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Abstract

Heat Flows and Entanglement Entropy: Insights From and Into AdS/CFT
by

Sebastian Fischetti

This dissertation will focus on exploring the AdS/CFT correspondence, both
as a tool to probe the behavior of strongly coupled conformal field theories (CFT's)
and as a fundamental duality to help us understand the holographic connection
between quantum gravity and gauge theories.

We will begin with an overview of this (two-part) dissertation, followed by an
introduction to gravity in asymptotically locally AdS spacetimes.

In the first part of the dissertation, we will then discuss the use of AdS/CFT
as a tool to probe the dynamics of heat transport in strongly coupled CFTs.
We will begin with a simple case in three bulk spacetime dimensions, and then
construct a four-dimensional black hole solution which is dual to heat flow in a
three-dimensional CFT. This black hole solution is stationary, but its horizon is
not a Killing horizon, making it an interesting gravitational solution in its own
right. We will then construct the gravitational dual to a CF'T on a rotating black
hole, and find that the CFT does not carry heat away from the black hole, but
rather is confined to a halo around it. This is an artefact of strong coupling, and
we comment on possible connections to soft condensed matter phenomena.

In the second part of this dissertation, we probe the AdS/CFT dictionary

via entanglement entropy. Specifically, we show that the Hubeny-Rangamani-

viil



Takayanagi (HRT) prescription, which is a prescription for computing CFT entan-
glement entropy holographically, requires modification. We comment on possible
modifications, and explore in depth the possibility of using complexified surfaces
in the HRT prescription. Finally, we will approach the issue of bulk reconstruc-
tion via hole-ography, which attempts to reconstruct the bulk geometry from the
entanglement entropy of regions of the CF'T. We put some constraints on when

this approach can succeed, and comment on why it might fail when it does.
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Chapter 1

Introduction

General relativity (GR) is one of the most remarkably successful modern theories
of physics. Shortly after its birth in 1915 [1], some of its predictions saw confir-
mation in the precession of the perihelion of Mercury, the deflection of starlight
by the sun, and the gravitational redshift of light. Today’s tests of GR range from
frame dragging and geodetic precession measured by Gravity Probe B [2] to en-
ergy loss through gravitational radiation in binary systems like the Hulse-Taylor
pulsar [3]. More excitingly, the Laser Interferometer Gravitational-wave Observa-
tory (LIGO) should soon start detecting these gravitational waves directly, which
will usher in a new era of astronomical observation [4].

Some modern experiments and observatories like LIGO are designed to probe
GR in a strong-field regime. While this regime includes compact astrophysical
objects like neutron stars, the more exciting strongly gravitating objects are much
simpler (and therefore in a sense more mysterious): black holes, objects whose

gravity is so strong that even light is not able to escape them. The “surface of
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last return” is called the event horizon of the black hole, and (by definition) it can
emit no light!. While what we recognize today as the first black hole solution of
GR was derived by Schwarzschild in 1916 [5], it wasn’t recognized as such until
the 1960s. Moreover, the astrophysical evidence for black holes is abundant, but
somewhat circumstantial: accretion disks emitting energetic X-ray jets like that
of Cygnus X-1 [6] are believed to be powered by black holes; there is evidence of
a very massive dark object (Sagittarius A*) at the center of our galaxy [7]; and
there have been explicit observations of a dark object believed to be a black hole
swallowing a red giant star [8]. This evidence has convinced the vast majority
of astrophysicists that black holes do in fact exist, but even if this were not the
case, direct imaging of a black hole should be provided in the coming years by the
Event Horizon Telescope [9].

Black holes are fascinating for a variety of reasons. From an astrophysical
standpoint, they are massive objects that play important roles in stellar life cycles
and even in galactic dynamics. From a theoretical point of view (and the one that
will be taken in this thesis), black holes are simple mathematical objects and thus
excellent testing grounds for new physics. Their strong gravity makes GR crucial
in their description, but the fact that GR breaks down at the singularity hidden
behind the event horizon implies that an observer falling into a black hole must
encounter some kind of quantum mechanical corrections to GR at some point. For
this reason, black holes have been at the heart of attempts to reconcile general
relativity and quantum mechanics into a theory of quantum gravity.

For example, consider the following four “laws of classical black hole mechan-

'In a purely classical regime; quantum effects will be discussed shortly.
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ics” [10]:

0. The surface gravity x of any stationary (i.e. time-independent) black hole is

constant.

1. Any two vacuum black hole solutions that are infinitesimally related must
satisfy

1

where dM, dA, and dJ are the differences between the black holes’ masses,
horizon areas, and angular momenta, and x and g are their surface gravity

and horizon angular velocity (and G is Newton’s constant).

2. It is impossible to decrease the area of a black hole’s horizon by any physical

process: 0A > 0.

3. It is impossible for a black hole’s surface gravity to reach zero by any physical

process.

The mass M of a black hole is equivalent to its total energy (up to a factor of 2,
which we set to one), so if the surface gravity  and horizon area A of a black hole
are interpreted as a temperature and entropy, respectively (up to constant factors),
then the laws of black hole mechanics bear a remarkable similarity to the four laws
of thermodynamics. Is this a mathematical coincidence, or is there something
deep in this statement? Quantum mechanics says the latter: as Hawking showed

in 1974 [11], if quantized fields are placed on a classical black hole spacetime, it
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turns out that the black hole will emit radiation with a temperature

hk
kBTHaWk - 9 ’ (12)
v

where Boltzmann’s constant kg will from here on be set to one. This calculation,
along with arguments by Bekenstein [12, 13], lead us to conclude that black holes

really are bona fide thermodynamic objects with an entropy given by

A

e (1.3)

SBH =

Conveniently, the subscript “BH” stands for either “Bekenstein-Hawking” or “black
hole”.

This behavior is unusual: in most conventional thermodynamic systems (say,
an ideal gas), entropy scales like volume, not area®. But a concrete manifesta-
tion of this behavior and insight into its origins came in 1997 with Maldacena’s
suggestion of the anti-de Sitter/conformal field theory (AdS/CFT) correspon-
dence [19, 20] (often referred to more generally as gauge/gravity duality). The
AdS/CFT correspondence has seen remarkable success in the almost twenty years

since Maldacena’s first paper, and it will be the focus of this dissertation.

2This behavior led to some conjectured bounds on the maximum entropy of any thermody-
namic system, and consequently to the so-called holographic principle [14-16]. But in fact, the
reasoning that led to these bounds is not sound; see e.g. [17, 18].
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1.1 AdS/CFT

In its original formulation, AdS/CFT is the conjecture that Type IIB string
theory living on an AdSs x S° background is dual to N' = 4 super Yang-Mills
theory in four dimensions (here AdSs is anti-de Sitter space, a particular negatively
curved spacetime, and S° is the five-dimensional sphere). As we will see later,
there is a sense in which the CFT can be said to live “on the boundary” of the
space in which the string theory lives; hence we will sometimes refer to the string
theory side of the duality as the “bulk”, and the CFT side as the “boundary”.
In this sense, the theory is holographic: the CFT lives in fewer dimensions than
the string theory. Note, incidentally, that the precise manner in which these two
sides are “dual” is an active area of research, but it essentially means that the
two apparently different physical systems really describe the same physics.

Maldacena’s original conjecture [19] stems from stringy arguments (see also [21—
23] for reviews). However, there are certain limits in which the duality simpli-
fies considerably. For example, when the number of flavors (that is, the N of
the SU(N) gauge group) and the coupling of the super Yang-Mills are taken to
be very large, the string theory side of the duality becomes weakly coupled: it
reduces to classical Einstein gravity (i.e. GR) in anti-de Sitter space. Conversely,
when the bulk string theory is strongly coupled (and in particular should be ex-
hibiting quantum gravitational effects), the dual CFT is weakly coupled.

AdS/CFT is thus a weak/strong duality: when one side is strongly coupled,
the other side becomes weakly coupled. This is both a feature and a bug: it
makes it possible to study otherwise untractable strongly coupled systems by

simply studying their weakly coupled dual instead, but it also makes it difficult to
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give a proof of the conjecture. However, the abundance of evidence supporting it
is for many convincing enough to take AdS/CFT for granted, and we will adopt
this philosophy in this dissertation.

Because AdS/CFT relates two theories that look drastically different, it has
been very successful in yielding insights into systems that would otherwise be
very difficult to study directly. For instance, an obvious use of AdS/CFT is to
use the boundary CFT to probe the quantum gravity regime of the bulk string
theory, specifically in the contexts of cosmology [24-33] and black holes [34-40].
This is an example of the “boundary-to-bulk” direction, wherein the boundary
CFT can be used to probe the bulk physics. More common, however, is the
“bulk-to-boundary” direction, in which the bulk gravitational theory is used to
study strongly coupled CFTs. For instance: the AdS/condensed matter theory
(AdS/CMT) correspondence [41-43] has been used to draw insights about con-
densed matter systems (e.g. superconductors); AdS/CFT can be used to study
the thermalization of strongly coupled CFTs, with applications to both quantum
quenches [44-46] and even the hydrodynamics of the quark-gluon plasma produced
at the Relativistic Heavy Ion Collider [47-53]; turbulence and hydrodynamics has
been studied via AdS/CFT [54-56], as well as the related phenomenon of heat
transport in strongly coupled CFTs; and AdS/CFT has been used to study the
structure of entanglement in strongly coupled CFTs. This list is of course far from
exhaustive.

The approaches listed above — the boundary-to-bulk and bulk-to-boundary
directions — use AdS/CFT as a tool to probe systems that would otherwise be

difficult to study. But the duality itself is still not completely understood, and
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a complementary avenue of research is to try to understand precisely how the
mapping between the two sides works.

This dissertation is divided into two parts. Part I focuses on a bulk-to-
boundary direction: we will use AdS/CFT to study Hawking radiation and heat
flow in strongly coupled CFTs. A brief overview will be provided in Section 1.2
below. Part II will instead focus on understanding the AdS/CFT duality from
the point of view of entanglement, specifically entanglement entropy and recon-
structing the bulk geometry from CFT data. We will provide an overview of this
part in Section 1.3 below.

Note that in this dissertation we will work exclusively in the limit where the
AdS side of the duality is well approximated by classical Einstein gravity, and we
will most often be working on the gravity side. In such cases, it is common to
consider not just AdS spacetimes, but so-called asymptotically locally AdS space-
times, which according to AdS/CFT should be dual to some kind of large-N,
strongly coupled CF'T. For this reason, we give a comprehensive review of asymp-
totically locally AdS spacetimes in Chapter 2, and briefly conclude that chapter

with an explanation of how CFT quantities are extracted from AdS calculations.

1.2 Holographic Heat Flows

Hawking’s original derivation of his eponymous radiation considered free fields
on a black hole spacetime. While the results are of course of fundamental impor-
tance, the field theories that describe our universe are all interacting. An inter-

esting question is therefore how Hawking radiation is affected by the inclusion of
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interactions. Unfortunately, studying interacting field theories is notoriously diffi-
cult, except in a perturbative regime around weak coupling. As discussed above,
however, it is precisely for this reason that AdS/CFT shines: we can use it to
study Hawking radiation in strongly-coupled CFTs by performing calculations in
Einstein gravity. This will be the goal of Part I of this thesis.

This picture has a nice interpretation in terms of thermodynamics: recall
that black holes are thermodynamic objects with corresponding entropies and
temperatures. In dynamical gravity, they will lose energy via Hawking radiation
and eventually evaporate away. However, in AdS/CFT the boundary spacetime
(that is, the spacetime on which the CFT lives) can be imposed at will, and
in particular need not satisfy Einstein’s equations. This implies that AdS/CFT
allows us to consider strongly coupled CFTs on fized black hole backgrounds.
Since the black holes may then emit radiation but never evaporate, they can be
thought of as objects of finite (Hawking) temperature, but infinite entropy. This
means that they act as perfect heat sources or heat sinks for heat flow in the
CFT. Thus the problem of studying Hawking radiation in the CFT amounts to
one of studying properties of heat flow between perfect heat sources and heat
sinks, which we will model as black holes or heat baths.

The question of understanding this heat flow from a holographic perspective
therefore amounts to finding asymptotically locally AdS spacetimes whose bound-
aries contain black holes. But note that a given boundary geometry (i.e. putting
the CFT on a given black hole spacetime) may admit multiple bulk geometries.
These different allowed geometries correspond to different phases of the CFT.

As will be reviewed in Chapters 3 and 4, there are roughly two allowed phases
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called black droplets and black funnels [57-62], which are characterized by the
geometry of the black hole horizons in the bulk AdS space. From the CFT side,
black droplets correspond to a phase in which the CFT is “stuck” around the
black hole and unable to radiate; this phase is an artefact of the CFT’s strong
coupling. The black funnel, on the other hand, corresponds to a CFT phase in
which the black hole is radiating, much like in conventional Hawking radiation in
free field theories.

Chapter 3 will begin to develop some of these ideas by studying the analytically
tractable setup of AdSs, which admits only black funnel solutions. Chapter 4 will
then numerically construct a so-called flowing black funnel, which corresponds to
a bulk solution whose horizon exhibits a steady-state “flow” of heat (in technical
terms, the bulk horizon is stationary but non-Killing). From this solution, we
will extract the thermal conductivity of the CFT, and geometric properties of the
bulk solution. Finally, in Chapter 5 we will numerically construct a black droplet
which is dual to a CFT living on a rotating black hole background.

Before moving on, we should pause to note that the flow of heat behaves much
like the flow of a fluid. It so happens that a specific version of gauge/gravity
duality, called the fluid/gravity correspondence [63-65], makes this notion precise:
it states that Einstein’s equations in a certain AdS black hole background can be
rewritten as the relativistic Navier-Stokes equations for a conformal fluid. Thus
in the limit in which the CF'T is well-described by hydrodynamics, the behavior of
CF'T solutions dual to black droplets and black funnels can be described with the
fluid /gravity correspondence. This notion will be briefly developed in Chapter 4,

and will be used in future work [66] to study instabilities of flowing black funnels.
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1.3 Holographic Entanglement

In Part I of this dissertation, AdS/CFT is used purely as a tool to probe the
behavior of the CFT. In Part II, we will instead try to probe the duality itself.

What does this mean? The two sides of the duality look drastically different:
one is a theory of (quantum) gravity, the other is a gauge theory. Understanding
the duality requires understanding how objects on one side map to the other. The
collection of these maps is the “AdS/CFT dictionary”, and if AdS/CFT is to give
us new insights into either side of the duality, understanding this dictionary is
crucial.

In the years since the correspondence was first proposed, the dictionary has
grown quite substantially. An early entry, for instance, was the requirement that
the Hilbert spaces of the bulk AdS space and boundary CFT be the same (it is
in this sense that we mean the two sides “describe the same physics”). One can

then match the partition functions of the two sides:

Zort = Zads, (1.4)

where the boundary conditions on the bulk fields are given by appropriate expec-
tation values and currents in the CFT [21]. This matching allows us to identify
thermodynamics quantities on the two sides: for example, a black hole with en-
tropy S and energy M in AdS is dual to a CF'T state with the same entropy and
energy.

Some of the simplest entries in the dictionary are those that relate geometric

objects in the bulk to CFT observables. For instance, CFT two-point correlators

10
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are dual to boundary-anchored geodesics in the AdS bulk [67]; CFT Wilson loops
are dual to bulk string worldsheets [68]; and the entanglement entropy of a region
in the CFT is dual to a bulk extremal-area surface [69, 70]. Besides their simplicity,
much of the appeal of these geometric duals is the hope that they may be used to
reconstruct the entire bulk geometry (or at least some portion thereof).

We should pause to elaborate on the latter of these. Recall that given a state p
on some Hilbert space H which can be factorized as H = H4 ® Hp, we can trace

out the degrees of freedom in B to obtain a reduced density matrix on H4:

pa = Trpp. (1.5)

We can then compute the usual von Neumann entropy of pa:

SA:TI"A (pAlnpA). (16)

This quantity is the entanglement entropy of A; in the case that p is a pure
state, S4 characterizes the amount of entanglement between the degrees of freedom
contained in H 4 and those in H . In a field theoretic context, we typically take H 4
to be the Hilbert space associated to some spatial region A of the field theory (that
is, H 4 contains those degrees of freedom localized within the region A).

In the holographic context, Ryu and Takayanagi (RT) [69] conjectured that
the entanglement entropy of some region of a static holographic CFT is given
by the area of a minimal-area bulk surface anchored to the boundary of the bulk
spacetime; this conjecture was proven (modulo some details) in [71], and extended

to dynamical contexts by Hubeny, Rangamani, and Takayanagi (HRT) [70].
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The details of these conjectures, particularly HRT, will be the focus of Part II
of this dissertation. In Chapter 6 we will begin with a study of the role of en-
tanglement in a particular class of bulk geometries. In that context, we will use
both two-point correlators and entanglement entropy as probes. In Chapter 7 we
will construct bulk geometries in which the HRT formula as stated is ill-defined,
implying that it will require some modification. We explore one possible modifi-
cation in Chapter 8, where we explore whether or not one may include complex
surfaces in the calculation. Chapter 9 will culminate with a discussion on limi-
tations to reconstructing the bulk geometry from entanglement entropy. Finally,
Chapter 10 is a slight detour in which we use entanglement entropy to study the

equilibration of a CFT in an expanding cosmology.

1.4 Permissions and Attributions

1. The content of Chapter 2 is the result of a collaboration with William Kelly
and Donald Marolf, and has been published as Chapter 19 of the “Springer
Handbook of Spacetime” [72]. It is reproduced here with the permission of

Springer Publishing.

2. The content of Chapter 3 and part of Appendix A is the result of a col-
laboration with Donald Marolf, and has previously appeared in the journal
Classical and Quantum Gravity [73]. Tt is reproduced here with the per-
mission of the Institute of Physics (IOP): http://authors.iop.org/atom/

help.nsf/LookupJournalSpecific/WebPermissionsFAQ~x*x*.

3. The content of Chapter 4 and part of Appendix A is the result of a collabora-
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tion with Donald Marolf and Jorge E. Santos, and has previously appeared
in the journal Classical and Quantum Gravity [74]. It is reproduced here
with the permission of the Institute of Physics (IOP): http://authors.iop.

org/atom/help.nsf/LookupJournalSpecific/WebPermissionsFAQ~*x*.

4. The content of Chapter 5 and part of Appendix A is the result of a collabo-
ration with Jorge E. Santos, and has previously appeared in the Journal of
High Energy Physics [75]. It is reproduced here with the permission of the
International School of Advanced Studies (SISSA): http://jhep.sissa.

it/jhep/help/JHEP/CR_OA.pdf.

5. The content of Chapter 6 and part of Appendix B is the result of a collabora-
tion with Toméas Andrade, Donalf Marolf, Simon F. Ross, and Moshe Rozali,
and has previously appeared in the Journal of High Energy Physics [76]. Tt is
reproduced here with the permission of the International School of Advanced

Studies (SISSA): http://jhep.sissa.it/jhep/help/JHEP/CR_0OA.pdf.

6. The content of Chapter 7 and part of Appendix B is the result of a collabora-
tion with Donald Marolf and Aron C. Wall, and has previously appeared in
the journal Classical and Quantum Gravity [77]. It is reproduced here with
the permission of the Institute of Physics (IOP): http://authors.iop.org/

atom/help.nsf/LookupJournalSpecific/WebPermissionsFAQ~x*x.

7. The content of Chapter 8 and part of Appendix B is the result of a col-
laboration with Donald Marolf, and has previously appeared in the journal
Classical and Quantum Gravity [78]. It is reproduced here with the per-

mission of the Institute of Physics (IOP): http://authors.iop.org/atom/
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help.nsf/LookupJournalSpecific/WebPermissionsFAQ~*x*.

8. The content of Chapter 9 and part of Appendix B is the result of a collab-

oration with Netta Engelhardt [79)].

9. The content of Chapter 10 is the result of a collaboration with David Kastor
and Jennie Traschen, and has previously appeared in the journal Classical
and Quantum Gravity [80]. It is reproduced here with the permission of
the Institute of Physics (IOP): http://authors.iop.org/atom/help.nsf/

LookupJournalSpecific/WebPermissionsFAQ~*x.
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Chapter 2

A Review of Asymptotically

(Locally) AdS Spacetimes

2.1 Introduction

When a physical system is complicated and non-linear, global symmetries and
the associated conserved quantities provide some of the most powerful analytic
tools to understand its behavior. This is as true in theories with a dynamical
spacetime metric as for systems defined on a fixed spacetime background. Chap-
ter 17 of [72] discusses the so-called Arnowitt-Deser-Misner (ADM) conserved
quantities for asymptotically flat dynamical spacetimes, exploring in detail cer-
tain subtleties related to diffeomorphism invariance. In particular, it shows that
the correct notion of global symmetry is given by the so-called asymptotic symme-
tries; equivalence classes of diffeomorphisms with the same asymptotic behavior at

infinity. It also notes that the notion of asymptotic symmetry depends critically
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on the choice of boundary conditions. Indeed, it is the imposition of boundary
conditions that cause the true gauge symmetries to be only a subset of the full
diffeomorphism group and thus allow the existence of non-trivial asymptotic sym-
metries at all.

This chapter will explore the asymptotic symmetries and corresponding con-
served charges of asymptotically anti-de Sitter (AdS) spacetimes (and of the more
general asymptotically locally AdS spacetimes). There are three excellent rea-
sons for doing so. The first is simply to gain further insight into asymptotic
charges in gravity by investigating a new example. Since empty AdS space is a
maximally symmetric solution, asymptotically AdS spacetimes are a natural and
simple choice. The second is that the structure one finds in the AdS context is
actually much richer than that in asymptotically flat space. At the physical level,
this point is deeply connected to the fact (see e.g. [81]) that all multipole mo-
ments of a given field in AdS space decay at the same rate at infinity. So while
in asymptotically flat space the far field is dominated mostly by monopole terms
(with only sub-leading corrections from dipoles and higher multipoles) all terms
contribute equally in AdS. It is therefore useful to describe not just global charges
(e.g., the total energy) but also the local densities of these charges along the AdS
boundary. In fact, it is natural to discuss an entire so-called boundary stress ten-
sor Té{ldy rather than just the conserved charges it defines. For this reason, we
take a somewhat different path to the construction of conserved AdS charges than
is followed in Chapter 17 of [72]. In particular, we will use covariant as opposed
to Hamiltonian methods below, though we will show in section 2.4 that the end

results for conserved charges are equivalent.
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The third reason to study conserved charges in AdS is their fundamental re-
lation to the anti-de Sitter/Conformal Field Theory (AdS/CFT) correspondence
[19, 20, 82], which may well be the most common application of general relativity
in 21st century physics. While this is not the place for a detailed treatment of
either string theory or AdS/CFT, no Handbook of Spacetime would be complete
without presenting at least a brief overview of the correspondence. It turns out
that this is easy to do once we have become familiar with Té{ldy and its cousins as-
sociated with other (non-metric) fields. So at the end of this chapter (section 2.5)
we take the opportunity to do so. We will introduce AdS/CFT from the gravity
side without using tools from either string theory or conformal field theory.

We will focus on such modern applications below, along with open questions.
We make no effort to be either comprehensive or historical. Nevertheless, the
reader should be aware that conserved charges for asymptotically AdS spacetimes
were first constructed in [83], where the associated energy was also argued to be
positive definite.

The plan for this chapter is as follows. After defining and discussing AdS
asymptotics in section 2.2, we construct variational principles for asymptotically
AdS spacetimes in section 2.3. This allows us to introduce the boundary stress
tensor Téﬂdy and a similar so-called response function ®y,,qy for a bulk scalar field.
The conserved charges Q[£] constructed from Téfldy are discussed in section 2.3.4
and we comment briefly on positivity of the energy in section 2.3.5.

Section 2.4 then provides a general proof that the Q[¢] do indeed generate

canonical transformations corresponding to the desired asymptotic symmetries.

As a result, they agree (up to a possible choice of zero-point) with corresponding
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ADM-like charges H[{] that would be constructed via the AdS-analogues of the
Hamiltonian techniques used in Chapter 17 of [72]. The interested reader can
find such a Hamiltonian treatment in [84-86]. Below, we generally consider AdS
gravity coupled to a simple scalar matter field. More complete treatments allowing
more general matter fields can be found in e.g. [87-89]. Section 2.5 then defines

the algebra Ay,qy of boundary observables and provides the above-mentioned brief

introduction to AdS/CFT.

2.2 Asymptotically Locally AdS Spacetimes

This section discusses the notion of asymptotically locally AdS spacetimes.
We begin by introducing empty Anti-de Sitter space itself in section 2.2.1 as a
maximally-symmetric solution to the Einstein equations. We then explore the
asymptotic structure of AdS, and in particular its conformal boundary. This
structure is used to define the notions of asymptotically AdS (AAdS) and asymp-
totically locally AdS (AIAdS) spacetimes in section 2.2.3. Section 2.2.4 then dis-
cusses the associated Fefferman-Graham expansion which provides an even more
detailed description of the asymptotics and which will play a critical role in con-
structing variational principles, the boundary stress tensor, and so forth in the rest
of this chapter. Finally, section 2.2.5 describes how the above structures transform

under diffeomorphisms and introduces the notion of an asymptotic Killing vector

field.
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2.2.1 Anti-de Sitter Space

Let us begin with a simple geometric description of (d+ 1)-dimensional anti-de
Sitter space (AdS441) building on the reader’s natural intuition for flat geometries.
We will, however, need to begin with a flat spacetime M?*< of signature (2,d)
having two time-directions and d spatial directions, so that in natural coordinates

T, 72, X', ..., X%the line element takes the form

ds® = —(dT")* — (dT?)* + (dX")* + - + (dX9)*. (2.1)

Consider the (d + 1)-dimensional hyperboloid H of events in M satisfying

(TY)? + (T?)? — Z (X9)* =2, (2.2)

=1

and thus which lie at a proper distance ¢ from the origin; see figure 2.1. This
hyperboloid is sometimes known as the d + 1 anti-de Sitter space AdS;.1, though
we will follow a more modern tradition and save this name for a closely related
(but much improved!) spacetime that we have yet to introduce.

The isometries of H are given by symmetries of M preserved by (2.2). Such
isometries form the group SO(d,2), generated by the rotation in the 7, T2 plane
together with two copies of the Lorentz group SO(d,1) that act separately on
TH XY .. X% and T2, X1, ... X This gives (d + 1)(d + 2)/2 independent sym-
metries so that H is maximally symmetric.

A simple way to parametrize the hyperboloid is to write T = v/¢2 + R? cos(1/{)
and T? = /12 + R? sin(7//), with R? = >"(X")? so that the induced line element
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T2

Tl

Figure 2.1: The hyperboloid (2.2) embedded in M?%, defining anti-de Sitter space.
on H becomes

dR?

2 2
m + R de—l' (2.3)

dsias,,, = — (R*/C? +1) dr* +
On H, the coordinate 7 is periodic with period 27. But this makes manifest that
‘H contains closed timelike curves such as, for example, the worldline R = 0. It
is thus useful to unwrap this time direction by passing to the universal covering
space of H or, more concretely, by removing the periodic identification of 7 (so
that 7 now lives on R instead of S'). We will refer to this covering space as the
anti-de Sitter space AdS,;,1 with scale £. Of course, the line element remains that
of (2.3). Since any Killing field of # lifts readily to the covering space, AdS;.4
remains maximally symmetric with isometry group given by (a covering group of)
SO(d,2).
The coordinates used in (2.3) are called global coordinates, since they cover all

of AdS. We can introduce another useful set of coordinates, called Poincaré coordi-

nates, by setting z = €2/ (T + X?), t =(T?/ (T" + X?), and 2" = (X*/ (T* + X )
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fori =1,...,d — 1. The metric then becomes

P d—1 o
alsideJrl =2 (—dt2 + Z (dz')” +d2* ) . (2.4)
i=1

Poincaré coordinates take their name from the fact that they make manifest a
(lower dimensional) Poincaré symmetry associated with the d coordinates ¢, z".
As is clear from their definitions, these coordinates cover only the region of AdS
where 7' 4+ X< > 0. This region is called the the Poincaré patch. While we
will not make significant use of (2.4) below, we mention these coordinates here
since they arise naturally in many discussions of AdS/CFT which the reader may
encounter in the future.

Since AdS is maximally symmetric, its Riemann tensor can be written as an

appropriately symmetrized combination of metric tensors:

1
voN ™ 3737 . 4N ocdv\ — vo) - 2.
Ryuvox d(dJrl)R(gygA GurGvo) (2.5)
A computation shows that the scalar curvature of AdS is R = —d(d + 1)//?,

and thus that AdS solves the vacuum Einstein field equations with cosmological

constant A = —d(d — 1)/2¢*:
1
R, — 3 Rg, + Agu = 0. (2.6)

In this sense, AdS is a generalization of flat space to A < 0.
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2.2.2 Conformal Structure and Asymptotic Symmetries of

AdS

We now turn to the asymptotic structure of AdS, which was seen in Chapter
17 of [72] to be a crucial ingredient in the construction of conserved charges. It
is useful to introduce a new radial coordinate r, = arctan(R/¢), so that the line
element becomes

62

2 /2 2 2 5
cos? (1) [=dr?/E o dr o+ sin® (r) €24 (2.7)

2 _
dsaas,,, =

We can immediately identify r, = 7/2 as a conformal boundary, leading to the
conformal diagrams shown in Figure 2.2.2. (For readers not familiar with such
diagrams, Chapter 28 will give a brief introduction.)

It is evident from the conformal diagram that AdS is not globally hyperbolic.
In order to evolve initial data on some spacelike surface ¥ arbitrarily far forward
(or backward) in time, one needs to supply additional information in the form
of boundary conditions at the conformal boundary. Such boundary conditions
will be discussed in detail in section 2.3, where they will play critical roles in our
discussion of conserved charged.

Although the line element (2.7) diverges at 7. = 7/2, the rescaled metric

_ cos?(r,
g= —62( ) JAdSai4 (2.8)

defines a smooth manifold with boundary. In particular, the metric induced by ¢

at r, = m/2 is just that of the flat cylinder R x S9!, also known as the Einstein

22



A Review of Asymptotically (Locally) AdS Spacetimes Chapter 2

(a) (b)

Figure 2.2: Conformal diagrams of AdS;, 1, showing both the global spacetime
and the region covered by the Poincaré patch. In both figures, the 7 direction
extends infinitely to the future and to the past. In (a), a full S9! of symmetry
has been suppressed, leaving only the 7, r, coordinates of (2.7). The dotted
line corresponds to 7« = 0. In (b), one of the angular directions has been shown
explicitly to guide the reader’s intuition; the axis of the cylinder corresponds
to the dotted line in (a). The Poincaré patch covers a wedge-shaped region of
the interior of the cylinder which meets the boundary at the lines marked .#*
and the points marked i*,4%. These loci form the null, timelike, and spacelike
infinities of the associated region (conformal to Minkowski space) on the AdS
boundary.
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static universe (ESU). The manifold with boundary will be called M and the
boundary itself (at ., = 7/2) will be called OM. Of course, we could equally well

have considered the more general rescaled metric

L cost(r)

g = €2 e”’ gAde+17 (29)

where o is an arbitrary smooth function on M. This metric is also nonsingular
at r, = /2, but the induced geometry on M is now only conformal to R x S4-1.

The choice of a particular rescaled metric (2.9) (or, equivalently, of a particular

cos? ()

7 €??) determines a representative of the corresponding con-

rescaling factor
formal class of boundary metrics. This choice (which still allows great freedom
to choose o away from OM) is known as the choice of conformal frame. We shall
often call this representative “the boundary metric,” where it is understood that
the above choices must be made for this term to be well-defined.

Although it is not critical for our discussion below, the reader should be aware
of the asymptotic structure of the Poincaré patch and how it relates to that of
global AdS as discussed above. From (2.4) we see that the conformal boundary

lies at 2z = 0. The rescaled metric

22

g= 72 JAdS s (2.10)

is regular at z = 0, where the induced metric is just d-dimensional Minkowski
space. Now, it is well known [90] that Minkowski space M4~1 is conformally
equivalent to a patch of the Einstein static universe R x S%~!. We conclude that

z = 0 of the Poincaré patch is a diamond-shaped piece of OM, as shown at right

24



A Review of Asymptotically (Locally) AdS Spacetimes Chapter 2

in Figure 2.2.2.

In the interior of AdS the Poincaré patch covers a wedge-shaped region. This
can be thought of as follows: future-directed null geodesics fired from ¢~ in Fig-
ure 2.2.2 are focused onto i’; these geodesics are generators of a null hypersurface
which we shall call the past Poincaré horizon Hp; ...¢- Likewise, future-directed

0

null geodesics fired from 7Y are focused onto *, generating the future Poincaré

+

Poincaré*

horizon H The Poincaré patch of AdS is the wedge enclosed by these

horizons.

2.2.3 A definition of Asymptotically Locally AdS Space-

times

As was seen in Chapter 17 of [72], when the spacetime metric is dynamical
the choice of boundary conditions plays an especially key role in constructions of
conserved charges. In this chapter we consider boundary conditions which force
the spacetime to behave asymptotically in a manner at least locally similar to (2.3).
It turns out to be useful to proceed by using the notion of a conformally rescaled
metric ¢ which extends sufficiently smoothly to the boundary (see chapter 28 for
further discussion of this technique). After imposing the equations of motion,
this ¢ will allow us to very quickly define both asymptotically AdS (AAdS) and
asymptotically local AdS spacetimes (AIAdS). Below, we follow [87, 91-96].

To begin, recall that our discussion of pure AdS above made use of the fact
that the unphysical metrics defined in (2.8) and (2.10) could be extended to the
conformal boundary OM of AdS. We can generalize this notion by considering

any manifold M (often called ‘the bulk’) with boundary M and allowing metrics
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g which are singular on M but for which but there exists a smooth function {2
satisfying Qlaonpr = 0, (dQ2)|op # 0 (where |gps denotes the pull-back to OM),

and €2 > 0 on all of M, such that

§= 0% (2.11)

can be extended to all of M as a sufficiently smooth non-degenerate metric for
which the induced metric on M has Lorentz signature. We will discuss what is
meant by sufficiently smooth in more detail in section 2.2.4, but for the purposes
of this section one may take § to be C? (so that its Riemann tensor is well-defined).

Note that ¢ is not unique; given any allowed 2 one is always free to choose

QO = e Q, (2.12)

for arbitrary smooth ¢ on M. Thus, as before, the notion of a particular boundary
metric on OM is well-defined only after one has chosen some conformal frame.
However, the bulk metric ¢ does induce a unique conformal structure on 0M.
The function € is termed the defining function of the conformal frame. The
above structure is essentially that of Penrose’s conformal compactifications [97],
except that the Lorentz signature of OM forbids M from being fully compact. In
particular, future and past infinity are not part of M.

In vacuum Einstein-Hilbert gravity with cosmological constant (2.6), we define
an asymptotically locally AdS spacetime to be a spacetime (g, M) as above that
solves the Einstein equations (2.6). A key feature of this definition is that it

makes no restriction on the conformal structure, or even the topology of the
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boundary, save that it be compatible with having a Lorentz signature metric. For
an asymptotically locally AdS spacetime to be what we will call asymptotically
AdS, the induced boundary metric must be conformal to R x S?~!. The reader
should be aware that in the literature, the term “asymptotically AdS” (AAdS) is
sometimes used synonymously with “asymptotically locally AdS” (AIAdS). Here
we emphasize the distinction between the two for pedagogical purposes, as only
AAdS spacetimes can truly be said to approach global AdS near M.

To show that AIAdS spacetimes do in fact approach (2.5) requires the use of
the Einstein equations. By writing g, = Q2§,,, a straightforward calculation

then shows [95] that near 9M we have

Ruucr)\ = - ’dQ@ (g,uagu)\ - gl/agu)\) + O (9—3) 9 (213>

where

1dQ|> = §9,00,9 (2.14)

extends smoothly to M. Note that since g has a second-order pole at OM, the
leading-order term in (2.13) is of order Q=% The Einstein field equations then
imply that

1
|dQ> = 7 on oM. (2.15)

It follows that Riemann tensor (2.13) of an AIAdS spacetime near dM looks like
that of pure AdS (2.5). Further details of the asymptotic structure (and of the
approach to (2.3) for the AAdS case) are elucidated by the Fefferman-Graham

expansion near OM to which we now turn.
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2.2.4 The Fefferman-Graham Expansion

The term asymptotically (locally) AdS suggests that the spacetime metric g
should (locally) approach (2.3), at least with a suitable choice of coordinates. This
is far from manifest in the definitions above. But it turns out to be a consequence
of the Einstein equations. In fact, these equations imply that the asymptotic
structure is described by a so-called Fefferman-Graham expansion [98].

The basic idea of this expansion is to first choose a convenient set of coordi-
nates and then to attempt a power-series solution to the Einstein equations. Since
the Einstein equations are second order, this leads to a second-order recursion re-
lation for the coefficients of the power series. For, say, simple ordinary differential
equations, one would expect the free data in the power series to be parametrized
by two of the coefficients. The structure that emerges from the Einstein equations
is similar, except for the presence of constraint equations similar to those described
in Chapter 17 of [72]. As we briefly describe below, the constraint equations lead
to corresponding constraints on the two otherwise free coefficients. We continue
to consider the vacuum case (2.6).

Let us begin by introducing the so-called Fefferman-Graham coordinates on
some finite neighborhood U of M. To do so, note that since the defining func-
tion 2 is not unique it is possible to choose a ¢ in (2.12) such that the modified

defining function z := €’ obeys
1
dz; = 5 (2.16)

on U, where § = 2%g. In fact, we can do so with o|sp; = 1 so that we need
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not change the conformal frame. We can then take the defining function z to
be a coordinate near the boundary; the notation z is standard for this so-called
“Fefferman-Graham radial coordinate.” We choose the other coordinates x? to be
orthogonal to z in U (according to the metric §). The metric in these so-called

Fefferman-Graham coordinates will then take the form

Iz ‘ .
ds* = 2 (d2® + v5(z, z) da’ da? ) (2.17)

where ¢ = 0,...,d. By construction, ~;; can be extended to dM, so it should

admit an expansion (at least to some order) in non-negative powers of z:
0 1
Yig (2, 2) = 7)) (@) + 295 (@) + o (2.18)

Note that 'yg.) ) defines the metric v on dM in this conformal frame.

Since the Einstein equations are second order partial differential equations,
plugging in the ansatz (2.18) leads to a second order recursion relation for the
~™ . For odd d this recursion relation admits solutions for all y(™). After specifying
7© one finds that all v with n < d are uniquely determined (and, in fact ()

vanishes for all odd n < d). For example, for d > 2 one finds [96]

(2 1 1 (0)
e R, R 2.1
Tig d—2 ( Y2(d—-1) i ) ’ (2.19)

where R, R;; are respectively the Ricci tensor and Ricci scalar of ).
However, new data enters in ¥, This new data is subject to constraints

analogous to those discussed in the Hamiltonian formalism in Chapter 17 of [72].
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Indeed, these constraints may be derived by considering the analogues of the
Hamiltonian and momentum constraints on surfaces with z = constant. They
determine the trace and divergence of v (again for d odd) through

(Y7 =0, ()" Dy =0, (2:20)

iJ )

where Dy, is the v(9-compatible derivative operator on M (where we think of all
7™ as being defined). We will give a short argument for (2.20) in section 2.3.4.
Once we have chosen any 7@ satisfying (2.20), the recursion relation can then
be solved order-by-order to express all higher 4 in terms of 4 and ~@. Of
course, the series (2.17) describes only the asymptotic form of the metric. There
is no guarantee that there is in fact a smooth solution in the interior matching
this asymptotic data, or that such a smooth interior solution is unique when it
exists.

The situation is slightly more complicated for even d, where the recursion
relations for the ansatz (2.18) break down at the order at which (%) would appear.
To proceed, one must allow logarithmic terms to arise at this order and use the

more general ansatz

vij(x, 2) = %(J(-)) + 22%(;) + -+ zd%-(jd) + zdﬁi(;l) log 224 -, (2.21)
where, since the structure is identical for all d up to order n = d, we have made

manifest that v(™ = 0 for all odd n < d. The higher order terms represented by

- include both higher even powers of z and such terms multiplied by log z. One
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finds that (9 is fully determined by 7% and satisfies

(O 0. G Dl <o @220

v

For example, for d = 2, 4, one obtains [96]

75 =0, (2.23)
1 1 1 1
7 = Ry RM + — D;D;R — — D*R;; — — RRy;
Vit = g kit g 16 24 i
1 1
DR R2— — R RF)AY (2.4
+<96 +96 33 MR ) g (2:24)

where R;jr; is the Riemann tensor of ’y(o), and indices are raised and lowered
with v(¥. But ¥ may again be chosen freely subject to dimension-dependent

conditions that fix its divergence and trace. As examples, one finds [96]

1 : 1
d=2:(10)" 4 = > SR D9 = DR, (2.25)
ij 2
d=4:(y0)" 4 = R — 2.2
Dy = _ RiDiRy, - D; (R*Ru) + L »p%. (2.27)
vog 732 288"

The higher terms in the series are again uniquely determined by +©, ~(4).

In general, the terms (™ become more and more complicated at each order.

(0)

But the expansion simplifies when 7;;” is conformally flat and %(]‘-i ) = 0. In this

case one finds [99] that the recursion relation can be solved exactly and terminates

4

at order z*. In particular, the bulk metric so obtained is also conformally flat,
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and is thus locally AdS;,;. For d = 2, the Fefferman-Graham expansion can be
integrated exactly for any v(*), v(9 and always terminates at order z* to define a

metric that is locally AdSs.

2.2.5 Diffeomorphisms and symmetries in A1AdS

The reader of this Handbook is by now well aware of the important roles played
by diffeomorphisms in understanding gravitational physics. Let us therefore pause
briefly to understand how such transformations affect the structures defined thus
far. We are interested in diffeomorphisms of our manifold M with boundary dM.
By definition, any such diffeomorphism must map M to itself; i.e., it also induces
a diffeomorphism of dM. As usual in physics, we consider diffeomorphisms (of M)
generated by vector fields &; the corresponding diffeomorphism of OM is generated
by some é , which is just the restriction of £ to OM (where by the above it must
be tangent to OM).

Of course, the metric g transforms as a tensor under this diffeomorphism. But
if we think of the diffeomorphism as acting only on dynamical variables of the
theory then the defining function z = €2 does not transform at all, and in particular
does not transform like a scalar field. This means that the rescaled metric g =
22¢ does not transform like a tensor, and neither does the boundary metric v(©).
Instead, the diffeomorphism induces an additional conformal transformation on
OM,; i.e., a change of conformal frame.

We can make this explicit by considering diffeomorphisms that preserve the
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Fefferman-Graham gauge conditions; i.e., which satisfy
for

59#1/ = £§g,u,1/ = Vﬂgy + vyé-“, (229)

where we use £¢ to denote Lie derivatives along £ and V, is the covariant deriva-
tive compatible with the metric g on M. Let us decompose the components 6g,,,

into

20 14

£§gzz == ? az (; fz) ; (230)
02 -

Legiz = = (aifz + ’Yz‘jazf]) ; (2.31)
0? _ .

Legij = 2 (fg%'j + 220, (Z Q%j)f ) ) (2.32)

where £; is the Lie derivative with respect to é on OM. These conditions can be

integrated using (2.28) to obtain

& =28 (), (2.33)
£ = fl(:v) = @-éz /0 2y () d, (2.34)

where fz and é’ are an arbitrary function and vector field on OM (which we

may transport to any z = constant surface by using the given coordinates to
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temporarily identify that surface with dM). In particular, for éz = 0 we find

gii + 6 ..:£<1_2§AZ> O+ 0% (2.35)
ij Gij 52 i : ’

Thus the boundary metric transforms as v — 6*252%-(;-) ). Such transformations
are called conformal transformations by relativists and Weyl transformations by
particle physicists; we will use the former, but the reader will find both terms in
various treatments of AIAdS spacetimes. This is precisely the change of conformal
frame mentioned above.

Let us now turn to the notion of symmetry. As in Chapter 17 of [72], we might
be interested either in an exact symmetry of some metric g, generated by a Killing
vector field (KVF) satisfying V(,&, = 0, or in some notion of asymptotic sym-
metry. We will save the precise definition of an asymptotic symmetry for section
2.3.3 as, strictly speaking, this first requires the construction an appropriate vari-
ational principle and a corresponding choice of boundary conditions. However, we
will discuss the closely related (but entirely geometric) notion of an asymptotic
Killing field below.

Suppose first that £ is indeed a KVF of g so that £¢g = 0. It is clear that
there are two cases to consider. Either £:Q = 0 (in which case we say that £ is
compatible with Q) or £¢8 # 0 (in which case we say that £ is not compatible with
Q). In the former case we clearly have £¢§ = £¢(2%g) = 0so that £ is also a Killing
field of g. But more generally we have seen that the corresponding diffeomorphism

changes ¢ by a conformal factor. The generators of such diffeomorphisms are called
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conformal Killing fields of g (see e.g. Appendix C.3 of [90]) and satisfy

. . = 2 = o) -
Legu = (£eIn Q%) = 2V (.6 = i1 (Vaf ) s (2.36)

where V is the covariant derivative compatible with ¢, and indices on &* are
lowered with g,,,. Note that the induced vector field é on OM is again a conformal
Killing field of 7(®.

This suggests that we define an asymptotic Killing field to be any vector
field ¢ that satisfies (2.36) to leading order in §2 at OM. If we ask that £ also
preserve Fefferman-Graham gauge we may then expand (2.33) and (2.34) and

insert into (2.36) to obtain

& = 28 (x), (2.37)
£ =E() - 52 (09) 0, + O, (2:38)
o) - —— (D€ + )5 =0, (2.39)

Taking the trace of the condition (2.39) shows that £* = éDiéi, so (2.39) is the
conformal Killing equation for é with respect to 7). In other words, conformal
Killing fields f of 79 are in one-to-one correspondence with asymptotic Killing
fields of g which preserve Fefferman-Graham gauge, where the equivalence relation

is given by agreement to the order shown in (2.38).
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2.2.6 Gravity with Matter

Our treatment above has focused on vacuum gravity. It is useful to generalize
the discussion to include matter fields, both to see how this influences the above
result and also to better elucidate the general structure of asymptotically AdS field
theory. Indeed, readers new to dynamics in AdS space will gain further insight
from section 2.2.4 if they re-read it after studying the treatment of the free scalar
field below. We use a single scalar as an illustrative example of matter fields; see
[87, 88] for more general discussions.

For simplicity, we first consider a massive scalar field in a fixed AIAdS;;
gravitational background, which we take to be in Fefferman-Graham form (2.17).
This set-up is often called the probe approximation as it neglects the back-reaction

of the matter on the spacetime. The action is as usual

1

We study the behavior of solutions near the boundary z = 0 by seeking solutions

which behave at leading order like 22 for some power A. The equation of motion

(—O+m2) 6 =0 (2.41)

then requires (mf)? = A(A —d), yielding two independent small-z behaviors z2+.

Here we have defined Ay = d/2 + v, with v = /(d/2)2+ (ml)2. A priori,
it seems that we should consider only v > v, for some v, > 0, since one
might expect (mf)? > 0. However, it can be shown [100] that scalar fields with

small tachyonic masses in AdS;,; are stable as long as the mass satisfies the so-
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called Breitenlohner-Freedman (BF) bound (mf)? > —d?/4 =: m%; we therefore
consider v > 0. The essential points here are: i) It is only for |(mf)?| > 1 that
the flat-space approximation must hold, so for small |(mf)?| the behavior can
differ significantly from that of flat space; ii) as noted above, the fact that AdS
is not globally hyperbolic means that we must impose boundary conditions at
OM. These boundary conditions generally require ¢ to vanish on OM. So even
for m? = 0 we would exclude the ‘zero mode’ ¢ = constant. For a given boundary
condition, the spectrum of modes turns out to be discrete. As a result, we may
lower m? a finite amount below zero before a true instability develops.

The asymptotic analysis above suggests that we seek a solution of the form
(b(x’ Z) = ZA— (¢(0) + 22¢(2) + .. ) + ZA+ (¢(2V) + 22¢(2V+2) + .. ) . (242)

For non-integer v the equation of motion can be solved order-by-order in z to
uniquely express all coefficients in terms of ¢(® and ¢*). But for integer v the
difference A, — A_ is an even integer and the two sets of terms in (2.42) overlap.
This notational issue is connected to a physical one: keeping only even-integer
powers of z (times z2-) does not allow enough freedom to solve the resulting
recursion relation; there is no solution at order d — 2A_. To continue further we

must introduce a logarithmic term and write:
Pz, 2) = 22 (¢(0) + 22¢@ 4 .. ) + 2%+ log 22 (w(%) + 222 4L ) . (2.43)

The recursion relations then uniquely express all coefficients in terms of the free

coefficients ¢(*) and ¢**). As an example, we note for later purposes that (for any
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value of v)

1
@ = _— __QOgo 2.44
¢ Oy o, (2.44)

where 0O is the scalar wave operator defined by ¥(*) on M. Dimensional analysis
shows that the higher coefficients ¢ for integer n < 2A, —d involve n derivatives
of ¢©.

We now couple our scalar to dynamical gravity using
S = Sgrav + S3, (2.45)

where Sgray is the action for gravity. We will postpone a discussion of boundary
terms to section 2.3; for now, we simply focus on solving the resulting equations
of motion

1
Ry = 5 Ry + Mgy = 8T GTaten., (2.46)

As in the vacuum case we write the metric in the form (2.17), and as in the solution
for nondynamical gravity we write the scalar field as in (2.43). Note that we keep
the logarithmic term in (2.21) for all d as, depending on the matter content, it
may be necessary even for odd d. (When it is not needed, the equations of motion

force its coefficient 44 to vanish.) The stress tensor of the scalar field then behaves

like

d .
T}Er;natter)dx,udxl/ — A722(A—*1) 5 (¢(O))2 d22 —+ z(ﬁ(o)al(b(o) dz dz’

+ 0 (60) 4 Odat da? + - | (2.47)
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For A_ < 0 and ¢ # 0, the matter stress tensor turns out to diverge too rapidly
at z = 0 for the equations of motion to admit an AIAdS solution. So for A_ <0
the only scalar field boundary condition consistent with the desired physics is
#© = 0. But for A_ > 0 the equations of motion do admit AIAdS solutions with
#© = 0 and further input is required to determine the boundary conditions. We
will return to this issue in section 2.3.2.

Evidently, the equations of motion admit solutions of the forms (2.17) and (2.43)
only if the components of the matter stress tensor in Fefferman-Graham coordi-
nates diverge as 1/2% or slower. This result allows us to generalize our definition
of asymptotically locally AdS spacetimes to include matter: an AIAdS spacetime
with matter is a manifold M as above with fields satisfying the equations of motion

and the requirement that 07}, admits a continuous limit to M.

2.3 Variational principles and charges

Noether’s theorem teaches us that variational principles provide a powerful
link between symmetries and conservation laws, allowing the latter to be derived
without detailed knowledge of the equations of motion. This procedure works as
well for gravitational theories as for systems defined on a fixed spacetime back-
ground, though there is one additional subtlety. In more familiar theories, it is
often sufficient to consider only variations of compact support so that all bound-
ary terms arising from variations of an action can be discarded. But as shown
in Chapter 17 of [72] in the asymptotically flat context, when the gravitational

constraints (which are just certain equations of motion!) are satisfied the gravita-
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tional charges become pure boundary terms with no contributions from the bulk.
Discarding all boundary terms in Noether’s theorem would thus lead to trivial
charges and we will instead need to treat boundary terms with care. It is in part
for this reason that we refer to variational principles as opposed to mere actions,
the distinction being that all variations of the former vanish when the equations
of motion and boundary conditions hold, even including any boundary terms that
may arise in computing the variations. Constructing a good variational principle
generally requires that we add boundary terms to the familiar bulk action, and
that we tailor the choice of such boundary terms to the boundary conditions we

wish to impose on OM.

2.3.1 A toy model of AdS: Gravity in a box

We have seen that AIAdS spacetimes are conformally equivalent to manifolds
with timelike boundaries. This means that (with appropriate boundary condi-
tions) light signals can bounce off of 9M and return to the interior in finite time,
boundary conditions are needed for time evolution, and indeed much of physics
in AIAdS spacetimes is indeed like field theory in a finite-sized box. This analogy
also turns out to hold for the study of conservation laws in theories with dynamical
gravity. It will therefore prove useful to first study conservation laws for gravity
on a manifold M with a finite-distance timelike boundary M, which will serve
as a toy model for AIAdS gravitational dynamics. This subject, which we call
“oravity in a box”, was historically studied for its own sake by Brown and York
[101]. We largely follow their approach below. For simplicity we will assume that

OM is globally hyperbolic with compact Cauchy surfaces as shown in figure 2.3,
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oM —C

7\

Figure 2.3: A sketch of the spacetime M. The codimension two surface C' is a

Cauchy surface of the boundary dM.
though the more general case can typically be treated by imposing appropriate
boundary conditions in the asymptotic regions of OM.

Out first task is to construct a good variational principle. But as noted
above this will generally require us to add boundary-condition-dependent bound-
ary terms to the bulk action. It is thus useful to have some particular boundary
condition (or, at least, a class of such conditions) in mind before we begin. In
scalar field theory, familiar classes of boundary conditions include the Dirichlet
condition (¢|gn fixed, so d¢|onr = 0), the Neumann condition (which fixes the
normal derivative), or the more general class of Robin conditions (which fix a
linear combination of the two). All of these have analogues for our gravity in a
box system, but for simplicity we will begin with a Dirichlet-type condition. Re-
call from chapter 18 that, when discussing the initial value problem, the natural
initial data on a Cauchy surface consists of the induced metric and the extrin-
sic curvature (or, equivalently, the conjugate momentum as described in Chapter
17 of [72]). Since the equations of motion are covariant, the analysis of possible

boundary conditions on timelike boundaries turns out to be very similar so that
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the natural Dirichlet-type condition is to fix the induced metric h;; on OM.
An important piece of our variational principle will of course be the Einstein-
Hilbert action Sgy = i [ v/=g R (with k = 87G). But Sgy is not sufficient by

itself as a standard calculation gives

1
5Sp = 6 (— / F—gR)
2/4/ M
1 1 1
N _/ V=g | R" — S Rg"™" ) 09, + _/ VIRIFAGH PV 169,42.48)
26 Jur 2 26 Joum

where 7 is the outward pointing unit normal to M and
GHPA — gu(pgA)V _ g;wgpk' (2'49)

In (2.48) we have discarded boundary terms not associated with M (i.e., bound-
ary terms in any asymptotic regions of M) as they will play no role in our anal-
ysis. Nevertheless, the second term in (2.48) (the boundary term) generally fails
to vanish for useful boundary conditions, so that Sgg is not fully stationary on
solutions.

However, when dh;; = 0 this problem term turns out to be an exact variation
of another boundary term, known as the Gibbons-Hawking term, given by the
integral of the trace of the extrinsic curvature of dM. (For related reasons the
addition of this term is necessary when constructing a gravitational path integral,

see [102]). As a result, enforcing the boundary condition dh;; = 0 guarantees that
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all variations of the action

1 1
SDirichlet in a box = SEH + ScH = 2—/ V—gR — —/ VN K, (2.50)
K Jm K Jom

where K = h;; K" is the trace of the extrinsic curvature on M, vanish precisely
when the bulk equations of motion hold. Thus (2.50) gives a good variational
principle for our Dirichlet problem.

Now, Noether’s theorem teaches us that every continuous symmetry of our
system should lead to a conservation law (though the conservation laws associ-
ated with pure gauge transformations are trivial). Gravity in a box is defined
by the action (2.50) and by the choice of some Lorentz-signature metric h;; on
OM. The first ingredient, the action (2.50), is manifestly invariant under any
diffeomorphisms of M. Such diffeomorphisms are generated by vector fields £ on
M that are tangent to OM at the boundary (so that the diffecomorphism maps
OM to itself). As before, we use é to denote the induced vector field on OM.
The associated diffeomorphism of M will preserve h;; if é is a Killing field on
the boundary. As discussed in Chapter 17 of [72], a diffeomorphism supported
away from the boundary should be pure gauge. So it is natural to expect that
the asymptotic symmetries of our system are classified by the choice of boundary
Killing field é , with the particular choice of a bulk extension £ being pure gauge.

This set up should remind the reader of (non-gravitational) field theories on
fixed spacetime backgrounds. There one finds conservation laws associated with
each Killing field of the background metric. Here again the conservation laws are

associated with Killing fields of the background structure, though now the only
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such structure is the boundary metric h;;.

Pursuing this analogy, let us recall the situation for field theory on a fixed (non-
dynamical) spacetime background. There, Noether’s theorem for global symme-
tries (e.g., translations along some Killing field £y ) would instruct us to vary the
action under a space-time generalization of the symmetry (e.g., diffeomorphism
along f(x)&xyr for general smooth functions f(x), or more generally under arbi-
trary diffecomorphisms). It is clear that the analogue for gravity in a box is just
to vary (2.50) under a general diffeomorphism of M.

It turns out to be useful to do so in two steps. Let us first compute an arbitrary
variation of (2.50). By construction, it must reduce to a boundary term when the
equations of motion hold, and it must vanish when 6h;; = 0. Thus it must be

linear in 0h;;. A direct calculation (see appendix E of [90]) gives
1 .
65Dirichlet in a box — __/ |h|7—235hz’j, (251)
2 Jom

where 79 = k7Y (K% — Kh¥). This 79 is sometimes referred to as the radial
conjugate momentum since it has the same form as the (undensitized) conjugate
momentum introduced on spacelike surfaces in Chapter 17 of [72]. This agreement
of course follows from general principles of Hamilton-Jacobi theory. The reader
should recall that for field theory in a fixed spacetime background the functional
derivative of the action with respect to the metric defines the field theory stress
tensor. By analogy, the object 7% defined above is often called the boundary
stress tensor (or the Brown-York stress tensor) of the gravitational theory.

Let us now specialize to the case where our variation is a diffeomorphism
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of M. As we have seen, ¢ also induces a diffeomorphism of the boundary oM
generated by some é . Then h;; = Dié j —|—Djél-, where D; is the covariant derivative

compatible with h;;. Using the symmetry of 79/ = 79% we find

5SDirichlet in a box — _/ |h‘TZJDzé] = / V ’h’éjDiTij7 (252)
oM oM

where in the last step we integrate by parts and take é to have compact support on
OM so that we may discard any boundary terms. Since f is otherwise arbitrary,
we conclude that

DTV = 0; (2.53)

i.e., 79 is covariantly conserved on M when the equations of motion hold in the
bulk. In fact, since 7% is the radial conjugate momentum, it should be clear from
Chapter 17 of [72] that (2.53) can also be derived directly from the equations of
motion by evaluating the radial-version of the diffeomorphism constraint on OM.
(The radial version of the Hamiltonian constraint imposes another condition on
7% that can be used to determine the trace 7 = 79h;; in terms of the traceless
part of 7.)

If we now take € to be a boundary Killing field, we find Di(Tijéj) =0, so that

the so-called Brown-York charge

Quvle] = /C VanTig; (2.54)

is independent of the choice of Cauchy surface C'in M. Here n; is a unit future-
pointing normal to C'and /g is the volume element induced on C' by h;;. Although

these charges were defined by methods quite different from the Hamiltonian tech-
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niques of Chapter 17 of [72], we will argue in section 2.4 below that the end result
is identical up to a possible choice of zero-point. Once again, the argument will
turn out to be essentially the same as one would give for field theory in a fixed
non-dynamical background.

Before proceeding to the AdS case, let us take a moment to consider other
possible boundary conditions. We see from (2.51) that the action (2.50) also
defines a valid variational principle for the boundary condition 7% = 0. Of course,
with this choice the charges (2.54) all vanish. But this should be no surprise.
Since the condition 7% = 0 is invariant under all diffeomorphisms of M, there is
no preferred subset of non-trivial asymptotic symmetries; all diffeomorphisms turn
out to generate pure gauge transformations. One may also study more complicated
boundary conditions by adding additional boundary terms to the action (2.50),

though we will not pursue the details here.

2.3.2 Variational principles for scalar fields in AdS

As the reader might guess, our discussion of AIAdS gravity will follow in direct
analogy to the above treatment of gravity in a box. Indeed, the only real difference
is that we must work a bit harder to construct a good variational principle. We
will first illustrate the relevant techniques below by constructing a variational
principle for a scalar field on a fixed AdS background, after which we will apply
essentially identical techniques to AdS gravity itself in section 2.3.3.

We will construct our variational principle using the so-called counterterm
subtraction approach pioneered in [103, 104] and further developed in [95, 96].

Our discussion below largely follows [95], with minor additions from [89]. We
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begin with the bulk action SF"* of (2.40) and compute

s = — /8 . VR0, 8, (2.55)

where 7# is the outward-pointing unit normal to OM so that 0, = —70.. The
form of (2.55) might appear to suggest that Sgulk defines a good variational princi-
ple for any boundary condition that fixes ¢ on M. But the appearance of inverse
powers of z means that we must be more careful, and that Sg’u“‘ will suffice only
when d¢ vanishes sufficiently rapidly.

It is therefore useful to write (2.55) in terms of the finite coefficients @™, ¢(2(v+m)
of (2.42) (or the corresponding coefficients in (2.43)). The exact expression is not
particularly enlightening, and for large v there are many singular terms to keep
track of. What is useful to note however is that all of the singular terms turn out
to be exact variations. In particular, using (2.44) one may show for non-integer

v < 2 that the action

Sy = SHulk / Vin (—%ﬁ + %hﬁa@aqu) (2.56)

OM (v—=1)

satisfies
88, = 2v0d ! / 70 PP 50, 2.57
] 5 \/ﬁ ( )

Since the boundary terms in (2.56) are each divergent in and of themselves, they
are known as counterterms in analogy with the counterterms used to cancel ul-
traviolet divergences in quantum field theory. These divergences cancel against
divergences in SP"* and the full action Sy is finite for any field of the form (2.42)

with non-integer v < 2. Similar results hold for non-integer v > 2 if additional
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higher-derivative boundary terms are included in (2.56). We will comment on
differences for integer v at the end of this section.
It is clear that S, provides a good variational principle so long as the boundary

conditions either fix ¢© or set ¢**) = 0. We may now identify
By = 2w 1) (2.58)

as an AdS scalar response function analogous to the boundary stress tensor 7% in-
troduced in section 2.3.1. Note that adding an extra boundary term [ 1/ YO W o]

to S, allows one to instead use the Robin-like boundary condition

14

¢(21/) - _

2VW’ (0], (2.59)

where W' denotes the derivative of W with respect to its argument.

Recall from section 2.2.6 that requiring the energy to be bounded below re-
stricts v to be real (in which case we take v non-negative). That there are further
implications for large v can also be seen from (2.56). Note that the final term
in (2.56) is a kinetic term on OM and that for v > 1 it has a sign opposite to
that of the bulk kinetic term. Counting powers of z shows that this boundary
kinetic term vanishes at OM for v < 1, but contributes for v > 1. In this case,
for any perturbation that excites ¢(®) and which is supported sufficiently close to
OM , the boundary kinetic term in (2.56) turns out to be more important than the
bulk kinetic term. Thus the perturbation has negative kinetic energy. One says
that the theory contains ghosts, and any conserved energy is expected to be un-

bounded below [89]. For this reason, for v > 1 one typically allows only boundary
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conditions that fix ¢(®. Of course, as noted in section 2.3.2, for v > d/2 coupling
the theory to dynamical gravity and requiring the spacetime to be AIAdS will
further require ¢® = 0. On the other hand, for real 0 < v < 1 all of the above
boundary conditions lead to ghost-free scalar theories.

The story of non-integer v > 2 is much the same as that of v € (1,2). Adding
additional higher-derivative boundary terms to (2.56) again leads to an action
that satisfies (2.57). While one can find actions compatible with general boundary
conditions (2.59), the only ghost-free theories fix ¢(® on 9M. The story of integer
v is more subtle; the factors of Inz arising in that case from (2.43) mean that
we can find a good variational principle only by including boundary terms that
depend explicitly on the defining function €2 of the chosen conformal frame. Doing

so again leads to ghosts unless ¢(*) is fixed as a boundary condition [89].

2.3.3 A variational principle for Al1AdS gravity

We are now ready to construct our variational principle for AIAdS gravity.
As for the scalar field above, we will start with a familiar bulk action and then
add boundary terms. One may note that in the scalar case our final action (2.56)
consists essentially of adding boundary terms to Sfulk which i) are written as
integrals of local scalars built from ¢ and its tangential derivatives along oM
and ii) precisely cancel divergent terms in Sql?“lk. This motivates us to follow
the strategy of [96] for the gravitational case in which we first identify divergent
terms in a familiar action and write these terms as local scalars on M. We
may then construct a finite so-called renormalized action by adding boundary

counterterms on OM to cancel the above divergences. At the end of this process
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we may check that this renormalized action yields a good variational principle for
interesting boundary conditions. In analogy with section 2.3.1, for simplicity in
the remainder of this chapter we take the induced (conformal) metric on OM to
be globally hyperbolic with compact Cauchy surfaces.

Let us begin with an action containing the standard Einstein-Hilbert and cos-
mological constant terms in the bulk, along with the Gibbons-Hawking term. It
will facilitate our discussion of divergent terms to consider a regulated action in
which the boundary has effectively been moved in to z = €. For the moment,
we choose some ¢y > ¢ and impose the Fefferman-Graham gauge (2.17) for all
z < €y, so that this gauge holds in particular at the regulated boundary. This
gauge fixing at finite z is merely an intermediate step to simplify the analysis. We
will be able to loosen this condition once we have constructed the final action.
We let hij = (¢/2)?7ij|.= be the induced metric on this regulated boundary and

study the action

1 1
Sreg = §/> \/|9|(R+2A)—;/_ VIRK (2.60)

gd—l

o / \/ YOI (e %a) + € " ag) + -+ + € 2a-2) — log(e*)aw) + (finite),

where K = h;; K is the trace of the extrinsic curvature of the regulated boundary
OM, at z = € and the form of the divergences follows from (2.21). The coefficient
a(q) vanishes for odd d. For even d it is called the conformal anomaly for reasons
to be explained below.

In analogy with the scalar field results of section 2.3.2, one finds that the

coefficients a(,) which characterize the divergent terms are all local scalars built
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from fyg-]) and its derivatives along OM. This follows directly from the fact that
all terms ™ with n < d in the Fefferman-Graham expansion (2.21) are local
functions of %(j(.) ) and its derivatives along OM. Dimensional analysis shows that
a(n) involves precisely 2n derivatives and the detailed coefficients a(,) can be found
to any desired order by direct calculation. For example, for n # d the a(, are

given by (see e.g. [96])

(d— 4R
ao = =2d 1), ae = —5a—5
42— 9d+ 16 AR2 RIR,;
— _ y 2.61
) A(d — 4) <4(d—2)2(d— 1) (d—2)2>’ o (261)

where as in section 2.2.4, R and R;; are the Ricci scalar and Ricci tensor of ~©)

on OM. For d = 2, 4, the log terms are given by

R
d=2: O,(Q) = 57
R2 RIR..
d=d: ap— (X KRG 2.62
() (24 g ) (2.62)
As foreshadowed above, we now define the renormalized action
Sren = ll—{% (Sreg + Sct) ) (263)
where
fd_l
S 1= 50 / V=70 (€ %a) + € Pag + - + e a2 — log(*)a)

(2.64)
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is constructed to precisely cancel the divergent terms in S,,. The representation
(2.64) makes the degree of divergence in each term manifest. But the use of €
in defining S, suggests a stronger dependence on the choice of defining function
Q) (and thus, on the choice of conformal frame) than is actually the case. To
understand the true dependence, we should use the Fefferman-Graham expansion
to instead express S directly in terms of the (divergent) metric h induced on OM
by the unrescaled bulk metric g as was done in [104]. Dimensional analysis and
the fact that each a(,) involves precisely 2n derivatives shows that this removes
all explicit dependence on € save for the logarithmic term in even d. In particular,

formally taking € to zero we may write

l 2(d—1) R e log(e?)aa)
= [ |- Lo eosleaa ) g 65
S =90 | H{ 2 =2 " 2 (2.65)

where the R, (Ricci scalar of h) term only appears for d > 3 and the dots represent
additional terms that appear only for d > 5.

In general, the coefficients in (2.65) differ from those in (2.60) due to sub-
leading divergences in a given term in (2.65) contributing to the coefficients of
seemingly lower-order terms in (2.60). But the logarithmic term has precisely the
same coefficient a(qg) in both (2.65) and (2.60). Since the logarithmic term in (2.21)

is multiplied by z¢, only the leading —Q(CZ;U |h| term in (2.65) could contribute

to any discrepancy. But the first variation of a determinant is a trace, and the

trace of the logarithmic coefficient f‘yi(;.i ) vanishes by (2.22).
Thus for d odd (where the log term vanishes) the renormalized action S, can

be expressed in a fully covariant form in terms of the physical metric g; all depen-
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dence on the defining function €2 (and so on the choice of conformal frame) has
disappeared. We therefore now drop the requirement that any Fefferman-Graham
gauge be imposed for odd d. But for even d, the appearance of log(€?) in (2.65)
indicates that Sy, does in fact depend on the choice of defining function €2 (and
thus on the choice of conformal frame). In analogy with quantum field theory, this
dependence is known as the conformal anomaly. By replacing e with € in (2.65),
we could again completely drop the requirement of Fefferman-Graham gauge in
favor of making explicit the above dependence on §2. However, an equivalent pro-
cedure is to require that the expansion (2.21) hold up through order 7% and to
replace € in (2.65) by the Fefferman-Graham coordinate z. We will follow this
latter approach (which is equivalent to imposing Fefferman-Graham gauge only
on the stated terms in the asymptotic expansion) as it is more common in the
literature.

We are finally ready to explore variations of Sie,. Since Sp., was constructed
by adding only boundary terms to the usual bulk action, we know that 0S5, must
be a pure boundary term on solutions. As before, we will discard boundary terms
in the far past and future of M and retain only the boundary term at dM. Since
OM is globally hyperbolic with compact Cauchy surfaces, performing integrations
by parts on M will yield boundary terms only in the far past and future of M.

