infinity. Right: A positive and negative
tension brane in bulk AdSs with the shaded (blue) region being retained. The dotted (magenta)
regions are excluded and are identified.

with

2 2\ !
hyjdxidxd = — (1 n r2> a4 (1 n r2> dr? 4 12d03, (A82)
L L

and zp = Ljarcsin(Ls/Ly). The brane is located at z = 0 and has an effective negative
cosmological constant Ay = —3/L3 = 3(20 + 6%)/L2. A perturbative analysis similar to
the RS-II case yields a linearized Equation (A77) though with a different potential V(z).
While we will not go into the details, the shape of the potential in the KR model leads to
a totally discrete mass m? spectrum. Further, the m? = 0 zero mode is not normalizable.
Imposing a normalizability condition shifts the zero mode to an ‘almost zero mode’ with
mass m ~ O(Ls/L3). Hence, localized four-dimensional gravity has a massive graviton.
Massive gravity theories have the behavior that gravitational attraction becomes short-
ranged as opposed to long ranged, and where gravity waves propagate at subluminal
speeds. Note, however, for regions where L5/ Lﬁ < 1, the graviton becomes essentially
massless.

DGP model. In the DGP model, an Einstein—Hilbert term is added to the brane action. The
original incarnation of the model consisted of higher-dimensional Einstein gravity with a
vanishing cosmological constant with the bulk being described by the action

_ 1 5. —p [ g4 /T 1
IDGP_167TG5/d xy/—4R /d xV h<16nG4R4D+£mat>' (A83)

A distinguishing feature of this model is that the graviton propagator is such that the
effective four-dimensional theory is left unmodified at short distances.

Appendix C.2. Stringy Connections

The codimension-1 branes described above are not the same types of branes which
appear in string theory; however, there is a stringy connection via AdS/CFT duality. Recall
that in string theory, Dp-branes are extended p (spatial)-dimensional objects: open strings
with endpoints obeying Dirichlet boundary conditions end on. D-branes are to be viewed
as physical, dynamical objects with their own mass and (Ramond-Ramond) charges carried
by the string endpoints [329]. In the case of N parallel Dp-branes, each open string endpoint
can lie on one of N different branes, yielding a total of N? choices. When these N parallel
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Dp-branes are coincident at the same location, the resulting string theory has a particle
spectrum which in part describes a U(N) gauge theory.

Since string theories have a low-energy effective description in terms of an appropriate
theory of supergravity, a D-brane or a stack of coincident Dp-branes have a realization
as a supergravity solution with a corresponding mass and charge. A relevant example
is a stack of N coincident D3-branes in ten-dimensional spacetime. Such a set D-brane
configuration exists in type IIB string theory with string coupling gs and string length scale
ls = V&'. In the decoupling limit, where &/ — 0 and the ratio of the distance between
the non-coincident configuration of parallel branes and coupling, u = r/a/, is kept fixed,
the gauge theory on the brane is that of four-dimensional N' = 4 SU(N) super Yang—Mills
theory (a superconformal field theory). The corresponding supergravity solution has line
element [330]
4rrgsn’?

rt

dsiy = f 1 2dx) + f12dx5, f=1+ (A84)

Here, dxﬁ denotes the set of coordinates along the four-dimensional worldvolume of the

D3-brane configuration, while dx3 = (dr? + r?dQ3) is the collection of coordinates of the
six-dimensional space perpendicular to the stack of branes where the radial coordinate r
characterizes the distance between the branes (before taking the coincident limit) and d)2
denotes the metric of the unit 5-sphere.

Introduce coordinate u = r/a’ such that f = 1+ 4553’;1\] The supergravity geometry
(A84) of the aforementioned decoupling limit (¢ — 0, u fixed) is valid when gsN > 1,
i.e., at large 't Hooft coupling A = gsN. In this ‘near horizon’ limit, the 10-dimensional
geometry is approximately

2 d 2
“ it £ 47rgSNu—uz+s/47rgsNdQ§ . (A85)

\/47gs

This line element is simply AdSs x S°, with AdSs length Ls = /47g;N¢? and a 5-sphere
of the same radius’’. In other words, the supergravity solution has a dual description in
terms of the four-dimensional superconformal field theory, which is a sharp realization of
the AdS/CFT correspondence [6].

Now return to the RS-Il model describing a single codimension-1 brane sitting inside
of an asymptotically AdSs bulk spacetime. There are two comments worth mentioning
here. First, Gubser observed when the bulk is the AdSs—-Schwarzschild black hole, the
induced geometry on the brane is that of radiation-dominated FRW cosmology [331]. Via
AdS/CFT, the thermal nature of the bulk black hole has a dual description in terms of a
thermal CFT at strong coupling with temperature given by the Hawking temperature of the
bulk black hole. This CFT can be viewed as living on the brane, giving rise to the (‘dark’)
radiation cosmology. Second, in taking the near-horizon limit of the stack of D3-branes,
the RS model may be viewed as effectively cutting off the spacetime outside of the stack of
D-branes, such that the RS-brane serves as an end-of-the-world brane.

The precise connection to AdS/CFT is different for the Karch-Randall construction [15].
This is because in such a set-up, one is no longer in a near-horizon limit of a stack of D3-
branes. Rather, one realization is that of a D5-probe brane intersecting a stack of D3
branes [16,327], leading to a doubly holographic interpretation.

2 2
dstg ~ £

Appendix D. Geometric Elements of the C-Metric

The C-metric, as noted in the main text, can be interpreted as an accelerating black
hole or a pair of accelerating black holes’®. In this Appendix, we briefly review the origins
of the C-metric and then describe some of its geometric features relevant for the main text.
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Appendix D.1. C-Metric from Plebanski—Demianski

In order to better understand the origins of the C-metric, it is useful to analyze its
parent metric first, the Plebanski-Demianski (PD) geometry [89]”7. The PD metric describes
the most general algebraic type-D spacetime solving Einstein-Maxwell theory in vacuum
with an aligned, non-zero electromagnetic field and a cosmological constant A. The line
element is

1+ (pq)* 1+ (pq)*
ds? = {— Q) (4 1 p2agy2 4 LE P52 dp?
G U T G Tl )
P(p) 2 2}
+ ——2 (do —g°dT)" },
1+ (pq)z( 747)
with metric functions
A A
Q= 3 +g2—7—2nq+eq2—2mq3+ (—6+62+’y)q4,
(A87)

P= —% — &+ —2np —ep? —2mp> + <—/6\—€2+’)/)p4.
The solution is completely characterized by seven parameters: namely, the cosmological
constant A, and the real parameters g, e, 1, m, €, y. Of these, only e and g have a clear physi-
cal interpretation, corresponding to electric and magnetic charge, respectively. Parameters
m,n, € and <y have a less clear interpretation in general; however, often, m and n play the
role of the mass and NUT parameters, respectively, while in certain instances, y and € are
interpreted as angular momentum and acceleration. For convenience, one typically shifts
Y=+ + %, such that the metric functions (A87) become

A
Q=-3—7-2nq+eq’ —2mqg’ + (v +e +g%)q",

P:fy—an—epz—ZmPB— (’y+ez+g2+1;>p4.

(A88)

Further, while A here is generic, we will be primarily interested in the AdS; C-metric,
where A = —3/L2, with Ly being the AdS, curvature scale.

By appropriate coordinate and parameter rescalings, the C-metric emerges from the PD
metric. To see this, first introduce two real parameters a and A and perform the following
coordinate rescalings

p— VaAp, q— VaAg, T—u/%'c, 0'—)1/%0'. (A89)

Additionally, rescale the parameters as

A\ 32 A\ /2 A A
m — () m, n-— <> n e——e g— —g
a a a a

) (A90)
e— e 7 A%y, P— A’P, Q— A%Q.
The resulting metric is the AdS, (spinning) C-metric

1+ (aApq)?
Q(q)

2 — 1 { QW) (4 4 aap?doy? + dg?

