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Abstract

Solutions to general relativity with negative cosmological constant are ubiquitous in
contemporary physics. They have received a surge of attention due to the Anti-de
Sitter /conformal field theory correspondence — a conjecture which asserts that quantum
gravity on asymptotically Anti-de Sitter spacetimes is equivalent to a quantum field
theory with conformal invariance in one dimension lower. In this thesis, we discuss the
causal structure and energy of solutions to Einstein gravity with negative cosmological
constant in three and four spacetime dimensions. We show that projection diagrams
can be used to visualize the causal structure of BTZ black holes and so-called warped
flat spacetimes. The latter correspond to solutions to topologically massive gravity
with positive cosmological constant in (2 4+ 1) dimensions. It is shown that warped flat
spacetimes do not describe black hole solutions. Next, we discuss the energy of solutions
to Einstein gravity with negative cosmological constant. To this day, the question of
boundedness of energy from below for general relativity with negative cosmological
constant remains wide open. For time-symmetric initial data sets, this is the question of
whether the energy of asymptotically locally hyperbolic spaces is bounded from below.
We show that three-dimensional asymptotically locally hyperbolic spaces with constant
negative scalar curvature, arbitrary high genus, and negative total mass exist and explain
how this result relates to positive energy theorems in general relativity.
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Kurzfassung

Losungen der Allgemeinen Relativitatstheorie mit negativer kosmologischer Konstante
sind in der zeitgendssischen Physik allgegenwértig. Sie haben aufgrund der vermuteten
Anti-de-Sitter /konformen Feldtheorie Korrespondenz viel Aufmerksamkeit erhalten. Diese
Hypothese besagt, dass Quantengravitation auf asymptotisch Anti-de-Sitter-Raumzeiten
dquivalent zu einer Quantenfeldtheorie mit konformer Invarianz in einer Dimension
niedriger ist. In dieser Arbeit untersuchen wir die kausale Struktur und Energie von
Losungen der Allgemeinen Relativitdtstheorie mit negativer kosmologischer Konstante in
drei und vier Raumzeitdimensionen. Wir zeigen, wie Projektionsdiagramme verwendet
werden kénnen, um die kausale Struktur von BTZ-Schwarzen Loéchern und sogenannten
verzerrt flachen Raumzeiten zu visualisieren. Letztere entsprechen Losungen topologisch
massiver Gravitation mit positiver kosmologischer Konstante in (2 4+ 1) Dimensionen. Es
wird gezeigt, dass verzerrt flache Raumzeiten keine Schwarzen Locher sind. Als néchs-
tes untersuchen wir die Energie von Losungen der Einstein-Gravitation mit negativer
kosmologischer Konstante. Bis heute ist die Frage, ob die Energie in der Allgemeinen
Relativitatstheorie mit negativer kosmologischer Konstante von unten beschrénkt ist,
unbeantwortet. Fir zeit-symmetrischen Anfangsdaten ist dies die Frage, ob die Energie
von asymptotisch lokal hyperbolischen Rdumen von unten begrenzt ist. Wir zeigen, dass
dreidimensionale asymptotisch lokal hyperbolische Rd&ume mit konstanter negativer ska-
larer Kriimmung, beliebig hohem Genus und negativer Masse existieren und erkléren den
Zusammenhang mit Positiven Energietheoremen in der Allgemeinen Relativititstheorie.
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0. Conventions

In this thesis we use the metric signature (—1,...,1,1). The Riemann tensor tensor is
defined as
V.Vyw, = V,V,uw, = Rw,p"wg (0.1)

and the Ricci tensor is defined as

R;w _ RMPVp’ (0.2)
which is in accordance with the sign conventions used by Wald [6] and Misner, Thorne,
Wheeler [7]. Greek letters (u,v,0,...) are used as spacetime indices and run from 1 to
d = n+ 1, small Latin letters (a,b,c,...,7,7,k, ...) are used for spatial indices and run
from 1,...n. An exception occurs when we discuss the embedding of AdS3 into R?? in
section 3.2. Big Latin letters from the beginning of the alphabet (A, B, C,...) are used
as spatial indices for the boundary metric, denoted by either h, hj or ;L, and run from
1,...n — 1. Big latin letters from the middle of the alphabet (I, .J,...) run from 1,..n — 2.

Symmetrization and anti-symmetrization of tensors is defined such that already sym-
metric and antisymmetric tensors stay unchanged:

1

t(uu) = §(t/uj + tl/,u) 5 (03)
1

) = 5 (b =t (0.4)

We choose units in which Newton’s constant GG, the AdS radius ¢, the speed of light c,
Planck’s constant & and Boltzmann’s constant kg are all set to 1. We restore Newton’s
constant G and the AdS radius ¢ only in subsection 3.6.

d=mn+1 spacetime dimension

n spatial dimension
n—1 dimension of the boundary manifold
\% spacetime covariant derivative
D covariant derivative of the spatial metric
7 covariant derivative of the boundary metric

15
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1. Introduction

On May 12th, 2022 the Event Horizon Telescope announced the first image of the
supermassive black hole at the center of our galaxy. In the Saggitarius A* constellation,
a bright ring of gas surrounds the black hole, bent by extremely strong gravitational
forces. A black shadow sits in the center of the glowing ring. This shadow contains the
so-called event horizon, where gravitational forces are so intense that not even light can
escape the gravitational pull anymore.

Figure 1.1.: First Image of Saggitarius A* — Credit: Event Horizon Telescope Collaboration

For decades scientists have observed stars orbiting an invisible, gigantic object of 4 million
solar masses in the very center of the Milky Way. Observations started in 1918 when
Harlow Shapley noticed stars congregating towards the middle of our galaxy and later
powerful radio emissions were detected coming from the Saggitarius A* constellation.
Following tremendous experimental efforts and results, the 2020 Nobel Prize in Physics
was granted for the discovery of black holes. One half was awarded to Roger Penrose
“for the discovery that black hole formation is a robust prediction of the general theory of
relativity”, while the other half was awarded to Reinhard Genzel and Andrea Ghez “for
the discovery of a supermassive compact object at the centre of our galazy” [8]. Over 100
years after the theoretical discovery of the first black hole solution in general relativity
by Karl Schwarzschild, we may say with utmost conviction that black holes do exist in
nature.

17
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1. Introduction

These experimental results come mere years after the LIGO and VIRGO collaboration
recorded gravitational waves sent out by the merger of two black holes in September
2015. This observation not only provided the first direct detection of gravitational waves,
but also showed that binary stellar black hole systems — pairs of black holes formed
by the gravitational collapse of massive stars — exist. Subsequently, the 2017 Nobel
Prize in Physics was awarded for the discovery of gravitational waves — over a century
after their theoretical prediction. General relativity has surpassed all our expectations,
it has passed every experimental check, the images of black holes and the detection of
gravitational waves being only the latest results in a very long list.

While the classical theory of general relativity has celebrated many successes in recent
years, the problem of combining general relativity with quantum mechanics into a theory
of quantum gravity is unsolved, as experimental guidance towards a solution is currently
out of reach. Not knowing which features the theory of quantum gravity, which describes
our universe, exhibits, one is forced to appeal to purely theoretical guidelines such as
consistency with the semiclassical approximation and internal mathematical consistency.
A guiding principle, in the search for such theories, is the existence of properties that are
preserved in the quantum theory. Amongst these properties are (often) conservation laws
and associated conserved quantities. A quantity, which will be of particular importance
in the fourth chapter of this thesis, is the energy of the gravitational field. In general
relativity, unlike in other field theories, there does not exist a meaningful local energy
expression of the gravitational field as the effects of gravity can always be suppressed
locally due to the equivalence principle. The energy-momentum tensor 7}, appearing on
the right side of the Einstein equations’

R, — %gWR + Agu = 81T, , (1.1)
describes the energy densities arising from non-gravitational fields (“matter”) only. The
condition that the energy-momentum tensor 7}, be conserved does not suffice to define
an associated conserved quantity as a vector is needed to do so. Technically speaking,
such a vector is given by j#* = TH £V, where &# is a timelike Killing vector of spacetime.
The total energy can then be defined as an integral over a spacelike Cauchy surface X

£- [ #n 02
by

where n,, is the unit normal to ¥. However, a generic spacetime does not admit any
Killing vectors and thus the energy has to be defined in a different way. From a physics
perspective, this might be unsurprising, as 7}, only represents the energy content of
matter and one would expect the gravitational energy to make a contribution as well.
The resolution to this problem lies in the study of isolated systems — systems far away
from the influence of gravitational sources. In the case of vanishing cosmological constant,

'The Einstein equations intimately tie the curvature of spacetime, encoded in the Ricci tensor R, and
the Ricci scalar R, to the energy-momentum tensor 7},,. The geometry of spacetime is encoded in
the metric gu., the fundamental field of general relativity, and A is a fundamental constant of nature,
called the cosmological constant.

18
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this is the study of asymptotically flat spacetimes — spacetimes which approach the
Minkowski metric at large distances. When the cosmological constant is negative one
considers asymptotically Anti-de Sitter (AdS) spacetimes — spacetimes which approach
AdS spacetime, the maximally symmetric geometry for negative cosmological constant,
at large distances.

While the cosmological constant of our universe is very small and positive, asymptoti-
cally AdS spacetimes are ubiquitous in nowadays theoretical high-energy physics. They
have received a surge of attention due to the so-called Anti-de Sitter/conformal field
theory (AdS/CFT) correspondence, which asserts that quantum gravity on d—dimensional
asymptotically AdS spacetimes is equivalent to a (d — 1)—dimensional quantum field
theory with conformal invariance. The AdS/CFT correspondence was formulated by
Juan Maldacena in 1997 [9] who conjectured a duality between a type IIB superstring
theory on AdSs; x S; and an N = 4 supersymmetric Yang-Mills theory. The idea that
quantum gravity has an effective description in terms of a lower-dimensional quantum
field theory without gravity is actually due to 't Hooft [10]. This idea was subsequently
named the holographic principle by Leonard Susskind who also suggested a realization
might be possible in string theory [11].

In the last two decades, the ideas by 't Hooft, Susskind and Maldacena have been
applied to various different setups, e.g. for different values of the cosmological constant,
different spacetime dimensions and even different theories of gravity. One reason why
scientists are so excited about the AdS/CFT correspondence is that it is a strong-
weak duality, meaning that it maps a strongly coupled theory of general relativity to a
weakly coupled non-gravitational quantum field theory (and vice versa). Therefore, the
correspondence can be used to infer information about regimes otherwise inaccessible.

In the field of AdS/CFT, a particular focus has been the theoretical study of black
holes, as for these objects both classical as well as quantum effects play a role. In the early
seventies, Bardeen, Bekenstein, Carter and Hawking showed that black holes are thermal
objects and obey laws which share close similarities to the laws of thermodynamics. Using
quantum field theory on curved backgrounds, Hawking showed in 1975 that quantum
mechanical black holes emit elementary particles with the spectrum of a black body at

temperature
K

= % s
where k is the surface gravity. Black holes are objects of non-zero Bekenstein—Hawking
entropy

(1.3)

A
Z )
which is proportional to the event horizon area A of the black hole. The unusual fact
that entropy is proportional to the area of the horizon and not to its volume, inspired
the formulation of the holographic principle.

It is puzzling from a thermodynamic perspective, that quantum black holes have a large
entropy, as their classical description involves only a few parameters. This is encompassed
in the no hair theorem which states that classical black holes are fully characterized
by three parameters: mass, electric charge and angular momentum. Therefore, if one

Spy = (1.4)
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1. Introduction

interprets the expression (1.4) as a thermodynamic entropy, the question arises what
the huge number of microstates associated with the black hole entropy are and whether
the entropy of a black hole can be obtained by calculating the number of microstates.
Strominger and Vafa [12] made progress in this direction by supplying a microscopic
derivation for certain black holes in string theory. Shortly after, this computation was
generalized by Strominger [13] to black holes in three-dimensional Einstein gravity with
negative cosmological constant and subsequently many papers along these lines followed,
amongst them being [14-19]. Almost all these papers rest on the assumption that energy
in the gravitational theory is bounded from below, as this assumption is needed in the
putative dual field theory to explicitly calculate the number of microstates.

In the semiclassical regime and for negative cosmological constant, this becomes the
question of whether energy in general relativity for negatively curved spacetimes is
bounded from below. As we will see in this thesis, this question remains wide open to
this day. Indeed, in many situations of interest, it is not clear whether a lower bound
exists and if there exists a unique geometry that saturates this bound.

Positivity of energy of the gravitational field is of course of enormous interest in its own
right — independently from any holographic correspondence. It has played a key role in
many investigations in mathematical general relativity, amongst them being the stability
of solutions of the Einstein equations and the classification of black hole solutions in
general relativity. To the long list of potential applications of positive energy theorems
in general relativity, we would thus like to add that they can be used to provide proofs
or falsifications of assumptions commonly made in the AdS/CFT literature regarding
the spectrum of asymptotically Anti-de Sitter spacetimes. One famous example of this
is the Horowitz—Myers conjecture [20], which asserts that the energy of asymptotically
locally Anti-de Sitter spacetimes with toroidal conformal infinity, is bounded from below,
with the unique lower bound provided by the Horowitz—Myers metric. This conjecture
was formed by considering a potential non-supersymmetric AdS/CFT correspondence
and showing that the ground state energy in the conformal field theory matched the
energy of the Horowitz—Myers metric. The conjecture can thus be regarded as “a highly
nontrivial prediction of the AdS/CFT correspondence” [20]. Over the years, it has now
become a topic of active research in the mathematical general relativity community. If
proven to be true, the conjecture would provide strong evidence in favor of the AdS/CFT
correspondence.