Discarding these as well allows us to write

0Sren = SM 69, (2.66)

for some S*. But let us now return to Fefferman-Graham gauge and use it to
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expand 0g,, as in (2.21). Since Sye, is finite, §Sien must be finite as well. But the
leading term in dg,,, is of order 272, So the leading term in S, must be of order
2%, Tt follows that only these leading terms can contribute to (2.66). Since the

leading term in dg,, involves ch(o)

i » We may write

1 — i

for some finite so-called boundary stress tensor T}j‘zldy on OM. For odd d, the

fact that Sy, is invariant under arbitrary changes of conformal frame 575) ) =

(0)
ij

e 27~,.) immediately implies that the boundary stress tensor is traceless: Thnay :=
%(? T gldy = 0. In even dimensions, the trace is determined by the conformal
anomaly of Sy, (i.e., by the logarithmic term in either (2.60) or (2.65)) and
one finds Tyngy = —Edila(d) /k. This result may also be derived by considering the
radial version of the Hamiltonian constraint from Chapter 17 of [72] and evaluating
this constraint at OM.

Comparing with section 2.3.1, it is clear that we may write
Tyl gy = lim (_) (7 + 1), (2.68)

where again 7,; = k™ (K;; — Kh;;) and the new term 7. comes from varying Se.

In Fefferman-Graham gauge one finds by explicit calculation that for d odd

. aet=t i
T .

iy = 5 (2.69)

For d even there are extra contributions associated with the conformal anomaly,
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which are thus all determined by v(?); e.g. (see [96])

ford=2: Ty, =— (7(2) T RHO J) (2.70)
K
o 203 ij 1 kl ij
ford=4: Tbildy =— {7(4) 7 _ S <(7(2))2 — 4@ %i?) oo ’
1 (oyik i1 iJ B _(a)id
—5’7(2) ’7(2)k] + 17(2)’7(2) o 5’7(4) j} , (271

where 72, 54 are given by (2.19), (2.23), (2.24). In all cases, we see that we may

use 7(«0)

; ,Tg{ldy to parametrize the free data in the Fefferman-Graham expansion.

The reader should note that the particular value of Té{ldy on a given solution
depends on the choice of a representative v(*) and thus on the choice of conformal
frame. For d odd this dependence is a simple scaling, though it is more complicated
for d even.

But this does not diminish the utility of T,ifldy. For example, we see immedi-
ately from (2.67) that S, defines a good variational principle whenever i) 4 is
fixed as a boundary condition or ii) d is odd, so that Téfldy is traceless, and we fix
only the conformal class of v(©.

We close this section with some brief comments on other possible boundary
conditions. We see from (2.67) that S, is also a good variational principle if
we fix Té{ldy = 0. As in section 2.3.2, one may obtain variational principles for
more complicated boundary conditions by adding further finite boundary terms to
(2.65); see [105] for details. However, just as for scalar fields with v > 1, boundary
conditions that allow 7(®) to vary generally lead to ghosts [89] (with the exception

that, for d odd no ghosts arise from allowing 7(®) to vary by a conformal factor).

For this reason we consider below only boundary conditions that fix (9, or at
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least its conformal class for d odd.

2.3.4 Conserved Charges for A1AdS gravity

We are now ready to apply the Brown-York-type procedure discussed in section
2.3.1 to construct conserved charges for AIAdS gravity. The key step is again an
argument analogous to (2.52) to show conservation of Téfldy on OM. We give the
derivation here in full to highlight various subtleties of the AdS case. We also
generalize the result slightly by coupling the AIAdS gravity theory of section 2.3.3
to the scalar theory of section 2.3.2. For definiteness we assume that the boundary
conditions fix both v and ¢® (up to conformal transformations (%.(]Q B IC N
(6_2U7§?),6A’0¢(0))) for odd d, where the transformation of ¢(® is dictated by
(2.42) and we take v non-integer so that no log terms arise from the scalar field.
However, the more general case is quite similar [88, 105].

We thus consider the action Sigtal = Sren + S4. The reader should be aware
that, because the counterterms in Sy explicitly depend on the boundary metric

~© this coupling to matter will change certain formulae in section 2.3.3. In

particular, if we now make the natural definition

ij 2 5Stotal

T gy = —F—— ,
bndy /] O)] 5'71‘(3(‘))

(2.72)

varying the action under a boundary conformal transformation leads to the more

general condition

(1q
Tbndy - A,(bbndy(b((]) = - < (d), (273)

which reduces to the trace constraint of section 2.3.3 only for ®pn4, = 0, q§(0) =0,
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or A_ = 0. Recall that ®y,qy is given by (2.58).
The coupling to S, similarly modifies the divergence condition (2.52) of section

2.3.1. Using the definition (2.72), we find

1
O Ssotal = / \/ 7@ (§Tb{1dy6fy§f’+q>bndy5¢<0>). (2.74)
oM

Let us consider the particular variation associated with a bulk diffeomorphism &.
It is sufficient here to consider bulk diffeomorphisms compatible with whatever
defining function © we have used to write (2.74); i.e., for which £, = 0. As
described in section 2.2.5, other diffeomorphisms differ only in that they also
induce a change of conformal frame. Since we already extracted the information
about Téfldy (and in particular, about its trace) that can be obtained by changing
conformal frame in section 2.3.3, we lose nothing by restricting here to vector
fields with £ = 0.

As described in section 2.2.5, we then find §y(® = OEé'y(O), 50 = ££gz5(0),
where f is the vector field induced by £ on M. Thus (2.74) reads

o 08
0¢Sren = 0 = / \/ 7O (T”Dig- + ﬂ£¢(0)>
‘ onr T a0
= _/ |V(O)|€j (Dz‘Tij - ‘I)bndyqub(o)) , (2.75)
oM
where D; is again the covariant derivative on M compatible with with (), all
indices are raised and lowered with 7%, and we have dropped the usual surface

terms in the far past and future of M. Recalling that all fz can arise from bulk

vector fields £ compatible with any given €2, we see that (2.75) must hold for any
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~

&;. Thus,
DT 4, = Prnay DI 0; (2.76)

ie., Tgfldy is conserved on OM up to terms that may be interpreted as scalar
sources. These sources are analogous to sources for the stress tensor of, say, a
scalar field on a fixed spacetime background when the scalar field is also coupled
to some background potential. Here the role of the background potential is played
by ¢©, which we have fixed as a boundary condition. As in section 2.3.1, the
divergence condition (2.76) may also be derived from the radial version of the
diffeomorphism constraint from Chapter 17 of [72] evaluated on M. For ¢(*) =0
and d odd one immediately arrives at (2.20) using (2.76) and (2.69).

We wish to use (2.76) to derive conservation laws for asymptotic symmetries.
Here it is natural to say that a diffeomorphism & of M is an asymptotic symmetry
if the there is some conformal frame in which the induced vector field € on 9M is i)
a Killing field of (%) and ii) a solution of £ égzﬁ(o) = 0. Due to the transformations of
79, $© under boundary conformal transformations, this is completely equivalent
to first choosing an arbitrary conformal frame and then requiring

£y =207, £:00 = A o, (2.77)

1,

. z. 11 (0) . 1 Ai o
The first requirement says that £ is a conformal Killing field of ~;;” with 3D, =
—o and the second says that it acts on ¢(® like the corresponding infinitesimal
conformal transformation.

For even d, we must also preserve the boundary condition that () be fixed
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(even including the conformal factor) and the requirement of section 2.3.3 that
Fefferman-Graham gauge hold to the first few orders in the asymptotic expansion.
An analysis similar to that of section 2.2.5 then shows that we must have £* =
gDiéi to leading order near M. In particular, for D;&' # 0 an asymptotic
symmetry ¢ must be non-compatible with € is just the right way to leave
invariant.

As a side comment, we mention that the trivial asymptotic symmetries (the
pure gauge transformations) are just those with é = 0. This means that they act
trivially on both T3, and ®puay of section 2.3.2, so that both both 737, and
the ®y,qy are gauge invariant. This conclusion is obvious in retrospect as these
response functions are functional derivatives of the action with respect to the

boundary conditions 7@ and ¢, Since both the action and any boundary con-

7
ditions are gauge invariant by definition, so too must be the functional derivatives
Tkl)idy and CI)bndy-

Returning to our construction of charges, note that for any asymptotic sym-

metries as above we may compute

. ﬁd_la d
Di(Tyh4y&5) = —0(Tonay — A Prnayd”) = 0 - . (2.78)

where in the final step we have used (2.73).

In analogy with section 2.3.1, we now consider the charges

Qle] = — /C VAT, &, (2.79)

where C' is a Cauchy surface of M, /q is the volume element induced on C' by
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7© and n' is the unit future pointing normal to C' with respect to 4. It follows
from (2.78) that these charges can depend on C' only through a term built from
the conformal anomaly aqg).

It is now straightforward to construct a modified charge Q[¢] which is com-
pletely independent of C'. The essential point here is to recall that a( depends
only on the boundary metric (%), Since we have fixed 7(*) as a boundary condi-
tion, the dependence on C'is the same for any two allowed solutions. Thus on a

given solution s we need only define

Q[E](s) = Q[E](s) — QLE] (o), (2.80)

where sq is an arbitrary reference solution satisfying the same boundary condition
and which we use to set the zero-point. The construction (2.80) is sufficiently
trivial that one often refers to Q[¢] itself as being conserved.

Our construction of the charges Q[¢], Q[S] depended on the choice of some
conformal frame. But it is easy to see that the charges are in fact independent
of this choice for d odd. In that case, the factors /g, n;, and Téﬂdy all simply
scale under a boundary conformal transformation and dimensional analysis shows
that the combination (2.79) is invariant. For even d there are additional terms in
the transformation of Téfldy. But as usual these depend only on 79 so that they
cancel between the two terms in (2.80). Thus even in this case for fixed sy the

charges (2.80) are independent of the conformal frame.

To make the above procedure seem more concrete, we now quickly state results
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for the AdS; and AdS, Schwarzschild solutions

2c,GM  p? dp?
ds? = — (1 — + ) dr? + + p?d, ., 2.81
=2 /2 1_ zz(é(jé\/[ T 5—5 Paii(g—2) ( )
where c3 = 1 and ¢4 = %. The boundary stress tensor may be calculated by

converting to Fefferman-Graham coordinates, say for the conformal frame defined
by © = p~!. (Note that the Fefferman-Graham radial coordinate 2 will agree with

p only at leading order.) One then finds the energy

M, d=3
—o.] = 2.82
e T 2582
332G 7
where we remind the reader that energies £ = —Q|[0,] = Q[—0,] are convention-

ally defined in this way with an extra minus sign to make them positive. We see
that for d = 3 we recover the expected result for the energy of the spacetime. For
d = 4 we also recover the expected energy up to a perhaps unfamiliar choice of

zero-point which we will discuss further in section 2.4.4.

2.3.5 Positivity of the energy in AIAdS gravity

Thus far we have treated all charges Q[¢] on an equal footing. But when f is
everywhere timelike and future-directed on OM, it is natural to call £ = Q[—¢]
an energy and to wonder if E is bounded below. Such a result was established in
chapter 20 for the ADM energy of asymptotically flat spacetimes, and the Wit-

ten spinor methods [106, 107] discussed there generalize readily to asymptotically
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AdS (AAdS) spacetimes so long as the matter fields satisfy the dominant energy
condition and decay sufficiently quickly at OM [108]. In particular, this decay
condition is satisfied for the scalar field of section 2.3.2 with m? > m%,, when ¢(®
is fixed as a boundary condition. Extensions to more general scalar boundary con-
ditions can be found in [109-113]. Here the details of the boundary conditions are
important, as boundary conditions for which the W of (2.59) diverges sufficiently
strongly in the negative direction tend to make any energy unbounded below (see
e.g. [114] for examples). This is to be expected from the fact that, as discussed
in section 2.3.2, this W represents an addition to the Lagrangian and thus to any
Hamiltonian, even if only as a boundary term. As for A = 0, the above AAdS
arguments were inspired by earlier arguments based on quantum supergravity (see
[115, 116] for the asymptotically flat case and [83] for the AAdS case).

The above paragraph discussed only AAdS spacetimes. While the techniques
described there can also be generalized to many AIAdS settings, it is not possible
to proceed in this way for truly general choices of M and M. The issue is that
the methods of [106, 107] require one to find a spinor field satisfying a Dirac-
type equation subject to certain boundary conditions. But for some M,0M one
can show that no solution exists. In particular, this obstruction arises when
OM = S x R*! and the S! is contractible in M [117].

The same obstruction also arises with zero cosmological constant in the context
of Kaluza-Klein theories (where the boundary conditions may again involve an S?
that is contractible in the bulk). In that case, the existence of so-called bubbles
of nothing demonstrates that the energy is in fact unbounded below and that

the system is unstable even in vacuum [118, 119]. But what is interesting about
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the AIAdS context with M = S' x R4 is that there are good reasons [117]
to believe that the energy is in fact bounded below — even if there are there
are some solutions with energy lower than what one might call empty AdS with
OM = S* x R (by which we mean the quotient of the Poincaré patch under
some translation of the z*). Perhaps the strongest such argument (which we will
not explain here) comes from AdS/CFT. But another is that [120] identified a
candidate lowest-energy solution (called the AdS soliton) which was shown [117]
to at least locally minimize the energy. Proving that the AdS soliton is the true
minimum of the energy, or falsifying the conjecture, remains an interesting open

problem whose solution appears to require new techniques.

2.4 Relation to Hamiltonian Charges

We have shown that the charges (2.80) are conserved and motivated their
definition in analogy with familiar constructions for field theory in a fixed curved
spacetime. But it is natural to ask whether the charges (2.80) in fact agree
with more familiar Hamiltonian definitions of asymptotic charges constructed, say,
using the AdS generalization of the Hamiltonian approach described in Chapter 17
of [72]. Denoting these latter charges H[¢], the short answer is that they agree so
long as we choose sg in (2.80) to satisfy H[£](so) = 0; i.e., they agree so long as we
choose the same (in principle arbitrary) zero-point for each notion of charge. We
may equivalently say that the difference Q[¢] — H[{] is the same for all solutions
in our phase space, though for conformal charges it may depend on the choice of

Cauchy surface C for M. As above, for simplicity we take M to be globally

63



A Review of Asymptotically (Locally) AdS Spacetimes Chapter 2

hyperbolic with compact Cauchy surfaces.

This result may be found by direct computation (see [121] for simple cases).
But a more elegant, more general, and more enlightening argument can be given
[88] using a covariant version of the Poisson bracket known as the Peierls bracket
[122]. The essence of the argument is to show that Q[¢] generates the canonical
transformations associated with the diffeomorphisms &. This specifies all Poisson
brackets of Q[] to be those of H[{]. Thus Q[¢] — H[{] must be a c-number in the
sense that all Poisson brackets vanish. But this means that it is constant over the
phase space.

After pausing to introduce the Peierls bracket, we sketch this argument below
following [88]. As in section 2.3.4, we suppose for simplicity that the only bulk
fields are the metric and a single scalar field with non-integer v and we impose
boundary conditions that fix both 'yg») ) and »©. However, the argument for general
bulk fields is quite similar [88]. While this material represents a certain aside
from our main discussion, it will provide insight into the algebraic properties of
conserved charges, the stress tensor itself, and a more general notion of so-called

boundary observables that we will shortly discuss.

2.4.1 The Peierls bracket

The Peierls bracket is a Lie bracket operation that acts on gauge-invariant
functions on the space of solutions S of some theory. As shown in the original
work [122], this operation is equivalent to the Poisson bracket under the natural
identification of the phase space with the space of solutions. However, the Peierls

bracket is manifestly spacetime covariant. In particular, one may directly define
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the Peierls bracket between any two quantities A and B located anywhere in
spacetime, whether or not they may be thought of as lying on the same Cauchy
surface. In fact, both A and B can be highly non-local, extending over large
regions of space and time. These features make the Peierls bracket ideal for
studying the boundary stress-tensor, which is well-defined on the space of solutions
but is not a local function in the bulk spacetime.

To begin, consider two functions A and B on S, which are in fact defined as
functions on a larger space H, which we call the space of histories. This space
‘H is the one on which the action is defined; i.e., the solution space S consists of
those histories in H on which the action S is stationary. One may show that the
Peierls bracket on & depends only on A, B on § and not on their extensions to H.

The Peierls bracket is defined by considering the effect on one gauge invariant
function (say, B) when the action is deformed by a term proportional to another
such function (A). One defines the advanced (D} B) and retarded (D B) effects
of A on B by comparing the original system with a new system given by the
action S, = S + €A, but associated with the same space of histories H. Here € is
a real parameter which will soon be taken to be infinitesimal, and the new action
is associated with a new space S, of deformed solutions.

Under retarded (advanced) boundary conditions for which the solutions s €
S and s, € S, coincide in the past (future) of the support of A, the quantity
By = B(s) computed using the undeformed solution s will in general differ from
B = B(s.) computed using s, and retarded (—) or advanced (+) boundary

conditions (see Fig. 2.4). For small epsilon, the difference between these quantities
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Figure 2.4: An illustration of the definition of B_. A source term J = €4 is
added to the action and the gauge invariant function B is calculated for the
deformed solution s, subject to the boundary conditions that s and s, coincide
in the far past. Dashed lines indicate the boundary of the causal future of J.
Only functions B which have support in this region can have B(s¢) # B(s).
For visual clarity we have chosen our gauge invariant function A and B to have
compact support though this is not required.

defines the retarded (advanced) effect D B (D} B) of A on B through:

1
D3B =lim - (B — B,), (2.83)

e—0 €

which is a function of the unperturbed solution s. Similarly, one defines D3 A
by reversing the roles of A and B above. Since A, B are gauge invariant, D5 A
is a well-defined (and again gauge-invariant) function on the space S of solutions
so long as both A and B are first-differentiable on #. This requirement may be
subtle if the spacetime supports of A and B extend into the far past and future,
but is straightforward for objects like Téfldy(x), Ppnay () that are well-localized in
time.

The Peierls bracket [122] is then defined to be the difference of the advanced
and retarded effects:

{A,B}=D%B— D,B. (2.84)
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As shown in [122], this operation agrees with the Poisson bracket (suitably
generalized to allow A, B at unequal times). This generalizes the familiar result
that the commutator function for a free scalar field is given by the difference
between the advanced and retarded Green’s functions. In fact, it is enlightening
to write the Peierls bracket more generally in terms of such Green’s functions. To
do so, let us briefly introduce the notation ¢’ for a complete set of bulk fields
(including the components of the bulk metric) and the associated advanced and

retarded Green’s functions G75(z,2'). Note that we have

B A
DiB = /da: dx/é—G}“J(x,x/)d— =

3P (z) 507 (')
, 6B ., 0A

where we have used the identity G}, (x,2’) = G;;(«, ). Thus, the Peierls bracket

may also be written in the manifestly antisymmetric form

{A,B} = DA — D;B = DB — D}A. (2.86)

The expressions (2.85) in terms of G7;(z,2') are also useful in order to verify that
the Peierls bracket defines a Lie-Poisson algebra. In particular, the derivation
property {A, BC'} = {A, B}C + {A, C} B follows immediately from the Leibnitz
rule for functional derivatives. The Jacobi identity also follows by a straightfor-
ward calculation, making use of the fact that functional derivatives of the action
commute (see e.g., [123, 124]). If one desires, one may use related Green’s func-

tion techniques to extend the Peierls bracket to a Lie algebra of gauge dependent
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quantities [125].

2.4.2 Main Argument

We wish to show that the charges @[] generate the appropriate asymptotic
symmetry for any asymptotic Killing field £. Since this is true by definition for
any Hamiltonian charge H|[], it will then follow that Q[¢] — H[¢] is constant over
the space of solutions §. We first address the case where ¢ is compatible with
), and then proceed to the more general case where é acts only as a conformal
Killing field on the boundary.

Showing that Q[¢] generates diffeomorphisms along ¢ amounts to proving a
certain version of Noether’s theorem. Recall that the proof of Noether’s theorem
involves examining the change in the action under a spacetime-dependent general-
ization of the desired symmetry. The structure of our argument below is similar,
where we consider both the action of a given asymptotic symmetry & and the
spacetime-dependent generalization f¢& defined by choosing an appropriate scalar
function f on M. It turns out to be useful to choose f on M (with restriction f

to OM) such that
e f =0 in the far past and f =1 in the far future.

. f = 0 to the past of some Cauchy surface Cy of M, and f = 1 to the future

of some Cauchy surface C of OM.

Suppose now that £ is an asymptotic symmetry compatible with 2. Then the
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bulk and boundary fields transform as

06 = Leh,  0gu = Legun 01y = £e1y =0, and 560 = £:60 =0,
(2.87)
The key step of the argument is to construct a new transformation A¢ on the
space of fields such that the associated first order change Af.S in the action
generates the asymptotic symmetry —¢. We will first show that the above property

turns out to hold for

Ape = (L£ye — L), (2.88)

and then verify that AseS = —Q[¢]. The form of AfeS is essentially that sug-
gested in [126] using Hamilton-Jacobi methods, so our argument will also connect
Q[¢] with [126].

An important property of (2.88) is that the changes As¢g,, and Ase¢ are
algebraic in ¢ and g,,; i.e., we need not take spacetime derivatives of g,,, ¢ to
compute the action of Ay.. Furthermore, Ay¢¢ and As¢g,, are both proportional
to V. f, and so vanish in both the far future and the far past. This guarantees that
Ay ¢S is a differentiable function on H. In particular, solutions to the equations
of motion resulting from the deformed action S + €AfS are indeed stationary
points of S+ €A ¢S under all variations which preserve the conditions and vanish
in the far future and past.

It is important to note that the quantity A;¢S is gauge-invariant when the
equations of motion hold. This is easy to see since by definition on S all variations
of S become pure boundary terms. Boundary terms in the far past and future

vanish due to the observations above, and since 72-(](-)), #) are fixed by boundary
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conditions the boundary terms on OM depend on the bulk fields only through the
gauge invariant quantities Té{ldy and ®pnqy. Thus, we may take the Peierls bracket
of Ay¢S with any other observable A.

We proceed by considering the modified action

§[¢7 g,ul/] = S[¢a gp,l/} + 6Af,§S[¢7 g;w] = Skb + 6Af,§¢7 9uv + EAf,Eg;w]) (289)

where the last equality holds to first order in € (and in fact defines Af¢S[¢, gu])-
Since S is just S with its argument shifted by eA 7., the stationary points s; of
S are precisely the oppositely-shifted versions of the stationary points s of S i.e.,
we may write s; = (1 — eAy¢)s for some s € S.

We should of course ask if s; satisfies the desired boundary conditions on
OM. Since ¢ is compatible with €2, the boundary fields shift in the same way as
their bulk counterparts; i.e., those of s; have been shifted by —eA, relative to
those of s. Since £ is an asymptotic symmetry, its action preserves the boundary
fields. Now, the reader will note that there is a non-trivial effect from the £y
term in Aye. But this term is a pure diffeomorphism, and since all boundary
terms are covariant on M the action S is invariant under all diffeomorphisms
compatible with € (i.e., which preserve the given conformal frame), even those

that act non-trivially on the boundary. So the history
so=(1+eLye)si = (1+efLe)s (2.90)

has

¢(0)|52 = ¢(0)|s: g,uu|52 = g;w|s, (2.91)
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and again solves the equations of motion that follow from S.

This observation allows a straightforward computation of the advanced and
retarded changes Dim A for any gauge invariant quantity A. We first consider
the retarded change evaluated on a solution s as above. We require a solution s_
of the perturbed equations of motion which agrees with s in the far past. Since
the infinitesimal transformation f.£, vanishes in the far past, we may set s_ = s
as defined (2.90) above; i.e. s; = (1 + ef£¢)s. Thus, the retarded effect on A is
just DKMSA = fL:A.

To compute the advanced effect, we must find a solution s of the perturbed
equations of motion which agrees with s in the far future. Consider the history
st = (1 —efe)s; = (14 (f —1)eLe)s. Since this differs from s by the action
of a symmetry compatible with €, it again solves the desired equations of motion
(to first order in €) and induces the required boundary fields (2.91). In addition,
st and s agree in the far future (where f = 1). Thus, we may use s to compute

the advanced change in any gauge invariant A:
DXMSA = (f —1)£:A. (2.92)
Finally, we arrive at the Peierls bracket
{AfeS, A} = DXMSA - ngSA = — LA (2.93)

As desired —A;¢S generates a diffeomorphism along the asymptotic symmetry £
as desired.

All that remains is to relate AseS to Q[¢]. But this is straightforward. Since
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f vanishes in the far past and future we have

05 05
f:£ M 5¢ f:£¢ (59‘[“/ f’gg:u‘

1
+35 / VYO T Areryy) + / VO @pnay Ared!”. (2.94)
oM oM

But the bulk term vanishes on solutions s € S, and from (2.87) we find A;¢¢®) =
(£ — fi’é)gzﬁ(o) = 0. So only the term containing Téfldy contributes to (2.94).

To compute the remaining term note that
ANperY = (£ = FLNY = 60,f + E0.f 2.95
fvffyij ( f& f g)%;j 52 ]f + g] zf- ( . )

Since (2.95) vanishes when f is constant, we may restrict the integral over M to

the region V' between Cj and ' and use the symmetry Téfldy = Tgfldy to obtain

AﬁgS: - / \/ |’7(0)|Tgi1dyflajf
1%
= [ vants = [ Voo @)

= —Qql¢]. (2.96)

Here we used the fact that f = 0 on Cj to drop contributions from C; and the
fact that that € is a Killing field of the boundary metric along with (2.78) to show
that the [, term in the second line vanishes.

Thus, —A ¢S agrees (on solutions) with the charge Q[¢] evaluated on the cut
(4. Since Q€] is conserved, this equality also holds on any other cut of OM.

Having already shown by eq. (2.93) that the variation A;¢S generates the action
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of the infinitesimal symmetry —¢ on observables, it follows that Q[¢] generates

the action of &:

{QE], A} = LA, (2.97)

as desired.

2.4.3 Asymptotic Symmetries not compatible with )

We now generalize the argument to asymptotic symmetries ¢ that are not
compatible with €2, so that f satisfies (2.77). The field content and boundary
conditions are the same as above. But the non-trivial action of £ on 2 means that

there are now are additional terms when a diffeomorphism acts on the boundary

fields ¢, %-(]Q ).

P 0 0 r 0
0,0 = £;:00 — A_fod ¥, 6,40 = £:90 4 2f0r . (2.98)

Combining (2.77) and (2.98) we see that d,, acts trivially on the boundary data
”yi(JQ ), ) as it must since asymptotic symmetries were defined to leave the bound-
ary conditions invariant. Thus the histories s* identified above (see, e.g., (2.90))
again satisfy the same boundary conditions as s.

In contrast to section 2.4.2 the operation £ now acts non-trivially on 2 and
thus on S. But since this is only through the conformal anomaly term a( in
(2.65), £¢S depends only on the boundary metric 79 and is otherwise constant

on H. So the equations of motion are unchanged and the histories s* again solve

the equations of motion for S.
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[t remains to repeat the analogue of the calculation (2.96). But here the only
change is that the fv term on the second line no longer vanishes. Instead, it
contributes a term proportional to a. Since this term is constant on the space
of solutions S, it has vanishing Peierls brackets and we again conclude that Q¢, [¢]
generates the asymptotic symmetry £. (This comment corrects a minor error in
[125].) And since Q¢[¢] depends on the Cauchy surface C' only through a term
that is constant on S, the same result holds for any C'. Thus, even when é is only
a conformal symmetry of the boundary, Q¢[¢] — H[] is constant over the space

S of solutions.

2.4.4 Charge algebras and central charges

We saw above that our charges Q[¢] generate the desired asymptotic symme-
tries via the Peierls bracket. This immediately implies what is often called the
representation theorem, that the algebra of the charges themselves matches that
of the associated symmetries up to possible so-called central extensions. This
point is really quite simple. Consider three vector field &1, &, &3 related via the

Lie bracket through {1, &} = &5. Now examine the Jacobi identity

{Q6]. {Ql&], A} +{Ql&] {A, QI +{AA{QI&] Q&I =0 (2.99)
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which must hold for any A. Since {Q[¢;], B} = £¢, B for any B, we may use (2.99)

to write

£§3A = £51 ("EEQA) - ££2 ("€§1A) = {{Q[£2]7 Q[fﬂ},A} (210())

But the left-hand-side is also {Q[&3], A}. So we conclude that {Q[&1], Q[&2]} gen-
erates the same transformation as Q[&;]. This means that they can differ only by
some K (&1, &) which is constant across the space of solutions (i.e., it is a so-called

c-number):

{Ql&], Ql&:)} = Q{&1, &} + K (&1, &) (2.101)

For some symmetry algebras one can show that any such K(;,&;) can be
removed by shifting the zero-points of the charges Q[£]. In such cases the K (;,&;)
are said to be trivial. Non-trivial K'(§;, ;) are classified by a cohomology problem
and are said to represent central extensions of the symmetry algebra.

It is easy to show that K (;,&;) may be set to zero in this way whenever there
is some solution (call it sg) which is invariant under all symmetries. The fact
that it is invariant means that {Q[&;], A}(s¢) = 0; i.e., the bracket vanishes when
evaluated on the particular solution sy for any &; and any A. So take A = Q[¢;],
and set the zero-points of the charges so that Q[¢](s¢) = 0. Evaluating (2.101) on
so then gives K (&;,&;)(so) = 0 for all £. But since K(&;,€;)(so) is constant over
the space of solutions this means that it vanishes identically.

For asymptotically flat spacetimes the asymptotic symmetries generate the
Poincaré group, which are just the exact symmetries of Minkowski space. Thus

one might expect the asymptotic symmetries of (d + 1)-dimensional AIAdS space-
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times to be (perhaps a subgroup of) SO(d,2) in agreement with the isometries of
AdS4y1 compatible with the boundary conditions on dM. Since (at least when
it is allowed by the boundary conditions) empty AdSy,; is a solution invariant
under all symmetries one might expect that the corresponding central extensions
are trivial.

This turns out to be true for d > 2. Indeed, any Killing field of AdS;y;
automatically satisfies our definition of an asymptotic symmetry (at least for
boundary conditions ¢(® = 0 and ”yi(JQ ) the metric on the Einstein static universe).
But for d = 2 there are additional asymptotic Killing fields that are not Killing
fields of empty AdSs;. This is because all d = 2 boundary metrics %(Q) take the
form ds?® = g,,dudv when written in terms of null coordinates, making manifest
that any vector field €% = f(u), €& = g(v) is a conformal Killing field of %(JQ ). This
leads to an infinite-dimensional asymptotic symmetry group, which is clearly much
larger than the group SO(2,2) of isometries of AdS;.

Thus as first noted in [86] there can be a non-trivial central extension for
d = 2. In this case, one can show that up to the above-mentioned zero-point shifts
all central extensions are parametrized by a single number ¢ called the central
charge. (When parity symmetry is broken, there can be separate left and right
central charges ¢y, cr.) Ref [86] calculated this central charge using Hamiltonian
methods, but we will follow [104] and work directly with the boundary stress
tensor.

Since the charges Q[¢] generate (bulk) diffeomorphisms along &, and since the
charges themselves are built from Téfldy, the entire effect is captured by computing

the action of a bulk diffeomorphism & on Tlquy- As noted in section 2.2.5, the
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action of ¢ on boundary quantities generally involves both a diffeomorphism é’
along the boundary and a change of conformal frame. And as we have seen, for
even d changes of conformal frame act non-trivially on Tgfldy. For g, = —1 a

direct calculation gives

C
Tbndy uu 7 Tbndy wu T (2Tbndy uuaué.u + éuauTbndy uu) - Eazfu

C
Tbndy vo 7 Tbndy VU + <2Tbndy v'uava + gvavandy 'Uv) - Eagéﬂ)? (2102>

where ¢ = 3¢/2G. The term in parenthesis is the tensorial part of the transforma-
tion while the final (so called anomalous) term is associated with the conformal
anomaly a2 = —(c/24m)R.

It is traditional to Fourier transform the above components of the stress tensor

to write the charge algebra as the (double) Virasoro algebra

i{ Ly L} = (1m0 — 0) Ly + 1—02m(m2 — 180, (2.103)
i{Loms Ln} = (1 — 1) Ly + %m(m2 — D)6 pino, (2.104)

where {L,, L,,} = 0 and

1 . - 1 ;
L,=—— wn vy wadw, Ly = —— N ondy vodv. 2.105
21 Ja ¢ brdy N 21 S ‘ by ! ( )

Here we have take OM = S! x R so that the dynamics requires both T, and T,,
to be periodic functions of their arguments. We have taken this period to be 27.
The anomalous transformation of T,ifldy leads to interesting zero-points for cer-

tain charges. Suppose for example we take Téidy to vanish for the Poincaré patch
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of empty AdS; in the conformal frame where the boundary metric is (uncompact-
ified) Minkowski space. Then since S* x R is (locally) conformal to Minkowski
space, we can use the conformal anomaly to calculate Té{ldy for empty AdS3 with
Einstein static universe boundary metric. One finds that the resulting energy does
not vanish. Instead, Egobal adgs, = —¢/12¢ = —1/8G so that E = 0 for the so-
called M = 0 Banados-Teitelboim-Zanelli (BTZ) black hole [127, 128]. The offset
in (2.82) arises from similarly setting 7; é{ldy = 0 for empty AdSs in the conformal

frame where the boundary metric is (uncompactified) Minkowski space.

2.5 The algebra of boundary observables and

the AdS/CFT correspondence

We have shown above how the boundary stress tensor can be used to construct
charges Q[¢] associated with any asymptotic symmetry £ of a theory of asymp-
totically locally anti-de Sitter spacetimes. The Q[¢] are conserved (perhaps, up to
c-number anomaly terms) and generate the asymptotic symmetry £ under the ac-
tion of the Peierls bracket (or equivalently, under the Poisson bracket). Therefore
the Q[¢] are equivalent to the Hamiltonian charges that we could derive using tech-
niques analogous to those described in Chapter 17 of [72] for asymptotically flat
spacetimes. Conversely, boundary stress tensor methods can also be applied in the
asymptotically flat context [129-131]. Readers interested in direct Hamiltonian
approaches to AdS charges should consult [84-86]; see also [83, 91, 92, 132-135]
for other covariant approaches.

We chose to use boundary stress tensor methods for two closely related reasons.
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The first is that, in addition to its role in constructing conserved charges, the
local boundary field Té{ldy turns out to contain useful information on its own. For
example, it plays a key role in the hydrodynamic description of large AdS black
holes known as the fluid/gravity correspondence [64] (which may be considered
a modern incarnation of the so-called membrane paradigm [136]). The extra
information in 7, éfldy appears at the AdS boundary OM due to the fact that all
multipole moments of a given field decay near M with the same power law;
namely, the one given by the (% term in the Fefferman-Graham expansion (2.21).
This is in striking contrast with the more familiar situation in asymptotically
flat spacetimes where the large r behavior is dominated by the monopole terms,
with sub-leading corrections from the dipole and higher order multipoles. Indeed,
while as noted above similar boundary stress tensor techniques can be employed
in asymptotically flat spacetimes, the asymptotically flat boundary stress tensor
contains far less information.

The second reason is that both Téfldy and ®pngy play fundamental roles in the
AdS/CFT correspondence [19] (see especially [20]). Any treatment of asymptotic
AdS charges would be remiss without at least mentioning this connection, and
we take the opportunity below to give a brief introduction to AdS/CFT from the
gravity side. This turns out to be straightforward using the machinery described
thus far. Indeed, the general framework requires no further input from either
string theory or conformal field theory and should be readily accessible to all
readers of this volume. As usual, we consider bulk gravity coupled to a single
bulk scalar and fix both ’yi(]o ) and #© as boundary conditions. We refer to ’yi(]o )

and ¢ as boundary sources below. More general boundary conditions may be
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thought of as being dual to CFTs with additional interactions [137] or coupled to
additional dynamical fields [105, 138, 139], though we will not go into the details
here.

The only new concept we require is that of the the algebra Ay,qy of boundary
observables, which is just the algebra generated by Téfldy and ®y,q, under the
Peierls bracket. Here we mean that we consider the smallest algebra containing
both Té{ldy and ®pnqy which is closed under finite flows; i.e., under the classical
analogue of the quantum operation eBe~. A key property of Apnay follows
from the fact that the bulk equations of motion are completely independent of
the choice of conformal frame 2. Thus, up to the usual conformal anomalies,
under any change of conformal frame the boundary observables transform only
by rescaling with a particular power of e~ known as the conformal dimension (d
for Téfldy, and Ay for ®y,,4y), with the boundary sources transforming similarly
with conformal weights zero for %(]Q ) and A_ for #®. (In defining the conformal
dimension it is conventional not to count the 42 powers of e~ associated with
the indices on Téfldy and %(J(-) ).) In this sense the theory of Ay,gy is invariant
(or, perhaps better, covariant) under all changes of boundary conformal frame.
Of course we have already shown that when the boundary observables admit a
conformal Killing field é , the corresponding transformation is generated by the
associated Q[¢] from (2.79). Now since the charges Q[{] are built from Téfldy and
®y,p,4y they also lie in the algebra Apng,. When f can be chosen to be everywhere
timelike, this immediately implies that Apuqy is also closed under time evolution.
This last property can also be shown much more generally; see e.g. [140].

We now extract one final property of the algebra Ay,qy. From the expression
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(2.85) in terms of Green’s functions, it is clear that the Peierls bracket {A, B}
of two observables vanishes on any solution s for which A, B are outside each
other’s light cones; i.e., when the regions on which A, B are supported cannot be
connected by any causal curve. Furthermore, as shown in [141] the null energy
condition implies that two boundary points x,y can be connected by a causal
curve through the bulk only when they can also be connected by a causal curve
lying entirely in the boundary. It follows that the algebra Ay,qy, satisfies the usual
definition of locality for a field theory on OM; namely that Peierls brackets vanish
outside the light cones defined by the boundary metric %-(JQ ),

Though we have so far worked entirely at the classical level, let us now assume
that all of the above properties persist in the quantum theory. We then have a
conformally covariant algebra of operators Apngy With closed dynamics, local com-
mutation relations on 9M, and a stress tensor Téfldy that generates all conformal
symmetries. In other words, we have a local conformal field theory on OM.

This is the most basic statement of the AdS/CFT correspondence. Any bulk
AlAdS quantum gravity theory in which the above classical properties continue to
hold defines a conformal field theory (CFT) through its algebra Ay,,4y of boundary
observables. Now, we should remark that the AdS/CFT correspondence as used in
string theory goes one step further. For certain specific bulk theories it identifies
the so-called dual CF'T as a particular known theory defined by its own Lagrangian
with a definite field content. For example, when the bulk is type IIB string theory
asymptotic to a certain AdSs; x S® solution, the corresponding CFT is just NV = 4
super-Yang-Mills. We will not go into further details here, though the interested

reader may consult various reviews such as [21-23].
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On the other hand, even without having a separate definition of the CFT,
the above observations already have dramatic implications for the bulk quantum
gravity theory. In particular, the statement that Ay,qgy is closed under time evolu-
tion runs completely counter to one’s usual intuition regarding field theory with a
boundary. We usually think that most of the dynamical degrees of freedom live in
the bulk spacetime, with perhaps only a small subset visible on the boundary at
any time. In particular, we expect any signal present on the boundary at time ¢,
to then propagate into the bulk and (at least for some time) to essentially disap-
pear from the algebra of boundary observables. Since Apyqy is closed under time
evolution, it is clear that this is simply not the case in our quantum gravity theory.
The difference arises precisely from the fact that the gravitational Hamiltonian
(and more generally any Q[]) is a pure boundary term. This property was called
boundary unitarity in [140]. See also [142] for further discussion of this point.

The reader should take care to separate boundary unitarity from the possible
claim that Ay,q, captures the complete set of bulk observables. The two ideas are
logically separate, as there can in principle be additional bulk observables Agper
so long as they do not mix dynamically with those in Ap,gy. One says that the
possible values of Agner define superselection sectors with respect to Apngy [143].
But any such additional observables are clearly very special. The requirement
that they not affect Ap,g, strongly suggests that at least semi-classically such
observables have to do only with properties of spacetime hidden from the boundary
behind both past and future horizons [144]. In particular, any degrees of freedom
that determine whether black holes are connected by (non-traversable) wormholes

seem likely to lie in Agiper- On the other hand, in perturbation theory about empty
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AdS (or even about solutions that are empty AdS in the far past) one may show

that Aoper is indeed empty [140].
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Part 1

Holographic Heat Flows
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Chapter 3

Flowing Funnels: the AdS3 Dual
of CFT> Hawking Radiation

3.1 Introduction

The study of field theories far from equilibrium is a classic problem of long-
standing interest. While much can be learned from perturbation theory, more
complete results are difficult to obtain. As is by now well known, gauge/gravity
duality can be a useful tool to study non-perturbative effects. There has thus
been significant interest in using this framework to study plasmas with strong
time dependence and the approach to thermalization (see e.g. [145-147] for re-
cent examples and further references), though it has mostly been used to study
the equilibrium properties of field theories, or perhaps small perturbations away
from equilibrium. Below, we use this duality to study heat transport far from

equilibrium in a strongly coupled large N CFT.
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We are interested in particular in the response of the field theory when coupled
to heat sources or sinks at finite locations. For the purposes of this section, we
consider a field theory in d spacetime dimensions. A convenient way to introduce
such sources is to place the CF'T on a background non-dynamical spacetime con-
taining black holes with surface gravity x, which have temperatures Tpy = k/27
due to the Hawking effect. The problem of heat transport then becomes one
of computing the expectation value of the stress tensor in the given background.
Note that, since gravity is not dynamical in this context, we can choose the metric
at will. In particular, we can include as many black holes as we like at locations
of our choosing, and we are free to assign their surface gravities as desired. One
then seeks states of the field theory which are smooth across all future horizons.
Stationary such states are analogues of the Unruh vacuum [148] for black holes in
asymptotically flat spacetimes.

Gauge/gravity duality for large N field theories [19] has been used to study
related settings in [57-60, 149-165]. Though this exploration involved certain
tensions and subtleties, the picture that emerged in [57] (building on [160]) is one
with two important phases for each black hole. In the so-called “funnel phase”
a given black hole exchanges heat with distant regions much as in a free theory
with a similar number of fields. One may say that grey body factors are O(1)
even at large N. But in the contrasting “droplet phase” there is no conduction of
heat between a given black hole and the region far away at leading order in large
N. In effect, all grey body factors associated with the black hole vanish at this

order.! While we save a more complete review for section 3.2, we mention that the

ITo be more precise, the grey body factors are non-zero only for a number of degrees of
freedom that scales like N = 1.
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terms “droplet” and “funnel” refer to the shape of the bulk horizon in the dual
gravitational theory; see especially figure 3.1. Additional phases are also possible
that conduct heat between subsets of nearby black holes but not to infinity; these
are of less concern below. We also mention that 1+1 CFTs (and their 2+1 AdS
duals) are a special case in which only the funnel phase is allowed.

The above works have focussed on cases without heat flow; i.e., either droplets
(in which heat does not flow at leading order) or on equilibrium funnels. But
heat transport is an interesting phenomenon and, moreover, at least for d > 3
the corresponding solutions of the dual AdS,,, gravitational theory are expected
to have novel properties. For example, time-independent such solutions should
be black holes which (in some sense) have a temperature that varies along the
horizon. But there is no generally accepted definition of horizon temperature
which allows the temperature to vary?. Indeed, the fact that any definition of
temperature should vary implies that the horizon is not a Killing horizon, which
is already a novel property for a stationary solution. There is also an interesting
question of whether such black holes should have a regular past horizon. On the
one hand, from the field theory point of view, the CFT stress tensor must diverge
on the past horizon of the (now fixed and non-dynamical) black hole metric in
any state with both heat flow and time-translation symmetry. Ref. [57] thus
expected the past horizon of the dual bulk solutions to be singular in the presence
of (stationary) heat flow. But cases are known where similarly singular stress

tensors are described by smooth bulk solutions [168-170]. Perhaps this could be

2Except of course within the domain of the gradient expansion, as in the fluid-gravity corre-
spondence [64]; see also [166]. For proposals in more general contexts see e.g. [167] for a recent
paper and references. If flowing funnels could be constructed, it might be interesting to apply
these proposals and study the results.
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the case here as well.

This paper provides a first step in this direction by constructing examples of
such ‘flowing funnel’ solutions in AdSs, which are then dual to heat transport in a
141 CFT; i.e., for the case d = 2. The behavior of the stress tensor (and thus of
heat transport) in 141 CFT’s is fully determined by conformal invariance, and of
course the same is true of the AdS; description. This is therefore not an example
where one expects gauge/gravity duality to lead to significant new insights for the
field theory. In addition, a consequence of this conformal symmetry is that states
are characterized by two (left- and right-moving) temperatures T, Tg, both of
which are necessarily constant (independent of spatial position) in a stationary
solution. So this is also not a context where we will learn about bulk horizons
with non-constant temperature. Nevertheless, it gives a prime opportunity to see
how heat transport in the CF'T is encoded in the dual bulk solutions. We may also
hope that the explicit solutions given below will provide a useful starting point
for studying the higher-dimensional case.

We begin with a brief review of black funnels, black droplets, and their dual
field theory description in section 3.2. Section 3.3 then constructs flowing funnels
from rotating BTZ black holes. We close with some further discussion in section

3.4 and relegate details of the Fefferman-Graham coordinates to Appendix A.1.

3.2 A brief review of droplets and funnels

Studies of the above framework using gauge/gravity duality have led to both

surprising phenomena and significant controversy. The first such study appears
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to have been [149], which used the AdS, C-metric [171] to find a bulk solution
describing the dual CFT on an asymptotically flat black hole spacetime. The
surprise was that, at leading order in large N, the CFT stress tensor was completely
static and described no flow of heat from the (finite temperature) black hole
to infinity (where the state approached the vacuum). Indeed, the expectation
of finite heat flow was so strong that it motivated predictions [150, 151] (see
also [161, 163])) that black holes on Randall-Sundrum brane-worlds [172, 173]
could not be stationary even at the classical level®, in contradiction with the
natural intuition based on gravity in the bulk (see [174] for details). The difficulty
in finding such stationary solutions with black holes (see e.g. [152-159, 175])
made these arguments seem compelling for some time, though modern numerical
techniques have established that these solutions do in fact exist [164, 165]. As in
[149], although the field theory contributes a non-trivial stress tensor one finds no
transport of energy to infinity at leading order in N; i.e., at O(N?) for [164, 165].4
Indeed, from the bulk viewpoint, heat transport can occur only due to a quantum
process (bulk Hawking radiation) which is an effect of order N° = 1. See also
[162].

While intuition from weak coupling may make this tiny heat transport seem

surprising, Fitzpatrick, Randall and Wiseman [160] pointed out that similar phe-

3The brane in a Randall-Sundrum brane-world spacetime can be thought of as a boundary for
an asymptotically AdS spacetime which has been placed at finite distance and given a boundary
condition that makes the boundary metric dynamical. At least roughly speaking, this makes
the system dual to a field theory coupled to dynamical gravity. Hawking radiation in the dual
field theory would therefore cause the brane black hole to shrink. If this effect occurs at leading
order in large N, then it would be visible at the classical level from the bulk point of view.

4Here and below we will count powers of N as appropriate to a large N SU(N) Yang-Mills
theory. This in particular describes theories dual to bulk spacetimes asymptotic to AdSs x X
for compact 5-dimensional manifolds X.
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nomena are in fact well-known at strong coupling and large N. In particular, they
noted that confined phases of large N gauge theories have conductivities of order
1 and not of order N2. Though the above theories are not strictly confining, we
see that an effect of this magnitude would explain the results of [164, 165].

A somewhat more complete picture was constructed in [57] and explored fur-
ther in [58-60]. The basic approach of [57] was to i) explicitly add a thermal bath
at infinity, ii) follow the natural intuition for the bulk gravitating solutions, and
iii) translate the results into an explanation® of the effect in the gauge theory. The
rest of this section briefly summarizes the arguments of [57] with minor additions
and clarifications.

Let us take the gauge theory to be conformal, and to be deconfined at all
temperatures T > 0. We take the theory to live on some asymptotically flat
spacetime and imagine coupling the system to a large heat bath (at some tem-
perature T,) far from the black hole. It is clear that this heat bath should fill
the spacetime with a thermal plasma — at least far from the black hole where the
spacetime is nearly flat. In order to discuss the dual gravitational solution, it is
useful to introduce two coordinates: r, which parametrizes the distance from the
black hole in the gauge theory and z, chosen so that the gauge theory ‘lives’ on
the AdS boundary at z = 0 and which parametrizes the distance into the bulk.
To be concrete, at least near the boundary one might take these to be part of

a Fefferman-Graham type coordinate system® in which the bulk metric takes the

5Here we mean a self-consistent scenario for the behavior of the strongly-coupled large N
gauge theory. A full explanation would of course require the scenario to be derived from first
principles, but this remains an open problem.

5Though there is no a priori guarrantee that such coordinates are regular across the full bulk
horizon. See e.g. the discussion of 2+1 funnels in [57].
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Boundary ¢ Boundary -2|_R|.
"~ Throat U\
Black Funnel T Black Droplet
- 0
Shoulders (Deformed) Planar BH

(a) (b)

Figure 3.1: A sketch of the relevant solutions: (a): black funnel and (b): black
droplet above a deformed planar black hole. Both describe possible states of
dual field theories in contact with heat baths at temperature T, on spacetimes
containing black holes of horizon size R. The top line corresponds to the
boundary, with the dots denoting the horizon of the boundary black hole. The
shaded regions are those inside the bulk horizons.

form

dsi =277 (d2* + gijda’da?) (3.1)

with 7 being one of the boundary coordinates z' and ds? = g;;dz'dz’ being the
asymptotically-flat black hole spacetime (which we call the ‘boundary black hole’
or equivalently the ‘gauge theory black hole’) on which the gauge theory is to be
studied. One expects the thermal plasma to be described by a bulk horizon that
approximates that of the familiar planar Schwarzschild black hole at large . On
the other hand, one also expects the horizon of the boundary black hole to extend
into the bulk. There are then two natural classes of possible bulk solutions. If the
above two horizons connect to form a single smooth horizon, the solution is said to
describe a “black funnel.” If they are instead disconnected, the solution describes
a “black droplet, suspended above a (deformed) planar black hole.” These two

situations are sketched in figure 1.
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Taking the gauge theory black hole to have radius R, the product RT is scale
invariant. It is thus natural to expect the basic physics to depend crucially on
this product, with the precise details of the gauge theory black hole playing a
lesser role. In particular, since depth (z) is related to size (1) on the boundary, for
large RT,, one expects funnels to exist and to be thermodynamically dominant,
while droplets (above planar black holes) should dominate for small RT,,. See
[57] for a more detailed discussion. It is natural to expect that the two phases
are connected by a cone transition as occurs in similar settings [176-178] in which
dialing a parameter causes two horizons to meet and perhaps merge.”

As in [57], let us focus for now on the equilibrium context (where Tpy = T).
In the funnel case, disturbances of the bulk horizon near z = 0 (which describes
the region near that boundary black hole) can propagate along the bulk horizon
into the region near r = oo (which describes the thermal plasma). Although
any coherent oscillation is highly damped during this propagation, this merely
turns the energy of the oscillation into heat which will nevertheless flow along the
horizon. In contrast, disturbances of the droplet horizon in figure 3.1 (and the
heat they generate) cannot directly propagate to the planar black hole horizon.
Instead, they can only couple to the planar black hole horizon via bulk gravity.
Since in linear field theory we describe the coupling between asymptotic scattering
states and a black hole in terms of grey body factors, it is natural to say that for

the dual field theory the boundary black hole has tiny grey body factors (of order

"This scenario was proposed and explored in [176] for mergers of horizons with the same
temperature. It was shown in [178] that similar behavior can result even when the horizon
temperatures differ. We note that the AdS-Schwarzschild black string solution of [174] is such
a cone involving a planar black hole of zero temperature. Since there appears to be no nearby
stable solution, the full phase diagram is likely to be as complicated and interesting as that of
Kaluza-Klein black holes (see e.g. [179]).
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1/N? or smaller).

Of course, the situation is more complicated than this statement might seem
to imply as the dual field theory contains many degrees of freedom that interact
strongly. A more complete story would note that the O(N?) degrees of freedom
dual to bulk gravitational waves have more familiar O(1) grey body factors while
the grey body factors for the N? degrees of freedom that describe the rest of the
plasma near r = oo appear to vanish exactly to all orders in 1/N. It is natural
to suppose that these latter grey body factors are in fact exponentially small
due to tunneling through a potential barrier of height N or N2. Presumeably
this potential barrier is related to the need to change the ways in which flux
tubes connect in attempting to move a quasi-particle from a state in which it
is attached via flux tubes to the black hole into a plasma state. As noted in
[57], the plasma quasi-particles seem to have an effective size which is larger than
those of quasi-particles attached to the black hole. Thus one should be able to
describe the above potential barrier in terms of an effective potential for the size
of a quasi-particle. Again, this is merely a self-consistent interpretation of the
bulk gravitational physics. A complete microscopic understanding in terms of the
gauge theory remains to be found.

While it is useful to keep the above general context in mind, the discussion
degenerates somewhat in the case of 1+1 CFTs (dual to 2+1 AdS solutions). In
this context, there is no useful definition of the “size” of a horizon in the CFT.
Indeed, all horizons are analogous to planar horizons in higher dimensions and
may therefore be considered to have R = co. In particular, there cannot be any

effective potential associated with the size of a quasi-particle. As a result, only
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the black funnel phase is allowed.

As a final side comment, we mention that it should be possible to construct
an even more general set of droplet-phase solutions. First, note that even in a free
field theory, one may consider a thermal state on a black hole background with
T # Tgy. Although the correlation functions are then singular at the horizon, a
logical possibility is that that our large N CF'T in such a state may be described
by a smooth bulk gravitational dual which merely fails to be asymptotically AdS
in the usual sense at the horizon of the boundary black hole. This was the case
in [169, 170], which studied an analogous setting involving de Sitter horizons and
found that the field theory temperature T' corresponded to the temperature of a
smooth bulk horizon that attached to the boundary black hole; i.e., T' = Tyux By #
Tinay Br- The results of [169, 170] thus suggest that general droplet solutions are
labeled by three temperatures: Tinay BH; Thulk droplet, and Ti.. In particular, in
contrast to the identification in [164], even for Tpy # 0 the Boulware (ground)

state should be described by a smooth bulk solution having only extreme horizons

(Tbulk droplet — Too = O)

3.3 Flowing funnels from BTZ black holes

We now turn to the problem of constructing AdSs spacetimes which exhibit
heat flow in a stationary state. Our particular interest concerns bulk solutions
dual to a 1+1 CFT on a black hole background. We refer to such AdS; solutions
as 2+1 ‘flowing funnels.’

Note that in 141 dimensions a given static region of spacetime can be attached
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to no more than two black holes — one on the left, and one on the right. We
begin with spacetimes that contain only one black hole (say, on the left) and
which approach the Minkowski metric in inertial coordinates on the right; see
figure 3.2. Adding the second black hole will be straightforward once this case is

under control.

(b)

Figure 3.2: Conformal diagrams showing the two types of 1 4+ 1 background
spacetimes for our CFTs. (a): A single black hole on the left with an asymp-
totically flat region on the right. (b): Two black holes.

In fact, let us first consider the case of no black holes at all. Recall that the
stress tensor of stationary CF'T states on 1+1 Minkowski space is fully character-

ized by its right-moving and left-moving temperatures T, T7:

a

dstpp = —dudv, TG Tdz da® = w% (T2du? + T2dv?) | (3.2)

where we have introduced null coordinates u =t —x,v = t+x , and ¢ is the central
charge of the CF'T. The system may also be characterized by a temperature T' =
2(T;'+T7")~! and a chemical potential for momentum p = ¢(Tr—T%)/(Tr+1T%).
Although 1+1 CFTs are not well-described by perfect fluids, one may nevertheless

think of the system as being ‘at rest” when 7, = Tk, as there is then no net
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transport of energy. Boosting to a more general frame, it is natural to define the
‘velocity’ of the system to be U%0, = \/ﬁ (TROy + T1O,).

As is well-known, the bulk spacetimes dual to such flowing thermal states are
just AdS3 in BTZ coordinates [127, 128]; i.e., they are BTZ black holes with the
‘angle’ unwrapped so that it runs over (—oo, 0o) instead of over S!. In the present
context, it is natural to give the would-be BTZ angle the name x and units of

length. The bulk metric then takes the form

2 2\ ( 2 2 22 2
s =~ ngg = S p?f)pr =% " <d$ - p+pp dt) ’
(3.3)
where ¢ is the usual AdS scale and the temperatures are T = (p4 + p-)/27l
and Ty, = (ps — p-)/2ml. We take p. > 0 so that the sign of p_ determines
the sign of the BTZ angular momentum J. In (3.3), we have called the usual
BT7Z radial coordinate p in order to reserve r for a radial coordinate along the
boundary. The boundary stress tensor [103, 104] of (3.3) is (3.2) with ¢ = 3¢/2G,
where G is the bulk gravitational constant.
Now, a general static 1+1 spacetime may be written as ds* = Q%(z) (—dt? + dx?),
and so may be generated from Minkowski space via an appropriate conformal
rescaling. In particular, we obtain a black hole of temperature Tynay sy = k/27

by taking 2 — 1 as © — 400 and {2 ~ " as x* — —o0. Under such a conformal

rescaling, the CFT stress tensor transforms as [180]

1
Toy — Top + —— o VoViyo — V,oVyo + 59ab (Vo) — gu V0 (3.4)

96



Flowing Funnels: the AdSg Dual of CFTy Hawking Radiation Chapter 3

where ) = €. In particular, the stress tensor is unchanged at large positive z
(where V,o vanishes) while at large negative x eqn. (3.2) becomes

__C ) ok 2 L, 2 —2kw 2 L, 2
TCFT—WE|:€ (TR—HKL)dU +e (TL—H/€>dV:|+ (35)

in terms of the new affinely-parametrized null coordinates U,V (which satisfy
U=—rte ™4+ . and V =k 1™ 4 ... where +... represents terms that are
subleading as * — —o0). Note that the new stress tensor is regular on the future
horizon (u = co) precisely when we choose Tr = Thnay BH-

For this choice, one may interpret the CFT state as describing heat exchange
between a boundary black hole of temperature Tingy sz = T and a heat bath at
infinity (z = +00) with temperature 7. In particular, suppose that we instead
choose the background metric to be time dependent, and to evolve from 1+1
Minkowski space in the far past to the desired boundary black hole spacetime in
the far future. Then, by the usual arguments, when the CFT begins in an initial
thermal state of temperature 77, the late-time behavior of the CFT is described
by our solution above.®

Returning to the stationary case, let us remark on several features of our bulk

solution:

e The choice T;, = 0 is dual to the Unruh state of the CFT. In particular, the
Unruh state corresponds to an extreme horizon in the bulk whose proper-
ties are fixed by the temperature of the boundary black hole. In contrast,

note that the Boulware state is described by an ‘unwrapped’ M = 0 BTZ

8Recall that 77, is the temperature of the left-moving part of the CFT. Unfortunately, this
is naturally thought of as being sourced by a heat bath on the right (at x = +00).
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black hole with 77, = Tr = 0 # Tinay B, Which is just a Poincaré horizon
(independent of Thnay pr). As noted in section 3.2, this is a smooth bulk
spacetime with a singular boundary stress tensor. In this case, the singular

boundary stress tensor is due to a singular choice of conformal frame.

e By construction, on the boundary of our spacetime the stationary Killing
field 0, of BTZ agrees with the static Killing field of the boundary metric.
But BTZ has a second (commuting) Killing field 0,. While this is not
a Killing field of the boundary black hole, the fact that all 14+1 metrics
are conformally flat means that d, acts as a conformal Killing field on the
boundary. This is a peculiar feature of our AdSs; problem that will not
be reflected in higher dimensions. Indeed, in higher dimensions it is easy
to show that any conformal isometries of boundary metrics describing non-
extreme stationary spherically symmetric boundary black holes are in fact
boundary Killing fields, so that there can be no such ‘accidental’ Killing
fields in the bulk.”

e The bulk solution has a Killing horizon generated by x = 0, + ¢~ 110,.,, where
w="L0Tr—TL)/(Tg +T5) as above is related to the angular velocity of the
horizon via p = Qy¢. Thus we see that p characterizes the rate at which null
generators of the horizon pass from one Killing orbit to another. For p > 0
we may say that, in this sense, generators ‘move’ from the boundary down
into the bulk and toward positive x, while for u < 0 the ‘motion’ is toward

negative x and up toward the boundary. As was the case for 0, above, y is

9Extreme black holes can have such conformal isometries but do not by themselves lead to
heat flow.
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an accidental symmetry from the viewpoint of the boundary theory and will
have no analogue in higher dimensions; i.e., the black holes that describe

flowing funnels dual to d > 141 CFTs will not have Killing horizons.

e For T, = Tx our solution is precisely the static AdSs black funnel con-

structed in [57].

In many implementations of the AdS/CFT correspondence one may gain in-
sight into the CF'T state by displaying the bulk solution in Fefferman-Graham
coordinates. This seems to be less useful in the current context as these coordi-
nates are highly singular. We relegate the details of the coordinate transformations
and the resulting metrics to the appendix, though we briefly summarize the key
points below.

There are three natural sources of coordinate singularities in the Fefferman-
Graham coordinates associated with any boundary black hole: i) the past horizon
H~ of the boundary black hole, ii) null infinity .#* of the boundary spacetime (see
figure 3.2), and iii) the singularity of the boundary black hole. The singularity on
H~ is associated with the fact that, while we tuned parameters to make the CFT
stress tensor smooth across the future horizons, it generally remains singular on
H~. The problem at .#% is associated with the fact that these are finite locations

when AdS; is described in global coordinates!®.

In addition, the singularity of
the boundary black hole is clearly a singularity of the transformation between any

global coordinates and our Fefferman-Graham coordinates. Since the boundary

10 The particular global coordinates used in figures 3.3, 3.4, and 3.5 below are the dimensionless
7, R, 0 for which

2 462 1 2\2 2 2 2 2
ds? = ——(1+4 R®)2d7* + dR* + R%d6?| .

(1-R2?2| 4
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metric can be chosen at will (and need not satisfy any equations of motion) we
are free to place this singularity anywhere we like inside the boundary horizon.
But it is important to note that, when written in conformally flat form, the
conformal factor €2 of any boundary black hole metric necessarily has some singular
feature associated with the fact that e.g. future-directed null geodesics along &+
encounter the horizon H* only at infinite affine parameter while other left-moving

future-directed null geodesics encounter the horizon at finite affine parameter.

Figure 3.3: The relevant portion of the AdS3 boundary in global coordinates.
The dotted line indicates the singularity of the boundary metric (3.6); i.e., a
singularity in the conformal frame associated with (3.6). The boundary past
horizon H ™ is another such singularity. Since 6 has period 27, the point marked
“Image i°” represents the same event on the boundary of global AdS3 as does 7°.
Due to singularities in the change of conformal frame it nevertheless represents
a distinct point of the black hole boundary spacetime (3.6).

It is no surprise that the full singularities of the Fefferman-Graham coordinate
system extend into the bulk, connecting to the boundary at the above three lo-
cations. One might hope that the singularities remain localized at the the bulk
BTZ singularity and at the natural bulk null surfaces associated with (i) and (ii)
above. But that turns out not to be the case, and Fefferman-Graham coordinate

singularities extend outside the horizons of the BTZ black hole. The situation is
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summarized in figures 3.3, 3.5, and 3.4 below for the AdS3; spacetime dual to the

Unruh state of the CFT on the metric

————— dudv, (3.6)

dsZ pp = —tanh? kr dt* + dr® =
cFT 1 — k2uw

where k = 27TR is again the surface gravity of the boundary black hole. The
general case Ty, # 0 is similar. We draw the reader’s attention to the branch cut
in figures 3.5 and 3.4, which limits the utility of Fefferman-Graham coordinates to
a region surprisingly close to the boundary. We also include plots of the Fefferman-
Graham z vs. r along the future horizons for various values of 17, /Tg (see figure
3.6).

Finally, let us consider the addition of a 2nd black hole to the 141 CFT
spacetime. This may be accomplished by performing another conformal rescaling,
this time with  ~ e 2% at large positive x. It is natural to choose {2 so that
|0:|> = —1 at e.g. x = 0. This provides a preferred location with respect to which
to normalize notions of temperature and surface gravity. We also rename the
above k as Kk, to refer to the surface gravity of the left black hole. The resulting
family of solutions is labeled by four parameters (77, Tr, k1, kr), and the CET
stress tensor is smooth across both horizons if Tr = k1 /27 and T;, = kg/27.
Such states describe the asymptotic future of any CEFT state (with a smooth
stress tensor) on a spacetime which evolves from flat Minkowski space in the far
past to one containing our two black holes in the far future. The details are in

direct analogy to the case of a single black hole above.
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Figure 3.4: Left: Notable features of the bulk AdSs spacetime in Fefferman—
Graham (FG) coordinates u,v, z, (compactified to show their full range) for
our Unruh state solution (77, = 0,k = 2nTg) and boundary metric (3.6). Past
and future bulk horizons H*, boundary horizons H* and the various pieces
I*i%F of infinity for the boundary spacetime (see fig. 3.3) are shown. The
surfaces H . (at v = 0) and CS are FG coordinate singularities. The first

(Hs_ing) acts like part of the bulk past horizon from the FG point of view,
though its image in global coordinates coincides with that of i~. The second
(CS) is a closed surface from the FG point of view which begins and ends at
z = 0,uv = 1 (the singularity of the boundary black hole; dotted line in figure
3.3). Parts of the surfaces CS, H* are obscured, as is a third FG coordinate
singularity at x?uv = 1 (for all z). A line on the CS surface near its maximum
value of z is a set of branch points. The black grid on the left diagram marks
the image of an associated branch cut chosen so that the transformation to FG
coordinates is one-to-one in the region bounded by this cut, the CS surface,
and the plane z = 0. Right: The general structure and the relative locations
of CS, H* are made clear. These surfaces depend only on the product uv. CS
and H ' intersect along a single line. H* and %~ do not intersect in the bulk
but meet only at the singularity of the boundary black hole.
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Figure 3.5: Notable features of the bulk AdS3 spacetime in global coordinates
associated with the Unruh state (177, = 0,k = 27TR) and the boundary black
hole (3.6). The bulk past and future horizons H* are labeled, as are H*, .#*
and i%F describing the horizons and infinity of the boundary metric (see figure
3.3). In global coordinates, the surface Hing of figure 3.4 coincides with ™.
The lines labeled CS are uv = const. contours of the FG coordinate singularity
described by the CS surface of figure 3.4. In Fefferman-Graham coordinates,
the CS surface is closed and pinches off as it reaches the boundary singularity
at k>uv = 1. In global coordinates, this behavior gives rise to an open surface
with two edges: one edge is at the boundary singularity (seen above behind the
bulk horizon H*; this line is x?uv = 1 for all values of the FG z coordinate)
and .# . The other edge travels from i to i~ inside the bulk. The associated
branch cut shown as a black grid in figure 3.4 is not drawn, but would start
near this edge in the bulk and fold back to the right, passing above the CS
surface and terminating on .# ™ and .# . One should be aware that the part
of the CS surface above the branch cut (near the interior edge) has multiple
images in figure 3.3 and is a coordinate singularity only after one has passed
through the branch cut.
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Figure 3.6: The future horizon in Fefferman-Graham coordinates for

Tr/Tr = 2,1,1,0 and k = 27Tk (smooth future horizon). The case Ty, = Tg

describes the Hartle-Hawking state studied in [57]. The case T, = 0 describes
the Unruh case studied in detail in this paper. The horizontal axis plots sinh? kr
rather than just r in order to reach all the way to the boundary singularity
at sinh? kr = —1. The curve diverges at large r for Tr, = 0 but otherwise

asymptotes to kz = 21/Tr/Ty.

3.4 Discussion

We showed above how AdSs solutions dual to stationary CFTy states with
heat transport between black holes (or between one black hole and a heat bath
at infinity) can be constructed by ‘unwrapping’ the angular coordinate of BTZ
black holes and changing conformal frame at infinity. Thus the solutions may
also be described as pure AdS3 in an appropriate conformal frame. An interesting
point was that Unruh states of the CFT (living on a spacetime with a single
black hole) are dual to extreme horizons in the bulk. But perhaps the notable
feature of our solutions is just that they are everywhere smooth, despite the fact
that the boundary stress tensor is generally singular on the past horizon of the

boundary black hole. This smoothness is similar to the phenomenon seen in
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[169, 170] for CFTs on black hole spacetimes in which the CET was forced to have
a temperature different from the Hawking temperature of the boundary black hole
(Torr # Tondy BH)- See also [168].

In fact, ref. [169, 170] considered AdSy,; solutions for all d > 141 and found
smooth bulk solutions in all dimensions. But as we now discuss it is difficult to
see how this could be possible for higher dimensional flowing funnels. In the AdS;
case, the ‘accidental’ Killing fields discussed in section 3.3 meant that our solutions
had Killing horizons. As a result, the points along a given null generator were
related by a symmetry and nothing interesting can happen as one follows a null
generator into the distant past. But section 3.3 noted that there are no accidental
symmetries in the higher-dimensional case. Furthermore, as in our AdS; case,
the flow of heat should make the stationary Killing field 9; fail to be null on the

horizon!!.

Thus the generators will again move with respect to the stationary
Killing orbits.

To understand the implications, let us consider a flowing AdS;,; funnel with
SO(d — 1) rotational symmetry. Here it is useful to use the size r of the S92
spheres of symmetry as a coordinate along the horizon. Now, the twist w,, of
the horizon-generating vector field £* is an anti-symmetric tensor on the horizon
satisfying £%w,;, = 05 i.e., it effectively has components only in the r-direction and
in the angular direction. So by the SO(d — 1) symmetry w,, = 0 and the null

generators necessarily focus at finite affine parameter if the expansion or shear is

non-zero.

1At least near the boundary, one may think of this as due to the fact that non-zero tr
components of the boundary stress tensor force d; to be non-hypersurface-othogonal, and thus
to differ from the horizon-generating vector field.
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Note that the value of r will change as one moves along a null generator of the
horizon. This means that one of the eigenvalues of V(&) must be non-zero and
thus that the expansion and shear cannot both vanish. Since horizon generators
necessarily extend to infinite affine parameter toward their future, we conclude
that they focus at finite affine parameter in the past.