A2(p+92 | 1+ (aApg)?

1+ (aApq)* P(p)
+ P(p) dpz T (uqu)z(da—aqudT)Z},

(A91)
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together with

1 2n
= o T 1 e? —2mAG + A (ya® + &+ ),
4

Q A

A92
2 (A92)
1z

2
P=nq—ZF —ep?—2map*+ (L A2(7a2+ez+gz)>rf‘-

4

Notably, the parameters € and <y do not affect the geometry of the solution, as they do
not appear in any curvature invariants [89], and they are sometimes dubbed ‘kinematical
parameters’. Consequently, these parameters are gauge choices and can be chosen to take
specific values without affecting the local geometry. Alternatively, m, n, ¢, and g are said
to be ‘dynamical parameters’ in that they generate curvature; settingm =n=e=g¢g =10
results in a maximally symmetric background with cosmological constant A.

Appendix D.2. C-Metric Used for Braneworld Black Hole

As written, the C-metric line element in (A90) is cosmetically quite different from the
one used for studying braneworld black holes in [23,24]. To clarify the relation, first rename
coordinates and metric functionsasgq — —y,p =+ x,Q - —H,P = G, T = t,0 = ¢,and
€ — —k. Then, the metric functions (A92) become

_ 1 2n 2 3 20,2 0 2 2\ 4

H=—Zap T 7yt —2mdy A (ya” + e+ &)y,

5 (A93)

a

i A*(ya® + e + g%)
4

2
G:'y—an—i—kxz—ZmAx?’—i— x*,

Now, making use of the aforementioned gauge freedom, we set v = 1 and further rescale
A2%42 = g% and A?(e* + ¢?) = ¢*. Then,

1

2n
Ty +ky? —2mAy — (a® + %)y,

) 1 (A94)
n 2 2.4
<AzLﬁ_1>a —q ]x.

Gzl—jx+kx2—2mAx3+

Further, introduce A = —1, yielding

1
2
A2[2

H=-A— %ny +ky? —2mAy® — (a® + ¢*)yt,

o (A95)
G=1- e + kx? — 2mAx® 4 (Aa® — g?)xt.
The line element, meanwhile, is
1 H(y) (%, y)
2 _ 2703\2 2
ds* = Ax— g2 |20, y) (dt + ax“d¢) Hy) dy
S(ny) .. G) (%)
X Y) 4 2 X 2 10\2
+ dx® + dp —ay-dt)”|,
Gl Sy )
with
(x,y) = 1+ a*xy>. (A97)

In this context, g represents both electric and magnetic charge, A is the ‘acceleration’
parameter, a is the angular rotation, and # is the NUT parameter. Setting n = g = 0 in the
metric functions (A95) recovers the form of the C-metric used in [23,24] (cf. Equation (5.1)
of [24]). We will explore further details of this metric momentarily.
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Rindler form. It is easiest to see the accelerating nature of the C-metric by settinga = n =
g=m=0,k=—1and Ly — oo such that A = —1. Further rescale t — At. Then, the line
element (A96) with metric functions (A95) becomes

d52 — # 7(]/2 _ 1)A2di’2 + dy2 + dx? + (1 o x2)dqb2 (A98)
A%(x —y)? -1  (1-x?) ‘
Next, introduce the coordinate transformations
Vi —1 1v1—x2
(x—y) A (x—y)
resulting in
ds? = —&2dt? + A2dE? + dp? + p2d¢?, (A100)

which we recognize as the four-dimensional Rindler metric in cylindrical coordinates. An
acceleration horizon with acceleration A occurs at { = 0, or, equivalently, y = 1.
Boyer-Lindquist form. It is also useful to express the metric in a Boyer-Lindquist-like
form. Specifically, to describe an AdSz Karch-Randall brane, make the identifications

EZ

1 a
A=—, A=-, k=—-x, 2mA=u, a— , A101
7 7 Iz N2 ( )
together with the coordinate rescaling and change
t 14
Then, the metric (A96) becomes
2 H(r) X(x,7)
2 _ _ 27632 ’ 2
5= ] s e (A103)
X(x,7) G(x) a ,\2
2 2 N
+r { G ax” + (1) (d<p rzdt)
with metric functions
__r r w . (@ +q0)
H(r) = —EH(—E/r) = % +x —2nr — Tt
2
G(x) =1—2nlx —xx* — ux> + (Zz - 2) s (A104)
3
a’x?

X(x,r) =1+ ——.
(x,7) + o

Note that the 1 parameter may always be rescaled by ¢ or /1. Setting n = 0 and taking
the zero acceleration limit £ — co (upon setting ¥ = +1, and rescaling u¢ — 2M and
similarly for charge g2), we recover the Kerr-Newman-AdS black hole in Boyer-Lindquist
coordinates, with x = cosf.

Alternatively, the parameter space giving positive curvature on the brane is easily
reached from the above AdS solution. Indeed, simply replace /3 — iR3 and seta — —a
and x = +1.

Appendix D.3. Factorized C-Metric

Thus far, the metric factors P, Q or H, G are quadratic functions of a single coordinate
and are not readily factorizable. This makes finding the roots of the metric functions
complicated. Further, for the rotating C-metric, even when n = 0, the solution still has a
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non-zero NUT charge. In 2003 and 2004, Hong and Teo [339,340] found a way to express
the C-metric in a factorized form, which not only simplified some calculations but also
showed the factorized version of the rotating C-metric is physically distinct from its original
non-factorized form.

To arrive at a factorized form of the rotating C-metric, recall AdS, spinning C-metric
(A91) with metric functions Q and P (A92). Then, following Hong and Teo [340], use gauge
freedom to set the kinematical parameters <y and € to

2
a
y=1, e:1+§—A2(a2+62+g2). (A105)
4

Then, in order to place the metric functions (A92) in a factorized form, further set n =
—mAZ?, leading to the C-metric (A91), now with factorized metric functions,

1
Q=(g>-1) (1 —2mAg + A%(a® + &% + gz)qz) + YT (14 a2A%g?),
) (A106)
a
P=(1-p <1+2mAp—l—p2 Ar(a?+ e+ %) — LZD
Incidentally, the choice n = —m A? which ultimately factorizes the metric functions leads

to a solution with vanishing NUT charge. Consequently, the factorized and non-factorized
forms of the C-metric are physically distinct, and they are not related by a coordinate
transformation. Note, however, in the non-rotating case (¢ = 0) with A = 0, the factorized
and non-factorized C-metrics are related by a coordinate transformation and are thus
physically equivalent [339] (in the limit a = 0, n acts as a kinematical parameter). The
difference between factorized and non-factorized rotating C-metrics arises because the latter
has ‘torsion singularities’, conical singularities which have a non-zero angular velocity,
while the former does not have torsion singularities. The effect is that the non-factorized
rotating C-metric will possess closed timelike curves in a neighborhood of the torsion
singularities [341]%0.

Further, the factorized C-metric, line element (A91) with functions (A106), can be
brought to a more standard Boyer-Lindquist form (cf. Equation (2.31) of [121]). The (ex-
tended) thermodynamics of this form of the factorized C-metric was analyzed in [118-120].