1.1. Outline

This thesis discusses the causal structure and energy of solutions to Einstein gravity
with negative cosmological constant. Implications on the AdS/CFT correspondence are
examined when applicable.

In chapter 2, we review methods to analyze the causal and asymptotic structure
of spacetime which are then applied in chapters 3 and 4. The method of conformal
completion is discussed in section 2.1, where we also discuss the behavior of selected
geometric quantities under conformal transformations. In section 2.2, we introduce a class

20
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1.1. Outline

of two-dimensional causal diagrams, so-called projection diagrams and compare them
to Carter-Penrose diagrams. A short review of the initial data formulation of general
relativity is given in section 2.3 which serves as background material for chapter 4.

In chapter 3, the peculiarities of general relativity in (2 + 1) spacetime dimensions with
a negative cosmological constant are discussed. After a brief review of general features,
we introduce asymptotically AdSs spacetimes in section 3.3. The seminal paper by Brown
and Henneaux [21], who studied the asymptotic symmetry group of such spacetimes, is
reviewed and vacuum solutions of the Einstein equations which asymptote to the AdSs
metric at large distances are discussed. The standard interpretation of these results with
regard to the AdS3/CFTy correspondence is given. An important vacuum solution to
three-dimensional Einstein gravity, the so-called BTZ black hole, is discussed in detail
in section 3.4. Particular attention is given to the maximal causal extension of the
BTZ black hole and its visualization using projection diagrams. Next, a modification of
three-dimensional Einstein gravity, topologically massive gravity (TMG), is reviewed in
section 3.5. Selected vacuum solutions to TMG are discussed with a focus on so-called
warped flat spacetimes and quotients thereof, which are the subject of my publication [1]
(co-authored with Stéphane Detournay, Wout Merbis and Gim Seng Ng). Contrary to
claims in [22], we show that these spacetimes do not possess a black hole region and
visualize their causal properties with projection diagrams. The chapter ends with section
3.6, where it is reviewed how asymptotic symmetries are used in Strominger’s work [13]
to perform a microstate counting of three-dimensional BTZ black holes. We focus on the
underlying assumptions of this derivation and the necessary conditions on the spectrum
of asymptotically AdS3 spacetimes.

In chapter 4, the contents of my work [2] (co-authored with Piotr Chruéciel and
Erwann Delay) and their connection to positive energy theorems in general relativity
with negative cosmological constant are discussed. We start by introducing two classes
of metrics in section 4.1 that are of importance in this context: the Birmingham-Kottler
and the Horowitz—Myers spacetimes. Positive mass theorems in general relativity with
negative cosmological constant are reviewed in section 4.2. Particular attention is given
to the Horowitz—Myers conjecture and its relation to the AdS/CFT correspondence.
Sections 4.3 to 4.8 are taken from [2] with only minimal modifications. After giving
an introduction and summary of the main results in section 4.3, we review the gluing
construction of [23] in section 4.4 by which two asymptotically locally hyperbolic (ALH)
manifolds (or time-symmetric general relativistic initial data sets), may be glued together
to obtain a new ALH manifold. The definition of energy used in this context is introduced
in section 4.6. There, it is also shown how the energy changes upon gluing two ALH
manifolds. In section 4.7, we show that there exist three-dimensional conformally compact
ALH manifolds without interior boundary, with connected conformal infinity of genus
two, with constant negative scalar curvature and with negative mass. We comment on
how this construction generalizes to arbitrarily high genus.
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2. Preliminaries

In this chapter, we discuss different methods to analyze the causal and asymptotic
structure of spacetime that will be used throughout this thesis. Section 2.1 deals with
conformal transformations and how they may be used to perform a conformal completion
of spacetime. The consequences of the Einstein equations on the nature of the conformal
boundary are discussed. Section 2.2 introduces a class of two-dimensional causal diagrams,
so-called projection diagrams [24], which can be used to visualize the causal structure
of spacetime. After motivating their introduction, projection diagrams are contrasted
with the famous Carter-Penrose diagrams. We end by discussing projection diagrams of
Minkowski spacetime. In section 2.3 we briefly introduce the initial data formulation of
general relativity and the concept of Killing Initial Data.

2.1. Conformal Completion

In this section we follow closely [6] and [25] in the presentation of conformal transforma-
tions and conformal completion.

2.1.1. Conformal Transformations

Let M be a d-dimensional Lorentzian manifold with metric g,,. If  is a smooth, strictly
positive function, then the metric

Guw = g (2.1)

is said to result from a conformal transformation.

Now, if some vector v* is timelike, null or spacelike with respect to the metric g,
then it must satisfy the same property with respect to g,,. Conversely, if the light cones
of two metrics g,,, gu, coincide at a point p in M, then at p the metric g, must be
related to g, as gy = Q2gu,. Therefore, if two spacetimes (M, g,), (M, g,) have
the same causal structure, then there exists a conformal transformation relating g,
to gu [6, appendix D]. In general, a conformal transformation is not associated with
a diffeomorphism, but changes the geometry of spacetime in a way that preserves the
causal structure. A diffeomorphism ¢ : M — M for which (¢*g),, = Q%g,, is called a
conformal isometry. To exemplify how conformal transformations change the geometry,
consider geodesics. While under conformal transformations timelike (spacelike) paths
are mapped into timelike (spacelike) paths, timelike (spacelike) geodesics are typically
mapped into paths that are not geodesics.

In this thesis, the transformation behavior of distinguished geometric quantities un-
der conformal transformations will be of importance — which is discussed next. The
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2. Preliminaries

transformation behavior of the Riemann tensor, Ricci tensor and the Ricci scalar under
conformal transformations reads [6]

R, =R, + 25”[MVZ,}VP log 2 —297"9,, V)V, log Q + 2<V[H log Q) 6UV]VP log 2

—2(V},log 2)g,1,67"V, log Q — 29,(,0%9™ (Vyylog Q) (Vulog @), (2.2)

Ry, = Ry — (d—2)V,V,logQ — g,,g"V ,Vslog Q + (d — 2)(V, 1log Q)(V, log Q)
— (d = 2)gug” (V, log ©)(Vs log Q) (2.3)

and
R=Q2%R-2(d—1)g""V,V,logQ— (d—2)(d—1)g" (V,log Q)(V,logQ)). (2.4)

Next, we consider the Weyl tensor C),, s, defined for manifolds with spacetime dimension
d > 3 through the decomposition

P P
Ryups = Cpvpo + 7 (%[pRo]u - gv[pRo]u) B EN DS (2.5)

The Weyl tensor is invariant under conformal transformations

Cup’ =Cup”- (2.6)

For spacetime dimension d > 4 the vanishing of the Weyl tensor is a necessary and
sufficient condition for the manifold to be conformally flat, meaning that locally there
exists a conformal factor such that (2.1) with g = 1. In spacetime dimension three
the Weyl tensor identically vanishes but there exists an obstruction to local conformal
flatness: the Cotton tensor. This tensor was discovered by Emile Cotton in 1899 and is
defined as

C,uup =V,Ru —V,Ryp + (VLR Gup — VpR g,ul/) : (2.7)

1
2(d— 1)

Similar to the Weyl tensor in higher dimensions, in spacetime dimension d = 3 the Cotton
tensor is conformally invariant and vanishes iff the manifold is conformally flat. In d = 3,
applying the Hodge star operator to (2.7) yields

1 o
CMV = VP (RMU - 4R9M0> e’ v = CV#? (2'8)

which is sometimes referred to as Cotton-York tensor or also Cotton tensor. In the
following we refer to (2.8) as Cotton tensor.
2.1.2. Conformal Completion

After having discussed conformal transformations in the previous section, we now discuss
conformal completion of a physical spacetime (M, g, ). In this method, the manifold
M with metric g,, is embedded into a bigger manifold M which has a boundary. The
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2.1. Conformal Completion

manifold M is referred to as the unphysical spacetime. The boundary of M is typically
referred to as ., which is also the nomenclature that we use throughout this thesis. The
boundary .# is often also referred to as conformal infinity. The unphysical spacetime
M is required to admit a smooth metric Juv- It is possible to relax smoothness of the
unphysical metric at .# but this is not necessary for the purpose of this thesis. In the
interior of spacetime the physical metric g, is related to the unphysical metric g, by
a conformal transformation, i.e. (2.1), where Q vanishes at .# and is strictly positive
everywhere else. While the unphysical metric g, is regular on the entire manifold M,
the physical metric g, diverges as .# is approached. This is simply the mathematical
description of the fact that .# is infinitely far away. Additionally, it is demanded that

the normal vector
nt =gV, 0 (2.9)

vanishes nowhere on .#, which fixes the rate at which the function € goes to zero at 7.
The transformation behavior of the Ricci scalar under conformal transformations (2.4)
can be expressed using the normal vector (2.9) yielding

R=0Q72R—-2(d—1)Q'V,a" +d(d—1)Q *n,n". (2.10)
Since the conformal factor 2 vanishes at .# it holds that
R = —d(d—1)ntn,, (2.11)

where “=" denotes equality in the limit as .# is approached. It follows from (2.11) that
R has a smooth limit to ., if a conformal completion exists as defined above. We now
consider spacetimes for which Einstein equations hold

1
R, — §Rg,w +Agu = KT (2.12)

Now, if the trace of the energy-momentum tensor vanishes at ., i.e. T,,g"” =0, then

oA 2

nt'n, = —(d—l)(d—2)A‘ (2.13)
Hence, the existence of a conformal completion restricts the nature of the conformal
boundary at infinity: In particular, if the Ricci scalar vanishes in the limit as .7 is
approached, then the boundary must be null. Similarly, if the Ricci scalar approaches a
positive (negative) constant, then the boundary must be spacelike (timelike).

Having introduced all the concepts necessary, let us fix the terminology for the rest of
this thesis. We say that a metric g on a manifold without boundary M has a conformal
completion (M,g) if M is a manifold with boundary such that M = M U dM, and if
there exists a function © > 0 on M which vanishes precisely on M, with d2 nowhere
vanishing on M, and with ¢ = Q72§ on M. This definition generalizes to manifolds M
with boundary, in which case M will be the union of the original boundaries of M,
where () is strictly positive, and the new ones where () vanishes; the new ones are referred
to as boundaries at conformal infinity. We say that (M, g) is conformally compactifiable
when M is compact.

25



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

2. Preliminaries

2.2. Projection Diagrams

In this section, we introduce a class of two-dimensional diagrams which were defined in [24]
and contrast them with the well-known Carter-Penrose diagrams. We follow closely [24]
and [26]. Conformal Carter-Penrose diagrams are a useful tool to visualize the geometry
of two-dimensional Lorentzian spacetimes. They have been successfully used to visualize
the geometry of slices of many higher-dimensional spacetimes such as Schwarzschild. To
obtain a Carter-Penrose diagram, the first step is to conformally complete the physical
spacetime, as described in subsection 2.1.2. In the case of two-dimensional Lorentzian
spacetimes this suffices to draw a Carter-Penrose diagram, which is a spacetime diagram
where the horizontal axis is space and the vertical axis is time. Light rays move at an
angle of 45 degrees.

In the case of higher-dimensional spacetimes, one must find a two-dimensional slice,
which provides useful information about the higher-dimensional spacetime. For the
Schwarzschild black hole

ds? = —(1 - QmC)dtz +

d 2
. %mc + 7 (d92 + sin? 9dg02> (2.14)

1
the diagram found in literature is obtained by holding € and ¢ fixed. All causal curves
(timelike or null) in the original spacetime are depicted as causal curves in the diagram.
Many spacelike curves are displayed as causal curves. Importantly, all spacelike curves
that appear spacelike in the diagram, are spacelike in spacetime. These properties ensure
that causal relations in the diagram properly represent causal relations in spacetime.
This is achieved by effectively omitting a strictly positive term in the metric (by taking a
slice). The case of the Kerr black hole is more complicated. Consider the Kerr metric in
Boyer-Lindquist coordinates

A, — a®sin?(0) 2asin?(0) (r? + a® — A,)

S S S P
sin?(0) ( (r? + a2)2 —a?sin?(9)A, 7
- ( ) dp® + ~—dr® +%d0*,  (2.15)
) Ay
where
Y =72+ a’cos?6 , A, =1* 4 a* — 2mer (2.16)

for some real parameters a and m., which satisfy 0 < |a| < m.. Now, the Kerr metric is
not diagonal due to the presence of the dtdy term. This term vanishes at § = 0 and 6 = 7.
Since the metric (2.15) posesses a coordinate singularity at these values of § we change
coordinates before making any further statements. Under the change of coordinates
x = sinf cos g, y = sin fsin ¢ the metric (2.15) takes the form

A, — a?(z2 2 A, — (a2 2 2
ds? = — a (;U +ty )dt2+2a(a2—m(ﬂfdyydx)dt+2dr2
p p r
6mer + 3p° dz 4 ydy)*
+az%(xdy—yd@2+p2 <dx2+dy2+w> (2.17)
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2.2. Projection Diagrams

with p? = r2 + a?(1 — 22 — y?). This new coordinate system is singular at 2 +y? =1 (a
locus which does not correspond to § = 0, § = ). As we already know that the metric
is smooth there, this is of no concern to the current considerations. At x = y = 0 the
cross-terms vanish and the metric (2.15) again takes the diagonal form

— %dtQ + @

P A,
such that its causal structure can be depicted with a Carter-Penrose diagram. Generic
constant 6, constant ¢ slices do not provide a meaningful representation of the causal
structure. The reason for this is that for a generic constant 6, constant ¢ slice, the
property that all spacelike curves in the original spacetime are mapped to spacelike
curves in the causal diagram will not hold. This is the case due to the presence of the
off-diagonal dtdy term. Hence, the causal diagram that one obtains for the maximally
extended Kerr spacetime is highly slice-dependent, a fact which is discussed in detail
in [24, subsection 3.3.1].