There are now two logical possibilities: 1) that this focusing represents a caus-
tic in a smooth spacetime, or 2) that it represents a spacetime singularity. While
we have not completely ruled out the first option, the 2nd seems much more natu-
ral. This is just the picture suggested originally in [57]. It remains an interesting

challenge to construct such higher-dimensional flowing funnel solutions.
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Chapter 4

Stationary AdS Black Holes with

non-Killing Horizons

4.1 Introduction

We focus here on the classic problem of heat transport far from equilibrium,
and away from the perturbative regime. If the system of interest is an appropriate
strongly coupled large N conformal field theory (CFT), we may use gauge/gravity
duality to exploit a perhaps-more-tractable description as a semi-classical bulk
gravitational system. We will consider the classical limit in cases where the bulk
description may be truncated to A < 0 Einstein-Hilbert gravity. Our work com-
plements perturbative computations of heat transport in this regime (e.g. [181]),
as well as non-perturbative studies of thermalization (see e.g. [145-147] for recent
examples and further references) and holographic shockwaves [182, 183].

Suppose in particular that we couple a CFT in d spacetime dimensions to
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heat sources or sinks of finite size and at finite locations. A convenient way
to introduce such sources is to place the CFT on a background non-dynamical
spacetime containing stationary black holes with surface gravity , which have
temperatures /27 due to the Hawking effect. As we review in section 4.2 below,
this problem may also be generalized so that the field theory temperature at the
black hole horizon differs from x/27. But since no information can flow outward
across the horizon, the choice of a black hole metric is nevertheless useful to
decouple our CFT from the details of the heat sources and sinks. The problem
of heat transport then becomes one of computing the expectation value of the
stress tensor in the given background with the stated boundary conditions. Since
the background spacetime is not dynamical, we can choose the metric at will.
In particular, we can include as many black holes as we like at locations of our
choosing, and we are free to assign their surface gravities as desired. Of course,
since we consider CF'T's, we may also conformally rescale the background metric to
reinterpret our heat sources/sinks as being infinitely large and located at infinite
distance; more will be said about this alternate interpretation in section 4.2 below.

Gauge/gravity duality for large N field theories [19] has been used to study
related settings in [57-61, 73, 149-165, 184]. In this context, the d-dimensional
black hole spacetime on which the CF'T lives becomes the conformal boundary of
a (D = d+1)-dimensional asymptotically locally anti-de Sitter (AIAdS) spacetime
and we henceforth refer to our heat sources and sinks as boundary black holes.
Though the above explorations in gauge/gravity duality involved certain tensions
and subtleties, the picture that emerged in [57] (building on [160]) is one with

two important phases for each boundary black hole, even when the CFT state
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is assumed to contain a deconfined plasma. See [73] for a condensed review. In
the so-called “funnel phase” a given boundary black hole is connected to distant
regions of the boundary by a bulk horizon along which heat may be said to flow
(say, if unequal temperatures are fixed at the two ends). But there is no such
connection in the contrasting “droplet phase.” Figure 4.1 depicts both phases for
a simple case in which the boundary spacetime is asymptotically flat. In the CF'T
description, the funnel phase allows a given boundary black hole to exchange heat
with distant regions much as in a free theory with a similar number of degrees of
freedom. One may say that grey body factors are O(1) even at large N. But in
the droplet phase there is no conduction of heat between a given black hole and
the region far away at leading order in large N. In effect, all grey body factors
associated with the black hole vanish at this order!, so that the black hole does not
couple efficiently to the surrounding plasma. Additional phases are also possible
that conduct heat between subsets of nearby black holes but not to infinity.
Until recently, both funnel and droplet solutions were largely conjectural. Ex-
plicit examples were known only in rather contrived settings or in low enough
dimensions that all properties were determined by conformal invariance. But nu-
merical methods were used to construct more natural droplets in [164] and more
natural funnels in [61]. An interesting detail is that the droplet solutions of [164]
contain deformed planar black holes (see figure 4.1) with vanishing temperature.
Constructing black droplet solutions that include finite-temperature (deformed)
planar black holes remains an open technical challenge, though perturbative ar-

guments give strong indications that they exist.

ITo be more precise, the grey body factors are non-zero only for a number of degrees of
freedom that scales like N = 1.
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Boundary Boundary

AN
Black Funnel Black Droplet

(Deformed) Planar BH

(a) (b)

Figure 4.1: A sketch of the relevant solutions: (a) a black funnel and (b)
a black droplet above a deformed planar black hole. For simplicity, we take
both solutions to asymptote in the horizontal direction to the so-called planar
AdS-Schwarzschild black hole. As a result, both describe possible states of a
CFT on an asymptotically flat black hole spacetime filled with a deconfined
plasma at constant temperature. In each figure, the top line corresponds to
the spacetime on which the CFT lives; i.e., to the conformal boundary of the
AlAdS bulk. The dots denote horizons of the boundary black holes. The
shading marks regions inside the bulk horizons.

The above funnel and droplet papers largely focussed on cases without heat
flow; i.e., either on droplets (in which heat does not flow in the approximation that
the bulk is classical) or on equilibrium funnels. The one exception was [73] which
showed that, by changing conformal frames, rotating BTZ black holes [127, 128]
in AdS3; can be re-interpreted as describing heat transport in 1+1 CFTs. Here the
standard left- and right-moving temperatures 17, Tk of the BTZ black hole cor-
respond directly to the temperatures of the left- and right-moving components of
the CFT. Due to the strong constraints of conformal symmetry in low dimensions
these components do not interact and the temperatures 17, T must be constants
if the heat flux is stationary. In addition, the flow of heat is necessarily isentropic
(having no local generation of entropy).

We refer to black funnels transporting heat as “flowing funnels.” Since none

of the above special properties should hold for d > 2 (D > 3), higher dimensional
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flowing funnels should be quite different than those found in [73]. For example,
a bulk horizon connecting two boundary black holes of different temperatures
should (at least in some rough sense) be describable as having a temperature that
varies along the horizon. But recall that there is no generally accepted definition of
horizon temperature which allows this temperature to vary?. Indeed, the fact that
any definition of temperature should vary implies that the horizon is not Killing,
which is already a novel property for a stationary black hole®. This suggests that
the horizon generators have positive expansion (though of course tending to zero
in the far future), so that they caustic at finite affine parameter in the past. It is
natural to expect this caustic to occur at a singular past horizon [57], and section
4.5 confirms this picture for our solutions.

We focus below on what we call D = 4 global flowing funnels, by which we
mean deformations of the global AdS, black string (also known as the Banados-
Teitelboim-Zanelli (BTZ) black string; see e.g. [188] where the solution was ob-
tained as a special case of the AdS C-metric). This reference solution may be
constructed by starting with global AdS, written in coordinates for which slices
of constant radial coordinate z are just AdS3. One then replaces each such AdSs
slice with a BTZ metric [127, 128] having the correct z-dependence and which we

chose to be nonrotating. The result is an AIAdS Einstein metric which may be

2Except of course within the domain of the gradient expansion, as in the fluid-gravity cor-
respondence [64]; see also [166]. For proposals in more general contexts see e.g. [167] for a
recent paper and references. Our solutions may therefore provide interesting testbeds for such
proposals.

3For compactly generated horizons, this behavior is forbidden by the rigidity theorems [185—
187]. But our bulk horizon is non-compact since it extends to the conformal boundary.
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written

b —f(r)dt* + ;l(—f) +r2de? + d2?| | (4.1)

with H(z) = l3cos(z/l3) and f(r) = (r* — r2)/¢3. The solution is sketched in

figure 4.2. Here the horizon of the BTZ string is at r = ry, the parameter /4 is
the AdSy length scale, and the AdS3 length scale /3 of the BTZ foliations may be
set to any desired value by rescaling z,r,79. The two boundary black holes (at
z/l3 = £7/2) have the same temperature, but we will seek deformations where
these temperatures differ and heat flows between the two boundary black holes.

The outline of the paper is as follows. Section 4.2 reviews how static black fun-
nels (i.e., without flow) may be generalized by adding a parameter & = Tynay Br/Zbulk BH
which allows the temperature of bulk and boundary horizons to differ. In the small
« limit, the analogous flowing funnels can be described in a derivative expansion;
i.e., using the fluid/gravity correspondence of [64]. This correspondence is briefly
reviewed and then applied to flowing funnels in section 4.3. Section 4.4 then ex-
plains how to formulate the construction of lowing funnels with any « in a manner
where one can proceed numerically. The results of such numerics are presented
in section 4.5 where they are compared to the fluid approximation of section 4.3.
As expected, we find excellent agreement for small «, though for our cases the
agreement remains good even for « close to 1. We close with some final discussion
in section 4.6.

Note: In the final stages of this work we learned of [189], which also addresses
the construction of AdS black holes with non-Killing horizons and may have some

overlap with our work.
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i

Figure 4.2: A sketch of a t = const. slice of the BTZ string (4.1). The two
pieces of the boundary at z/¢3 = +7/2 are conformal to two copies of the BTZ
black hole, sketched above as the two hemispheres of an S?. These boundary
black holes are joined at infinity (the dashed line around the equator of the
sphere), so that the boundary of the BTZ string can be thought of as a sphere
with a black hole at either pole. The bulk of the string is the interior of the
sphere, where the string stretches from one black hole to the other.

4.2 Detuning the bulk and boundary black hole
temperatures

As mentioned in the introduction, even without heat flow the black funnel
paradigm may be generalized by adding an extra parameter a = ?::Ty;‘ which
allows us to detune to the temperatures of the bulk and boundary black holes. In
terms of the dual field theory, taking o # 1 means that one considers a thermal
ensemble at some temperature Tricld Theory Which differs from the natural tem-
perature Tinqy g of the (say, static) boundary black hole spacetime on which
the field theory lives. One may think of the resulting state as defined by a Eu-
clidean path integral with period 1/TField Theory # 1/Tbndy B and thus having a

conical singularity at the horizon of the boundary black hole. What is interest-
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ing about this construction is that the gravitational dual can have a completely
smooth Euclidean AIAdS bulk, with the conical singularity of the boundary ge-
ometry resulting only from a failure of the standard AIAdS boundary conditions
at the singular boundary points [168-170]. Any smooth horizon then clearly has
temperature Thuik BH = TField Theory 7 Ibndy BH @8 determined by the Euclidean
period.

The prototypical detuned solution studied in [168-170] is just the general
hyperbolic (sometimes referred to as ‘topological’) black hole of [190-192], whose

metric in D = d + 1 bulk spacetime dimensions may be written

ds?,, = —F(r)dt*+ dr | 2gs Fr) = S el (4.2)
e F(r) v e (N o

Here 41 is the AdS length scale associated with the (D = d+1)-dimensional cos-
mological constant, d¥2_, = d¢?+sinh® £dQ?2 , is the metric on the unit Euclidean
hyperboloid, and r = ry is a smooth horizon of temperature

rel 2 d— (d—2)
47TT'0 .

Touk BH = (4.3)

Note that F(r) approaches r?/¢3,, at large r. Making an obvious choice of
boundary conformal frame, the boundary metric is just the hyperbolic cylinder

H x R with dsfj, g = —dt* + (3, ,d%,_1. But note that we may write

Aty — —di? 4 — P g (4.4)
. (1 - PQ/Z?JH)Q 1- PQ/EZH —

where p/lqi1 = tanh§. Multiplying the right-hand side by (1 — p?/€3, ) gives a
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metric on the static patch of the d-dimensional de Sitter space dS,; with Hubble
constant 6(;11. So by changing conformal frames in this way we may regard the
boundary of (4.2) as having de Sitter horizons with temperature 1/27¢4, 1. From
the perspective of an observer in the static patch, the de Sitter horizon acts just

like a black hole horizon with

1
27l .

Tindy BH = (4.5)

For general ry this temperature clearly differs from that of the bulk horizon. For
the case where they agree, the hyperbolic black hole metric (4.2) is just pure
AdS,4y1 in appropriate hyperbolic coordinates. We recall that even for the tuned
case a = 1 ref. [61] found the conformal frame (4.4) useful for constructing black
funnel solutions numerically.

Since the analysis of temperatures above involves only the horizons, it is clear
that detuned bulk and boundary horizons should exist much more generally. In-
deed, any static, spherically symmetric boundary metric with a pair of of smooth

horizons at p = £/,,1 may be written in the form

- dp® ~
dslzandy BH = (1 - P2/€3+1) (—F(p)dt2 +t=—+ Rz(ﬂ)d932> ) (4.6)
G(p)
where ﬁ, é, and l/ﬁ2 are smooth on some interval including p € =441, lg11], G
has a second order zero at each of p = 04,1, and 1/ R? vanishes at p = +04,1.
So after a conformal transformation (4.6) agrees with (4.4) to leading order in p

for each term and in this sense may be said to approach H x R at large p. The

115



Stationary AdS Black Holes with non-Killing Horizons Chapter 4

ansatz (4.6) can equivalently be written
dSpnay g = € “/F () (—dt® + da® + R*(2)dQ_,) , (4.7)

where z, is some reference length scale and F and e¥2*/0 R? are smooth functions
of eF28/0 gt F22/20 = (). In particular, up to the conformal factor ds?;,  takes this
form for xg = f441 and R? = (%, sinh*(z/441). In terms of (4.7) the boundary
black holes have temperatures

1 d
bndy BH __ . —2z/x0
17 o xgrinoo T In (e F(z)) . (4.8)

It is therefore sensible to choose any ry and seek a smooth bulk solution in
which each term approaches that of (4.2) to leading order in e~2[#l/70 at large
|z|; see section 4.4 for a more complete analysis of these boundary conditions.
Any static such solution will have a bulk horizon with temperature (4.3) and
can again be interpreted as being dual to a field theory state of this temperature
on a black hole background of temperature (4.5). In the next sections we will
seek further generalizations with different values of rq (which we then call r1) at
x = Foo. That is to say that for x — 400 the bulk solution will asymptote as
above to (4.2) with ro = 4, while for z — —o0 it will analogously approach (4.2)
with ro = r_. The bulk horizon may then be said to approach the temperatures

T given by (4.3) with ry replaced r».. We will also allow distinct temperatures

Tlimdy BH for the # = 400 boundary black holes and introduce the parameters
oy = TPV BT In fact, we will always take o = ar_.

Of course, we may also consider so-called ultrastatic conformal frames analo-
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gous to (4.4). Starting with (4.7) and multiplying by a conformal factor e?*/¥ / F(x),

one obtains the boundary metric

ds® = —dt* + da* + R*(x)dy_» (4.9)

for which 0, is a hypersurface-orthogonal Killing field of norm —1. In this frame,
the boundary spacetime has two asymptotic regions, each asymptotic to H x R
(say, with the same curvature scale {4,1). Furthermore, in the CFT description
each region contains an infinite reservoir of deconfined plasma. Such infinite reser-
voirs may act as heat baths, and indeed the boundary conditions imply that they

are in thermal equilibrium at temperature 7. in the limits + — 4o0.

4.3 The fluid limit

While a general treatment of black funnels remains challenging, it is by now
well known that the study of AdS black holes simplifies in the so-called hydrody-
namic limit of the fluid/gravity correspondence [64] in which all other parameters
vary slowly in comparison with the black hole temperature and the solution can
be described using a derivative expansion. For any fixed boundary metric, taking
the limit of large temperature (i.e., small a4 ) makes all metric derivatives small
in this sense. We may thus expect a good hydrodynamic description if in addition
we control temperature gradients by taking AT =T, — T small.

The key point in the analysis of [64] is that, having chosen a boundary confor-

(0)

mal frame with boundary metric g;;, every AlAdSg;; solution is associated with

a d-dimensional boundary stress tensor T;; which is traceless and conserved on
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the boundary:
90T =0, DT =0, (4.10)

ij

on

where D; is the covariant derivative compatible with g,; Below, we use the

0

boundary metric gij) and its inverse to raise and lower indices ¢, 7, k, [, . . ..

As an example, consider the planar AdS-Schwarzschild black hole

2

r rd 02, dr? r?
ds? = (1-20) g+ — + dx?_,, 4.11
AdS—Schw €3+1 ( ?”d) r2 (1 - T(C]l/Td) €¢21+1 d—1 ( )

with ro = 4n(3,,T/d. Taking the boundary metric to be dsf, 4, = —dt* +dxj_,,
one finds

Tij = T’iiljeal = puiuj + PPij? (412)

which takes the form of an ideal fluid with velocity field u'0; = 0,, transverse
projector P¥ = ¢ + ulu/, and
T4 p

p=-"_ (4.13)

p == )G d—1

which of course satisfies (4.10). In (4.13), we have defined for convenience T =
4dmly 1T /d. By a simple Lorentz transformation we may obtain corresponding
solutions with any constant (normalized) timelike d-velocity u’.

The main result of [64] was to show that the temperature 7" and d-velocity
u’ may be promoted to slowly-varying functions of the boundary coordinates x, ¢
(at which point we refer to them collectively as the hydrodynamic fields). Here
the term “slowly-varying” is defined with respect to the temperature as measured

in the local rest frame selected by u’. In particular, under these conditions [64]

118



Stationary AdS Black Holes with non-Killing Horizons Chapter 4

showed that a smooth bulk solution may be constructed via a gradient expansion
so long as u' is everywhere timelike and the associated boundary stress tensor does
indeed satisfy (4.10). They further showed that at each order in this expansion
the conditions (4.10) may be expressed as standard hydrodynamic equations for a
(conformal) fluid with velocity field u, which we take to satisfy u‘u; = —1. This
last step essentially just repeats the standard derivation of hydrodynamics from
conservation laws.

In particular, ref. [64] showed that the boundary stress tensor takes the form
Tij = Tzlgeal + Z Hl(jn)7 (414)
n=1

where II(,,) are dissipative terms that are n™ order in derivatives of the hydrody-

namic fields; for example,

I, = —2no", (4.15)
where
Tdfl
n= 60D (4.16)

is the shear viscosity, and # = D;u’ and

-~ o 0

oY = PZkP]lD(kU,l) - ﬂ P (417)

are respectively the divergence and shear of the velocity field. In writing (4.15)
there is a freedom to make certain field redefinitions which, following [64], we have
(5]

removed by choosing the so-called Landau frame in which the H(ﬁ) are taken to

be purely transverse.
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Since by assumption derivatives of the hydrodynamic fields are parametrically
small in some parameter €, I, is of order €". Below, we solve the fluid equations
(4.10) at order n = 0 and n = 1 for the ultrastatic boundary metrics (4.9) and a
purely radial velocity field (so that the only non-vanishing components are u’, u®).
We also assume the flow to be stationary, so that u*, 7 are independent of time.

A new effect at first order is the appearance of dissipation, and thus the pro-
duction of entropy. At zeroth order, the entropy current Ji takes the simple
form (J%)iqeal = su’, where s(x) = T4 /4G@*V) is the entropy density. Using the
equations of motion and thermodynamic relations, one can show [65] that

D; (J§) 0. (4.18)

ideal =

At first order, the entropy current still takes the form (J%); = su’, but its diver-

gence now becomes [65]
, (4.19)

showing that entropy is produced unless o;; = 0.

4.3.1 Ideal Fluid

We begin at order n = 0. We denote the associated fluid quantities Ty, u} and
work in d = 3. Following [193], we project the fluid equations into components

parallel and perpendicular to the velocity. These yield respectively
D; (T{ug) =0 and  D*g +ugD; (Toug) = 0, (4.20)
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or
0, (V=90 TEuz) =0 and 0, (To (uo),) = 0. (4.21)
Thus
. T
Tous = 550 To(w), = Tee, (4.22)

in terms of integration constants that we have chosen to call T2 /2a, T5. Since
u? = —1, it remains to solve a quadratic equation for Ty, u. We of course obtain
two solutions labeled by a choice of sign. The solution with finite and nonzero

asymptotic temperatures T, has

. 1

Note that since R diverges at large z, at this order the asymptotic temperatures
Ty at © — 400 agree; ie., AT =T, —T_ = O(e). We also find uf — 0 at

r = to00.

4.3.2 First Order Corrections

To compute corrections to (4.23a), (4.23b), we choose to solve the fluid equa-
tions (4.10) iteratively. Introducing a bookkeeping parameter € to keep track of
derivatives, we may write T = Ty, + O(e™™), v’ = ul, + O(e™*!) for each m.
We compute 7,,, u!, by dropping terms with n > m in (4.14) and evaluating the
remaining szn y o1 Top, Uy, Thus T, uy, enter (4.10) only through T4 ., and

the equations to be solved are essentially just (4.20), (4.21) with additional source
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terms given by the Hz(il ) The integration constants (as well as the sign choices
that come from solving quadratic equations) may be fixed by requiring 7,,, u¢, to
approximate T, 1, u’ _; to the desired order as ¢ — 0.

To first order, one finds

e T |11 (RADETIOV

1
=3

. (B@)+ TR | | (2(A()+ T2 /2a) 2
U S + T2 /2a) | \/1 ((B(x)+700)23) : (4.24b)

where

A(z) = 2?64/ R [TUijUij](D) dx’, (4.25a)
0
z -2 iy ij ~ 710

B(z) = 2?64 / {T b (ﬂZ;) SR R (4.25b)
0

and the square brackets [-](*) indicate that the enclosed quantities are evaluated
on the zeroth order solutions (4.23a), (4.23b). At this order, the asymptotic

temperatures differ and are given by the (finite) expression

T(00) = Too + B(%00), (4.26)

so that

AT =T (00) — T(—00) = B(co) — B(—c0). (4.27)

It is useful to consider the further limit of small A7, which greatly simplifies
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the above results. This is equivalent to taking a large. Since

B(z) = 2?54 /Of‘ _21;”2((92;)) % +0 (%)2] da, (4.28)
we find
s [ [ o () weLeo(2)
3 ) | 2R(2)a a 3a a
for
I:=1 /_Z Z;/—Eg dx. (4.30)

Noting that A(x) = O(1/a)? we then find

up =1+ O(AT?), (4.31a)
uf = —%Z) + O(AT?), (4.31D)
T, = €4AT / Ri(z) d + O(AT?), (4.31c)
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so that the non-zero components of the stress tensor are

6647'2A7' R” )

1670, GWT!, = —2732 — d + O(AT?), (4.32a)
ITEAT
1 @pt _ _ T 4.
6ml,GT, 0 O(AT?), (4.32b)
A T /! /
1670,GIT®, = T3 — SUTLAT ( / il )+O(Aﬂ),
I o R%(x
(4.32¢)
3UTZAT ) T R'(2)
1670,GIT?, = T2 + 7 ( @ - /0 R ) + O(AT?).
(4.32d)

Note that the lowest order term in the energy flux 7% is linear in AT; this
naturally leads to a notion of thermal conductivity. We first calculate the heat

flux ® as the energy flux integrated over a circle of constant x:

OTEAT

® =2 7w — _ 2l
mhi(z) 160,GD T

O(AT?). (4.33)

We define the thermal conductivity as k := —d®/dAT|ar—o so that

3T

k=1Gor

(4.34)

We have also explored the analogous results at second order n = 2 in the
hydrodynamic approximation. While the general expressions are unenlightening,
each quantity above agrees with the n = 1 expression up to linear order in A7

for all 7. In particular, the conductivity k is unchanged.
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Finally, the entropy current (J%), = su’ for our solutions is

1/2

pim . B@ATOR | [ 24w+ T2/20))
G = s am Tz | \/1 o)

2(A(z) + T2 /2a)\°
I ) - aa

1 T2
@) (7zy — Joo
4G (Jg), 7 (A(:c) + 2a) , (4.35b)
which has divergence
2 6T  R? ]
4G D, (Ji 24 ©) _ Z47e 1+4/1—
G v (‘]S)1 [TJZJ } 3\/§ RQ(a2R2 _ 1) + a2 R2
(4.36)
To lowest nonvanishing order in A7, these become
2 A /! /
AGW (L), = T2+ ——=— €4T T R d "+ O(AT?), (4.37a)
37’2A7'
(4) T — _ 00
4GW (J8), 0 O(ATZ), (4.37b)
A /
41GOD, (Ji), = 364712 Lk (ZB + O(ATY, (4.37¢)

Note that the divergence of the current is of order AT? as expected from (4.19).
It turns out that (4.37¢) is unchanged when one passes to second order in the
hydrodynamic expansion, though the entropy current J§ itself changes even at
zeroth order in A7 .

These expressions may of course be transformed to any other conformal frame.
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The ultrastatic frame (4.9) used above had the convenient feature that, at least
at small velocity, the local fluid temperature (defined with respect to proper time
in the fluid rest frame) coincides with the temperature defined with respect to the
static Killing field ;. In a more general conformal frame, these two temperatures
do not coincide even at small velocity. Note that we will employ only time-
independent conformal transformations below, so that 9, remains a Killing field
in all frames. We will continue to refer to temperatures normalized (up to a boost
to the fluid rest frame) with respect to d; by T, while we denote the local fluid
temperature (defined with respect to rest-frame proper time) as 7Toe. Thus T is
unchanged by the conformal transformation while 7, is rescaled.

For comparison with our later numerics, appendix A.2 presents the results in
the black hole frame for the explicit metric functions and in terms of the particular
coordinates used in section 4.5 below. The resulting more explicit expressions are

correspondingly more complicated than those above.

4.4 How to flow a more general funnel

Our family of flowing funnels will be labeled by four parameters: the temper-
atures Tibndy BH of the left- and right- boundary black holes and the temperatures
Ty associated with the left- and right- ends of the bulk black hole. As discussed
in section 4.2 these four temperatures are completely independent in principle,
though in our simulations we will always set o, = a_ which introduces one rela-

tion.

The most generic ansatz compatible with our symmetry requirements depends
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on seven unknown functions:

2
(1 —w?)?(1 = y?)

A1—w?)?Bdy* | 45 4 - Fdy ? 9
— (dw+ /¢ dt + —= d 4.
M(y) T |52 \ W T xaat T ” + Sadg , (4.38)

ds® =

> {—M(y)G(w)2(1 —w?) 'yt A [&fdﬂ Q(’w)%dy]

where A, B, F', S1, Sa, x1 and x2 are all functions of y and w. In addition we

have defined

G(w)=1+ S (5 — 3w?), (4.39a)
My)=2-y*— (1= 92);;1 - 93)7 (4.39b)
Qw) = 1+ m (4.390)

The insertion of these factors will be justified later, when we will also see that
controls the temperature difference between the two boundary black holes, and yq
is a parameter that controls the validity of the fluid approximation. Here y ranges
over [0, 1] and w ranges over [—1, 1], with y = 0 being the bulk horizon and y = 1
the conformal boundary. At least for y # 0 regions with w ~ +1 are close (in
the sense of a conformal diagram) to where either bulk horizon meets either the
left or right boundary black hole (compare with figure 4.2). As we will explain
below, the symbol # was used in (4.38) in order to save t for another coordinate
associated with Fefferman-Graham gauge. However, 0; = 0; so we will refer to

the time-translation as simply 0.
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4.4.1 Boundary Conditions

At the conformal boundary (y = 1) we impose the boundary conditions

A(w,1) = B(w,1) = Si(w, 1) = Sa(w, 1) = x2(w,1) =1, (4.40a)

F(w,1) = x1(w,1) =0, (4.40Db)

which ensures a boundary metric conformal to

_ 1 . .
Ui%dsh = ~pal- PP G(p)? dt* +
1Yo

Adp?
2 — 2

+ d¢? (4.41)

where p = p/l,. As in section 4.2, we refer to (4.41) as the boundary metric in
the black hole conformal frame. In presenting our results in section 4.5 we will
describe all boundary quantities, such as the stress energy tensor, with respect
to this frame. The boundary metric ds? has horizons at p = +1 with Hawking

temperatures
G(£1)
27r€4y0 ’

Ty B — (4.42)

We will extract the boundary stress tensor following the strategy of [61] and using
the results of [96]. The only technical difference with respect to [61] involves the
relation between the coordinates (,w,y,¢) and Fefferman-Graham coordinates
(t,z,p,¢). Due to the cross term Y, in Eq. (4.38) the map between ¢ and ¢ is not

trivial, instead it is expressed as a powers series in z of the form:

t=t+2Ti(p) + O(z?) (4.43)
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where for instance Ti(p) = —Q(p)yo/(2(1 — p?)).

The left and right boundaries lie at w = +1. There we impose

F(x1l,y) = xa(£l,y) =0, (4.44D)

which reduces Eq. (4.38) to

2 — &21 _ 2 2| p—1 37 @2
cklwﬁil—( 5 —MY)G(EL) y €4dt+cxiﬂ)y

1—y?)
4 dy? Yo 2 dig
+M(y) + AT wy? (dw + 1 )} (4.45)

Under the coordinate transformation:

To

T
5 +1)d
%sz&nefﬁ+m Jdy (4.46b)
ly Y
_ To
w==+1TFe ", Yo = (4.46¢)
4

the line element (4.45) yields the large ¢ limit of Eq. (4.2) with d = 3. The fact
that our ansatz (4.38) reduces to a hyperbolic black hole at w = +1 displays
the physical meaning of 1y, as an overall scale that controls the bulk horizon
temperatures (and thus o). Note that the line element (4.45) also defines Ty =
T2 PHAL(0)/2. Tf yo = 1, then Ty = T PH i e. it represents the ‘tuned’ case
a4 = 1. Thus the fluid approximation becomes more accurate as y, increases, or

equivalently, as a4 decrease.
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We have imposed Dirichlet data at each of the above three edges of our com-
putational domain. But it remains to specify boundary conditions at y = 0, the
flowing funnel horizon. Here we demand that the line element (4.38) be smooth
in ingoing Eddington-Finkelstein coordinates (which cover the future horizon).
To understand the explicit form of this condition, we introduce local ingoing

Eddington-Finkelstein coordinates (v, 0, g, ¢) through

dw

— 4+ o+ O, oy =Y (447

- dy
dv = df + 457 + O(F),  dib =

Y
The terms omitted in the above g expansion can be chosen such that a line of
constant (v,w, @) is an ingoing null geodesic. Note that lines of constant v have
dij/dt < 0, as required for ingoing coordinates. Furthermore, regularity of the line

element (4.38) in the above coordinates requires

F(w7 0) = Xl(wv O)a (448&)

2G(w)?A(w, 0)
4

0y A(w,0) = 0,51 (w,0) = 9,5 (w,0) = 9yx1(w,0) = Iyx2(w,0) =0.  (4.48c)

B(w,0) = ) 11— Qw)xa(w, 0) (4.48D)

We will find x;(w,0) to be finite and non-zero (at w # £1), so our original w is
already an ingoing coordinate. It will thus be straightforward to read off results
associated with the future horizon.

The past horizon is more subtle. It is located at v — —oo0 and can be reached
along lines of constant w. Depending on the sign of x, this tends to drive w to

either £1. Below, we consider T, > T_ so that the hotter black hole is on the
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right. One might therefore expect w to decrease along the horizon generators so
their coordinate velocity is toward the cooler black hole; i.e., one might expect
x1(w,0) > 0. But for the particular ansatz we have chosen our numerics turn out
to give x1 < 0 (see section 4.5) so that the past horizon in fact lies at w = —1.
This appears to be a coordinate artifact, though a full understanding is beyond
the scope of this work.

Below, we will solve the Einstein equations (with cosmological constant) in
the form

3
Eab = Rab + ﬁgab - O, (449)
4

subject to the boundary conditions detailed above.

4.4.2 The DeTurck Method

The diffeomorphism invariance of (4.49) means that these equations do not
lead to a well-posed boundary value problem. While one could attempt to pro-
ceed by gauge-fixing, a clever trick known as the DeTurck method was introduced
in [184] and in [164, 194] was shown to succeed (under rather general assump-
tions) when one seeks appropriate stationary equilibrium solutions of the vacuum
Einstein equations, with or without a negative cosmological constant. Though
our situation turns out to fall outside the bounds of the proof given in [164], we
nevertheless employ this method successfully below.

We begin with a brief review. The DeTurck method is based on the so called

Einstein-DeTurck equation

Ef = Ey— Vi =0, (4.50)
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which differs from from Eq. (4.49) by the addition of —V(aéb). Here @ = ¢? re.(g)—
I'*.(9)], I'(g) is the Levi-Civita connection associated with the metric g, and g is
some specified non-dynamical reference metric. Since € is defined by a difference
between two connections, it transforms as a tensor. Hereafter g will be chosen
to have the same asymptotics and horizon structure as g. In particular, it must
satisfy the same Dirichlet boundary conditions as g.

Clearly any solution to Eff = (0 with é = 0 also solves E,, = 0. But one may
ask if (4.50) can have additional solutions that do not satisfy E,, = 0. Under
a variety of circumstances one can show that solutions with f # 0, the so called
Ricci solitons, cannot exist [164]. However, the assumptions used in [164] seem
not to hold for our system of equations. In particular, after reduction along the
symmetry directions ¢, ¢ our system turns out to have a mixed-elliptic hyperbolic
nature. This is most easily seen from the fact that, while our system will be elliptic
near infinity where 0, is timelike, we expect an ergoregion near the horizon where
all linear combinations of 0;, 04 are spacelike. So in this region reduction along
(t, ) gives a Lorentz-signature metric on the base space. This differs qualitatively
from the case of Kerr, where 0;, 0, span a timelike plane everywhere outside the
horizon and reduction along (t, ¢) gives a Euclidean-signature metric on the base
space. See [194] for a more detailed discussion. The difference arises from the
fact that the Kerr horizon ‘flows’ only along the Killing field 04 while our horizon
‘flows’ in the w direction, which is not associated with any symmetry. Thus Ricci
solitons may well exist in our case. But for any solution to (4.50) one may simply
calculate € to see if it vanishes. For all of our flowing funnel solutions discussed

below we find € = 0 to machine precision.
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Figure 4.3: Ay as a function of the number of grid points N. The ver-

tical scale is logarithmic, and the data is well fit by an exponential decay:

log(Ay) = —17.4 — 0.23 N.

It remains to specify our choice of reference metric g. We choose g to be given
by the line element (4.38) with A = B =5 =Sy = xo = 1 and F = x; = 0. This
enforces all Dirichlet boundary conditions except those at the horizon, Eq. (4.48).

To satisfy these remaining conditions we need only choose Q(x) as in Eq. (4.39).

4.4.3 Numerical Method

We use a standard pseudospectral collocation approximation in w, y and solve
the resulting non-linear algebraic equations using a damped Newton method with
damping monitoring function |€t| This ensures that Newton’s method takes a
path in the approximate solution space that decreases |§t| at each step. This
method may also prove useful in solving more general mixed elliptic-hyperbolic
systems. We represent the w and y dependence of all functions as a series in
Chebyshev polynomials. As explained above, our integration domain lives on a
rectangular grid, (w,y) € [—1,1] x [0,1].

To monitor the convergence of our method we have computed the total heat
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Figure 4.4: (a): The curved surface shows the norm of 9; over our integra-
tion domain. To guide the eye, we also draw a flat horizontal surface at zero
norm. (b): The ergosurface as a function of w. Both figures use ax = 1 and
AT/Ts = 0.2.
flux @ (defined by the first equality in (4.33)) for several resolutions. We denote
the number of grid points in w and y by N and compute Ay = |1 — On/Ppy|
for several values of N. The results for this procedure are illustrated in Fig. 4.3
for 5 = 0.1 and yo = 1. We find exponential convergence with N, as expected
for pseudospectral collocation methods. Furthermore, in order to ensure that we
are converging to an Einstein solution rather than a Ricci soliton we monitor all

components of f . For all plots shown in this manuscript, each component of fa

has absolute value smaller than 10710,

4.5 Results and comparisons

We now present the results of our numerical analysis and compare them with

the first-order (n = 1) hydrodynamic approximation. The plots below are labeled
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by a parameter T, whose definition

256 (144v/2 — 557) A? + 1057 (203A% + 128)] (3y2 — 1)
To = 5 (4.51)
287 [157 (2932 + 128) — 11008A%] 42

was inspired by the first-order hydrodynamic result (4.24a). For small AT we
have Ty, = (Ty +T_)/2+ O(AT)?. We note that all the numerical results we will
present use units where ¢, = 1 (so that p = p) and 167G = 1. We also take
T, > T_ so that the hotter black hole lies on the right.

We begin with the norm |9;|? of the time translation. Figure 4.4(a) shows a
typical plot. To guide the eye we have also plotted a reference surface of constant
|0;]* = 0. The two surfaces intersect at the ergosurface, whose location we display
separately in Fig. 4.4(b). Inside the ergoregion |9;|* becomes positive, changing
the character of Eq. (4.50) from elliptic to hyperbolic. This region is at the core
of the difficulties in trying to prove that our numerical method ensures é =0
on solutions of Eq. (4.50) with appropriate boundary conditions. Fig. 4.5 shows
|0:]* and, for comparison and later use, |9,|? as a function of w along the horizon.
We remind the reader that 9, and 0, are precisely orthogonal everywhere in our
spacetime, so this describes the full induced metric h;; (for I,J = t,¢) in the
2-plane spanned by 0;,d;. Both norms are clearly positive everywhere on the
horizon, though |9;|? never becomes very large even with AT/T,, = 0.2. This
may help to explain why our numerical approach succeeded.

Let us now discuss the behavior of the boundary stress tensor. For small

a, AT /T, this quantity may also be computed using the hydrodynamic approx-

imation of section 4.3 and provides another good check of our numerics. Fig. 4.6
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Figure 4.5: (a): The norm |9;|? on the future horizon. (b): The norm |d4|? on
the future horizon. Both figures use oy = 1 and AT /T, = 0.2 and are plotted
as functions of w.

shows the components of the stress energy tensor as a function of the boundary
coordinate p for several values of « at fixed 5. The lines represent the first or-
der hydrodynamic prediction and the symbols represent data extracted from our
numerics. Large stress tensors correspond to larger values of a. We see that at
least for small AT'/T,, the fluid gravity prediction works remarkably well even for
for a ~ 0.8. The agreement of all of these curves when « is small is a reassuring
test of our numerics. However, at larger a qualitative differences from our hy-
drodynamic approximation begin to appear. For example, we note that while T%
is always negative (and thus the energy density is positive) in the hydrodynamic
regime, for a = 1 our simulations show T"; becomes positive near the hotter black
hole.

From the standpoint of the dual CF'T, the main physical result of our paper is
displayed in Fig. 4.7. This plot shows how the total heat flux ® varies for different

values of AT/T, and a = ay = a_. We see that it increases in magnitude as
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Figure 4.6: Components of the boundary stress energy tensor as a function of p
for fixed 5 = 0.04. Each panel shows the first-order (n = 1) hydrodynamic pre-
diction as lines and the exact numerical data as symbols. The disks and solid
line show a4+ = 1, the squares and dashed line show a+ = 0.77 and the dia-
monds and dotted line show ax = 0.70. These corresponds to AT /T, = 0.080,

AT /Ty = 0.050 and AT /T, = 0.034, respectively. Since AT /T is small, we
have used only the linear results from appendix A.2 to plot the hydrodynamics.
AT/T,, increases, and also as a decreases. This computation can be seen as a first
principle calculation for the thermal conductivity of a strongly coupled plasma at
large N beyond the hydrodynamic regime. Fig. 4.8 compares some o = const.

cross-sections of Fig. 4.7 to the the results of first-order (n = 1) hydrodynamics at

linear order in AT i.e., to (A.9b)-(A.9¢e). These show good agreement for small «
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Figure 4.7: Three-dimensional plot of the boundary flux extracted from our
numerics as a function of AT /T, and o = o = a—.
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AT/T, AT/T,

Figure 4.8: The total heat flux ® as a function of AT /T, for a = 0.9 (left)
and a = 0.7 (right). The solid curves are the first order hydrodynamic results.
Since AT /Ty is small, we have used only the linear results from appendix A.2.
The dots show our numerical data.

and AT, but deviate as expected at larger a.
It remains to examine the horizon more closely. Our horizon is a three-
dimensional null surface and, since J;,J, are both spacelike and tangent to the

horizon, any two null geodesics that generate the future horizon generators are
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Figure 4.9: (a): The determinant h = hyhge. (b): The metric component x

along the horizon. Both quantities are plotted as functions of w for a4+ =1

and AT/To, = 0.2.
related by some isometry. Thus all generators are equivalent, though it remains to
understand the evolution of the spacetime along each generator. We compute the
affine parameter, expansion, and shear along each generator using simple expres-
sions in terms of the induced metric hyy (for I,.J =t,¢) on the 2-plane spanned
by 0, 0. These expressions are given in appendix A.3. We study each of these
quantities only on the surface y = 0.

We begin with h;; itself. Recall that w = 41 are the asymptotic regions
of static hyperbolic black holes where the Killing field 0; becomes null at the
horizon and |9,]* becomes large. These behaviors are clearly shown in figure
4.9(a). But these similarities between w = %1 are misleading and the actual
behaviors at w = +1 are quite different. This may be seen from the plot of
h = dethry = huhgy = |0:]*|0s]* in Fig. 4.9(a). This determinant vanishes at
w = —1 but approaches a non-zero constant at w = +1. Note that h is monotonic

along y = 0, as it must be along a smooth horizon.
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What is perhaps surprising is that A is an increasing function of w. This
shows that w increases toward the future along the future horizon, so that the
past horizon must lie at w = —1. In contrast, in the coordinates of e.g. [63], the
coordinate velocity of the horizon generators would be in the direction of heat
transport, and thus (since we take the cooler black hole to lie at w = —1) toward
negative w. Standard coordinates for Kerr also behave like those of [63] and have
the equivalent of our x; being positive for positive angular velocity. In contrast,
we find x; to be negative at the horizon; see figure 4.9(b). Since y; samples
completely different metric components than h, we take this as a strong indication
that our solutions are consistent despite the surprising location of the past horizon.
Another strong indication of consistency is the above agreement between our
boundary stress tensors and those predicted by the hydrodynamic approximation.
Indeed, we have tested for various possible errors (such as inverting the sign of
AT) in our code by examining the effect of various sign changes on Fig. 4.6 and
found in each case that such changes would lead to notable discrepancies with
hydrodynamics. In particular, we stress that our simulations give the physically
correct sign for the heat flux 7°,.

The apparent proximity of the past horizon to the cooler black hole must
thus be a coordinate artifact. We have confirmed this expectation by repeating
our simulations in the coordinates defined by Eq. (4.47) and finding that the
equivalent of x; is positive for negative heat flux. For comparison, we mention
that also note that a similarly surprising sign can be found in the 241 flowing
funnels of [73]. In that case, writing the horizon generating Killing field in the

Fefferman-Graham coordinates of [73] leads to a negative t component on part
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Figure 4.10: (a): An affine parameter along the horizon as a function of w.

(b): The expansion of a future horizon generator as a function of A. (c): The

positive eigenvalue o of &7 7 as a function of A\. At small A we find o ~ A5/6,

All figures use ar =1 and AT /T, = 0.2.
of the horizon, even though this component is everywhere positive at the AIAdS
boundary. It would also be interesting to transform our current 341 solutions to
the coordinates of [63] (say, for a solution deep within the hydrodynamic regime),
though the additional numerics required places such an analysis is beyond the
scope of this work.

We may now proceed to investigate various quantities along the horizon. Per-
haps the most important quantity is the affine parameter A\, which we show in
Fig. 4.10(a) as function of w. Note that A approaches a constant value at w = —1.
This is to be expected, as we have already noted that w = —1 is the past horizon.
Since the affine parameter is only defined up to affine transformations, this con-
stant is arbitrary and we have set A(w = —1) = 0 for convenience. In contrast,
the affine parameter diverges as we approach w = 1.

Figure 4.10(b) shows the expansion # as a function of A\. As expected on
general grounds, 6 is everywhere positive with df/d\ < 0 and 6 asymptotes to

zero at large \. We see this as the most solid test of our numerics. Note that
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the sign of df/d\ < 0 is only guaranteed via Raychaudhuri’s equation once the
equations of motion are used. It is thus far from trivial that the sign comes out
right.

The expansion diverges at the past horizon (A = 0), indicating the presence of
a caustic. In fact, it is easy to see that this caustic is a curvature singularity. To
do so, note from 4.5(b) that |0,| diverges on the past horizon. But since Killing
fields obey a second order differential equation governed by the Riemann tensor
(see e.g. (C.3.6) of [90]) they can diverge at finite affine parameter only if Rgpeq
diverges in all orthonormal frames.

We now turn to the shear tensor 67;. From (A.14), (A.17) we see that since
hryis diagonal, the same is true of 6;; . Since ;5 is also symmetric and traceless,
it is completely characterized by the positive eigenvalue o of 67, where the index
was raised with the inverse k!’ of h;;. Note that o is a spacetime scalar.

This eigenvalue is plotted as a function of A in figure 4.10(c). As one might
expect, it diverges at the caustic. What is interesting is that we find the same
divergence structure for all o, AT that we have studied. We quantify this behavior
by fitting o(\) to a power law p A" near A\ = 0. We have extracted 7 for about
400 flowing funnels spanning the domain («, AT/T,,) € (1,0.7) x (0,0.4). In all
cases we find n = —0.82+£0.03, where this error is in fact the maximum deviation.
We note that this number is remarkably close to —5/6. We can then use the
Raychaudhuri equation (A.18) and the standard evolution equation for the shear
(see (F.34) of [195]) to again show that Rgp.q diverges on the past horizon. In
fact, for n = —5/6 one may show that some Weyl tensor component Copeakk®

(where k® is an affinely parametrized tangent to a null generator of the horizon)
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must diverge like A™'%/6. This fact merits an analytic explanation which we are

unable to offer at this time.

4.6 Discussion

The above work constructs ‘flowing funnel’ stationary black hole solutions.
Such solutions describe heat flow between reservoirs at unequal temperatures T%.
The particular solutions constructed are global AdS, flowing funnels which may
be thought of as deformations of the BTZ black string (4.1). Thus each heat
reservoir lies just outside a boundary black hole of temperature a.T.. For the
case a4 = 1, the CFT3 duals of our bulk solutions describe heat transfer between
two non-dynamical 3-dimensional black holes due to CFT3 Hawking radiation .

Our solutions display many properties expected on general grounds. There
is a connected ergoregion near the horizon where 9; becomes spacelike. In fact,
all Killing fields are spacelike at the future horizon H, so that H is not a Killing
horizon. This is consistent with the rigidity theorems [185-187] since H is not
compact.

The expansion 6 of the null generators is everywhere positive but decreases to-
ward the future along each null generator. The generators extend to infinite affine
parameter in the far future (where 8 — 0) but reach a caustic (6 — oo) at finite
affine parameter toward the past. This caustic occurs on the past horizon, which
is a curvature singularity characterized by a universal power law divergences for
the shear o ~ A~%% and for certain components of the Weyl tensor which grow

like A="/6 in any orthonormal frame. These exponents were found numerically,
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but merit an analytic understanding. It remains an open question whether cur-
vature scalars (e.g. the Kretschmann scalar RabcdR“de) might remain finite*. It
would also be interesting to study the exponents governing the divergence of the
expansion 6, the norm |9,|* and the inverse norm |9;] 2, though these have proved
to be more difficult to extract from our numerics.

Note that |0,| decreases with A along the early part of the future horizon. But
since 6 > 0, the shrinkage of the ¢ circle with affine parameter A\ is more than
compensated by the growth in |0;|. This positive expansion is associated with the
expected generation of entropy due to the transport of heat from a hot source to
a cold sink. In particular, it is the analogue at large a4, AT /T, of the entropy
generation term (4.19) seen in the hydrodynamic approximation.

In our coordinate system, the horizon generators appear to flow toward the
hotter black hole. While we have confirmed that this is a coordinate artifact, it
would nevertheless be desirable to understand the effect in more detail.

We studied the boundary stress tensor of such solutions both numerically and
to first order in the hydrodynamic (fluid/gravity) approximation. In particular,
we computed the total heat flux ® for boundary metrics of the form (4.41) as a
function of o, AT /T,.; see figure 4.7. It would clearly be of interest to study more
general boundary metrics to understand which parts of this function are universal
and which depend on detailed features of the boundary metric.

The hydrodynamic approximation is a derivative expansion which, since we fix
all other parameters in the boundary metric, is for us governed by the parameters

a< (which control the extent to which the bulk and boundary black hole tempera-

4Due to the large number of terms involved, we were not able to reliably calculate Rqpcq R
from our numerics.
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tures are detuned) and AT/(Ty + T_) (which controls the temperature difference
between the heat source and sink). As expected, we find excellent quantitative
agreement when these parameters are small. Interestingly, we also find good qual-
itative agreement when these parameters are close to 1. This gives yet another
confirmation of the robust nature of the fluid/gravity correspondence as seen pre-
viously in e.g. [146]. Of course, at large enough values of ay, AT/(T} + T-)
we find both quantitative and qualitative disagreement. It would be interesting
see to what extent agreement might be improved by incorporating higher order
hydrodynamic corrections. A particularly notable feature at large o (o, = 1 in
our simulations) is that, while T% is always negative in the hydrodynamic limit,
it becomes positive close to the hotter boundary black hole black hole. It would

be interesting to understand this feature analytically.

145



Chapter 5

A Rotating Black Droplet

5.1 Introduction

Since the revolutionary discovery that black holes radiate with an almost ther-
mal spectrum, much effort has been devoted to gaining a deeper understanding
of this process. While considerable advances have been made since Hawking’s
seminal paper [196], there are still ample open issues that remain to be addressed.
In particular, most of the work regarding Hawking radiation has focused on free
fields; studying the behavior of interacting fields around a black hole is more
challenging. Though some progress has been made with weakly interacting fields
using perturbative methods [197], strongly interacting fields pose a much more
difficult problem.

Fortunately, the AdS/CFT correspondence [19] provides an invaluable tool for
tackling this problem. Early applications of holography to studying Hawking radi-

ation coupled the field theory to dynamical gravity, which is holographically dual
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to Randall-Sundrum braneworld models [150, 151, 173]. However, if one is not in-
terested in the backreaction of the Hawking radiation on the spacetime, the CFT
can be placed on a nondynamical background spacetime 0 M. Then AdS/CFET
claims that the CFT is dual to a spacetime M with conformal boundary oM,
with M a solution to classical Einstein gravity with negative cosmological con-
stant. While most applications of the duality place the field theory on ordinary
Minkowski space, one may in principle select any conformal boundary structure
one desires. In particular, in order to study Hawking radiation in the CFT, [57, 59]
considered a CFT living on fixed d-dimensional background containing a black
hole of size R and temperature Tgy. Far away from the black hole, the CFT is in
a thermal state with a prescribed temperature T,,. From the perspective of the
CFT, the black hole and the plasma at infinity act as heat sources and sinks, and
one can study the exchange of heat between them.

In fact, a complete picture requires the introduction of another parameter Tj,
representing the temperature of the CFT plasma near the black hole. Though
it might seem natural to take this temperature to be equal to that of the black
hole, it is possible to set Ty # Tgy at the expense of making the CFT stress
tensor singular at the black hole horizon. Details of this so-called “detuning”
can be found in [74], though in our solution we will only consider the “tuned”
case Ty = Ty and will therefore never introduce the parameter Tj explicitly.

Regarding the dual geometry, [57, 59] conjecture two possible families of solu-
tions: so-called “black droplets” and “black funnels,” illustrated in Figure 5.1. In
the black funnel solutions, the horizon of the boundary black hole is connected to

an asymptotically planar horizon in the bulk; this connectedness manifests itself
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in the CF'T as strong coupling between the boundary black hole and the heat bath
at infinity, leading to an exchange of heat between them. In the black droplet so-
lutions, on the other hand, the horizon of the boundary black hole is disconnected
from the asymptotically planar horizon in the bulk, implying that the boundary
black hole is not coupled to the plasma at infinity (or rather, that the coupling is
suppressed by O(1/N?) is this large- N picture). From the perspective of the CFT,
the transition from funnels to droplets is reminiscent of many soft condensed mat-
ter systems which exhibit a transition from a fluid-like behavior to rigid behavior
with no flow (e.g. sand in an hourglass, cars on a highway). To borrow from the
soft condensed matter nomenclature, we will refer to the the CF'T transition from
funnels to droplets as a “jamming” phase transition, and will denote the CFT
dual of the droplet as a “jammed” phase®.

The authors of [57, 59] postulate that this jamming transition might occur as
the size R of the boundary black hole (or alternatively, as the temperature T,
of the heat bath at infinity) is varied. Thus the dimensionless parameter RT,,
should characterize which phase is thermodynamically preferred.

An analytic construction of black droplets and black funnels has only been
performed in select few cases. In [58, 60], black droplets and funnels were con-
structed from the AdS C-metric, while [73] constructed analytic funnels in d = 2
dual to the Unruh state of the CFT (black droplets cannot exist in d = 2). How-
ever, many of the most interesting cases (notably, asymptotically flat boundary
black holes in d > 2) do not lend themselves to analytic construction, and one

must resort to numerics. To that end, [61] numerically constructed black funnels

"'We thank Jean Carlson for introducing us to this terminology.
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Figure 5.1: A sketch of the relevant solutions: (a): black funnel and (b): black
droplet above a deformed planar black hole. Both describe possible states of
dual field theories in contact with heat baths at temperature T, on spacetimes
containing black holes of horizon size R. The top line corresponds to the
boundary, with the dots denoting the horizon of the boundary black hole. The
shaded regions are those inside the bulk horizons.

dual to the Hartle-Hawking state of the CFT, while [74] constructed so-called
global funnels to study the exchange of heat between two boundary black holes
of different temperatures.

Slightly less effort has been made to construct black droplets, however. Besides
those obtained from the AdS C-metric, the only construction to date has been that
of [164], which constructed a droplet dual to the Unruh state of a CFT on a d = 4
Schwarzschild background (hereafter generally denoted Schwy). In our notation,
this solution sets T,, = 0, so that the bulk geometry is that of a black droplet
suspended above an extremal Poincaré horizon deep in the bulk. The boundary
stress tensor contains no flux terms, and the nonzero components of the stress
tensor exhibit a 1/r° power-law falloff at large distances from the black hole. This
relatively rapid falloff is characteristic of the jammed phase, as it indicates that
the CFT plasma is relatively well-localized near the black hole. Interestingly, the
stress tensor is regular on both the past and future horizons; the authors speculate

that the inclusion of one-loop graviton corrections in the bulk would render the
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stress tensor singular on the past horizon, as is typical of Unruh states.

Perhaps some clarifying remarks are in order regarding our nomenclature of
CFT states. In free field theory, the distinction between the Unruh, Hartle-
Hawking, and Boulware vacua is conventionally based on the behavior of the field
theory stress tensor at the horizon and at null infinity. In the Hartle-Hawking
state, the stress tensor is regular on both the future and past horizon; in the Un-
ruh state, the stress tensor is empty at past null infinity and regular on the future
horizon; and in the Boulware state, the stress tensor is empty at both future and
past null infinity. However, one can also understand these behaviors very physi-
cally from the point of view of the field theory. The Hartle-Hawking state is one
in which the field theory is in thermal equilibrium, with all temperatures equal;
in our language, Tgy = Ty = T». The Unruh state is one in which the temper-
ature of the heat bath at infinity is taken to zero (so that for any nonzero Ty,
the black hole acts as a source for heat to flow to infinity); T, = 0. Finally,
the Boulware state is the state of minimum energy, requiring the temperature of
the field theory to be zero everywhere; Ty = T,, = 0. A crucial point to note
is the appearance of the field theory temperature T; (rather than the black hole
temperature Tgy) in the above definitions. Thus the regularity properties of the
field theory stress tensor in a given state can be thought of as a consequence of
how the temperatures T and Tgy are tuned, and not as a defining feature of the
state itself. For instance, the ubiquitous singularity of the Boulware vacuum on
the horizon of a nonextremal black hole is due to the detuning 7y = 0 # Tgy,
whereas the Hartle-Hawking state is generally regular on the black hole horizon

because of the requirement that T, = Tgyg. When labeling states in strongly

150



A Rotating Black Droplet Chapter 5

coupled CFTs, we will therefore operate under these latter definitions in terms
of the temperatures Ty and T, of the CFT. For example, we would claim that
the CFT dual to the droplet constructed in [164] is in the Unruh state, but not
the Boulware state, because T, = 0 but Ty, = Tgy # 0. These definitions are
also independent of whether the CFT is in the jammed or unjammed phase, so
that the categorization of the state and phase of the CFT provide complementary
descriptions of its behavior.

Our purpose in this paper is to generalize the result of [164] by adding a
new ingredient: rotation. Though [59, 198] compute the stress tensor on a ro-
tating BTZ black hole background, the effect of rotation on a stress tensor in an
asympototically flat black hole spacetime has not been studied extensively. One
might naturally expect that the inclusion of rotation can be accomplished by gen-
eralizing the result of [164] to a Kerr spacetime, but because the Kerr metric
is cohomogeneity two, this would lead to a cohomogeneity three problem in the
bulk. Instead, we take the boundary spacetime to be the d = 5 equal-angular-
momentum Myers-Perry metric [199] (see also [200] for a review), which is known
to be cohomogeneity one and thus leads to a cohomogeneity two problem in the
bulk.

The generalization to a non-extremal rotating black droplet should not be ex-
pected to exhibit very different behavior from its non-rotating counterpart: the
boundary black hole still acts as a heat source at finite and nonzero tempera-
ture, and one studies the thermal coupling between the black hole and a zero-
temperature heat bath at infinity. However, the presence of rotation provides

us with a new parameter to tune, which we can use to take the black hole to

151



A Rotating Black Droplet Chapter 5

extremality; this will allow us to take Ty to zero without the need to perform
any detuning. For this reason, from this point on we will only refer to Tgy,
with Ty = Ty understood implicitly.

Taking Tgy to zero with T, fixed at zero can be thought of as some limit of an
Unruh state. Similarly, the fact that both the extremal black hole and the heat
bath at infinity are at zero temperature places the CF'T in the Boulware vacuum.
Finally, since in the extremal case Tgy = T\, the CF'T can be thought of as being
in a Hartle-Hawking state (though perhaps it would be more correct to refer to
this as a zero-temperature limit of a Hartle-Hawking state). Thus the extremal
droplet is in some sense dual to a degenerate state which is a Boulware state and
a limit of the Hartle-Hawking and Unruh states.

This paper is organized as follows. In Section 5.2, we review the behavior
of stress tensors on black hole spacetimes, and calculate the form our stress ten-
sor must take on a Schws background (i.e. when the angular momentum of the
Myers-Perry black hole is taken to zero). In Section 5.3, we briefly review the
numerical method used and discuss the numerical construction of our solution. In
Section 5.4, we compare our numerically extracted stress tensor to the expecta-
tions in Section 5.2, and discuss future directions to pursue.

Note: In the final stages of this work we learned of [201], which also constructs
rotating black droplets and may have some overlap with our work. Their paper

will appear simultaneously with ours on the arXiv.
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5.2 A Review of Stress Tensors in Curved Space-
time

A common difficulty of field theories in curved spacetime is the lack of an
unambiguous notion of “particle.” This poses no problem, however, if one instead
limits oneself only to currents. As discussed in [202], when a physical system is
probed, the objects that couple to probe fields are currents. In other words, the
currents are the objects that appear in the interaction terms in the equations of
motion of an interacting field. In addition, a current is a genuinely local object
and should retain a well-defined meaning even in the presence of strong external
fields (such as spacetime curvature). Thus most of the work devoted to under-
standing the process of radiation from black holes has focused not on quantum
fields themselves, but on the renormalized vacuum expectation value (v.e.v.) of
their stress-energy tensor (7).

In particular, the stress tensor of quantum fields can exhibit properties that
are forbidden of classical stress tensors. For instance, though a classical energy
density must be non-negative, it is well-known that even in flat spacetime, the local
energy density of a quantum field need not obey this same restriction?. Perhaps
the most famous example of a negative energy density is the Casimir effect [203],
though the existence of negative energy densities in local quantum field theory is

in fact quite general [204].

2Here, we define the local energy density as measured by an observer with velocity u* as

p=utu"(Tyy)
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In the context of general relativity, [202] studied the behavior of the energy-
momentum tensor of a massless scalar field in a two-dimensional spacetime con-
taining an accelerating mirror. While the total energy radiated by the mirror was
positive, a negative energy density and energy flux were present in the region near
the mirror, whereas far from the mirror the stress tensor took the classical form
of an outward flux of positive energy. A similar result was found by [205], which
calculated the renormalized v.e.v. of the stress tensor of a massless scalar field in
a two-dimensional model of black hole collapse. As in the case of the radiating
mirror, the near-horizon region of the newly-formed black hole was character-
ized by a negative energy density and a flux of negative energy flowing into the
black hole, while far from the black hole the stress tensor again took the form of
an outward flux of positive energy. These results are consistent with Hawking’s
picture of particle-antiparticle creation near the horizon of a black hole, where
negative-energy particles flow into the black hole while their positive-energy part-
ners radiate to infinity: by conservation of energy, a positive-energy flux at infinity
should be accompanied by a negative-energy flux through the black hole horizon.

These exact results were obtained by exploiting the conformal flatness of two-
dimensional spacetimes. Nevertheless, good approximations to thermal stress ten-
sors have been obtained in higher dimensions. Notably, [206] used the Bekenstein-
Parker Gaussian path integral approximation [207] to find the approximate form
of the stress tensor of a conformally invariant scalar field in the Hartle-Hawking
state on the (four-dimensional) Schwarzschild background. The behavior of the
stress tensor was similar to the two-dimensional case: at infinity, the stress tensor

behaved like a classical thermal stress tensor, while sufficiently near the horizon
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(for r < 2.34M) the energy density became negative. These results were consis-
tent with earlier numerical calculations [208] of the stress tensor on the bifurcation
two-sphere of Schwarzschild. However, while one naturally expects a negative en-
ergy flux near the horizon in an Unruh state, it is not clear whether the ubiquity
of negative energy densities near the horizon should extend to Hartle-Hawking
states as well.

All of these results focused explicitly on conformally invariant noninteracting
massless scalar fields. One might therefore imagine that they have little bearing
on the stress tensor we will obtain for our strongly coupled CFT. In fact, the
jammed phase dual to the droplet we construct cannot exist in a free field theory,
so a priori none of the results listed above can even approximately predict the
behavior of the stress tensor we will extract. Nevertheless, it is possible (and
indeed, quite probable) that the stress tensor of quantum fields on black hole
backgrounds should exhibit some kind of universal qualitative behavior. This
universal structure was studied in detail by Christensen and Fulling [209], who
sought the general behavior of a static, spherically symmetric stress tensor on

Schw, by solving the conservation equations

v, " =0 (5.1)

directly, without restriction to any particular kind of field theory. Their results
are particularly useful to our case, because they are also valid in the case of a
strongly coupled CFT. In fact, Schws is just the zero-angular momentum limit of

the Myers-Perry black holes that we Schwarzschild in higher dimensions.
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5.2.1 The General Static Spherically Symmetric Stress Ten-

sor on Schwy

Consider the d-dimensional Schwarzschild metric Schwy (also called the Tangher-

lini metric, after its discoverer [210]):

2

A5, = —f(r)d? + T

F(r) +ridY L, f(r)=1- <—>d3 : (5.2)

This spacetime is qualitatively identical to the familiar four-dimensional Schwarzschild,
with horizon located at r = 1y and a temperature T = f'(ro) /47 = (d — 3)/4mro.

Now, a static, spherically symmetric stress tensor must take the form

T, Tt. 0
™, =17, T", 0 : (5.3)
0 0 T%F0

where all components are functions of r only and the indices 7, 7 run over the
angular coordinates. Inserting this form into the conservation equations (5.1) and

using the metric (5.2), we obtain the following differential equations:

d—2
0= arTTt + T Trt, (54&)
d—2 d—3(ro/r)*? d— 3 (ro/r)4 2 d—2
0=01", — T, — T, — —=T%
+ ( r 210 flr) 210 f(r) K r @
(5.4Db)
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Equation (5.4a) can be immediately integrated to yield

T, = K (%“)“ . (5.5)

To integrate equation (5.4b), we first substitute 7%, = T*, — T", — (d — 2)T%q,

and obtain

S Ve il
=0 {Q h
%/ ((d=3)T".(r") + (d—2) (2(r' o) — d + 1) T (1)) i—z . (5.6)

Equations (5.5) and (5.6) express the most general static, spherically symmetric
stress tensor on Schwy in terms of two arbitrary constants () and K and two
arbitrary functions T#, and T%q. In order to study the physical behavior of these

solutions, it will prove useful to define

1
2 2)
6 ="5" [ @6 m) - a+1)er) S

H(r) = % / 0 (? + (r’/ro)d—3> T, (r") i—:. (5.7¢)

o(r) = T%(r) — T",(r), (5.7a)

dr’
)

(5.7b)

Converting to the tortoise coordinate dr, = dr/f(r), the stress tensor can then

be expressed as the sum of four pieces:

T, = (Towy)", + (T)", + (Tz)", + (Tw)"

v?
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where (in ¢, 7, coordinates)

(T, = diag {—% Hr) + 5 T,(0), % H(r). ﬁ T, (r) o
(5.9a)
1 1 0
ro/T =2
(T2))", —K% -1 -1 0/, (5.9D)
0 0 O
(Ts)" = diag {—% G(r) — (d—2)0(r), % G(r), O(r) 5;‘} ,
(5.9¢)
(Tiwy)", = @ M diag{—1, 1, 0} . (5.9d)

f(r)

By converting to ingoing Eddington-Finkelstein coordinates dv = dt + dr,, it is
straightforward to show that the stress tensor is regular on the future horizon
only if () vanishes®. Thus the above decomposition is convenient because each
of the T{; isolates some interesting physical behavior of the stress tensor: 1{yy is
the only of the T{;) with a nonzero trace (and in fact, it is only a function of
the trace T*,); T(2y contains nonzero flux terms T"; T(3) is the only of the T{;
which is both traceless and has nonzero tangential pressure components; and T{4)
is singular on the future horizon.

Christensen and Fulling proceed to make use of these results to study the
behavior of the stress tensor of fields in the Unruh, Hartle-Hawking, and Boulware

vacua on Schwy. Our goal, however, is less broad: we only wish to gain some

3Regularity on the past horizon requires Q = 2K.
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insight on the v.e.v. of the stress tensor of the jammed phase of the CF'T. To that

end, we make the following observations regarding our droplet:

e The trace anomaly of any odd-dimensional CFT vanishes. Since we work

in d =5, we expect T{;) to make no contribution to our stress tensor.

e According to the arguments reviewed briefly at the end of Section 5.1, we
expect black droplets to be dual to a jammed phase of the CFT. Such
phases are characterized by a suppressed exchange of heat between the black
hole and the thermal plasma at infinity, so we should expect our solution
to radiate no flux. From (5.5), it is clear that the total flux radiated to
infinity from the black hole is a constant proportional to K, so we conclude

that K’ = 0 and so T2y makes no contribution to our stress tensor.

e Unlike the past horizon, which is present only in maximal analytic extensions
of black hole spacetimes, the future horizon is a genuine physical location
present in any realistic model of gravitational collapse. We thus expect
physical quantities to be regular there. In particular, we require the stress
tensor of the jammed CFT to be regular there; this implies that () = 0, so
that T(4) does not contribute to the stress tensor either (incidentally, since
we also have K = 0, this means that the stress tensor will be regular at the

past horizon as well).

We therefore conclude that only contribution to the stress tensor of the CFT state
dual to the Schwy droplet should come from (5.9¢), and so should only depend on

the one function ©(r).
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In fact, we can go further and make claims about the behavior of ©(r). The
free field results summarized earlier in this section should not all apply to our
stress tensor, but we might draw certain universal behavior from them to make a
guess at the behavior of ©(r) (which we will then verify with our numerics). First,
note that the negative energy density near the horizon present in free field theories
is an indication of the highly non-classical nature of the field there; only far from
the black hole does the stress tensor of the free fields become classical. But the
jammed phase of the CF'T is a highly non-classical state, as it consists of a plasma
“halo” surrounding the black hole. In analogy with the free field theory results, we
might therefore conjecture that the energy density of the strongly coupled CFT
becomes negative near the horizon as well. In that case, we expand (T(3))", =
—30(r9)/2 + O(r — ry) to see that a negative energy density near the horizon
implies that © is negative there.

Far from the black hole, one can argue that due to the weak coupling between
the black hole and the heat bath at infinity, the components of the stress ten-
sor should fall off “rapidly”. This statement can be quantified by following the
logic of [164]: there, the authors find that the v.e.v. of a CFT dual to a d = 4
Schwarzschild droplet exhibits a 1/75 falloff. In order to explain this falloff, the
authors invoke the results of [211], in which the linearized gravitational field cre-
ated by a point-like source is calculated in the context of the Randall-Sundrum
single braneworld model. By using the behavior of the gravitational field far from

the source, Einstein’s equations

1
R, — 5 R, = 871G N(T,m) (5.10)
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can be used to obtain the expected large-r behavior of the stress tensor. For
the case of a d = 4 dimensional spacetime, the predicted falloff of the compo-
nents (T",) goes like 1/r°, consistent with the results of [164]. One can generalize
this argument to show that in d = 5 dimensions, we expect a 1/r" falloff*. This
implies that for our solution, we should have ©(r) ~ 1/r” and G(r) ~ 1/r* at

large 7.

5.2.2 A Little Spin

Finally, let us consider the effect of giving the boundary black hole a nonzero
angular momentum, thus “spinning” the droplet. Unfortunately, an analysis sim-
ilar to that performed for the nonspinning case is not illuminating, because even
with the conservation equations (5.1), there are too many independent functions
in the stress tensor for a general solution to be tractable. Nevertheless, we can
make some qualitative claims based on physical arguments.

First, we clearly expect there to be angular flux terms as the CF'T plasma is
dragged around the spinning black hole. This flux density should be maximal near
the horizon, and decrease monotonically away from the black hole. Similarly, the
fact that the CFT plasma is being forced to rotate around the black hole leads
us to expect that a centrifugal barrier forms around the black hole. Indeed, by
considering timelike geodesics in the equatorial plane of the five-dimensional equal-
angular-momentum Myers-Perry black hole, we can check that the centrifugal
barrier of the effective radial potential grows and moves away from the horizon as

the spin of the black hole is increased. This barrier may act to confine the plasma

4We greatly thank the authors of [201] for finding a mistake in an earlier version of this paper,
where we incorrectly claimed a falloff of 1/r% in five dimensions.
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near the black hole horizon, effectively acting as a box around the black hole. We
might expect that this effect would present itself as an increase in the radial and
tangential pressures near the horizon. We should similarly expect an increase in
the magnitude of the (negative) energy density near the black hole, as a buildup
of negative-energy modes forms in the centrifugal box. This physical reasoning
leads us to conjecture that all components of the stress tensor should increase in

magnitude as the angular momentum of the black hole is increased.