We can similarly bring the C-metric used to study braneworld black holes, line element
(A95) with metric functions (A96), into a factorized form. All that is required is to use
gauge freedom to set

k=-1 (a* +q%), (A107)

S
- 2

A?Lg
and remove the NUT charge via n = —mA?. The result is the rotating C-metric (A95), now
with metric functions

H=—(\+1)(1+a%) + (1= ) (1+2mAy + (@ + ¢)),
(A108)
G=(1-x% (1 +2Amx — (Aa* — qz)xZ),

with A +1 = (A?L3) 1. We see the metric function H is completely factorized when A = 0.
Making identifications A = /02, A=0"1a—>a/0,2mA = #, and using the coordinate
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change (A102), puts the factorized C-metric in a more Boyer-Lindquist form (A103), with
metric functions

b=+ () + (1) (12 ),

(A109)
) 2 L)\, 22

Gx)=(1—x")(1+ux— g—q x° |, Z(x,r):1+r—2.
Appendix D.4. Some Properties of the C-Metric

Let us now detail some of the properties of the C-metric used in the main text. Follow-
ing the conventions of [24], begin with the uncharged, non-rotating AdS; C-metric

g =1 {H(y)dtz LU ST (A110)
A%(x —y)? H(y) = G(x) '
with
H(y) = A+ ky* —2mAy°, G(x) =1+ kx?* —2mAx3, (A111)
obeying H(x) = G(x) — (1 + A). Here, k = 41,0, —1, which will determine the black
hole horizon topology. The bulk Ricci tensor satisfies Rap = —(3/L2)§ap where Ly =

(AVA +1)7! sets the scale for the bulk cosmological constant. Maintaining a negative
cosmological constant in the bulk thus requires A > —1, while G(x) > 0 to maintain a
Lorentzian signature. The overall factor (x —y)~2 in (A110) implies the point y = x is
infinitely far away from points y # x (the point y = x corresponds to the asymptotic AdS,
boundary). The curvature invariants

RABEDR ypep = 24A%2A%m2 (x — y)® + (1 + A)?],

CABCDCABCD = 48A6m2(x — y)z, (A112)
reveal curvature singularities at y & co and x = =+co, while the Weyl tensor vanishes
asymptotically at y = x. To avoid naked singularities, one must restrict coordinate ranges
for a given set of parameters. To maintain a ‘mostly plus’ Lorentzian signature requires
G(x) > 0, restricting the range of x.

To gain further intuition for the C-metric, it is instructive to consider the simplifying
case when mA = 0. Then, consider performing the coordinate transformation

2 2
\/y +/\x 1+kx2’ (A113)
Alx—y) y2 4+ Ax

such that the metric (A110) becomes

dr? dp?
ds? = - 4 +172[ (Ap* —k)dt* + )\pzp— . —0—p2d(p2]. (A114)

Locally, the geometry is AdSy, where surfaces of constant 7 have constant Riemann curva-
ture with a three-dimensional cosmological constant A3 = —A. Thus, the sign of A denotes
different constant curvature slicings of AdS,. There are three distinct cases: (1) A = 0, a
flat slicing. In this case, one must choose k = £1, where for k = —1, the coordinate ¢t is
timelike everywhere; (2) —1 < A < 0 leads to a three-dimensional de Sitter slicing. One
must select k = —1 to have dS3 in static patch coordinates and cosmological horizons, and
(3) A > 0, an AdS; slicing where the three different values of k distinguish three slicings of
AdS3: global coordinates (k = —1), the massive BTZ black hole (k = +1), and the massless
BTZ black hole (k = 0).
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Conical singularities. Each zero of H(y) corresponds to a Killing horizon associated with
the time translation Killing vector d;. Meanwhile, the zeros of G(x) correspond to an axis
for the rotation symmetry dy, i.e., for & = dg, then & ~ G(x), vanishing at a zero of
G(x). For a range of values of mA and k, there will be three distinct real zeros®! to G(x),
{x0, x1, x2}, with each zero leading to a distinct conical singularity. One singularity can be

removed via®? i

0~ 9+ DY), BP(x) = 15 (A115)
where x; is one of the zeros. Once the period of ¢ has been fixed in this way (say at x = x1),
the coordinate ¢ cannot be readjusted to eliminate the remaining conical singularities at
x = xg, xp. Thus, in general, there will be a conical singularity along the axis x = x; # x;
with angular deficit 6 = Ap(x1) — %83. This may be interpreted as a cosmic string with
tension 1. = J/87. It is this feature which leads one to interpret the C-metric as a a single
or pair of accelerating black holes. In the case of a single black hole, a cosmic string attaches
at one pole in the background and the black hole, suspending it away from the center of
the spacetime, thus inducing its acceleration. When the cosmic string hits the boundary;, it
produces a conical defect in the boundary geometry, which may or may not be hidden by a

horizon on the boundary.

It is possible that the metric function G(x) has degenerate roots. For example, when
k = —1and mA = 1/3+/3, G(x) has a double root x,;. Near x = x,, the (x, ¢)-sector of the
line element takes the form of a Euclidean hyperboloid

2 _
dsy, =

d 2
(x —xxd)z + (x = xg)%d¢?, (A116)

with a spatial divergence at x = x;.

Boundary geometry. The asymptotic AdS, boundary is located at y = x. Stripping off the
conformal factor via an appropriate conformal transformation, the boundary metric is

dx?

2
e * G(x)dg¢?. (A117)

ds%dry = H(x)dt> —
This line element describes a black hole with a Killing horizon located at values of x
which coincide with the zeros y; of H(y), i.e., x = y;. Proper distances between points on
the boundary are given using this boundary metric, e.g., Xproper = [ dx(—H(x)G(x))!/2.
While beyond the scope of this review, it is worth highlighting that in the context of the
AdS/CFT correspondence, specific limits of the AdS; C-metric are dual to holographic
CFTs living on fixed three-dimensional black hole backgrounds [9,342]. Namely, two
classes of asymptotically AdS, solutions include (i) black funnels, i.e., solutions that have a
single connected but non-compact horizon, and (ii) black droplets, i.e., solutions with two
disconnected horizons. In either case, the AdS, solution is attached to the boundary black
hole horizon, where in (ii), the (compact) horizon connected to the boundary horizon is
the “droplet’ and is suspended above a (deformed) planar black hole. Note that the A — oo
limit of the C-metric with a de Sitter slicing on the x = 0 hypersurface is a double-Wick
rotation of the hyperbolic AdS; metric (see Appendix C of [26] for details).
Umbilic surfaces. The C-metric has the nice property that its x = 0 and y = 0 hypersurfaces
are umbilic, i.e., when the extrinsic curvature of the hypersurface is proportional to the
induced metric. To see this, the outward pointing unit normal to the x = 0 hypersurface is
ni, = —Ae(x — y)1/G(x)d., where e = 1 (we will take € = +1 since x = 0 is a timelike
hypersurface). The non-vanishing components of the extrinsic curvature Kj; = V;n; obey

Kl.(].") - Aehfj"), (A118)
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ds® =

with hl(]?c) being the induced metric along the x = 0 surface. Similarly, the y = 0 hypersurface
is umbilic: with outward pointing unit normal n; = —Ae(x — y)/H(y)9!, then

- Ae\/—)\hij). (A119)

(v)

where now F, ; 1s the induced metric along y = 0.

With Rotation
Now, consider the neutral rotating AdSs C-metric, following the conventions of [24],

H(y) G(x)

A2(x —y)* [E(xy)

2 2 2 1:1\2
(dt + ax“d¢p)” — H(y) dy* + G(x) dx* + SERT )(d(;)—uy dr)~|, (A120)

with metric functions

H(y) = —A+ky* —2mAy’ —a?y', E(x,y) =1+a’x%

(A121)
G(x) =1+ kx* — 2mAx® + a®Ax*.
When m # 0, there is a curvature singularity when 1/y?%(x,y) = 0, i.e., when both
y — —oo and x = 0, which may be understood as a ring singularity familiar to Kerr
black holes.
The zeros x; of G(x) now correspond to fixed orbits of the rotational Killing vector

& =0y —axioy, (A122)

instead of the Killing vector BZ (which no longer has a vanishing norm at x = x;). Avoiding
a conical defect at x = x; requires one identify points along the integral curves of ¢ with an
appropriate period, amounting to a coordinate transformation f = t + ax2¢, where ¢ has
the same period (A115). To see this, expand the metric (A120) near a zero of G(x). Without
loss of generality, the y = 0 slice is, up to the conformal factor,

dx?