Apart from the possible slice-dependence that comes with Carter-Penrose diagrams,
there are further issues when considering different spacetimes.

ds® = (2.18)

1. Conformal Carter-Penrose diagrams rely on the existence of a conformal compact-
ification of spacetime. Generically, for spacetime dimensions d > 2 it may not
exist.

2. As already discussed above, for many geometries, generic slices do not provide
a meaningful representation of the causal structure. In the extreme case, it is
impossible to find a slice that meaningfully represents the causal structure of the
higher-dimensional spacetime — a statement that should become more clear from
what is written below.

We now provide an example for the second point in spacetime dimension three. For this,
we consider the metric
2

9 9 dr

ds® = —F(r)dt” + )

with a discrete identification along J, and where N¥(r) is nonzero. This metric is

considered in detail in section 3.4. We assume that the functions F'(r) and N¥(r) decay

sufficiently fast and in such a way that a conformal completion exists. In taking a constant

o slice, the term r2(2N¥(r)dtdyp + dp?) is discarded. This has the undesirable property

that some causal curves in the original spacetime are mapped to spacelike curves in the

diagram. Therefore, a constant ¢ slice does not properly represent the causal structure of

(2.19). Instead of taking a slice we discard the 72(N¥(r)dt + dp)? term, thereby obtaining
the metric

+ r2(N?(r)dt + dp)? (2.19)

dr?
F(r)’
which shares causal properties with the original spacetime. This procedure of “discarding
a slice” can be formalized, as we will see below. We do not discuss the details of the
causal structure of (2.19) here but instead postpone the discussion to section 3.4.

Ywdatde” = —F(r)dt* + (2.20)
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2. Preliminaries

The reader is now hopefully convinced that in many situations of interest it is useful,
sometimes even necessary, to introduce novel causal diagrams to visualize the causal
structure of spacetime. Such diagrams, named projection diagrams, were defined in [24].
Constructions similar to projection diagrams appeared already earlier in literature, but a
formal definition and a detailed justification of the construction was — as far as I know of
— only given in [24].

Definition 2.1. Projection diagram
Let (M, g) be a smooth spacetime. A projection diagram is a pair (w,U), where

7MW, W c RY

s a continuous map, differentiable on an open dense set. U C M is an open set, assumed
to be nonempty, on which m is a smooth submersion, such that

1. every smooth timelike curve o C w(U) is the projection of a smooth timelike curve
win (U,g): 0 =7mow;

2. the image 7o w of every smooth timelike curve w C U is a timelike curve in RY1,

The two requirements on timelike curves ensure that causal relations on 7w(U) reflect —
as accurately as possible — causal relations on U. By continuity, it follows that images of
causal curves in U are causal in 7(U). Many spacelike curves in the original spacetime
are mapped to either null or timelike curves in the diagram.

The map 7 in the definition of the projection diagram is used to systematically construct
an auxiliary two-dimensional metric out of spacetime. One then performs a conformal
completion, which is always possible in two dimensions, and draws a diagram of the
two-dimensional auxiliary metric. This auxiliary metric shares important causal features
with the original metric due to the requirements on 7.

We discuss a simple example below, but before that let us give some comments on the
definition. While it is assumed for simplicity that (M, g), 7|y and the causal curves in
the definition are smooth, this is unnecessary for most purposes.

It is demanded in the definition 2.1 that 7 is a submersion which means that m, is
surjective at every point. This guarantees that open sets are mapped to open sets. This
ensures that projection diagrams with the same set U are locally unique up to a local
conformal isometry of RY!. In the definition, it is assumed that the map 7 maps U to a
subset of RU! but this can be modified. In some applications it might be more natural
to consider different two-dimensional manifolds as the target space; an example of such a
spacetime is already given in [24] and requires only minimal modification of the definition.
For additional explanations with regards to the definition consult [24, section 3.1].

Importantly, the axioms of the definition ensure that if there exists a black hole region
in the diagram, there exists a black hole region in the original spacetime. Indeed, if
the diagram has a black hole region B, then B =W — J~(.#+(W)) is nonempty. Here,
J~(F 1) denotes the causal past of £, future null infinity. This implies, that all curves
leaving the black hole region B and hitting .# (W) at late times are spacelike. We now
define a new set B for which it holds that B = m(B). Assume that there exist causal
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2.2. Projection Diagrams

curves, moving forward in time, that leave B and that go to future null infinity; then
this must also be the case in B = m(B) via the axioms of the projection diagram. This
immediately leads to a contradiction. Therefore, if a black hole region exists in the
diagram, a black hole region must exist in the original spacetime.

Note that the standard definition of a black hole region, as given above, needs a
well-defined notion of .# T, which is standardly defined through conformal completion.
It would be interesting to define a notion of .#* through the uplift of the conformal
boundary in the projection diagram. We hope to return to this in the future.

As announced above, we end this section with a simple example: four-dimensional
Minkowski space RY3.

We first consider Minkowski spacetime in spherical coordinates

ds* = —dt* + dr® + r? (dl92 + sin? 9d<p2) . (2.21)

Consider 7 : (t,7,0,9) — (t,r) which maps spacetime to the right half of R\ with
auxiliary metric ~y
Ywdatde’ = —dt* + dr? . (2.22)

The map is not differentiable at » = 0 and thus r = 0 is not a part of
U:={(t,x) e R" |x| #0} e R, (2.23)

Hence, the diagram fails to represent the nature of spacetime at r = 0 — the locus r =0
looks like a boundary even though it is not. The usual conformal compactification of
(2.22) subsequently leads to diagram (a) in Figure 2.1, which coincides with the standard
Carter-Penrose diagram of Minkowski spacetime.

A different projection diagram of Minkoswi space is obtained by writing R3 = Rb! xR?
and omitting the R? part. We have

ds® = —dt* + da® + dy* + d2*. (2.24)
The map 7 : (¢t,7,y,2) — (t,7) maps the spacetime to RY! with metric
Ywdrtdz” = —dt* + da? . (2.25)

We thus obtain the diagram (b) in Figure 2.1. This diagram has the problem that it fails
to represent the connectedness of .# 7 and the connectedness of .# .

These examples show that there is no uniqueness in projection diagrams. It is possible
to project in different ways to obtain different projection diagrams. These projection
diagrams in turn might carry different information about the causal structure. While
the example of Minkowski spacetime exemplifies the definition, it does not yet show the
advantage of projection diagrams as the causal diagrams (a) and (b) in Figure 2.1 may
also be obtained from conformal compactification of R:3 and subsequently taking slices.
The usefulness of projection diagrams becomes clear in subsection 3.4.4, where we discuss
the causal structure of particular metrics of the form (2.19). Their causal structure
cannot be meaningfully depicted by taking a slice. Many more projection diagrams are
discussed in the paper [24], to which the interested reader is referred to at this point.
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2. Preliminaries

g+ It
Il
-
-
(a) (b)

Figure 2.1.: Projection diagrams of Minkowski spacetime. Figure (a) fails to properly depict the nature
of spacetime near the set x = 0. Figure (b) fails to properly represent the connectedness of
#7T and the connectedness of .# .

2.3. Initial Value Formulation of General Relativity

General relativity asserts that the effects of the gravitational field may be described by a
spacetime (M, g), where M is an (n+1)-dimensional manifold and g is a Lorentzian metric
fulfilling Einstein’s equations. To obtain an initial value formulation of general relativity,
the theory must be viewed as describing the time evolution of some quantity. In classical
theories, other than general relativity, we are usually given a fixed spacetime background
and consider the time evolution of physical quantities on this fixed background. In general
relativity, on the contrary, we want to solve for spacetime itself, making the nature of
the initial value formulation less apparent.
We start by reviewing the following theorem [6, theorem 8.3.14]

Theorem 2.2. Let (M,g) be a globally hyperbolic spacetime. Then, a global time
function®, f, can be chosen such that each surface of constant t is a Cauchy surface.
Thus M can be foliated by Cauchy surfaces and the topology of M is R x X, where X
denotes any Cauchy surface.

In the following, we refer to the Cauchy surface at constant ¢ as ;. Let n* be the
unit normal vector to the hypersurfaces ;. A spatial metric

h;ux =g +nuny (226)

is induced on surfaces of constant time. Now, let t* be a vector field on M satisfying
t#V ,t = 1. The vector field may be interpreted as representing the flow of time throughout
spacetime. The effect of moving forward in time, parametrized by the time function

'Recall that a time function ¢ is a differentiable function on M such that V*¢ is a past directed timelike
vector field.
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2.3. Initial Value Formulation of General Relativity

t, then corresponds to going from the surface ¥y to the surface ;. Identifying the
surfaces Yy and ¥; by the diffeomorphism that results from the integral curves of t#,
moving forward in time then corresponds to changing the metric on the n-dimensional
manifold ¥ from A, (0) to h,,(t). Hence, one expects to regard the spatial metric h on
a hypersurface 3 and its “time derivative” as appropriate initial data set. A well-defined
notion of the “time derivative” of the spatial metric h is then given by the extrinsic
curvature

1 I
Ky = h,7Von, = (zﬂnhw) =Ky, (2.27)

where £,h,,, is the Lie derivative of the metric h,, along the normal vector n* and the
superscript “|” means that the respective tensor is projected to the hypersurface.

It has been shown that appropriate initial data for general relativity consists of the
triple (X, h, K), where X is an n—dimensional manifold, A is a Riemannian metric on 3
and K is a symmetric tensor field on Y. The Einstein equations dictate that this initial
data cannot be arbitrary but must satisfy the initial value constraints

Gun” =8nT,n" . (2.28)

Contracting (2.28) with n# or hj, respectively, gives

DMK — K% hy) = J,, (2.29a)
MR+ (K%)? — K K™ =2\ +2p, (2.29b)

where J, = 87h] Ty, is the matter momentum vector, p = 87T}, n*n” is the matter
energy density on 3, MR is the Ricci scalar of ¥ and D* is the covariant derivative with
respect to the spatial metric h defined as D, Tk, = h}..hG hENV Tk . The
equations (2.29) are referred to as the constraint equations and only depend on quantities
intrinsically defined on the surface . While we have considered the extrinsic curvature
and the spatial metric on the surface ¥ in terms of its embedding into spacetime up until
this point, we now introduce their pullback to ¥, referred to as Kj;; and h;; such that we

may write the constraint equations (2.29) as
i l —
DKy — K'thi) = J;, (2.30a)
(n) 1?2 ij
R+ (K l) — KK =2A +2p, (2.30D)

where indices are raised and lowered with the Riemannian metric h;;. The existence
of a well-posed initial value formulation for general relativity in the presence of matter
depends upon the dynamical equations satisfied by matter and on the formula for the
stress-energy tensor in terms of matter and metric [6].

In principle, the equations of motion of general relativity allow for arbitrary forms of
matter, even if the resulting solutions to the equations of motion are typically considered
unphysical. It is possible to restrict to physically viable situations by imposing energy
conditions on the energy-momentum tensor of the matter. While many such energy
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2. Preliminaries

conditions are available in the literature, we consider here only the consequences of the

dominant energy condition
P > \/Jithij (2.31)

on the initial value costraints. Equation (2.31) amounts to the requirement that to any
observer the local energy—density appears positive and the local energy-flow vector is not
spacelike.

An important case, which will be of interest in the following sections is that of time-
symmetric initial data, K;; = 0 (the “time-symmetric” terminology refers to the fact that
a suitable reflection across ¥ in the associated spacetime is an isometry). In this case,
we have that J; = 0 and the constraint equations (2.30) reduce to

WR =2A+2p, (2.32)

where p vanishes in vacuum. In that case the dominant energy conditions simply translates

into the requirement that
(MR —2A>0. (2.33)

Another concept that will be of importance in chapter 4 is that of Killing Initial Data
(KIDs). As the terminology already suggests, KIDs are in one-to-one correspondence
with Killing vectors in spacetime obtained from the time evolution of the initial data
set [27]. We can decompose a Killing vector £ of spacetime at ¥ as

E=Vntlo, +Y'0;, V =—En,. (2.34)

We will now consider such Killing Initial Data for vacuum spacetimes. From the Killing
equations it follows that [28]

D(z}/g) + VKZ‘J' =0, (2.35&)
2
D;D;V + Ly K;; = <(”>Rij + KK;j —2KK K, — n_lAhij) v, (2.35b)

where K = K ll. KIDs are defined as V', Y; that are solutions to the differential eqations
(2.35a)-(2.35b). In the time-symmetric case with K;; = 0 and ¥; = 0, the equations
(2.35) reduce to the static KIDs equation

2
D;D;V = <(”)Rij - —A hij>v. (2.36)

In chapter 4, we consider time-symmetric initial data sets and use KIDs to define the
mass associated with these initial data sets.