5.2.3 Extremal Horizons

Our family of solution black holes can be taken all the way to extremality. This
limit is particularly interesting, as the causal structure of an extremal black hole
is qualitatively very different from its non-extremal relatives. One might therefore
imagine that the stress tensor of matter fields on extremal black hole spacetimes
exhibits qualitatively different behavior as well. In particular, the fact that the
horizon of an extremal black hole is a Cauchy horizon would naively lead one to
believe that stress tensors should generically be singular on the future horizon of
extremal black holes. This question has been addressed by [212-215], who studied
the regularity of the v.e.v. of the stress tensor outside an extremal dimensionally
reduced two-dimensional Reissner-Nordstrom (RN) black hole. In short, a static
stress tensor (i.e. one sharing the same isometries as the background spacetime)
exhibits a mild singularity on the future horizon, whereas the stress tensor of a
massive scalar field propagating on an extremal two-dimensional RN geometry
forming via gravitational collapse is regular thanks to the presence of decaying

(but nonzero) flux terms. As shown in [216], this subtle issue disappears in four
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dimensions, as the stress tensor of a scalar field in the zero-temperature vacuum
state on the full four-dimensional RN spacetime is regular everywhere without the
need for flux terms.

To our knowledge, the stress tensor of a field theory on a rotating extremal
black hole background has not yet been studied even in free field theory. The
four-dimensional RN results might lead us to expect that the stress tensor on
extremal rotating black hole spacetimes should similarly be regular on the future
horizon, though a key difference between the RN and rotating case is the inherent
presence of matter in the RN spacetime. In any case, the fundamental similarity
between the causal structures of extremal charged and rotating black holes makes
it quite plausible to expect that the CF'T stress tensor dual to our rotating droplet

will be regular on the future horizon even in the extremal limit.

5.3 Constructing a Spinning Droplet

5.3.1 The DeTurck Method

The standard approach in AdS/CFT is to solve the vacuum Einstein field

equations with negative cosmological constant®
1
Euy = Rap — 3 Rgap + Agay = 0 (5.11)

subject to certain boundary conditions. The subleading behavior of the metric g,

near the conformal boundary then contains information about the stress tensor of

5Here and below, we will use lower-case Latin letters to denote bulk indices, and lower-case
Greek letters to denote boundary indices.
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the dual CFT. As is well known, Einstein’s equations do not have a well defined
character unless a gauge choice is made. Because the solutions we are searching for
are stationary, one can hope to choose a clever gauge where the equations (5.11),
or a deformation thereof, are manifestly elliptic. This is exactly what the DeTurck
trick does for us [164, 184, 217]. In short, one modifies the equations (5.11) by

introducing a new vector £ (called the DeTurck vector):
EY = Ep— Vb =0, & =g" (T —T5), (5.12)

where I'¢, is the Levi-Civita connection of some reference metric g. Equation (5.12)
is called the Einstein-DeTurck or harmonic Einstein equation. One can show that
for stationary solutions with Killing horizons, the above choice of the DeTurck vec-
tor renders the Einstein-DeTurck equation elliptic. Solving the Einstein-deTurck
equations then reduces to solving a boundary-value problem. Note, however, that
solutions to the Einstein-DeTurck equation are not solutions to the ordinary Fin-
stein equations unless £* = 0. To get around this problem, one can show that the
quantity ® = £,£* must take its maximum value on the boundaries of the domain
of integration; thus if the reference metric g is chosen with the same boundary
conditions as the metric g, ® is zero on all boundaries of the integration domain,
and must therefore be zero everywhere within as well [164]. Then £* is zero as well,
and a solution to the Einstein-DeTurck equation is also a solution to the Einstein
equations. Indeed, the claim that the Einstein-DeTurck equation automatically
takes care of gauge-fixing is justified by thinking of the condition £* = 0 as just a

choice of gauge, which is a generalized harmonic gauge of the form Ax?® = I'¢ gb.
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5.3.2 Droplet Ansatz

As mentioned at the end of Section 5.1, the boundary metric we want to impose

is the equal-angular-momentum d = 5 Myers-Perry solution [199]:

2 g(T) 2 dr? 2 2 2
dsfp =~y A+ o [h(r) (d + Aqy + Q(r)dt)” + dZQ] . (5.13a)

(r? = r§)(r* = B*(r* +13))

g(r) = 1= ) : (5.13b)

_ rt — B2(rt —ry) .
h(r) = (O (5.13¢)
Q)= — Do (5.13d)

rt— B2(rt —rg)’

where d%3 is the Fubini-Study metric on CP', Ay is the Kahler potential of C'P*,
and 8 = roQy, with Q the angular velocity of the horizon. Explicit forms for A

and d¥2 are given by the expressions

1
Aqy = 5 cosfdp, d¥a= (dQ2 + sin? 9d¢2) : (5.14)

e

For 8 = 0, the metric (5.13) reduces to d = 5 Schwarzschild (5.2) with the S®
written as a Hopf fibration of S* over CP'; setting 5% = 82, = 1/2 yields the
extremal solution. The metric is cohomogeneity one owing to its U(2) symmetry,
which implies that our bulk solution will be cohomogeneity two.

Let us compactify the range of the radial coordinate r to yield a metric more
amenable to our numerical approach. We also rescale t — 7ot and exploit the

coordinate freedom ¢ — ¥ + At to shift Q so that Q(ry) =0, Q(c0) = —Qp (this
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will simplify the boundary conditions at the horizon later on). Defining a new

radial coordinate y = 1 — (ro/7)?, we find

hi(y) a2 + (1—52)6@2

dstyp = 12 {—y

ha(y) 4y hi(y)(1 —y)3
1 ha(y) Sy2—y) N\’ )
+H [1 s (dw+A(1> —B(1-p )Wdt) + d¥;5 } , (5.15a)
hy) =1- %2 -y), (5.15hb)
ha(y) =1 - By(2 —y). (5.15¢)

Our ansatz will need to have (5.15) as its conformal boundary.

Next, recall that we are considering black droplet solutions with 7., = 0; this
implies that far into the bulk, the solution should approach the near-horizon geom-
etry of pure AdSg in Poincaré coordinates. Poincaré AdSg in standard coordinates

can be written as
2 (? 2 2 2 2 1002
dspos, = = [—dt? 4 dz* + dr® + 1%dQ3) | (5.16)

where ¢ is the AdSg length scale, related to the cosmological constant by (2 =
—10/A¢. Changing variables to (z,y) defined by

1— 22 2 — g2

, (5.17)
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the Poincaré metric becomes

(> dy? 4 dx?

ds?,. = ———— |—(1 —y)dt 2(2 — 22)dO?| .
SPoin (1 . 1,2)2 ( y) + 4(1 . y)g + 92 _ g2 +x ( Z ) 3
(5.18)
The near-horizon region corresponds to taking y close to 1.
We are now ready to write down an ansatz. Consider
?(1 — h A dy?
gs2 = & 2@/2{_ rh) e v
(1—a?) ha(y) Ay (y)(1 —y)
4B z(1 — 22) )2
+ dr + F ————=dy
(I —y)(2—a?) ( 2(1 —y)
22— ) [ ( y(2—y) )2
— = " hy(x,y)C (dp + Aqy — G E—22dt ) +SdX2| y, (5.19
= 2(z, y) Y+ Aqy ) 5 (5.19)
where
A ha(y)
— 2 2
ho(z,y) =1+ (1_52 —1> , (5.20)

T, A B,C, S, F, and G are all functions of x and y, and the coordinate range
is the rectangle (z,y) € (0,1) x (0,1). For the non-extremal case 8 # 1/4/2, our

boundary conditions are as follows:

e At the conformal boundary x — 1, we take T = A/(1 — %) =C = S =

r2/0*, B=1,G = (1 — (%), and F = 0. Then the metric approaches

PN PR et (5.21)
TSE gz “owp ‘

as desired.

e Near the extremal Poincaré horizon y — 1, we take T = A/(1 — %) = B =
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C =S=1,G = const. = B(1—[?%), and F = 0 (note that the constant value
of G is fixed by requiring consistency with the boundary condition at = = 1).
Changing to a new coordinate @) — 1) + [t removes the dt cross-terms, and

we recover the y — 1 limit of (5.18).

e At the horizon y — 0, we require regularity of the metric, which imposes a
relationship between 7" and A. In particular, we must have T'/A = (rox/(1—
2/3%))?, where k = (1—262)/(roy/1 — 52) is the surface gravity of the bound-
ary black hole. Thus we find T/A = 1/(1 — $?). In addition, expanding the
equations of motion and the condition £* = 0 order-by-order near y = 0

gives Robin conditions on 0y M;|,—o for M; = {T, A, B,C, S, F,G}.

e At the fixed point of the U(2) isometry z = 0, we require regularity as well.
Again, this implies that all metric functions must be smooth functions of 2,
giving the Neumann conditions 0, M;|,—o = 0. In addition, note that while
the forms 2?(dy + Aqy) and zdz are regular at z = 0, in general the metric

components
2 Bda? + 21 [izg(x,y)C' (A + A +Sdzg} (5.22)

are not. In order to make the above expression regular, we must impose

that B=C =S at x = 0, so that
2 B da?+247 [ﬁz(x, y)C (d + A’ + S dzg] — 28(da? +22d02), (5.23)
which is manifestly regular there.
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Having understood the boundary conditions on each side of the computational
rectangle, we choose the reference metric. Noting from (5.15) that the boundary
black hole size ry enters only as a conformal factor, we can choose without loss of
generality to set 7o = £. Then the boundary conditions become consistent, and
we take the reference metric to be the ansatz (5.19) with 7= A/(1 — %) = B =
C=S5S=1,G=p(1-p3%,and F =0.

The extremal case (8 = fexy = 1/V/2) takes a little more care. Though our
ansatz (5.19) still applies, one finds that as extremality is approached the metric
function F' attains a very large value along y = 0 near = = 0, leading to large nu-
merical errors. To alleviate the problem, we rewrite (5.19) in terms of a new metric
function F = yF'; we then find that the numerics are much more well-behaved
when written in terms of the new F rather than the old F. Then the boundary
conditions at the conformal boundary, fixed point of the U(2) isometry, and ex-
tremal Poincaré horizon remain the same as those discussed above, while at the
extremal droplet horizon we require F' = 0. In addition, converting to Eddington-
Finkelstein coordinates and requiring regularity at the extremal droplet horizon
imposes the usual regularity condition A(z,0) = (1 — 82,)T(z,0) = T(z,0)/2,

ext

as well as the condition G(x,0) = const. = feg(1 — B2,) = 1/4/8. Boundary
conditions on the other metric functions are obtained by expanding the equations

of motion order-by-order near y = 0 and requiring that they vanish to leading

order.

169



A Rotating Black Droplet Chapter 5

10" ‘ ‘ ‘ :
10 20 30 40 50 60

N

Figure 5.2: The maximum value of the square of the DeTurck vector ® as a
function of N for 5 = 0 (circles), 0.6 (diamonds), and Bext ~ 0.707 (asterisks).

5.3.3 Numerics

We approximate the Einstein-DeTurck equation (5.12) with the ansatz (5.19)
using pseudospectral collocation methods on a Chebyshev grid. The resulting non-
linear algebraic equations are solved using a damped Newton-Raphson method.
We monitor the damping with |EX|; that is, we ensure that each iteration of the
Newton’s method decrease the magnitude of EfZ. Due to the maximum principle
that & = £,£% obeys, we can monitor the error in our solutions by monitoring
the maximum value of ®. In Figure 5.2, we plot the maximum value of ® as a
function of the number N of grid points for three different values of the rotation
parameter (5, showing the expected exponential decrease. Note that we will find
later that the accuracy of the extracted of the stress tensor depends strongly on
the number of grid points used along the z-direction, so for all results shown in

this paper, we use an N, x IV, = 81 x 41 grid.
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5.3.4 Extraction of the Stress Tensor

In order to extract the boundary stress tensor from our solutions, we follow
the approach used in [61]. In short, we first expand the metric functions M; as a

power series in x off of the boundary at x = 1:

Mi(z,y) =S MO ()1 —2)" + (1 —2) S MO (y)(1 —2)",  (5.24)

n=0

where the logarithmic terms only appear for 8 # 0 and at no lower order than n =
5. Inserting these expansions into (5.12) and in addition imposing £* = 0 allows
us to solve for the coefficients of the power series order-by-order in (1 — z). The
expansion is unique up to n = 4 for the functions {7, A, C, S, F, G} and up ton = 5
for the function B. We then change to Fefferman-Graham coordinates (2, §) using

an expansion of the form

1—a2”=/1-gz+) X"(jz", (5.25a)
n=2

y=7+>» Y"(g)z, (5.25b)
n=1

where the O(Z) term in the expansion for x fixes the conformal frame, and we
have neglected potential logarithms as they do not appear up to the order we
need. Requiring that gz: = (?/2? and gz; = 0 order-by-order in Z yields a set of
algebraic equations that can be solved for the coefficients X ™ (g), Y™ (5). Then

we find that the metric takes the form

2

ds? = % [d2* + ¢ 2ds}yp + 2Dy, dat da” + O(2)°] (5.26)
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where hy, is only a function of the boundary coordinates z*. According to the

prescription of [96], the renormalized v.e.v. of the boundary stress tensor is then

504

T,) = ——
) 167TG§3)

Dy (5.27)

The general expressions for the coefficients Mi(n), ]\Z(n), X @Y™ and for the
stress tensor are too cumbersome to reproduce in this paper, but they become
tractable in the nonrotating case § = 0. In Appendix A.4, we give the § = 0
expressions for Mi(n), X® and Y™ up to the order we need in order to ex-
tract the stress tensor and check its tracelessness and transversality. As expected
from our arguments in Section 5.2.1, the stress tensor is given precisely by the
expression (5.9¢), with®

5t (1L—y)?

Oy) = - 162G 672(1 — 25) [14(1 = 2y)as(y)

+(1 = y)(176 — 1712y + 2368y + 14yas(y))] , (5.28a)

50 y(1—y) (88 — 384y + 296> + Tas(y))
167GY 224

G(y) , (5.28D)

where in an obvious abuse of notation we have written the functions © and G in
terms of the compactified radial coordinate y rather than the original coordinate r.
We will postpone a discussion of this result to Section 5.4.

Now let us return to the general S # 0 case and discuss how to extract the

stress tensor from our numerical data. The boundary stress tensor will take the

5Note that we drop the tilde on ¢, since y and 4 agree on the boundary.
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form

(T)datd” = Ty dt? + Ty di® + Ty () + Ay

+ 2Ty (dip + Aqry) dt + TxsedS3. (5.29)

There are thus five functions to solve for, which can be expressed in terms of five
of the functions Mi(‘:’) which we will label as mz@ = {ts, as, cs, g5, S5 }. In principle,
one could extract these functions by taking five a-derivatives of (5.24) at x = 1.
However, in practice taking such high derivatives numerically gives very poorly
behaved results. Instead, we follow a slightly different approach: since we know
the coefficients Mi(") for n < 4 analytically, we can write

M;(z,y) — S0 M ()1 — )"
(1— )t

=mP Y1 —2)+0(1-2)%  (5.30)

With the numerically computed values for M;(z,y), the left-hand side of (5.30)
is known numerically, so we perform a fit for the right-hand side to obtain the

(5)

coefficients m, .

In order to quantify the accuracy of our extracted stress tensor, we proceed as
follows. Although the equations of motion don’t give unique expressions for the
coefficients mES), they do provide two algebraic relations between these coefficients

and a.”. Using one of these relations, we can express t; in terms of as, c5, and gs

in an algebraic expression of the form

ts(y) = T3 (y, as(y), s (y), s5(y)) - (5.31)

"These relations enforce tracelessness and transversality of the stress tensor, 4.e. conservation.
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Figure 5.3: The relative error A introduced in extracting the coefficients m,
for different values of 5. Circles, squares, diamonds, triangles, inverted trian-
gles, and asterisks correspond to 8 = 0, 0.5, 0.6, 0.65, 0.69, and Seyt respectively.
Note that the error remains < 0.4% for almost all 5 and y.

Using the fitted values for the m?, we can therefore use the quantity

t5(y)

A(y) =1- 7gexact <y7 a5(y), C5(y), 55(?/))7

(5.32)

(5)

as a measure of the error introduced in extracting the m;”’ (physically, one can
think of A as a measure of how much the numerically extracted stress tensor fails
to be traceless). In Figure 5.3, we plot A for the full range of 5. We note that
the relative error in our extraction is < 0.4% for almost all 8 and y; only for y
near 1 does A become appreciable. We emphasize that this error is solely due to
the difficulty in extracting the ml@ from the numerical data, and is not a measure
of the accuracy of our numerical solutions themselves.

In Figure 5.4, we plot the components of the stress tensor for various values
of 8. Recall that to obtain the metric (5.15), we shifted the angular coordinate v

to make gy = 0 at the horizon. As a result, the near-horizon behavior shown

in Figure 5.4 physically represents the stress tensor as measured by an observer
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co-rotating with the horizon. In addition, in Figure 5.5 we plot the scalar invari-

ant (1)) (T").

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 0.20 0.25 0.30

70.00 0.05 0.10 0.15 0.20 0.25 0.30
Y

Figure 5.4: The components h*, = 167rG§3) (TH,) /5¢% for the same values
of 8 as Figure 5.3. Note that h';, = 0 for 3 = 0. Note that the range of the
coordinate y shown corresponds to the range ro < r < 1.27¢ in the original
radial coordinate.
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Figure 5.5: The scalar invariant h,, h*" for the same values of § as Figure 5.3.

Regularity at Horizon

From the discussion in Section 5.2.1 and the regularity of the functions (5.28),
it is clear that in the nonrotating case, the stress tensor of the CFT is regular on
the future horizon (and in fact, it is regular on the past horizon as well since K =
@ = 0). One can similarly examine the behavior of the stress tensor in the
rotating case by passing to local ingoing Eddington-Finkelstein coordinates. In
the non-extremal case, we change coordinates to

it =y~ Y=y (5.33)

1-282 2y’

then from (5.29), one finds that the stress tensor is regular on the future horizon
only if all the components (T*,) are finite and satisfy (T"%;) = (T¥,) on the horizon.
We can immediately see from Figure 5.4 that these conditions are satisfied, so the
stress tensor is regular on the non-extremal horizon.

Again, the extremal case requires more care. In this case, local ingoing
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Eddington-Finkelstein coordinates are given by

1 1 1

dt =dv — — ——I——) dy, 5.34a
\/§(y2 y (5:348)
dy

dp = dp' — ==, .34b

Y =dy % (5.34b)

Then one again finds that the stress tensor is regular on the future horizon if it

obeys the same conditions as in the non-extremal case, and in addition obeys
V2/(T',) +20, ({T") — (%)) =0 (5.35)

on the horizon. It is easy to check that this condition is satisfied to within the

expected ~ 1% accuracy.

5.4 Results and Discussion

Our numerical results exhibit the behavior expected based on our quantita-
tive and heuristic reasoning in Section 5.2. Let us begin with the nonrotating
case 8 = 0. The expansion of the equations of motion off of the boundary gave
us a stress tensor of the form (5.9¢) with the functions © and G given in (5.28),
which is precisely the form expected from the discussion in Section 5.2.1. In par-
ticular, we find that the stress tensor is traceless, contains no flux terms, and is
regular at the future horizon. Once the numerically extracted functions m;(y) are
inserted, we find that the energy density is negative everywhere. The magnitude

of the components of the stress tensor increases as the rotation parameter is in-

creased, but otherwise the qualitative behavior of the stress tensor doesn’t change
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when 3 # 0 except for the introduction of an angular flux term Tj,.

As shown in Figure 5.3, the error in our extracted stress tensor becomes rel-
atively large near y = 1, making it difficult to reliably extract the falloff of the
stress tensor components at large r. In fact, these components appear to exhibit
a falloff closer to (1 — y)® = (ro/r)® than to the (1 — y)"/? = (ro/r)" expected
from the braneworld arguments of [164]. However, by performing an expansion
of the equations of motion about y = 1, one can show analytically that the stress
tensor components must indeed decay like (ro/r)7; presumably, the use of higher
precision would allow us to extract this behavior numerically. In any case, our
results are much more well-behaved in the near-horizon region, where most of the
interesting physics lies.

The following physical pictures emerges. As expected, a strongly coupled
large-N CFT in a jammed phase forms a halo of negative-energy plasma around
a black hole. The stress tensor of the plasma falls off rapidly far from the black
hole, indicating that the plasma is well-localized around the black hole. The total
energy of the plasma is negative, indicating its highly non-classical nature. When
the black hole is made to rotate, the plasma is dragged along with the black hole.
The plasma is trapped by the centrifugal barrier created by this rotation, causing
the energy density and pressures to increase in magnitude.

The jammed phase is particularly interesting from the point of view of the
CFT because it has no analog in a free field theory: a similar static plasma
localized around the black hole could not exist in a noninteracting theory, as it
would quickly fall into the black hole. The jammed phase is thus an effect of the

strongly coupled nature of the CFT.
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One might therefore wonder how our droplet phase compares to the corre-
sponding black funnel phases (which do admit analogs in free field theory). Black
funnels with T, = 0 must have a horizon that asymptotes to the extremal Poincaré
AdS deep into the bulk; if we require that the bulk horizon also join smoothly
to the (non-extremal) boundary horizon, the bulk horizon must have both a non-
constant surface gravity and a non-constant angular velocity, and will therefore
not be a Killing horizon. We say that such funnel solutions will “flow” in the
sense that there exists some notion of a horizon velocity which moves either from
the boundary black hole to infinity or vice versa. For non-extremal horizons,
these flowing funnels were constructed in [74], but construction of solutions with
asymptotically extremal horizons (as is necessary to have the boundary CEFT be
at zero temperature at infinity) is more difficult.

In fact, it would seem that such funnel solutions might not even be relevant:
according to the discussion in Section 5.1, the conjectured jamming transition in
the CF'T should be parametrized by the parameter RT,,, with small RT,,, favoring
the jammed phase. If T, = 0, we might expect based on this argument that the
jammed phase of the CFT will dominate the thermodynamic ensemble for any
size of the boundary black hole.

However, recall that one basis for this conjectured phase transition was the
potential for Gregory-Laflamme-type instabilies of the bulk horizon [218]: if one
starts with a black funnel and lowers the temperature T, the asymptotically
planar bulk horizon will sink deeper into the bulk (cf. Figure 5.1). The naive
expectation is that this will narrow the neck of the black funnel and leave it

unstable to Gregory-Laflamme instabilities, causing it to collapse into a black
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Figure 5.6: A sketch of a black funnel solution with T, = 0.

droplet. Taking T, — 0, this argument would lead one to expect that the droplet
solution would be the only thermodynamically preferred one.

This potential instability was studied to some extent in [61], which considered
funnels dual to a CFT on an asymptoticaly flat black hole spacetime. The size of
the boundary black hole was decreased (while keeping the temperature T, fixed)
to explore whether such Greogory-Laflamme instabilities would occur. Surpris-
ingly, as the size of the boundary black hole decreased, the neck of the funnel
remained wide enough to prevent the formation of such instabilities. Though far
from exhaustive, this result implies that it is possible for there to be stable fun-
nels with 7T,, = 0 which could compete with the droplet solutions. A sketch of
what such a solution might look like is shown in Figure 5.6 (in fact, in [73] such
funnels were explicitly constructed in d = 2, though the question of their stability
is less interesting in that case, since the droplet solutions cannot exist in three
bulk dimensions). Clearly, the construction of such solutions would be of much
interest. We leave this exploration to future work.

Some words on the extremal limit are also in order. Though this limit is

discontinuous from the point of view of the global causal structure of the back-
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ground geometry, the line element (5.19) and consequently the stress tensor change
smoothly as § approaches fe. In particular, the stress tensor remains regular
on the future horizon, consistent with the result of [216] for the four-dimensional
RN spacetime. A natural question is then whether there is some other mechanism
that prevents the spacetime from continuing past the Cauchy horizon, analogous
to the mass-inflation singularity of black holes with inner horizons [219]; perhaps
the inclusion of perturbative corrections at higher order in 1/N would resolve the
issue.

Indeed, our results may also have implications for the mass-inflation singular-
ity. Ref. [198] computed the stress tensor on a rotating BTZ black hole background
and found that it diverged at the inner horizon. This result should be expected in
any black hole spacetime with an inner (Cauchy) horizon to preserve the causal
structure of the spacetime. Since the spacetime between the inner and outer
horizons is dynamical, the numerical approach used in this paper would not be
applicable to studying the event horizon in that region. However, obtaining the
stress tensor of a field theory on a black hole background all the way to the inner
horizon would certainly give some insight into the behavior of the mass inflation

singularity there.
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Holographic Entanglement
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Chapter 6

Entanglement and Correlations

Near Extremality

6.1 Introduction

The entanglement properties of both ground states and thermal states are
interesting topics of study in quantum field theory; see e.g. [220, 221]. Here
we consider the corresponding structure of so-called thermofield double (TFD)
states, which are the natural pure states defined on an (essentially) identical pair
of field theories that reduce to thermal density matrices on either theory alone.
This entanglement is of particular interest in the holographic context [19, 20, 82]
due the existence in the dual bulk solution [222] of a wormhole, or Einstein-
Rosen-like bridge, between two asymptotic regions — see figure 6.1 — and the
conjectured generalizations of [223—-225]. Holography also provides useful tools for

such studies, ranging from the minimal area entanglement prescription of Ryu-
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Takayangi [69] (recently justified in [71]) to the particle-worldline approximation
(a.k.a. the geodesic approximation) of bulk correlators. TFDs also provides a
simple laboratory in which to explore more general issues of entanglement in
quantum field theory and holography.

We therefore focus on the holographic setting below. TFD entanglement along
these lines was explored in great detail for d = 2 holographic CFTs in [226] by
investigating the dual BTZ black hole, and also earlier in more general contexts
through studies of local two-point functions with one operator near each boundary
of various two-sided black holes [34, 67, 222, 227-229]. Our interest lies in adding
charge via an appropriate chemical potential u and exploring the behavior at very
small temperatures T'; see [230-232] for other studies of the small 7" limit.

Without the chemical potential, taking 7' — 0 simply drives each theory
into its ground state and removes all correlations. But nonzero p provides an
opportunity to maintain finite entanglement even at very small 7. The classic
gravitational example of such behavior is of course the Reissner-Nordstrom black
hole near extremality. For simplicity we therefore focus on TFD states which are
holographically dual to planar Reissner-Nordstrom AdS (RNAdS). To be concrete,
we work with d =4 CFTs dual to 5-dimensional bulks.

The interesting feature of such models is that as 7" — 0 the bulk geometry
develops a throat of finite cross-section but infinite depth. The infinite depth leads
many natural probes of entanglement to vanish at 7' = 0. For example, this is the
case for two-point functions (with one argument in each CFT) of large-dimension
neutral single-trace operators; such correlators decay exponentially with spacelike

separation in the bulk. It is also the case for the mutual information between
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finite-sized regions of our two CFTs as computed via [69], as the diverging distance
through the extreme throat means that at low 7' the dominant contribution to
the von Neumann entropy of any finite region is given by surfaces lying entirely
on one side of the black hole.

Nevertheless, the total density of entanglement remains finite. We take some
first steps toward probing its structure below, showing in particular that i) the
mutual information between one entire CFT and a finite-size strip in the other
CFT need not vanish at small 7" and ii) as suggested in [40], there can be what
one may call extremally-charged operators whose two-point functions (with one
argument in each CFT) remain finite in the 77 — 0 limit. The existence of the
above extremally-charged operators indicates that the system lies at the threshold
of an instability of the extreme RNAdS spacetime associated with Schwinger pair
creation' [242, 243].

After a brief review of TFDs and the RNAdS geometry in section 6.2, we
proceed to study the above mutual information in section 6.3. Section 6.4 then
examines the two-point functions of charged operators with one argument in each
CFT. Some final discussion is given in section 6.5, which in particular connects
phenomena described here at small 7" with similar infrared (IR) effects seen in
[45, 46, 229] at large times.

Before beginning, we mention the well-known fact that RNAdS has many po-
tential instabilities that can switch on at low temperature (see e.g. [233, 235, 236,

238-241, 244]), and one certainly does not expect the extreme limit of RNAdS? to

1 Since we consider bosons, this may also be called either a super-radiant instability or an
instability to forming a super-conducting phase as in [233-237]. The fermionic analogue would
be unstable to forming a Fermi surface as in [238-241].

20r, in fact, any black hole whether extreme or otherwise; see e.g. [228] for a modern
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Figure 6.1: A conformal diagram of the maximally extended planar Ad-

S-Schwarzschild black hole. This geometry is the bulk dual to the TFD state

of two disconnected CFTs living on the two boundaries of the spacetime.
give an exact description of any microscopic theory with a finite density of states
[245-247]. But at any given T/, even very close to extremality, models may well
exist in which RNAdS remains an accurate description. Furthermore, we expect
our results to be typical of those obtained near extreme limits. In particular, at
least at first pass one would expect rotating extreme global AdS black holes to
behave similarly. In this context one can find black holes that saturate a BPS

bound (extreme BTZ [127, 128] for AdS; and the solutions of [248] and [249] for

AdS, and AdSs), so they are free of the above supergravity instabilities.

6.2 Thermofield Doubles in Bulk and CFT

We begin with a brief review of charged thermofield double states, both in
the CFT and in the bulk. In the latter context they become two-sided planar

Reissner-Nordstrom AdS black holes.

statement of this issue.
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6.2.1 The Charged Thermofield Double in the CFT

Consider two quantum systems with isomorphic Hilbert spaces Hi = Hs = H
and identical Hamiltonians H; = H, = H, which for simplicity we take to be
invariant under a time-reversal operation® 7. We will be interested in considering

this theory in the TFD state

) = %? DS B, @ (6.1)

Up to the insertion of possible phases, when the spectrum is non-degenerate this is
the unique state on the tensor product H; ®H, which restricts to the thermal state
p= %e*ﬁH on each factor, where Z = Trye ¥ is the usual partition function.
The state (6.1) may be constructed by cutting open the thermal path integral
with inverse temperature 3, where the cut is made along a surface invariant under
time-reversal. Equivalently, it may be evaluated by performing the Euclidean path
integral in which Euclidean time ¢ runs over an interval I of length §/2. Even in
the presence of degeneracies, this Euclidean recipe continues to be well-defined,
and implies that the terms in (6.1) take the form |E) ® T|E). Writing the TFD
in this form makes clear that constructing (6.1) involves choosing a special time
t = 0 invariant under 7 and furthermore that, once this time has been chosen, the
anti-linear nature of 7 makes the properly defined (6.1) independent of changes
of phase in the basis states |E). We also see that in relativistic theories CPT-
invariance implies that the two factors in (6.1) should be taken to have opposite

charge .

3 This will be the case for our system. More generally, when time-reversal is not a symmetry,
one takes Hy and Hs to be related by time-reversal with corresponding changes in (6.1).

187



Entanglement and Correlations Near Extremality Chapter 6

The generalization to the grand canonical ensemble is straightforward: we
simply introduce a chemical potential into the Boltzmann weights and define the

TFD state to be
1 A, .
1) = EE :e B(E;i+pQi)/2 1E;, Qi) ® |Eiy —Q), (6.2)

where the ); are eigenvalues of the conserved U(1) charge conjugate to p and Z is
now the grand partition function. Again, any ambiguities due to degeneracies are
resolved by taking the two states in each term to be CPT conjugates. The state
(6.2) arises from a Euclidean path integral as above if we couple the charge @ to
a background U (1) gauge field A = —ipdtg with the sign in (6.2) requiring us to
take system 1 to be associated with the minimum value of tg in I and system 2
to be associated with the maximum value. Note that the gauge field is imaginary,
and that the result is just the TFD state defined by the non-time-reversal invariant
deformed Hamiltonians H, = H + uQ, Hy = H — p@Q; see footnote 3.

The TFD state (6.2) has a well-behaved zero-temperature limit § — oo only if
E\=E+ u@ is bounded below, or equivalently (by applying 7T') if E,=E— n@ is
bounded below. In the zero-temperature limit, the sum in (6.2) restricts to those
terms that minimize El, E,. For a general theory one may expect a unique state
of minimal Ey, E,. But symmetry can force an exact degeneracy or, alternatively,
we may consider a theory with many degrees of freedom (e.g., large N) and an
associated approximate degeneracy when [ is large but finite. It is this latter
option that one expects to apply to the RN-AdS black holes studied below (see

e.g. comments in [247]). In either case, up to an irrelevant overall phase the state
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becomes effectively independent of time evolutions generated by Hi, Ho.

Since any remaining entanglement is associated with excitations of vanishingly
small energy above the ground state (in the sense of Hy, f[g), one might expect
any spatial scale characterizing our TFD entanglement to diverge as 7" — 0. But
this will not quite be the case. Indeed, since we consider RNAdS5, our bulk dual
will have an AdS, x R? infrared fixed point describing the near-horizon region.
Such spacetimes exhibit local criticality, characterized by the limit z — oo of
dynamical scaling symmetry (t,2) — (A\*t, Az) which for finite z would give a
power law L ~ T/#_ As a result, it is natural to find either that spatial scales L
remain constant at small 7" or that they diverge logarithmically. We will see that
both behaviors occur below.

Let us close with a comment on two-point functions. At u = 0, the uniqueness
of the ground states and the resulting lack of TFD entanglement at small T
implies that (connected) correlators vanish at 77 = 0. The non-trivial ground-
state entropy makes the situation different in principle for u > 0, though two-
point functions with one argument in each CFT can be non-zero at T" = 0 only
if each operator actually has some non-zero matrix element between two ground
states of the requisite H;, Hy. The set of operators (if any) for which this occurs
will depend on the detailed dynamics of the CFT. The interesting result we will
find in section 6.4 is that, at least in the limit of large operator dimensions, this
occurs precisely for operators with a certain “extremal” ratio between their U(1)

charge and conformal dimension.
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6.2.2 Planar Reissner-Nordstrom AdS

In a holographic field theory the bulk dual of (6.2) is straightforward to con-
struct following [222]. The conserved charge in the field theory will be associated
with some U(1) gauge field in the bulk. We thus simply perform the bulk Eu-
clidean path integral with boundary conditions given by the above interval I and
gauge field A. Note that the non-trivial gauge field A = —iudtg on the boundary
means that the generator H of bulk time-translations toward the future may be
written H = H+ p@, where the +/— signs are respectively appropriate for systems
1 and 2 above. Here H is the generator for 4 = 0 given by the standard expression
(see e.g. e.g. [95]) for the boundary stress tensor in terms of Fefferman-Graham
coefficients of the bulk metric. See [88] for a general discussion of computing time-
translation generators by holographic methods for boundary conditions involving
vector fields.

In the bulk semi-classical limit our path integral should be dominated by
a saddle point. We will consider cases where this saddle point is the planar
Reissner-Nordstrom AdS.,; geometry?. We expect this to be the case for d > 3
holographic field theories on Minkowski space so long as the bulk solution exhibits
no instabilities associated with Schwinger pair creation [242, 243] (see also footnote
1). For definiteness we consider only d = 4 below. Note that our path integral
automatically places quantum fluctuations of bulk fields into a Hartle-Hawking-
like state. Below, we use the same symbol |¢) to denote the CFT state, the state

of full bulk quantum gravity, and the Hartle-Hawking-like state of linearized or

4While the semi-classical approximation may break down in surprising ways in generic con-
texts involving black holes (see e.g. [35, 36, 40, 245, 250]), the TFD case is sufficiently special
that it is plausibly free of such issues [144].
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perturbative bulk quantum fields on the RN-AdS background.
The RN-AdS geometry solves the equations of Einstein-Maxwell gravity with

negative cosmological constant. Taking the action to be

1 12 1
S=[dr/=g|— R+~ | - = F? 6.3
[ (re ) - 3] (03
and introducing the dimensionless measure v? = 3¢*(*/2x? of the relative strengths
of the gravitational and Maxwell couplings, the solutions for fixed 1 may be writ-
ten in terms of a scale zy that will shortly be related to the temperature 7. Such

solutions take the form

ﬁ dz?

d$2 _ > —f(Z) dtQ + f(z) + dxg , (643)
Aydat = p(1 — 22) dt, (6.4b)
with
2,2
f2)=(1=2) (142 a2, 2= zio and o = % (6.5)

The rescaling zy — 2o/ is equivalent to the transformation (¢, z, ) — (At, Az, A\z),
i — p/X, so the physics depends only on the scale-invariant parameter «, or
equivalently on u/T.

The AdS boundary lies at z = 0, while z = z; is a horizon with temperature

2-a?

T = (6.6)

2Ty

This expression can be inverted to obtain z(7, u); we will later need the small
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temperature behavior 2o = v/2v/u+O(T /). Note that A, vanishes at the horizon
as required by regularity in a static gauge. For nonzero o? < 2 there is also an

inner horizon at z = z,, with

5 o1+ V1 +4a?

zi =2 52 (6.7)

The singularity lies at z = co. The conformal diagram of maximally extended
RN-AdS is shown in Figure 6.2.

The above coordinates will be convenient despite the fact that they become
singular on horizons. The Schwarzschild-like time coordinate ¢ should be consid-
ered to be periodic with period i3, with £ the inverse temperature. Within the
real Lorentz-signature solution above, we also take it to change by +i//4 when-
ever an outer horizon is crossed®. Thus the imaginary part of ¢ determines whether
a point lies in region LI, III, or IV of the conformal diagram (Figure 6.2). In
particular, the two asymptotic regions correspond to Im(¢) = 0 and Im(¢) = /2.
Below, it will often be useful to switch to a new radial coordinate w = Z2, in terms

of which (6.4) becomes

2 22dw?
ds? = — | —fdt? + 22— + da? 6.8
S 20 fdt®+ st + dzs |, (6.8a)
" = p(l —w)dt. .
Aud # 1 d 6.8b

We will be most interested in the extreme limit o? — 2, where z, — 2 so

that f(z) develops a double pole at z = zy. The metric with o = 2 has an infinite

5Crossing the bifurcation surface counts as crossing two horizons and gives a change of +if3/2.
Upon crossing an inner horizon ¢ changes by i /4 with 81 the inverse temperature of the inner
horizon; see e.g. [227]. We will have no need of this in the following discussion.
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Figure 6.2: The relevant portion of the conformal diagram of RN-AdS. The

exterior regions are I and III, with their boundaries at z = 0. The singularity is

at z = 0o, and the spacetime has inner and outer horizons at z = zg and z = 2z,

respectively. We take the imaginary part of ¢ in regions I-IV to be 0, 5/4, /2,

and — /4, respectively.
throat, as the horizon at z = 2; is an infinite proper distance away in the slices of
constant ¢, and a Cauchy slice in the maximally extended extremal geometry has
only a single boundary. We are interested in following the entanglement between
the two boundaries of the non-extremal black hole in this limit, as the length of

the Einstein-Rosen bridge connecting the two asymptotic regions diverges. To

this end we define € = 2 — o? and write f(z) = (1 — 22)(1 + 22?) — e2%(1 — 2?).

6.3 Mutual Information

A useful probe of the entanglement between our two Hilbert spaces is the
mutual information associated with two spacetime regions, with one region in
each CFT. In the TFD context it is natural to call this thermo-mutual information

(TMI) following [226], which studied the corresponding quantity for holographic
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theories with = 0 and d = 2. After a brief review, we compute TMI for general
1 and d = 4 for two strips of width L located on a common bulk Killing slice,
and also for regions defined by an entire CF'T and a single strip of width L in the
other CFT. Our main result is that in the former case L must grow as In7" near
extremality in order to have non-zero TMI while it may remain finite in the latter

case.

6.3.1 Thermo-Mutual Information

Recall [251, 252] that the mutual information between two non-overlapping
regions A and B is
MI(.A : B) =S4+ S — Saus, (69)

where Sy = —tr(px log px) is the von Neumann entropy of the reduced density
matrix px describing the region X. In particular, the mutual information is finite
in quantum field theory as all divergences in Sx are local terms at boundaries
which explicitly cancel in the combination (6.9). The mutual information is non-
negative by virtue of subadditivity S4 4+ S > Suus for non-overlapping regions;
see [253, 254] and also [255] for a holographic derivation.

The term thermo-mutual information (TMI) refers to the case where we con-
sider a thermofield double state and the two regions are associated with different
copies of the CFT. We will take A, B to lie on a single Killing slice of the bulk and
compute TMI holographically using the Ryu-Takayanagi prescription [69], which
instructs us to identify

Alyx)

Sy = 6.10
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where Gy is Newton’s constant and A(vyx) is the area of the minimal static surface
vx, which extends into the bulk while being i) homologous to X within the surface
of constant Killing time and ii) anchored on the boundary 0X of X. Since we will
apply such recipes to bulk black holes that dominate a Euclidean path integral, this
recipe can be justified using the arguments of [71]. The fact that the two regions
lie at different Euclidean times tg = 0 and tg = i/2 provides no additional
complications.

It is often the case that holographic TMI will vanish identically, saturating the
subadditivity condition. This occurs because the disjoint union of two minimal
surfaces 4, and 74, is an extremal surface anchored on the boundary of A; U As.
Holographic TMI vanishes when this is the minimal-area such extremal surface.
In the CFT this should be considered an artifact of the large N limit, though one
that is unmitigated by 1/N corrections. An alternative candidate for v4,0.4, is a
surface v4, .4, that passes through the horizon connecting the boundary of A; to
the boundary of Ay. Varying the sizes of A; o will typically result in a transition
where the area of the latter surface becomes smaller than the area of the former
and the TMI becomes non-zero. The scale at which this transition occurs provides

information about the degrees of freedom entangled between the two CFTs.

6.3.2 Strips

Consider first the case where A; and A, are strips defined by 0 < 2! < L and
extending infinitely far along 2% and 23. In this case the extremization problem
becomes effectively one dimensional.

It is instructive to first review the case of finite 7= 87! and pu = 0 [229]. Here
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the physics depends only on the dimensionless combination LT. For our strips
the connected surface v4, 4, extends straight through the bifurcation surface, con-
necting 0.A4; with 0Ay; see Figure 6.3. Translational invariance implies that its
area is independent of LT, while the area of the disconnected surface y4, U v4,
vanishes as LT — 0. Thus the disconnected surface dominates S,,4, for small
LT and the TMI vanishes. As we increase LT, the surfaces 74, and 74, reach
further into the bulk but do not cross the horizon. At large LT they lie mostly
along the horizon so that their areas grow linearly in L. Thus there exists some
critical Lgtyips of order T' ~1 such that for L > Ltrips, the connected surface dom-
inates in the computation of S4,u4, and the TMI becomes nonzero. This phase
transition at L = Lggyips is sharp. The TMI grows linearly in L above the phase
transition, with the leading behavior at large L given by twice the thermal entropy
density times the volume of either region.

We wish to investigate how this picture changes at finite chemical potential.
In particular, this allows us to study a meaningful 7" — 0 limit with finite entan-
glement density between the two CFTs. For small ;1 the critical Lggyips will remain
of order T~!, but near extremality we will find that Lyips grows as In(1/7T).

The minimal surfaces may be found by extremizing the area functional

6| dz?

with boundaries at z = 0 and 2' = 0, L. Here V5 = [dz?d2? is the (infinite)
volume in the directions along the strip.

For the connected surface, the extremum of (6.11) is clearly attained when
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Figure 6.3: Assorted entangling surfaces at t = 0. The boundary CFTs live
on the solid lines, which show the transverse ! direction on which we define
the strips A; and As, which have width L. The dashed line is the bifurcation
surface. Here we show five surfaces: 74, and 74, correspond to the entangling
surface of each strip; 7.4, .4, runs through the bulk from one strip to the other,
and can contribute to the entanglement entropy of the two strips; H is a surface
that runs along the horizon and corresponds to the entangling surface of the
entire left CFT; and 7+ connects 0.A; to infinity, and can contribute to the
mutual information between Ay and the left CFT.

dxr =01in (6.11). Thus

A(7A1A2) _ 420‘/28 ! dz

4G Zuv Z3 V f(Z)’

(6.12)

where s = (1/4Gy) (¢/2)® is the thermal entropy density and Zyy is a dimen-
sionless ultraviolet (UV) cutoff which we may take to zero after computing the
TMI. At extremality f will acquire a double pole at Z = 1 so the integral (6.12)
diverges logarithmically. In order to extract this divergence we make the change

of integration variable u = 1 — Z + ¢, where € = 2 — o®>. Expanding the integrand
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of (6.12) near € = 0 then gives

A(va14,) /UUV du { 1
— L2 = 4z Vas — +O(e/u)|, (6.13
4Gy ) u [(u— 132 —u)V2e? — du+ 3 (e/u)] , (6:13)
where uyy = 1 — Zyy + €. For small € and fixed uyy, the integral (6.13) is

dominated by the contribution of the first term, which reduces to

A(7A1A2) ~ 4/7‘/25
AG N Vo u

In(u/T), (6.14)

where we used (6.6) to express zp in terms of p. One may also derive (6.14) by
writing (6.12) in terms of standard elliptic integrals; see appendix B.2 for details.

For the surface v4,, (6.11) yields

A4, Lz dx /
4((7;; _zovgs/ (6.15)

where & = x/2zy and 2’ = dZ/dz. The expression for 74, is of course identical.

The translational symmetry in « implies a conserved quantity

1

1

(6.16)

where Z; is the turning point of 74,. Since extremal surfaces in static geometries
do not penetrate horizons [256], we must have Z; < 1. The case Z; = 1 corresponds
to the surface 7., shown in Figure 6.3, which asymptotes to the horizon and never

returns to the boundary. For z; < 1 the corresponding boundary length L is given
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by

L L/QZO Zt = Zt I~ ~6 71/2
_:ZO/ dj:zo/ if:zo/ dz (%—1) (6.17)
2 0 Zuy < Zuv f(z) <

and the associated area is

A Zt dz —132 1 Zt dz 26

ACA) _ 9214 [ e s [ (f_;_l) &y

4Gy Zyy ? z Zuv 'V f(z) < (Z )
6.18

Since (6.13) grows as 7' — 0, one can obtain nonzero TMI at small 7" only
when (6.18) is similarly large. This occurs when L is large and Z; ~ 1. From
(6.17) and (6.18) we find in this regime that A(y4,) = LVas + O(1), describing
the extensive thermal entanglement expected for large L. Comparison with (6.14)

implies that for small 7', the transition to TMI > 0 occurs at

P
Lstrips - \/é,ul (N/T) + 0(1) (6'19)

As advertised, an infinite growth of the entangling regions is required to obtain a

non-vanishing TMI near extremality.

6.3.3 A strip and an entire CFT

In contrast to the above, let us now consider the mutual information between
a finite strip A; in one CFT and the entire second CFT. The calculations are

similar to those just performed. Defining a surface 7, that ends on 0A; and
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Figure 6.4: Surfaces relevant to the IR regularization used to com-
pute TMI(A; : CFTy).

extends to infinity on the other boundary (as shown in Figure 6.3), we have

2
e (6.20)

A — A(Vso
TMI(A; : CFT,) = max {0, sVs + () ¢l )} )
where V3 is the spatial volume of the CFT. While sV3 and A(7y) are both IR
divergent, one can easily show that these divergences cancel. To do so, first
consider the mutual information between the strip A; of width L in one CFT and
a strip of width W in the other, with W large relative to any other scale; the

) are shown in Figure 6.4. The desired

relevant entangling surfaces (& and yéffg
result is obtained in the limit W — oo, so that W serves as an IR regulator. The
length Lir of one of the regulated surfaces %(;eg) (see Figure 6.4) is given by (6.17)

6. At large W the entropy of

with Z; = Zig = 1 4+ 9, with § small and positive
the strip of width W will approach sW + 2S5y = s(L + 2Lir) + 2S5y, where the

W-independent correction Sy is associated with the part of 78 that stretches

6In fact, because Zir > 1, the upper bound of the integral in (6.17) should be set to 1.
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Figure 6.5: The critical lengths Lgips (upper curve, red) and Lgycpr (lower
curve, blue) as functions of temperature. Lgips diverges logarithmically at
small T', whereas Ls;cpr approaches a constant value ~ 1.05v/p.

from the horizon to the left boundary. Since this same correction appears in the

Lot
4z 0o 2 f(z) :

The divergences have canceled as promised.

area of yéffg) we find

A(Yoo) _ Vol?

Vi — —
Vs 4GN GNZg

+0O(5). (6.21)

Since the UV-regularized value of A(7.4,) is finite and monotonically increasing

with L, we see that the regulator-independent quantity

A(ya,) = A(ve0)

sVa + e

(6.22)

relevant to (6.20) grows linearly at large L and diverges to —oo as L — 0. Thus
there is a critical length Lg,cpr(7/p) at which (6.20) becomes non-zero, given
by requiring (6.22) to vanish. The results are shown in Figure 6.5, and we find
numerically that Lgicpr|r/u=0 = 1.05v/p.

The contrast between Lggyips and Ly cpr is striking. A further interesting result
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is obtained by considering again two strips A; and Ay of width L, but this time
considering the TMI between A; and A§, the complement of Ay in CFT,. The
possible bulk surfaces for computing S4,u45 look much like those studied above
(see Figure 6.6).” If we take the limit of small T" at fixed L, i, the surface that
connects the two boundaries in Figure 6.6(c) will have divergent area, so it cannot
dominate the others. But the two remaining surfaces allowed by homology (point
(i) below (6.10)) are related by reflection through the horizon and so have equal
areas. Since one surface is just 74, Uy4g, we find TMI(A; : A5) = 0. Thus we
have the remarkable result that for finite L the TMI between A; and either A, or
its complement vanish in the limit of small 7', but the TMI between A; and the
entire other copy of the CFT can remain non-zero.

This result is not readily accommodated by the localized-quasiparticle pic-
ture of TFD entanglement (see [229], following [257] in the time-dependent case;
see also [45, 46] for other features that indicate shortcomings of this model). A
quasiparticle picture might suggest that any entanglement between A4; and CFT,
should be visible even if we separate CFTy into A, and AS. That is, a localized-

quasiparticle picture would lead us to expect that at least approximately

TMI(A; : CFTy) = TMI(A; : Ay) + TMI(A; : AS). (6.23)

This expectation is badly violated in our case at small 7', as the former TMI is
non-zero, but both of the terms on the other side vanish. This just a particularly

striking example of a general failure of (6.23). In the holographic context this

"They are also similar to those that might be used to compute MI(A; : A$), with both
regions in the same CFT. But this is strictly infinite. The UV divergences do not cancel in (6.9)
when the regions overlap.
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Ay

\

(c)

Figure 6.6: Surfaces relevant to the entanglement entropy Sa,u45. Note that

the surfaces shown in (a) and (b) are reflections of one another across the

horizon. Another surface (not shown) is related to (c) by a reflection in the

vertical direction; i.e., across 1 = 0.
is because the mutual information between some regions A and B on the one
hand, and mutual information between A and subregions B;, B> on the other,
will involve different surfaces, and there is no reason to expect their areas to be
related in such a way as to make (6.23) valid even approximately. While we offer
no better model, it would be interesting to reflect further on what such a model

might require, and perhaps to connect it with information-theoretic phenomena

such as information locking [258, 259].
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6.4 Charged Correlators

We now turn to demonstrating that our TF'D entanglement can be seen near
extremality in the correlation functions of charged operators, and to extracting
features of this entanglement. We work in the approximation of large operator
dimension, where the computation of dual bulk two-point correlators amounts
to finding appropriate spacelike world lines extending from one boundary to the
other. Though this approximation breaks down in certain interesting regimes, it
nevertheless provides many useful results. We begin with a detailed discussion of
general charged correlators in non-extreme black hole backgrounds and specialize

to the near-extreme case only in section 6.4.4.

6.4.1 Holographic Two-Point Functions in the worldline

approximation

Let us briefly review the connection between CFT two-point functions and
bulk worldlines. In order to probe the entanglement inherent in our charged
TFD state, we will be particularly interested in two-point correlation functions
involving an operator O; acting on one CFT in our TFD and an operator O,
acting on the other. The construction of (6.2) suggests that we take O, to be the
time-reverse of ;. For typical complex scalar fields, this amounts to taking the
adjoint: Oy = OI.

Recall now that CFT scalar operators O with conformal dimension A are
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holographically related to bulk scalar fields ¢ with mass m via

A =—+44/—+m22, (6.24)

with ¢ the AdS radius and d the boundary dimension®. At leading order in the
bulk semi-classical limit, the CFT two-point function Gy = (¢|Oa(x2) Oy (z1)|¢))
is dual to a certain rescaled limit of the bulk two-point function G(z1, 21, 2, 22) =
(Y|dT (29, 22)P(x1, 21) 1)) as 21, 22 — 0. In the former expression |¢)) represents the
CFT charged TEFD (6.2), while in the latter expression ¢ is an otherwise-free (i.e.,
linearized) charged field on RN-AdS and [¢)) is the associated Hartle-Hawking
state defined by our Euclidean path integral. Here we consider Wightman two-
point functions for definiteness, though in both the CFT and bulk our primary
interest will be in two-point functions of commuting operators so that the Wight-
mann and time-ordered two-point functions coincide.

In the limit of large m the bulk two-point function can be studied using the
WKB approximation. Since our bulk quantum state was constructed from a
Euclidean path integral, for neutral scalars this reduces to the familiar result
G ~ ™27 where AT is the proper time that elapses along the geodesic connecting
(21, 22) to (22, 22); see e.g. [228, 261]. When the geodesic is spacelike it is more
natural to write G(xy, z2) ~ e”™%, where L is the proper length. Taking z;, zp — 0
and performing the above-mentioned rescaling gives Ga ~ e ™z where Ly is
an appropriately regulated version of the geodesic length L.

It is straightforward to generalize this result to charged operators. If the op-

8For m? near the Breitenlohner-Freedman bound [100], the bulk field may satisfy alternate

boundary conditions in which case we have A = d/2 — /d?/4 4+ m2¢? [260]. But this is not
relevant for us since we take m? large and positive.
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erator O is charged under our global U(1) symmetry, then the dual bulk operator
¢ is charged under the associated bulk Maxwell field. So before integrating over
paths, the proper time A7 above should be replaced with the action S of a charged
particle. The relevant saddle points are then extrema of S, which are generally
not geodesics, and the Wightman function becomes G ~ ™. Due to our in-
terest in spacelike separated points at opposite boundaries of the bulk, we write

Gig ~ e~™ with

[=—iSu= | <W - %Auu“) DNt L, L= —(n (i> |
(6.25)
where ¢ and m are the charge and mass of ¢, A, is the Maxwell field in the bulk
solution. In (6.25), the I is the appropriate counter-term which that makes the
result finite for z; = 25 = 0 and thus enacts the above-mentioned rescaling of bulk
correlators near the boundaries. This I is independent of ¢ and thus identical
to the standard counter-term for neutral particles; i.e., it is associated with the
divergent length of geodesics near the boundaries. As usual, we understand (6.25)
to be defined by first evaluating both I, and the bulk term with UV cutoffs and
then taking the limit where the cutoffs are removed. The detailed justification
of the bulk Euclidean action (6.25) is provided in Appendix B.1, in part because
this expression corrects certain errors in the literature.
We emphasize that, in our background, the expression (6.25) computes G(x1, z2)
with time dependence generated by Hy, = H + uQ, H, = H — Q. Recalling that
the limit 7" — 0 with fixed p restricts (6.2) to terms with a unique value of

El = F) + p@1q, one sees that either time-translation of (6.2) changes the T'= 0
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wavefunction only by an overall phase. So in this limit G715 should become time-

independent in either argument.

6.4.2 Equations of Motion

The spacelike world lines we seek extremize the action (6.25). We take both
end points to have the same spatial coordinates ¥ in the directions along the
planar black hole. Parity symmetry and momentum conservation then guarantee
that Z is constant along our world line. Without loss of generality we henceforth
set 7 = 0.

Thus our curves will have tangent vectors u* = (£,10,0,0,0). We may use the

Killing field 0; to introduce a conserved (Euclidean) energy Eg
(0) uy = iEp +i-L (9,)" A,. (6.26)
m

Together with the normalization condition u*u, = 1, the world lines must satisfy

the equations of motion

t=-"iw———t, (6.27a)

W? = (%)2 w?g(w), (6.27b)

g(w) = fw) —w (€ + Q1 — w))z. (6.28)

207



Entanglement and Correlations Near Extremality Chapter 6

We also define § = qg/mk as a dimensionless measure of the charge-to-mass ratio
of ¢.

Recall that we consider theories for which RNAdS5 remains stable close to
extremality. This in turn restricts the possible scalar fields that can exist in
the bulk. In particular, we wish to avoid any Schwinger pair creation instability
(see again footnote 1) [242, 243]. In the worldline approximation, this instability
arises when electrostatic repulsion of the associated particles from the black hole
overwhelms the gravitational attraction. This issue is readily analyzed by studying
the potential V' (w) which controls motion of quasi-static (i.e., non-relativistic)
timelike worldlines. For each black hole (with, say, positive charge), there is some
critical positive oy and which V(w) develops a minimum outside the horizon.
One finds Gei¢ > 1 for all nonextreme black holes and §ui = 1 for extreme black
holes. For simplicity, we therefore restrict discussion below to the case ¢ < 1
unless otherwise noted.

We are interested in world lines running from (¢t,w) = (,0) to (t,w) =
(—ty +1i5/2,0). For fixed ¢, there will generally be a finite set of solutions to
(6.27a), (6.27b) distinguished by their values of £. These values are generally
complex, though (6.27a) implies that one may find solutions with imaginary t,
having real £. Since there are multiple solutions, the full set of solutions for
all complex ¢, may be associated with a Riemann surface £(t;). While we will
focus on the curves defined by taking ¢, real, the ¢ that accompanies the Maxwell
term in (6.25) makes it particularly natural to analytically continue to complex
parameters.

It will also be useful to characterize solutions by their turning points w; in
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the complex w-plane. Such turning points are defined by noting that (6.27b) is
invariant under changing the sign of the affine parameter A along the worldline
while holding &, Q, v fixed. Thus one obtains the same curve w(\) whether one
integrates (6.27b) starting from w = 0 at the right boundary or from the left,
and each solution of interest has a Zy symmetry mapping w(A) — w(—\) with a
corresponding action on t(\). The turning point is just the value of w at the fixed
point, w; = w(A = 0).

Note that w must vanish at this fixed point, so that w; and £ satisfy a relation
given by setting g(w;) = 0. Since g is a cubic polynomial in w, one may take this
to define a three-sheeted Riemann surface w(€) (see e.g. Figure 6.7) with branch
points corresponding in general to double roots of g. This structure will play an
important role below. For real a our g has a triple root only for the special case
£ =0, G=1 at extremality (a = v/2), where the root lies at the horizon (w = 1).

In general, the term on the right-hand side of (6.27b) acts as an effective
(possibly complex) Newtonian potential for w. This understanding allows one to
write the total elapsed time At = —2t,+¢/2 and the action [ along any solution

in the form

_ ix [E€+ Q1 —w)

2 J /o)

L 1= Qu0 =€ £ o)
2 wf(w)y/g(w)

dw, (6.29a)

dw + I, (6.29b)

where the integral is over the contour in the complex w-plane defined by our
worldline. Expressions (6.29a), (6.29b) use the prescription of [229] for integrating

through zeros of f so that crossing any horizon adds +i3/4 to At as desired. As
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Figure 6.7: Typical Riemann surfaces w;(€) defined by setting g(w;) = 0 over
the complex £ plane. The top left figure displays the Schwarzschild case a = 0;
the next three show a = 0.5, with ¢ = 0.2, \/m, and 0.9, from left to right
and top to bottom. The height of the sheets corresponds to |w;|, while the hue
represents the phase of w; (with red and turquoise corresponding to positive
and negative real wy, respectively). Along the real axis (parallel to the common
plane of symmetry in each figure), the turning point w; corresponds to the
smallest positive real root, which is then analytically continued to the rest of
the complex plane. Thus the principal branch of w; becomes the the lowermost
sheet in each figure at large real &£.
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a technical note we mention that by writing

g(w) = (& = Q%) (w1 — w)(ws — w)(w — ws) (6.30)

with w; = w;, the expressions (6.29) can be evaluated explicitly in terms of
standard elliptic integrals. These expressions are functions of wy, wsy, ws, «, O,
and & given in Appendix B.2 and are useful for various asymptotic expansions.

In order to obtain a unique value from (6.29) we must specify ,/g along this
worldline which, as noted above, will necessarily run through a root w; of g.
The correct prescription is determined by taking /g to be continuous along the
worldline and requiring the above reflection symmetry A — —\ to change the sign
of \/g; roughly speaking, the sign of /g changes when one passes through the
turning point. The remaining sign ambiguity in At is fixed by the sign of dw/dt
at any point along our worldline, while the sign of the ambiguity in [ is fixed
by the condition that the divergence at w = 0 is canceled by I.. In particular,
although there are two solutions for given &, wy, the action I takes identical values
on both.

One would like to think of (6.29a) and (6.29b) as defining I as a function
of t,. But again the multiple geodesics for each ¢, mean that I(¢,) is actually a
multi-sheeted Riemann surface. A useful way to deal with this complication is to
parametrize both I and ¢, by the energy £. While the resulting I(£) and At(&)
are again multi-sheeted Riemann surfaces, their structure is closely related to the
physics of quasi-normal modes. We review this connection in section 6.4.3 below

and use it to extract the most relevant features.
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An additional simplifying feature of this perspective is that all branch points in
I(€) coincide with those of w,(£), and thus with w; being a double root of ¢g. This
follows from the above observation that [ is uniquely determined once both &, w;
are specified. Specializing for the moment to non-extreme black holes, we see from
(6.28) that f cannot vanish where g has a double root?. As a result, the relation
(6.28) ensures that no further factors vanish at w; in either the numerator or
denominator of (6.29b) and that double zeros of g give logarithmic branch points.
We see that At also diverges logarithmically at branch points of w; and that the
only additional branch points in A¢(&) are those associated with the overall choice
of sign. These play only a very minor role and are not associated with divergences
unless they coincide with those above. Thus the branch points of w; are directly
associated with the late time limit At — oo.

As a final note, we mention that equations (6.29) and the associated bound-
ary conditions are invariant under the transformation (¢, Q,&) — (—tp, —Q, —E)
and also under (t,, @,&) — (—ty, Q,€) where the overbar denotes complex con-
jugation. Without loss of generality we may thus restrict our analysis to ¢, > 0
and Q@ > 0. We may also restrict ourselves to g > 0 (and thus ¢ > 0), since the

equations are also invariant under (p, q¢) = (—u, —q).

6.4.3 The Late-Time Limit and quasinormal modes

We noted above that our problem is associated with multi-sheeted Riemann

surfaces I(€), t,(€), wi(E) for which the interesting branch points occur when wy

9Note that g(w = 0) = 1 # 0. Thus from (6.28) f and g can vanish simultaneously at wy
only when £ + Q(1 — wp) = 0. But this forces the second term in (6.28) to have a double root.
So if wyg is a double root of g, would also be a double root of f. And when « is real f can have
a double root only at extremality.
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is a double zero of g(w). Furthermore, these are precisely the points associated
with late-time limits. We now take a moment to understand the structure of
these branch points in detail and to more carefully review the connection with
late times. In particular, we relate the associated branch cuts with families of
quasi-normal modes drawing heavily from [228] and [229].

Note that double roots of g can arise only at special values &, of £ at which the
discriminant of g vanishes. This discriminant is a sixth order polynomial in £ and,
while its explicit form is unilluminating, we plot the associated six roots &, in the
complex £ plane for representative choices of the parameters «, ¢ in Figure 6.8.
Any curve &(t;,) must approach one of these points as ¢, — +o00. There is a special
p-independent value ¢ = \/2/_3 at which two of the £. merge on the real axis and
disappear. This corresponds to a degenerate case where g(w) becomes quadratic
in w, so at this value there are only four &.. For ¢ < \/2/_3 no &, lie on the real
axis, while for g > \/m two of the &, always lie on the real axis.

As described in [228], there is a very physical relationship between the critical
energies &£, and the quasi-normal modes (QNMs) of the scalar field probe. In
general, the long-time behavior of two-point functions of fields on a black hole
background is dominated by the lowest QNM w,.. This is usually used as an
approximation for the two-point function in one static region outside the black
hole, but continuing one of the points to the other asymptotic region via t —

—t + i/2 one sees that it also provides an approximation to our Wightman

function:
, 2
Ghalty) ~ €50 = Iye = " gy 4o (6.31)
m
where - - - stand for contributions that are subleading in 1/m and 1/t,. Working
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Figure 6.8: Roots of the discriminant of g(w) in the complex £ plane are shown
as dots for representative choices of the parameters «, ¢. From left to right, we
take ¢ = 0, ¢ < \/2/73> and ¢ > \/2/73 These indicate possible branch points
for w(€),1(£), At(E), with the actual branch structure of I(€), At(£) being
determined by that of w:(£). On sheets where &, is indeed a branch point,
both I and At diverge logarithmically. As these are the only locations where
At can diverge, they serve as endpoints for all curves £(¢5). The jagged lines are
rough guesses for the locations of the branch cuts that define the principal sheet
of wi (&), I(€) and At(E), and should correspond to lines of poles in frequency
space correlators for operators of large-but-finite conformal dimension.

in the worldline approximation, this linear behavior at late time can be thought of
as corresponding to a world line at fixed (generally complex) w but extended in
the ¢ direction [229]. To identify these special values of w (which we denote w,),
we extremize the action obtained from (6.25) by setting w to zero. The resulting
action is
il
Lae = — | V(w)dt, (6.32)

20
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Vi(w) =4/ % — 91 —w), (6.33)

and its extremization requires solving V/(w) = 0. Finding the roots w,. of V'(w) for

where

general «, ¢ amounts to solving the same sextic polynomial. But since from (6.27b)

they satisfy g(w.) = 0, the corresponding energies are just the six £. defined above:

E = V(w,). (6.34)
Thus in the late time limit we may write

200,
Tte = ==ty +--- = we = —m (Eg), (6.35)
0

where (Eg), = (&./z is again the Euclidean energy from (6.26). Since the large
time behavior of a physical probe field is controlled by its lowest QNM, we iden-
tify the frequency of this mode as w.. Thus, up to a factor of m, the critical
energies (Eg), are directly related to such frequencies. In particular, for stable
situations families of worldlines relevant at late times can have ¢, — +o0 only for
&. in the upper half-plane.

Not only does the physics of QNMs determine the branch points &, it also se-
lects a physically meaningful location at which to place associated branch cuts [228].

This point may be seen by writing the Fourier transform of the worldline-approximation
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correlator in the form

Gra(w) ~ /d(At) gmiwAtgmmI(A) (6.36)

N/dEE e~ MU (EBp)+i(w/m)At(ER)) (6.37)

For large m, the dominant contribution to this integral comes from those Eg

which satisfy the saddle point condition

Al iw d(At)

=0. (6.38)
Since [ is an action, we have the Hamilton-Jacobi relation
dl =iFEgd(At), (6.39)

which can also be checked directly from (6.29). Thus (6.38) becomes simply Er =

—w/m at all times and the frequency space correlator is

Gra(w) ~ em?@)  with Z(w) = (iEpAt(Eg) — I(Eg (6.40)

)) |EE:_W/m'

Since Z(w) and I(At) are related by a Legendre transformation, the analytic
structure of the functions I and At in the complex energy plane is directly related
to the analytic structure of the frequency space correlator Ga(w).

In particular, the only singularities of the exact Green’s functions Gia(w) at
finite m computed using field theory should be poles corresponding to quasi-

normal modes. In the large m limit these poles organize themselves into closely
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spaced families that define curves in the complex w plane. The endpoints of such
curves are (some of) our &.’s and the associated lines of poles become branch
cuts. The most relevant observation is that the actual finite m correlators are
free of branch points, so that the parts of our Riemann surfaces I(£) and At(E)
beyond the lines of poles are related much less directly to the physics of finite m.
In particular, even at general complex t, or w, finite m correlators will never be
well-approximated by e=™ for worldlines described by points behind such lines.
We henceforth restrict discussion to what we may call the principal sheets of
wy(€), I(€), and At(€) defined by introducing branch cuts along the large-m lines
of poles in G15(w). We also take our principal sheets to include worldlines on which
E, wy, are real and At is purely imaginary. While determining the precise location
of these cuts would require one to compute the full set of QNMs at large m, it will
be enough for our purposes to note that QNMs typically become highly damped
away from the lowest QNM. Thus the branch cuts that determine our principal
sheet must point away from the real £ axis. A rough guess as to the appearance
of these branch cuts is sketched in Figure 6.8. In particular, comparison with
Figure 6.10 indicates that while all six values of £. define branch points of the
principal sheet for small ¢ < \/m, at some point before § = \/m two of the &,
move onto a secondary sheet so that only the remaining four define branch points
of the principal sheet and correspond to physical low-lying QNMs. As one might

expect, for ¢ > 1/2/3 these are the four £. with non-vanishing imaginary part.
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Figure 6.9: Sketches of the £(t,) contours corresponding to real values of ¢,
for a representative sample of o with § = 0; arrows on the contours indicate
the direction of increasing ¢,. Figure (a) is Schwarzschild, with « increasing
to the right. Taking a > 0 introduces two additional &, along the imaginary
axis and resolves the bifurcation point at £ = 0. Note the presence of new
contours that come in from infinity; following these contours to large t; takes
us cross branch cuts (for which our rough guesses are shown as jagged lines)
and off the principal sheet. At o = agit & 0.406 the bifurcation points merge
and the contour topology changes to that of figure (c). We see that at least
parts of some (black) contours move off the principal sheet. Red contours are
associated with correlations that decay away from t; = 0 as in comment (ii).

6.4.4 Correlators in the extreme limit

As discussed for the Schwarzschild case in [34], it is generally quite subtle
to determine which of the possible complex worldlines connecting our endpoints

actually provides a good approximations to finite m correlators via Gio ~ e ™.
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Figure 6.10: Sketches of the £(t;) contours corresponding to real values of ¢, for
a representative sample of o and §; arrows on the contours indicate the direction
of increasing ¢;. Red contours are again associated with correlations that decay
away from ¢, = 0 as in comment (ii). The three columns take a = ay, ae, as,
respectively, with a1 < aeit < as < a3 & Qext; the rows from top to bottom
take ¢ = G1 o, 3, G4, respectively, with 1 > ¢1 < ¢o < g3 < \/% < s Asqis
increased, two of the & in the right-hand plane cross branch cuts (rough guesses
for which are again shown as jagged lines), taking their associated contours
and branch cuts off the principal branch; this is shown in the third row with
such branch cuts indicated by dashed lines (suppressed in the 4th column).
At g = \/%, these two &, annihilate on the real axis; for ¢ > m, these &,
remain on the real axis and no contours on the principal sheet terminate on
them.