2 27 5)2 _
dsy_og ~ —A(dt + ax;de) +G’(xi)(x—xl-)

+ G (x;) (x — x;)d¢p*. (A123)
Aside from the first term, the (x, ¢) sector has the same form as in the non-rotating case,
from which the periodicity of ¢ is (A115). Including rotation, however, this would not be
the correct periodicity for ¢. The situation is remedied via the coordinate transformation
f = t+ax?¢, such that, at x = x;, df = (dt + ax?d¢). Similarly, at the roots y; of H(y),
the Killing vector { = d; + ay$a¢ becomes null, defining horizons with angular velocity
Q = ay?.

Thle asymptotic AdS,; boundary is again at x = y and again gives rise to boundary
black holes. Notably, the A — oo limit of the rotating C-metric (see below), with k = +1, is
a double-Wick rotation of the Kerr—AdS; metric considered in [9] (see Appendix B of [25]).

Lastly, as in the static case, the x = 0 and y = 0 hypersurfaces are umbilic. Indeed,
for spacelike unit normal n’, = A(x —y)/G(x)/Z(x,y)d%, the extrinsic curvature satisfies

= —Ahl(]?‘) at x = 0. Similarly, the y = 0 hypersurface, with unit normal n; = Ae(x —
y)VH(y)/Z(x,y)0;, obeys K;; = (—A€\/—7/\)hij).

Appendix D.5. AdS C-Metric on the Poincaré Disk

Here, we review how to project the C-metric on the two-dimensional Poincaré disk of
the unit radius to produce the plots shown in Figures 5, 9 and 10.
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Appendix D.5.1. Hyperbolic Disk

First, recall that the two-dimensional hyperbolic space H? can be embedded in three-
dimensional Minkowski space coordinatized by x* = {1, x!, x?} and obeying Nuvxtx¥ =
—1. Different choices of coordinates y* on Hj correspond to different ways of embedding
H?2. Particularly relevant for our purposes include (see, e.g., [343]) the following:

e Hyperbolic: Let p € [0,c0) be a radial coordinate and w € (—o0,c0) a hyperbolic
angle. Then, the coordinate parametrization

x¥ = cosh p cosh w
x! =sinhp (A124)
x? = cosh psinh w

leads to the induced two-dimensional geometry for H?2
ds? = yydxtdx’ = dp® + cosh? (p)dw?. (A125)

*  Polar: Let x € (—o0,00) be a radial coordinate and ¢ € [0,277) a polar angle. Then

x% = cosh x
x! = sinh x cos ¢ (A126)
x? = sinh x sin ¢

yields the two-dimensional induced geometry
ds? = dx? + sinh?(x)d¢?. (A127)

e Exponential: Let { € (—o0,00) be a radial coordinate and ¥ € (—c0, ) a hyperbolic
angle. With coordinates

x0 = cosh () + e~ ¥?%/2
xl=e 0¥ (A128)
x? = sinh({) + e~ ¢¥2/2

the induced two-dimensional metric is
ds? = dg* + e~ 26d¥? . (A129)

Moreover, note it is possible to project the infinite H; hyperbolic space onto the d-dimensional
unit disk using the Poincaré projection

=
KA
Il

(A130)

—_

+

=
(e}

Appendix D.5.2. AdS; Foliations

As discussed in Section 4.1, it is possible to bring the static AdS; C-metric with
vanishing mass parameter y = 0 into the form of empty AdS, (43), which is foliated by
slices of AdS;3 using the coordinate transformation (42).

/31 [ r2x2 ) 1 — xx2
COSh(U) = Em 1 + @/ r=r W (A131)
3
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Constant t and ¢ slices of empty AdS, (43) have the induced geometry
LZ ?2 -1
ds®> = L3do? + 7%* cosh?(0) | « + 2 d?. (A132)

This line element is reminiscent of two-dimensional H? geometry (A125), where o plays
the role of p and 7 is the hyperbolic angle. Indeed, the coordinate transformation

P =13 arcsinhgl , (A133)
3
brings the metric on the constant t and ¢ slice to
ds? = 12 (dUz n coshz(a)dzp2> ) (A134)

which is conformally equivalent to (A125). One can subsequently use coordinates (A124)
and the Poincaré projection (A130) to represent lines of constant x and r on the two-
dimensional disk, as depicted in Figure 5.

A word of caution on coordinate ranges. To cover the whole disk, o should range over
all R. In fact, for constant f and ¢, the C-metric only covers half of the disk (here, we have
chosen the ¢ > 0 range). Nonetheless, the rest of the disk is recovered by rotation of the ¢
coordinate. Moreover, the coordinate transformation (A131) is not one-to-one across the
whole range of (x,r) coordinates. To make it so, we restrict the range of x for a given r to

- <
{ l/ir<x<1 r>0 (A135)

x>1 r < 0.
for inverse acceleration /.

Appendix D.5.3. dS3 Foliations
The coordinate transformation (141)

. Ry 1 [ x%2r2 1—x2
sinh(c) = i T+ 1-— R% , P=r TL;Z' (A136)
R3

brings the C-metric (with y = 0) into empty AdS, form (142) foliated by dSs slices (after
the /3 — iRz Wick rotation). At constant ¢ and ¢ slices, the two-dimensional metric is

-1
Li . 2y
ds*> = L3do? + R—‘é sinh?(0) <1 - R%) dr?, (A137)

having the form of (A125) where ¢ plays the role of y and 7 is related to the angle ¢, with
# € [0, R3). The coordinate transformation

P

p
1 = 2R3 arctan , (A138)
—R3+ (/RZ— 2
brings the spatial metric to
ds? = 12 (d¢72 + sinh? (a)d¢2) , (A139)

which is conformally equivalent to (A126).
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Note that o is always positive in the coordinate transformation (A136). Consequently,
the parametrization only covers the ¢ > 0 region of the disk, and it cannot be recovered
by a simple rotation by the ¢ coordinate (as in the AdS case). The other half of the disk is
covered by analytic continuation of the coordinate system, yielding Figure 9.

Appendix D.5.4. Flat Foliations

Empty AdSy can also be foliated by Minks and can be understood as a limiting case of
either the AdS3 and dS; foliations as, respectively, 3 and R3 tend to infinity. In particular,
the coordinate transformation

e/ =L+xr, F=rV1-—2x2 (A140)

produces the constant t-¢ geometry
ds? = 2 (daz + e*z%lfz) ) (A141)

coinciding with line element (A129). Contrary to the previous examples, here, 7 plays the
role of the hyperbolic angle. For the coordinate transformation to be meaningful, we restrict
the values of x such that

—/r<x<1, (A142)

where, recall, » > 0. In principle, these coordinates cover only half of the disk, while the
other half is recovered by a rotation of the angle ¢, leading to Figure 10.

Appendix E. On-Shell Euclidean Action of AdS C-Metric

Here, we review the derivation of the thermodynamics of the bulk system of a regular
(non-rotating) AdSs C-metric with a Karch-Randall or Randall-Sundrum brane using the
on-shell Euclidean gravitational action [124].