So far, our discussion has been restricted to globally hyperbolic spacetimes. However,
metrics that locally approach Anti-de Sitter spacetime at large distances, are not globally
hyperbolic due to the fact that the conformal boundary at infinity is timelike. By
definition, (asymptotically locally) Anti-de Sitter spacetimes do therefore not contain
a Cauchy hypersurface. In this case, the specification of initial data (K, h,3) on a
spacelike hypersurface ¥ only determines the time evolution completely on the domain
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2.3. Initial Value Formulation of General Relativity

of dependence. Similarly, the KIDs equations only guarantee the existence of Killing
vectors on the domain of dependence. The solution, obtained by evolving the initial data
set with the Einstein equations, can be uniquely determined by supplementing the initial
data set with boundary condition at the conformal boundary. As this is a subtle issue
and we will not consider the time evolution of initial data sets in this thesis, we refer the
interested reader to [29] for a discussion of the issues occurring in this context.
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3. Gravity in 241 Dimensions

Studying conceptual problems in general relativity is often hindered by the technical
complexity of calculations in higher dimensions. Therefore, it is useful to consider
toy models, that capture the relevant features while reducing technical difficulties to a
minimum. One such toy model is (2 4 1)-dimensional Einstein gravity.

As we will see in section 3.1, the dynamics of general relativity in three spacetime
dimensions is substantially simpler than its higher-dimensional counterparts. In fact,
in the absence of local matter sources, we have no dynamical gravitational degrees of
freedom and thus there are no gravitational waves in three dimensions. This suggests
that Einstein gravity in three dimensions might not be a worthwhile topic to study.
However, as we will see in the following this is not the case. In section 3.2 we discuss the
simplest solution to three-dimensional Einstein gravity at negative cosmological constant,
AdSs3 spacetime. In section 3.3 we discuss the asymptotic behavior of three-dimensional
Einstein gravity and its asymptotic symmetry group. Black hole solutions are discussed
in section 3.4. In section 3.5 we discuss a modification of Einstein gravity: topologically
massive gravity, which propagates one massive graviton. In that section, we discuss
particular solutions of this theory which were investigated in [1]. The chapter ends with
section 3.6, where we discuss how asymptotic symmetries can be used to perform a
microstate counting of three-dimensional black holes.

3.1. Generalities

As already discussed in section 2.1.1, equation (2.5), for d > 3 the Riemann tensor can
be decomposed into Ricci tensor, Ricci scalar and Weyl tensor. This decomposition
simplifies in three spacetime dimensions where the Weyl tensor vanishes.

For vanishing Weyl tensor (2.5) reduces to

_ Yupllvo + GuoByp — GupByuo — guoRup R Jpp9ro — Juovp

Rpe = . 3.1
ad d—2 (d—1)(d—2) (3.1)
Upon using vacuum Einstein equations
2A
RMV = mg’uy (32)
this becomes
2A
R;wpa = m(gupguo - g;wgup) . (33)
In three dimensions this reduces to
R,uzzpo = A(gupgucr - g,ucrgl/p) . (3'4)

35



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

3. Gravity in 2+1 Dimensions

It is remarkable that the Riemann tensor of any three-dimensional spacetime satisfying
vacuum Einstein equations takes the form (3.4). Equation (3.4) also implies that all
sectional curvatures are constant as can be easily checked from the definition of sectional
curvature.

Definition 3.1. Sectional Curvature
Let M be a Riemannian manifold with metric g. Suppose x € M and let E be a
nondegenerate plane section (2-dimensional linear subspace) of T,M. Let {X,Y} be a
basis of E. Then the sectional curvature of M at x associated with the plane E is given
by
Rt XOYPX, YV
k(z,E) = X#XVO;EVY — (;#Y ek (3.5)
I v Iz
One may easily show that the definition of sectional curvature only depends on the
plane, but not on the vectors X and Y which span the plane [30, Theorem 2.2.3]. The
definition may be extended to pseudo-Riemannian manifolds provided that the plane
spanned by X and Y is not null.
Calculating the sectional curvature for any plane E, which is not null, for spacetimes
whose Riemann tensor takes the form (3.3), we find that

2A

(d—1)(d-2)"
We say a manifold M has constant curvature if the sectional curvature is a constant
function of x and E. In this thesis, we will also refer to such manifolds as constant
curvature manifolds. It holds true that all pseudo-Riemannian manifolds of fixed constant
curvature are locally isometric [30, Theorem 2.4.11]. In particular, this implies that
three-dimensional Lorentzian vacuum solutions to Einstein gravity are, depending on the
cosmological constant, either, locally isometric to AdSs, R%? or dS3. Note that a similar
statement can be made in higher dimensions, provided that the Weyl tensor vanishes.

In the following sections we will see that global effects allow for interesting spacetimes
in three-dimensional Einstein gravity.

k(z,FE) = (3.6)

3.2. Global AdS spacetime

The simplest solution to three-dimensional Einstein gravity at negative cosmological
constant is AdSs spacetime. Global Anti-de Sitter space can be defined in terms of a
hyperboloid embedded into R?? given by

ds* = —du® — dv?® + dz? + dy? (3.7a)
through the equation
—u? =0 4ty = 1. (3.7b)
Changing coordinates as
u = cosh psint, v = cosh pcost, (3.8a)
x = sinh pcos g, y = sinh psin ¢ (3.8b)
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3.2. Global AdS spacetime

we obtain

ds* = — cosh? pdt* + dp? + sinh? pdp? . (3.9)
We have the identifications of points (t,p,¢) ~ (t + 27j, p, ¢ + 27k), where k,j € Z.
Because of the identification in ¢, there exist closed timelike curves through each point in
spacetime. A visualization of AdS spacetime, albeit in one dimension lower, is given in
Figure 3.1.

A spacetime without closed timelike curves is obtained by unwrapping the t coordinate,
i.e. one does not identify ¢ with ¢ + 27j. In this manner, one goes from global AdSs
spacetime to the universal covering space of AdSs. This space is commonly also referred
to as AdS3 spacetime and we use this ambiguous nomenclature in the following as well.
Changing the radial coordinate as

p = arcsinh(r) (3.10)

the metric (3.9) becomes
dr?
2_ (.2 2, ar” 2, 9
ds® = (7‘ —l—l)dt —I—r2+1+r de” . (3.11)

We have the identification of points (¢,7,¢) ~ (t,r, ¢ + 2wk). In the vincinity of r» = 0
the metric takes the form

ds® ~ —dt* + dr? + r?dp® + ... (3.12)
The locus r = 0 is a line and corresponds to the center of the coordinate system. Changing

coordinates as cosh p = 1/ cos ¢ we obtain

ds* = !
cos? q

(—dt2 + dg* + sin? qd<p2> , (3.13)

where ¢ € [0,7/2). The conformal factor 2% = cos? ¢ vanishes at /2 and is positive and
non-vanishing elsewhere. The spacetime with metric g, = Qng, and coordinate ranges
q € [0,7/2], t € (—o0,00) and identification (¢,r,¢) ~ (t,7,¢ + 27k) is the conformal
completion of AdS3 spacetime. AdSs is not conformally compact as ¢t € (—o0, 00). It can
be visualized as an infinitely long filled cylinder, see Figure 3.2.

3.2.1. Isometries

The isometry group of AdSs is given by SO(2,2). The isometry algebra so(2, 2) is spanned
by the Killing vectors, which, written in the coordinate system (3.7), read

0
Jap = xb@ - xa@ )

where ¢ = {v,u, z,y}. By definition, J is antisymmetric in a and b. Written in detail

(3.14)

the Killing vectors read

Jo1 = v 0, —ud,, Joo =20y +v0;, (3.15a)
Jos =y 0y +v0,, Ji2 =20y +ud,, (3.15b)
Ji3 =y 0y +udy, Joz =y 0y, —x0,. (3.15¢)
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3. Gravity in 2+1 Dimensions

Figure 3.1.: AdS: spacetime embedded into (1 + 2)-dimensional flat space R*»'. AdS, spacetime
is described as the hyperboloid —u? — v? 4+ 22 = —1 in R?! with line element ds? =
—du® — dv? 4 dz®. AdS, spacetime has closed timelike curves going through each point.
The closed timelike curves wind around the x-axis.

N
TN

Figure 3.2.: Visualization of AdSs as an infinitely long cylinder, which extends from ¢ = —co to t = oo.
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3.3. Asymptotic Behavior

The vector Jo1 = 0; generates time translations, while Js3 = —0,, generates rotations.
The algebra spanned by the Killing vectors is so(2,2), defined by the algebraic relations

[Jab, Jed] = (GacIbd + GbdJac — GadIoe — GbeJad) (3.16)

with g = diag{—1,—1,1,1}.

3.3. Asymptotic Behavior

In this section, we discuss the asymptotic behavior of general relativity with a negative
cosmological constant. We consider spacetimes that approach AdSs — the maximally
symmetric vacuum solution to the Einstein equations at negative cosmological constant —
at large distances. To compute conserved quantities such as the energy of the gravitational
field, it is not only of importance to specify that AdSs is approached at large distances,
but also at which rate this happens. Brown and Henneaux [21] proposed boundary
conditions which achieve this

git = =2+ 0(1), (3.17a)
1

g7 = O<F3) ; (3.17b)

g = O(1) (3.17¢)

1 1

grr = + O(;4> 7 (3.17d)
1

gﬁp - O(ﬂ) ) (3 176)

Jopo =T+ O(1) (3.17f)

They arrived at these boundary conditions by requiring that the isometry group of
global AdS3 spacetime should also be a subgroup of the asymptotic symmetry group
of asymptotically AdSs spacetimes. This led them to weaken an alternative choice of
boundary conditions which was also presented in their paper [21]. The asymptotic Killing
vectors that preserve the boundary conditions are defined as solutions of the asymptotic
Killing equation which preserve (3.17) up to the terms specified by O(...) in (3.17). In
the coordinates

et =t+p (3.18)

the asymptotic Killing vectors £ = &4 + £_ preserving (3.17) read

£o(vy) = — <;ruﬁr + O(r‘1>>8r + (v +0(F)) s + <;’;+/2 + O(r_4)>8 . (3.19)

£ (v)=— (;Tz/_ + O(r_l))&: + <;)7;‘,2 + O(r_4>>8+ +(v-+0(F*))o-, (3.20)
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3. Gravity in 2+1 Dimensions

where v; = vy (zT), v— = v_(27) and prime denotes derivative with respect to the
argument. The functions v (%) must respect the identifications

(F,xt,27) ~ (7,2t +2m, 2 — 2m) (3.21)

and thus they must be periodic functions of ™ and 2~ respectively. Expanding v4+04
into Fourier modes as

ve(2F)0s = Z cLE, == e o, (3.22)
nez

we find the asymptotic symmetry algebra

il ) = (n—m)ly il 15) =0, (3.23)
where [, | denotes the Lie bracket. Note that the definition of basis vectors used in the

Fourier decomposition is different than the one used in [21]. The global isometries of
AdSs spacetime so(2,2) = sl(2, R) @ sl(2, R) are thus recovered asymptotically and are
spanned by the generators {ljfl, léc, ZI—L} where the plus and the minus sector each span
one copy of sl(2, R).

To each of these asymptotic Killing vector fields, it is possible to associate a conserved
charge. The variation of these charges was computed in [21] using Hamiltonian methods
31)

00" [0s] = o [ dovi()ogls (3.24)
0Q [v_] = &TlG/dgpv_(a:_)dgg_, (3.24D)

where g?ur = %(g?t + 292p + g&p), g = i(g?t — 292[, + 9&0). The index zero refers to

the term of order 7V in the asymptotic expansion (3.17). Note that there are infinitely

many charges as v4 (z 1) and v_ (2™ ) are arbitrary, smooth functions of the coordinates
x7 and 2~ that are well-defined on the entire manifold. Expanding these charges in
Fourier modes gives

inzt 1 inzt
Lf=Qtem™’] = %/dwe ., (3.25a)
- 1 .
LT =0 [en® ] = dop e® 0 925b
P Qe = o [dpen g (3.25b)

where n € Z. The mass and the angular momentum can then be defined as the
charge associated with the generator of time translations 9; = d4 + d_ and rotations
—0, = —04 + 0_, respectively

m=L{+Ly, j=-(L§-1Lj). (3.26)

In computing the charges (3.24) we have chosen a background metric b, for which all
charges vanish

_ dr?
b= —r2dt® + =+ de? . (3.27)

40



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

3.3. Asymptotic Behavior

This is not global AdSs spacetime, but a so-called BTZ black hole with — per definition
— vanishing mass and angular momentum. We discuss the causal structure of (3.27) in
subsection 3.4.7 . Computing the energy of global AdS3, which has ¢f, = —1, ggw =0
and ggp = 0, we find that it is negative

1

ot (3.28)

MAdSs = —
The negativity is due to the choice of background metric (3.27). It will become clear
in the next subsection why this choice of background metric is sensible. The Poisson
algebra of the charges (3.25) is isomorphic to the maximal non-trivial central extension
of (3.23) and reads

+

. C
i{Ly, Ly} = (n = m) Ly, + ﬁ(n?’ — 1)0ntm,0 (3.29a)
d{LE LT} =0, (3.29b)

where {, } denote the Poisson brackets. The values of the central extensions in the
algebra of the charges can be determined explicitly

.. 3

by computing the Poisson brackets of (3.25). Thus, we have shown that the symmetry
transformations that preserve the asymptotic structure of asymptotically AdSs spacetimes
are given by a direct sum of two copies of the Virasoro algebra. This algebra is well known
from a — a priori — completely different context in physics, namely from two-dimensional
conformal field theories. The Virasoro algebra (3.29) is the algebra of local conformal
transformations in two dimensions and the defining feature of a two-dimensional conformal
field theory.