&

219



Entanglement and Correlations Near Extremality Chapter 6

The possible Schwarzschild contours £(t) for real ¢, are shown in Figure 6.9(a).
While the correlator at ¢, = 0 corresponds to the unique £ = 0 geodesic, this splits
into three possible branches for nonzero t,. By writing down a toy model for the
path integral, [34] argued that the contours contributing to the path integral
are the complex ones terminating at & = /2e™/4+7/2 for k = 0,1,2,3, while
the contour along the imaginary £ axis (which only reaches a finite value of ¢,
as & — i00) does not contribute. This is the case even though the imaginary
& contour represents a smaller action for t, > 0, and so would dominate if it
contributed at all. Adding charge (o > 0) to the black hole and also to the probe
(G > 0) leads to even more interesting structure for these contours which may
further complicate the analysis. See Figure 6.9 for black holes with neutral probes
and Figure 6.10 for charged probes. The captions contain rough explanations of
the evolution in «, ¢, though due to our focus on the non-extreme case, we save
further commentary for section 6.4.5.

Luckily, an indirect argument suffices to determine the correct contour in the
extreme limit. To see this, recall from section 6.2.1 that this limit must make our
correlators independent of t,. Since At = —2t,+i3/2, applying equation (6.39) to
any contributing saddles requires £(;) to vanish at extremality for all ¢,. Taking
the € — 0 limit of (6.34) shows that that for ¢ < 1, precisely two critical energies

&. vanish at extremality; these are

E = qig— V\/lg_qQ e+ 0(e)? (G<1). (6.41)

One lies in the lower half plane, and the other lies in the upper half plane. So for
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the stable case ¢ < 1 there should be a unique contour connecting the two, and

which should flow from the former to the latter. This is precisely what one finds

numerically; see Figure 6.10. In the extreme limit, consistency thus requires that

correlators receive contributions only from this contour.

Before analyzing this contour in detail, we remark that it displays several

additional pleasing features:

i)

ii)

At least for 0 < ¢ < 1, for all nonextreme black holes with sufficient charge
(a? close enough to 2) the &. values corresponding to endpoints of the chosen
contour continue to be the closest £, to the real axis; see Figures 6.9 and 6.10.

Thus, if they contribute at all, they give the lowest quasi-normal modes.

It is natural to expect |¢| < 1 correlators to be largest at ¢, = 0 and to
decay toward both future and past. From (6.39), this requires any dominant

110

worldline at ¢, = 0 to have £ real'”, and also requires the contour in its

vicinity to flow toward the upper half plane.

This expectation is trivially satisfied for our chosen contour at o? =2, § =1
for which €& = 0 identically. But the ¢, = 0 worldline on this chosen contour
admits a unique continuous deformation to general allowed «, ¢. In each case
one finds the corresponding £(t, = 0) to be real and the contour to flow in
the desired direction. This seen from Figures 6.9 and 6.10, recalling that
time-reversal symmetry relates the upper and lower half-planes. Thus if any

contour crosses the real axis at a single point, this point must be ¢, = 0. The

10Unless it somehow fails to contribute at all to any correlator with ¢, > 0 (which would allow
Im(€) > 0), or to any correlator with ¢, < 0 (which would allow Im(€) > 0). This seems unlikely
even at special values of «, ¢, and completely implausible on open sets of these parameters. The
real £ requirement applies also to cases where multiple worldlines share dominance at ¢, = 0.
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relevant contour is shown in red for all o, q.

iii) The observation that following a branch cut from any &, at fixed «, ¢ should
take one away from the real axis suggests near extremality that at least a large
part of the other contours (for which &£. does not become small) do indeed
move off the principal sheet. See Figures 6.9 and 6.10. It is plausible that at
extremality such contours move off the principal sheet for all ¢,, though this

would require further analysis to determine.

We also mention a further good property of our chosen contour for ¢ < 1.
Here the behavior near extremality is clear from general considerations even at the
quantitative level. The RNAdS; black hole develops a deep AdS, x R? throat and,
since this near-horizon region is associated with low energies, the emergent AdS,
isometries define an infrared conformal fixed point that associates each operator
with a new effective infrared conformal dimension Ajg [233, 234]. As discussed in
(235, 236], at finite but very low temperature to good approximation this is just
a finite-temperature version of the same AdSs;. As a result, if we start with two
points at the bifurcation surface and move them radially outward into opposite
asymptotic regions then it is clear that A also controls the rate of decay of
the associated two-point function. Since this decay must continue up to a cutoff

controlled by the temperature we arrive at

Gy ~ T?A1R, (6.42)

In particular, the precise condition for a non-vanishing two-point function as " —

0 is Ajg = 0, which indeed implies that the system sits on the threshold of an
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instability as discussed in [241].
Returning to our contour, one can readily see that it provides results consistent

with (6.42). Since €& ~ 0 and w; ~ 1, the leading-order behavior of I at fixed ¢, is

1— ¢

1:5/1_6 L@ 1 00— In(u/T) +O(1).  (6.43)

3 1—w

Exponentiating this result gives (6.42) with A = mt m, which as one
may easily check is the correct result at large m in 5 bulk dimensions.

We now consider ¢ = 1. Since Ag = 0 to the approximation with which we
work, the correlator will be finite at extremality. But our worldline approximation
provides interesting information about time-dependence. To extract this informa-
tion, we take the extreme limit € — 0 of (6.34) in which three of the & move to
the origin. Two of these correspond to the endpoints of our chosen £ — 0 contour.

They are

1 6:I:i7r/3 13 5/3
E = 2\/§—8.31/36 e+ 0 (77, (6.44)

suggesting that the entire £(¢,) contour obeys the scaling relation

E= L_ael/i” € 6.45
( ) (6.45)

with @ a complex number ranging between e™/3. Inserting this ansatz into the

elliptic integral expressions of appendix B.2 leads to simplified expressions ((B.11)
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and (B.12)) which satisfy the relation for all ¢!

—— = 2\/:arctanh\/j - @ Tt,+ O (T/u)4/3] : (6.46)

where the O(T/1)*/? term has unspecified time dependence. While this expansion

I =/

can be continued to higher orders, it is simpler to focus on the late-time behavior

and use (6.35) and (6.44). For example, we find

T e*iﬂ'/g 6#’ 4/3 5/3

The interesting property of both (6.46) and (6.47) is that, beyond linear order
in T, the expansion comes in powers of (7'/u)"/3. This differs markedly from the

G < 1 expansion which involves only integer powers of T'/ .

6.4.5 Comments on non-extreme contours

We now make some brief remarks on contours for general non-extreme «, ¢
which, while tangential to our analysis of the extreme limit, may nevertheless be

of interest.

i) The red contours in Figures 6.9 and 6.10 are associated with correlations that
decay away from t, = 0 as in comment (ii). We expect these to dominate
for all a near t, = 0, though not necessarily for large ¢;,. Indeed, there is a
regime between Figures 6.9(b) and 6.9(c) where the red contour would reach

the imaginary &., while the complex &, (off the imaginary axis) have smaller

1 To this order, the time dependent part of this result can also be obtained by using the
leading (a-independent) term in (6.45) to integrate (6.39).
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ii)

iii)

imaginary part, potentially corresponding to lower QNMs, and may well still

contribute.

The exchange of relevance/dominance of the above &, near o in Figure 6.9
appears to be related to the massless uncharged scalar results of [262] which
found two families of QNMs: purely damped modes, and oscillating damped
modes. The latter give the lowest QNM for small «, while the former do
so beyond some threshold value. Furthermore, the damping time diverges in
the extreme limit. Though [262] studied global RNAdS,, their results persist
in the planar (large radius) limit. Note that we find similar behavior for

sufficiently small ¢ > 0, though this transition disappears at larger q.

The location of the bifurcation points in Figure 6.9 corresponds to the location
of the maxima and minima of ¢, along the imaginary £ axis found by [227],

though they did not follow the complex branches.

6.5 Discussion

We have studied the behavior of thermofield double states with chemical po-

tential 1 in holographic contexts dual to the two-sided planar Reissner-Nordstrom

AdS; black hole. One copy of the CFT is associated with each boundary, and we

have focused on correlations and entanglement between the two. The deep throat

that arises in the extreme limit of RNAdS immediately implies that correspond-

ing

two-point functions of neutral operators vanish as T" — 0 at fixed u. For the

same reasons, the thermo-mutual information between strips (or other finite-sized

regions) of size L in the two CFTs vanishes at small 7" unless L diverges; see
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section 6.3. Such results might at first seem to suggest that all localized measures
of entanglement vanish in this limit.

However, we have shown that other localized measures behave differently. One
example is the thermo-mutual information (6.20) between a width L strip in one
CFT and the full second CFT. As discussed in section 6.3.2, this remains non-
zero as T' — 0 so long as L > Ly crr|r/u—0 ~ 1.05v/p. Another example is the
two-point function of appropriately-tuned charged scalar operators. In the limit
of large conformal dimensions, the required tuning in bulk language is mx = qg,
which in field theory terms at large A becomes A = 2|¢g| for e.g. N =4 SYM
when the U(1) charge corresponds to a subgroup of the SO(6) R-symmetry. But
as explained in section 6.4.4, a more complete characterization of the requirement
is that the effective IR conformal dimension of the operator should vanish, so that
the system sits just on the threshold of an instability.

In particular, we saw explicitly in the wordline approximation that CF'T two-
point functions Gi(z1, x2) with Ajg = 0 remain non-zero at finite arguments and
that the correlations they measure do not all shift off to infinitely large scales
as T — 0. Since Ajg controls the scaling of G2 at any fixed spatial separation
T — To, we expect this behavior to continue even for finite-dimension operators;
i.e., it is not an artifact of the worldline approximation.

We find the mixture of divergent and finite length scales as T' — 0 quite
interesting. The AdS, x R? IR fixed point exhibits local criticality, with infinite
dynamical scaling exponent z. Since dynamical scaling symmetry at finite z would
require length scales L oc T~'/#  both constant (7°) and logarithmic behaviors

(InT) are natural at z = oo. We see that AdS, x R?® fixed points involve a

226



Entanglement and Correlations Near Extremality Chapter 6

particular combination of the two — a result one would like to understand from
the CFT perspective. Motivated by our results for charged correlators, one would
also like to study what one might call the “charged thermo-mutual information”
of two finite strips (one in each CFT) defined using the von Neumann version of
the charged Rényi entropies of [263]. At least with additional fine-tuning of the
new charge parameter, this may well lead to further entanglement measures that
remain localized as T' — 0.

Understanding the entanglement structure of physically interesting states at
various scales is an intriguing and complex problem. Indeed, this is the goal of
many studies of tensor network representations of ground states, the multi-scale
entanglement renormalization ansatz (MERA), and the like; see e.g. [264-268].
Our parameter T/ is a dial that one can turn to explore this scale-dependence for
TFD states at t = 0, just as one may explore the time-dependence of entanglement
using the proposal of [70] (see e.g. [45, 46, 70, 229, 257, 269-278]). The two limits
are closely related, as both explore the deep infrared. Indeed, our results for TMI
at low T" have much in common with those of [229] at late times: There again the
thermo-mutual information vanished between strips of fixed finite size in opposing
CFTs, while — although not actually discussed in [229] — TMI(A;:CFT3) need not
vanish since it is in fact independent of time.

As noted earlier, such observations are difficult to reconcile with the quasipar-
ticle picture of TMI entanglement (see [229], following the time-dependent picture
of [257]). In particular, as described in section 6.3.3, we find that the TMI be-
tween a strip in one CFT and its complement in the other again vanishes at small

T, so that one cannot even say that the CFT, degrees of freedom entangled with
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a given strip in CFT; have moved off to infinite scales — they remain tied in some
essential way to the mirror-strip in CFTy. The situation is even more dramatic
if we compactify space, in which case the analogues of A;, A, A, A2, all have
pairwise vanishing TMI at sufficiently small 7. And it is clear that this same
behavior will be found at late times using [70]. Assuming this prescription to
be correct thus leads to a similarly dramatic late-time failure of the quasiparticle
picture for any initial state!2.

A final general feature on which we remark is the sharpness of transitions
associated with TMI at large N, in that it strictly vanishes below some threshold.
Such sharpness is of course a general feature of transitions involving holographic
entanglement [69]. The fact that this behavior is by now well-known should not
reduce our desire to understand it at the microscopic level. Indeed, it seems deeply
related to the general observation that plasmas in holographic CFTs can strongly
decouple from short-distance probes. A particularly striking example of such
behavior is the funnel/droplet transition described in [57] — see [279] for a review
—in which such plasmas suddenly become unable to couple to heat sources smaller
than some characteristic size. The funnel /droplet transition was recently linked
to color confinement [279], and the resulting circle of ideas may have implications
for the present discussion.

Let us now briefly return to two-point functions. In addition to the results

summarized above, we also found new phenomena associated with “extremally

120ther features of the proposal [70] that are diffcult to reconcile with a free-streaming quasi-
particle picture of time-dependence were mentioned in [45, 46]. We comment that CFTs on
spaces with compact directions provide yet another. For example, in a d = 2 CFT on a circle
of radius R, all quantities associated with free-streaming quasiparticles of speed v are periodic
with period 2rR/v. But aside from trivial conserved currents at the boundary, holographic
duals certainly do not display this periodicity, and neither should more general CFTs.
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charged” operators (§ = 1) at small 7. In particular, since all time-dependence
of the T"= 0 TFD is through an overall phase, physical quantities become time-
independent. But at least for operators tuned to satisfy Ajg = 0, the precise way
in which they do so seems to be via an unexpected expansion in powers of 7/3
that governs corrections beyond the leading linear behavior (see equation (6.47)).
While section 6.3 reported TMI results only for ¢ = 0, using the proposal of [70]
the analysis extends readily to more general times and produces late-time results
that agree with [45, 46] and which give only smooth functions of 7'

As a final comment, we recall that [34] described how two-point TFD correla-
tors similar to those studied here might be used to probe the classical singularity
of the planar Schwarzschild solution (@ = 0), and thus perhaps to study how this
singularity is resolved by quantum and/or stringy effects. While already nontrivial
at ;= 0, we note that any generalization to p # 0 will involve further subtleties.
In particular, for 4 = 0 the idea was to study operators of large but finite dimen-
sion and to analytically continue ¢, until the associated geodesic passes close to
the singularity — in our notation, until w becomes very large. As is clear from the
upper left diagram in Figure 6.7, for ;4 = 0 this happens as £ — +ioco along the
principal sheet of the w; Riemann surface. But as shown in the other diagrams in
Figure 6.7, for ;1 # 0 one finds that w; remains bounded on the principal sheet.
Thus finite m correlators are no longer approximated by geodesics passing close
to the singularity anywhere in the complex ¢, plane. The construction analogous
to [34] would thus require first taking the m — oo limit of finite-dimension corre-
lators and then analytically continuing to another sheet of the Riemann surface

wy(€). Indeed, from our preliminary numerics it is unclear whether one can even
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reach the inner horizon on the principal sheet, so this same complication may well

apply to analogous investigations of inner horizon instabilities along the lines of

227).
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Chapter 7

AdS Wormbholes with de Sitter

Interiors

7.1 Introduction

The AdS/CFT correspondence [19, 20| offers a remarkable insight into proper-
ties of large- N, strongly coupled conformal field theories (CFTs): Many quantities
of interest in the CFT are related to simple geometrical objects in the gravitational
bulk. Familiar examples include correlators of scalar fields with large conformal
dimension that may be computed from the length of bulk geodesics [67] and Wil-
son loops given by the areas of bulk string worldsheets [68].

Our interest here concerns the bulk dual of CFT entanglement entropy. Gener-
alizing the Ryu-Takayangi (RT) prescription [69, 280] to time-dependent contexts,

the Hubeny-Rangamani-Takayanagi (HRT) proposal [70] states that at leading or-
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der in N the entropy of a region A of a holographic CFT is given by

s(a) = 22 )

where Gy is the bulk Newton constant and = is the minimal-area (spacelike)
extremal surface anchored on the set 0A. Here we think of both A and JA as ap-
propriate subsets of the timelike conformal boundary of an asymptotically locally
AdS bulk spacetime. Because = reaches the AdS boundary, the two sides of (7.1)
are both infinite; a more meaningful equality of finite quantities follows when the
two sides are properly renormalized. As emphasized by Headrick and Takayanagi
[255], one should restrict attention to bulk surfaces appropriately homologous to
A (viewed as part of the conformal boundary). We therefore use the term HHRT
to refer both to the entire framework and to codimension-2 spacelike extremal
surfaces homologous to some given A (whether or not the surface has minimal
area within this class).

The purpose of this work is to discuss HHRT for a new class of geometries,
termed planar AdS-dS-wormholes. These spacetimes describe plane-symmetric
black holes with two asymptotically AdS regions connected by a wormhole that
in turn contains an inflating region — and in particular a de Sitter-like (spacelike
and smooth) region Zgg of the conformal boundary; see figure 7.1 for an example
and section 7.2 for details. We show below that codimension-2 extremal surfaces
cannot span any such wormholes, by which we mean that they cannot connect
one side to the other. It follows that HHRT predicts the leading-order large- N

mutual information (A, B) to vanish between two finite-sized regions A and B

232



AdS Wormbholes with de Sitter Interiors Chapter 7

£ Fas E

Figure 7.1: A sample conformal diagram for an AdS-dS-wormhole. The surface

labeled = (blue in color version) is a putative wormhole-spanning surface (which

we will show cannot exist if the spacetime obeys the null energy condition).

The surface ¥ (red in color version) is an achronal surface that approaches

close to .35 and thus has large volume element. The dashed lines indicate

the boundary of the past of the dS-like part .Z45 of the conformal boundary.

The wormhole shown has a right/left Zs reflection symmetry. The explicit

wormholes of section 7.2 will share this symmetry, though it is not needed for

our general arguments. The edges of .Z4g are marked £.
lying on opposite conformal boundaries'. This is in sharp contrast to the behavior
of thermofield double states studied by Hartman and Maldacena [229].

However, the leading order I(A, B) is non-zero when A and B are the entirety
of their respective boundaries since, for that case, the empty set is also homologous
to A U B. Despite the time-dependent nature of our interior geometries, the
predicted entanglement is thus similar to that of both generic entangled states
(see e.g. [40, 229, 281, 282] for holographic discussions) and a naive interpretation
of extreme Reissner-Nordstrom black holes [76, 282].

At least when interpreted as a suitable large-torus limit of wormholes with

toroidal cross sections (see section 7.4.3), we see no inherent inconsistency in this

'We remind the reader that this mutual information can be defined in terms of the von
Neumann entropies S(A), S(B), and S(AU B) as

I(A,B) = S(A) + S(B) — S(AU B). (7.2)
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prediction. Indeed, further investigation of this feature may provide insights into
the holographic description of inflation (see also [283-286]?). But the lack of
wormhole-spanning codimension-2 surfaces makes our AdS-dS-wormholes a nat-
ural context in which to investigate possible corrections to HHRT. In particular,
while the two AdS boundaries cannot be connected by any HHRT surface lying in
the real Lorentz-signature spacetime, there is no obstacle to finding complex such
surfaces in a complexified AdS-dS-wormhole. Indeed, we argue below that such
complex extremal surfaces exist, though we leave their detailed analysis for future
work. We remind the reader that complex saddle points often dominate the eval-
uation of integrals along the real axis, so that derivations of RT via saddle-point
approximations to Euclidean bulk path integrals [71, 288-291] naturally suggest
that complex extremal surfaces be incorporated into HHRT, which would in any
case require analytic continuation to make contact with the Euclidean calcula-
tion in time-dependent contexts. See [78] for a discussion of these points, some
confusions they raise, and a study of complex codimension-2 extremal surfaces in
bulk duals of thermofield double states. To leave open the question of whether
(7.1) is really the CFT entropy, in what follows we will use the term “HHRT
entanglement” to refer to the bulk quantity calculated by (7.2) using real sur-
faces, without implying any particular interpretation in the dual CFT. The term
“HHRT surface” will similarly imply the surface to be real unless explicitly stated

otherwise.

2 These references study time-symmetric spacetimes. Our wormholes cannot be time-
symmetric, as a moment of time-symmetry is a totally-geodesic surface. Any wormhole-spanning
minimal subsurface would thus be a wormhole-spanning extremal surface of the full spacetime.
Indeed, with planar symmetry a Raychaudhuri-equation argument like that of [287] shows that
no piece of Z4g on the future boundary can lie to the future of any piece of Fyg on the past
boundary.
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We begin by constructing examples of planar AdS;,; dS-wormholes in sec-
tion 7.2. We use a cut-and-paste procedure based on simpler and more familiar
geometries. The junctions where the cut-out pieces are sewn together contain
distributional sources (null shells) whose stress tensors we compute. For all d > 2
we identify cases where the result satisfies the null energy condition (NEC), both
in the original spacetime from which the pieces were cut and on these null shells.

Section 7.3 then shows that d > 2 planar AdS;,; dS-wormholes obeying the
NEC admit no real wormhole-spanning HHRT surfaces. In fact, the main result
is slightly more general: in any asymptotically AdS spacetime respecting the
null energy condition, the light cone (boundary of the past or future) from any
real codimension-2 spacelike extremal surface = anchored at the AdS boundary
can intersect a de Sitter-like region of the conformal boundary only on a set of
measure zero. This turns out to forbid wormhole-spanning HHRT surfaces for our
planar wormholes. Regulating the geometries by allowing inflation to proceed only
to a finite extent can restore theses surfaces, but their area must diverge as the
regulator is removed. Either argument leads to the HHRT entanglement properties
described above when A, B are finite-sized subsets of opposite boundaries.

The case where A and B are entire boundaries is discussed in section 4, where
the associated HHRT surfaces are termed total entropy surfaces. Interestingly, it
appears that total entropy surfaces also fail to exist in many AdS-dS-wormholes.
We show that there are no plane-symmetric total entropy surfaces in a large class
of examples from section 7.2, and we conjecture that less symmetric total entropy
surfaces also fail to exist. If so, the HHRT proposal becomes ill-defined and

requires improvement. The conceptually-simplest change would replace the HHRT

235



AdS Wormbholes with de Sitter Interiors Chapter 7

surfaces with limits of families of surfaces that exist in a regulated geometry. These
limiting surfaces can be thought of as living on the conformal completion of the
unregulated spacetime, so we refer to this proposal as HHRT.

An alternative and tempting modification, discussed in section 7.5, is the inclu-
sion of compler codimension-2 extremal surfaces living in complexified wormhole
geometries. Unfortunately, our cut-and-paste spacetimes are not analytic, so their
complexification is far from unique. We thus save analysis of complex surfaces in
actual AdS-dS-wormbholes for future work. Instead, we analyze complex surfaces
in pure de Sitter space where real surfaces again fail to exist with widely sep-
arated anchors and where we may expect a similar structure. With help from
appendix B we also note that a sum over complex geodesics accurately repro-
duces two-point functions of quantum fields in the de Sitter vacuum state. Since
the geodesic approximation to two-point functions shares many superficial simi-
larities with HHRT, this provides some partial support for the idea that complex
surfaces contribute to holographic entanglement for AdS-dS-wormholes. We close

with some final discussion in section 7.6.

7.2 Cut and Paste AdS-dS-wormbholes

We define an AdS wormhole to be a connected solution M of the Einstein
equations (with a matter source respecting the null energy condition) which has
two causally disconnected asymptotically (locally) AdS boundaries®. AdS-dS-

wormholes are those particular examples which admit a conformal extension M

3With enough assumptions about the nature of these two boundaries their causal disconnec-
tion in fact follows from the null energy condition [292, 293].
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in which some piece .Z4g of the conformal boundary is, smooth, spacelike, and has
diverging conformal factor. We require .45 to contain an open set of the conformal
boundary, and smoothness of some part the conformal boundary is taken to mean
smoothness there of M as defined by an additional conformal factor that vanishes
linearly. In the usual way these conditions imply that M is asymptotically de
Sitter in the region near .#3s. Reasoning as in section 4.1 of [294], one may
show that .Zgs must be causally inaccessible from (i.e., outside both the past and
future of) any region of the AdS boundary .Zxqs. With enough symmetry — and in
particular for planar symmetry as defined below — this follows particularly quickly
from the Raychaudhuri equation in parallel with the spherical case studied in [287];
see also [295]. Since such spacetimes cannot be time-symmetric (see footnote 2),
we will generally assume that Z35 lies on the future conformal boundary as in
figure 7.1.

The goal of this section is to construct simple examples of plane-symmetric
AdS-dS-wormholes. This shows that such solutions exist and helps to make the
discussion in the remaining sections more concrete; they are of particular use in
section 7.4.

We will build planar AdS-dS-wormholes by pasting together regions cut from
more familiar spacetimes satisfying the vacuum Einstein equations with cosmolog-
ical constant, though the value of this cosmological constant will vary from region
to region. We will think of each local cosmological constant as set by a distinct
extremum in the potential V(¢) of some scalar field ¢ which is constant in each
patch. Each junction will be a null surface, which by the Einstein equations is

associated with some thin shell of matter. For appropriate choices of parameters
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these null shells satisfy the null energy condition and may be interpreted as shock
waves in the scalar field ¢.

We take each region to admit an additional Killing field ¢ beyond those in-
volved in the planar symmetry, though the vector field £ will generally fail to be
continuous across the junctions and, as a result, will not define an isometry of the
full wormhole spacetime. Our examples will be built from three such patches, but
we impose a Zs reflection symmetry exchanging the ends of the wormhole so that
these regions are of only two distinct types (called I and II, see figure 7.2).

Region I will be the part of the familiar planar AdSg,;-Schwarzschild black
hole (or BTZ for d = 2) lying to the past of one AdS boundary, while region II is
(part of) an analytic continuation of the planar AdS,,1-Schwarzschild black hole
to positive effective cosmological constant (studied in [296]; see (7.3) and (7.4)
below). The conformal diagrams of these spacetimes and the indicated regions
are shown in figure 7.3. Each patch extends to the relevant part of the future
and/or past Killing horizon.

The junctions are two copies of a single null shell (drawn as dotted lines and
both labeled A in the figure) which lie on parts of the would-be Killing horizons
of £. Note that our wormhole has Cauchy horizons Hcaueny along other pieces of
the would-be Killing horizons. In analogy with the Reissner-Nordstrom case [297—
299], we expect our Cauchy horizons to be unstable to forming null singularities.
They should thus be considered an artefact of our cut-and-paste construction.

We also introduce a coordinate r defined at each point by the scale factor of
the corresponding plane of symmetry, and which must be continuous across each

shell. This requires the black hole horizon in patch I to have the same “radius”
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Figure 7.2: Our cut-and-paste AdS-dS-wormholes. The two types of regions
are pasted together along null shells, indicated by the dotted lines labeled A,
which are taken to lie along (parts of the) Killing horizons of the patches I
and II. The dashed lines labeled Hcauehy are Killing horizons of patch I and
are Cauchy horizons of the full spacetime; the dashed lines labeled H~ are the
past event horizons. The two patches labeled I are isometric under a left /right
reflection. (a): A case where the edges £ of Zyg lie on the past event horizons
of Fpgs. (b): A less extreme case where Zyg lies below the past event horizon.

r, as the de Sitter horizon in patch II, though the effective cosmological constant

(parametrized by the associated length scales ¢;, £;;) and black hole mass-density

may differ. As noted above, one may think of the associated jumps as modeling

gravity coupled to a scalar field whose potential has both AdS and dS extrema.
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Figure 7.3: Conformal diagrams for the spacetimes from which we cut our
(shaded) regions I and II. The dashed lines on both diagrams correspond to
the Killing horizons at r = r4. For simplicity we do not show the relative
bending between the singularity and boundary.

In both patches the metric thus takes the form

dr?

falr)

ds? = — fo(r)dt? + +ridi? |, (7.3)

where n = I, 11, each of the f,, have a zero at the same value r = r,, and the

coordinates t,, will generally differ from patch to patch. In particular, we take

2

Fr(r) = 2—2 <1 - (%)d) : (7.42)

1

fru(r) = —% <1 - (%)d> . (7.4b)

In regions I and II, we have 0 < r < oo and r; < r < oo respectively, as shown in
figure 7.3.

Assembling these patches as in figure 7.2 yields a planar AdS,;,; dS-wormhole.
But the result is far from unique, as we must specify the manner in which each

pair of regions is sewn together at the relevant junction. In our context, it is
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convenient to do so using Eddington-Finkelstein coordinates

dr dr
du, = dt, — ——, dv, =dt, + . 7.5
) ) =
Recall that the past event horizon in region I is v; = —o0, with v; running from

00 to —oo below this horizon and then again from —oo to oo above. We sew patch

IT to the part of patch I below the past horizon using

1
v = —ga (Krvg), (7.6)
RIr1

where ga(x) is an arbitrary continuous monotonic function. The fact that we
placed the boundaries of our regions at Killing horizons means that the induced
metric is continuous across the junction for any g4. To construct figure 7.2(a), we
choose g4 to map (—oo,00) — (—00,00), and in particular take g4(—o0) = —oc.
This takes the two edges £ of Z4g to lie precisely on the past event horizons H~
of Fags, as shown in figure 7.2(a). Recall from earlier that, as in [287], the null
energy condition prevents .Zgg from being to the future of any point of Faqg, so
this current case is a threshold case. We may move 45 lower (as in figure 7.2(b)),
but no higher.

That the spacetimes of figure 7.2 obey the NEC is easily verified by calculating
the stress tensor of our shells. The key quantities are their energy density u
and pressure p. We wish to find examples satisfying u + p > 0; this condition
is equivalent to the NEC in our context. The computations are described in

appendix B.3. For the spacetime of figure 7.2(a), we take ga(z) = fx; then
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using (B.26) the condition g4 + pa > 0 becomes equivalent to

1
RIr1 Z ﬂli[ |:1 - + ﬁ li[T’+:| . (77)
d—1
Choosing, for instance,
1 1 1
RITH = 7 %117"+:Z<1—m)7 p=1 (7.8)

yields pa+pa = 0 for all d > 2, giving a patched AdS-dS-wormhole that saturates
the NEC everywhere.

To construct figure 7.2(b), we instead set ga(z) = In(e?® —ed®1%0) and take the
domain of vy to be (v, 00); this places the edges £ of Zys at a finite advanced

time v; = vy and yields

1 2d ) X
_ —drr(vi—vo) ot
g 2+ (1) (1 d)} . (7.9)

+ =
Ha T DPA 87 Gnry

which is positive* for all v; > vy and d > 2.

As noted above, our cut-and-paste construction led to a Cauchy horizon Hcauchy-
While not a problem for our later discussion and likely unstable, we nevertheless
mention that it is easy to shrink this horizon or even remove it entirely by includ-
ing further simple matter sources. For example, one can fire null dust (obeying

the null energy condition) from the AdS boundary, as shown in figure 7.4(a). This

4One may ask if in analogy with the threshold case there exists some choice of parameters
that saturates the NEC; that is, for arbitrary finite vy, is there a choice of k; > 0, kr; > 0,
and smooth monotonic ga(z) with domain (v, c0) that sets ps + pa = 07 The answer is no:
using (B.26) the condition g + pa = 0 becomes a differential equation for g4, whose only
solutions do not obey the monotonicity requirement.
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replaces the pure AdS-Schwarzschild metric in the part of patch I above H~ with
an ingoing planar AdS-Vaidya metric (i.e., the ingoing planar AdS analogue of
[300, 301]) of the form

ds? = — fr(r,vp)dv? + 2dvy dr +r? d?_,, where f(r,v;) = é (1 - fd(vl)) :
0 rd
(7.10)
where 7(vy) is an arbitrary function satisfying 7(v;) > 0 and 7(—o0) = ry.

In principle, the Cauchy horizon can be made to disappear entirely by firing
in a thin null shell along H~ itself. The spacetime then becomes the one shown
in figure 7.4(b). Furthermore, as the new null shell runs along a would-be Killing
horizon, each of the (now five) patches Ia, Ib, and II still admits a timelike Killing
field £&. In appendix B.3 we show by explicit construction that the resulting
spacetime does indeed obey the null energy condition, though since the new null

shell is not pressureless, it is not in any simple sense a limiting case of the Vaidya

spacetime®.

7.3 No localized HHRT entanglement

We turn now to HHRT surfaces and entanglement. The goal of this section is to
show for all d > 2 that, according to HHRT, planar AdS;;-dS-wormholes describe
states defined on two CFT's in which the CF'Ts are jointly pure at leading order in

large N but which have vanishing leading-order mutual information between finite-

5 That the shell cannot be pressureless follows from the fact that the pressure of the shell
is a measure of the discontinuity in the acceleration of its generators across it [302]. Since its
generators are future inextendible (extendible) with respect to patch Ia (Ib), this discontinuity
must be nonzero and the shell pressure cannot vanish everywhere.
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Figure 7.4: Firing in matter from the AdS boundaries modifies the cut-and-
paste wormbholes of figure 7.2. The spacetimes shown are based on figure 7.2(a),
though corresponding results also hold for figure 7.2(b). (a): Patch I is replaced
by an AdS-Vaidya metric representing pressureless null dust (shaded) falling
in from #xqg. This adds a future singularity that cuts off part of the Cauchy
horizon Hcauehy- (b): One can remove the Cauchy horizon completely by firing
in a thin null shell B (light gray lines beneath dashed lines) along H~. The
shell further divides region I into subregions Ia and Ib on either side. This shell
cannot be pressureless (see footnote 5) and is not a simple limit of the Vaidya
case shown at top.

sized subregions of opposing boundaries. The leading-order purity of the total
state is straightforward: the pair of AdS boundaries taken together is homologous
to the empty set so that the total leading-order entropy vanishes. And the mutual
information (7.2) will vanish between finite-sized subregions A, B if S(AU B) =
S(A)+ S(B).

We show below that AdS-dS-wormholes have no wormhole-spanning codimension-

2 extremal surfaces. So when A, B are finite-sized subregions of opposite bound-

aries, every extremal surface anchored on J(A U B) is in fact the union of two
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disconnected surfaces — one anchored on dA and the other on dB. A naive appli-
cation of HHRT thus yields S(AUB) = S(A)+S(B) and I(A, B) = 0. In order to
take a bit more care, we also consider regulated versions of our spacetimes where
wormhole-spanning surfaces do exist and show that this behavior is reproduced
in the limit where the regulator is removed.

The arguments of this section do not in fact require the full planar symmetry; it
is enough to have the translation subgroup. We refer to this as planar-translation

symmetry in order to distinguish it from full planar symmetry.

7.3.1 No wormhole-spanning extremal surfaces

We first show that the intersection of de Sitter-like regions of the conformal
boundary with the light cone (boundary of the past or future) from any real
codimension-2 extremal surface = must have measure zero when the only bound-
aries of = lie at the AdS boundaries. We will refer to this latter property saying
that = is anchored at the AdS boundary. As for .#35 above, we define de Sitter-
like regions of the conformal boundary to be those that are smooth and spacelike
with divergent conformal factor. We assume the spacetime to satisfy the null con-
vergence condition R.,k*k® > 0, which holds for solutions of the Einstein-Hilbert
equations of motion for gravity coupled to matter that respects the null energy
condition. The argument is closely related to the methods of [303]. Where not
specified, we will use the conventions and definitions of [90].

To begin, consider a real codimension-2 extremal surface = anchored at the
AdS boundary whose light cone intersects a de Sitter-like region of the conformal

boundary. Since the only boundary of = lies at the AdS boundary, and since any
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extremal surface intersects the AdS boundary orthogonally, the light cone of = is
generated by a congruence of null geodesics fired orthogonally from =. Further-
more, since = is extremal and codimension-2, the expansion of this congruence
vanishes at =. No new generators can join the light cone as one moves away
from =, and the null convergence condition implies that the expansion can only
decrease. Thus, just as in the proof of the Hawking area theorem [304], the area
of the light cone can only decrease as one moves away from =.

On the other hand, any piece of this light cone which intersects a de Sitter-
like region of the conformal boundary on a set of non-zero measure has infinite
area. If = has finite area this immediately implies that the intersection must have
measure zero. If = has infinite area (as in the case of interest), the same conclusion
is reached by considering a compact set of null geodesics in our congruence that
reach the de Sitter-like infinity; they must have been fired from a compact subset
of = with finite area. And if all compact subsets have zero measure then the total
measure of the intersection must vanish as well. This argument assumes the light
cone to be piecewise C? in parallel with Hawking’s original derivation [304] of
the area theorem, but we expect that this assumption can be dropped using the
methods of [305].

One may use the above result to exclude wormhole-spanning HHRT surfaces
in an AdS-dS-wormhole with an an everywhere-spacelike freely-acting R?~! trans-
lation symmetry (which we call planar-translation symmetry), or in any quotient
of such a spacetime by any subgroup of these translations. For such a translation-
planar AdS-dS-wormhole M, it is natural to consider conformal extensions M

containing %45 for which the relevant conformal factor and thus M are also in-
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variant under this planar-translation symmetry. This means that M cannot be
compact, but we will choose conformal extensions that become so under any quo-
tient by a discrete translation subgroup group that takes R¢~! to the torus 7.

The planar-translation symmetry implies that any wormhole-spanning ex-
tremal surface = must pass through the region to the past of Zyg, see figure 7.1.
But the light cone of = can expand only with finite speed in the conformally ex-
tended spacetime M, while M remains infinite in the planar directions. Thus the
part of Zyg to the future of = can be of only finite extent in the planar directions.
Since g is invariant under the full infinite planar-translation symmetry, the fu-
ture light cone of Z (i.e., the boundary of its future) must intersect .#3s along some
surface that spans .£35 from one end to the other. And since %45 is non-trivial,
the measure of this intersection is non-zero. This contradicts the result above and
shows that = cannot exist. It also follows that wormhole-spanning extremal sur-
faces cannot exist in any quotient as they would then lift to a wormhole-spanning
extremal surface in the covering spacetime M.

We note that this same result can be derived directly using the maximin pre-
scription of [303] (which was shown to be equivalent to HHRT in certain contexts).
The maximin construction considers all achronal surfaces ¥ satisfying appropri-
ate boundary conditions, such as the one shown in figure 7.1. One then finds the
minimal surface on each ¥ and then maximizes the area of this surface over all .
So the area of the maximin surface is bounded below by the area of the minimal
surface on any given Y. Since .#4g is outside the light cone of any point on any
AdS boundary, we may choose Y to lie arbitrarily close to Zgg over a finite por-

tion of its length as shown in figure 7.1. In the limit where 3 approaches Z4g in
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this way the area of the minimal wormhole-spanning surface on ¥ grows without
bound. We see that the area of any maximin surface must be infinite, and that
no actual maximin surface can exist in M. This argument works directly in both
translation-planar spacetimes and their quotients.

On the other hand, there is no obstruction to having extremal codimension-2
surfaces outside the horizon. Indeed, we may take the exterior regions of our
wormhole to be just planar AdS-Schwarzschild in which extremal surfaces have
been extensively studied (e.g. in [69, 280]). Considering finite-sized subregions A
and B of opposite boundaries, the lack of wormhole-spanning extremal surfaces
means that, when the translation-symmetry is non-compact, a naive application
of HHRT finds the minimal area surface computing S(AU B) to be disconnected,
with each connected component giving just S(A) or S(B) separately®. In other
words, our result implies S(AU B) ~ S(A) 4+ S(B) so that I(A, B) ~ 0, where ~
denotes equality at leading order in large .

We now pause to evaluate this conclusion more carefully. In particular, we
consider regulated versions of our AdS-dS-wormholes in which inflation proceeds
only for a finite time before the wormhole recollapses to a singularity. Simplified
models of such spacetimes are constructed and studied in detail in appendix B.4.
Removing Z4g in this way allows wormhole-spanning HHRT surfaces to exist.

Indeed, the arguments of [303] tell us that they do, and that they coincide with

6The reader may note that AU B is homologous to AU B where A, B are the complements of
A, B within their respective boundaries. As a result, there are also disconnected surfaces with
each piece separately homologous to /_1, B. But when the translation symmetry is non-compact
and A, B are finite-sized, these latter surfaces will have infinite area and do not contribute. For
toroidal wormbholes, they will again fail to contribute when A, B are sufficiently small but make
the leading-order (A, B) non-zero for large enough A, B.
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maximin surfaces’.

The maximization step in the maximin procedure suggests that wormhole-
spanning extremal surfaces lie near the surface of maximal inflation in the reg-
ulated wormhole. More precisely, we argue in appendix B.4 that at late times
they approach a surface of maximal effective scale factor in behavior analogous
to that found by Hartman and Maldacena in AdS-Schwarzschild [229]. This sur-
face recedes to 35 and becomes of infinite size in any limit where our regulator
is removed. In contrast, the area of disconnected surfaces that lie outside the
horizon will remain finite as the regulator is removed. So, as above, when the
translation symmetry group is appropriately non-compact, HHRT again predicts

S(AUB) ~ S(A) + S(B) for AdS-dS-wormholes and I(A, B) ~ 0.

7.4 No total entropy surfaces in M, but finite
total entropy

We have seen that planar AdS-dS-wormholes have vanishing HHRT entropy
between finite-sized subregions of opposite boundaries. This raises the question
of taking A and B to be (opposite) boundaries in their entirety. Since AU B is
then homologous to the empty set, HHRT finds S(AU B) = 0 and (A, B) =
S(A)+ S(B) = 2S(A). But it remains to compute S(A) by finding the associated

HHRT surfaces. Such (putative) surfaces are called total entropy surfaces below.

" The theorems in [303] address Kasner-like singularities. The singularities of our regulated
wormholes are naturally either of Kasner-like or of the ‘big crunch’ form where all directions
shrink to zero size. Since all surfaces near the big crunch are small, it is manifest that the
maximization step of the maximin procedure keeps one well away from such singularities. It is
thus even easier to apply the arguments of [303] in this case than for Kasner-like singularities.
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For a broad class of planar AdS-dS-wormholes from section 7.2, section 7.4.1
will demonstrate that plane-symmetric total entropy surfaces do not exist in the
physical spacetime M. This argument uses the full planar symmetry and not
just the translation subgroup, though corresponding results follow immediately
for toroidal quotients. We conjecture that less-symmetric total entropy surfaces
also fail to exist and that the HHRT entropy is ill-defined. More complicated
examples similarly suggest that a strict application of HHRT gives physically
incorrect results even when a total entropy surface exists in M.

Consideration of regulated spacetimes in section 7.4.2 nevertheless argues that
HHRT be extended to assign a finite entropy to each boundary of our AdS-dS-
wormholes. The non-zero entropy implies a positive mutual information between
the two boundaries. We also locate an effective HHRT surface lying in the con-
formal boundary at the edge of .#45. The implications for entanglement are sum-

marized in section 7.4.3.

7.4.1 Planar wormholes without planar total entropy sur-

faces

The example wormholes of section 7.2 have full planar symmetry, including
reflections as well as translations in each (spacelike) planar direction. This implies
that our wormholes admit unique (future-directed) left- and right-moving null
congruences orthogonal to every orbit of the planar symmetry group; i.e., whose
velocity field has only r, ¢ components. Since a codimension-2 surface is extremal
if and only if the expansion vanishes at the surface for each of the two orthogonal

null congruences, plane-symmetric total entropy surfaces arise only when the left-

250



AdS Wormbholes with de Sitter Interiors Chapter 7

and right-moving congruences define zero-expansion surfaces (6, = 0, g = 0)
that intersect.

One can certainly find AdS-dS-wormholes where this intersection exists. For
example, this occurs when the wormhole exterior is precisely AdS-Schwarzschild
up to and including the bifurcation surface. The left- and right-moving AdS-
Schwarzschild Killing horizons have respectively 8, = 0, §r = 0 and intersect at
a total entropy surface (i.e. the bifurcation surface). But there are other choices
where the zero-expansion surfaces do not intersect.

For planar congruences in planar spacetimes the sign of the expansion is pos-
itive when r increases along the congruence and negative when it decreases. So
it is straightforward to draw 6, = 0, 0z = 0 contours for the simple cases shown
in figures 7.2(a) and 7.4(b) in which the matter consists only of thin shells. The
results are shown in figure 7.5. Since the expansions are generally not continuous
at the junctions, in most cases what we have actually drawn is the boundary be-
tween the region of positive expansion (below the indicated lines) and the region
of negative expansion (above the indicated lines)®.

When the matter shells enter along the past event horizons of Zxqs (as in
figure 7.5(a)) we find that 8, = 0, §g = 0 surfaces coincide over a finite piece
of these horizons near .%35. But this is an artefact of the associated fine tuning.
Taking the shell to enter later (as in figure 7.5(b)) displaces the outgoing zero-
expansion surface toward the future so that the two surfaces no longer intersect
in the physical spacetime M. For appropriate choices, this remains true when we

smooth out the thin shell by passing to the Vaiya wormhole shown in figure 7.4(a);

8The exception occurs at shell A, where on either side the congruence along this shell has
positive expansion that vanishes as the shell is approached.
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Figure 7.5: Surfaces of fr = 0 (dashed lines; red in color version) and 6, = 0
(dotted lines; blue in color version) for the AdS-dS-wormholes shown in fig-
ure 7.4. Note that since affine parameters diverge at Z3g and Zaqg, the Ray-
chaudhuri equation guarantees that 6, 0, both vanish on these surfaces. We
take the ingoing matter to consist of null shells (solid gray lines). (a): The
spacetime of figure 7.4(b). Null shells with non-zero pressure are fired in along
the past horizons of .#xqg; this fine-tuning leads the 6z = 0, 7, = 0 surfaces to
overlap along portions of these past horizons. (b): When the incoming shells
are displaced to the future the surfaces 0 = 0, 0, = 0 no longer intersect in M
and total entropy surfaces do not exist in M. Here the shell may be chosen
pressureless so that this case is a simple limit of figure 7.4(a). A version in
which this new null shell is smoothed out is shown in figure 7.6.

see figure 7.6 for an explicit example which takes d = 2 and

r(vr) = r+\/5+4tanh(v1/61), (7.11)

with 7(v) defined as in (7.10). The Cauchy horizons in these examples should be
unstable and non-generic as described in section 7.2, though we see no reason that
such instabilities should restore the missing total entropy surfaces.

In such cases there can be no planar total entropy surface. The same is clearly
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Figure 7.6: Surfaces of zero expansion in the d = 2 AdS-Vaidya dS-wormbhole
with the mass function (7.11). Conventions are the same as in figure 7.5, except
that singularities are now drawn as solid lines (green in color version). Note
that we only show the left half of the spacetime, and that only surfaces to
the future of the past horizon H~ have been calculated and plotted explicitly;
the past singularity and 735 have been drawn as straight lines by hand. The
Cauchy horizon intersects the singularity at advanced time vy = —¢;In /3. As
in figure 7.5, this Cauchy horizon can also be removed by adding a null shell
along H™.
true of toroidal quotients. We expect that less-symmetric total entropy surfaces

fail to exist as well”.

7.4.2 Regulated wormholes

The lack of total entropy surfaces in these cases renders the HHRT entropy
of either boundary ill-defined. So this prescription clearly requires modification.
When wormhole-spanning extremal surfaces did not exist in section 7.3, we ar-
gued that they could equivalently be assigned infinite entropy. But taking the z°
coordinates periodic turns each boundary into a finite torus (at each time). So
since the bulk clearly has finite energy, it would be physically incorrect to assign

infinite entropy to either CFT. Some other resolution is needed.

9Tn the past domain of dependence of .Z4g, extremal surfaces that extend in the planar
directions will tend to bend toward the singularities. But closed surfaces in M will have points
(locally) “closest” to the singularity. So one need only exclude extremal surfaces from other
regions of the conformal diagram.
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Useful insight can again be obtained by considering the regulated and smoothed-
out wormholes of section 7.3; the key point is again that they inflate only to a
finite extent before recollapsing to a singularity. Thus all desired extremal surfaces
will exist (see footnote 7). Furthermore, in these regulated spacetimes, theorem
16 of [303] guarantees total entropy surfaces to have smaller area Ay% than the
area Ap;s of the smallest bifurcation surface of either the right or left event horizon.
So holding Ay fixed as the regulator is removed gives a regulator-independent
upper bound on A7%. In particular, since the Hawking area theorem guarantees
the late-time area of the event horizon to be even larger, the bound on AT is
consistent with the expected CFT density of states at the given energy.

This suggests that A}% may approach some limit AM% as the regulator is
removed. Using AM to calculate entropy for AdS-dS-wormholes would be a simple
extension of HHRT that we christen HHRT, though we will not study convergence
of this limit in any detail. However, we mention that more complicated variations
on the above examples suggest that the original HHRT prescription can assign
the wrong entropy even when a total entropy surface does exist. For example, we
could modify the spacetimes of figure 7.4 by adding a further AdS-Schwarzschild
region with unmolested bifurcation surfaces that introduce new extremal surfaces.
If the area Ape, of this new surfaces exceeds the above A% then HHRT will use
a smaller surface to compute our entropy in any regulated spacetime. Strict use
of HHRT would then predict the entropy to be discontinuous as the regulator is
removed while by construction HHRT gives a continuous result. And, as above, in
many cases the strict HHRT result will give Apew > Apir which will often conflict

with the CFT density of states as set by the total energy (while consistency of

254



AdS Wormbholes with de Sitter Interiors Chapter 7

HHRT is guaranteed).

It also is useful to discuss the above limit in terms of the maximin prescription
of [303], which is equivalent to HHRT in our regulated context (see again footnote
7). We once more recall that a maximin surface is constructed by first studying
all achronal surfaces ¥, identifying the minimal surface on each, and maximizing
the associated area over all ¥. Now, the proposal that AdS-dS-wormholes have
no maximin total entropy surface in the physical spacetime M would mean that
this final maximum does not exist. But since [303] guarantees that the minimal
surface on any X has area smaller than Ay, we may still discuss the least upper
bound AP of the areas over all achronal surfaces. And for the above toroidal
wormbholes this A2 must be finite, as it is also bounded above by the area of the
horizon bifurcation surface.

For simplicity, let us suppose that .Zg lies in the future conformal boundary.
Then our regulator deforms the AdS-dS-wormhole only in the far future. In par-
ticular, any achronal surface in the AdS-dS-wormbhole is also an achronal surface
in regulated wormholes with sufficient amounts of inflation. It thus persists as the
regulator is removed and gives a lower bound on the limit A% Tt follows that
Al ig at least AND.

On the other hand, suppose that some regulated spacetime had A7T% greater
than AP, Then the achronal surface containing this maximin surface can have
no counterpart in the unregulated wormhole. One thus expects to be able to use
regulators where A%% converges precisely to AP as the regulator is removed; i.e.,
for which A = AMb. Tt is therefore natural to extend the maximin prescription

to our AdS-dS-wormholes by assigning entropy AXP /4Gy to each CFT and to
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term the associated scheme maximin regardless of the conditions under which
this coincides with a limit of AT%. We remark that for the spacetimes of figure
7.4 this Alﬁg is precisely the area Ap- = ri‘1%_1 of the past horizon H~ of Faq4s.
Here V,;_; is the coordinate volume of the ¢ directions and we have already argued
Al < Ap-. Since achronal surfaces close to the future boundary have r > r, —e¢
everywhere for any € > 0 we also have AR> > Ay- and thus A¥p = Ay-.

A useful feature of the original HHRT framework was that it associated the
entropy calculation with a specific surface in the bulk. In particular, we recall
that this observation has led to proposals [303, 306] for the bulk region dual to
subregions of a CFT; see also [307, 308]. It would thus be nice to locate a surface
to which we can assign area AD.

There is of course no natural candidate in the physical unregulated spacetime
M. But we can ask if the total entropy surfaces of the regulated spacetimes
converge in any sense to a surface in the conformal extension M. Note that, since
our regulator deforms the AdS-dS-wormhole only in the far future, removing the
regulator must send the total entropy surfaces to the future conformal boundary.
And since their area remains bounded, they cannot approach the interior of .Zs.
But there is no need to regulate the spacetime far from Z45, so any limiting surface
can have no finite separation from .#35. The limiting total entropy surface must
thus lie at one of the edges £ in figure 7.1 that mark the boundary between Z4g
and the singular part of the future conformal boundary. For similar reasons we
expect that studying minimal surfaces on achronal surfaces ¥ converging to the
future conformal boundary in the unregulated AdS-dS-wormhole will also lead to

effective maximin surfaces located at one of the edges &; i.e., that the maximin
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procedure naturally defines a surface in the conformal extension M. In examples
with right/left symmetry we should assign two surfaces, one at each edge. In
other cases the choice of left edge vs. right'® will depend on details of the AdS-

dS-wormhole, though we expect that it will not depend on the choice of regulator.

7.4.3 Implications for entanglement

Let us now return to the discussion of entanglement. We begin with toroidal
AdS-dS-wormholes in which the translation symmetry is compact. We argued
above that the corresponding dual CFTs have non-zero leading-order mutual in-
formation. We also showed in section 7.3 that I(A, B) ~ 0 for regions A, B on
opposite boundaries having sizes much smaller than the size of the torus. How-
ever, the mutual information can be non-zero at this order for A, B sufficiently
large.

To discuss the uncompactified case we take the large-torus limit while holding
fixed the size of our regions A, B. The part of the opposite CFT strongly entangled
with A then recedes to infinity, while the total mutual information per unit area
between the two CFTs remains constant. This suggests that one think of each
infinite plane in the non-compact case as the limit of entire tori so that, although
finite-sized subregions in opposite CFTs have no leading-order entanglement, the
resulting planar CFTs retain finite leading-order mutual information per unit area;
i.e., although correlations recede to infinity we do not allow any information to

tll

be lost in taking the limit''. Repeating this discussion for effective total entropy

10Here we assume that #4g is connected.
1A theorem of [309] (Lemma 3, Remark 1) shows that one may successfully approximate
any relative entropy defined on a von Neumann algebra by describing this algebra as a limit
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surfaces lying in the future conformal boundary of the toroidal wormholes leads us
to consider similar effective total entropy surfaces for the planar wormholes, and
of course the limit of empty sets remains empty. For the finite tori, the former
compute the entropy of each boundary separately while the latter (empty set)
surfaces compute the total entropy of both boundaries together. So it is in the
above sense that, in the case of non-compact cross-section, our effective HRRT
surface and the empty set respectively compute the leading order total entropy of
each CFT separately and for the joint state on the pair of CFTs.

While the above notion of limit is essentially unique for finite-sized regions
A and B, it should be mentioned that there is an alternate way of interpreting
what is meant by the limiting planar CFTs taken as wholes. In this second
interpretation, each entire plane is the limit of a family of additional (larger)
subregions of the growing tori. These larger regions are taken to grow in size
without bound, but at a rate much slower than the size of the torus itself. In
other words, one “zooms in” on a smaller and smaller fraction of the torus as the
torus grows. Since each resulting plane is built from the limit of “small” regions of
the large-but-finite tori, the total leading-order mutual information between the
two CFTs must vanish. For a finite torus, the corresponding HHRT surfaces are
then anchored to “small” regions of the boundary .#aqs and cannot enter the past
of Z4s. Moreover, two such regions on opposite boundaries are not homologous
and require distinct HHRT surfaces. Taking the large torus limit then implies

that we continue to assign the total entropy of each planar CFT a distinct HHRT

of smaller algebras. The same thus holds for mutual information. The above interpretation is
consistent with this theorem, as the algebra it assigns to the plane effectively contains many
operators “at infinity” which are not limits of operators in finite regions. This “algebra at
infinity” corresponds to the distant parts of the finite tori used to take the limit.
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surface'? lying entirely on its side of the wormhole, and that the union of these
surfaces describes the total entropy of the two CFTs together. The total leading-
order mutual information between the two CFTs then vanishes as desired under
the alternate interpretation just described for the limiting planar CFTs.

The highly delocalized entanglement characteristic of toroidal AdS-dS-wormholes
thus leads to two physically-distinct notions of the planar limit, both described by
the same limiting (planar AdS-dS-wormhole) spacetime. The preceding analysis
suggests that non-compact wormholes generally admit at least two correspond-
ingly distinct interpretations of the homology constraint, associated with different
possible roles being played by the region “at infinity” in directions transverse to
the dimensions displayed in our figures. But we leave further development of this

proposal for future work and content ourselves here with the discussions above.

7.5 Complex wormhole-spanning Surfaces?

While we see no inherent inconsistencies in the CFT entropies predicted by
HHRT, the infinite area of real wormhole-spanning HHRT surfaces makes our
AdS-dS-wormholes a natural context in which to investigate further possible im-
provements. In particular, one might ask if complex extremal surfaces could play
a role. This is suggested by the superficial analogy with the geodesic approxi-
mation to two-point functions where a lack of real geodesics does indeed indicate
the importance of complex ones [34]; see also [67, 228, 310] for more general dis-

cussions. It would be very interesting to investigate complex extremal surfaces

12This may be only an effective surface in a sense similar to that of the HHRT proposal.
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in particular example AdS-dS-wormholes (as done for static planar black holes
in [78]) and to see if the results inform any of the conceptual puzzles associated
with the use of complex surfaces (see again [78] for discussion). However, since
the cut-and-paste spacetimes of section 7.2 are not analytic, it is unclear in what
complexification such complex extremal surfaces might live. Indeed, analogy with
the geodesic approximation to two-point functions raises the question of whether
any HHRT-like prescription can apply to geometries that are not analytic; see e.g.
[261].

We thus save analysis of complex surfaces in actual AdS-dS-wormholes for
future work and make no attempt to study them here. Instead, we briefly dis-
cuss complex codimension-2 surfaces in pure de Sitter space. This section thus
represents a slight aside from the main theme of this work and may be skipped
without loss of continuity. In pure de Sitter settings analogous to spanning our
wormholes, real such surfaces again do not exist. But we shall see that complex
surfaces are readily found.

Of course, the existence of complex such surfaces does not immediately imply
their relevance to the computations at hand. For example, if they describe com-
plex saddles approximating some path integral, complex surfaces will contribute
only if one can appropriately deform the contour of integration to include them.
While it is unclear how to analyze this in detail for the entropy problem, it is
interesting to consider the superficially-related problem of computing free-field
two-point functions in the Bunch-Davies vacuum using the geodesic approxima-
tion. Using an expansion of this two-point function from appendix B.5, we show

explicitly below how it is given by an infinite set of complex geodesics in dS3 and
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that these geodesics lie on an infinite number of sheets of the associated Riemann

surface in the sense of [78].

7.5.1 Complex Extremal Surfaces in dS

It is well known that pure de Sitter space contains pairs of points that cannot
be connected by geodesics (see e.g. [186]). Indeed, geodesics tend to bend down
and away from future infinity, as shown in figure 7.7. So if the ends of the extremal
surface are taken far enough apart, the geodesic becomes null and “bounces” off
future infinity in a manner pictorially similar to the bouncing geodesics of AdS-
Schwarzschild [34, 78] — though the null limit of bouncing geodesics retains finite
length in dS;y; while it vanishes in AdS-Schwarzschild as measured from any
finite points in the spacetime. Real geodesics cease to exist when the separation
is increased beyond this critical point, leaving only complex ones. This occurs
in particular for d = 2, where geodesics are codimension-2 extremal surfaces.
Extremal surfaces of any codimension turn out to behave similarly for all d, though
the area diverges in the null limit for extremal surfaces whose dimension exceeds
1 (i.e., for any case except geodesics).

We now study this phenomenon in detail for a class of codimension-2 extremal
surfaces analogous to the would-be wormhole-spanning surfaces of section 7.3.
Below we anchor our surfaces at the de Sitter horizon as opposed to at a spacetime
boundary. This allows us to work entirely in the dS patch. We study pure de
Sitter for simplicity, but analogous results should also hold for patch II as defined
in section 7.2.

Consider the inflating spatially-flat patch of pure de Sitter in the familiar
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Sas

Figure 7.7: The cosmological patch of de Sitter spacetime. The solid black
curves are sketches of extremal surfaces ending on a t = ¢y = const slice, shown
as a solid red curve. As the endpoints of the surfaces are taken farther apart,
the surfaces approach the dotted null curve. At even larger separations real
extremal surfaces cease to exist.

coordinates where the metric takes the form
ds? = —dt? + 272 = —dt? 4 (2t (dﬁ +(dat)? + (dfﬂlfzf) . (1.12)

We take our surfaces to be anchored on infinite strips defined by t = ty, r =
+1/2, 21 = const. Conservation of #! momentum implies that z! remains con-
stant across the entire extremal surface. The surface can thus be parametrized
by the coordinates z!l and a yet-to-be-specified parameter \; i.e., (¢,r, 2", 2ll) =

(t(A\),7()\), const., 2!l). The resulting area functional is
A=V, / d) eld=2HE o202 2 =7, / ANL (t,1,t,7), (7.13)

where V;_o = [d4 2zl is the volume of the space spanned by the z!l coordinates.

Since the effective Lagrangian £ = e(@=2Ht\/e2Ht;:2 _ {2 contains no explicit
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dependence on r(\), there is a conserved conjugate momentum

oL dHt,p,
po LM n
or  \/e2Ht;2 _ 2
Choosing the parameter \ so that e*72 — {2 = 1, we obtain
F = e—Ht*e—dH(t—t*)’ (715&)
2+ Vg (t) = 0, (7.15b)
in terms of an effective Newtonian potential
Vg (t) = 1 — e 2@ DHI), (7.16)

Here t, = Inp/((d—1)H) is the real root of Vg (t) and describes the turning point
of real extremal surfaces. Relating ¢, to the coordinate displacement L between

the anchor points through
s
o = 2/ "t (7.17)
to t

yields

' 1 d 3d —2
Htop _ ' —HAt | dHAt po( 2 ) . 2(d—1)HAt
‘ i [6 2 1(2’2(d—1)’2(d—1)’6 )

—2h (% 2(dd— 1) 2?()3:?);1)1 . (T18)

where At = t, —ty and o F} is the ordinary hypergeometric function written using
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standard conventions (e.g. [311]). Likewise, the area (7.13) becomes

2V 1 d—2 d
—(d-2)Hto 4 _ d—2 (d=2)HAt [ Z _ . -1
‘ (d—2)H {e 2 1(2’ 2(d—1)'2(d 1)’

1 d—2 d
_F L . . 2(d—-1)HAt ' 1
2 1(27 2(d-1>’2(d—1)76 (7 9)

These L and A are plotted in figure 7.8 as functions of At. It is clear that L

approaches a finite value as At — oo. Indeed, expanding (7.18) at large At, we

obtain

eHho], = % +O (e 2. (7.20)

As advertised, the surface becomes null in the limit ¢, — oo (L — H~le~ '),
As shown in figure 7.7, for L < H~'e % the entire extremal surface lies within
the past light cone of a set on Z45 of vanishing length in the r-direction. This is
in fact required by the same reasoning as in section 7.3. Such arguments imply
that a null surface fired orthogonally from an extremal surface can intersect .35
only in some zero-measure set. But continuity requires that the image of our null
geodesics on .Zgg must span some interval in r. Thus the length of this interval
must vanish.

In contrast, for L > H~'e "% causality would require this interval have non-
vanishing length. So real codimension-2 surfaces can no longer exist. But it is
straightforward to find complex extremal surfaces in this regime (and indeed for
arbitrary L when d > 2). One simply analytically continues expressions (7.18)
and (7.19) to the entire complex At¢-plane. From (7.18) we see that L is periodic
in At with period 27i/H, so it suffices to study L in a finite strip around the real

axis. Figure 7.9 shows the complex-valued function L(At) in this strip for d =
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Figure 7.8: The coordinate displacement L (a, at left) and the area A of codi-

mension-2 extremal surfaces (b, at right) in pure dS as functions of At. The

plots show results for d = 3, though the qualitative behavior is unchanged

for d > 3 (for d = 2, the area remains finite at large HAt). Note that L ap-

proaches a constant et /H at large HAt, consistent with the fact that real

extremal surfaces do not exist for larger L.
2,3,4,5,6,7; in particular, we indicate contours along which L is real. One of
these runs along the real positive At-axis, looping tightly around the branch cut,
but the others lie at complex At. We see that one may obtain large positive
L-values by taking Re At large and negative along one of the real L contours in
the lower half plane. For d > 2 this contour clearly also reaches L = 0 (and in
fact passes to negative L), providing a complex extremal surface for all physically
relevant L.

In parallel with the results of [78] for black holes, we expect additional contours
of real L to exist on other sheets of the Riemann surface for L(At). This function
and its Riemann surface is defined by analytic continuation through the branch
cuts in figure 7.9. The branch points are of logarithmic type for d > 2 where they
lead to an infinite number of sheets. The d = 2 case is special in that the branch

points of L(At) are only two-sheeted square-root type branches; though in that

case there are additional infinite-sheeted logarithmic branchings of the physically-
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interesting function A(L) that make the overall structure much the same.

Of course, the mere existence of complex extremal surfaces need not imply that
they are relevant to our study of entropy. For bulk spacetimes constructed via
some Euclidean path integral, one could plausibly use analytic continuation and
the argument of [71] to write the desired entropy in terms of extremal surfaces.
But for a given complex extremal surface to appear in this calculation it must
be possible to appropriately deform the original contour of integration. A priori,
this is far from guaranteed — though since there are no real extremal surfaces for
L > H'e % any contours that are allowed must be complex.

For d = 2 our codimension-2 surfaces are geodesics and the area becomes a
length. As noted earlier, the length of bulk geodesics can also be used to ap-
proximate two-point functions of CFT operators with large dimension (so long as
it is still small enough to ignore gravitational back-reaction). This is of course
closely related to our entropy problem, since entropy can be calculated from the
two-point function of twist operators [220]. These twist operators do indeed have
large dimension — though, since acting with appropriate twist operators is equiv-
alent to replicating the entire large N CF'T in the sense of the replica trick, their
dimension is in fact large enough the gravitational back-reaction is generally non-
trivial. So while the two calculations are not precisely the same, it is interesting
to write the well-known exact two-point functions in dS3 as a sum over complex
geodesics. This result is presented in appendix B.5, which finds this sum to use an
infinite number of terms from an infinite number of sheets of the Riemann surface
for A(L). The analogue for d > 2 would be to use an infinite number of complex

geodesics on an infinite number of sheets of the Riemann surface for L(At). So
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at least in this context there is no problem deforming the relevant path integral
to take advantage of complex saddles. It is tempting to suggest that related con-
tours will be relevant for studying the entropy of AdS-dS-wormbholes, leading to
non-zero leading-order mutual information between localized regions on opposite

boundaries.

7.6 Discussion

This work considered two-sided AdS-dS-wormholes, which are spacetimes that
contain a region of unbounded inflation. In particular, the future conformal
boundary of the wormhole interior contains a smooth spacelike piece .Z45 as shown
in figure 7.1. Explicit examples satisfying the null energy condition were con-
structed in section 7.2. While our smooth examples contain Cauchy horizons,
we expect such solutions to be unstable to decay into a more generic class of
AdS-dS-wormholes which otherwise retain all of the properties discussed below.

Our main result is that these geometries fail to admit HHRT surfaces (i.e.,
possibly non-minimal Hubeny-Rangamani-Takayanagi surfaces with the homology
constraint emphasized by Headrick) that would exist in more familiar black hole
spacetimes. In particular, section 7.3 showed that no HHRT surface can span
the wormhole, connecting one side to the other. Instead, HHRT surfaces for the
associated entropy problems must be disconnected, with one piece on each side
of the wormhole. Section 7.4 showed that certain of our wormholes have plane-
symmetric HHRT surface homologous to an entire boundary — which we termed

total entropy surfaces — there is also a large class that do not. We suggested
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Figure 7.9: L as a function of complex At in dS;. From left to right and top to
bottom, the plots show d = 2,3,4,5,6,7. Hue indicates arg(L) (with real posi-
tive [negative] L in red [turquoise]), while shade indicates the magnitude of |L|
(with |L| = 0 in black and increasing |L| in lighter shades). The white horizon-
tal strips mark the locations of branch cuts, and the black lines are contours
along which L is real. |L| is bounded in the right half-plane, but grows without
bound in the left half-plane; thus the only contours that can reach arbitrarily
large real L are the two complex ones that run to large negative Re(At).
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that less-symmetric such surfaces also fail to exist, so that there are no extremal
codimension-2 surfaces in the entire homology class. If so, the HHRT proposal
becomes ill-defined and requires improvement. We also gave related examples
where HHRT surfaces would exist but give physically incorrect results.

The conceptually-simplest possible changes to HHRT were discussed in sec-
tion 7.4. These involve first regulating the dS-wormhole by allowing only a finite
amount of inflation. After the inflating phase, the wormhole is required to col-
lapse to a future singularity; see appendix B.4 for details. We argued that, at
least in our examples, the limit in which the regulator is removed gives natural
wormhole-spanning and total entropy HRRT surfaces lying in the future confor-
mal boundary; i.e., they lie in the conformally extended spacetime M instead of
the physical spacetime M. In the wormhole-spanning case this surface has infinite
area and so is never the minimal-area surface. But in the total entropy context
any limiting surface must have finite entropy density consistent with the CFT
density of states. This regulate-and-take-limits approach was called HHRT. But
we did not investigate the convergence of these limits in detail, so it remains to
determine the extent to which they are well-defined.

We also suggested an extended maximim prescription maximin that takes lim-

its directly in the unregulated wormhole spacetime and may give results identical

to HHRT. The maximin procedure clearly assigns well-defined (though perhaps
infinite) area to each entropy problem, and in appropriate cases may also yield a
well-defined maximin surface in M. But we did not analyze precisely when this
surface construction succeeds, and it again remains to study when this area will

agree with regulate-and-take-limits procedures.
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Under either HHRT or maximin one finds that toroidal AdS-dS-wormholes
are dual to highly entangled pure states on a pair of CFTs, and that this remains
true for planar CFTs obtained through an appropriate large-torus limit'3. But
the associated mutual information is as delocalized as possible. In particular,
for CFTs on infinite spacetimes, the leading-order mutual information vanishes
between any finite-sized regions A, B of opposite CFTs.

A strictly vanishing mutual information between finite-sized subregions would
contradict the non-vanishing correlators (Ocpr, (21,t1)Ocrr, (22, t2)) associated
with taking appropriate boundary limits of bulk two-point functions'?; see e.g.
[252]. But the claim is only that the mutual information vanishes at leading order
in large N, so some finite mutual information may remain. Indeed, according
to [312] (see also [313]) it is precisely the O(1) correction that is encoded in the
state of bulk quantum fields to which the supergravity approximation applies.
Such fields are dual to CFT operators whose dimensions are not too large. The
implication is thus only that generic operators of large dimension (e.g., of order
N? in 3+1 N = 4 super Yang-Mills) have vanishing correlators between the two
CFTs.