Appendix E.1. Geometry

In Lorentzian signature, we work with the AdS; C-metric in the form

2 Ay dx?
d52:<—H i+ Y L8 God 2>, (A143)
R A A T e F I
where
H(y) =A—ky* +uy®, G(x) =1+kx? — px°, (Al44)

with A = ¢2/ E% and y = 2mA. To avoid a conical singularity at the zero x = x; of G(x), the
period of angular variable ¢ is fixed to be A¢ = |G%7;T1)|, and for a black hole localized on the
brane at x = 0, the x, y coordinate ranges are restricted tobe 0 < x < xj and —c0o <y <,
where y = —oo corresponds to a curvature singularity hidden behind the bulk horizon,
located at y = y, which is the smallest root of H(y). The region x, y — 0 corresponds to
an asymptotic region far from the black hole (this is apparent in Boyer-Lindquist form).

Recall that the surfaces x = 0 and y = 0 are umbilic, satisfying Ki(].x) = —Aehfjx)
(A118) and Ki(jy) = Ae\/Xhl(jy) (A119), respectively84. Boundary conditions on the x = 0 and
y = 0 hypersurfaces are governed by Israel’s junction conditions [53]. For purely tensional

branes, the junction conditions fix the tensions 7, and 7, by relating the discontinuity in
the extrinsic curvature across the x = 0 and y = 0 surfaces to their respective brane stress

tensors S l(f) and S l(]y) Specifically, for a Z,-symmetric brane configuration as utilized in the
main text, the junction conditions give

2K — VKOV = 871Gy S = —8m Gy yhl), (A145)
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giving tensions
€A cAVA
- _ , = — . Al46
E 27 G4 Ty 2 7TG4 ( )

The Euclidean AdS, C-metric is found by Wick rotating tg = it, for Euclidean time tg,

dy? dx?

e (H(y)dt2 v G(x)d<p2> (A147)
FTH(y) ' G '

(x—y)?
using A = ¢~1. In Euclidean signature, there will be a conical singularity at the location of

the black hole horizon, y = y. To have a regular Euclidean section, the Euclidean time
tg ~ tp + Atg is periodicially identified with period

ds? =

47t

Atp = ——. (A148)
[H' (y+)]
In Euclidean signature, the brane and boundary satisfy the same umbilic conditions as
before, however, ¢ = —1 in the tensions (A146).

Appendix E.2. On-Shell Euclidean Action

We now follow Gibbons and Hawking [123] to evaluate the quantum gravitational
canonical partition function Z(B) in the semi-classical limit via the on-shell Euclidean
action. Before we evaluate the on-shell action, two comments are in order. First, as an
accelerating black hole, the AdS, C-metric has at least two horizons, a black hole horizon
and an acceleration horizon. Due to the system having two horizons, generally with
different surface gravities, the two-horizon system is not generically in thermodynamic
equilibrium. One way to circumvent this problem is to work in a regime in which the
black hole is slowly accelerating, where A < L;l [90]. This translates to A < Av1+A,
ie, A > 0, or an AdS; slicing on the brane. Below, we work in this regime such that
we effectively have a single black hole with a single unique temperature given by 1.
Meanwhile, a dS; slicing, where —1 < A < 0, obeys A > L7, such that the bulk solution is
interpreted as two black holes separated by an acceleration horizon [344], and the system
is not in thermal equilibrium. This is consistent with the fact this scenario describes a de
Sitter black hole localized on the brane, for which the black hole and cosmological horizons
are not generally in equilibrium.

Second, in the evaluation of the on-shell action, it is common to encounter infrared
divergences as a boundary is approached, requiring some regularization scheme. Tradi-
tionally, this is accomplished either by the method of background subtraction or in the case
of asymptotically AdS spacetimes including a local counterterm action [18,345]. The key
insight of [124] is that to recover the thermodynamics of the bulk black hole and, hence,
the black hole localized on the brane, no background subtraction or local counterterms
are needed. Rather, the potential IR divergences in the total on-shell action are exactly
cancelled when branes at x = 0 and y = 0 are included.

To this end, the total action I characterizing the bulk Riemannian spacetime M
endowed with Euclidean metric g, and branes By and By embedded at x,y = 0 is

x)

I= Iy + Iy + Iy + I, + I, (A149)

where the bulk Einstein—-Hilbert action

_ 1 4 o
e = g /Md 18R —2A), (A150)
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with A = —3/L2. To have a well-posed variational problem, Gibbons-Hawking-York
boundary (GHY) terms are needed for each brane,

X 1 .
I((})IY 87rG4 / x i )K( Y Igf)w - 871Gy /B dx h(y)K(y)‘ (A151)
X i

The brane actions are purely tensional and take the form

3 _ 3
1, /Bxd x5, =T /Byd N (A152)

Each action has IR divergences at x,y = 0. To remedy this, introduce cutoffs at x = €, and
y = €y, and at the end of the computation take the limit €y, — 0.

Let us now evaluate actions (A150)—(A152) in the Euclidean background (A147). The
Einstein—Hilbert term evaluates to

6£4 Atp Ap X1 €y 1
o= [Py [ [Ty
EH 1671G4L2 Jo EJo ? e e y(x—y)‘*

4 X
Ty dx( e 3) (A153)
1671G4L] (x—ey)? (x—yq)
4 1 1 1
= At - + .
1oy e EE &) (v el (ex )
where we used R = —12/12, and A = —3/Lﬁ. The GHY term (A151) at x = €, is
2
(x) _ 1 / 3 (x) _ _ 3€ / 1
IGHY 87TG4 : d’x h(x)K 87TG4 3, ded(dei(ex — y)3
(A154)
3 ALA B 1
T 167G, ¢ ¢ (ex—y4+)?  (ex—e€y)?)
where we used K(*) = f% and \/G(ey) = 1for ey < 1. Similarly, aty = e, < 1,
v __ 1 [ <y>:_3)‘€2/
IGHY 87TG4 By d°x h(y)K 87TG4 thd(de( — Gy)?’
(A155)
_ 32 AFA |
T 16nG, F ¢ (ex—ey)?  (x1—¢€y)?]

where we used K¥) = # and |/H(ey) ~ v/A. Lastly, the brane actions (A152) give

_ CPAtgAg 1 1
3 E
/ 0\l = 6 [e P (y+_€x>2}, (A156)

AP AtgAP 1 1
Ig. =7 / dBx\[h, = { - } A157
By y B, (v) 471G, (ex—€)?2  (x1—¢y)2 ( )
with tensions T, = %GM and 7, = T\/GXM Observe that Iggy = —%IB for either brane.

Adding together the Einstein—Hilbert, GHY, and brane actions, and accounting for the Z;
symmetry, the total on-shell Euclidean action is [124]

52
Ion-shell = 8GO E ¢

A158
Ci—ya) 2 (A159)

(1+1) 1 )\]

where we implemented L;z = (72(1+ A), and since all IR divergences cancel, we safely
take the limit e, €y — 0.
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It proves useful to introduce parameter z = —y /x1, from which we find
, 11273
x1 = 57 a7
Z22k(1+z)
2 3
2 _ (v =2)
Y e I o
p=z(z"+v)Vli+z |

where we used G(x1) = H(y+) = 0 to solve x7 and y% and p = (14 kx?)/x3. Further, we
set A = 12. Given the range of coordinates x, y, the parameter z ranges between 0 and o,
depending on the value of k8. With the parameters (A159), note

1672223 (1 +z)?
(23 + 2v2 + 3zv2|[223 + 12 + 322]”

AtpAp = (A160)

1 +kx%
x

where we used H' (1) = —2ky + 3uy% = 2kx1z + 3pux?z?, and px; = . Then,

2 AtpAg [v2(1+2z2) +23(2+ 2)
x% [ Z2(1+2z)2 }
_ 1677202 z(V? + 2212 + 22% + %) (A161)
871Gy (23 + 2v2 + 3212][223 + v2 4 322]
82?2 1 z
871Gy ((223 + 12 + 322) + (23 + 202 + 3v2z) )

Ion-shell = — 877Gy

where in the first equality, we replaced vy = —zxj, and in the second, we substituted in
(A160). Notice the parameter k has dropped out of the final expression.