Today, this result is considered to be a precursor of the AdS3/CFTs correspondence
which asserts that quantum gravity on AdSs spacetimes is dual to a two-dimensional
conformal field theory. While many results in favor of the correspondence exist, the result
has not been proven, see [32] for a discussion of the issues occurring in this context. In one
of his famous papers [13], Strominger states that the fact that the asymptotic symmetries
of asymptotically AdSs spacetimes comprise two copies of the Virasoro algebra implies
that “any consistent quantum theory of gravity on AdSs is a conformal field theory”. At
the minimum, this statement rests on the assumption that the theory of quantum gravity
exists (as already pointed out in [13]), but to this day this has not been proven. We
present the results of the paper [13] in subsection 3.6 where we also discuss this issue
further.

3.3.1. Phase Space

In this subsection we discuss solutions to the vacuum Einstein equations with asymptoti-
cally AdSs boundary conditions, which we specified above (3.17). For this it is useful to
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3. Gravity in 2+1 Dimensions

write the boundary conditions in the Fefferman-Graham coordinate system [33]

d—2
ds® = f% + gap (7, 2%)dzdz® (3.31)
with
g(7,2%) = P+ 0(1), (3.32)

where 7 is the flat metric on the cylinder, n = —dt? + dp?. It can be shown by solving
the Einstein equations order by order that generic, analytic solutions to the vacuum
Einstein equations with negative cosmological constant subject to the fall-off behavior
(3.31), (3.32) take the form [34]

, - +
d82 — dr _ (le‘+ _ 'C_Sax)dx_> (’I“d.’lf_ _ L—"_Eax)dm—"_> , (333)

2
where £_(27), £ (2T) are analytic functions of 2 and 2~ respectively. The asymptotic

Killing vectors preserving the form of the metric (3.33) to any order read

FZU” x _(x UH CL’+
=~ §f(vL (z7) + o' (27)0F + <U+(x+) * 2;4( — ;Z_fx‘()ﬁi(;i) )>8+

2" (et 2V (2~
+ (U_(x_) + 2;4(—3;5;()&(37(—) )>a_. (3.34)

Expanding (3.34) in large r yields (3.20). The action of (3.34) on the solution space
(3.33) reads

5eL(a™)

L) (a®) + £ (2 vy (ah) = (z), (3.35a)
55[/,(%’_) _

2
2L (27 )W (7)) + L (27 )v_(z7) =" (7). (3.35D)

The symmetries in their finite form are

et — oy () + O<7:12> : (3.36a)
o () + o(é) , (3.36D)
7= TV ()0 (7)) + O<1> , (3.36¢)

where 04 are the finite symmetry transformations. Here, 04 must be diffeomorphisms of
S1. Under these symmetries the metric takes the same form as (3.33), but with

L(at) = L@@ )T = S (), 0t (3.37a)
(™) = L(o_(a7))d2(z") — 1%{@, (z7), 27}, (3.37D)
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3.3. Asymptotic Behavior

where the brackets {, } denote the Schwarzian derivative

I L IO AN
{o4,27} = () 2<@+($+),> . (3.38)

The causal structure of the metrics with constant £ _(x~) = £_ and constant £ (zT) =
L has been investigated in [35-37], see also [38, section V] for a nice summary.

To examine the causal structure of (3.33) it is useful to switch back to ¢, r, ¢ coordinates
and parametrize the class of metrics by mass and angular momentum

1 1
4 4

where we have introduced new parameters M and J which are proportional to the mass
and angular momentum in such a way that the numerical prefactors in the metric simplify.
We furthermore change the radial coordinate

—M 424 I — M2 4
. (3.40)

Ly =2Gm—j)==-(M-J), L_=2Gm+j)=-(M+J), (3.39)

"= 2
to obtain 2y
ds? = (M — r2)d¢? rar — Jdtdgp + r2d 41
S =M =)+ g - Jdtde +rde (3:41)
which may also be written as
2 2 dr? 2 2
ds® = —F(r)dt* + ) + r*(N?(r)dt + dp)~, (3.42)
r
where
J? J
_ 2 _

In the case where M > 0 and |J| < M this metric describes a black hole solution. The
horizons are located at the zeros of F'(r). The geometry and causal structure of this case
will be discussed in detail in the next section 3.4.

To discuss the other cases we change coordinates as 72 = p to obtain

dp?
J2 —4Mp + 4p°

(M — p)dt* + — Jdtdp + pdp? . (3.44)

In the case |J| > |M| > 0 the metric is regular everywhere and can be extended to
p < 0. In this case, the geometry has closed timelike curves, that are not being shielded
by a horizon. We thereby obtain a nakedly singular spacetime.

In the case |J| < [M|, M < 0 the spacetime aquires a conical singularity.

In the special case that M = —1 and J = 0 the geometry is smooth and r =0 is a
timelike line

dr?

5,2 + r2dy? . (3.45)

ds* = —(1 +r2)dt* +
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3. Gravity in 24-1 Dimensions

This is just global AdSs spacetime with mass given by

M 1
MAdSs = 35 T TRa (3.46)

The geometric structure of the phase space with constant £, £_ is summarized in
Figure 3.3 — the figure has been drawn for the first time in [37].

M

Naked Sing. Naked Sing.

J

T 8G CTCs

Figure 3.3.: Vacuum solutions (3.33) with constant L4 subject to asymptotically AdSs boundary
conditions. Figure adapted with permission from [38,39]

3.4. BTZ Black Hole

In this section, we discuss the so-called BTZ black hole. In subsection 3.4.1 the BTZ
black hole is introduced. In subsection 3.4.2 it is discussed how the BTZ black hole can
be obtained by identifying points in AdSs spacetime. In subsection 3.4.3 the maximal
causal extension of the BTZ black hole is discussed. Section 3.4.4 is devoted to the causal
structure of the BTZ black hole.

3.4.1. A Surprise in 241 Dimensions

As discussed in section 3.1, in three spacetime dimensions all vacuum solutions of the
FEinstein equations at fixed negative cosmological constant are locally isometric to AdSs.
Hence, if a vacuum black hole solution exists, its local properties must coincide with the
local properties of Anti-de Sitter space, implying that it must have constant curvature
everywhere. In particular, it must not have a curvature singularity; a property that we
typically associate with four-dimensional black holes. For this reason, one might, wrongly,
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3.4. BTZ Black Hole

be tempted to conclude that black holes do not exist in three-dimensional Einstein gravity.
In fact, for positive or vanishing cosmological constant this statement is correct: It was
shown by Daisuke Ida [40] that black holes in (2+1)-dimensional Einstein gravity do not
exist for positive or vanishing cosmological constant.

Given the peculiar features of (2 4 1)-dimensional Einstein gravity it came as a great
surprise when Méximo Banados, Claudio Teitelboim and Jorge Zanelli found a black hole
solution in three dimensions [41], which was subsequently named after them. The metric
of the BTZ black hole, written in local coordinates t,r and ¢, takes the form

dr?

2 _ a2 2
ds® = —N*F(r)dt +F(T‘)

+ r2(N?(r)dt + dyp)?, (3.47)

where

J? B (r?2 — 7"_%_)(7“2 —7r2)

. 2
F(’r’) =-M+r-+ @ — 7'2 ; (3488.)
J r4r—
N¥(r) = =5 5N + N& = —sgn(J)— 5= N + Ng . (3.48Db)

where M, J,ry,r_, N and N£ are constants and ¢ € R and r # {0, r_, r4}. The function
F(r) vanishes at the location of the Killing horizons

=g (M VIR ). (3.49)
Therefore, for Killing horizons to exist we must have that
M>0, |J <M. (3.50)
It holds that r— < r,. Additionally, we have the following identification of points
(t,r,p) ~ (t,r,p +2m). (3.51)

It is this identification that makes the black hole. If one does not impose the identification
(3.51), the metric (3.47) is simply a portion of Anti-de Sitter space and the horizon at
r = ry is just the horizon of an accelerated observer [35] and not an event horizon. On
the contrary, if one does impose the identification (3.51) the horizon at r = r4 becomes
an event horizon — a fact that is discussed in detail in subsection 3.4.3, where we discuss
the causal structure of the BTZ black hole. The constants N and N£ can be absorbed
by first shifting the angle as

o= p— NGt (3.52a)
and then rescaling the time as
t— i (3.52b)
N .
45



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

3. Gravity in 2+1 Dimensions

For this reason we set N =1 and N¥ = 0 in the following unless specified otherwise. The
two horizons are Killing horizons of the Killing vectors &4 and &_, respectively, which
read

=0 + Qiag, , (3.53)
where 1 are the angular velocities at the inner and the outer horizon

Gty J

Q — _ 2 — , 3.54a

- 9o |y, M+ /M2 — J? ( )
Gty J

0 = 2% = . 3.54b

9oo |,y M —/M? — J? ( )

Similarly to higher-dimensional black holes, the BTZ black hole possesses a singularity;
albeit this singularity is not a curvature singularity, but rather a singularity in the causal
structure as we will see below. In coordinates t,7, ¢, used in (3.47), this singularity is
located at r = 0. At first sight, the singularity at » = 0 appears to be the standard
coordinate singularity that arises at the center of the polar coordinate system. This is
however not the case. Changing coordinates as 72 = p

dp?
ds® = (r2 472 — p)dt® + — 2sgn(J) r_rydtdy + pdp?
(bt o)t iy~ T
= (M — p)dt® + i — Jdtdp + pdp? (3.55)
= P T2 —4Mp+ 4p° P '

we find that the metric is regular in the vicinity of » = 0 as long as J # 0. The locus
p = 0 is not a point but rather a surface through which spacetime can be extended.
However, if one chooses to allow for p < 0 closed timelike curves appear, which is why
one typically cuts off the spacetime at » = 0. The spacetime has constant curvature
everywhere, in particular also at » = 0. Note that in the case J = 0 the black hole aquires
a more severe singularity, which is shortly discussed in subsection 3.4.2.

3.4.2. BTZ black hole as a quotient

Given that the black hole can only differ from AdSs by global properties, it is natural
to expect that it can be obtained from AdSs3 by identifying points in spacetime. It was
shown in [35] that the BTZ black hole is a quotient of AdS3 by a discrete subgroup H of
its isometry group. For the quotient space M/H to be a Hausdorff manifold the action
of the group H on AdS3 has to be properly discontinuous (for details see [42]). The
quotient is a Hausdorff manifold for the case of the rotating BTZ black hole (J # 0)
but fails to be a Hausdorff manifold when J = 0 [35, appendix B]. In the latter case
the Hausdorff manifold structure is destroyed at » = 0 — leading to a singularity in the
manifold structure at this locus. We now shortly discuss the case of the non-extremal
rotating BTZ black hole (r% —r2 > 0). In this case the Killing vector along which AdS3
is identified is given by

E=ryJio—r_Juz=ry(v0y +u0y) —r_(y 0y +v0y) (3.56)
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3.4. BTZ Black Hole

in the coordinates (3.7), which describe AdSs as a hyperboloid embedded into four-
dimensional flat space. The norm of £ reads

1€, = ri(u? —2?) +ri(v® —y?), (3.57)
which using the identity (3.7b) can also be written as
& = (rL —r?)(u® —2?) + 2. (3.58)

The norm of the Killing vector (3.58) becomes negative for u? — 2% < —r2 /(r2 —r2),
implying that in this region closed timelike curves appear. Conversely, the norm of the
Killing vector (3.58) is positive in the region

—r2 )t —r?) <u? —2? < o0 (3.59)

The region £#§, > 0 can be divided in regions bounded by the null surfaces u?—22=0
and v — y? = 1 — (u? — 22) = 0 where the identity (3.7b) has been used to establish the
second equality. In the region u? — 22 > 1 and u,y > 0 we introduce new coordinates

as [35]
u=1/A(r)cosh ¢(t, ¢), x =/ A(r)sinh @(t, ¢) , (3.60a)
y = \/B(r)coshi(t, ), v =1/B(r)sinht(t, o), (3.60b)
where s o s o
e —r re—r
A = — B — 7—"_ .
(T) ']"_2’_ _ z bl (r) ’[‘_2"_ — 7"% (3 60C)
and
tt,p)=ryt =19,  @t,p)=—r_t+rip. (3.60d)

In these coordinates AdSs space takes the form

2

d
ds® = —F(r)di® + 2

F) + r2(N?(r)dt + dp)? (3.61)

with F(r) and N¥(r) given by (3.48). The coordinate system ¢,r, ¢ introduced above is
distinct from the coordinate system ¢, 7, ¢ in (3.11). Local coordinate systems in which
the metric takes the form (3.61) can also be introduced in the other regions of AdSs
space, see [35] for the details. Without an additional identification of points, the metric
(3.61) is just AdSs3 space in a coordinate system which covers the portion of AdSs3 space
where u,y > 0 and u? — 22 > 1. In the coordinate system (3.60), the Killing vector (3.56)

takes the form
£=0,. (3.62)

By performing discrete identification along the direction of this Killing vector, we obtain
the identification of points

r| ~ r , (3.63)

47



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

3. Gravity in 2+1 Dimensions

where k € Z. It is the identification (3.63) that gives the black hole spacetime and that
differentiates it from AdSs. In the coordinate system wu, v, x,y this identification reads

u cosh(2mkry )u + sinh(27kry )x
x cosh(2mkry )z + sinh(27kry )u (3.64)
Y cosh(2mkr_)y — sinh(27kr_)v '
v cosh(2mkr_)v — sinh(27kr_)y
Indeed, the metric
ds* = —du® — dv® + dz® + dy? (3.65)
together with the constraint
—u? — vttt =1 (3.66)

and the identification (3.64) is just the non-extremal BTZ black hole in a different
coordinate system.