We see no inherent contradiction with this interpretation. Indeed, the physics

is quite similar to that naively obtained from the extreme limit of Reissner-

13Though there is another large-torus limit where it does not. Both limits are described by
the same planar AdS-dS-wormhole but with different notions of the homology constraint. See
section 7.4.3.

141f our wormhole can be found as the Wick rotation of a saddle that dominates the Euclidean
path integral, this integral defines a state in which the correlator can be computed using the
geodesic approximation (and where it will be non-zero). But in any case the linearized bulk
equation of motion would allow the above CFT correlator to vanish identically only if the
corresponding bulk correlator (¢(x1,71,t1)d(x2,r2,t2)) vanishes for all (z1,71,t1) in the left
region I and all (x9,79,t2) in the right region I. This is a very fine-tuned property and we are
free to consider bulk quantum states on our wormhole background for which it does not hold.
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Nordstrom black holes. There the large area of wormhole-spanning surfaces is
associated with the infinite throat that develops at zero temperature (7' = 0).
The most apparent difference is that for Reissner-Nordstrom the two-boundary
spacetime becomes disconnected at T = 0, making it somewhat more natural to
consider quantum states of the linearized bulk fields having vanishing correlators
between the two sides. But there are also states with non-vanishing correlators,
and for fields with fine-tuned values of the bulk charge and mass such states are in
fact naturally constructed by the bulk path integral dual to charged thermofield-
double states in the CFT [76]. A more critical difference may be that small T’
Reissner-Nordstrom black holes tend to be unstable in top-down models, while
causality forbids any instability of our exterior (the left and right copies of region
I) being activated by starting inflation in the interior of our wormhole.
Intriguingly, the physics is also quite similar to that expected for generic en-
tangled states (see e.g [40, 229, 281, 282] for holographic discussions). This is even

more so when one chooses quantum states for the bulk fields where

(Ocrr (x1,t1)Ocrr, (22,t2)) =0 (7.21)

(see again footnote 14). The one point of tension is that [281] predicted wormholes
associated with such generic states to have time-independent interiors — though
there is no actual contradiction so long as all implications for the CF'Ts remain
time-independent.

It is possible that such physical predictions are correct and will provide insights

into the holographic description of inflation. But the paucity of real codimension-
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2 surfaces makes our AdS-dS-wormholes a natural context in which to investigate
further possible modifications of HHRT. For example, one might ask if our worm-
holes might have no dual interpretation at all, or more conservatively if dual
descriptions might require more than just a pair of CFTs; e.g., despite the HHRT
claim that the state on both CFTs is pure at leading order in large N, one might
suppose that the natural two CF'Ts are both highly entangled with some third sys-
tem. This latter option would be analogous to the mixed-state proposal of [283],
and the third system might correspond to the superselection sectors of [143, 144].
The present understanding of gauge/gravity duality is sufficiently coarse that we
cannot exclude such suggestions, though as in [283], it is natural to take the
constructions of [314] and related work as suggesting that a dual interpretation
does in fact exist. And if one can construct our wormholes from (due to the lack
of time-symmetry, complex) saddle points for Euclidean path integrals then one
should be able to argue as in the thermofield-double discussion of [222] that it is
given by a pure state on two CFTs. Indeed, one should then also be able to argue
as in [71] that something like HRRT does in fact hold.

The discussion of complex saddles naturally motivates a milder possible modi-
fication of HHRT that, at least in analytic spacetimes, would make use of complex
extremal surfaces in addition to real ones. For bulk black holes dual to thermofield
double states this option was studied in [78], and for AdS-dS-wormholes it was
briefly addressed in section 7.5. In particular, noting that HHRT is superficially
similar to the the geodesic approximation for two-point functions motivated a
study of this latter context. We considered the case of dS3 — where geodesics

are also codimension-2 extremal surfaces — and found complex geodesics to be
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critical in constructing a stationary-phase approximation to the exact result. In
particular, in the two-point function calculation it appears that one can deform
the contour of integration to take advantage of complex geodesics living on an
infinite number of sheets of the associated Riemann surface.

It would be very useful to study complex HHRT surfaces in full AdS-dS-
wormholes. One would specifically like to understand whether the results might
shed light on the confusions surrounding the use of complex surfaces that were
discussed in [78]. Unfortunately, since the cut-and-paste examples of section 7.2
are not analytic, the complexification of these particular spacetimes is far from
unique and any notion of complex surfaces may be ill-defined. This places a
detailed analysis of complex extremal surfaces in any AdS-dS-wormhole beyond

the scope of this work, making it an interesting challenge for future investigation.
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Chapter 8

Complex Entangling Surfaces for

AdS and Lifshitz Black Holes?”

8.1 Introduction

The Ryu-Takayanagi proposal [69, 280] for holographic entropy and the covari-
ant generalization [70] by Hubeny, Rangamani, and Takayangi (HRT) relate the
area of certain codimension-2 bulk extremal surfaces ¥ to corresponding von Neu-
mann entropies S(pp) for the dual CFT. Each entropy involves a reduced density
matrix pp defined by restricting the CFT to a globally hyperbolic domain D. The
main requirement is that, interpreting D as a region of the conformal boundary
of the asymptotically-AdS,,; bulk, the intersection ¥ N D must coincide with the
boundary 0C of a Cauchy surface C' in D. In addition, ¥ must be homologous to

C and there should be no other such surface ¥’ of smaller area. In such contexts,

274



Complex Entangling Surfaces for AdS and Lifshitz Black Holes? Chapter 8

these proposals state
Areage, (2)

Sren(ﬂD) = 4GN

(8.1)

On both sides, the subscript “ren” indicates that divergent quantities have been
renormalized in corresponding ways.

While there is now an impressive amount of data supporting these conjectures
(see e.g. [69, 71, 229, 255, 280, 289, 290, 303] and further references in [315]),
much of the evidence remains rather qualitative. This is especially true in the
time-dependent context. As a result, it leaves open the question of what condi-
tions might be required for (8.1) to hold quantitatively. We focus below on the
possibility that analyticity of the bulk spacetime may be important, and on re-
lated questions involving complex extremal surfaces. Understanding such issues
may be important for properly interpreting recent work using Ryu-Takayanagi and
HRT to study the relationship between bulk and boundary notions of localization
[306-308] and to derive bulk dynamics from that of the CFT [316-319].

Our study is motivated by two observations. The first is that all attempts
[71, 288-291] to provide general derivations of (8.1) make use of both Euclidean
path integrals and the bulk saddle-point approximation. This structure inherently
relies on some measure of analytic continuation, and suggests that one may find
cases where intrinsically complex saddles dominate the path integral. While the
arguments in these works (and in particular [71]) are phrased in the static context
of the original Ryu-Takayangi proposal [69, 280], the only crucial ingredient ap-
pears to be the existence of a well-defined — not necessarily real — asymptotically-
Euclidean section. As noted in e.g. [320], for any spacetime with this property

analytic continuation to the real Lorenzian section will imply the HRT conjecture
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so long as the real Lorentzian extremal surface provides the most relevant sad-
dle point. This suggests that (8.1) might apply only to analytic spacetimes and,
furthermore, that even in this case it may generally require the use of complex
extremal surfaces.

The second observation is an explicit example of the concerns raised by the
first. Recall (see e.g. [67, 321]) that two-point functions of heavy quantum fields

™ML where L is the proper length of a geodesic connect-

may be approximated by e
ing the points and m is the relevant mass. Since geodesics are extremal surfaces
of codimension d in a (d + 1)-dimensional spacetime, this geodesic approximation
shares formal similarities with the holographic entanglement proposal. Further-
more, it can be derived from the stationary phase approximation to the Euclidean
path integral, and the fact [220] that CF'T von Neumann entropies may be com-
puted from twist operator correlation functions may provide a tight connection
to holographic entanglement for d = 2 (with corresponding generalizations from
geodesics to other minimal surfaces when d > 2). But for the geodesic approxi-
mation one can show that analyticity is indeed generally required [261] and that
complex geodesics play critical roles in certain contexts [34].

Though this concern has been understood for some time, there is a surpris-
ing lack of discussion in the literature. This may be due in part to the lack of
known examples. Indeed, to our knowledge no complex codimension-2 surfaces
have been previously identified that satisfy appropriate boundary conditions in
any spacetime. We overcome this obstacle below by exhibiting families of com-
plex codimension-2 surfaces in standard (d + 1)-dimensional planar black holes

corresponding as in [222] to thermofield double states in dual CFTs on RY. We
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investigate the Baniados-Teitelboim-Zanelli (BTZ) solution, Schwarzschild-AdSg1
black holes for 3 < d < 7, and Schwarzschild-Lifshitz black holes [322]. We work
in the maximally analytically extended spacetimes, where the real Lorentzian sec-
tion has two asymptotic regions. The dual CFT thus lives on two copies of R
The surfaces we consider are anchored on both boundaries at some spatial loca-
tion 1 and some time #,, much as in [229]. They would thus be appropriate for
computing the entropy of the CFT on a pair of half (d — 1)-planes ending at x
at the time ¢, with one half-plane in each copy of R?. For this case, the globally
hyperbolic domain D mentioned in the introduction is just the corresponding pair
of Rindler-like wedges with each origin of Rindler coordinates located at t;, 2.
In all cases we identify complex extremal surfaces satisfying boundary conditions
relevant to the holographic entanglement conjectures. For Schwarzschild-AdS and
Schwarzshild-Lifshitz we find families where the real part of the area is smaller
than for corresponding real extremal surfaces.

We begin by discussing the status of (8.1) for complex surfaces in section 8.2.
The area of a complex surface is generally complex, while entropies must be real.
We must therefore modify (8.1) if complex surfaces turn out to be relevant. This
issue remains confusing, but for the present work we choose to study a straw-man
model that replaces A, in (8.1) by its real part.

Section 8.3 then explains our general approach to finding the desired com-
plex surfaces and studying their properties. This is largely a transcription of
the method used for complex geodesics in [76], which in turn builds on many
other works. However, we take the opportunity to make certain improvements

and corrections. The technique applies to surfaces of any codimension n, and we
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study complex geodesics in Schwarzschild-AdS,,; as an illustration of the gen-
eral method. The results for d # 4 appear to be new, and for d > 4 indicate
that real geodesics in the Lorentz-signature spacetime can fail to dominate even
on surfaces invariant under time-reflection symmetry (where analytic continua-
tion between Euclidean and Lorentzian signatures is in some sense trivial). This
emphasizes that complex surfaces could be important even in the original Ryu-
Takayanagi context of static bulk spacetimes and not just in the more general
time-dependent HRT context.

Complex codimension-2 surfaces for planar BTZ, Schwarzschild AdS;,; (with
3 < d < 7), and Schwarzschild-Lifshitz are studied in section 8.4. The BTZ
case yields a complete analytic solution showing that all complex extremal sur-
faces are in some sense higher copies of the real HRT surfaces. It follows that
the same is true for global AdSs, of which BTZ is just a subset, and also for
Poincaré AdSs. Schwarzschild-AdS,,; is more interesting, and exhibits several
qualitatively-different families of complex extremal surfaces. We identify two fam-
ilies where the qualitative behavior of Re A,., matches expectations for the dual
CFT entropy on our half-planes. For the family called contour C' below, Re A,e,
is notably less than for the corresponding real extremal surfaces. It is thus plau-
sible that the dual CF'T entropy is indeed controlled by these complex surfaces.
Our brief study of Schwarzschild-Lifshitz indicates results analogous to those for
Schwarzschild-AdS.

We close with a summary and some final discussion in section 8.5. In particu-
lar, we note that all complex extremal surfaces in our spacetimes lie on what are

naturally called secondary sheets of an associated Riemann surfaces. This feature
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may make it difficult for the associated saddles to contribute to the stationary

phase approximation of the relevant path integrals.

8.2 Entropy from complex areas?

As noted above, if complex surfaces are indeed relevant to the Ryu-Takayanagi
or HRT conjectures, the formula (8.1) will require modification. The issue is that
the imaginary part of A, is generally non-zero while the von Neumann entropy
is real by definition. Now, since complex numbers enter only by analytic con-
tinuation from a real spacetime, complex extremal surfaces must appear in what

one might call complex-conjugate pairs satisfying identical boundary conditions

*
ren*

with complex-conjugate renormalized areas A,., and A The two members of
each pair are obtained by analytically continuing along corresponding paths but
in opposite directions. One might thus hope to combine A, and A}, in some
way to give a real entropy S.

The question is just how this should be done. In parallel with the geodesic
approximation to two-point functions, it is natural to interpret A,.,/4Gy as a

saddle-point approximation to the logarithm of a partition function. One might

then expect a pair of relevant saddles sy, so to give

Sren = — In (C/(s1)e™Aren 3G | O ()™ Aren(52)/40N) | (8.2)

where the factors C(s1),C(s2) represent finite Gy corrections that in particular
include fluctuation determinants from quantum fields propagating on the classical

spacetimes s1, So.
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For Aien(s1) = Aren(s2)* (and presumably C(s;) = C(s2)*) the entropy be-

comes

Re Aen
4G N

Sren -
4G N

I Aren
—1In2|C(s1)| — Incos (— = + gb) ; (8.3)
where the phase ¢ is defined by C(s;) = |C(s1)|e’®. But for small Gy, where
the formula (8.1) holds, the cosine oscillates rapidly. This will often give S, an
unphysical imaginary part. It is not a priori clear whether one should think of
this imaginary part as being of order 1/Gy or instead being bounded but rapidly

changing as Gy — 0. In the latter case it would be problematic only at the level

of subleading corrections, and we might content ourselves with using

Re A
Sren % ren
4G N

(8.4)

at leading order in 1/Gy.

Interestingly, the actual form of the Lewkowycz-Maldacena argument [71] for
(8.1) — or indeed any replica argument with a saddle-point approximation — ap-
pears to lead to result somewhat different from (8.2)'. This occurs because it is
the Renyi entropies S,, = —ﬁ In Tr p" (for integer n) that are directly given by
partition functions, and for which the saddle-point approximation is then used.
The von Neumann entropy is finally computed by analytically continuing to all

real n and using

) . 1 n
O 7111211 S, = — lim . In Trp", (8.5)

n—1mn —

renormalizing each expression as needed. In the saddle point approximation we

! This point was brought to our attention through a conference presentation by Matt Headrick
[323], who in turn learned it from private discussion with Rob Myers [324].
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have Tr p* ~ e~ /4G~ for some I,,. If the von Neumann entropy is to be finite, I,

must vanish at n = 1. So, for fixed G, as n — 1 we may write

1 dl,(s)
4GN dn

e /46N — 1 — (n—1) +oe (8.6)

n=1

where s now denotes a family of saddles with one for each n. If two such families

are relevant, we have

1

Sp=— o In (C’n(sl)efl”(sl)/mlv -+ Cn(sg)e’f"(”)/m]v) (8.7a)

. nilln (C’n(sl) [1-@-1)& dffgl—gjl) 4 } (8.7b)

b Co(s:) {1 . 1)& ‘”Zl—gf?) RS D | (8.7)

A finite von Neumann entropy requires the normalization C(s;) + C(s2) = 1.
Taking n — 1 thus yields

Sen = 3 (cl(sl)d[’;lfjl) T cl(SQ)d[ZlS?)) n (5.8)

where we have neglected a term involving dC), /dn which is subleading at small
Gn.

Furthermore, in any such argument, the saddle at n = 1 is taken to be known
and fixed; indeed, it should give the bulk dual of the original mixed state p. Thus
s1 and sy both approach this fixed saddle as n — 1. As a result, if the saddle-point
approximation continues to hold as n — 1, the fluctuation contributions C(s;),

C1(s2) must agree at n = 1. The constraint C(s1)+C1(s2) = 1 then requires both
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to be 1/2. Since obtaining (8.1) in the case of a single extremal surface requires

Aven = dI,,(s1)/dn|,=1, with two extremal surfaces the argument gives

Aren(31> + Aren(SQ)

Sren =
8G

(8.9)

so long as each surface leads to a corresponding family of saddles for Tr p™ for all
n. Thus the area in (8.1) has been replaced with the average of the two areas.
For Aien(s1) = Aren(s2)* this is equivalent to taking the real part; i.e., the final
conclusion is essentially identical to (8.4).

The result (8.9) appears to be physically incorrect. As a concrete example,
consider the black hole quotients of AdS; described in [325-328] that have a single
asymptotically-AdS region (which asymptotes to global AdS3). Such spacetimes
were called AdS geons in [329], which suggested that they are dual to pure CFT
states. This was later argued in detail by [222, 330]. This is consistent with the
fact that any Cauchy surface for the conformal boundary is homologous in the
bulk to the empty set. So minimizing over real extremal surfaces leads to S = 0 as
desired. But the bifurcation surface of the black hole horizon is another extremal
surface, this time of positive area. Averaging the two as in (8.9) would give S > 0
and contradict the description as a pure state.

It remains possible that (8.9) might nevertheless be salvaged by including
in the average further extremal surfaces not yet identified. Complex extremal
surfaces could contribute negatively and cancel the positive contribution from
the extremal surface at the horizon. But this seems unlikely and, even if true,

would make the entanglement conjectures extremely difficult to use in practice.
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One instead expects that the saddle-point phase approximation simply fails near
n = 1, as this is typically the case when one varies parameters so as to make two
saddles coincide.

The above discussion mostly serves to illustrate our ignorance of how (8.1)
should be modified to accommodate complex extremal surfaces. While we have
discussed the problem at the level of the von Neumann entropy, the replica dis-
cussion above makes it clear that the issue is already present at the level of the
Renyi entropies. The point is that Trp™ must be positive definite for any quantum
system. But writing

Trp" = e~ In/AGN | o~13/4GN (8.10)

for a complex conjugate pair of saddles one finds that the sign of the right-hand
side oscillates quickly as G — 0 when the action [, is not real. One could choose
to take this as an indication that only saddles with real action can contribute to
Renyi entropies in the semiclassical limit, and thus that only extremal surfaces
with real areas could contribute to von Neumann entropies. But other possibilities
may exist. For example, we recall that in some contexts [331] carefully studying
contours of integration can show that the correct semi-classical approximation is
e~ 151 Tt would be very interesting if a similar conclusion might somehow apply
here.

Since we found two arguments above leading us to replace A, in (8.1) with its
real part, we adopt this hypothesis for discussion purposes below. To emphasize
the uncertainty in this conclusion, we refer to this suggestion as the straw-man

proposal?. We will consider each complex conjugate pair separately and not at-

2 It would be very interesting to understand whether our straw man proposal — or indeed any
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tempt to further combine the results from various pairs. We also comment on
the relative size of Re A,., for various such complex pairs, though we refrain from
stating whether this means that any such pair necessarily dominates the result.
Indeed, given a set of saddles it is typically difficult to determine whether the
contour of integration can be deformed to pass through them in such a way that
they can actually contribute to the desired saddle-point approximation. We defer

further discussion of this issue to section 8.5.

8.3 Method and Analytic Structures

We now outline our general procedure for finding complex extremal surfaces.
After a brief introduction to the spacetimes of interest, the basic techniques are
presented in section 8.3.1 generalizing methods used to study complex geodesics
in [76] (based on e.g. [228, 229, 332]). Relevant analytic structures are dis-
cussed in section 8.3.2. We consider extremal surfaces Y of general codimension
n, and we illustrate the method in section 8.3.3 by studying complex geodesics in
Schwarzschild AdSg, 1.

As noted above, for simplicity we study (d + 1)-dimensional spacetimes de-
scribing planar black holes with AdS-like asymptotics in each of two asymptotic

regions. We therefore restrict to spacetimes of the form

art

ds® = —f(r)dt* + o)

+ridxs ), (8.11)

other proposal involving complex extremal surfaces — satisfies well known properties of entropies
like strong subadditivity. This property has been shown to hold in [255] and [303] for the original
Ryu-Takayanagi and HRT proposals based solely on real extremal surfaces, but it is far from
clear that they continue to hold for complex generalizations.
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Figure 8.1: A conformal diagram of our spacetimes. The asymptotic regions are
located in the left and right regions. The imaginary part of the time coordinate
t is constant in each wedge, and ¢ has period t ~ ¢t + 3. We consider extremal
surfaces anchored at the points indicated on each boundary.

where f(r) and g(r) each have a simple zero at some r = r, > 0 corresponding to

a horizon with inverse temperature

4
[ — (8.12)
f'(rn)g' (rn)
We assume our spacetimes to have timelike conformal boundaries at r = oo,

though we make no further assumption about the large r behavior of f and g.
In particular, we allow both asymptotically AdS,;,; and asymptotically Lifshitz
spacetimes [333] restricted to z > 1 (so that the null energy condition is satis-
fied [334]). We assume that f, g, and f/g are analytic functions of r everywhere on
the complex plane except perhaps at » = 0 and oco. In the Lifshitz case, r = 0, 00
will be branch points so that it is better to say that f, g, and f/g are analytic on

appropriate Riemann surfaces.
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8.3.1 Extremal Surfaces

To study surfaces 3 of codimension n, it is useful to divide the (d — 1) coor-

dinates z into two families

{xl} = {xl,...,xnfl}, (8.13a)

{«I} = {a", ..., 2%}, (8.13b)

We will require z* to be constant on the boundary 9% of ¥, and by translation
invariance we may take (z1)|sz = 0. This fixes n — 1 boundary conditions, so it
remains only to specify a time coordinate on 03.

The horizon at r = rj, divides the spacetime into four wedges, and we can
use the Schwarzschild-like coordinates ¢, of (8.11) in all four wedges by analytic
continuation. This prescription causes the imaginary part of ¢ to shift by i5/4
every time a horizon is crossed, as shown in figure 8.1, and imposes a periodic-
ity t ~ t+18. We thus require X to stretch between the two boundaries, with
t|lgs = tp on the right and t|ss = —t, + i3/2 on the left. We take take t, to be
a real parameter specifying the desired boundary conditions and more generally
use At to denote the time difference between the two ends of any extremal surface
with (z1)|ss = 0. It will sometimes be useful to break At into its real and imag-
inary parts by writing At = —2tg + it; so that surfaces satisfying our boundary
conditions have tg = t, and t; = §/2.

Since our boundary conditions are invariant under translations in z/ we as-

sume Y to share this symmetry. Thus the problem reduces to finding (¢, 7, z1) as

functions of a single parameter A\ which we specify below. In fact, since momen-
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tum conservation requires z* to be monotonic in A, the fact that 2+ vanishes on
both boundaries implies - = 0 on all of ¥ so that we need only solve for the two

embedding functions (¢,7) = (T'(\), R(\)). The area functional then becomes

_ d—n [ r RZ —
A= Vd_n/d)\R \/ FORYT? 4+ s = Vd_n/d)\ﬁ, (8.14)

where Vj_,, is the volume of the z!l space and dots denote derivatives with respect
to A
Since T' is cyclic in (8.14), its conjugate momentum (hereafter referred to as

energy) is a constant of motion:

oL R [(R) .
—— =T 8.15
oT c (8.15)

Note that £ may be complex for complex surfaces . Finally, we invoke the
reparametrization freedom of (8.14) to choose A to satisfy £ = R ™. This con-
straint serves as the remaining equation of motion, which using (8.15) can be

written as the Newtonian particle-in-a-potential problem

E?g(R)

52 _ - _ AL/
R* + Vig(R) =0, where Vig(R) = —g(R) T2 (1)

(8.16)

We have thus reduced the system to quadratures. In particular, since we allow
complex R and T', given any contour 7 in the complex R plane we can solve (8.16)
and (8.15) for d7'/dR and integrate to find a T'(R) that solves the equations of

motion®. The only question is whether the associated complex extremal surface

3 This point was not correctly discussed in [76], which instead claimed that each complex
geodesic had a preferred turning point. This is not generally true, but does not affect the final
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satisfies our boundary condition. I.e., we must require both ends of the contour ~

to approach R = oo along the real axis and then compare the total elapsed time

At = —2tR + ity = /y Rd—nf(R)E — eH(R) dR (817)

with —2t, + i3/2.

A similar calculation gives the renormalized area of the surface as

Aven = dR + A )) ) (8.18)

o (” / \/T

where € is a UV regulator, A.(e) is a counterterm that cancels the e-divergent
terms in A, and 7, is a regulated contour that runs to R = 7, /€ rather than R —
0o. Since the renormalized area is an on-shell action, (8.17) and (8.18) satisfy the

Hamilton-Jacobi relation
dAren = =V E d(Al), (8.19)

which can also be checked directly. This structure precisely parallels that of
complex geodesics; see e.g. [228] and the recent review in [76].

Since Vo (R) generally vanishes at several values of R, the function y/—Veg(R)
defines a non-trivial Riemann surface over the complex R plane. There may also
be additional branch points at R = 0 and at R = oo (for the Lifshitz case).
The branch points of \/T(R) will be denoted Rppanen(E). So long as f and g

have no branch points themselves (i.e., except for the Lifshitz case), the Riemann

results of [76].
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surface for /—V.g(R) has precisely two sheets.
Because the sign of /—V.g(R) in (8.17) determines the sign of R, our boundary

conditions require it to take opposite values at the two ends of 7. In particular,
in the non-Lifshitz case allowed contours v thus run between endpoints R = oo
on opposite sheets of the Riemann surface for y/—Vez(R), and without loss of
generality we may take them to run from the negative branch to the positive
branch. Examples of such contours are shown in figure 8.2. In the limit where the
contour is deformed to tightly circle some branch point, it is natural to think of
the branch point as a turning point of the trajectory. This is the case for contours
along the real R-axis — such as the one shown in figure 8.2(b)— that describe real
extremal surfaces in either Euclidean or Lorentzian signature.

Of course, smooth deformations of the contour v that preserve the endpoints
will not change (8.17) or (8.18). Two contours related in this way will be said
to describe equivalent extremal surfaces, with inequivalent surfaces at given E

corresponding to homotopically distinct contours on the Riemann surface for

V Vet (R).

8.3.2 Analytic Structure of At(£) and A, (F)

One would like to use (8.17) and (8.18) to define A, as a function of ¢,. But
in general there will be multiple inequivalent extremal surfaces for a given t,. As
a result, Ao, (tp) is in fact properly defined on a multi-sheeted Riemann surface.
A useful way to deal with this complication is to work directly with A¢(F) and
Aren(FE) as described by (8.17) and (8.18). While At(F) and A,.,(E) are again

defined on non-trivial Riemann surfaces, their structure is closely related to that
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AAA
wWWe———————+

(a) (b)

Figure 8.2: The branching structure of the integrands of (8.17) and (8.18) in
the complex R-plane, and sample contours of integration . The number of
branch points depends on the precise form of V.g; here we draw four, as for
geodesics in d = 3 AdS-Schwarzschild. The branch points correspond to zeros
of Ve and often an additional branch point at R = 0. We introduce branch cuts
in order to draw figures; the solid and dashed portions of + indicate segments
that run on different sheets of the associated Riemann surface. For convenience
we choose the branch cuts to run radially inward, connecting all other branch
points Rpianch directly to R = 0. We adopt this convention even when R = 0
is not a branch point — in effect momentarily introducing an artificial branch
point whose effects must disappear from the final results. Figure (a) shows
the generic (complex F) case in which all the branch points lie at complex R.
Figure (b) shows the special case in which E is real, in which case at least
one of the branch points lies on the positive R-axis. The extremal surface
corresponding to the indicated contour + is then equivalent to a real extremal
surface which may be described as having a turning point at the encircled
branch point. The integrand for At may also have poles at other values of R,
but these are not shown.

of the branch points Ryanch (F) for \/T(R) . This structure is again like that
of the geodesic case presented in [76], though our discussion below corrects some
minor errors in [76] related to footnote 3.

Indeed, the functions (8.17) and (8.18) are analytic in E so long as the con-
tour v can be deformed to avoid branch points Ry anen(E) or poles. But at certain

critical energies two branch points will merge. Contours « that run between these
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branch points will be said to be pinched as E becomes critical, and can no longer
be deformed to avoid them. Mergers of three or more branch points do not occur
for the examples considered below.

When the integration contour is pinched we divide the critical energies into
two classes, which we denote E, and E!. The former (E.) are energies where
the merging branch points are both simple roots of Vg (with no other coincident
singularities4), so that Vg develops a double root at E.. Thus as £ — FE., each
integrand becomes structurally similar to |R — Rbmmh|_1 so that the integrals
At(E) and Ayen(F) diverge. Careful examination shows that when the contour 7 is
pinched at such E., the functions At(E) and A, (E) both behave like C'In(E—E,)
near F, for some complex coefficient C'. So both have logarithmic branch points
at E.. In contrast, the E/ are energies where roots of Vg moves to R = 0 or (for
Lifshitz) to R = oco. In general, At(E) and A,en(E) do not diverge at such E,
though they do have branch points there.

When the integration contour is not pinched, At(E) and Ayen(E) remain an-
alytic even when roots merge; such situations are neither E.’s nor E’s and will
not be called critical. Since we will see below that different sheets of our Riemann
surface are associated with different contours v, this means that the identification
of a given energy FE as being critical (or not) will vary as one moves from one
sheet to another.

Since At(E) diverges at the E., we expect the large time behavior of at least
some families of extremal surfaces to be determined by the E.. As for the geodesic

case [228], for a family of extremal surfaces with At — oo as £ — E., the

4Section 8.4.2 will describe a case where two simple roots of Vog merge with a non-branching
singularity (a pole) at R = 0.
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Hamilton-Jacobi relation (8.19) immediately yields a linear relationship between
At(E) and Aen(E). This can also be seen from the fact that both behave like

In(E — E.). In particular, for codimension-2 extremal surfaces (i.e. n = 2), one

has
Aren V;i—QEC 1
= Sten = — At+ - = —=soVy oAt + -+, 8.20
4Gy Gy o gV V2Bt (8.20)
where s = rﬁ’l /4Gy is the thermal entropy density, v is a constant, and --- de-

note subleading terms in At. For surfaces of this type that dominate the HRT
prescription, the constant v is a speed characterizing the rate of growth of the
entanglement entropy; see e.g. [45, 46, 229]. It is interesting that the relation
(8.20) is linear for asymptotically Lifshitz spacetimes (and, indeed, for more gen-
eral asymptotics) as well as for the asymptotically AdS case. This speed was
recently computed in [335] along with other properties of Schwarzschild-Lifshitz
black holes.

Tracing a closed contour in the complex E-plane around one of the branch
points of At(F) results in movement from one sheet of At(E) to another. Traveling
around such a contour corresponds to swapping two of the roots of Vg, so one can
think of constructing a secondary sheet of At(E) by simply changing the contour
of integration in (8.17) to a new contour 7/, where the new contour is obtained
from the original contour v by exchanging two of the branch points in figure 8.2
without allowing the contour to cross any branch points or poles. Examples of
resulting contours are shown in figure 8.3.

In order to draw diagrams, we find it useful to cut the resulting Riemann
surfaces into sheets. It is convenient to do so by introducing branch cuts that

run radially outward from branch points at any E., E. to E = oo; see figure 8.4.

292



Complex Entangling Surfaces for AdS and Lifshitz Black Holes? Chapter 8

Figure 8.3: Sample integration contours 74,4 for (8.17) and (8.18) that define
secondary Riemann sheets of At(E). Both contours are obtained from ~ in
figure 8.2 by exchanging the branch points in quadrants 1 and 3. For v} the
originally-encircled branch point passes below the other during the exchange,
while for +4 it passes above. At each step, the contour must be deformed to
keep it smooth on the associated Riemann surface; it must avoid both branch
points and poles, though for simplicity we show only the former.

R

R

Figure 8.4: A sample choice of branch cut structure used to define a single sheet
of At and Ayen in the complex E-plane; the particular structure shown here is
that of e.g. geodesics in Reissner-Nordstrom AdSs or codimension-2 extremal
surfaces in Schwarzschild-AdS7;. The branch points shown here correspond
to the critical energies F. at which the contour of integration ~ for (8.17)
and (8.18) becomes pinched between two roots of Vg that coincide, and are
therefore energies at which |At| and |A| diverge.

It is also convenient to introduce a notion of principal vs. secondary sheets. We

take the principal sheet to be the one containing those extremal surfaces that
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lie entirely within either the real Lorentzian or real Euclidean sections of the
complexified spacetime. For all examples below, it is consistent to take both
such families of surfaces to lie on a single sheet. It is natural to ask whether
the principal sheet is preferred in any physical sense over the secondary Riemann
sheets, but we defer discussion of this question to section 8.5.

The above structure makes the identification of extremal surfaces straight-
forward. The boundary conditions require that At = —2¢, + i/2, so extremal
surfaces satisfying the boundary conditions correspond to the contours t; = (/2
(mod f) in the complex E-plane. Since At(E) is analytic (except at branch
points and poles), so long as the derivative does not vanish the inverse function
E(At) is also analytic and defines a good conformal map. Thus ¢z must change
monotonically along these contours when the derivative is non-zero; vanishing
derivative is generally signalled by the intersection of multiple contours. The con-
tours t; = (/2 may be found by numerically integrating (8.17), for example by
using Mathematica’s built-in NIntegrate command which is capable of perform-
ing contour integrals in the complex plane. Below, we use the structure of such

contours to probe the associated complex extremal surfaces.

8.3.3 A Cautionary Tale: Geodesics in Schwarzschild-AdS

To illustrate the above techniques, we pause to discuss complex geodesics (the
case n = d) in Schwarzschild-AdS,,;. We have studied only cases with d < 7,
though we expect the results for d > 8 to resemble those found for d = 5,6,7. We
find interesting distinctions between the cases d = 3, d = 4, and d > 5. The case

d = 4 was discussed in [34], though to our knowledge the results for d # 4 are
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new. In particular, one might have hoped that since the ¢ = 0 surface is common
to both the Euclidean and Lorentzian sections, geodesics in this surface would
always provide good saddle points for path integral with ¢, = 0. But we will see
that Schwarzschild-AdS,, for d > 5 provides a counter-example®.

For definiteness, we first consider d = 4 as in [34] so that we have

rd

flr)=g(r) = Z—z (1 — ﬁ) : (8.21)

The function Vg is as in (8.24a), and one finds [34]

: (8.22)

At(E) = B [hl (52/2 —E+ 1) . (—52/2 FiE+ 1)
o M\ ViTen Vi e

where & = El/rj, and 8 = m(?/r;. Note that At has branch points at £ = —4.

Sketching the contours of t; = /2 in the center panel of figure 8.5, one finds a

contour along the real E-axis corresponding to real geodesics, and two complex

contours that start and end on the branch points®. Taking again (8.25) for the area

regulator, one finds that the regulated length diverges as the contours approach
the branch points.

The presence of complex contours is generic and independent of dimension. In

figure 8.5 we sketch the contours on the principal sheet for the three cases d =

3,d =4, and d > 5. Note that there are always two sets of contours: a contour

along the real F-axis corresponding to real geodesics, and a set of complex contours

°This might be expected from the analysis of [34], which argued that perturbing the d = 4
case would produce this result. Changing d = 4 to d = 5 is such a perturbation, though so is
changing d = 4 to d = 3 (which yields very different results as shown in figure 8.5).

61n fact, these contours spiral infinitely many times around the branch points, so they actually
move off of the principal sheet of At(E).
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that end at the branch points.

For d > 5 the real geodesics have properties very similar to those found in
[34] for d = 4. In particular, the renormalized action diverges to —oo at finite
ty. If these were the relevant saddle points for the path integral, this would
imply a boundary to boundary two-point function e~ ren that diverges at finite
t,. This cannot happen in a good field theory, and even the small ¢, behavior is
suspicious. The fact that the arrow on the real contour runs to the left in the
right panel of figure 8.5 means that ¢, increases in that direction and thus by
the Hamilton-Jacobi relation (8.19) that ¢, = 0 would be a local minimum of
the resulting two-point function. But on physical grounds it should be a local
maximum; see e.g. [40, 228, 229, 332]. We conclude that there must be some
obstacle to deforming the path integral contour of integration to make use of the
real Lorentz-signature geodesics. Instead, it is the complex geodesics shown in the
right-most panel of figure 8.5 that give physically reasonable behavior, and which
in particular end at branch points for which L., diverges to positive infinity as
t, — £00. The story is similar to that in [34] for d = 4 except that the complex
t; = /2 contours do not pass through E = 0, and the correct complex geodesics
now differ in action from the real Lorentzian geodesic even at t;, = 0. Indeed, we

find that the complex geodesics with ¢, = 0 have smaller action”.

7 We stress, however, that the real ¢, = 0 geodesic appears not to provide even a subdominant
contribution. If the path integral contour could be deformed to use this geodesic in the saddle
point approximation, then by continuity the same should be true of real geodesics with ¢, # 0.
But the action of the real geodesics clearly has smaller real part in the limit where it approaches
—00, so in that limit the real geodesics would become the dominant saddles.
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N/

/TN

Figure 8.5: The structure of the ¢ty = /2 contours for geodesics in
Schwarzschild-AdS41; arrows denote the direction of increasing t;. From left
to right, the figures show d = 3, d = 4, and d > 5. Note that there is always
a contour along the real F-axis, which for d > 5 is disconnected from the two
complex ones. The complex contours spiral into the branch points.

8.4 HRT Surfaces in Planar Black Holes

We now turn to codimension-2 extremal surfaces (n = 2), which are our pri-
mary interest. In particular, we apply the above methods to identify and study
such surfaces in the maximally-extended planar BTZ, Schwarzschild-AdS;,, and
Schwarzschild-Lifshitz spacetimes, each of which is dual to a thermofield double
state on R? in parallel with the discussion in [222]. In all cases, we consider
the class of surfaces described in section 8.3 which satisfy boundary conditions
appropriate to computing the entropy of a pair of half (d — 1)-planes in oppo-
site components of the thermofield double state. These are bulk surfaces that
stretch from one of the two conformal boundaries to the other as shown in figure
8.1. We are mostly interested in the Schwarzschild-AdSy1 case (section 8.4.2),
but study BTZ as an analytically-solvable warm-up in section 8.4.1. We also
use Schwarzschild-Lifshitz to probe possible dependence on boundary conditions

in section 8.4.3. Of course, since d = 2 for BTZ, geodesics and codimension-2
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surfaces coincide in that context.

8.4.1 HRT in BTZ

A planar version of the BTZ spacetime [127] may be defined by taking d =

n = 2 and
,

flr)=g(r) = g—j (1 ﬁ) : (8.23)

-
The metric (8.11) then describes a region of global AdS; and contains no singu-
larities. One might thus argue that a better name for this region is AdSs-Rindler,
but we use the term planar BTZ to emphasize that it is the unique 3-dimensional
analogue of planar Schwarzschild-AdS;,, for d > 3.

For this case one finds

Vae(R) = — f(R) — B, (8.21a)
At =7 {—l arctanh € + 3} ; (8.24b)
T 2

where again £ = FE{/rj, and now 8 = 27(?/r;,. Taking the area regulator to be

1
Act = —2€ ln (—> 5 (825)

€

we obtain
4
Aren =/ln <1_—€2) . (826)

The simple form of the expressions (8.24b) and (8.26) allows one to write Aen

as an explicit function of At. But in order to illustrate the general procedure,
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we continue to treat A, and At as separate functions parametrized by €. In
order to find geodesics connecting the two boundaries of the BTZ black hole, we
require t; = (/2 (mod ). This condition will clearly be satisfied for real £ €
(—1,1). These energies correspond to the usual real geodesics, so we will call this
the principal ¢; = /2 contour. At the endpoints & — +1 we find ¢, — +o0.
Moreover, A, is real and diverges to +oo at the endpoints. Indeed, on the
principal t; = /2 contour A, has a global minimum at ¢, = 0. It then increases
monotonically as one moves away from this value. This agrees with the expected
behavior of the entanglement entropy at large times. One can also check that
certain results are quantitatively correct [229]. Since these surfaces are geodesics
it is also natural to compare e "™Frn with two-point functions, and one finds
corresponding agreement [228].

However, we may also consider the full Riemann surfaces defined by At and A,,.
These are obtained by a simple analytic continuation of the arctanh and logarithm,

so that each of the resulting sheets can be labeled by an integer m:

(8.27a)

At,, = {—l arctanh & + wl ,
T

Arenmy = (1n ( > + 2m/mil. (8.27Db)

1-¢&2

The union of all such sheets yields the full Riemann surface. There are now many
contours for which t; = 8/2 (mod /). These contours are labeled by m and all
project to the interval £ € (—1,1) along the real line in the complex E plane.
We see that t,(E) is independent of m, while A,e,(E) (and thus A.e,(tp)) differs

from its values on the principal (m’ = 0) contour only by a t,-independent purely-
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imaginary constant. So all choices of m’ would lead to the same entropies under
the straw-man proposal of section 8.2.

As noted above, the spacetime we called planar BTZ is really just a subset
of global AdS; (described in Rindler-like coordinates). Thus our surfaces imme-
diately define complex extremal surfaces in AdSs. If (¢,7,6) are the usual global
coordinates, these surfaces intersect the boundary at (t,6 = 0) and (¢,0 = =).
For given m above, they are all related by global time translations; the nontrivial
time-dependence of the area in (8.27b) is entirely due to the transformation be-
tween the global AdS; and BTZ conformal frames. One may also describe these

surfaces in the Poincaré patch.

8.4.2 HRT in Schwarzschild-AdS

We now turn to the more interesting case of Schwarzschild-AdSy,;. We again

set n = 2 and take
r

f(r)=g(r)= E—z (1 - T—g) : (8.28)

rd
We identify the critical E. and the corresponding coincident branch points Ryranch

by requiring Veg(Ruranch) = 0 = Vg (Rbrancn), which gives

. d [ d—2 VA
Ec -+ 2wim/d h 92
‘ d—2(2(d—1)> ¢ (8:29)

for m = 1,...,d. By numerically integrating (8.17), we find for all 3 < d < 7
that the only E, on the principal sheet of At(E) are the two real ones, which
form a pair of points on the real axis with opposite signs. We also find that the

only t; = [3/2 contour on this sheet connects these E. by running along the real
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axis, as shown in figure 8.6(a) for d = 4. This contour corresponds to the real

surfaces studied in [229]. As in that work, taking

20r2V, 5 1
d—2 ed2

Act == (830)

shows that A,., increases as one moves along this contour away from ¢, = 0 and
diverges to positive infinity as the branch points are approached (where t, — +00).
Though we have studied only d < 7, we expect similar behavior for larger values
of d.

The secondary sheets turn out to contain much more structure. For simplicity,
we will focus in detail on the case d = 4, though we will briefly comment on the
cases d = 3 and d = 6 as well®. In Appendix B.6, we express the integrals (8.17)
and (8.18) for d = 4 in terms of standard elliptic integrals, which we will use to
obtain various approximations.

For d = 4, we see from (8.29) that there are only four critical energies E..
These E. lie on the real and imaginary axes, and are related to one another by
multiples of the phase ¢”™/2. In addition, there is another critical energy E/ = 0
at which two roots of Veg(R) coincide at R = 0. Though R = 0 is not a branch
point of the integrands of (8.17) and (8.18) for d = 4, it remains a singularity; in
this case a pole for E # 0. Thus the functions At(E) and A,en(E) will generally
have branch points at £ = 0 though they will not diverge there.

Let us now analytically continue off the principal sheet through one of the

branch cuts shown in figure 8.6(a) onto what we now call sheet #2. As shown in

8For even d the analysis is simplified by working in terms of a new variable w = (1, /7)?; thus
is d = 6 more tractable than d =5, 7.
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figure 8.6(b), we find a sheet with branch points at all four of the E. as well as
at B/ = 0. The choice of direction is arbitrary for the branch cut ending at £, = 0;
we find the choice shown in the figure convenient.

The new purely imaginary E. lead to interesting behavior. This is perhaps
best studied by using expression (B.53) to show that near E, = —iy/2/3%473 /¢,

i3

At = T 93/2. 31/4

m(E—-E)+C+O(E—E), (8.31)

where 8 = 7l?/r),, € = (E/r}, and C is a (complex) constant. In particular, we
see that taking |E' — E.| arbitrarily small makes ¢; arbitrarily large and that and
tr increases uniformly as one travels around this E.. Thus there are an infinite
number of contours satisfying t; = /2 (mod () circling near these E,, crossing
to higher and higher sheets with each cycle; these contours thus form an infinite
family of “helical contours”. Some examples are shown in figure 8.6.

Returning to sheet #2, we also find the additional contours shown in fig-
ure 8.6(b). Two contours start at the branch point on the negative real axis and
leave through branch cuts, while the contour in the first quadrant enters and exits
through branch cuts. Tracking this contour through a branch cut onto a third
sheet (#3), we find that it continues and crosses yet another branch cut. On this
third sheet, we also find a variety of new contours. We will focus on the contour
labeled B in figure 8.6, which starts at the branch point E’ and ends at the branch
point on the positive real axis. This contour resembles a deformed version of the
original real contour, and we expect additonal such deformed contours to appear

as one probes more of the Riemann surface.
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(a)

Figure 8.6: Schematic drawings where solid lines with arrows (red in color
version) show contours with ¢t; = /3/2 (mod f) for codimension-2 extremal
surfaces on various sheets of At(E) for Schwarzschild-AdSs. Arrows on the
contours show directions of increasing t; and dashed lines indicate loci where
t, = 0. Panel (a) shows the principal sheet. Here the only contour lies along the
real F-axis, so on this sheet only the familiar real extremal surfaces satisfy our
boundary conditions. Analytically continuing through the right-hand branch
cut in the direction indicated by the vertical arrow takes us to sheet #2, shown
in (b). Note the infinite family of helical contours that circle the branch points
on the imaginary axis, as well as new contours and branch points. Analytically
continuing through the right-hand branch cut takes us to sheet #3, shown
in (c). The contour labeled A on sheet #2 continues through this cut onto
sheet #3. Aside from the real contour on the principal sheet, only the two
contours marked B and C on sheet #3 are physically acceptable near t;, = 0
under the straw-man proposal of section 8.2. All other segments of complex
contours shown above cross t, = 0 when Re F # 0. In addition, on helical
contours Re A, remains unphysically bounded at large ;.

For the d = 3 case, the only contour on the principal sheet is again the real
one. In this case there are no contours on sheet #2 with t; = /2 (mod ), and
in particular no analogue of the helical contours in figure 8.6(b). However, we
expect that new contours could be found on higher sheets. For d = 6, we once
more find that the only contour on the principal sheet is the real one. On sheet

#2 there are analogues of the helical contours for d = 4 that now spiral into the

the complex E. of (8.29). We also find an analogue of the contour in the upper
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left quadrant of figure 8.6(b), again terminating at an £, on the negative real axis.
We have not examined higher sheets.

It is clearly of interest to investigate the areas of the extremal surfaces along
our contours. For simplicity we limit this discussion to d = 4. Following the straw-
man hypothesis of section 8.2, we focus on the real part Re A,c,(F). Were this real
part to describe the CF'T entropy on our pair of half-planes, the time-reflection
symmetry of the dual CFT thermofield-double state would require a corresponding
symmetry of the relevant Re A,.,’s. In particular, if a single smooth contour is
to provide the relevant surfaces near ¢, = 0, then the derivative with respect to ¢,
must vanish there. The Hamilton-Jacobi relation (8.19) then requires that Re F
vanish as well; i.e., ¢, could vanish only on the imaginary E axis. Of the complex
contours shown in figure 8.6, only the two marked B and C' have vanishing Re E
at t, = 0.

Of course, the symmetry of the spacetime under time-reversal implies that any
contour must have a time-reversed image somewhere on the Riemann surface —
though this will generically lie on some yet-unexplored Riemann sheet. One can
clearly combine the ¢, > 0 part of one contour with the ¢, < 0 part of its image to
define time-symmetric Re A,e,. But with non-vanishing Re E at t, = 0, the time-
derivative is discontinuous at ¢, = 0; one would then need to rely on surprising
sub-leading corrections in 1/Gy to match the physically expected vanishing of
dSien/dty in the CFT. Furthermore, choosing to keep the surfaces with smallest
Re A,en would necessarily force Re A, to have a local maximum at ¢, = 0; see
figure 8.7.

In contrast, as discussed in e.g. [229] the thermofield-double nature of the CFT
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Figure 8.7: The small ¢, part of a generic smooth real function (solid) with

non-vanishing slope at t;, = 0 and its time-reversed image (dashed). Taking the

minimum of the two (red parts in color version) defines a function with a local

maximum at t; = 0 where the derivative is discontinuous.
state strongly suggests that the entropy should be a mininum at ¢, = 0 followed by
monotonic increase with |¢,| to diverge as t, — £oo. From the Hamilton-Jacobi
relation (8.19) and the arrows in figure 8.6, we see that this correctly describes
the behavior of Re A,., along contours B and C. But it fails at various points
along other contours. In particular, for helical contours (8.31) and (8.19) imply
that Re Ao, (E) oscillates with each cycle and remains bounded as ¢, — +00. The
large ¢, regimes of these contours are particularly problematic, as there Re Ayen(F)
is clearly smaller than for any physically acceptable contour. Under suitable
extensions of the straw man proposal, the comments in footnote 7 about the
implications of such behavior for the geodesic approximation would thus apply
here as well and indicate that even finite ¢, pieces of these contours cannot be
relevant to the dual CF'T entropy.

For the above reasons we discuss only contours B and C' in detail. These
contours are defined only for ¢, > 0 and ¢, < 0 respectively, and since at ¢, = 0
they reach the ' = 0 branch point there is no simple notion of an extension
through ¢, = 0. But each must have a time-reversed copy as discussed above, and

this copy will also reach the £ = 0 branch point at ¢, = 0. So it is natural to
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glue B and C' at t, = 0 to their respective time-reversed copies. Since E(t;) = 0,
extending B and C in this way defines contours where A,., is at least C', which
continue to meet the above physical expectations.

We begin with B. As shown in figure 8.8 (left), to good accuracy the func-
tion Re A,en(tp) along B agrees with that along the real contour on the principal
sheet. It would be interesting to understand whether the tiny discrepancy near
tp/B ~ 0.1 is a numerical artifact. While this is beyond the scope of the present
work, it is straightforward to study the small- and late-time regimes perturba-
tively at leading order. In particular, the Hamilton-Jacobi relation (or alterna-
tively, (8.20)) guarantees that the late-time growth of A, (%) will be identical
along the two contours since both approach the same E.. At small F we can

expand the elliptic integrals (B.53) and (B.57) to find

_ b 3
=g €+ O0(E), (8.32)
2
Re s = 12 71 0(6)" (8.33)
so that
2rd Vs
Re Apen = 53 282 4+ 0t (8.34)

along both contours. Thus B agrees with the real contour to this order.

Contour C'is even more interesting. The Hamilton-Jacobi relation again guar-
antees the late-time growth to be identical to those above, and (B.53) and (B.57)
again yield (8.32), (8.4.2), and (8.34). But for t, # 0 figure 8.8 clearly shows
the associated Re A;en(tp) to be smaller than for real extremal surfaces. It is thus

plausible that the associated entropy of the dual CF'T is controlled by the complex
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Figure 8.8: The plots show Re Ayen(tp) for contour B (lower curve in left panel,
blue in color version) and contour C' (lower curve in right panel, blue in color
version) in comparison with that on the real contour (upper curve in both
panels, red in color version). Contour C' clearly has smallest Re A;en. Near
tp/8 = 0.1 contour B also appears to have Re A,y slightly smaller than for the
real contour, though a more careful analysis would be required to show that
this is not an artifact of our numerics.
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Figure 8.9: The imaginary parts Im A,en(ty) along contours B (left) and C
(right). The noise at larger values of ¢, is a numerical artifact, likely due the
failure of Im Ayen(E) to be continuous at E.. The function Im A,en(E) does
admit direction-dependent limits at E. that make Im A,e,(f5) continuous there
for real 3, but a small error in the location of our contour near E. can translate
into a large error in Im A,e,. We have also excised portions near ¢, = 0 which
exhibit numerical noise.

surfaces contour C'; and not by the original real extremal surfaces.
For completeness we also include plots of the imaginary part of A, along B

and C' in figure 8.9. Expansions analogous to those above show that Im A, =
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2+0(t}) near t, = 0 for both contours, and since they end at real E, the imaginary
parts are again much smaller than Re A, at large |t,|. As a result, for large ¢, we
have |Asen| ~ Re Ayen and using |Aren| ~ Re Ajen gives the same result as taking

the absolute value.

8.4.3 Lifshitz

In order to investigate possible dependence on boundary conditions, we now
briefly consider the Schwarzschild-Lifhshitz black holes of [322]. The spacetimes
are characterized by the spacetime dimension d + 1, a choice of dynamical scaling
exponent z, and a horizon radius r,. Since z = 1 is just the Schwarzschild-AdS
case already studied in section 8.4.2, we assume z # 1 below. In order to respect
the null energy condition we consider only z > 1 [334]. We also restrict to rational
z.

We will find that these spacetimes follow the same pattern seen above. The
only t; = /2 contour on the principal sheet describes real extremal surfaces, but
complex contours appear on secondary sheets. We refer to the contour on the
principal sheet as the real contour below. For an infinite class of special cases, an
analytic argument allows us to identify contours on certain secondary sheets that
are simply related to the real contour: the associated extremal surfaces satisfy the
same boundary conditions (i.e., they have same At) while A, differs from that
on the real contour by a phase. For appropriate choices, such families satisfy our
qualitative physical expectations (minimum at ¢, = 0 and monotonic increase to
infinity with |¢,|) for use as an HRT surface. However, in such cases Re Ayen () is

always smaller than for the corresponding real extremal surface.
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We now begin the calculations. From [322] one sees that the desired spacetimes

satisfy

£
At = j—f 4 (8.36)
T (= 1) ) = Ver(p)
pd—2
A=V olri™? / ———dp, (8.36D)
7/ Ve (p)

where a =d+ 2z — 1, B =47l Jari, p = R/ry, € = CE/ry", and

Verlo) = ~ D) (P = p 2+ £7). (8.37)

We regulate the area with

2VQ_2€TZ_2

Aa =~ g)er

(8.38)

The critical energies are

£ = i(1)}/a\/z (2((2‘_21»(&_1)/& , (8.39)

where (1)%/ “is the n™ root of x* = 1. If av is irrational, there are an infinite number

of such roots and the critical energies are dense in a circle in the complex E-plane.

We therefore restrict our analysis to rational « or, equivalently, rational z.
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Figure 8.10: Sample integration contours 7, 4/ in the complex p plane for

Schwarzschild-Lifshitz with d = 3, z = 2. The left panels shows the contour ~

which defines a real extremal surface for real £. There are 4 real and two

imaginary branch points, with « encircling only the largest real branch point.

The right panel is obtained from the left by (8.40). The new contour contour

defines a complex extremal surface that lies on a secondary sheet of At and Aep.

We have examined the principal sheet numerically for (d, z) = (3, 2), (3, 3), (4,2),
and (4,3). In each of these cases we find only the real contour. Turning now to
secondary sheets, we will show that certain z exhibit a special symmetry relating

the principal sheet to a class of secondary sheets. This may be seen by choosing

an integer m and noting that the phase rotations

p— 627rim/ocp’ - 6—27rim/ozg’ (840)

act on the effective potential as ‘Zﬂ‘ — elmim/ C“YN/QH. Thus if p* is a root of ‘7,35 at
energy &, then e2™™/%p* ig also a root of Vg at energy e~ 27m/ag,
Consider then any contour « in the complex p plane that defines a real extremal

surface. The contour v then runs along the real p axis, coming in from p = oo

before turning around the largest real branch point pg.., and returning to p = co.
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The expressions for At and A,., can be written as

o E
At = Z_ﬂ dp, (8.41a)
T ~
Pturn pZ—l (IOOL _ 1) _ eﬁ,(p)
1
Aen = 2V QETZ 2hm — | (8.41Db)
Pturn - 2 6
\/ - eff

00 d—2 d—2

— 4 d—3 pturn
= 2‘/61_2£Td 2 / —F —p dp -, (841C)

" Pturn 17 (d - 2)

where we have conveniently reabsorbed the counterterm A into the integral ex-
pression for A, in order to extend the integration out to p = oo

Acting with (8.40) takes the (real) turning point pium t0 Pl = €™ piurm.-
Consequently, the original contour ~ is taken to a new contour 4/ that runs from
infinity to pf,, along a line of constant arg(p) = 2mim/«. In particular, the
contour v does not approach p = oo along the positive real axis, as we require
of our allowed contours. But because both of the integrands in (8.41) die off
sufficiently fast at infinity, 7/ can be deformed to approach p = oo along the
positive real axis without changing At and A,.,. As a result, the new contour ~/
defines a secondary sheet of the Riemann surfaces for At and A,., which is related
to the principal sheet by the transformations (8.40). Examples of o/ for the special
case d = 3, z = 2 are shown in figure 8.10.

If (8.40) preserve the condition t; = /2 (mod ), then they will map the real
t; = /2 (mod ) contour to another on the secondary sheet defined by +/'; exam-

ples of these contours for the special case d = 4, z = 3 are shown in figure 8.11.
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Figure 8.11: Three sheets of the Riemann surface for At in d = 4, z = 3 Lifshitz.
The left panel shows the principal sheet (generated by the contour v in figure
8.10) and the contour ¢t; = /2 corresponding to real extremal surfaces. The
middle and right panels show the secondary sheets that are obtained from the
principal sheet by acting with the transformations (8.40); each of these contains
an image of the real contour.

Setting p = e™™/y £ = e~ ™™/2E' we find

[eS) /
At,y((c:) _ em'(dl)m/ag_ﬁ € dp/ (842&)
m / 17
pturn (pl)zil ((pl)a - 1) - 6H<p,)
= emmld=D/a g (&), (8.42Db)

So t; = /2 (mod ) is preserved when (d — 1)m/a is an integer.

Examining the area, we find

S /\d—2 ’ d—2
Aun () = gy gerto2 | [7 S - s ) - Wl
(8.43a)
— emm(d—1)/ae—7rim/aArenﬁ, (5/) ' (843b)

Thus if e™™(d=1/a — 41 the behavior of A, on the secondary sheet will be related

to its behavior on the principal branch by a rotation ™™/ in the complex E-plane,
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—mim/a Qg gince Aoy iS real along the real contour, it

and by a change of phase e
acquires an imaginary part along these secondary contours. And since cosf < 1,
the real part Re A,e, is clearly smaller for the surfaces defined by +/ than for the
original real extremal surfaces. However, if Re e™"(d-D/e@g=7mim/a < () the real part
of A along these secondary contours becomes large and negative at large times, in
contrast with the physical behavior expected of the entanglement entropy. Thus
the straw-man hypothesis of section 8.2 is inconsistent with the use of extremal
surfaces on certain secondary contours though it is consistent with others.

We can be a bit more explicit as to when this occurs. Let us write o = p/q
with (p,q) = 1, where (p, q) denotes the greatest common divisor of two integers
p,q. We must satisfy the constraint m(d — 1)q/p € Z for the above symmetry to
preserve t; = 3/2 (mod [3). But the map becomes trivial when mgq/p is an even
integer. If p is a divisor of m, one can show that non-trivial solutions occur for
any odd ¢ and that Re Ao, behaves as desired for even d, while for odd d it has a
global maximum at ¢ = 0 and is unbounded below at large |t,|. When p is not a
divisor of m, non-trivial solutions occur when (p,d—1) > 1 and one can choose m
so that A.e, behaves as desired for (p,d —1) > 2; for (p,d —1) = 2 one can choose
m so that A, is purely imaginary. We thus find many cases where the dual CFT
entropy may plausibly be controlled by complex surfaces instead of real extremal

surfaces.
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8.5 Discussion

The above work considered the possible significance of complex extremal sur-
faces for the Ryu-Takayanagi and Hubeny-Rangamani-Takayanagi (HRT) holo-
graphic entanglement conjectures. As emphasized by the study of complex geodesics
in d > 4 Schwarzschild-AdS4, 1 (section 8.3.3), this issue could in principle be as
important for the static setting as for the time-dependent context. We began by
discussing how the formula (8.1) might be modified if complex surfaces are indeed
relevant. We reached no firm conclusions, but noted that a straw-man model
replacing the renormalized area A,., by its real part is not without motivation.

Given the confusion surrounding how holographic entanglement conjectures
might be extended to include codimension-2 surfaces with complex areas, one
might have hoped that no such surfaces would meet the real conformal boundary
in the manner that these conjectures require. But we showed that they do. Such
complex surfaces exist in complexified spacetimes defined by analytic continuation
of simple real solutions. For planar BTZ, or equivalently global AdSs, they are
somewhat trivial copies of the real surfaces in which A, differs from the real case
only by a quantized purely imaginary offset. One might expect similar behavior
for global AdSy,; for d > 3. But for Schwarzschild-AdSs; we find many distinct
families of surfaces with a rich structure; we suspect that this is the case in other
dimensions as well. We also found interesting families for Schwarzschild-Lifshitz.

Given the existence of complex extremal surfaces, one might next have hoped
that they would exhibit clearly pathological behavior so as to be excluded on
physical grounds. But in all cases studied in depth we identified families of com-

plex extremal surfaces consistent under the above straw-man proposal with basic

314



Complex Entangling Surfaces for AdS and Lifshitz Black Holes? Chapter 8

physical expectations for the time-dependence of the entropy. Furthermore, these
complex surfaces have Re A, smaller than (or sometimes equal to) that of cor-
responding real extremal surfaces. It is thus plausible at this level that the dual
CFT entropy is indeed determined by such complex extremal surfaces and not by
the real ones.

Nevertheless, one may contrast the situation here with that concerning the
geodesic approximation for 2-point functions in Schwarzschild-AdS,; for d > 3.
As shown in [34] for d = 4 (and more generally in section 8.3.3 for other 3 < d < '7),
use of the real geodesics in such cases would imply unphysical behavior for the
two-point function. It is then clear that, if a geodesic approximation is to be main-
tained at all, the geodesics involved must be complex. On the other hand, at least
in cases studied here the real codimension-2 extremal surfaces lead to no obvious
unphysical behavior. Furthermore, one knows that entropies based on the real
surfaces will satisfy strong subadditivity [255, 303] — a property we are unable to
test using the complex surfaces found above since we considered only the entropy
of a single boundary region at each time; see also related comments in footnote 2.
On a similar note, recall that for Schwarzschild-AdS and Schwarzschild-Lifshitz
we also find families where the behavior of Re A, does not match expectations
for entropy in the dual CFT; this may indicate that the relevant path integral
cannot generally be deformed to take advantage of such complex surfaces. So
while the relevance of complex extremal surfaces is plausible, it is by no means
assured.

Our work studied planar black hole spacetimes and looked for surfaces as

shown in figure 8.1, running from the left boundary to the right and intersecting

315



Complex Entangling Surfaces for AdS and Lifshitz Black Holes? Chapter 8

each boundary on a plane (also of codimension-2 with respect to the boundary) at
some given time ¢, in analogy with those studied in [229]°. For extremal surfaces of
this form the time difference At between the left and right ends defines an infinite-
sheeted Riemann surface when expressed in terms of the conserved energy F. The
same is true of the renormalized area A,.,. By definition, extremal surfaces in the
real Lorentzian spacetime live on the principal sheet of this Riemann surface.
In all cases studied, numerical investigation indicated that there are no further
extremal surfaces on this sheet; all complex extremal surfaces mentioned above
lie on secondary sheets. In addition to the spacetimes addressed in the main
text, we have also checked that the hyperbolic AdS black hole’® [190-192] and
planar Reissner-Nordstrom-AdS; are free of complex extremal surfaces on their
primary sheets. In the latter case, the particular cases checked were T'/vyu ~ 0.56
and 0.16, where T and p are the temperature and chemical potential of the black
hole, and v = m gl/k is a dimensionless ratio of the Maxwell and gravitational
couplings as in [76].

The above discussion brings to the fore the issue of which extremal surfaces
should actually contribute to (8.1) and the associated entanglement conjectures.
Thinking of our surfaces as representing saddle points of a path integral sug-
gests that the general answer may be difficult to determine. We refer the reader
to the classic discussion of [34] in the perhaps-related context of geodesics in

Schwarzschild-AdS5;. But in typical cases one might expect saddles on the the

9If complex surfaces in the bulk do determine the dual CFT entropy, this would affect the
detailed results of [229]. But the most plausible families of complex surfaces found above behave
sufficiently similar to the real surfaces that this change would not alter their main conclusions.

19Tn the hyperbolic black hole, the planar line element dz? | in (8.11) is replaced by a metric
of constant negative curvature, but otherwise the procedure is identical.
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principal sheet of our Riemann surface to be more accessible than those on sec-
ondary sheets. We therefore again remind the reader that, for codimension-2, the
principal sheets studied here admit only real extremal surfaces. This may suggest
that only such real surfaces are relevant to the entropies we consider.

For the geodesic approximation to the two-point function one can give a
stronger argument [76] to exclude secondary sheets. The point is that, in that
context, branch cuts are a clear artifact of taking what from the dual CFT per-
spective is the large-dimension limit of the operators involved. For any finite
operator dimension, the actual two-point function resolves the branch cut into a
discrete series of poles associated with bulk quasi-normal modes [228, 332]. It
follows that the geodesic approximation to two-point functions must break down
whenever it involves geodesics on secondary sheets.

This last argument might perhaps be adapted to the present context using the
fact that the Renyi entropies S, are given by correlators of twist operators [220].
In particular, one might argue that such correlators must again involve only poles
(say, in the energy plane) and that branch cuts must be absent. But it is unclear
what this would imply for the analytic structure of the von Neumann entropy
whose construction requires the analytic continuation to general n and taking the
limit (8.5) as n — 1.

It would be interesting to determine whether the principal sheet remains free
of complex extremal surfaces when one studies the entropy of other regions on the
boundaries of these spacetimes (i.e., not just for the pair of half (d — 1)-planes
considered here). One might hope that the appearance of complex contours on

the principal sheet is in fact forbidden by the null energy condition (NEC) so
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that this argument could be extended to truly general settings. However, in a
forthcoming work [77] we describe spacetimes satisfying the NEC where complex
extreme surfaces do indeed arise on the principal sheet.

Our discussion of complex codimension-2 surfaces was in part motivated by
analogy with the case of larger codimension n > 2. But comparison of figures 8.5
and 8.6 shows that, at least in practice, the n = 2 setting behaves very differently.
This is perhaps most clear on the principal sheet. While this may at first come as a
surprise, one sees from e.g. [303] that codimension-2 surfaces are subject to much
tighter constraints than for n > 2. This occurs because n = 2 surfaces define a pair
of orthogonal null congruences (see e.g. [90, 195]) and the extremality condition
requires both to have vanishing expansions. The result is that properties of such
extremal surfaces are dictated much more directly by the null energy condition
than for n > 2. Some of the associated implications for real n = 2 extremal
surfaces were discussed in [303, 336]. It could be very useful to understand any
ramifications for complex n = 2 surfaces as well.

We conclude that there remain many open questions, and that the possible
relevance of complex extremal surfaces to CFT entanglement remains mysteri-
ous. But the existence of physically-plausible contours for Schwarzschild-AdS and
analogous results for Schwarzschild-Lifshitz makes it critical to understand this
issue in detail. One would in particular like to find an independent calculation
of the corresponding CF'T entropy allowing quantitative comparison with figure
8.8. At least for this case such an analysis would definitively answer whether the
CFT entropy is determined by real extremal surfaces, or instead by the complex

surfaces found in this work.
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Chapter 9

Constraints on Hole-ography

9.1 Introduction

The deep connection between entanglement and geometry has the potential
to provide profound insights into the inner workings of a nonperturbative theory
of quantum gravity. This connection has been made especially manifest in the
AdS/CFT duality, which states that certain conformal field theories (CFT) with-
out gravitational dynamics are dual to string theory on asymptotically (locally)
anti-de Sitter (AdS) backgrounds [19, 20]. In this correspondence, the CFT lives
on a representative of the conformal class of boundary metrics of the AdS space;
we colloquially say that the CFT “lives on the boundary of AdS”. In the limit
where the string theory is well approximated by classical gravity, the dual CFT
is strongly coupled (large \) with a large number of colors (large N). Numerous
observables in the CFT are dual in this limit to geometric objects in the (now

classical) AdS space.
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In this context, an issue of considerable interest is that of bulk reconstruction.
That is, given some CFT data, how much of the bulk data can be reconstructed,
and how is this reconstruction performed? Understanding how this reconstruc-
tion works in the limit where the AdS bulk is classical may offer insights into
how to reconstruct the bulk gravitational theory perturbatively in 1/N, and even
potentially in a nonperturbative regime (i.e. finite V).

Because many CFT quantities are dual to geometric bulk objects in the large N
limit, a fundamental bulk quantity to reconstruct is the geometry itself. A promis-
ing approach has focused on reconstructing the bulk using extremal codimension-
two surfaces anchored to the boundary: according to the Ryu-Takayanagi (RT)
and Hubeny-Rangamani-Takayanagi (HRT) conjectures [69, 70], such extremal
surfaces are dual to the entanglement entropy of regions of the CFT. In fact, the
general arguments of [306] suggest that the density matrix of a subregion of the
CFT should be sufficient to reconstruct a portion of the bulk geometry: the so-
called “entanglement wedge”!. Indeed, [337, 338] explicitly offer such a construc-
tion for the spatial slices of AdS3 by using the hole-ographic approach [339, 340]
of reconstructing bulk surfaces from boundary-anchored extremal surfaces (see
also [341-343] for related constructions).

The appeal of this approach stems from its simplicity: it relates (a priori) any
bulk surface to computable CFT quantities. Specifically, the area of an arbitrary
bulk surface v is dual to the so-called differential entropy of a family of boundary
intervals. The full range of validity of hole-ography remains unclear, though sub-

stantial headway in this direction was made in [342]. In this paper, we continue

! Although [306] made use of the bulk equations of motion, which are unknown when the bulk
theory is no longer classical.

320



Constraints on Hole-ography Chapter 9

this exploration: specifically, in any 2+1-dimensional spacetime (or in any higher
dimensional spacetime with a sufficient degree of symmetry), we will state and
prove general theorems that constrain how well surfaces in the bulk spacetime can
be reconstructed from extremal surfaces anchored to the AdS boundary, and we
interpret these constraints in terms of bulk surfaces that play a special role: the
so-called holographic screens introduced in [344]. We emphasize that while our
strongest theorems only apply to systems that are “effectively” 2+1-dimensional,
they are otherwise covariant. In particular, while our results are constrained in
more than two spatial dimensions to these symmetric setups, in 2+1-dimensional
bulks, we impose no restrictions except a generic condition ad a condition on the
Ricci tensor (the null curvature condition), which amounts to positivity of the
stress tensor for a bulk obeying the Einstein Equations.