Appendix E.3. Thermodynamics in the Canonical Ensemble

Following Gibbons and Hawking [123], the gravitational canonical partition func-
tion is given by a Euclidean path integral, which to leading order in a stationary phase
approximation is

Z(ﬁ) — tr(e—ﬁ'H) ~ e_lon—shelll (A162)

where B is the (inverse) temperature T of the system. Unlike, say, the Schwarzschild black
hole, the period of Euclidean time Atg is not equal to . This is because the coordinates
(te, ¢,y) are not canonically normalized in that ¢ ~ ¢ + A¢ instead of ¢ ~ ¢ + 27. Thus,
one should instead consider rescaled coordinates ¢ = n~1¢, fr = = tg, and 7 = =y
with 7 = A/27. In these canonically normalized coordinates, the periodicity of fr is such

that Af
- - . E
fp~f+pB, B= 2n£—A¢ . (A163)

Using the parameters (A159), the inverse temperature may be cast as®®

21l (v 4 32% + 228
= 7 |- Ale4
p== <2v2+3z1/2+z3) (Al64)
Since log Z(B) = —PBF, for free energy F, then
_ 022 (2(2+z) +1v2(1 + 2z
F=p lIon-shell = Gl ) ( ) . (A165)

Gy (V2 +322+223)2
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Further, the canonical energy E and entropy S are defined via
= —dglog Z, S=PBE+logZ, (A166)
yielding (where we keep v, £ and G4 fixed)

022 (142z2)(v? —23%)
E=— , Al167
Gy (V2 + 3224 223)2 ( )

_ 27?2
 Ga(v2 4322 +223)°

(A168)

From here, it is easy to verify F = E — B~1S.
To recover the thermodynamic relations of the static qBTZ black hole stated in the
main text, simply rescale z — vz in the above quantities:

2’z [1+2vz+vz3 (2 +vz)]
Gyv (24 3vz+vz3)(1+ 322 +2v23)’
f— 2710 (1 + 322 4 2v2°%)
vz (2+3vz+2vz3)’
022 [1+2vz 4+ vz (2 + vz
b= Gy | (14322 + 2(1/23)2 d ’ (A169)
E_ 22 (14vz)(1—v2?)
Gy (143224 2vz3)%’
B 27t(3 vz
Gy (14322 +2vz3)

Ion-shell = —

S

and subsequently use G3 = G4/2¢ with G3 = G3v'1 + V2.

Notes

1

9
10

In two-dimensional dilaton gravity, the analog of the semi-classical Einstein equations can be solved exactly. This is because
the quantum effective Polyakov action [4] capturing the two-dimensional conformal anomaly encodes nearly all backreaction
effects [5].

There exist a set of AdS boundary conditions for which the boundary metric becomes dynamical [10].

Going beyond the planar limit corresponds to including bulk quantum effects.

We will always work in units where the speed of light c = 1.

Since we have set ¢ = 1, mass has dimensions of inverse length while G3 has dimensions of length.

Unlike the higher-dimensional black holes, the BTZ black hole does not possess a curvature singularity at r = 0; indeed, the
curvature is constant everywhere. Rather, ¥ = 0 describes a timelike/causal singularity.

Here, we are considering vacuum general relativity. Black holes in dS; can arise in pure modified theories of gravity, e.g., new
massive gravity” [36] or topological massive gravity [37,38].

(T/L3)2+IX2

The coordinate transformation (13) is now =yt — aL3, § = yp +at/Lz and 7/Lz = e

See, e.g., [27,40,45] for rotating backgrounds.

For conical (A)dSs, the attractive gravitational effect is a by-product of a negative Casimir energy density from (18), pcas =
—(T%) = —hF(M)/87tr3. This follows because a region of localized negative energy has a repulsive effect on its exterior; however,
the further one enters the region, the repulsive effect is lessened. Thus, at finite r, there is an effective attraction from the Casimir
energy [26].

A concrete realization of AdS/CFT duality is that of N' = 4 super Yang—Mills theory, a superconformal field theory, which is
dual to type IIB string theory on AdSs x S®, where the "t Hooft coupling A controls the curvature scale of AdS5 whilst the string
coupling is gs ~ N~ In the large-N limit, stringy interactions are thus suppressed and A >> 1 forces curvatures to be small, such
that the string theory may be replaced by an effectively classical gravity.

In this section, we have set i = 1.
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13

17

18

20

21

22

23

24

25

26

27

28

29

30

31

For bulk AdS;,1 M with conformal boundary 0.M, the d-dimensional field theory lives on a d-dimensional manifold that
belongs to the conformal class of d M. By choosing an appropriate conformal, the field theory may be placed on M. The
choice of boundary metric fixes the boundary condition the bulk saddle-point geometry must obey and amounts to fixing the
non-normalizable mode of the bulk graviton.

In principle, one would like to integrate € < p < oo, where p = oo is the other side of the asymptotic boundary. However, for
d > 2, the entire analysis takes place near the p = 0 region and breaks down far into the bulk to the p = oo region. Indeed, the
expansion (24) is valid near the p = 0 boundary. When d = 2, however, the three-dimensional Weyl tensor is identically zero
everywhere, such that the perturbative expansion truncates and the p-integration can be carried out explicitly, e.g., [19,50].

A notion of double holography was proposed in a Randall-Sundrum set-up [26], where the analog of defect CFT;_ is given by
two Euclidean CFTs, which is disconnected from the boundary viewpoint.

Concerns that double holography leads to superluminal signaling [60] are ameliorated when the brane description is treated as
an effective theory, such that ETW brane models are consistent with causality [61].

Equally, L3 1/ lei ~ €, and thus the gravitational brane action is recognized as an expansion in small €. Moreover, from the brane
perspective, the short-distance UV cutoff of the CFT,; goes like L;. 1 such that the higher-derivative terms also correspond to an
expansion in the UV cutoff.

Historically, regarding the exact three-dimensional braneworld black holes [23,24], while interpreted as holographic quantum
black holes in [22], the higher-derivative corrections in the induced gravity action on the brane were not explicitly accounted for
until [22,25-27].

Alternatively, one can study topological black holes on the brane, e.g., [54,65]. In this context, the bulk is d 4 1-dimensional
AdS-Rindler, for which the Rindler horizon induces a Rindler horizon on the brane. Since the bulk geometry is simply vacuum
AdS, it evades the no-go theorem of [66].

There are other mechanisms to induce two-dimensional dilaton gravity on the brane without explicitly introducing a DGP term.
These include, for example, using “‘wedge holography’ to uncover AdS- or dS-JT gravity [79-82], or via the holography of a
deformed braneworld [83], which yields a host of dilaton-gravity models on a two-dimensional brane.

Indeed, a black hole will grow if Tl-]'k"kj > 0 in the background for a null generator of the horizon k'. A black hole thus remains
static when T;;k'k/ = 0. Since the brane stress tensor is proportional to the induced metric, the static condition translates to
k'k; = 0,i.e., the k' lies entirely on the brane, which occurs when the radial direction orthogonal to the black hole is tangent to the
brane.

To see this, rearrange the bulk length scale (41) to find 5 2 = % - 2—2 and H(r) = x + z—zz — z—i — VTZ It follows that the only
positive real root to the cubic H(r) = 0 occurs when ¢ > Ly. Moréover, cast in this way, it i4s clear the acceleration and negative
curvature of AdS; counteract one another such that the restriction ¢ > L, effectively removes the acceleration horizon.