3.4.3. Kruskal Extension

In the previous subsections, we have discussed some generalities of the BTZ black hole,
in this and in the following subsections we focus on its causal structure which was first
described in [35]. Consider the BTZ black hole (3.47)—(3.48). The geometry depends
upon the sign of F'(r), the zeros of F/(r) and the order of the zeros of F(r). The zeros
are located at r =ry and r = r_

F(ry) =0, F(r_)=0. (3.67)
In the case of the non-extremal rotating BTZ black hole we have that r4 # r_ and
F'(ry) #£0, F'(ro) #0. (3.68)
We start by introducing ingoing and outgoing Eddington-Finkelstein coordinates
u=t—f(r), v=t+ f(r), (3.69)

where

f'ir) = . (3.70)
This can be integrated to give

0= s (5 o

where the integration constant has been chosen such that f(r) vanishes at » = 0. The
function f(r) diverges at r = r, and r = r_ where F(r) vanishes and tends to 0 in the
limit » — oo. In Figure 3.4 the function f(r) is plotted for specific values of 7} and r_.
In coordinates u,r, or v,r, the metric (3.47) reads

1- :D —(r_ r+)> . (371)

1+T‘ — log
r_
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3.4. BTZ Black Hole

f(r)

Figure 3.4.: Plot of the function f(r) with r— =1 and r4 = 2.

d 2
ds® = —F(r)du® — 2dudr + 12 (N“"(T) <du + F(:)) + d<p>

d 2
= —F(r)dv* + 2dvdr + r? (Nw(r) (dv - F(r)) + dcp) , (3.72)
r
which is singular at the zeros of F(r) due to the term dr/F(r) in the brackets. To
compensate we use the shift freedom in . An extension across the horizon r = r, can
be achieved by choosing the constant N2 = ﬁ Then
+

J(r—ry) 2 r?
N?(r)dt = | ——5——=+ 0@ —ry)” || du+ dr | . (3.73)
( r * (r2—r2)(r2 —r2)
For coordinates v, 7 the same line of argument holds trivially. By fixing N2 = —J/(2r?)

an extension across r_ can be performed. We thus obtain two Eddington-Finkelstein
patches — one around r = r_ and one around r = r4. Each patch comes with a different
angular coordinate o = ¢ + NZ t, where N2 = —J/(2r2). The coordinates u,r
and v, r, respectively, can be taken to cover two of the quadrants that will be introduced
in the following. By taking two Eddington-Finkelstein patches together it is possible
to cover almost the entire quadrant except for the bifurcation surface. It is for this
reason that we need another coordinate system. Such a coordinate system is provided
by Kruskal-Szekeres coordinates. Two Kruskal-Szekeres coordinate systems K and
K_ are introduced below, which, taken together, give a maximal causal extension of
the spacetime. The Kruskal-Szekeres coordinate system K, introduced below, covers
the region r_ < r < 0o, the Kruskal-Szekeres coordinate system K_ covers the region
0 < r < ry. These two patches can be glued together on their overlap r— < r < rg,

49



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub
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Figure 3.5.: Plot of the four quadrants: The different regions, separated by the horizon at r = r are
labelled by roman numbers 1,11, 111,1IV. The Eddington-Finkelstein coordinates u,r can
be taken to cover either I, IV or II,111. The Eddington-Finkelstein coordinates v,r can
be taken to cover either I, 11 or I11,IV. The Kruskal-Szekeres coordinates can be taken
to cover all four patches I, I11,11I1,IV at the same time.

yielding a maximal causal extension.

Kruskal-Szekeres patch K

To have a well-defined coordinate system that covers the patch r— < r < oo we
introduce Kruskal-Szekeres coordinates in each of the blocks, which are specified in
Figure 3.5 and labeled by a roman number. The Kruskal-Szekeres coordinates read

I:0=—e ", D=¢e4", (3.74a)
IT:a=e"%", 0=e4", (3.74Db)
IIT: = e+, §= e+, (3.74c)
IV :4=—e ", 0= —e+" (3.74d)
with : ) )
Ia _
oo = ) e ot (3.75)
2 T+

The value of the constant cy is of utmost importance. Indeed, for any other value of ¢
the coordinates @, ¥ defined above do not extend smoothly across the horizon, Changing
coordinates, to ease the comparison with [35], as

(I U—10
= p=— (3.76)
we obtain that the metric (3.47) takes the form [35]
ds® = 2 (r)(dp? — dr?) + r*(N®(r)dt + dp)*, (3.77)
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3.4. BTZ Black Hole

where r = r(p,7) = r(4,0) and t = t(p,7) = t(4,0) are implicit functions of the
coordinates p and 7, or & and ¥ respectively. We have that 1, defined through

~ =) )P e = o
) = () (3.78)

is strictly positive for r_ < r < co. The explicit expressions for 7 and p

1 I= =
I:7= <r—r+>2 (T+T>2T+ sinh(cyt), p= <r — T+> <r+r>2r+ cosh(cyt),
T4+ Ty rT—r_ r+ry

N

r—r_
(3.79a)
1 T— 1 r_
Ty —r\2/r+r_\2 ry—r\2/r+r_\24 |
II:7= h(cyt = h(cyt
! <r+r+> (r—r> coshlet),  p <r+r+> <r—r> sinh(eet).
(3.79D)
1 r— 1 T_
rT=ry\2/r4+r_\2zy | T—=ry\2/r+r_\2
Il : 7= — h(cyt = - h(cyt
! <7"+7“+> (7“—7"> sinh(e+t),p (7“+7“+> <r—r> cosh(es),
(3.79¢)
1 r— 1 T_
re—r\2/Tr+r_\2z Ty —TrN\2/rH+Tr_\2rg
1V .r=— h(cyt = - h(cyt).
! <T+T+> (7“—7"> coshlet), ¢ (r+7“+> <7"—7“> sinh(et)
(3.79d)

are the ones given in [35]. Next, it needs to be checked that r = r(u,?) is a smooth
function. For this we consider the function G(r)

Gr) =0 = 72— = (L) 2 (3.80)
r—r) ()

which is a real analytic function for r_ < r < oco. This implies that also its inverse
r = G 1(4d) is a real analytic function due to the implicit analytic function theorem. In
the previous section we have shown that, in Eddington-Finkelstein coordinates, under
an appropriate choice of ¢ the term N¥(r)dt is regular at » = r4. We now check that
with this choice of ¢ the term N¥(r)dt is also regular at & = © = 0 — a locus which is not
covered in Eddington-Finkelstein coordinates. Using (3.80) we find that

N?(r)dt = <J(T —) L ofr - r+)2> (dv - d“)

26+7‘3_ D i

J N\ do  da
=(-2(”+r)*mw0@ﬂmﬂ(?—ﬁ) (3.81)

cpry \ry —r_ 0 )

is regular at & = ¥ = 0. For this reason the coordinates 4 and © can be extended to run
from —oo to oo

8

4,0 € (—o0,00), or T,pé€ (—00,00) (3.82)

with the restriction
o =1%—p* > -1, (3.83)
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3. Gravity in 2+1 Dimensions

where —1 being the limiting value of 40 for r — oc.

Therefore, we have shown that the spacetime can indeed be extended through r = r.
The coordinate system T, p, ¢ with 7 and p being defined above is well-defined in the
region r_ < r < oco. In this coordinate system the metric takes the form (3.77) with
(3.78) being smooth and strictly positive for r_ < r < co. Lastly we introduce compact
coordinates X, T as

T+X T-X
p+T:tan( + ), T—p:tan< ), (3.84)
2 2
such that
ds® = —5———(dX? — dT?) + r*(N?(r)dt + dp)* (3.85)
Q—i—(rv t)
where T, X € (—m,m) and with the restriction
T+ X T-X
tan( i )tan( ) > —1. (3.86)
2 2
The conformal factor
T+ X T-X 2r? r—r_\
200 = oo (57 ) ot (57 o () T @
T(r1) cos 5 Ccos 5 T . (3.87)

is strictly positive between r_ < r < oo (X, T are implicit functions of ¢,r). It vanishes
only in the limit » — oo or as t — +o0o0 and diverges at r = r_.

Kruskal-Szekeres patch K_

The same arguments can be repeated to obtain a Kruskal-Szekeres patch around
r =r_. We start from the Eddington-Finkelstein coordinates (3.69) and (3.71). Defining
coordinates 7 and p in an analog way to above, the metric is brought into the form

ds? = ¥_(r)2(dp® — dr?) + r2(N?(r)dt + dp)? (3.88)
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with 7 and p given by
1 + "+ 1 i T+
r_—r\2/r4+ry\ - r_—r\2/r4+ry\ -
I:1= ( ) ( +) sinh(c_t), p= ( ) ( +) cosh(c_t),
T+ T —7T rT4+r_ T —T
(3.89a)
Y T+ Y "+
r—r_\z2/r4+r 2r_ r—r_\2/(Tr—TT 2r_
IT:7= < ) ( +) cosh(c_t), p= < ) ( +) sinh(c_t),
T+ T —T rT4+r_ T —1T
(3.89b)
1 + -+ 1 4 T+
r_—r\2/r4+ry\ - r_—r\2/r4+ry\ -
II]: 7= —( ) ( +> sinh(c_t), p= —( ) ( +> cosh(c_t),
r4r_ T —1T r4+r_ Ty —T
(3.89c¢)
1 + “+ 1 i T+
r—r_\2/r4+ry\ - r—r_\2/r4+ry\ -
IV .17 = —< ) ( +> cosh(c_t), p= —< ) ( +> sinh(c_t),
r+r_ Ty —T r+r_ Ty —T
(3.89d)
where ) )
Fi(r_ re—ry
= = . 3.90
The null coordinates 4 and ¥ defined by the relations
U+ 0—1q
= = 3.91
TE5. PE (3.91)
are plotted in Figure 3.6. The function
2 2 2 =+
72 (ri—ri)(r+ro) (7"+—7")T—
= 3.92
v=(r) c2r? re+or (3.92)

3.4. BTZ Black Hole

is strictly positive in the domain 0 < r < r4. In the same manner as for the patch K
it can be shown that r is a real analytic function for 0 < r < ry due to the implicit
function theorem. Furthermore, the shift freedom in ¢ can be exploited to obtain a
regular N¥(r)dt term at 7 = p = 0. Therefore, the coordinates 7, p can be extended such
that

T,p € (—00,00) (3.93)

with the additional restriction that

- p?> -1 (3.94)
where —1 corresponds to the locus » = 0, which is the location of the singularity. As
already discussed in subsection 3.4.1, an extension to r < 0 would be, in principle,
possible. However, due to the fact that the spacetime exhibits closed timelike curves
beyond r < 0 it is customary to cut off the spacetime there. The spacetime is then — per
construction — geodesically incomplete, as there exist geodesics that go from r > 0 to
r < 0. The locus r = 0 is regarded as a singularity, as spacetime cannot be continued
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Figure 3.6.: Plot of the four quadrants in the patch K_. The dashed lines denote the location of the
horizon r = r_. Quadrants I and 1] describe the region inside the horizon r = r_, while
quadrants I] and IV describe the region r— < r < rj.

without producing closed timelike curves. If this point of view is taken, as is here and was
taken in [35], then the only incomplete geodesics are those that hit the singularity, which
is similar to higher-dimensional black holes. Lastly we introduce compact coordinates
X, T as

T+ X T-X
p—i—T:tan< >, T—p:tan< > (3.95)
such that
2 1 2 2 2 2
ds? = ——(dX2 — dT?) + r2(N?(r)dt + dip)” . (3.96)
Q2 (1)
Here, T, X € (—m,m) with the restriction that
T+ X T-X
tan( —g )tan( 5 ) > —1. (3.97)

The conformal factor

T

T+X T-X 2 2 N
02 (r,t) = 4 cos? <;> COS2( > T <T+ r> . (3.98)

2 (r2 —r2)(r+r_)?\rp +r

is strictly positive between 0 < r < ry (X, T are implicit functions of ¢,r).

3.4.4. Causal Diagram of the Non-Extremal BTZ Black Hole

In the last subsection we have seen that the non-extremal BTZ black hole can be extended
through r = r_ and r = r1. In this subsection the causal structure of the non-extremal
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3.4. BTZ Black Hole

black hole is visualized with causal diagrams. As we have seen in the previous subsection,
the metric can be brought into the form

ds? = %(dTQ AX2) + 2N (r)dt + di)’ (3.99)
in each patch. The patch K covers the region r_ < r < oo, the patch K_ covers the
region 0 < r < r4. In the region r_ < r < r4 the patches overlap K = K, N K_.