To give these statements some context, recall that the Hubeny-Rangamani-
Takayangi (HRT) conjecture [70] states that in the large-N limit, the entanglement
entropy of a region R in the CF'T can be constructed as follows. Consider all bulk
codimension-two extremal surfaces = homologous to the region R on the AdS
boundary?. Then the entanglement entropy of R is

S(R) = min Arca(Z)

mip o (9.1)

where Gy is the bulk Newton’s constant and ~ means “homologous to”. Both
the left- and right-hand sides of the above equation are naively divergent, and are

understood to be regulated appropriately. A generalization of this prescription

ZNote that the homology constraint (see e.g. [255]) implies that = must be anchored to the
AdS boundary on OR.
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exists for perturbatively quantum bulks [312, 313].

The key insight of hole-ography is that the HRT formula (9.1) can be utilized
to compute the area of arbitrary bulk surfaces. In the pure AdSs context, consider
an arbitrary curve v lying on a static time slice, as shown in Figure 9.1. At each
point p on v, there is a unique geodesic tangent to v at p anchored at the ends
of some boundary interval I = (6 — «(6),0 + «(6)). By the RT (and HRT)
conjectures, the length of this geodesic computes the entanglement entropy S(«)
of the interval Iy. The result of [340] is that the length of v can be computed from

the boundary entanglement entropies as

9.2)

length(v) 1 /27T o dS(a)

- do

a=a(h)

This construction has been generalized to non-static contexts and higher dimen-
sions (admitting a sufficient degree of symmetry) in [341, 342].

In order to use the hole-ographic approach for bulk reconstruction, [337] noted
that points in the bulk spacetime can be identified by effectively shrinking v to
arbitrarily small size around a point p, so that the geodesics tangent to it all
intersect at p; see 9.2(a). The resulting region function a,(6) is an extremum of
a boundary action constructed only from S(«), and thus yields a construction
of bulk points from boundary data. Similarly, to compute the geodesic distance

3 curve that

between two points p and ¢, the curve v is shrunk to a thin convex
encircles p and ¢, as shown in 9.2(b). The region function for such a curve can

be constructed from those that define the points p and ¢, a,(0) and o, (), and is

3In this context, a closed curve v is convex if any geodesic connecting two points on v lies
entirely inside 7.
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Figure 9.1: An arbitrary closed curve < on a static time slice of global AdSs.

The set of all geodesics tangent to v define a family of regions on the bound-

ary parametrized by a (possibly multi-valued) function «(f). The differential

entropy of these regions gives the length of ~.
therefore also constructed purely from boundary data.

This approach is clean and elegant, and has close ties to integral geometry [338]
and to tensor networks and MERA [345, 346]. It is therefore quite natural to ask
how much it can be generalized, and how much of the bulk it can reconstruct.

One obvious impediment to this reconstruction is the presence of extremal
surface barriers (or relatedly, bulk regions that cannot be reached by any HRT
surfaces — “entanglement shadows” [347]). These are surfaces that split the bulk
spacetime in two such that no codimension-two extremal surface (such as those
used in the hole-ographic reconstruction of bulk surfaces) can cross them [336].
Then anything behind the barrier cannot be probed via boundary entanglement
entropy. Interestingly, it was found in [256] that event horizons of static black holes

cannot be probed by extremal surfaces anchored to one asymptotic boundary,

as long as we consider only families of extremal surfaces that can be deformed
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(a

—

(b)

Figure 9.2: (a): reconstruction of bulk points via hole-ography. The curve =

is shrunk to be arbitrarily small and centered at p, so that p is identified by

the common intersection of all the geodesics generated by «(6). (b): recon-

struction of geodesic distances via hole-ography. The curve v is shrunk to be

an arbitrarily thin convex curve (thick red line) encircling two points p and gq.

The geodesic distance between p and ¢ is then given by the differential entropy

of the resulting boundary intervals.
back to that boundary. This barrier phenomenon was characterized for arbitrary
spacetimes in [336]; in particular, such barriers do not include the event horizons
of dynamical black holes. Thus generically, an event horizon is a barrier only in
stationary setting.

This is not so surprising: in a dynamical context, an event horizon is a global
object, but from a local perspective, its only special property is the fact that
its area is non-decreasing. Since extremal surfaces are not sensitive to the global
structure of the spacetime, there is no reason to expect the event horizon to gener-
ically play a special role in constraining their behavior. A much more promising

alternative is that of local analogues of the event horizon: it is common to consider

dynamical horizons [348] or trapping horizons [349], but we will instead consider
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more general objects called holographic screens. These will be defined precisely
in Section 9.2 below, but they should roughly be thought of as objects that can
be foliated by marginally trapped (or anti-trapped) surfaces. Holographic screens
can be constructed from an arbitrary foliation of a spacetime?*; we will illustrate
such a construction in Section 9.2 (see Figure 9.5).

Our motivation for focusing on these screens is fourfold. First, there is a sense
in which they are analogues of event horizons that are local in time and defined
independenly of an asymptotic boundary. Second, it was shown in [350, 351]
that under certain (fairly generic) assumptions, they obey an area law much like
that obeyed by event horizons. These first two points make it quite appealing
to think of holographic screens as local versions of event horizons. Third, they
have a holographic interpretation by the Bousso bound [352]: their area places
an upper bound on the total entropy lying on one of the null surfaces orthogonal
to them. The fourth and last point is a technical one: holographic screens can
be constructed from a null foliation of spacetime, and null congruences are very
useful in constraining the behavior of codimension-two extremal surfaces. Thus it
should be relatively straightforward to derive constraints on such surfaces in the
presence of holographic screens.

Interestingly, our results show that while there are indeed such constraints,
they are subtle. Holographic screens need not be barriers: codimension-two ex-
tremal surfaces may enter them. However, we prove that when they do, the ex-

tremal surfaces must move through achronal® subregions of a holographic screen

4This means a given spacetime may generally admit infinitely many holographic screens: one
per null foliation.

5In the special case where the extremal surfaces are anchored on a connected boundary region,
we can drop the achronality requirement.
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monotonically. That is, they may never become tangent to one of the leaves of
the null foliation that was used to construct the screen. This puts a limit on
hole-ographic approaches to reconstructing surfaces and geometry in the interior
of a holographic screen, for any (sufficiently smooth) codimension-two spacelike
surface v lying inside the screen must be tangent to at least two of the null foli-
ation surfaces. This implies that there are points on v that cannot be tangent to
any boundary-anchored codimension-two extremal surface.

Thus hole-ography (or at least, those hole-ographic approaches of which we are
aware) cannot be used to reconstruct arbitrary surfaces contained in the interiors
of holographic screens. At best, it can reconstruct only portions of them, yielding
some “coarse-grained” form of reconstruction.

The outline of this paper is as follows. We develop and state our main theorems
in Section 9.2. In the interest of readability, we will defer the lengthier of our proofs
to Appendix B.7. In Section 9.3 we present some examples illustrating the ideas
used in our construction, and highlighting previous instances in the literature
where hints of our results first appeared. Finally, in Section 9.4 we discuss the
potential relevance of our results to bulk reconstruction, as well as some possible

generalizations, and conclude.

9.2 Constraints on the Behavior of Extremal Sur-
faces

In this section, we will prove the theorems discussed in Section 9.1. To

make for a more streamlined presentation, our theorems will be stated for (2+1)-
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dimensional spacetimes. However, we emphasize here that in higher dimensions,
all of our results remain true as stated with the same proofs as long as the space-
time has a sufficient degree of symmetry; this will be made precise in Section 9.2.4,
where we will also make some comments about what can be shown for less sym-
metric setups in higher dimensions. For this reason, we will continue to discuss
“codimension-two surfaces” rather than “curves”, so the generalization to higher
dimensions is natural.

Furthermore, while we will narrate the development of the theorems for pur-
poses of pedagogy and clarity, we will leave a discussion and interpretation of their
consequences to Sections 9.3 and 9.4. Terms in quotation marks are intended to
provide intuition, and will be made precise in due course.

Preliminaries We will always consider a spacetime M that obeys the null
curvature condition: R.,k%k® > 0 everywhere for any null vector k®. Unless oth-
erwise specified, we take all null vectors to be future-directed. The term extremal
surface will always be used to refer to spacelike, C?, codimension-two extremal
surfaces. A null hypersurface and the null geodesic congruence that generates it
will be given the same name (e.g. N). The expansion of a congruence N will be de-
noted #(N'), while the expansion of a spacetime-filling family of congruences { Ny}

will be denoted §({N,}). All unspecified conventions and definitions are as in [90].
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Figure 9.3: The two null congruences of an extremal surface X of codimension
two anchored to a timelike boundary M.

9.2.1 General Behavior of Null Hypersurfaces and Ex-

tremal Surfaces

First, we introduce a null foliation {Ny} of M into null hypersurfaces Nj

which we shall call leaves®

. The leaves are permitted to have cusps, but only
at intersections of their generators; a generator leaves a leaf if and only if it
encounters an intersection with another generator of the same congruence. Next,
recall that any extremal surface X has two null normals, each of which generates a
null congruence (as shown in Figure 9.3), and the extremality condition is simply
the requirement that the expansions of the null geodesic congruences tangent to
these normals vanish on X. The sign of the expansion on leaves of the null foliation

{N,} yields a constraint on the behavior of extremal surfaces in the neighborhood

of a null hypersurface:

Lemma 1. Let N be a null hypersurface in M and let X be a codimension-two

6Recall that the leaves {N,} form a foliation of M if for every p € M, p lies on precisely one
leaf Ng. Also, note that this foliation is arbitrary; any spacetime admits infinitely many such
foliations.
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Figure 9.4: An illustration for Lemma 1. In Minkowski space, an extremal
surface X is just a plane (drawn here as a straight line). If X is tangent to
an expanding light cone, it lies nowhere to the cone’s future, and the cone has
positive expansion. If X is tangent to a shrinking light cone, it lies nowhere to
the cone’s past, and thus the shrinking light cone has negative expansion.

spacelike extremal surface which is tangent to NV at a point p; let O, be an open

neighborhood of p. Then:
e If X N O, is nowhere to the past of N, then 6(N)|, < 0;
e If X N O, is nowhere to the future of N, then 6(N)|, > 0.

Proof. As explained in [351], this follows directly from Theorem 4 of [303] or
Theorem 1 of [294]. O

As a useful illustration of this lemma, consider extremal surfaces and null
hypersurfaces N in flat space, as shown in Figure 9.4.

The converse of Lemma 1 is in general not true’. However, in the restricted
case of a (2+1)-dimensional spacetime, we can indeed prove its converse (see

Section 9.2.4 for a generalization to higher dimensions):

Lemma 2. Let N be a null hypersurface in a (2+1)-dimensional spacetime M and
let X be a codimension-two spacelike extremal surface which is tangent to N at

a point p. Then there exists a small neighborhood O, of p such that

"We thank Aron Wall for pointing this out to us.
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e If O(N)[, > 0, then X N O, is nowhere to the future of IV;

e If O(N)[, <0, then X N O, is nowhere to the past of V.

Proof. Consider the first case, where the expansion of N is positive. At p, the
null generator of N agrees with a null normal of X; call this vector k*. Also let v*
be the unit vector tangent to X at p (which will also be tangent to N, since X
is), and let £* be the other null normal to X at p normalized so k- ¢ = —1. Then

the metric at p can be decomposed as
Jablp = —2k(aly) + Va0 (9.3)
The expansion of N at p can then be written as
0 <O(N)|, = Vok?|, = “Kapv"v® . (9.4)

where VK, is the extrinsic curvature of N®. Next, consider a spacelike surface ¥
containing X. Recall that NKabv“vb]p is a measure of how much NNY bends away
from its tangent plane (i.e. the plane spanned by k* and v®) with motion away
from p in the v* direction. By extremality, the trace of the extrinsic curvature of
X vanishes: *K¢ v%"|, = 0, so X must curve away from its tangent plane less

than N N Y on a small open neighborhood of p. But this immediately implies

8Recall that the extrinsic curvature of a null codimension-one hypersurface with normal k%
is given (up to scaling) by

1
Kab = §£kgab- (95)

For a codimension-two surface with null normals k% and ¢, the extrinsic curvature gets an extra
index:

1
K% = 5 (" Lugue + k" Loge) (9.6)
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that X N O, cannot lie in the future of V. The proof proceeds identically for the

second case. O

Lemmata 1 and 2 give conditions on how extremal surfaces are allowed to
be tangent to null hypersurfaces. Crucially, these conditions do not impose any
restrictions on the global structure of the null hypersurface — it may be a hyper-
surface of non-constant expansion on a global scale, but as long as it has definite
expansion on an open set that contains p, both lemmata are applicable. This
means that in any region of the spacetime with constant sign of 8({Ns}) — a
scalar function on the spacetime — an extremal surface can “turn around” at most
once with respect to the foliation { Ny} (this notion will be made precise below).
In order to understand the general behavior of extremal surfaces, it is therefore
useful to divide the spacetime into those regions where 6({Ns}) is positive, and
those where 6({Ns}) is negative. Note that we will assume a generic condition,
to be made precise in Definition 2, which will not allow #({N}) to vanish on an

open set.

9.2.2 Holographic Screens

The division between regions of positive and negative ({ N, }) is provided quite
naturally by so-called preferred holographic screens, first defined in [344]. The idea
is the following: given a spacetime foliation { N}, move along each leaf N, until its
expansion changes sign. By the focusing theorems (see e.g. [90]), this sign change
can happen at most once (since the expansion of Ny is non-increasing). Thus to

each leaf N, this procedure associates at most one codimension-two surface o,
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Figure 9.5: Constructing a preferred holographic screen from a null foliation of

a spacetime. The dashed diagonal lines are the leaves of the foliation; the dot

on each leaf marks the leaflets o where the expansion of the leaf changes sign.

The union of all the leaflets is a preferred holographic screen.
called a leaflet®; see Figure 9.5 for an example of this construction. The union
of all such leaflets is a preferred holographic screen, and provides the division we
were looking for. The term holographic screen is derived from the Bousso bound,
which postulates that the leaflet is holographic: its area provides a bound on the
entropy of N; [344, 352].

Note that each leaflet o, has two null normal directions, each tangent to an
associated null congruence. By construction, one of these congruences has zero
expansion. We can use the sign of the expansion of the other congruence to label
the “type” of holographic screen: in analogy with event and dynamical horizons, a

screen will be called “future” (“past”) if it is foliated by marginally (anti-)trapped

surfaces [350, 351]. This notion is made precise by the following definition:

9Note that this terminology goes against convention: typically the o, are referred to as
“leaves”. Here we reserve the term “leaves” for the null hypersurfaces of the spacetime foliation.
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Definition 1. Preferred future holographic screen. A preferred future holographic
screen H associated to a null spacetime foliation {N,} is a smooth hypersurface
such that for each leaf N, the intersection HNNj is either empty or a codimension-
two achronal surface o4 such that the two orthogonal null directions k¢ and ¢¢ to o,
obey:

O, = 0, (9.7)

s

E]

where 0y, 4, are the expansions of the null geodesic congruences fired off of oy in
the k2 and £¢ directions. The intersections o, are called leaflets of H, and the null
normals k¢ and ¢¢ to all the leaflets define null vector fields £* and ¢* everywhere

on H.

Past holographic screens are defined analogously, except that 6, > 0, i.e. the
leaflets are marginally anti-trapped. All discussions and proofs for past holo-
graphic screens proceed identically to future holographic screens via time reversal
(all future constructs become past-directed), so for the rest of this section we will
refer only to future holographic screens.

The above definition of holographic screens is too weak to guarantee that they
be sufficiently well-behaved for our purposes. But by further imposing some mild
conditions, it is possible to ensure that the screens obey certain “nice” properties.
For this reason, we include the requisite technical assumptions in the definition of

a regular holographic screen:

Definition 2. Regular future holographic screen. A preferred future holographic

333



Constraints on Hole-ography Chapter 9

screen is reqular if the following are true [351]:

e The null expansion of leaflets in the £* direction immediately decreases away

from H: k¢V .0k,

o, < 0;

e The boundary of all spacelike subsets of H within H is the boundary of all
timelike subsets of H within H (i.e. the only null portions of H are junctions

between spacelike and timelike pieces);

e Every inextendible portion of H with indefinite sign is either timelike or

contains a complete leaflet; and

e Every leaflet is compact and splits a Cauchy surface containing it into two

disjoint subsets.

The first two assumptions can be viewed as types of generic conditions!®. We
will not have occasion to explicitly use the last two assumptions in this section,
but they are required for certain properties of regular holographic screens to hold.
Also note that we will occasionally use the word “screen” to refer to a regular
holographic screen when it will cause no ambiguity.

The screens on which we will focus must divide the spacetime into two dis-
joint regions so that we can sensibly refer to their “interior” and “exterior”. Such
screens will be referred to as splitting screens; the holographic screen shown in
Figure 9.5 is an example. Moreover, if the screen is regular, we can unambigu-
ously define its interior and exterior: [350, 351] showed that a regular holographic

screen is never tangent to k®, implying that £* must always point to the same

10However, these do not reduce to the usual generic condition used in the singularity theorems,
see e.g. [90].
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side of the screen. Thus we will call the interior Int(H) of a splitting future holo-
graphic screen H the region towards which the null vector field k% points!'. The
exterior Ext(H) will be the complement in M.

We are now equipped to make statements about the behavior of extremal
surfaces in general spacetimes in the presence of holographic screens. We need
one more definition to make precise what we mean by an extremal surface “turning

around”:

Definition 3. Turning and inflection points. We say that an extremal surface X
has a pivot point at a point p if it is tangent to a leaf Ny at p. X is said to have a
turning point at p if in a small neighborhood of p, X lies nowhere to the past or
nowhere to the future of N,. Otherwise, X is said to have an inflection point at p.
Moreover, if an extremal surface X has a turning point in some region R C M,

then we say X turns around in R.

See Figure 9.6 for an illustration. Note that turning points and the notion of
turning around are dependent on the foliation {/Ns}. Also note that by definition,
if N is any null splitting hypersurface, then any surface ) which has a turning
point on N is (in some small neighborhood) in its past or future. In the former
case, we will say @) is tangent to N from the past, and in the latter we will say @)

is tangent to N from the future.

1 This definition may seem backwards, since we typically think of the “interior” of a surface
as the direction in which the expansion of its null normals is more negative. However, note
that since marginally trapped surfaces must always lie behind (or possibly on) the future event
horizon of the spacetime M, Int(H) can never have any intersection with the asymptotic region
of M. It is in this sense that this definition agrees with intuition.
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Figure 9.6: An extremal surface tangent to a foliation leaf has a pivot point
which can either be a turning point (left) or an inflection point (right).

9.2.3 Theorems

We can now state our first theorem, which is simply a precise rephrasing of

the heuristic discussion above:

Theorem 1. Let R be a region such that 6({N,}) has a definite sign everywhere
in R, and let X be an extremal surface. Then any connected portion of X in R can
turn around at most once, and has no inflection points if M is (2+1)-dimensional.
In particular, if H is a regular splitting future holographic screen, any connected

portion of X in Int(H) can turn around at most once.

For a detailed proof, see Appendix B.7. For a pictoral proof, see Figure 9.7:
if a connected portion of X in R has more than one turning point, at least one
such turning point must violate Lemmata 1 and 2.

Theorem 1 and the lemmata make local statements: they make no use of the
global structure of the spacetime M. We now focus on the asymptotically locally

AdS case'?, where M has a timelike boundary OM to which the extremal surfaces

12Gee [353] for the definition of asymptotically locally AdS spacetimes.
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Figure 9.7: Xp is any connected portion of X in R. It cannot have multiple

turning points without violating Lemma 1 or 2.
are anchored. We will find that Theorem 1 can be strengthened significantly:
under the appropriate conditions, boundary-anchored extremal surfaces can never
turn around in the interior of a holographic screen.

Before we state and prove the theorem, we will need to develop some notions
that take into account the global structure of the extremal surface and of the
holographic screen. First, we will restrict our analysis to so-called H-deformable
extremal surfaces [336]: these are surfaces that can be deformed to lie entirely in
the exterior of a screen H while still being kept extremal (for a precise definition,
see Appendix B.7). Next, we will need to impose some constraints on the global

causal structure of a splitting screen:

Definition 4. Future achronal screen. Let H be a regular splitting future holo-
graphic screen. Consider the null congruences {L,} generated from each leaflet

by firing null geodesics in the ¢ direction'®. If the {L,} foliate Int(H) (as they

13As with the N,, we will take the generators of L, to leave L, at local and non-local inter-
sections.
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Figure 9.8: A future achronal screen in a collapsing star geometry. The future
holographic screen H (solid dark green) has indefinite signature. The future
achronal screen H (solid light green) is generated by intersections of the Nj
(dashed black) with the Lg (dotted orange) in the interior of H.
generally will, since they form the boundaries of the futures of the leaflets o),
then we may construct a modified holographic screen as follows: consider deform-
ing each leaflet o, of H into Int(H) along the associated Ny leaf, to define a new
leaflet &4 which is a complete intersection with a member of the {L} foliation.
For each leaf N, choose the new leaflet &, such that the hypersurface H = Uas
S
is smooth. If H is achronal, we will call it a future achronal screen of H. Note

that by construction, the leaflets 7, of an achronal screen are trapped surfaces.

See Figure 9.8 for an illustration.
We now state our main theorem:

Theorem 2. Let H be a regular splitting future holographic screen in a (2+1)-
dimensional asymptotically locally AdS spacetime M. Then no H-deformable

boundary-anchored extremal surface can have a pivot point in the interior of any
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Figure 9.9: If an extremal surface X,, (solid blue) is tangent to a leaflet &, of
an achronal screen H, it must lie entirely in the future of G,, (bounded by L,
dotted orange, and N,,, dashed black) and therefore cannot be boundary-an-
chored. Note that we have suppressed a spatial direction in this figure, which
is why X,,, appears timelike and ends at 7,,,. It is actually spacelike everywhere
and tangent to &,, in the suppressed direction.

future achronal screen of H. Moreover, if H is itself achronal, no such extremal

surfaces can have a pivot point in Int(H).

For a detailed proof, see Appendix B.7. For a sketch of part of the proof,
consider an extremal surface X; with a turning point in the interior of an achronal
screen H. We should be able to deform X; to an extremal surface X, with a
turning point on H itself. If this turning point is tangent to a leaflet &,,, then
Lemma 2 implies that X, must lie to the future of the null congruences normal
t0 &y, and therefore in the future of &,,; see Figure 9.9. But since H is achronal,
this implies that X,, must live entirely in the interior of H and therefore cannot
be boundary-anchored. The case when X, is not tangent to a leaflet is more
complicated, but similar in spirit.

One of the remarkable properties of regular future holographic screens found
in [350] was that they obey an area law even when they have indefinite signature.
It may therefore seem somewhat odd that our theorem applies only to achronal
screens, and not to those of indefinite signature. It well may be the case that it

also holds for such screens (we have checked some easy cases and have not found
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any violations of it), but the approach used in the proof above cannot also be
used for non-achronal screens. To see a potential pitfall, consider Figure 9.10. As
an H-deformable surface X in the exterior of H is deformed into a surface X3
in its interior, the midway surface X,, may develop an inflection point on H,
allowing X3 to develop a turning point in Int(H). This is not ruled out by the
proof above: X, can in this case exit the future of ¢, through the timelike portion
of the screen.

Theorem 2 may still be true for regular future holographic screens of indefinite
signature, but it is not clear to us how a proof of such a statement would proceed.

However, some progress can be made in higher dimensions, as we will now discuss.

9.2.4 Higher Dimensions

Theorem 2 relies heavily on Lemma 2, which is only valid in (24-1)-dimensional
spacetimes. If we were to attempt a naive extension of it to higher dimensions, we
would encounter a problem: equation (9.4) and the extremality condition would

become

, (9.9a)

p

0< Ko (”a“b + 25%5@))
0= K% (“bvc+ 25?1:)5@))

: (9.9b)

p

where the sum runs over an additional (d —2) orthonormal spatial vectors £(;) that
are orthogonal to v* and tangent to X and N at p (so that the term in parentheses

is the induced metric on X and N at p). These summed expressions do not allow
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Figure 9.10: Here we show a potential H-deformable family that would allow
an H-deformable extremal surface X3 (solid blue) to have a turning point in the
interior of a regular future holographic screen of indefinite signature. From top
left to bottom right: a surface X starts out entirely outside the screen H (solid
green). It is then deformed into a surface X; which passes through Int(H),
though with no turning points. It then deforms into a surface X,, with an
inflection point on some leaflet o,,, but which is able to leave the future of o,
(the wedge bounded by L,,, dotted orange, and N,,, dashed black) because it
can exit the interior of H. Finally, X3 is obtained by deforming the inflection
point into two turning points, one inside and the other outside H. Note that
the X, are everywhere spacelike; the apparent mixed signature here is only due
to the suppression of the extra spatial dimension in these diagrams.

us to separately compare the bending of X and N in different directions, so the
proof does not go through as it did before.
Tt is clear from the above considerations, however, that a version of Lemma 2

will remain true in higher dimensions if we require that all of the £ have triv-

ial contraction with the extrinsic curvatures of X and N. In such a case, only
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the v* terms in equations (9.9) remain, and the proof of the lemma proceeds as

in the (241)-dimensional case. We therefore define:

Definition 5. Reducibility to (2+1) dimensions. Let S be a surface of codimension
at most two in a spacetime M. We will say that S is reducible to (2+1) dimensions
(or reducible for short) if there exist (d —2) vector fields £f;), i =1,...,d—2in M
that are everywhere spacelike!* such that S is tangent to the 5&.) everywhere, and
for each 1

K%, E?i) £ =0, (9.10)

where K¢ _ is the extrinsic curvature of S.

For an arbitrary surface S, the reducibility condition is simply a constraint on
its allowed behavior. However, we will specifically require that our H-deformable
extremal surfaces X be reducible: this will in general only be the case when the
spacetime exhibits a sufficient amount of symmetry. In particular, note that in
spacetimes obeying the generalized planar symmetry of [342] (see their Section 3.3
for a full definition), extremal surfaces that have this symmetry are reducible'®.
For example, spacetimes with planar or spherical symmetry provide a simple setup
admitting reducible extremal surfaces. Most significantly, Lemma 2 still holds for
reducible extremal surfaces and foliations, and therefore so does Theorem 2.

We have therefore shown that the results outlined in the previous section will
still hold in any (d+1)-dimensional spacetime if the foliations {Ns} and all ex-
tremal surfaces X under consideration are reducible to (2+1) dimensions.

As mentioned at the end of the previous section, we can actually do more in

14The 5?1') may be singular on a set of measure zero.

15To our knowledge, this is the most general system in which hole-ography has been shown
to hold.
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higher dimensions: in more than two spatial dimension, it is possible for extremal
surfaces to “cap off” (for example, where the size of spheres spanned by the 5&)
shrinks to zero). We therefore have the following theorem, which holds for holo-
graphic screens of arbitrary signature (i.e. it does not require the screen to be

achronal):

Theorem 3. Let M be an asymptotically locally AdS spacetime, and let H be
a regular splitting future holographic screen constructed from a reducible folia-
tion {NV,}. Assume further that that there exists a foliation of the future of H
with Ly congruences. Let X be a boundary-anchored, codimension-two spacelike

extremal surface such that:
1. X is reducible to (2+1) dimensions;
2. 0X is connected; and
3. X intersects Ext(H) only on regions with §({Ns}) > 0.

Assume further that there exists an H-deformation of X that obeys the above

conditions as well. Then X cannot have a pivot point in Int(H).

Note that condition (2) rules out geodesics, so this theorem is only nontrivial
in greater than three bulk spacetime dimensions. Also, condition (3) requires that
there exist at least one family of deformations from X to the boundary that does
not intersect another holographic screen somewhere else in the spacetime.

For a detailed proof of this theorem, see Appendix B.7. For a rough picture,
consider Figure 9.10: the only way for an extremal surface X3 to have a turning

point inside the screen is to be anchored on the boundary at two places, i.e. to have
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disconnected 0.X. If it did not, it would have an illegal turning point somewhere,
either with respect to the foliation { N} or {L}.

It is worth making some remarks about potential pitfalls in higher dimensional
spacetimes in which the extremal surfaces and/or null foliations are not reducible.
As noted above, Lemma 2 will then generally be false, and cannot be used to rule
out inflection points. We suspect it should be possible to use only Lemma 1 to
prove weaker versions of Theorems 2 and 3 that do not exclude inflection points.
However, such constraints have minimal relevance for hole-ography.

We should also note that while our proofs do not hold in non-reducible settings,
we can think of no counterexamples to the statements of the theorems. It is
possible that they hold in more generality, but if that is the case, they would need

to be proven using a different approach than that taken here.

9.3 Examples

Here we present examples illustrating the application and consequences of the

theorems discussed in the previous section.

9.3.1 dS and AdS Spacetimes

As an example of Theorem 1 (which states that connected components of
extremal surfaces can have no more than one turning point in a region of con-
stant O({N;})), consider the simplest cases of pure de Sitter (dS) or anti-de Sitter
(AdS) spacetimes, whose conformal diagrams are shown in Figure 9.11 (the anal-

ysis of Minkowski space is similar to that of AdS, so we will not discuss it sepa-
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Figure 9.11: The conformal diagrams of de Sitter (a) and anti-de Sitter (b)
space. Each point on these diagrams corresponds to a suppressed sphere S
whose area is parametrized by a radial coordinate r. The null foliations shown
are generated by light rays fired from r = 0, i.e. the north and south poles of
dS and the origin of AdS. The black arrows indicate the directions in which
extremal surface are allowed to turn around (e.g. an arrow pointing down and
to the right indicates that extremal surfaces may only be tangent to the dashed
foliation from the past). They imply that extremal surfaces must bend away
from F4g, but towards Faqs.

rately). Both dS and AdS have a spherical isometry to which we have adapted the
conformal diagrams; we introduce a coordinate r which parametrizes the areas of
the spheres of symmetry!®.

In each spacetime we introduce two null foliations which we take to be adapted

to its spherical isometry: these foliations are generated by light cones fired from r =

0 towards the boundary r = oco. It is then easy to use Theorem 1 to understand

16Specifically, 7 is the usual radial coordinate that appears in the slicing

ds* = — (L£r%/0%) dt* + +r2dQ3_,, (9.11)

,
1+72/02

with the positive (negative) sign for the global (static) slicing of AdS (dS).
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how extremal surfaces must behave. The cross-sectional area of the null foliations
increases with r, so the expansion along each foliation is positive in the direction
of increasing r. It then follows that the expansion along each sheet of the folia-
tions never changes sign. This allows us to draw on Figure 9.11 the directions in
which extremal surfaces are allowed to turn with respect to these foliations. In
particular, note that extremal surfaces in AdS must bend towards the conformal
boundary #£aqs, while extremal surfaces in dS sufficiently near the boundary Z4g
must bend away from it.

In principle, these claims only constrain the behavior of extremal surfaces with
respect to the two null foliations introduced here. However, the high degree of
symmetry of both dS and AdS allows us to conclude that all extremal surfaces in
AdS must bend towards £aqs, while all extremal surfaces in dS that lie entirely
in the future and past wedges marked on Figure 9.11 must bend away from ..
The former point is, of course, well-known: extremal surfaces anchored to the
boundary of AdS come up frequently in holographic contexts, and necessarily
bend towards the boundary. The latter point was made generally in [77] using
similar considerations to the ones used here. In particular, it follows that no
boundary-anchored extremal surfaces exist in dS, since they would necessarily

need to bend towards the boundary.

9.3.2 AdS Spherical Collapse

The above simple examples of dS and AdS illustrate how Theorem 1 puts
constraints on the general behavior of extremal surfaces in arbitrary spacetimes,

even those not containing splitting holographic screens. Our focus, however, is
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on applications to AdS/CFT and bulk reconstruction. To that end, let us now
discuss how Theorem 2 (which states that bounday-anchored extremal surfaces
in the interior of achronal screens cannot have pivot points) explains some of the
observations of [45, 46, 354] in the context of null collapse in AdS.

To briefly review, consider the formation of a black hole in Poincaré AdS
by infalling null dust. In the holographic context, this process is dual to the
thermalization of the boundary field theory following a perturbation (typically a
form of a quantum quench). The bulk solution consists of two pieces: to the past
of the null dust, the solution is a vacuum solution and therefore just (the Poincaré
patch of) pure AdS. The portion of the bulk containing the dust and to the future
of it is AdS-Vaidya:

2
ds? = —f(r,v)dv? +2dvdr + Zdi_, (9.12)

where

flr,v) = 2—2 (1 - M) , (9.13)

rd

where d is the boundary spacetime dimension, and we can think of compactify-
ing the planar directions Z into a torus to make them compact (it is the planar
symmetry of these directions that allows us to apply Theorem 2 here). Here the
mass function p(v) characterizes the profile of the dust; the null energy condition
is satisfied when p/(v) > 0. The full solution is shown in Figure 9.12(a).

Let us now consider the plane symmetric foliation of this spacetime generated
by light cones fired from r = 0. The cross-sectional areas of these sheets go

like A oc 7?71, so the expansion is positive in the direction of increasing r. In
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(a) (b)

Figure 9.12: The formation of a black hole in pure AdS by infalling null dust
(the shaded gray regions). To the past of the dust, the solution is pure AdS; the
portion of the spacetime containing the dust is AdS-Vaidya. (a): for continu-
ously infalling null dust, the spacetime contains an achronal future holographic
screen (solid green curve). (b): if the dust is taken to be a thin shell, the screen
approaches two null pieces, with one lying on the event horizon and the other on
the shell. However, if the shell has an arbitrarily small but nonzero thickness,
and if an arbitrarily small but nonzero amount of matter continues to fall in
after the shell, the screen will be achronal (and arbitrarily close to being null).

Note that here, the null boundaries are really the Poincaré horizons H%Oin.

particular, this means that the expansion of the right-moving null sheets to the
future of the event horizon changes sign, giving rise to a future holographic screen.
This screen coincides with the dynamical horizon at f(r,v) = 0.

In the context of holographic quantum quenches, [45, 46] considered such a
collapse scenario where the infalling null matter was taken to be a thin shell. The
resulting holographic screen technically violates the assumptions of our theorems,
since it is null and therefore not regular. However, it is easy to consider a regulated
solution in which the null shell is smeared out slightly and given a rapidly decaying

tail all the way into the far future. The screen will then be slightly deformed into
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Figure 9.13: A family of extremal surfaces (solid blue lines) anchored to the

boundary of AdS in thin shell Vaidya-AdS, as found in [45, 46]. The dot at

the end of each surface indicates the location of its turning point; the dotted

black line follows the path of this turning point as time at which the surface is

anchored to OM is varied. Note that some surfaces in this family do enter the
holographic screen H, but the turning points never do.
a regular achronal screen, as illustrated in Figure 9.12(b). Then our theorems
can be applied to the regulated collapse geometry. By taking the limit where the
regulator goes to zero, we may expect our theorems to apply to the thin shell
solution as well.

Theorem 2 asserts that any reducible boundary-anchored extremal surface can-
not turn around inside the screen. This is precisely what [45, 46] found, as shown
in Figure 9.13. Extremal surfaces anchored to strips on the boundary sometimes
penetrate the screen, but the turning point never does. In particular, as the
boundary strips are taken to later times, the turning point of the corresponding
extremal surfaces tracks out a curve which never enters the screen. Thus the inter-

esting behavior of the turning point shown in Figure 9.13 is simply a consequence

of our theorem.
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Ref. [354] considered a similar problem, but in global AdS. In that case, the
generalized planar symmetry is (a subset of) the full spherical symmetry. They too
found extremal surfaces anchored to spherical boundary regions that penetrated

the holographic screen, but never any that turned around in it.

9.4 Discussion

The key questions of hole-ography are: does there exist an object in the CF'T
which is dual to the area of an arbitrary spacelike codimension-two bulk surface?
If so, what are the limitations of this duality? The former question has been
partially answered in [339-343]; in this paper, we have proven theorems that give

a partial answer to the latter.

9.4.1 Incomplete Reconstruction Inside Screens

Recall that [342] showed that under an appropriate set of assumptions (in-
cluding generalized planar symmetry), if a given bulk spacelike codimension-two
surface v can be reconstructed from boundary-anchored extremal surfaces tan-
gent to it, then the area of v is given by the differential entropy of the boundary
regions selected by the extremal surfaces. This direction was referred to as the
“bulk-to-boundary” direction. Conversely, given a set of intervals on the bound-
ary, the extremal surfaces anchored to them can be used to define at least one
bulk surface v whose area is equal to the differential entropy of the intervals; this
is the “boundary-to-bulk” direction.

We pause here to note an important subtlety: to get a good correspondence
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between the area of 7 and the CFT differential entropy, the extremal surfaces must
be the minimal ones that are picked out by the HRT formula. More generally,
if the extremal surfaces used to reconstruct + are not minimal, they may be
related to other CFT quantities such as entwinement [355] (for example, minimal
surfaces alone cannot be used to reconstruct the AdS; conical defect geometry or
BTZ [337]). Here we will show that surfaces inside holographic screens cannot
be fully reconstructed from any boundary-anchored extremal surfaces, be they
minimal or not.

For example, consider the consequences of our results for a bulk-to-boundary
construction: let v be a sufficiently smooth spacelike closed curve!” that lies en-
tirely in the interior of some regular holographic screen H. Since 7 is smooth,
there must be some points at which ~ is tangent to leaves of the null foliation
used to construct H. We have illustrated this in Figure 9.14(a), where we have
shown a spatial slice containing v and its intersection with H and some leaves of
the null foliation. Theorem 2 implies that there cannot exist boundary-anchored
geodesics tangent to vy at the marked points. Moreover, if we slightly deform the
null foliation, these points will shift slightly along =, so we find that there are
open regions of v to which no boundary-anchored geodesics are tangent.

This is our main result: v cannot be entirely reconstructed from any set of
boundary-anchored geodesics, minimal or not. Generically, however, there will
be regions of v that can be. Thus in this bulk-to-boundary approach, v can
only be partially reconstructed from boundary-anchored geodesics (and therefore

from CFT entanglement entropy, if these geodesics are the minimal-length ones

"Here we will restrict the discussion to three bulk dimensions (so v is just a curve), though
our statements also hold in reducible setups.
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Figure 9.14: The plane of the page is a time slice containing a spacelike curve v
(solid black line) in the interior of a holographic screen H; the green oval shows
the intersection of H with this particular time slice. (a): the curve v will always
be tangent to at least two leaves of the foliation (dotted black lines); in this
particular case, it is tangent to four of them at the marked points. (b): by our
theorem, boundary-anchored extremal surfaces cannot be tangent to v at the
marked points, so portions of v in a neighborhood of these points cannot be
reconstructed from them.

that are picked up in the HRT formula). This is a form of coarse-graining: the
boundary data simply does not know how to reconstruct some pieces of . This
coarse-grained reconstruction is illustrated in Figure 9.14(b).

Recall, however, that the boundary-to-bulk approach of [342] is slightly differ-
ent: in order to reconstruct (the area of) a bulk curve 7 from a set of boundary
intervals, we do not need the corresponding geodesics to be tangent to . Rather,

¢

we only require what [342] call the “null alignment condition”: where a geodesics
meets 7y, their tangent vectors need not agree, but may simply span a null plane.
This is a weaker constraint, and it is therefore natural to wonder if the boundary-
to-bulk construction fares any better in this case.

The answer is no. Suppose a smooth bulk curve v constructed via the boundary-

to-bulk approach is contained entirely inside H. Consider the two null planes gen-
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erated by congruences fired off of 7 in its two orthogonal null directions'®. The
null alignment condition says that v may be constructed from boundary-anchored
geodesics that intersect v and are tangent to one of these planes when they do.
But since 7 is smooth, by the same argument given above there must exist some
points at which this null plane is tangent to a leaf of the foliation. Then pro-
ceeding as we did in the bulk-to-boundary construction, we conclude that v must
contain segments that cannot be constructed from boundary-anchored geodesics.

The conclusion is that whether one takes the bulk-to-boundary or boundary-
to-bulk approach, it is not possible to reconstruct an entire smooth!® curve ~
contained inside a holographic screen from boundary-anchored geodesics. In fact,
it is very plausible that there are curves of which only an arbitrarily small portion
can be reconstructed.

Of course, there is nothing preventing either approach from reconstructing a
bulk curve that is only partly contained inside the holographic screen. However,
a promising approach of hole-ography was to be able to reconstruct the bulk
geometry itself via the integral geometry approach of [337, 338]. In order to use
this approach to reconstruct the spacetime inside a holographic screen, one would
need to reconstruct arbitrary curves entirely contained within it. It would thus
appear that a naive hole-ographic approach to reconstructing the interior of a

holographic screen will not succeed.

18We fire the congruences in both future and past directions so that these two null planes
contain .

9There may still be reconstruction issues even if v has cusps, but we will not consider this
case here.
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Figure 9.15: Attempting to reconstruct the interior of a holographic screen by
evolving forward from an initial time slice 3. The shaded yellow region shows
the domain of dependence D(X) of ¥; in principle, if we knew the equations
of motion everywhere, we could reconstruct this entire domain just from data
on Y. In particular, this can include the interior of a holographic screen H

(green).
9.4.2 Quantum Effects

A possible objection to our conclusion is the following: why not use boundary-
anchored extremal surfaces to reconstruct the geometry of a portion of a Cauchy
slice ¥ to the past of the screen, and then use the bulk equations of motion to
evolve forward from X to reconstruct its entire causal development? In particular,
this may include the interior of a holographic screen; such an example is shown
in Figure 9.15.

In principle this is possible, but only if we know the equations of motion «a
priori. Specifically, there is a sense in which a “full” bulk reconstruction should
reconstruct the equations of motion as well as the geometry. The interiors of

holographic screens, however, tend to contain singularities, that is, regions where
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quantum gravitational effects become important. As soon as quantum fluctuations
are introduced into the metric, even perturbatively, the possibility of reconstruct-
ing the bulk from its equations of motion is lost, particularly in near-singularity
regions. For this reason, we find it more natural to seek a way of reconstructing
the bulk directly from CFT data, without recourse to any equations of motion.
While our work has hithero been entirely classical, the appearance of quantum

effects motivates the following observations:

e Recall that the interior of a holographic screen has a holographic interpreta-
tion in terms of bulk entropy via the Bousso bound [344, 352]. The area of
a leaflet of a future or past holographic screen gives a bound on the entropy

of the leaf generating it:

S(NV,) < Area(as)‘

< g (9.14)

This raises an interesting question: can the holographic screen itself be re-
constructed from boundary observables? More precisely, what is the CFT
dual of a holographic screen, and how is it linked to bulk entropy? As dis-
cussed in the previous subsection, the holographic screen is an obstacle to
complete hole-ographic reconstruction of its interior; perhaps the informa-
tion that is lost in the “coarse-graining” discussed above is stored in extra
degrees of freedom associated with the screen (similar to e.g. the superse-

lection sectors of [144]).

e Even in the presence of quantum effects, the option of direct reconstruction

from boundary observables remains: for a semiclassical bulk (i.e. working
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to first order in Gyh/A%! where A is a characteristic length scale of the
quantum fields in the theory), [312] found that the generalized entropy of
extremal surfaces yields the dual CFT entanglement entropy. More precisely,

the generalized entropy of a spacelike codimension-two surface X is given

by [13]:

_ Area(X)

Sgen(X) = 1Ok + Sent + counterterms, (9.15)

where Sy is the von Neumann entropy of the exterior of X on some Cauchy
surface. It was later conjectured by [313] that, at any finite order in per-
turbation theory in GnA/A%"! in the bulk, there exists a quantum analogue
of a classical extremal surface, obtained by replacing the area by the gen-
eralized entropy in the extremization procedure. The quantum extremal
surface is obtained by extremizing Sge, With respect to variations along a
null surface fired from X. The entanglement entropy of the boundary re-
gion enclosed by 0X is conjectured to be dual to the generalized entropy
of X [313]. The extension of the hole-ographic construction to semiclassical
and perturbatively quantum gravity has not been discussed, as it is yet to
be well-understood even at the classical level. However, it is very tempting
to hope that a similar construction can be made using quantum extremal

surfaces.

Since quantum fields may violate the null energy condition (which was as-
sumed for all of the proofs in this paper), it may prima facie appear that our
results are applicable exclusively to the classical case, where reconstruction

may be undertaken via the bulk equations of motion. However, by replacing
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all surfaces with their quantum analogues, relinquishing the null energy con-
dition in favor of the recent quantum focussing conjecture of [356], which
asserts that the variation of the generalized entropy (rather than the area) is
nonpositive, and an analogous generic condition, to be introduced in [357],
we may hope to prove similar statements about bulk reconstruction from
“quantum hole-ography”. In other words, quantum extremal surfaces can-
not be used to reconstruct holes in spacetime regions foliated by leaves with

decreasing generalized entropy.
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Chapter 10

Non-Vacuum AdS Cosmologies

10.1 Introduction

A large class of interesting and useful asymptotically locally anti-de Sitter
(AIAdS) spacetimes have been constructed by starting with AdS in Poincaré co-
ordinates, in which the spacetime is foliated by slices on which the metric is con-
formal to the Minkowski metric 7,5, and replacing 74, with any Ricci-flat metric
Yab- Thus (D — 1)-dimensional vacuum solutions to Einstein’s equations straight-
forwardly give rise to new D-dimensional solutions to Einstein’s equation with a
negative cosmological constant. For example, taking v, to be the Schwarzchild
black hole yields a black cigar [174], and 7,, was taken to be a vacuum pp-wave
in [358] to construct a wave in the far field of an AdS-brane spacetime. Further-
more, the AIAdS solutions so generated are of particular interest in light of the
AdS/CFT correspondence [19, 20, 82|, since they are dual to a large-N, strongly

coupled conformal field theory (CFT) that lives on the spacetime 7, (or a confor-
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mally rescaled version thereof). For instance, [32, 359] took 7., to be a vacuum
Kasner metric in order to study a cosmological singularity by computing the en-
tanglement entropy and Wightman functions of the CFT!.

In this paper we generalize this construction and show how non-vacuum (D —
1)-dimensional spacetimes can be used to give AIAdS spacetimes with nonzero
stress-energy. Specifically, if 74, is a solution to the Einstein equations in (D —
1)-dimensions with stress-energy tensor fab, we show that replacing 7., on the
Poincaré slices with ~,, gives a D-dimensional AdS solution with stress-energy
T.p that satisfies

Ty = Th, (10.1)

where p,v = 0,...,D — 1. By appropriate choice of fab, we use this construc-
tion to find new AIAdS spacetimes that have a physically sensible stress-energy.
We also show that these spacetimes can be “solitonized” [360] by adding a com-
pact dimension that shrinks smoothly to zero in the AdS bulk. A variation of
this non-vacuum construction was performed in [361-363], which studied getting
supergravity gauge fields “on the brane” by doing a Kaluza-Klein reduction of
a supergravity theory in the higher dimensional AdS spacetime. A related con-
struction starting with supergravity fields in ten dimensions was used to explore
properties of time dependent boundaries in references [30, 31, 364, 365]. The rela-
tion between their higher and lower dimensional matter theories differs from what
we find here, as will be clarified in Section 10.2.

As a special example, we will take 7, to be a Friedman-Robertson-Walker

1n fact, in [32] the CFT lived on a singularity-free conformally rescaled version of Kasner.
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(FRW) cosmology®. The cosmological stress-energy is an isotropic perfect fluid
with energy density p(¢) and pressure p(t), which are related by an equation of
state p(t) = wp(t). We will show that in the AdS spacetime, the fluid is still
isotropic on the cosmological slices with the same equation of state p = wp and
that the pressure in the AdS radial direction is given by p, = (3w — 1)p/2. The
pressures and density decay towards the AdS boundary as well as in time as the
universe expands. A case of special interest is a free, massless scalar field which
in a (D — 1)-dimensional FRW spacetime has the equation of state p = p, that is,
w = 1. Hence the scalar field generates a D-dimensional AdS cosmology which is
isotropic in all spatial directions and has corresponding equation of state p = p.
According to the AdS/CFT prescription, such a scalar field in the bulk AdS is
dual to to a scalar operator in the CFT with vanishing expectation value but
NONZero source.

We will focus on FRW metrics with negatively curved spatial slices, in which
case Vg approaches the future Milne wedge of Minkowski space at late time, so
long as w > —1/3. The resulting AIAdS solution therefore approaches either the
Poincaré patch of AdS or the AdS soliton at late times, which we interpret as an
approach to equilibrium. We use these solutions to perturbatively study the ap-
proach to equilibrium of the boundary stress tensor and the ADM charges. Inter-
estingly, we find that the latter decrease to their equilibrium values at late times,
with the time dependent correction proportional to the dimensionless density pa-

rameter of the universe ). For example, the mass of the solitonized cosmology

2From the CFT side, such solutions can be thought of as a generalization of those in [366],
which took the boundary metric to be a conformally flat FRW geometry.
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decays as

M = (1 _ %Q) MO Lo 7 (10.2)

where M is the mass of the static soliton and - - - stands for subleading terms at
late times. In the context of spacetimes approaching the AdS soliton, this result
is consistent with the energy conjecture of [117] that the AdS soliton is the lowest
energy spacetime with the prescribed asymptotic structure.

A second application of our cosmological AdS solutions will be to compute
the behavior of the entanglement entropy S of a spherical region in the CF'T as
the spacetime evolves to equilibrium. We use the covariant prescription of [70],
which is a generalization of the static prescription [280]. This states that the
entanglement entropy Sz of a region R of a holographic CFT is related to the
area of a special bulk surface . In general, Sk is UV-divergent, but it can be
regulated and the behavior of this regulated entropy Seg is studied. We find that
at late times, the correction Sy to this quantity decays as a power law in the
proper time of an asymptotically static observer.

Our results add to and complement the substantial body of work in the lit-
erature on vacuum AlAdS spacetimes in which the metric on the AdS boundary
is time dependent. For instance, [367] constructed an elegant solution in which
the metric on each Poincaré slice is a de Sitter cosmology. Several studies in the
general category of holographic cosmology apply coordinate transformations to
AdS black holes to produce cosmological boundaries [105, 368-374], and resulting
metrics have been analyzed as describing an expanding boost-invariant plasma
[47, 375-378]. Significant analytical work has also been done on out of equilib-

rium thermal properties of field theories using various AdS black hole spacetimes,
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including [73, 74, 146, 379-383]. Discussion and further references can be found
in [279]. Our work adds a set of new non-vacuum AlAdS spacetimes which allow
a wide range of boundary metrics.

This paper is organized as follows. Section 10.2 contains the derivation of the
new AIAdS solutions, as well as an analysis of the scalar field and perfect fluid
cases. In section 10.3, the leading time dependent corrections to the boundary
stress tensor and the ADM charges for a solitonic cosmology in an open uni-
verse are found. In section 10.4 the perturbation to the entanglement entropy is
calculated, and section 10.5 contains discussion and concluding remarks. Unless

otherwise specified, we take Newton’s constant G = 1.

10.2 AdS and AdS Soliton Cosmologies

We start by considering AIAdS spacetimes of the general form
ds? = dy® + /'y, (x®)dat dx” (10.3)

where [ is the AdS length and as before y,v =0,1,...,D — 1. For v,, = 1, this

is AdS in Poincaré coordinates with cosmological constant given by

(D—1)(D—-2)

A= —
202 ’

(10.4)

so we will refer to hypersurfaces y = const. as “Poincaré slices”. As mentioned
above, it is well known that the Einstein equations with cosmological constant A

are still satisfied for any Ricci-flat v, (). In the particular case where v, is a
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cosmological metric, we refer to (10.3) as an AdS cosmology.
In general, spacetimes of the form (10.3) with ~,, # 7, suffer from a sin-
gularity at the Poincaré horizon y — —oo. This singularity can be resolved by

introducing an additional compact direction v:
2
ds? = —7— 4 /! (F(y)dv® + vy (zP)datdz") (10.5)

where F(y) = 1—e~(P=D=v)/l and now p,v = 0,1, ..., D—2. The metric (10.5)
is capped off at y = y,, so that the Poincaré horizon (and its possibly singular

behavior) is removed. Regularity at this cap fixes the period of v to be

Anle=v+/!
~ _— 10.6
v~UF D1 ( )

Now, if 7, = 1., then (10.5) is the usual AdS soliton metric [117]*. However, it
was noted in [360] that the Einstein equations with negative cosmological constant
A will still be satisfied for any Ricci-flat ,,. In analogy with (10.3), if v,, is a
cosmological metric, we will refer to (10.5) as an AdS soliton cosmology.

The solutions (10.3) and (10.5) provide a simple construction of AIAdS space-
times with any desired Ricci-flat boundary metric v,,%. Our goal is to generalize
the above results to isotropic FRW cosmological metrics 7,,; as such cosmologies

are not (in general) Ricci-flat, we will require the introduction of matter fields.

3 Although this is no longer Poincaré AdS, we will continue to call surfaces of y = const., v =
const. Poincaré slices.
4Technically, the boundary of (10.5) is 7, cross the circle direction v.
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10.2.1 Massless Scalar Field

We obtain a direct analogue of the results for vacuum metrics by considering
a free massless scalar field ¢ in the AdS and AdS soliton spacetimes above. The

full D-dimensional Einstein-massless scalar equations are
Gap = —Ngap + 87Ty, V¢ =0, (10.7)

where (G, is the Einstein tensor and

1

T,
b 8

(Va6) (V36) — 5 000" (V) (V)] (10.8)

is the stress-energy of a free massless scalar field in any dimension. Consider a
lower-dimensional metric v, (z”) and scalar field configuration ¢(z*) that solve

the Einstein-scalar equations

~

G = 87T, V26 =0, (10.9)

where hatted objects are computed with respect to the metric v,,. Furthermore,
let

Sy = e2y/l,y’wj (1010)

be the induced metric on a Poincaré slice. Finally, we pause to note that the
scalar field stress energy satisfies the important property that from the full D-

dimensional point of view, the induced stress tensor on each Poincaré slice is
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equal to the lower-dimensional stress tensor of the scalar field on v,,:
Tw/ = ful/- (1011)

Now, consider first the metric (10.3). The D-dimensional Ricci tensor for g

is related to the Ricci tensor of s,, by

D -1 D -1
Tz S Ry, = 2

Ru9] = Ry ls] = (10.12)

When these components are assembled into the D-dimensional Einstein tensor
and substituted into the left hand side of the Einstein field equation (10.7), one
sees that the terms which do not involve the curvature of s,, are equal to the
cosmological constant term on the right hand side. If v,, is Ricci flat, then the
metric (10.3) is a solution with Ty, = 0. If instead v, is a solution to (10.9) with

nonzero 71,

vy then it is then straightforward to show that the metric (10.3) con-

structed from +,,, will satisfy the full equations of motion (10.7), with the full bulk
scalar field taken to be ¢(x*) (which, in particular, is independent of y). The ad-
ditional nonzero component of the stress-energy tensor is 877}, = —%s””vﬂqﬁquﬁ.
The construction with the solitonized metric (10.5) proceeds in a similar way, and
one finds that T}, is the same and T, = gy Tyy.

One may naturally ask if such a straightforward foliation can be extended to
other types of matter as well. For instance, one might hope to replace the scalar
field with a Maxwell field and obtain multi-black hole solutions analogous to those
of [384]. This is not the case: a key ingredient in the proof was the property (10.11)

of the scalar field stress-energy. This property holds for the massless scalar field
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stress tensor but not e.g. for Maxwell fields, or even for a scalar field with nonzero
potential V(o).

A massless scalar field that depends only on time can serve as the source for
an FRW cosmology on the Poincaré slices of either (10.3) or the soliton metric
(10.5). For instance, setting ds* = v,,dz"dz” and specializing to 4-dimensional

cosmologies with flat spatial sections we have

22 2 AN 2 2 2 t
ds® = —dt* + i (dx” + dy* + dz%), ¢ =— gln ) (10.13)

with corresponding stress tensor equal to that of a perfect fluid obeying the stiff
matter equation of state p = p. From the holographic perspective, the AdS/CFT
dictionary tells us that the bulk scalar field is dual to a scalar operator in the
CFT. To be specific, the near-boundary behavior of a massless scalar field in AdS

takes the form

d(y) = (¢ + ) +e P (g gy 400, (10.14)

where ¢y and ¢(p_1) are independent parameters that are fixed by the bound-
ary conditions, and --- represent subleading terms in e ¥/!. The coefficient ¢,
should be interpreted as the source of a scalar operator O of dimension D — 1,
whose expectation value is (O) = ¢(p_1). Our solutions correspond to the spe-
cial case ¢(p_1) = 0. Note that this is unconventional: the operator O is being

sourced, but nevertheless has a zero expectation value.
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10.2.2 Perfect Fluid Matter

Noting that property (10.11) of the scalar field stress tensor was the key ele-
ment in the above construction, we may extend the range of AdS and AdS soliton
cosmologies by considering more general types of stress-energy that satisfy this
condition. We will shortly focus on perfect fluids, but we begin by assuming just
that the metric v,, satisfies Einstein’s equation on a Poincaré slice with some
stress-energy T w- We can then analyze the content of the full D dimensional
Einstein equations, beginning with the AdS type metrics (10.3), in the following
way.

Using the relations between the components of the Ricci tensor (10.12) as
in the previous subsection, we find that the AdS-type metric (10.3) solves the

Einstein equation (10.7) with stress-energy given by

1

T/w = T/wv Tyy = D——3

T, (10.15)
where T = s*” T},,. A similar analysis for the AdS soliton-type metric (10.5) shows
that the Einstein equation (10.7) is solved with stress-energy given by

1 1

T#V = TP”” Tyy = m gny, Tm) = m ngT. (10].6)

For example, one could embed a textbook example of a four-dimensional spher-
ical static star into AdS. According to (10.16) the pressures in the radial AdS
and compact soliton directions of this cigar-star will be equal to each other, but

different from the radial pressure in the Poincaré plane.
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We now specialize to the case of AdS and AdS soliton cosmologies, taking the

metric 7, to have the FRW form
ds® = —dt* + a®(t) dX3, (10.17)

where d¥:? is a metric on a space with constant curvature k¥ = 0,4+1. We also
restrict our attention to 4-dimensional Poincaré slices, so that the AdS cosmologies
(10.3) have overall dimension D = 5 and the AdS soliton cosmologies (10.5) have
dimension D = 6. Finally, we assume that the stress-energy ﬁw on the slice has
the perfect fluid form

~

Tuv - (;5 + ﬁ)ayau + ﬁ’%uua (1018)

with v*4,1, = —1 and equation of state p = wp. Note that the strong energy
condition requires w > —1/3. Important special cases are w = 0 for dust, w = 1/3
for radiation, and w = 1 for the massless free scalar field; indeed, note that such
a stress tensor obeys the condition (10.11)°.

The cosmological scale factor on the Poincaré slices evolves according to the

Friedmann equations
= — — —. (10.19)

The full stress energy tensor T,, for AdS cosmologies, given by (10.15), now has

the form of an anisotropic fluid, with a distinct equation of state parameter for the

SValues of w different from 1 could be obtained from an interacting scalar field, but as such
interactions would require the introduction of a scalar potential, they are not compatible with
our ansatz. We will keep w general, with the understanding that this is a bulk, hydrodynamic
description.
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pressure in the y-direction. Moreover, the energy density and pressures depend
on the radial coordinate y, as well as on time. One finds that the energy density
is given by p = e~2¥/!j, while the pressures tangent to the Poincaré slices satisfy
an equation of state in the D-dimensions of the same form as in (D — 1), namely
p = wp. In the y-direction one finds that p, = w,p with

(Bw —1)

5 (10.20)

wy =
With a soliton, equation (10.16) implies that the pressure in the compact v-
direction is equal to p,, so also p, = w,p. To summarize, the stress-energy for the
AdS soliton cosmology is

(Bw —1)
2

—2y/l ~

p(t), p=wp, p,=p,= p. (10.21)

p=e
Some observations are as follows. For w = 1, which corresponds to the massless
scalar field discussed above, w, = 1 as well so the pressure in the full spacetime
is isotropic. For radiation (w = 1/3), the stress-energy on the Poincaré slices is
traceless and the pressure orthogonal to the slices vanishes, so the stress tensor

remains traceless. For w < 1/3, the orthogonal pressure is negative.

10.2.3 Open AdS and AdS Soliton Cosmologies

We will be particularly interested in AdS and AdS soliton cosmologies with
open (k= —1) FRW universes on the Poincaré slices. In this case, provided that
the equation of state parameter is in the range w > —1/3 (that is, that the strong

energy condition holds), the energy density p will fall off faster than 1/a* and at
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late times the scale factor will grow linearly in time. At sufficiently late times,
the metric 7, on the Poincare slices then approaches

dsp.. = —dt* +t2d¥?, (10.22)

late

which is flat spacetime in Milne coordinates. The full AdS and AdS soliton cosmo-
logical metrics (10.3) and (10.5) then respectively approach the AdS or AdS soliton
metrics at late times. The late-time behavior of these cosmologies can therefore
be thought of as an approach to equilibrium; in particular, the CF'T dual can be
thought of as an expanding isotropic plasma equilibrating at late time. The solu-
tions (10.3) and (10.5) correspond to the plasma being in a deconfined or confined

phase, respectively.

10.3 ADM Mass and Boundary Stress Tensor
for AdS Soliton Cosmologies

As a first examination of the properties of these AdS cosmologies, we look at
how the cosmological expansion impacts the boundary stress tensor and the ADM
mass and tensions of the AdS soliton (which corresponds to the confined phase of
the dual field theory; see e.g. [385]). In general we lack a definition of the ADM
charges that will apply at the boundary y = oo with a time dependent bound-
ary metric. However, as we will see the special case of an open cosmology with
matter obeying the strong energy condition w > —1/3 allows for a perturbative

computation of how the ADM charges of the soliton approach their static values
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at late times.

The static AdS soliton has negative ADM mass, reflecting the negative Casimir
energy of the boundary field theory with a compact direction, and is conjectured
to be the lowest energy solution among spacetimes with these asymptotics [117].
In addition to its mass, the AdS soliton has nonzero ADM tensions [386, 387]. The
tension along the compact v-direction in (10.5) is found to be large and positive,
while the other three spatial tensions have negative values, such that the trace of
the ADM charges (sum of the mass and the tensions) vanishes. One can think of
the static soliton solution as an equilibrium configuration. In this section we will
compute the approach to equilibrium of the boundary stress tensor, as well as the
mass and tensions for an open AdS soliton cosmology. We will see that the mass
decreases to the static soliton value, a result that is consistent with the minimum
mass conjecture with matter obeying the strong energy condition.

As noted above, the FRW boundary metric does not have a time-translation
symmetry and therefore the ADM mass is not defined in the usual sense. However,
at late times the FRW cosmologies with negatively curved spatial slices approach
Minkowski spacetime. We can then define a time dependent ADM mass in this late
time limit by writing the metric as static AdS plus time dependent perturbations
that decay to zero. These perturbations to the metric determine the late time
corrections to the asymptotic constant value of the mass of the soliton.

Consider an AdS soliton cosmology (10.5) with an open FRW metric

d8* = —dt?* + a*(t) (dx* + sinh® x dQ7) (10.23)
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on the Poincaré slices. We assume that w > —1/3, so that in the late time limit

a(t) ~ t. Define new coordinates on the slices according to
T =a(t)coshx, R = a(t)sinhy. (10.24)

Note that since R/T = tanh y it follows that R/T < 1 with equality when y — oo.

In terms of these new coordinates the AdS soliton cosmology has the form

—— + e [F(y) dv® — (1 = 8Grr)dT* + (1 + 0Grr)dR?

+20grr dR AT + R*dQ,)|  (10.25)

where F'(y) is given in (10.5) and the functions dgrr, dgrr and dgrg, which give

the deviance of the metric on the Poincaré slices from flat, may be written as

1 (R/T)*

o R/T
=R (T

1—(R/T)*>
(10.26)

dgrr = Q 0grr = {2

Here €2 is the dimensionless density parameter of the open FRW metric,

8mp 1
Q= = (1 - 5) , (10.27)

and H = a/a is the Hubble parameter. For an open universe (2 < 1 and approaches
zero in the far future. Hence, the metric (10.25) approaches the AdS soliton at
late times. We emphasize that the expressions in (10.26) are exact up to this
point.

To proceed further, the density parameter {2 must be expressed in terms of
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the asymptotically Minkowski coordinates (7', R), which requires the expression
for the scale factor a(t) at late times. To obtain this expression, first we substitute
the equation of state p = wp into the Friedman equations (10.19), which allows
the energy density to be solved for in terms of the scale factor, giving

Q,
(1 — Q,)3w+D)/2

30, H?

p(t) = S (a0 0 (10.28)

R where Q, =

and H, and €, are the Hubble and density parameters evaluated at a fiducial time
t = t,. The density and scale factor evaluated at t, are given by p, = 3Q, H?/87
and a, = 1/(H.v/1—Q,) respectively. The equation for the scale factor then
reduces to

Q*H3a2(1+w)

-2
a” =1+ ql+3w

(10.29)

For w > —1/3, this reduces in the limit of large scale factor to a? ~ 1, giving
a(t) ~ t in the late time limit. Including a subleading correction of the form a(t) ~

t + at? yields

a(t) ~t— 6w, (H.07 w # 0, (10.30a)
Q. t
a(t) ~t+ 5 H In 7)) w= 0, (10.30Db)
which by (10.27) yield
Q.

The expressions (10.30) can be inverted and combined with the transformation

to (R, T') coordinates to yield the coordinate transformation from ¢ to (R, 7T'), valid
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at late times, including terms up to order R?/T?,

te T+ . s #0 (10.32a)
= T ewH. (HTYPe 2r T oo
Q. T R?

which then give ) as a function of 7" and R:

Q. (1+3w)Q  (1+ 3w)R?
Q> —— (1 — 10.
(H.T)3w+ ( Gw(H, T3+ T2 , w#0, (10.33a)
Q, Q, T R?
Q~ 1 In{ — — = 0. 10.
T < Tomr " <H) * 2T2> , w=0 (10.33b)

This is our desired result.

We are now prepared to compute the leading late time corrections to the
boundary stress tensor density, which we will denote by 7,,,. Let K,, be the ex-
trinsic curvature of the AdS boundary. In the boundary stress tensor formalism
a boundary action is defined that includes an integral over K plus geometrical
counterterms that are constructed from the metric on the boundary s,,, defined
in equation (10.10). These terms include a cosmological constant, the scalar cur-
vature of s,,, and potentially higher derivative counter terms as needed. The
stress tensor density results from varying the boundary action with respect to
s*. The coefficients of the counter terms are chosen to cancel divergences that

occur in 7, and are dimension dependent. One finds the result [96, 104, 388]

— D -2 1
871—7-“11 = —S (Kyy - KS,LUJ + l Suy + D _ SGMV[S] + i ) 9 (1034)
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where the - - - indicate higher derivative terms in the Riemann tensor of s,,,, which
we will show are subdominant at late times. We work with the boundary stress
tensor density because the volume element of the late time metric changes at
leading order, and also because this is the appropriate quantity to integrate to get
the ADM charges.

In the case of the static AdS soliton, the metric on the boundary is flat and the
terms in (10.34) depending on the curvature of s,, all vanish. This is no longer
true for the cosmological AdS spacetimes. The Einstein tensor term in (10.34)
contributes a time-dependent piece to 7, which goes to zero at late times like the
energy density p in (10.28). Additional time dependence in 7, comes from the

volume element in (10.34) which goes like

V—s= (1 — %Q) vV —5(0); (10.35)

where /=5y denotes the volume element in the static AdS soliton, and the late
time behavior of the density parameter 2 is given in (10.31). Comparing the
decay rates of p and €2, one finds that the contribution of G, to the boundary
stress tensor density is subdominant at late times compared to that of the volume
element. The contributions of higher derivative terms in (10.34) will decay even
more rapidly. The leading contributions to the boundary stress tensor density are
then readily found by combining the results for the static AdS soliton in [386]

with equation (10.35) giving

ebu+/1

1 .
T = 671 (1 o) Q) diag(—1,1,1,1, —4), (10.36)
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where the coordinates are ordered according to (¢, x1, xs, z3,v). Hence the decay-
ing time dependent corrections to the static values of 7, are simply proportional
to €2, the density parameter of the cosmology.

We now use the results above to determine the ADM mass and tensions for
the AdS soliton cosmologies. Comparison with [386] shows that the integrands
of the ADM charges in AdS coincide with the first three terms in the boundary
stress tensor in equation (10.34), and the components of 7, above then just need
to be integrated to obtain the ADM charges. In the static coordinates, the density
parameter 2 depends on R as well as T', so the integrand is not a constant. This
does not mean that R = 0 is a special point, since any location in the homogeneous
open cosmology could equally well be chosen as the origin. For the static AdS
soliton, the ADM charges are made finite by taking the planar geometry to be
periodically identified, with —L;/2 < 27 < L;/2. For notational brevity let the
asymptotic volume be V' = L, L, L3 L, where L, is the range of compact coordinate
v given in (10.6). In the limit that the plane is infinite, the relevant energy is the
mass per unit volume obtained by dividing the total mass by V', and similarly for
the spatial tensions.

Finally, it is important to note that the static radial coordinate R has the
range 0 < R < T, with the upper limit corresponding to x — oo in the coordinate
transformation (10.24). The integrals for the ADM charges are then over a box
of length L < T, and at the end we divide out the volume of the box. Define the
spatial average of the density parameter €2 at time T by

Q.
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In the late time limit, we substitute the approximate expression for 2 given in

(10.33). For the general case w # 0, this yields

Q* Cl CQLZ
<Q> - V(H*T)?’“’H (1 - T3w+1 t T2 ) ’ (10‘38)

where the coefficients c¢1,co can be read off of the expansion of ) in equation
(10.33). One sees that the terms proportional to ¢; and c; make increasingly
small contributions and so will be dropped in subsequent formulae. This also
allows us to treat the cases w = 0, w # 0 simultaneously, since the leading-order
term in (10.38) is identical to that obtained in the special case w = 0.

Following the conventions of past work (e.g. [386]), we give the ADM tension
rather than a pressure, where tension is simply minus the pressure®. Assembling
the pieces, at late times the mass and tensions of the soliton in the metric (10.25)

are

T — _ 5y+/1 _ 1 -
M=T, = 167Tl6 1 5 Q) ), =123, (10.39a)
_ 4 5y+/1 _ 1
Jo = 167Tl€ 1 5 Q)| . (10.39Db)

The expressions for the ADM charges have the same structure as the compo-
nents of the boundary stress tensor, relaxing to the equilibrium values like (€2).
Since (2) > 0, the mass of the AdS soliton cosmology decreases as (€2) goes to
zero, approaching its negative static value at late times, consistent with the en-

ergy bound conjectured in [117]. The tension 7, around the compact dimension

6This convention is natural in asymptotically flat static spacetimes where the gravitational
tension can be shown to be positive [389].
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increases to its static positive value, while the trace M + 7, + 3,7; vanishes

throughout the relaxation process.