Our conventions for the sign of the normal vector and junction conditions match with [23]. These differ from [25], where the unit
normal is n’ = (% + %) /G(x)d!, such that Kij = —
871Gy Th;j, resulting in the same tension (50).

ij, and where the junction conditions are 2(Kj; — h;;K) = —87G4S;; =

Note taking c3 large is consistent with keeping v small. Indeed, the large central charge limit has c3 ~ % > 1 (equivalently, the

semi-classical bulk limit Lgl) /Ly < 1 for four-dimensional Planck length LI()4>), which is consistent for solutions with v <« 1 and
when four-dimensional bulk quantum effects are neglected.

Evidence of the G3 identification in (65) is that the relation can be derived exactly by integrating the bulk volume in the action
with a bulk IR cutoff as r — oo [23].

Perturbative corrections to black hole solutions in semi-classical new massive gravity give rise to logarithmic terms in the
blackening factor [93]. This suggests a resummation of the infinite tower of higher-derivative terms in the induced action (the
O(£?) term being that of new massive gravity) eliminates the logarithmic dependence.

This can be easily seen by performing the coordinate transformation + —  — ax%cf) and ¢ — ¢ in the brane geometry (80). For

large 7, the 115 component of the geometry diverges as 2.

In addition to the local counterterms in pure gravity, p-form fields F, (where p = 2 corresponds to Maxwell) may require
a local counterterm subtraction. As reported in [97], for a d 4+ 1-dimensional bulk, when d < 2p, there are no divergences,
while a logarithmic divergence appears for d = 2p, and there will be divergences for d > 2p. Further, for d = 2p + 2n with
n € Z*, derivatives of F, and its coupling to curvature appear in the conformal anomaly such that counterterms are needed
for d > 2p + 2n. Thus, the four-dimensional Maxwell action has no divergences as the IR cutoff € — 0. Such terms, however,
contribute to the brane because the brane effective action keeps the cutoff finite and non-zero.

The rotating qBTZ metric (91) follows from the double replacement {3 — iR3 and asq4s, — —ags, such that daqs, — idgs,.

By AdS "horizon’, we mean the null hypersurface infinitely far from the brane in spacelike directions, but it can nonetheless be
reached by an observer in finite proper time.

In [22,23], only the naive brane metric is analyzed. While our analysis is qualitatively similar, some of the precise expressions differ.
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A first law for the charged C-metric with vanishing cosmological constant was derived in [122] using covariant phase space
methods, where, moreover, ‘boost time” was treated as canonical time.

More carefully, the projection of the bulk Killing vector {* = 9} is k* = hy,CF for projector hy. Consequently, the surface
gravity k on the brane coincides with the bulk surface gravity: k?D,k? = xk?, for projected covariant derivative D,, implies
hy (FV ") = hy (k).

It is not obvious that Equation (205) is geometrically equal to the BTZ black hole entropy. Indeed, substituting z = ¢3/x;r into
(205) does not yield the usual Stz = 2774 /4G3. This is because the qBTZ represents a family of black hole solutions and a
specific x; must be chosen to match the classical black hole. Nonetheless, for any z, the relation (205) holds.

Strictly speaking, the entropy (207) follows from an application of the field redefinition method for computing entropy of
higher-curvature theories [129]; see their Equation (20) with ay = —1, a5 = % and 167G3A = (2.

Note g/ = hil + n'n/ — u'u for spacelike and timelike unit normals ' and u/, respectively. The binormal €ij = (njuj —nju;)
satisfies €2 = —2, and ekjekl = (uju; —myn;j) = gﬁ = gji — gj1 for bulk metric g;;.

If we replace 51(33& by Sprz in the Iyer-Wald entropy (211), the leading contribution in S(C3F)T is precisely the second term in (204).

The parametrization depends on x = sign(vz3 — 1), such that the range of the three branches is covered by imposing 0 < v,z < co.

Start with H(r;.) = 0, replace r4 = ¢3/zx1, gx2 = v, and p = (1 — kx3 — 7?)/x3, and then rearrange.

The thermodynamics of the rotating qBTZ solution follows from the reassignments f% — —R% and 4 — —a, such that 22 — —z2,

12— —1v2and vz — vz.

Note the mass (259) and temperature (261) differ from those reported in [22,23], which is a consequence of us working in
(4)

canonically normalized coordinates. Moreover, the mass in [23] is identified as the result of explicitly integrating TdSg; =
TAeSids.

For p < 1, the real positive root x1 to G(x) = 0is x; = 1 — y, such that £ = yx; ~ y. Meanwhile, the real positive root x; for
> 1isxy ~ 5.

The interpretation of the thermodynamic volume remains fairly mysterious. In simple cases, e.g., static black holesind +1 > 4, v

coincides with the geometric volume occupied by the black hole, i.e., the amount of spacetime volume excluded by the black hole
horizon. Generally, however, the thermodynamic volume (270) differs from the geometric volume [142-144].

This is not to say the thermodynamic volume does not have a geometric character. Indeed, in classical gravity, the thermodynamic
volume has a geometric definition in terms of Komar integrals. In this sense, moreover, the definition of the thermodynamic
volume is independent of treating the cosmological constant as a thermodynamic variable.

In D > 4, ‘ultraspinning’ black holes [160-162] were initially thought to obey R < 1, thus violating (276); however, this has been
called into question [163]. In D = 3, only the electrically charged BTZ black hole violates the reverse isoperimetric inequality [164].

Other ensembles are equally intriguing. For a discussion on the constant c and V ensemble, characterized by the Gibbs free
energy G = M + PV — TS, see for example [170,171].

Notably, the three branches described here do not coincide with branches 14, 1b, and 2 characterizing the mass of the gBTZ [25].
A more detailed study of these phases, including a stability analysis and their critical behavior, was given in [124,170,171].
Interestingly, in a fixed c and V ensemble, phase transitions between cold and hot black holes occur, demonstrating continuous
critical phenomena along the coexistence curve, with critical exponents that deviate from those observed in mean-field Van der
Waals fluids [171].

Even in a fixed background, explicit computations of (T;;) are complicated and limited, cf. [1,177].

In [185], it was argued that one can construct exact analytic static, spherically symmetric solutions (see [186] for a stationary
generalization) if one imposes an equation of state on the quantum stress tensor such that the type-B trace anomaly vanishes.

There are, however, accelerating black holes in AdS3, cf. [187-191].
(d

To arrive at the second equality, use that in d-spacetime dimensions #1G; = (Lp ))d*2 and the relation between the brane and bulk
Newton'’s constants (35). Then, for d = 4, (Lg)S))3 = L5(L1()4))2.

Roughly, the argument of [69] is as follows. Consider N = 4 SU(N) super Yang—Mills theory on a sphere of radius R. There
are weakly interacting states (‘glueballs’) with energies ER < N? and strongly coupled states with energies ER > N2. At
large "t Hooft coupling A, AdS/CFT says the field theory is dual to closed string theory, where the glueball states correspond to
perturbative string excitations in the ambient spacetime. Further, in this limit, the energy separation for weakly interacting states
goes like AE ~ A1/4/R. Hence, the glueball spectrum is lifted to infinite energy apart from the O(1) massless states dual to the
supergravity modes of the string and gravitational perturbations dual to O(1) of the O(N?) states. A caveat to this reasoning,
however, is that in the flat space limit R — oo, the mass gap might disappear.

Fitzpatrick, Randall, and Wiseman also argue that the dynamical instability dual to semi-classical evaporation is unlikely
to occur [69]. Even if it did, the timescales of the bulk Gregory-Laflamme instability and thermodynamic instability of the
Schwarzschild black hole via Hawking radiation are different [209].
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A detailed comparison of holographic versus non-holographic stress tensors was made in [202] using an approach developed
by Page [211] to compute the renormalized stress tensor of a (non-holographiic) conformally coupled scalar field in AdSs-
Schwarzschild.