The causal structure of the BTZ black hole can now be visualized using so-called
projection diagrams reviewed in section 2.2. Indeed, the causal diagrams presented in
the 1992 paper by Banados, Henneaux, Teitelboim and Zanelli [35] are precisely such
projection diagrams.

Constant ¢ slices do not correctly depict the causal structure of spacetime in the case
of the rotating BTZ black hole. Indeed, the property that all spacelike curves in the
two-dimensional diagram result from spacelike curves in the original spacetime is not
preserved in this case. It is impossible to change coordinates such that the second term
in (3.99) takes the form r72d? as

A(N¥(r)dt + dg) #0. (3.100)

Instead of taking a slice, we project to a subset of Rb! in a way that preserves causal
properties and construct a projection diagram.

In each patch K, K_ the projection 7 is defined as the map (T, X, ¢) — (T, X). The
auxiliary metric in each patch K, K_ reads

yapdridz? = Q*(dX? — dT?) (3.101)

T+ X T—-X
T.X € (—m,m), tan< ; >tan< 5 )>—1. (3.102)

The two patches K| and K_ of the non-extremal rotating BTZ black hole are depicted in
Figure 3.7. The patches overlap on the intersection K = K, N K_. A complete diagram
is then obtained by joining an infinite sequence of patches K, K_ as is done in Figure
3.7.

with

345. J=0,M >0

In the previous subsection, we have considered the non-extremal, rotating BTZ black
hole and have discussed its causal structure. Now we discuss the causal structure of the
non-rotating BTZ black hole, which corresponds to J = 0 or equivalently »— = 0. In this
case the metric takes a diagonal form as N, (r) vanishes

dr?
2 _ 2 2 27 2
ds* = —F=*(r)dt* + F20r) + redyp*. (3.103)
For r_ = 0 there exists only one Kruskal patch, the outer patch, covering the region

0 < r < co. We may use the results from the previous subsections, in which Kruskal-
Szekeres coordinates were introduced for the non-extremal rotating black hole. The
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Figure 3.7.: The figure depicts the patches K4 (left), K_ (middle) and the complete causal diagram of
the rotating, non-extremal BTZ black hole. The light grey region denotes the intersection
of K = K4y N K_ where the patches are glued together. The dark gray region in the figure
to the very right denotes the black hole region where no forward-moving causal curves
reach r = co anymore. Figure adapted with permission from [39].

Kruskal-Szekeres coordinates in the patch K. are regular for r_— = 0 and read
1 1
r—ry)2 r—ry\2
I:7= <ﬁ) sinh(c4t), p= (ﬁ) cosh(cyt), (3.104a)
1 1
II:7= (%) ’ cosh(ct), = <%) ’ sinh(ct), (3.104Db)
1 1
Il 7 =— <%> " sinh(cit), p=— (%) “cosh(est),  (3.104c)
1 1
IV :17=— (%) ’ cosh(ctt), p=— (%) ’ sinh(c4t) (3.1044)
with ¢, = r,. Similarly to before the limit » — oo corresponds to p? — 72 — 1, however,

the limit r — 0 corresponds now to 72 — p?> — 1. In compact coordinates we obtain

56
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3.4. BTZ Black Hole

r=20

Figure 3.8.: Diagram of the non-rotating BTZ black hole. The wiggled line denotes the location of the

singularity.
yapdrida? = Q% (r,t)(dX? — dT?) (3.105b)
with
1 (r+ry)?
_ (3.106)
Q%(r,t)  4cos? (%) cos? (%) i

and T, X € (=%, %) . The singularity » = 0 is mapped to the lines T = +7/2, r = oo is
mapped to X = £7/2 yielding the diagram in figure 3.8.

3.4.6. Extremal Case M = |J|

Up until this point, we have assumed that M # |J|, i.e. we have considered the non-
extremal black hole. In the extremal case M = |.J| the function F'(r) in (3.47) takes the

form ) .
(r _7”+)

F(r) = . (3.107)

r

As discussed before, the order of the zeros of F(r) is important for the geometry of
spacetime and its extendability. In the extremal case F'(r) has a zero of second order

F(ry)=0, Fl(ry)=0), (3.108)

implying that it cannot be Kruskal extended through r = r. We introduce the null
coordinates (in the same way as [35])

u=t+ f(r) (3.109)
with f/(r) = F%r) . This can be solved explicitly to give
r 1 =Tt
=—————+—1 A1
J(r) 2(r2 —r1) * Ary Bl ryl|’ (3.110)
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3. Gravity in 2+1 Dimensions

f(r)

0.4+

0.2¢

-0.2+

-04}

-0.6¢

-0.8¢

Figure 3.9.: Plot of the function f(r) in case of the extremal BTZ black hole with r— = r; =2

where the integration constant has been chosen such that f(r = 0) = 0. The function
f(r) is plotted in Figure 3.9. In Eddington-Finkelstein coordinates the metric (3.47)
takes the form

ds* = —F(r)du® + 2dudr + r*(Ny(r)dt + dp)? (3.111)
where t is an implicit function of v and r. Next we introduce the compact coordinates
T,X

T+ X X-T
u:tan< —; ), v:—t+f(r):tan( 5 ) (3.112)
to obtain

ds* = F(r)dudv + r*(N,(r)dt + dip)?
2 2
_ ) (dX2 — dT?)

(cos(T) + cos(X))?2 + Tz(Nw(T)dt +dp)? . (3.113)

Expressed in coordinates X, T equation (3.110) becomes

r 1

f(T) = —m + Elog

B sin(X)
= T+ oD (3.114)

rT—Tr4

r+ry

The horizon r = ry is at 45 degrees angle. From equation (3.114) we see that at r = co
and r = 0 the function f(r) vanishes. However, while = 0 corresponds to X = (k7)",
r = oo corresponds to X = (km)~. Here, the plus denotes that as » — 0 the function
f(r) tends to zero from above f(r) — 0" and the coordinate X tends to 7 from above
X — knt. The minus denotes that as r — oo the function f(r) tends to 0 from below
f(r) = 0~ and the coordinate X tends to 7 from below X — k7~. In fact, the region
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3.4. BTZ Black Hole

o0

[e.e]

r

r

Q

x ¥

() M =[J][#0 (b) M =|J[=0

Figure 3.10.: Plot of the extremal BTZ black hole with M = |J| and the special case M = |J| = 0. The
wiggled lines denote the location of the singularity.

r > ry and the region r < r; correspond to different determinations of the arctangent.
This is apparent from Figure 3.9 where the function f(r) is plotted. The triangles r > r
and the triangle 0 < r < ry are glued along r = r. To achieve a maximal extension one
must glue an infinite sequence of these triangles as is shown in diagram 3.10a.

3.4.7. Special Case M =J =0

In the special case M = J = 0 the metric is

1
ds® = —r?dt® + T—2d7“2 + r2dp?. (3.115)
Changing coordinates as
1
u=t——, v=—t—— (3.116)
r r
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3. Gravity in 2+1 Dimensions

we obtain

4
2_ = 2
ds® = (it o) (dudv + dp ) . (3.117)
Changing to coordinates T, X as
T+ X X-T
u = tan i , v =tan (3.118)
2 2
we obtain
1
2 2 2 2, 92
= —5—(—dT X T X
ds sinQ(X)( dT* + dX* + (cos(T) + cos(X))“de )
= ( dT? + dX? + (cos(T) + COS(X))2d<,02) (3.119)

The conformal factor Q2(X) = sin?(X) is smooth and strictly positive and vanishes only at
X = kmw with k € Z. In coordinates T, X the origin r = 0 is located at cos(T")+cos(X) =0
and r = oo corresponds to sin(X) = 0. A constant ¢ slice thus corresponds to a triangle
bounded by the lines

T'=r4+X, T=—7-X, X=0. (3.120)

Such a constant ¢ slice is depicted in Figure 3.10b.

3.5. Introducing Degrees of Freedom: An Example

As we have seen at the beginning of this chapter, general relativity in three dimensions is
a topological theory; it has no local degrees of freedom. There are many theories beyond
Einstein gravity — for a review see [43]. We discuss one possibility to introduce degrees of
freedom: topologically massive gravity. The theory was introduced by Deser, Jackiw and
Templeton in 1981 [44]. In subsection 3.5.1 we introduce the theory and discuss general
features. In subsection 3.5.2 we discuss particular solutions to the theory. Subsection
3.5.3 includes parts of my paper [1] and discusses the causal structure of so-called warped
flat spacetimes, the nomenclature of which is explained in subsection 3.5.2.

3.5.1. Topologically Massive Gravity

A simple model of gravity in three dimensions which is not pure Einstein gravity but
propagates one degree of freedom is topologically massive gravity.! This theory is obtained
by adding a Chern-Simons term to the Einstein-Hilbert action built out of the Christoffel
symbols

2
3 3 Apv o o T
Slg] = /d zy/—g(R —2A /d x/—get FPAU<6”F Py Vp).

T 3r G 3
(3.121)

167TG

Tt might seem confusing that a theory that possesses local degrees of freedom is called topological; the
“topological” in the name stems from the fact that the modification of the action is a Chern-Simons
term.
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3.5. Introducing Degrees of Freedom: An Example

The Chern-Simons term is not invariant under diffeomorphisms, but changes into a total
derivative of a local expression of the metric [43]. Topologically massive gravity has one
propagating massive degree of freedom with mass proportional to p. Varying the action
with respect to the metric gives the equations of motion

1
Guy + Aguy + ;CN,V - 0, (3122)

where

1
Cuw = "V p(Rov = 7900 R) (3.123)

is the Cotton tensor with €,,, being the epsilon tensor. The Cotton tensor is symmetric,
traceless and covariantly conserved. Similarly to the Weyl tensor in higher dimensions,
the Cotton tensor vanishes iff the metric is conformally flat.

Any vacuum solution of the Einstein equations of motion

G/,LI/ + Ag;w =0 (3124)

also solves (3.122) as can be easily checked: If (3.124) is fulfilled, then (3.123) simplifies
to

A
Cw = §e,f"Vpgw =0. (3.125)

While any solution to Einstein gravity is a solution of topologically massive gravity, the
gravitational Chern-Simons term allows for new classes of solutions, some of which are
described in the next section.

3.5.2. Warped Spacetimes

In this subsection, we briefly discuss three spacetimes, which are solutions of topologically
massive gravity (but not of Einstein gravity): warped AdSs, warped dSs and warped flat
space. The latter and quotients thereof were the subject of my publication [1] and will be
discussed in the following subsections. One reason why these spacetimes are interesting
is because of their relation to extremal four-dimensional black holes. A quotient of
warped AdSs appears in the near-horizon limit of extremal Kerr black holes at fixed
polar angle [15]. A quotient of warped flat space appears as near-horizon geometry at
fixed polar angle of “ultra-cold” extremal Kerr-dS black holes where the inner, outer and
cosmological horizons coincide [45]. The name of warped AdSs, warped dS3 and warped
flat space stems from the fact that these spacetimes can be seen as fibrations over AdSo,
dS, and RV, similarly to the Hopf fibration which describes the fact that S® may be
understood as a fibration over S2. The suitable mathematical terminology in this context
is (pseudo-)Riemannian submersion. In appendix A it is described in detail how warped
AdS3, warped dS3 and warped flat space may be understood as pseudo-Riemannian
submersions with base manifold AdSs, dS; and RU1.
Warped AdSs is given by the metric

dr? 412
7t
1+r v + 3e

1

ds® =
V2 + 3e

<—d72(1 +72) + (du + rd7)2> , (3.126)
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3. Gravity in 2+1 Dimensions

where € = {—1,0,1}, ¢ = 3v and A = —e. Unlike the name seems to suggest, depending
on the value of € it can be supported by a positive, vanishing or negative cosmological
constant. The sign of p depends on the choice of orientation, which we have chosen
here as €;r, = —y/— det g. The first two terms in the bracket (3.126) describe AdSs. For
A = —e= —1and v? = 1 the metric (3.126) reduces to AdS3

o1 ar? 2 2
ds® = - T2 + du” + 2rdudr — dr” |, (3.127)

albeit in an unusual coordinate system. Changing coordinates as r = sinh o, equation
(3.127) becomes

1

ds? = 1 (deQ + du® + do? + 2sinh odudT)
1

=1 (— cosh? udr? + du? + (do + sinh UdT)) . (3.128)

When considering AdS3 as a hyperboloid embedded into R??
ds® = —du® — dv® + da* + dy?, —u? — 0?42 49% =1 (3.129)
the coordinate transformation that relates (3.129) to (3.128) is given by [46]

v = cosh(Z) sin<;) cosh<g> - sinh<;) cos(;> sinh(Z) : (3.130a)
u= sinh(g> sin<;) sinh@) n cosh<‘;) cos<;> cosh<;‘> : (3.130b)
z = cosh(g) COSG) sinh@) - sinh<;> sin(;) cosh(g> , (3.130¢)
s (2 o ) comn(2) o (2oL (2) s

Warped dSs on the contrary can only be supported by a positive cosmological constant
and is given by the metric [47]

1 dr? 412
2 _ 2\ 7.2 2
ds* = 53— (—(1 —r?)dr? + T g (dutrdr) ) . (3.131)
Another difference with warped AdSs is that there is no value of v for which the metric
(3.131) reduces to de Sitter space. The first two terms in (3.131) describe two-dimensional
de Sitter space. The metric (3.131) solves the equations of motion of topologically massive
gravity for 4 = 3v and A = 1. Here, the orientation has been chosen as €, = —y/— det g.