10.4 Entanglement Entropy

The new AdS cosmological solutions allow us to compute how the entanglement
entropy of a region in the dual CFT approaches equilibrium. To perform the
computation, we use the holographic prescription [70, 280], which proposes that
the entanglement entropy of a region R (called the entangling region) in the

boundary CFT is equal to
Area [X]

S p—
R 4GN )

(10.40)

where ¥ (referred to as the entangling surface) is the minimal-area extremal sur-
face in the bulk spacetime anchored to R and homologous to R. Note that in
this section we have restored Newton’s constant Gy. We will also keep w general,
though we emphasize that only the case w = 1 (wherein the bulk matter is a
scalar field) has a well-understood CFT dual.

Parametrizing 3 as X%(o?), with ¢ coordinates on X, i = 1,..., D — 2, the area

functional is

A= /ﬁdl”a, (10.41)

where h is the determinant of the induced metric on the surface
hij = gap0i X "0, X°. (10.42)
In general, extremizing (10.41) to obtain the entangling surface is difficult
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to accomplish analytically, and the AdS soliton cosmologies are no exception.
However, we can make progress by working in the non-solitonized AdS cosmol-
ogy (10.3) and noting that the calculations performed there should approximate
those in the AdS soliton cosmology, as long as the relevant surfaces do not extend

too deeply into the spacetime. The boundary metric is then
dsy = —(1 = 0grr)dT? + (1 + 6grr)dR?* — 26grr dR AT + R*dQ2},),  (10.43)

and the full metric is given in (10.3) with 7,, equal to ds3. Working in pure
AdS has the significant advantage that the extremal surface is known for a spher-
ical entangling region on the boundary [280]. This allows us to use perturbative
techniques to compute the time dependent correction to the area as the metric
approaches the static AdS spacetime in the future.

In order to compute the late-time behavior of the entanglement entropy we
work to first order in powers of R/T in dgrr, dgrr, and dgrg, given in equations
(10.26) and (10.33). We take the boundary of the entangling region to be a sphere
of radius Ry at some time Tj; the corresponding entangling surface ¥ in pure AdS
was found in [280]. We may then perturb off of this solution to compute the leading
correction to the area. There are two natural options for how this sphere should
evolve in time: (i) the sphere can be of fixed proper size in the asymptotically
static coordinates so that Ry is held constant as Tj advances; or (ii) the sphere
can be comoving, so that fluid elements on the boundary of the sphere follow

geodesics, and Ry grows like a(t). We will discuss both choices below.
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10.4.1 Zeroth Order Solutions

At zeroth order, the boundary metric (10.43) is just Minkowski space. Parametriz-
ing the surface by z = le %" and the coordinates on the sphere, the area func-
tional (10.41) is

A = 4rl? /1 dx (1_:E+2)1/2 (10.44)
where € = 2. /Ro and zey is a UV cutoff to regulate the integral. The corre-

sponding entangling surfaces were calculated in [280] and are given by

Yo: ZH+R=R, T=T, (10.45)
with area
As atic As atic
AO — 3 { e - ﬂln( o ) —~ w} , (10.46)
chut 7T’Zcut

where Agatic = 4mR2 is the area of 93y. The first term in the above expression
denotes the usual area law growth of the entanglement entropy, while the coeffi-
cient of the logarithmically divergent term provides a UV-independent measure

of the entanglement entropy.

10.4.2 First Order Corrections: Approach to Equilibrium

Now, consider corrections to (10.46) which arise both from perturbations to
the metric and to the surface X*. Write each as a zeroth order piece plus a
perturbation,

Jab = 9 +0ga . X(01) = Xfy + X, (10.47)
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To first order the volume element on the surface becomes
h=hO (1 FTr [5gab8 X4y 0, Xl + 209 0,5 X 0, X} ]) (10.48)

However, the second term in the trace is a variation of the surface in the back-
ground metric, and so this integrates to zero since the background surface is
extremal. Thus the first-order change in the area is governed by the perturbation

to the metric:
1
=3 / VhO Tr [6g,0; X (5,0, X ()| d* o (10.49)

The final step is to substitute the expressions for the metric perturbations (10.26)
into the metric equations (10.3), (10.43). Using R'(z) = —z/R on the zeroth order
surface (10.45), the induced metric in the perturbed spacetime is given by

RQ

12
(gab +(Sgab)aX a X dazda |Eo = {(R2

22Q
>d + R*dO7, } (10.50)

where R = /R — 22. Using this expression in (10.49) and substituting © from

(10.33) gives the first-order correction to the area of the entangling surface

4mI3Q, R? L1 — a?)3/2
0A = (H*To)3w+1 (QTOZ)/E de (10.51)
13Q Agiati 4
- 2A e [In [ 2REC) ) 10.52
4<H*T0)3w+3 x < 1static ( n < 7TZC2ut ) 3> ( O 5 )

This result is valid at sufficiently late times such that H, Ty > 1 and Ty > Ry.

The entanglement entropy, including the leading late time contribution, fol-

381



Non-Vacuum AdS Cosmologies Chapter 10

lows from substituting (10.51) and (10.46) into the entropy-area relation in equa-
tion (10.40). The conversion from area to entropy contains the prefactor [3/ Gg\?),
which can be translated into the parameters of the dual CFT. According to the
AdS/CFT correspondence, the solutions (10.3) in D = 5 are dual to an N' = 4
supersymmetric Yang-Mills theory on the FRW spacetime (10.17). Following the
discussion in [280], we consider N' = 4 SU(N) SYM theory on AdSs x S°, in which
case the AdS radius, the ten dimensional Newton’s constant, and the five dimen-
sional Newton’s constant are identified with the string coupling, string tension,
and N according to I4 = 4mg,(/)2N, GV = 875¢2(o/)*, and G = G\ /5.

This gives 3/ GE\E,’) = 2N? /7, and the entanglement entropy is then

N2 Astatic Astatic Q* H2Astatic 2Astatic 4
S =" — 7l — d ] G I
27 [ 222, T ( 22 T A4(H,T)3w+3 T\ 72 3 * ’

cut cut
(10.53)

where - - - denotes terms that are subleading at late time, and the subscript on T’
has been dropped for simplicity. The coefficient of the logarithmic term is invariant
under rescalings of the cutoff, so this term serves as a regularized measure Syes Of

the entanglement entropy. We see that the correction to this term is given by

N2 Q*HQAS atic 2Asaic
2oalty Pstatic | < tat ) (10.54)

5Sreg >~ 8_7'(' (H*T)3w+3 n Wzgut

Note that this is positive, which means that S decreases to its equilibrium value.
This behavior differs markedly from that of quenches in CFTs [221, 269-271, 335,
390, 391], wherein the entanglement entropy grows until is saturates. There is
a temptingly simple and compelling physical reason for the decrease of S found

in this calculation: in the Cartesian coordinates T', R there is a nonzero radial
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flux proportional to grg, so the decrease of the entropy in the ball R < Ry can
be interpreted as due to an energy flow out of the ball. In particular, in the
quasi-particle picture of entanglement entropy propagation [221], entanglement
is carried by entangled particle pairs; a new flow of such particles out of the
entangling ball R < Ry leading to a decrease in entanglement entropy is consistent
with this picture. Alternatively, note that at late time, our bulk solution approach
the Minkowski vacuum, and therefore the CF'T evolves from an excited state to
the zero-temperature vacuum state. We would therefore naturally expect probes
of correlation (such as entanglement entropy) to decay in the late time limit”.

The time dependent contribution decays as a power law, and the time scale for
the decay is set by the Hubble parameter H,. The power depends on the equation
of state. For example, for dust the correction goes to zero like 773, and for a
free massless scalar field like 776, The time dependence in 45 is analogous to the
result of [359], in which the entropy of a strip in a vacuum-Kasner AdS spacetime
was found to have a power law behavior, in both cases a reflection of the time
evolution of the cosmology.

Turning to the amplitude of dS..,, we see that this is set by an interesting
combination of factors. At sufficiently late times ¢,£2, < 1, so that HfQ* ~
87TG§3) p«/3. Hence the dimensionless combination H2Q, Agatic has the interpreta-
tion of the non-vacuum energy, measured in Planck units, that is contained in a
shell of width the Planck length that surrounds the sphere. That is, the entangling
modes of the perturbation act like they are concentrated on the boundary of the

sphere. This is a reflection of the fact that the change in the area of the extremal

"We thank Juan Pedraza for this observation.
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surface comes from the metric perturbations near the surface.

10.4.3 The Cosmological View

An alternative way to interpret the time evolution of the entanglement entropy
is to take the boundary sphere to be comoving, so that points on the boundary
sphere follow geodesics. In the cosmological coordinates (10.23) this means that
the sphere is at a fixed coordinate x = xo. The extremal surface ¥y does not lie
within a slice of constant cosmological time, but it does intersect the boundary at
a constant time, as can be seen by evaluating (10.24) at z = 0. Transforming the

zeroth order surface (10.45) to the cosmological coordinates gives

Yo: a(t)coshy = a(ty) coshxy , 2*4 cosh? xotanh? y = a(t,)? sinh? xo.
(10.55)
Let
Ageod(ty) = dma(ty)? sinh? o (10.56)

be the proper area of the comoving sphere on the boundary at ¢,. Then in terms

of the cosmological coordinates the zeroth order area (10.46) becomes

A A
(0) _ 73 geod i geod B
APN(ty) =1 {ZZCQM 7In (ﬂ-zc?ut) 7T:| (10.57)
and the time dependent correction (10.51) is
3w+1
_ A 2
SA = PO H? (47a? sinh? xg) | —o— In (5L ) — 2. 10,
Z(4maZ sinh” o) alth) n oma2 3 (10.58)
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Hence the time dependent piece redshifts to zero as (14 z,)~®**1) where 1+ 2, =
a(tp)/a. is the cosmological redshift. The power in the decaying term is different
than for the static sphere (10.51) because Ageoq increases as a’.

So far the expressions for the area (10.57) and (10.58) are just translations
from the asymptotically static coordinates to the cosmological coordinates. The
difference from the previous section, in which the area of the boundary sphere is
held constant, comes when one follows the time evolution by considering increasing
values of the boundary time t,. The area of the boundary co-moving sphere
increases like a?(t,), so although (the UV-independent part of) dA is positive
and decreasing to zero, the total entropy increases with ¢,. This brings up the
important issue of the range of validity of the expressions in cosmological time.
As discussed in section 10.4, if the results are to be good approximations to the
results in a solitonized spacetime, one needs to restrict to surfaces that do not
penetrate too deeply into the bulk, which precludes taking R ~ t,sinh x, too
large. This means that the validity of (10.51) is restricted to times that are not so
large that the proper radius of the boundary sphere approaches the length scale
set by the soliton, that is, we need t,sinhy, < le™%+/!. The situation here is

similar to that in [32].

10.5 Discussion

In this paper, we have shown how to construct AdS cosmologies that satisfy
the Einstein equations with a nonzero stress tensor and negative cosmological

constant. Our solutions were built as foliations of lower-dimensional solutions;
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the induced metric on each of these hypersurfaces itself satisfies Einstein’s equa-
tions with a nonzero stress tensor. This construction has the advantage that the
boundary metric of the AIAdS solution is just (conformal to) the induced metric
on each hypersurface. Therefore, this construction offers us significant freedom in
constructing AIAdS spacetimes with a boundary metric of our choosing.

The particular AdS cosmologies that we have constructed take the stress tensor
to be that of a perfect fluid obeying the strong energy condition; for the equation
of state w = 1, the fluid is sourced by a massless noninteracting scalar field.
Moreover, we have focused on the specific case in which the spatial slices of the
FRW cosmologies are negatively curved, as such FRW cosmologies then approach
the Milne patch of Minkowski space at late times. The AdS cosmology constructed
from these slices therefore approaches the Poincaré patch of AdS at late times,
while the AdS soliton cosmology approaches the static AdS soliton.

Such solutions are especially interesting because they allow us to perturba-
tively calculate the behavior of physically relevant quantities at late times. For
instance, we have calculated the late-time perturbation to the ADM mass of the

AdS soliton cosmology, and have found this perturbation to be

SM = —%, (10.59)

where M is the unperturbed mass and €2 is the dimensionless density parameter
of the FRW cosmology, which goes to zero at late times in the solutions we are
interested in. Since M is negative for the soliton this implies that the mass

decreases to the mass of the static AdS soliton. Hence this result is consistent
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with the energy conjecture of [117] that the AdS soliton is the lowest energy
spacetime with the prescribed asymptotic structure. We found the ADM tensions
to be modified in a similar manner to M.

Moreover, our solutions also have immediate applicability to large- NV, strongly
coupled CFTs via the AdS/CFT correspondence. Indeed, our AdS cosmologies
are dual to CFTs living on an FRW cosmology, while the massless, noninteracting
scalar field in the bulk is dual to a scalar operator in the CF'T with zero expectation
value but nonzero source. This atypical behavior can be tied to the fact that our
AdS cosmologies are singular at the Poincaré horizon. This singularity is removed
by “solitonizing”: introducing a compactified direction in the bulk that caps off
the geometry. This cap amounts to putting the CFT in a confined phase.

As a probe of the behavior of the CFT on these FRW spacetimes, we study
the entanglement entropy S of a sphere of constant radius. Using perturbative
techniques to find the leading time dependent correction to the entropy, we find
that the regulated entanglement entropy S, decays as a power law to its equilib-
rium value. The power depends on the equation of state of the fluid. Note that
this decay to equilibrium is starkly different from the behavior of entanglement
entropy after a quench, when the entanglement entropy grows to its equilibrium
(thermal) value. However, note that our solutions at late time approach Poincaré
AdS, which has zero temperature; this is drastically different from the end state of
a quench, which in the bulk is usually modelled by the injection of energy, forming
a black hole of finite temperature.

Several issues and questions are raised by these examples. First, can these

solutions be generalized to include planar black holes in the bulk spacetimes?
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Such solutions could conceivably be used to model the approach of a CFT on an
FRW cosmology to thermal equilibrium with a nonzero temperature 7', much as
here we have modeled the approach to equilibrium at T = 0. Second, for reasons
of tractability our entropy calculations have been perturbative analyses in the
AdS cosmology. It would also be interesting to study the entanglement entropy
of the CFT at all times, in both the AdS cosmologies and especially in the AdS
soliton cosmologies, to see if there is any behavior that was not captured by our
perturbative methods. Such calculations would most likely be numerical, so we

leave them for the future.
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Conclusions and Future

Directions

The AdS/CFET correspondence is the most precisely formulated manifestation of
holography we have to date. In its strongest form, it states that string theory on
an asymptotically (locally) AdS spacetime is equivalent to a conformal field theory
that lives on (a representative of) the conformal boundary of the AdS spacetime.
In the first part of this dissertation, we used AdS/CFT as a tool to probe the
behavior of heat flow in strongly coupled conformal field theories. We considered
a CFT living on a background containing two black holes, which serve as heat
sources and sinks. By numerically constructing the AdS bulk duals to this CFT
state, we were able to compute the thermal conductivity of the CFT. We taking
the CFT into a hydrodynamic regime, we found excellent agreement with the
hydrodynamics approximation obtained from the fluid/gravity correspondence.

Incidentally, the bulk dual geometry consists of a black hole whose horizon is
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stationary but non-Killing; such black holes are unusual objects and worthy of
further study. In particular, the fluid/gravity correspondence implies that there
is a regime in which these horizons are described by hydrodynamics. But it is well
known that stationary fluid flows can be unstable to instabilities, which can either
lead to new stationary-state flows, quasi-stationary flows, or fully developed tur-
bulence. Thus studying the instabilities of these stationary non-Killing horizons
may offer new insights into novel gravitational solutions or instabilities. We leave
these results to future work.

We have also numerically constructed black droplets dual to CFTs on rotating
black hole backgrounds. The CFT state exhibits no Hawking radiation to infinity;
rather, the CFT is “stuck” around the black hole. This is an artefact of the
strong coupling, and we have tentatively interpreted this behavior in terms of
the jamming transition studied in soft condensed matter physics. It would be
interesting to study this phenomenon further; with the success that AdS/CFT
has had in making connections to (hard) condensed matter, it would be quite
remarkable to be able to draw ties to soft condensed matter phenomena as well.

In the second part of this dissertation, we have instead probed the structure
of the duality itself. Our focus was entanglement, particularly the RT and HRT
formulas for entanglement entropy. We showed that there exist bulk geometries in
which the HRT formula as it currently stands is ill-defined, and therefore requires
modifications. We suggested some possible modifications, and explored whether
or not the solutions might be to include complex extremal surfaces. We concluded
that all of our suggested modifications are plausible, but in order to understand

which (if any) is correct, we would need to better understand the origins of HRT.
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We then turned to the question of bulk reconstruction from entanglement en-
tropy: how much of the bulk can be reconstructed from the extremal surfaces that
contribute to the HRT formula? A promising approach to bulk reconstruction is
that of hole-ography, which allows us to reconstruct bulk surfaces from CFT en-
tanglement entropy. However, we proved some general results showing that in 2+1
dimensions (or in higher dimensions with enough symmetry), the regions inside
holographic screens can only be partly reconstructed via a hole-ographic approach.
We interpreted the result in terms of some kind of coarse-graining, which may be
related to additional degrees of freedom living on the holographic screen. It would
be interesting to understand whether this interpretation is correct, and if so, pre-
cisely how the missing information is encoded on the screen. We leave this to

future work.
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Appendix A

Funnels and Droplets

A.1 Flowing Funnels in Fefferman-Graham co-
ordinates

The goal of this appendix is to describe the solutions of section 3.3 in Fefferman-
Graham coordinates associated with the boundary metric (3.6). This boils down
to computing the relevant coordinate transformation between these new coordi-
nates and e.g. the BTZ coordinates t,p,x of (3.3). We will in fact use null
Fefferman-Graham coordinates u, v, z with w = —k e " sinh kr, v = kK~ 'e** sinh kr
so that (using the Fefferman-Graham gauge conditions) the bulk metric takes the
form

72 1
2 Y 2.2 2.9 2 2.2 2 2
ds _22[ (1_—I€QUU+O<I€Z)) dudv—l—@(mz)du +O(I€Z>dv +dZ? .
(A1)

While it is in principle possible to compute this transformation directly, we
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find it simpler to use Poincaré coordinates Up, Vp, Zp on AdSs, for which the AdSs
metric is ds? = (*(—=dUp dVp + dZ%)/Z?%, as an intermediate step. The point here
is that the transformation from (p,t¢,x) to (Up, Vp, Zp) is known explicitly. We
may then change conformal frame and solve for (u, v, z) in terms of (Up, Vp, Zp) as
a power series in z and, due to the relative simplicity of the Poincaré patch metric,
the result is a geometric series that is easily summed and written in closed form.
Combining the two transformations then gives the desired result. In contrast,
summing the series solution to go directly from (p, ¢, x) to (u, v, z) is more difficult.

Let us look for Fefferman-Graham coordinates in which the boundary metric
takes the form (A.1) by making the ansatz that Up, Vp, Zp have a series expansion

in (integer) powers of z and that the leading O(2°) terms in Up, Vp are respectively

((ku)®, ((kv)'®, while the leading term in Zp is £y/vryz (ku) =1 (kv)R=1(1 — K2uv) K2
Then as stated above one finds that the result is a geometric series. Summing the

series yields

Up(u, v, 2) = ((ku) [1 .

(1 — k2uw)[1 — 7.(1 — K*uw)](k2)? X
T e e ey e R

Vp(u, v, 2) = ((rv) {1 -

(1 — K2uw)[1 — yr(1 — K2uv)](kz)?
4k2uv(1 — k2uv) — [1 — v (1 — k2uww)][1 — yr(1 — K2uv)|(k2)

21 2} . (A.2b)
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ZP(u7 v, Z) = g\/ YLYR X
4(/1“)(7L+1)/2</€U>(7R+1)/2<1 — /{271/0)3/252

4r2uv(1 — K2uv) — [1 — 30 (1 — K2uw)][1 — yr(1 — K2uv)](k2)?

(A.2¢)

It is then straightforward to read off the boundary stress tensor [103, 104] to

obtain

c K202 vE —1
T = 2 N A3
127 {4(1 — K2uv)? AT } ’ (A.32)
c Kk2u? v —1
Ty = 2 L A.3b
127" {4(1 — K2uv)? LR } ’ ( )
c K2

Tww = (A.3c)

127 2(1 — K2uw)?’

where as usual ¢ = 3¢/2G. Note that regularity of T, on the future horizon (u = 0)
would require yg = 1, while a vanishing incoming flux at .#~ (u = —o0) would
require 7, = 0. Thus the transformations (A.2) degenerate in the Unruh state, as
they suggest that Vp is independent of (u,v, z).

This subtlety disappears when one instead transforms to BTZ coordinates.
The transformation from (U,,V,,Z,) to (t,p,x) is given for p > p; by equa-
tions (2.9) of [392] and takes a simple form in terms of the null Fefferman-Graham

coordinates U = —le #(=%) V= fe*(t4+2) "and Z given by the implicit relation

p= gm + (A2 +32) (Z/0)2 + A252(Z/0)4, (A.4)

for A = (py — p-)/2¢ and ¥ = (py — p—)/2¢. We mention that the metric in
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(U, V, Z) coordinates is

, [

=7 |77 (14 AS*(Z/0)") dU dV

ds
32 A?
2 2 2 2
+7 (—2le +—2dV >+dZ } (A.5)

The transformation from (Up, Vp, Zp) to (U,V, Z) is then

1— SA(Z/0)?

Up = —(7 ISINGATIL (=U/0)* (A.6a)
_ L —BA((Z/0) 2A
P — HTW (V/g) y (A.Gb)
2VEA Z ) A
Zp = HT(Z/E)Q (=U/0O)=(V/e)=. (A.6¢)

Combining (A.6) with (A.2) and using the identifications A = 27, and ¥ = 2vx
yields the transformation between the BTZ coordinates U, V, Z and (u,v,z). In
particular, the result is well-behaved in the extremal limit A = 0, ¥ = 1/2, where

it becomes

e 11— 2(1 — kK*uw)(K2)? N
Ulu,v,2) =4 [1 4k2uv(1 — K2uv) — /1%1}(/12)2} ’ (A.7a)
V(u,v,z) = kv exp {—(mz)Q X
8(1 — r2uv)? — 2(2 — k2uw)(1 — K?uv)(kz)?
(4(1 — k2uv) — (k2)?)(4r2uv(l — K2uw) — (2 — /QQUU)(RZ)2):|  (ATD)
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o —16(1 — rK2uv)?(kz)?
Zhes) E\/u(l_mzuv)—(m)?)(wuv(l—n?uv)—<2—m2uv><m>2>'
(A.7¢c)

A non-degenerate (but rather implicit) transformation from Fefferman-Graham
coordinates u, v,z to the global coordinates 7, R, 0 of footnote 10 may then be

obtained by combining eqns (A.7) with the transformation

2Rcos0 + (1 + R*)cosT

- A.
U(Ta R7 9) g 2R(COS@ . SiIl 6) _|_ (1 + R2)<COST _|_ Sin 7_)7 ( 8&)
_ 1 2Rsinf+ (1+ R?*)sinT
VinR.0) =tep 2 - 4Rcost +2(1 + R?)cosT
2Rsinf — (1 + R*)cosT
A.
+2R(cos€ —sind) + (1 4+ R?)(cos T + sinT) (A.8b)
Z(1,R,0) = ( 1- R
T, I, = .
V/[2Rcos0 + (1 + R?) cos 7][2R(cos 0 — sinf) + (1 + R2?)(cos T + sin 7)]
(A.8¢)

which relates the BTZ coordinates U, V, Z to global coordinates 7, R, 6. We have
used this procedure to generate figures 3.5 and 3.4. In particular, we were able to
identify the bulk horizons H* in Fefferman-Graham coordinates from (A.7) and
the known horizons in BTZ coordinates. We also identified singular surfaces of
the transformation by examining the Jacobian; these are the plane v = 0 and the

dark surface labeled CS in figure 3.4. The CS surface was numerically mapped to
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the global coordinates by using equations (A.8) and is shown in figure 3.5 as a set
of lines, each of which is a contour of constant uv. Note that the surface defined
by these lines ends abruptly in the middle of the spacetime. This edge corresponds
to the boundary singularity at x?uv = 1. Further examination reveals that the
CS surface contains a set of branch points in the transformation to Fefferman-
Graham coordinates. To make the coordinate transformation one-to-one, we must
introduce an appropriate branch cut. Our choice is indicated in figure 3.4. The
transformation is one-to-one in the region between the cut, the boundary, and the
CS surface. In terms of our global coordinates (figure 3.5), the cut is a surface
that starts near the internal edge of the CS surface, runs to the right above the

CS surface, and terminates at #*.

A.2 Fluid results in the black hole frame

We may transform the hydrodynamic results of section 4.3.2 to the black hole
frame associated with the metric (4.41) by implementing a boundary conformal

transformation and an appropriate change of coordinates. Setting ¢, = 1 the
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result is
A
oo i [Too + 510+ 0T (A.90)
167GOT!, = i 3 &0 —273 — 67'2[AT f(p) +(9(A7"2)] . (A.9b)
4t 97;30AT Yo
167GWT - \/7 0 o) +O(AT?), (A.9c)
3
167GAT?, = - p2y)03G3(p) T3 + 37%AT (h(p) + f(p)) + O(ATQ)] ,
(A.9d)
, i
tor G079, = B T TEAT ) 4 g + 0ta7)],
(A.9e)

where A7 is again defined with respect to d;, T is the local temperature with
respect to proper time in the fluid rest frame, and setting H(p) := (1—p?)G(p)/yo

we have defined

A.3 The horizon-generating null congruence

We wish to study the expansion and the shear tensor associated with the null

geodesic congruence that generates the future bulk horizon. Instead of solving
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the geodesic equation and taking derivatives of deviation vectors, we take advan-
tage of the fact that our system is co-homogeneity 2 to compute these quantities
directly (up to a position-dependent scale factor) from the induced metric h;;
on 2-dimensional surfaces tangent to the Killing fields 0;, 05. We then compute
the affine parameter A\ along these geodesics from the Raychaudhuri equation as
explained below.

Recall that we consider a future event horizon H of an AIAdS, spacetime
with two commuting KVFs 0, and 04. The horizon is 3-dimensional, with a two-
dimensional space of generators. So long as the horizon is not itself Killing, we
see that any two generators are related by the actions of 9, and 0.

Choose one horizon generator with affine parameter A. We can extend A to a
scalar function on H by requiring it to be invariant under 0;, 4. In our case we
can take A\ = A(w) since w is indeed invariant under both KVFs and is a good
coordinate on H.

Let k% be the tangent to our generator associated with affine parameter \.
Note that since 0y, 0, are also tangent to the horizon we have k L 0,,05. We
also choose any ¢ satisfying ¢k, = —1 and ¢ L 0;,05. We then extend £,/ to
vector fields defined across all of H by requiring them to be invariant under 9y, 0.
We then define a ‘deformation tensor’ Bab associated with flow along the horizon
generators by projecting By, = V,k, onto the space orthogonal to k,¢. See e.g.
appendix F of [195].

Let us note that since 0;, 0y commute they are surface-forming, and k is or-
thogonal to this surface. So k is hypersurface orthogonal and the twist w,, = é[ab]

vanishes. Thus Bab = Eba. We will use this symmetry below.
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Deviation vector fields for the horizon-generating null congruence are defined
by the property that, when evaluated on a given horizon generator v, they point
to the same horizon generator +' for all A. Let us consider a deviation vector field

n orthogonal to both k and ¢. Then (see e.g. appendix F of [195]) n satisfies

n°B% = k°V 0. (A.11)

Since translations along &, J, map one geodesic to another, both d; and 9,
are deviation vectors. And both are orthogonal to k,¢. So we may choose n; = 0
for I =t,¢. Here the n; are two spacetime vectors, not the components of a single
vector.

Let us now consider the set of associated inner products

hiy =115 = nigan’. (A.12)

In any coordinate system, ny = 9,2* and ng = 09yx. So in particular in the

coordinate system y,w,t, ¢ we have (since 9; = 9,)

h]J =drJ; (A13)

i.e., this is just the induced metric on the 2-plane generated by 0;, 94 in coordinates
(t, ¢) or, equivalently for this purpose, coordinates (¢, ¢). So it is easy to read off
from our numerics. But note that h;; was defined to be a set of scalars, so
covariant derivatives of hy; are just coordinate derivatives.

The evolution of h;; (with respect to A, or equivalently with respect to w) is
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governed by (A.11). Using (A.11) we compute

d
ﬁhu = kN chiy = kN (nr-ng)

= Bfﬁ?ma + n}lBgnJc

— 2B, = 2By, (A.14)

where in the last step as for (A.13) above we have used By, to denote the £, ¢
components of B,. in the particular coordinate system y,w,t,¢ (or equivalently
the ¢, ¢ components).

The deformation tensor B® is by construction orthogonal to k,¢. Thus we

may write B®*9,8, = B179;0;. Furthermore, from (A.13) we have

B’U = gIaBangb = QIKBKLQLJ = hIKBKLhLL (A-15)

where K, L also range over ¢,t. Thus we may safely use hr; and its inverse h!’
to raise and lower indices I, .J on By;.

Now, the components By, are essentially exponentials of integrated versions
of the expansion and shear. In particular, introducing the projector %, onto the

subspace orthogonal to k, ¢ (i.e., onto the space spanned by 0, 05) we have

0 = Qabéab = hyyB" = 1" By, (A.16)

and

R A 1
015 = Brj — mehu, (A-17)

where D = 4 for AdS,.
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Of course, it remains to actually find the affine parameter A used in the above
definitions. We choose to calculate A from Raychaudhuri’s equation which, in the

present context, may be written

do A
o —BuwB® — Q®Ryepakke. (A.18)

As usual, the symmetries of the Riemann tensor imply that Q% R,pqk°k? =
G® Ryepakk?, which is proportional to R.gkk?. But Ry, o< gap by the equations of
motion, so the final term in (A.18) vanishes. Since B® is orthogonal to both k
and ¢ we may then write

do

ﬁ - —B[J_BIJ. (A].g)

In terms of a general coordinate w along the generators, (A.19) may be rearranged

to yield

L[t d
N = N (W) SRR W gy o (W R ) | = X Z (), (A.20)

where " denotes the coordinate derivative d/dw and the last equality defines Z(w).
This equation is then easily solved for A in terms Z(w), which is relatively straight-

forward to extract from the numerics.
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A.4 Near-Boundary Expansion for the Nonro-
tating Droplet

In this appendix, we list the expansions of the metric functions near the con-
formal boundary = = 1 for the nonrotating (8 = 0) droplet, as well as the form

of the Fefferman-Graham expansion (5.26). For the metric functions, we have

T(z,y)=1+(1-y) (—6(1 —2)?+6(1—2)+ 67—1—j£08y2 (1- x)4>

+t5(y)(1 —2)° + O(1 —z)°, (A.2la)

M) =1+ 9) (=60 -2 40 a2+ T2 1)

+as(y)(1 —z)° +O(1 —2)% (A.21b)

S(x,y) =C(x,y) =1

+ (1 —y) (2(1 —x)? —2(1 —x)3+5(19—+892)(1 —x)4)

14
+55(y)(1 —2)° + O(1 — 2)°%, (A.21c)
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B(z,y) =1+ 1 1-y)6+y) (1—2)'—2(1-2)°)+0(1 —2)°, (A.21d)

7
Flaeg) = —(1 =)0 —2) |1+ (0 —2) + 222 (1 4 001 -2
(A.21e)
G(z,y) =0. (A.21f)

The coefficients t5(y), as(y), and s5(y) cannot be determined uniquely, but must

satisfy the relationships

7(1 = 2y)as(y) — (1 — y)(656y — 960y* — 14ya;(y))

ts(y) = T 2) , (A.22a)
ss(y) = — 1AL = 2y)as(y) + (1= y)Q(f((155_ —2;)6531 +266y°) + 14yas(y)) (A.22D)

For the transformation to Fefferman-Graham coordinates, we have

9
1—a2=7 1—37{1— 4y 52
1_~2 ~ 1 ~2
L3 —9) B +65+ 9y)z4+0(5)6}, (A.23a)
224
_ \3(1 — 27
1— §)4(4 + 197 — 447
_(=9)% J;lgy y)56+(9(2)7}. (A.23D)
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Appendix B

Holographic Entanglement

B.1 Geodesic Approximation for Charged Op-
erators

Here we derive the form of the action (6.25) in the limit of large m, follow-
ing [261]. The Green’s function for the field ¢ with mass and charge m and ¢ should
be a Green’s function of the Klein-Gordon operator H = (—id — qA)*> + m? =

(p — qA)? +m?; we can represent this Green’s function as

(o)

— —iNH
— = NN B.1
H ) © ’ (B-1)

so that using the standard path integral construction, we get

<x y> :/OOOdN/DxDp exp {z/ol [ip — N((p — ¢A)* + m?)] d)\}.

(B.2)

—1

H
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We can interpret N as a field in some appropriate gauge-fixing; we can make
this explicit by introducing the gauge-fixing condition and determinant. Then we

obtain

<g; _ﬁz y> = /DNDJ: Dp A(z) exp {z /01 [ip — N((p — qA)* + m?)] d)\} :
(B.3)

where now N is a field to be integrated over. Now, in the WKB approximation,

we can integrate out the fields NV and p by replacing them in the action with their

on-shell values. Their equations of motion are

(p—qA)?* +m?* =0, (B.4a)
&t —2N(p—qA) =0, (B.4b)
so their on-shell values are
p= mx.Q + g4, (B.5a)
—1
N —& B.5b
=5 (B.5b)

The correlator then becomes

<x y> :/Dx(---)exp{—/ol [m\/ﬁ—iqm} d)\}, (B.6)

where (---) represents functional determinants that we can neglect at leading

—1
H

order in the WKB approximation. Approximating the path integral over z using
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the saddle point method, we get

y> ~ e~mlzal (B.7)
where x is a solution to the equations of motion that come from the action
I[z] = / {\/ﬁ— ﬁA:t} d>. (B.8)
m

This last expression is precisely (6.25) used in the text. Note that it differs from

the action used in [227] by a crucial factor of 7 in the second term.

B.2 Evaluation of the Elliptic Integrals

Our notation in this appendix follows [393]. The expressions for At and I in

terms of elliptic integrals are

At =

2209 1 { Ay
062\/@2 - Q2 \/A21 (

1—w0 U)Q—l' ’UJQ—].
0= w)(ws — Dws — 1) H An w’”‘) ‘H( A ‘m)}
Ay Ao Ay
+(1 —w_)A Ay [H <A21 ’¢’m> —H (A_m

Aoy { (A2+ ’ ) (AH
+ m{—vm| -1 —/m
(’U,}+ - 1)A+_A2+ Agl ¢ Agl
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1= A R ) - Pl

h(w-) Ay Ay
_w_A2_A+_ |:H <A_21 m) —1II <A—21,¢’m>:|
a5 ) - (Gl | i (&)
+w+A2+A+_ i Ay " i A?l’wm +w2w+w—H A21m

+ 2ih(0) I 22 ; arctan —Aﬂ
VA woww_ AV wy — wyv

m) +Icta (ng)

where
tany = %, (B.10a)
1
Ags
== B.10b
"= ( )
A = w; —wjy, (B.10c¢)
14
hw) = ————= [1+w—a’w’ — Qu(& + Q(1 —w))]. (B.10e)

a?y/a? = Q?

These expressions have branch points wherever m = 1 or oo, corresponding to
points where w; = wy or wy = ws.

In the scaling limit (6.45) with § = 1, the above expressions reduce to

2At 8- 34 p*3 [K(m) — Il(n|m)]

5 T (8 . 32/3¢im/3q — \/gefiw/3b2/3) \/16 . 31/66—5im/6 ¢ ph1/3 1 267m/6b’
(B.11)
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[—¢ 46* [K(m) — I(n|m)]
o 31/4 (8 . 32/3¢im/34 — \/§e—”/3b2/3) \/16 . 31/6p=5in/6 o h1/3 1 Qe—in /6]

2 2
—2\/;arctanh\/;} , (B.12)

where

b=1+1/1+512v3a3, (B.13a)

_ V3(8 - 3Y5a + 1?/%)

N B.13b
m 8. 32/3¢—in/3¢q 4+ \/geiw/3b2/3’ ( )
. 91/6 ,—in/6 im/6,2/3
n = 83 ? ate , b ) (B.13c¢)
8. 32/3p—in/3q \/§ez7r/3b2/3
Next, consider the indefinite version of the integral (6.12),
? dw

. = ) B.14
=5 | S e (B

We are interested in the logarithmic divergence that comes from w = 1 for small
€ = 2 — a®. We can extract it by noting that (B.14) can be written in terms of

Elliptic integrals as

a —w)(w—w )\ (w, — 1)Y?
gy (U )
(wy +1)

wi (wy — 1)

[w_+wi (w_+1)]

Y LACARE

where

R 1\ V2 Cw
tang) = | oF R s i s (B.16)
1—w 1
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For small €, the dominant contribution to the integral comes from w = 1, so
we can drop the first term in (B.15) and let ¢ = 7/2 for all w, > 1. Then
the incomplete Elliptic integrals reduce to complete ones, i.e. F(7w/2|z) = K(z),

E(r/2|x) = E(z), II(z;7/2]y) = (x|y). Using the asymptotics for small z

a /2

E (;) = 'Lm + O(ZI/Q), (B]_?)
a 21/2 16a 3
S - /2

K (z) =iy log( . ) + O(=z77), (B.18)

we arrive at (6.14).

B.3 Shell Stress Tensors

We now compute the stress tensors on the null shells of section 7.2. Fol-
lowing [302], we embed each shell in each associated patch of the spacetime via
parametric relation z® = X®(y*), where the y* are a set of d coordinates on the
shell and the x® are the spacetime coordinates of the patch in which the shell is to
be embedded. We take d — 1 of the y® to be the transverse coordinates x* associ-
ated with the R%~! translation symmetry and the remaining coordinate to be some
parameter 7 along the null direction. The parameter 7 is arbitrary and need not
be affine; indeed, for a non-trivial null shell the affine parameter is discontinuous

across the shell and one cannot take n to be affine on both sides.
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We also introduce tangent vectors

ox* . axe
Oxt”’ K on’

e

& (B.20)
and an auxiliary null vector N* which satisfies N,k* = —1. Note that both k“
and N are orthogonal to the transverse tangent vectors es'.

The relevant results from [302] are as follows. The induced metric on a shell
is

Oij = Jop (X7) e?ef, (B.21)

which for regularity is required to be the same when calculated from either side

of a given shell. The transverse extrinsic curvature of a shell is
Cup = —Na65V5e,f‘, (B.22)

which need not be the same on the two sides. The difference in transverse curva-
ture across the shell gives the shell stress tensor. It is convenient to decompose

this tensor into a surface energy density p, energy current j¢, and pressure p:

| R _

. _

Jj' = 87rGN0] (C;j? — Ojn) : (B.23b)
1 _

P= %G (=G (B.23¢c)

where the +(—) superscripts imply that the quantity is calculated on the side of

the shell into (away from) which k% points, and G is the full (d 4+ 1)-dimensional
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Newton’s constant.

Since our shells lie on horizons r = r, the induced metric on each shell is just

dsdhen = 3 dTg_y. (B.24)

To construct the single-shell spacetime of figure 7.2 with the edges &£ of Zyg at

advanced time v; = vy, we use the embeddings

1
r="ry, Ur="mn4, V= R—HgA (kma) , (B.25)

where k,, = |f! (r,)|/2 are the surface gravities of each horizon, 1,4 is a parameter
along the generators of the shell, and as stated in the main text ga(x) is an
arbitrary continuous and monotonically increasing function with range (—oo, 00)

and domain (vg, c0). The density, current, and pressure of shell A are then

d—1 KRIr1 :|
= - 11, B.26a
A TG NT LIQIA(HJ un ( )
i =0, (B.26b)
= 14 gy (ki) — AL (B.26¢)
pa 871G ga\KI17MA PACEDND . .

To instead construct the doubly-patched spacetime shown in the lower panel
of figure 7.4, we leave patches Ib and II and shell A untouched (that is, patch Ib
is just the corresponding piece of the original patch I with ¢, = ¢;), and we take
patch Ia to be the exterior of a Schwarzschild-AdS black hole with horizon size r

and AdS radius ¢7,. The three patches we stitch together are shown in figure B.1,
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Figure B.1: Conformal diagrams from which we cut our (shaded) regions Ia, Ib,
and IIL

and their metrics are as in (7.3) with

r? r1\4
fm(r):E 1—(7) , (B.27a)
B r? ri\¢
fIb(T)——g—%b (7) —1), (B.27h)

fur(r) = —% (1 - (%)d) . (B.27¢)

In terms of the Eddington-Finkelstein coordinates (7.5), the embeddings of

shell B in patches Ia and Ib are

1
r=rg, Urq = —H In (—I{](IT/B) y Urp = /f_[b 9B (KJIaT/B) ) (B28)

where as for shell A, gg(x) is an arbitrary continuous and monotonically increasing
function that maps (—o0, c0) — (—00, 00). Note that with this embedding, np is

an affine parameter along the shell with respect to the metric of patch Ia. The
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density, current, and pressure of shell B are then

d—1 Krb
_ g | B.29
a 87TGN’I"+ |:I€I G RIa ng("iIanB):| ( a)
- Kla |:gg(/‘€la773> N g/ (RI 77B):| ) (BQgC)
87G N | 9p(K1anB) phe
Note that pp vanishes only if gi(x) = const. or ga(z) = —In(x + o), neither of

which is compatible with the continuity and monotonicity of gp. So as claimed
in footnote 5, shell B cannot be pressureless, and this spacetime is not a limiting
case of AdS-Vaidya.

Nevertheless, the null energy condition can be satisfied for an appropriate

choice of parameters. Indeed, for any d > 2, let

Krat+ =1, kpry =1, gp(zr) = arcsinh(x). (B.30)
Then we find that
d A("ilaﬁB)
= —— P(kp, 1—-——), B.31
MB +PB RTGaTs (K1amB) ( d ( )
where
1
Plz)=z+V1+22 and A(z)=1+ 22 (B.32)
x

satisfy P(x) > 0 and A(z) < 2 everywhere. It then follows that up + pp > 0 for
all d > 2.
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B.4 Regulated Wormbholes

This appendix considers simple models of the regulated wormholes mentioned
in sections 7.3 and 7.4 in which inflation ends on a finite surface, after which the
wormbhole collapses to a singularity. The simplification made here is that sections
7.3 and 7.4 required this singularity to be everywhere of Kasner or of big crunch
type (see footnote 7), but the examples below will violate this condition at the
regulated analogues of the edges £ of .Z3s. The point is that it is convenient to
retain symmetry of patch II under the Killing field & of section 7.2. But since
the orbits of & approach £, this means that surfaces of constant scale factor will
also approach £ in the regulated spacetimes. The singularity of our regulated
spacetimes thus fails to be either Kasner-like or of big crunch type at &£.

Retaining symmetry along & takes the above singularity to lie at a proper
time 7 along the worldline of any freely falling observer chosen to start at 7 =0
from the point labeled C on the past boundary of figure B.2. In the limit 7 — oo,
we recover the original AdS-dS-wormbhole.

Such regulated wormholes can be constructed as in Section 7.2 above by re-

placing the metric in patch II with
ds* = —dp® + R*(p)dt* + X*(p)di?_,, (B.33)

where p € [0, 7) is the proper time along worldlines of freely falling observers with
constant ¢, z°. Near p = 0, we impose that X =r_ +--- and R = Kky;p+ -
where - - - represent terms that vanish as p — 0. Then to good approximation p =

0 remains a horizon with surface gravity k;;, and in particular the regulated
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& Regulated g E

Figure B.2: A regulated AdS-dS-wormhole with a finite amount of inflation
followed by collapse to a singularity. The dotted line labeled ap.x indicates
the surface on which the effective scale factor (B.35) in patch II reaches a
maximum; this slice serves as an accumulation surface for wormhole-spanning
extremal surfaces. In the cut-and-paste geometry, the proper distance between
any point in patch II and either of the boundary points £ is infinite; this
is an artefact of the cut-and-paste construction, and will no longer be true
for appropriately smoothed out null shells. Such smoothed cases lead to the
existence of finite-area HHRT surfaces such as the one labeled = (solid line,
blue in color version).
spacetime (B.33) can be patched into the wormhole using the same null shells
(with precisely the same stress tensor) as in section 7.2. In these coordinates, the

patch IT metric (7.3) of the original unregulated spacetime corresponds to

_ T+ dp o/d (AP _ 2/d (AP
R(p) = / tanh (%) cosh (%) . X(p) =r4cosh 5 ) - (B.34)

It is straightforward to identify extremal surfaces for which ¢ and d — 2 of
the Z;_1 are constant. These are the analogue in region II of surfaces found by
Hartman and Maldacena [229] to be attractors for more generic extremal surfaces
in the two-sided planar AdS-Schwarzschild black hole in the limit where both
boundaries of the extremal surface are anchored to very late times on the two

AdS boundaries. The area of our highly symmetric surfaces is governed in region
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IT by the effective scale factor

ac(p) = R(p) X" (p), (B.35)

and extremal such surfaces lie at extrema of aeg(p). In parallel with [229], in the
fully-regulated case we expect one of these extrema to be a late-time attractor
with the actual wormhole-spanning extremal surface staying very close to one of
these surfaces across most of region II, as shown in figure B.2. The maximin argu-
ment of section 7.3 suggests that the desired extremal surfaces in fact accumulate
along the global maximum of deg(p) = amax. In fact, note that our cut-and-paste
construction renders the area of the attractor surface a., infinite, since any point
in patch II is an infinite distance from either of the boundary points marked £.
As a result, the wormhole-spanning extremal surfaces in this geometry still have
infinite area. However, it is clear that this is simply an artefact of our patching
procedure, which causes £ to violate the conditions of footnote 7. By smoothing
out the null shells, the distance to any £ from patch II becomes finite, and thus so
does the area of the a,.. These smoothed-out regulated AdS-dS-wormholes thus
have HHRT surfaces with finite areas that grow without bound as we increase
Apmax-

We now construct explicit examples of the above (unsmoothed) regulated
wormholes and verify the above conjecture concerning wormhole-spanning ex-

tremal surfaces. To do so we couple gravity to a scalar field ¢, so that the action
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18

1
167Gy

/ de/—g R — / d'zy/—g (% 9V OV 6 + V((b)) . (B.36)

We set ¢ = ¢(p) and take the metric to be (B.33), in which the coordinate p plays
the role of a proper time. The equations of motion obtained from the action (B.36)

can be rearranged into

2X'R {l)Z _ 8GN <<¢/)2 + 2V(¢)) =0, (B.37a)

—2
xr T2 (X d—1
X" X'R  8rGy

N2 _
X xg Ta-1 @) =0 (B.37b)
R" X'R X\° 871Gy, o
EHd_?’)XR_(d_Q)(Y) tao @ =0 (B.37¢)
Vi RI X/ / / _
¢ + (—R +(d— DY) ¢ +V'(¢) = 0. (B.37d)

Note that (B.37a) is a constraint equation, while the other three are dynamical.
As usual, the constraint is conserved by the dynamical equations, so that there
are only three independent equations that must be solved.

Solutions to (B.37) will be characterized by some p at which X, R, and ¢
become singular; without loss of generality we take this time to be p = 0. Then

one can show that for polynomial V(¢), the solutions near such singular points
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behave like

X(p)=r"

oo nN
XOO + Z Z Xn,mPQn (lIl P/Po)m] y (B38a)

n=1 m=0

oo nN
R(p)=p""" [Roo+ D D Rump™ (In p/m)’"] , (B.38b)
n=1 m=0
oo nN
P(p) = doo + do11n p/po + Z Z Gnmp™™ (In p/po)™ (B.38c)
n=1 m=0

where pg is some arbitrary scale, the integer N is the highest power of ¢ appear-
ing in V(¢), and r, Xog, Roo, P00, and ¢g; are free parameters subject to the
constraint 87G yp3, = 6r(1 — 2r).

The near-horizon behavior requires r = 0 (and therefore ¢o; = 0) as well
as Xog = r. and Rgy = ky;. The condition ¢g; = 0 can be interpreted as the
statement that the energy density of the scalar field must be finite at the horizon,
or else backreaction would destroy the near-horizon geometry. Furthermore, r = 0
implies that ¢/(0) = 0, so that the scalar field starts at rest at the horizon and
evolves according to the form of V(¢).

By choosing V' (¢) = const. > 0 and ¢’(0) = 0, we obtain the unregulated solu-
tion (B.34). In order to obtain a regulated solution that crunches in finite proper
time, we require a potential V(¢) with extrema at both V(¢) > 0 and V(¢) < 0.
We therefore consider a potential of the form shown in figure B.3; explicitly, we

take
vwwzﬂ[%rf%<£)2+g(2)4—4(£JG+3<£>1, (B.39)
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where h is an overall scale that sets the height of the potential and ¢, is a reference
scale. This potential has local maxima at the origin and some ¢, and local minima
at some ¢; and ¢3. In particular, it satisfies V(0) > 0, V(¢1) > 0, V(¢2) > 0,
but V(¢3) < 0.

To construct a solution, the scalar field is released at some initial value ¢ at
which V(¢g) > 0. If ¢¢ is smaller than some critical value ¢, the scalar field
rolls past the extrema ¢; and ¢y and into the AdS extremum ¢3, where V(¢3) < 0.
This produces a negative effective cosmological constant, causing the solution to
become singular in finite p. As ¢ is increased closer to ¢, the scalar field spends
more and more time near the maximum ¢, yielding a spacetime with a longer and
longer expanding region before the singularity. Eventually, when ¢y = ¢, the
initial conditions are tuned such that the scalar field remains at ¢, indefinitely,
yielding a version of the unregulated AdS-dS-wormhole!. Thus the regulator
can be made arbitrarily large by taking ¢ arbitrarily close to ¢t .

Finally we consider wormhole-spanning extremal surfaces in smoothed, regu-
lated wormholes that satisfy the conditions of footnote 7 everywhere. Note that
any wormhole-spanning surface = must pass through patch II, entering and leaving
this patch through the de Sitter horizon p = 0. For our unsmoothed cut-and-paste
geometries, = will cross the de Sitter horizon in the far future in order to run along
the entire (infinite) length of the accumulation surface aya,. Smoothing out the
null shells to obtain a finite-area = will keep these anchors at a finite place. The
exact point of crossing is determined by balancing the tendency to maximize the

area in patch I (which tends to flatten = in this region) with the tendency to run

YFor ¢eris < ¢o < ¢2, the scalar field comes to rest at ¢1, again producing an unregulated
AdS-dS-wormhole.
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V(o)

o s
(Zs(:rit Qsll Q;Z gb

Figure B.3: A sketch of the potential we consider. At the horizon, the scalar
field is at rest at some ¢¢ and is then allowed to roll down the potential.
If ¢9 < Perit, the scalar field falls into the minimum at ¢3; if ¢g = Gerit, the
scalar field stops at ¢o, and if @it < Pg < ¢a, the scalar field falls into the
minimum at ¢;.
along the ay.. surface in patch II. So as the anchors on .#,4qs move to the far
future, so does the intersection of = with the dS horizon. It is thus sufficient to
study codimension-2 extremal surfaces anchored at p = 0 in the limit where these
anchors are taken to the far future. Sample such surfaces are plotted numeri-

cally? in figure B.4 for d = 4 in comparison with surfaces on which a.g(p) (defined

in (B.35)) attains its maximum. We find ¢ = 0.21 ¢,

B.5 Correlators in dS;

We now show how the geodesic approximation in dS3 reproduces the large-mass
behavior of the Wightman function of a free massive scalar field in the Hadamard

de Sitter-invariant (Bunch-Davies) vacuum. As is well known (see e.g. [394, 395]

2These solutions were found by integrating the equations of motion (B.37) us-
ing Mathematica’s built-in NDSolve command, which is more than sufficient for generating
the desired figures.
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Figure B.4: The regulated asymptotically dS patch for d = 4 and
various values of ¢g; from left to right, top to bottom, the fig-
ures have (¢eit — ¢0)/¢« = 1071, 1072, 1073, 1075 corresponding
to V8wGn hr &~ 2.5, 3.2, 3.9, 5.5. The dotted lines mark the maxima amax
of aer, while the solid curves (blue in color version) show extremal surfaces that
enter through the horizon. The solid horizontal lines are singularities, which
the extremal surfaces are prevented from reaching. For ¢g = ¢eit, 7 = 0
and apax merges with the singularity to create future dS infinity Z3g. The
extremal surfaces then cease to exist in the Lorentzian section.

for d = 1,3), for dS44; this two-point function is

H¥t  T(=e)l(c+d) d+1 1+Z
G(m’x) (47T>(d+1)/2 F((d+1)/2) 2 1 ( C7C+d7 2 b 2 ) Y ( 0)
where
d ?  m?
c=-3 + T (B.41)

H is the Hubble constant, m is the mass of ¢, and Z is the de Sitter invariant

given by the inner product of unit vectors associated with the standard embedding
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of dS44+1 into d + 2 Minkowski space. In the coordinates of (7.12) we have

(e—Ht _ e—Ht’)z . HQ(:E— f/)2

Z(x,x') =1+ ST (B.42)

We wish to study (B.40) for d = 2 and m/H > 1. Using the identities [311]

4

[14+2)I'(1—2) = (B.43a)

sin(7z)’

3
o F (a, 2 —a; 5; —22) =

4(a — 1);/@ {( V1422 + 2)2((11) - (\/1 + 22 — z) 2(a1)} , (B.43b)

for d = 2 we find

1 : 7 7
H 1 — sin(2v arccos(L/2)), L <2,

Glto, Titg, @) = - = V (B.44)

™ Lsin(mv) 521/4 —sinh(2varccosh(L/2)), L > 2,

]

where v = \/1—m?/H? and L = He'™|# — #|. For large m/H we have v &~
im/H and thus

e—ﬂ'm/H 6(2m/H) arccos(L/2) _ 6—(2m/H) arccos(i/2)7 z < 27

Glto, T5t0, ) ~ T3y

2im/H)arccosh(L/2) _ ,—(2ém/H)arccosh(L/ 2, L> 2,

(B.45)

el

where the ~ indicates that we have dropped polynomial corrections to exponen-

tials in m; i.e., we have kept terms that in a saddle point approximation can come
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from a sum over saddles. The remaining terms may well come from fluctuations
around these saddles, though we will not consider this in detail. Note that since
the factor 1 — >/ lies in the denominator of (B.45), it in fact leads to an
infinite number of terms exponential in m.

We now make explicit that spacelike geodesics can reproduce the exponential

terms in (B.45). For d = 2, expressions (7.18) and (7.19) simplify to

L = 2¢ 1AL fe2HAL _ 1 (B.46a)

2
Af = T [ﬂ: arctan \/e2HAt — 1 4 mr} , (B.46b)

n

where now L = 2HeH% L. The + sign and the integer n that appear in AF
represent the analytic continuation to all sheets of the square root and inverse

tangent, respectively. Writing A in the form

L1 (2n + 1)7 F 2 arccos (E/2) ., L<2,
AT =

i= (B.47)

(2n + 1) F 2i arccosh (E/z) . L>2,

one may interpret each term as the length of a distinct (possibly complex) geodesic.
Comparing with the exact expression (B.45) shows that

Glto, T to, T) ~ Y cre ™4 (B.48)

n
2nt1>—1

for appropriate order-1 phases ¢ (which in the saddle-point approximation are
higher order effects determined by fluctuations around each saddle). Since the sum

is over precisely those n and signs + with 2n +1 > —1, we conclude that these
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are the saddles that contribute to the desired path integral. It is interesting that
this represents a sum over both all sheets in the Riemann surface for L(At) and
an infinite number of sheets in the Riemann surface for A(L), though sufficiently
“negative” sheets are not included. We note that d = 2 is a special case where
A(L) (understood as a map from the Riemann surface for L(At) to the Riemann
surface for A(At)) is multi-valued; in higher dimensions we expect that as in [78]

one can take A(L) to be single valued, since the Riemann surface for L(At) has

an infinite number of sheets for d > 2.

B.6 Integration in Terms of Elliptic Integrals

In this appendix, we give the expressions for At and A,., for codimension-2
extremal surfaces in Schwarzschild-AdSs (d = 4). First, note that the integrals

for At and A,e, take the form

2
Ar=? / p¢ dp, (B.49a)
T Jy (p* = 1)/ — p? + &2

Aen = ET’%% lim

P’ 1
d,O N
e—0 e /p6 _ 102 + 52 €

(B.49b)

where p = R/ry,, € = El/r}, and 8 = 70 /1. It will be convenient to convert to

a new variable w = 1/p? in terms of which these become

_ﬁ w&
C ), (- w1 w? + 2P

1 1
Aven = 0r2Va lim ( = / dw S (B.50b)
e—0 \ 2 e w2\/1 — w2+ E23 €2

At

dw, (B.50a)
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with the contours v and v, modified accordingly.

We now use wi(€),ws(E),ws(E) to label the three roots of the cubic h(w) =
1 —w?+ E2w? as follows. For real extremal surfaces, we take w; to be the turning
point. We then extend this this definition by continuity to the region near the
principal contour in the complex £ plane. We similarly specify wq (&) by requiring
that it diverge at & = 0 (as some root must since h(w) becomes a quadratic
at £ = 0) and that it be continuous in the same region. The remaining root is ws.
Defined in this way, wy (&), we(E), ws3(E) are single-valued functions which can be
used directly in all expressions below whether evaluated on the principal contour,
contour B, or contour C'.

We also define a function

i w€
Iz, 22) = /21 (1 —w?)V1 —w? + E2uw3 dw

(B.51)

By tracking the behavior of the contour 7 as one moves in the complex &-
plane, it is possible to show that At near the principal (real) contour and near

contours B and C can be written?®

Atprincipal = g I(O, UJ1>, (B52&)
AtB = g ([(O, wg) -+ I(wl, wg)) s (B52b)
Atc = § (I(O, w1> - 2](11)1, w3) - 2](11)2, w3)) . (B52C)

The integral I(zy, z3) can be expressed in terms of standard elliptic integrals; one

30ne does need to be careful in order to avoid having the contour  cross the poles at w = +1;
luckily, these add a constant contribution of +i5 or £0, so we find it convenient to allow 7y to
cross the poles, and then compensate by subtracting off the corresponding residue.
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obtains
1
00) = e {20 (F(0lm) = K ()
wy + 1 ) wy + 1
S D R e O]
1) [H( wy — 1 ;@/J‘m) T ( wp 1 m)” (B.53)
Wy — W1 Wy — W1
where
1) = arctan W2~ wl, m = W2~ w3. (B.54)
w1 Wy — W1

I(0,w9) and I(0,ws) are obtained from I(0,w;) by the exchanges w; < ws
and wy <> we, and I(w;, w;) = 1(0,w;) — 1(0, w;).

For the area, we proceed similarly. We define

F2) 1
J(z1,29) = dw. B.55
(21,2) /Z1 w21 — w? + E2w3 ( )

The renormalized area on the above sheets is then

. 1
Aren,principal - gT}QJ/Z 11_1;% (J<€27 wl) - 6_2) y (B56&)

. 1
Aren,B - ET%L‘/Q 11_136 (J<627 w?) - 6_2 + J(U)l, w2>> 5 (B56b)

€2

1
Arenc = Er,%VQlir% (J(EQ, wy) — = — 2J(wy, ws) — 2J (we, UJ3)) . (B.56¢)
e—
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Again evaluating J in terms of elliptic integrals, we obtain

(w2 —w1) (E(m) — E(y|m))

+wy (K(m) — F(gm))] + O(e*), (B.57)

where 1) and m are as before. Then J(€?,w,) and J (€2, w3) are obtained from J (€%, w;)
by the exchanges w; ¢ wy and wy > ws, and J(w;, w;) = lime,o(J (%, w;) —

J(e2,w;)).

B.7 Proofs

In this Appendix, we prove the theorems stated in the main text and provide

some more technical details.

B.7.1 Theorem 1

Theorem 1. Let R be a region such that 6({ Ng}) has a definite sign everywhere
in R, and let X be an extremal surface. Then any connected portion of X in R can
turn around at most once, and has no inflection points if M is (2+1)-dimensional.
In particular, if H is a regular splitting future holographic screen, any connected

portion of X in Int(H) can turn around at most once.

Proof. First, let us index the leaves of the foliation { N} by a parameter s which
runs to the future along the foliation, i.e. N, is nowhere to the past of Ny if and

only if s > &', which we will also denote by Ny > N,.
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Now, we prove the theorem by contradiction. Let 0({Ns}) < 0 everywhere in
R; the opposite case proceeds analogously. Let Xz be a connected component of X
in R, and suppose X has a pivot point at p € R. Let Ny, be the leaf containing
p. By Lemma 2, p cannot be an inflection point if M is (2+1)-dimensional.

Now suppose p is a turning point. Suppose also that X has another turning
point ¢ € R; i.e. Xp is tangent to another leaf Nyy), and it must be tangent to
it either from the past or from the future. By Lemma 1, Xz must be tangent
to Ny from the future. This immediately requires Xg to have another turning
point r such that Ny > Nuax(s(p),s(q))» and X g must be tangent to Ny, from the
past at 7, as shown in Figure 9.7. But if r € R, then by construction §(Nyy) < 0,
and Xp cannot be tangent to N, from the past. Therefore r ¢ R, and Xp ,@_ R,
in contradiction with the definition of Xg.

To prove the last statement of the theorem, we simply note that by construc-

tion, ({NN,}) has the same sign everywhere in Int(H). O

B.7.2 H-deformability

Definition 6. H-deformability. Let {X,} be a family of boundary-anchored ex-
tremal surfaces such that every surface in {X,} can be continuously deformed via
other surfaces in { X,,} to some initial surface X, that lies entirely in Ext(H ). Then
every surface in {X,} is said to be H-deformable, and {X,} is an H-deformable

family.
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B.7.3 Theorem 2

Theorem 2. Let H be a regular splitting future holographic screen in a (2+1)-

dimensional asymptotically locally AdS spacetime M. Then no H-deformable
boundary-anchored extremal surface can have a pivot point in the interior of any
future achronal screen of H. Moreover, if H is itself achronal, no such extremal
surfaces can have a pivot point in Int(H).
Proof. By contradiction. Let H be an achronal screen of H, and let X; be an H-
deformable extremal surface. Suppose X; has at least one pivot point py in Int(H),
and let N be the leaf containing p;. Consider a deformation parametrized by «
along an H-deformable family {X,} to a surface X, € Ext(H). Note that X,
exists by definition of H-deformability.

Next, let X,, be the last surface in the deformation which is tangent to a leaf
N,,, at some point p,, € Int(H) U H (it may be the case that X,, = X;). Because
the expansion is negative on all leaves in H, by Lemma 2, in a sufficiently small
neighborhood O,,, of p,,, X, N O, C JT(N,,); thus p,, is a turning point. If
pm € Int(H), then evolving backward along the deformation from X to X, there
exists some € > 0 such that the surface X,,_. must also be tangent to a leaf
in Int(H) (since Int(H) is open). But this contradicts the definition of X,,. So
pm & Int(H), and thus p,, € H. Then there are two cases: (1) X, is tangent to H
at P, or (2) X,, is not tangent to H at Pm- We consider the two cases separately.

Case 1: If X, is tangent to H at Pm, then X, is also tangent to the intersec-

tion H N N,,, which is a leaflet 6,,,. This immediately implies that X, is also tan-

gent to L,,, the member of the {L,} foliation whose intersection with N,,, defines
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Gpm. By Lemma 2, O, NX,, C J"(L,,). We also have that O,,, N X,, C J*(N,,),
and thus since L,, and N,, are boundaries of the future of 6,,,, O,,, N X,,, C J(G,).
Because H is by assumption achronal, J*(5,,) has no intersection with Ext(H),
implying that it is foliated by Ny leaves with negative expansion. Therefore
It(6,,) N X, can never be tangent to Ny or Ly, since if it were, it would be tan-
gent to them from the past (see the proof of Theorem 1), in violation of Lemma 1.
Thus X, C J(6,,). But because trapped and marginally-trapped surfaces al-
ways lie to the future of the future event horizon 09I~ (0M), J(6,,) N OM = @.
This would imply that X,, cannot be boundary-anchored, in contradiction with
its definition.

Case 2: Suppose X,, is not tangent to H at the pivot point p,,. Then X,, is
not tangent to L,, at p,,. Since X, intersects L,, at p,, and is not tangent to it at
Pm, there exists a small neighborhood of p,, on which X, intersects both I*(L,,)
and [~ (L,,). This immediately implies that there is a small open subset of X,,
which lies in J*(,,). By assumption, 0X C 9M, and so 90X N J*(G,,) = .
Therefore, there must exist some point ¢ € Int(H) at which X is tangent from the
past to either a null hypersurface L € {Ls} or a leaf N (for if there were not, X
would need to have a boundary in J*(6,,)). But in Int(H), the expansion of all of
the L, and the N, leaves are negative, so an extremal surface can only be tangent
to them from the future. We have therefore arrived at a contradiction.

This proves the first portion of the theorem. To prove the last statement,
consider an achronal regular future holographic screen H. Each of its leaflets may
be deformed an arbitrarily small amount forward along the leaves N, to produce

an achronal screen H C Int(H) arbitrarily close to H. Then the proof above
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implies that no H-deformable extremal surface can have a pivot point in Int(H).
But in the limit that H is taken to be arbitrarily close to H, Int(H) coincides
with Int(H), and thus we conclude that no H-deformable extremal surface can

have a pivot point in Int(H) as well. O

B.7.4 Theorem 3

Theorem 3. Let M be an asymptotically locally AdS spacetime, and let H
be a regular splitting future holographic screen constructed from a reducible foli-
ation {NV,}. Assume further that that there exists a foliation of the future of H
with Ly congruences. Let X be a boundary-anchored, codimension-two spacelike

extremal surface such that:
1. X is reducible to (2+1) dimensions;
2. 0X is connected; and
3. X intersects Ext(H) only on regions with 6({Ns}) > 0.

Assume further that there exists an H-deformation of X that obeys the above

conditions as well. Then X cannot have a pivot point in Int(H).

Proof. The first part of the proof is identical to that of Theorem 2: we consider
an H-deformable family of extremal surfaces, except that the members of this
family are required to have connected 0.X. We then consider the last deformation
surface X, tangent to a leaf IV,, at a point p,,, and by the same reasoning as above
we conclude that p,, € H. Again, we are faced with two cases: either (1) X, is

tangent to H at p,,, or (2) it is not.
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To Ext(H) To Ext(H)

Figure B.5: (a): the behavior of the midway surface X, (solid blue) when it

is tangent to N,,, and H (solid green) at a point p,, on H. Note here that

the surface caps off smoothly in the suppressed spatial directions at p; in this

sketch, this is shown as the surface ending there. (b): after a small perturbation

through the H-deformable family, the turning point p,, moves out to p,,_.

This requires the surface to develop a new turning point ¢, as shown. But ¢ is

not allowed to exist. (Note that here we show H as timelike in a neighborhood

of pp, but this behavior remains unchanged for other signatures).

Case 1: As before, if X,, is tangent to H at p,,, then X,, is also tangent
to a leaflet 0,,, and therefore to L,,. By Lemma 2, O, NX,, C J"(L,). But
the expansion of the portion of N,, to the future of L,, is negative: §(N,, N
Jt (L)) < 0, even if 0(N,,)|,, = 0. Thus although X, is tangent to N, at a
point where §(N,,) = 0, with motion away from p along X,, is into the region of
O({Ns}); see Figure B.5(a). Then by the same reasoning that led to Lemma 2, it
must also bend into J*(N,,), and therefore O, , N X, C J*(om).

If X,, N J*(0,,) has no intersection with H, then we obtain a contradiction
as we did for Theorem 2. If X,,, N J*(0,,) does have an intersection with H, X,
must exit Int(H) through that intersection. But now consider a slight deformation

to X,,_. along the H-deformable family. Then the pivot point p,, must deform

to a new pivot point p,,—. € O,,, of X,,_. which lies in Ext(H) (since by assump-
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tion X,, was the last extremal surface in this family with a turning point in or
on H). Because Int(H) is open, we can always find a sufficiently small deformation
from X,, to X,,_. such that X,,_. must still enter Int(H) before exiting, as shown
in Figure B.5(b). This implies that there must exist another pivot point ¢ € O,
where X,,,_. is tangent to a leaf IV, from the future. Now, this pivot point cannot
lie in Ext(H ), since there 6(V,) > 0. But this point also cannot lie in Int(H)U H,
since by assumption X, was the last surface with a pivot point in Int(H) U H.
We therefore have a contradiction.

Case 2: Next, suppose X,, is not tangent to H at p,,. Then as in the
proof of Theorem 2, there is a small open subset O, N X} of X,, which lies
in I*(L,,). Likewise, there is a small open subset O, N X, of X,, which lies
in I~ (L,,). By the arguments made in Case 1, we have that O, NX} C J"(0,,),
and O, NX, C J (0p). Thus O, NX}t and O,, A NX, can meet only on o, C
N,,. In particular, o, divides X, into two pieces X and X .

Near p,,, X, lies to the past of V,,. Therefore, if it were to be tangent to any
other leaf Ny, it would have to be tangent from the future. This is not allowed
in Ext(H), since there only turning points from the past are allowed, nor is it
allowed in Int(H) (by assumption). Therefore X~ must reach the boundary.

Similarly, near p,,, X, lies to the future of L,,. By assumption, the {L}
foliate J*(H), so X, can only have a turning point with respect to {Ls} outside
of J*(H). But the fact that near p,, X also lies to the future of N,, implies
that X* can only leave J*(H) if it turns around with respect to {/Ns} on some
leaf Ny > N, (and if it does, it will be tangent to N, from the past). But then it

can have no further turning points with respect to {Ns}: if it did, these would be
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from the future. Such turning points cannot occur in Ext(H) by Lemma 2 and
are not allowed in Int(H) by the assumption that X,, is the last surface to have
a turning point in Int(H) U H. Thus X} must also reach the boundary.

But if each of X and X reach the boundary, and they join only at o,,,
then 0X must consist of (at least) two disconnected pieces, in contradiction with

the assumption that it be connected. O
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