The appeal of the large-D limit is that the effective dynamics of the (bulk) black hole horizon is encoded in a set of two partial
differential equations which can be solved numerically and quickly. A large-D expansion of the Israel junction conditions is
then used to determine the location of the brane intersecting the bulk black hole, and it amounts to imposing a simple pair of
Neumann boundary conditions. Note, however, a limitation of the large-D effective theory is that the induced brane theory is not
well characterized by a (D — 1)-dimensional gravity. This is because with these limits, the induced theory has large corrections
on the brane from the higher-derivative terms such that the brane gravity behaves more like a D-dimensional theory. A possible
interpretation is that the induced theory describes a semi-classical theory where backreaction effects are large.

The RT formula can be directly derived from the gravitational Rényi entropy [228] (see also [229-232]).

See also [239] for a similar treatment in the context of braneworlds.

Explicit realizations of the equivalence between gravitational and entanglement entropies in two-dimensional braneworld models
pre-date the Ryu-Takayanagi prescription [249,250].

The island rule has been derived in two-dimensional Jackiw-Teitelboim gravity using the Euclidean gravitational path integral to
compute the Rényi entropy [256-258] or the microcanonical action [134,259].

The homology constraint for the RT surfaces depends on which perspective in double holography is being employed [262].

The argument of [54,260] requires DGP couplings be turned on, which can affect the growth rate of entanglement entropy of
subregions of the dual CFT [263]. Alternatively, the intersection term naturally arises using deformed braneworlds [83].

Semi-classical extensions of CV complexity have been proposed and explored with [288,291] and without [276] holographic
braneworlds.
Alternatively, leading-order perturbative backreaction was found to yield singular inner horizons in [44,45].

A notion of weak quantum cosmic censorship may directly follow from ‘cryptographic censorship’ [313]: a theorem that states
when the time evolution operator of a holographic CFT is approximately pseudorandom on a code subspace, there must be an
event horizon in the corresponding bulk dual. Incidentally, certain types of singularities are compatible with approximately
pseudorandom time evolution, and thus, by cryptographic censorship, are hidden behind event horizons.

The connection between hydrodynamics and chaos in 2+1 dimensional Einstein gravity is subtle, because metric fluctuations are
pure gauge. This issue is alleviated in braneworld models as they typically contain a massive graviton. Furthermore, a general
hydrodynamic framework for chaotic dynamics in 1+1 CFTs has been established [320], linking it to the field theory of soft modes
associated with holomorphic and antiholomorphic parameterizations. For further discussion in the context of classical BTZ black
holes, see [321].

The asymptotic boundary also lives at p — oo; however, we restrict ourselves to the region near p = 0.

We work in the convention where the Riemann curvature tensor is R, o = BVFPW + I“py AF’\W — (u <> v). Equivalently, RP,TW =

—[Vu, V]V, and Rf o V7 = [V, Vy]VP for vectors V. This convention differs from the one used in [19] by an overall minus
sign. In our convention, AdS curvature is negative, while in [19], AdS curvature is positive.

Note that Equation (7) of [50] differs by an overall sign and a factor of L? from our expression (A19). The difference in sign comes
from a different convention for the Riemann tensor, one where the cosmological constant for AdS is ‘positive’, and the L? comes
from the form of the metric where hg’m = szh?jm .

jk

To aid the reader, here, for example, g/*¢’

Sk = Tr(g'g’). Further, to find the first expression in (A22), contract the first expression

in (A21) by g/*. Then, add zero to the term proportional to p as (g g]’-k gl —g* g}k g};) and use the second expression in (A21) to

recast g/ §h&i = 28]

Recall that for general dimension d, the analysis only applies near p = 0, where the Weyl tensor of the bulk spacetime vanishes.
Consequently, p-integration is performed around p = €. Alternatively, when d = 2, since the three-dimensional Weyl tensor is
identically zero everywhere, the perturbative expansion g;;(p, x) truncates and the p-integration can be carried out explicitly (see,
e.g., [19,50]).

Note that naively, a3 is not valid when d = 2. The correct term can be found by performing the analysis explicitly whend = 2,
yielding a‘(izz)Z = Trg(y)- Similarly, a4 (Which we did not explicitly compute; see [19]) has the coefficient in front replaced with
1/2whend = 4.

To see this, write V,V ,-R}? = V,-VuR;? + g"b [Va, Vi Rpj, and then use the contracted Bianchi identity VaR“j = %V jR and

[Va, VilRyj = —RE, Ry — Rkjuink'
Historically, the RS models assumed a five-dimensional bulk and four-dimensional brane. More generally, the bulk need not be
restricted to five dimensions, e.g., in this review, we consider a four-dimensional bulk AdS spacetime and three-dimensional

branes.
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74 Simply, KK excitations are light, have non-vanishing momentum along the extra dimension, and become suppressed near the
brane, essentially decoupling from matter fields on the brane. Gravitational interactions between the matter fields are mediated
by the ‘zero mode’.

75 Garriga and Tanaka [324] applied a similar perturbative analysis to the RS-I scenario and found the effective linearized gravity on
either brane to be Brans—-Dicke theory (with different Brans—Dicke parameters), where the Brans—Dicke scalar, i.e,. the ‘radion’
captures the displacement between the branes.

76 Stringy realizations of the KR construction were uncovered in [16,326-328] (and more recently, [59]).

7 A coordinate rescaling brings us to the L5 = Ll(,lo) (gsN)/# in Section 6.

/8 Historically, the original C-metric belonged to a classification of types of black hole solutions to Einstein-Maxwell theory owed
to Levi—Civita in 1918 [332]. These solutions we rediscovered in the 1960s and further classified, particularly by Ehlers and
Kundt [333], giving the naming scheme of black holes of A,B and C-type metrics. It was not until 1970 that Kinnersley and Walker
understood the C-metric as an accelerated black hole [334]. In 1976, Plebanski and Demianski [89] showed how the C-metric is
embedded in a larger family of algebraic type-D solutions. For more on the history and aspects of the C-metric, see [121].

79 Refer to Equation (2.1) [89] with metric functions in Equation (3.25). Here, however, we take p,q and ¢ to have opposite signs.
For further details of the PD spacetimes and its various limits, see, e.g., [335-338].

80 Hong and Teo note that the only way to remove the closed timelike curves is when the angular velocity of the conical singularities
have the same constant value along the entire axis of symmetry [340].

81 The cubic G(x) = —2mAx3 + kx? + 1 = 0 can be solved by introducing x = z — % and expressed in depressed form, z3 + pz +q =
0, withp = —%, q= —%, and discriminant A = —(4p® 4 274%) = —%. For A > 0, G(x) has three
distinct real roots. For example, for k = —1, three real roots xp < x; < 0 < x7 exist when 0 < mA < 31% [23]. For A < 0, G(x)
will have one real and two complex roots.

82 To see this, introduce #2 = 4(x — x;)/G'(x;). Expand the (x, ¢) sector of (A110) about a zero of G(x),

G (@)dx + G(x)dg? = [C(x) (x — ;)] + G () (x — x)dg? = (G (x7)/2)%dg? + d22.
Periodicity (A115) then follows from imposing regularity at £ = 0.

8 This relation follows from having set the periodicity (A115), such that the coordinate range for ¢ isto 0 < ¢ < A¢p(x1) — J, where
J is the angular deficit associated with the other conical singularities at x; # x;.

84 Since here we work with metric (A143), which differs from metric (A110) by H(y) — —H(y), the v/—A coefficient in (A119) is
replaced with — VA.

85 In particular, for k = +1, then 0 < z < v2/3, while for k = —1, then 12/3 < z < co. Meanwhile, for k = 0, one has U= 1/x%/3,
and y4+ = (1/2/;4)1/3, such that z = v2/3,

86 It is also useful to A¢ = 47xy /(3 4 kx?) and Atp = 47txy /z(2kx3 + 3z(1 + kx?)).
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