3.5.3. Warped Flat Space

The following subsections are taken
from [1] with minor modifications
(co-authored with Stéphane Detour-
nay, Wout Merbis and Gim Seng

Ng)
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3.5. Introducing Degrees of Freedom: An Example

We consider the following three-dimensional spacetime [22,47]
ds* = dz* — dr® +12(dy + zdr)?, (3.132)

which solves the equations of motion of topologically massive gravity at A = 1 and
p = 3v/3. Here, the orientation has been chosen as €., = —y/—detg. As already
discussed above, the name warped flat space stems from the fact that this spacetime is a
fibration over two-dimensional flat space R1'!, but the cosmological constant is positive
for this spacetime.

One can now obtain warped flat space as a limit of global warped AdS3 or warped dSs
(both with positive cosmological constant) by taking the limit ©? — 3 in an adequate way.
Taking the warped AdSs metric (3.126) with positive cosmological constant, sending
r— V2 =3z, 7 = V12 —37, u — (v? — 3)y and then taking the > — 3 we obtain
warped flat space. Alternatively, for 2 < 3 we start with warped dS3 (3.131) and repeat
the same limit but replace (v — 3) with (3 —?) in the transformations to obtain (3.132).

The metric (3.132) has constant curvature scalars R = 6, R, R*¥ = 108. The Cotton
tensor

Crudatds” = 12v3] (242 4 1)dr? + 48zdrdy — da® + 24dy?] . (3.133)

yields C,, C* = 2592. In computing the Cotton tensor we have chosen the following
orientation of the epsilon tensor €”*¥ = 1/(y/—detg) and this is the convention that we
stick with in the following.

The inverse metric in coordinates (7, xz,y) reads

0 : (3.134)

From (3.134) it can be seen that the normal vector to constant 7 surfaces is always
timelike while the one to constant x surfaces is spacelike. However, for constant y surfaces,
12n,n* =1 — 122%; so it is a spacelike surface for |z| > 1/4/12, while for |z| < 1/V/12 it
is a timelike surface. The z = +1/ /12 surfaces are null surfaces.

The isometries are generated by the four Killing vectors

Iy = —20,, (3.135a)

a+ = 0r F 0y £ 70, (3.135Db)
1

H=—-70, —x0; + 5 <x2 + 7'2)8y, (3.135¢)

satisfying the following algebra:

[ay,a_] =1y, [H,at] = Fas, (3.136)
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where Iy commutes with all other generators. The algebra is precisely the one of the
Hamiltonian, annihilation and creation operator of a harmonic oscillator in quantum
mechanics, where [j is a c-number. The algebra (3.136) is known under the name Py, as it
is the 2-dimensional centrally extended Poincaré algebra. We may bring the commutation
relations into a well-known form through the following change of basis v/2a = P, + Py,
V2a_ =P, — Py leading to

[Py, P] =1y, [H,P)|=—-Py, [HP)|=-P. (3.137)

Here, H denotes the boost, Py and P; are the 2-dimensional translations and I; denotes
the central extension.
We see that some of these isometries have a natural geometric interpretation. For I

and ay + a— = 20;, the finite coordinate transformations are translations in y and 7.
For —%(ay —a_) = —70, + 0, we have the simultaneous transformation
P =x+C, y =y—Cr, =r. (3.138)

Here, C' is an arbitrary constant. Finally the finite transformation generated by H is the
most complicated one:

7" = 1coshC — xsinh C,
' = —7sinh C + z cosh C, (3.139)

v =y+ %sinh(C) [cosh(C) (72 + xz) — 27z sinh(C)] :

We see that the 7/ and 2’ transformations are simply a boost transformation, while the
y’ transformation is non-trivial.

3.5.4. Quotienting Warped Flat Space

Following [22], we start with the warped flat spacetime (3.132) and consider the region

2 — 72 >0, > 0. We perform the coordinate transformation

r = \/Zcosh(l%go),
- \/gsinh(l%ga), (3.140)

y = u+ ({+w)p— 2fifsinh(%lggp),
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3.5. Introducing Degrees of Freedom: An Example

where ¢ and w are two real constants and p/¢ > 0. We obtain

d 2
s° 24[)51) +12du” + 24(p + w + E)dipdu + 12| (p +w)° + (& + )] d”
= 1e, ~ 2pde” + 120du+ (p+E+w)del’ (3.141)

which upon identification of (u, p, ¢) ~ (u, p, p + 27) gives the warped flat quotient. This
amounts to perform discrete identifications in the global warped flat geometry (3.132)
along orbits of the Killing vector

E+w
2

O0p = —126H — Iy. (3.142)
In equation (3.141) the coordinate u runs from —oo to oco. Depending on the sign of
&, p runs from —oo to 0 or from 0 to co. If we send p = —p,§{ - —§,w — —w and
¢ — — the metric, the identifications, and the orientation stay the same. Thus, (£,w)
and (—¢, —w) describe spacetimes which are isometric with the same orientation. Hence,
in the following, we restrict to £ > 0 without loss of generality.

The inverse metric (in (u, p, ¢) coordinates) reads

_(prw)?4E(E420) () prétw
y 24¢p 248p
g = 24¢p 0 : (3.143)
1
i

The global Killing vectors H and Iy, as well as the local Killing vectors a4+ are given by

H = —((+w)dy—0,), Ip=—20, (3.144a)

at = [0p + (p — € — w) 0y F 24€p0)] (3.144b)

and satisfy (3.136).
The inverse transformation of (3.140) reads

p(z,7) = 6£(z” = 77),
L/ o o\ . T (£ + w)arctanh(Z)
u(r,x,y) =y + Z(w -7 ) smh(Qarctanh(x)) - 126 Lo, (3.145)
arctanh(I)
12

50(7—7 ZL') =

For the parameter range w < —¢/2 the metric component g,, becomes negative and
closed timelike curves occur in the region p > 0 between p; = —w — \/—£(€ + 2w) and
p2 = —w+ /—&(£ + 2w). In the following we differentiate between two cases of interest:
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3. Gravity in 2+1 Dimensions

1. For w > —¢/2: no closed timelike curves appear

2. For w < —¢/2: closed timelike curves appear in the region —w — /—&(€ + 2w) <

p < —w+ /€€ + 2w)

In the case £ + w = 0, closed timelike curves start to occur at p = 0, which is why we
often restrict to £ + w > 0 in the following. The surface p = 0 is a Killing horizon of the

following Killing vector
1

§+w
if £+ w # 0. For £ + w = 0 the Killing horizon is generated by the Killing vector 0,,.

K!8, = 0, — 2, (3.146)

3.5.5. Causal Structures

In this section, we discuss the causal structure of warped flat space (3.132) and the warped
flat quotient (3.141), using methods developed in [24]. These methods are discussed in
detail in section 2.2 and have also been applied in section 3.4 where we discussed the
causal structure of the BTZ black hole.

Warped Flat Space

First, we consider warped flat space (3.132). The map m from the definition of the
projection diagram is given by the projection (7, x,y) — (7,2). This is the same map
used in appendix A to explain the name warped flat space. The auxiliary metric

Ywdrtdz” = dx? — dr?, (3.147)

is two-dimensional Minkowski space R"!, whose conformal compactification and confor-
mal boundaries are well-known.

We want to answer the question of whether the geometry (3.132) possesses a non-zero
black hole region. Our notion of future asymptotic infinity #+ of (3.147) is defined with
respect to the conformal boundary of the two-dimensional metric. The two-dimensional
spacetime (3.147) obviously does not have a black hole region.

We now show that also the three-dimensional spacetime does not have a black hole
region. This can be seen explicitly by considering the family of null curves (7(s), z(s)) =
(10 + 8,20 + s) going from each point in spacetime all the way to .# 7. These curves can
be lifted to null curves in the three-dimensional spacetime going through every point:
(1(s),z(s),y(s)) = (170 + s, 20+ S, Y0 — ToS + %) Therefore, there is no black hole region
in the three-dimensional spacetime.®

Warped Flat Quotient

Next, we consider the warped flat quotient. Here we distinguish between two cases, the
case where closed timelike curves are present and the case without closed timelike curves.

“I thank Piotr Chruéciel for pointing this out to me.
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3.5. Introducing Degrees of Freedom: An Example

Figure 3.11.: Here, we depict the split of the spacetime into the four sectors in the compact coordinates
T and X, which are introduced below. Each coordinate patch u, p, ¢ covers one such
sector. The dashed lines denote the location of the Killing horizon. They intersect at the
point T'= X = 0.

As the coordinate system (u, p, ¢) used in the previous section cannot be extended beyond
p = 0, we work with the coordinates (7, x,y) which are everywhere well-defined. We split
our spacetime into four sectors:

I22-72>0,7—2<0
Iz?>-72<0,7—2>0
I 22 — 72 <0, 7—2 <0
IVa?2-72>0,7—2>0

This split is depicted in Figure 3.11. The coordinate transformation in sector I has
already been discussed in the previous section (see equation (3.140)). In the sectors 11,
111, IV we introduce new coordinates u, p and ¢ as follows

II:z=, /—é sinh(12€0), (3.148)
T = —é cosh(12&yp), (3.148Db)

y = PEIMAD) Singféllg@) + o +w)+u, (3.148c¢)
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3. Gravity in 2+1 Dimensions

II1 -z = —, |- 2 sinh(12¢0), (3.148d)

(3
r=—/- é cosh(12¢¢), (3.148¢)
y = psmgg“g@ﬂo(@rwwu, (3.148f)
IV g = é cosh(12€¢), (3.148g)
. —\/g sinh(126¢), (3.148h)
inh(24
—psmzflz&p) o€+ w) tu. (3.1481)

This leads to the metric (3.141) in each sector, which upon identification of (u, p, ) ~
(u, p, o + 27) gives the warped flat quotient. Here, u runs from —oo to co. Depending on
the sector p runs from —oo to 0 or from 0 to co. The inverse transformation of (3.148)
reads

p=6E(x? — 77, (3.149a)
-t <0iu=y-— l(xQ - 7'2) sinh <2arctanh(x>> — (€ + wjarctanh(3) (3.149b)
Ty T 12¢ AN
arctanh(2)
=—7" .14
@ e (3.149c¢)

1 _ T (€ + w)arctanh(I)
2 _ 2 o (2 2 V) _ x
=1 >0:u=y+ 1 (:U T ) smh<2arctanh(x>> 19 , (3.149d)

arctanh(%)

o (3.149¢)

sp:

The starting point of the construction is to write the metric (3.141) in the following
form:

24¢p 2. 0
2+ 2w+ (p+w)? 24&p

+ 12((p + w)? 4 26w + 52) (d(p +

Gudxtde” = —

p+H&+w
E2+2w+ (pt+w

)Qdu)2. (3.150)

We see that the last term is positive everywhere, except for in the region where closed
timelike curves are present (compare with (3.141)). We discuss the case without closed
timelike curves first for which the last term is manifestly positive. We project in such a
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3.5. Introducing Degrees of Freedom: An Example

way that the auxiliary metric v,, reads

24¢p o, dp®

212w+ (prw)? T ougp (3.151)

Yudxtdz” =

Then we perform the following coordinate transformation in each of the four sectors

I: V = ecflr)en, U = —ef(o)ten (3.152a)
II: V = ecfP)—eu, U = ecfo)reu (3.152b)
IIT: V = —edfP) e, U = —efP)ren (3.152¢)
IV : V = —etfp)—eu, U = efp)ten (3.152d)
where ¢ = 51%; and f(p) is the solution to the differential equation
2 2

24¢p

The solution satisfies that f(p = £00) = 0o and f(p = 0) = —o0. The coordinates V, U
both run from (—o0, 00). We introduce two more coordinates

Vzhm(X;T>, U:um<T;X>, (3.154)

so that (T'— X)/2 € (—n/2,7/2) and (T + X)/2 € (—7/2,7/2). Now we can rewrite

Y as

2T Pp( + )
6£(6% + 26w + (p +w)?)

—dT? + dX?). (3.155)

du dv

'Yw/dx'udxy = —sgn(p)

:@(

The projection 7 is then defined as the map (7, z,y) — (X(7,z,y), T(7,2z,y)). The map
is differentiable everywhere. The conformal factor reads

662/ (P) (€2 + 26w + (p + w)?) 1

02 = 4sgn(p) p(€ +w)? (14+U2(p,u))(1+V2(p,u))

(3.156)

The conformal factor goes to 0 as p,u go to £ infinity, is regular at p = 0 and is positive
everywhere. The projection diagram of the warped flat quotient in the case where no
closed timelike curves occur looks like the one of two-dimensional Minkowski space
and is depicted in Figure 3.12. The above derivation is valid for the case where no
closed timelike curves appear. In the case where closed timelike curves appear, the
construction is valid everywhere except for in the region —w — /—£( +2w) < p <
—w + /—&(£ + 2w) which must be excised from the diagram. We thus cut off our

spacetime at p = —w — /—&(€ + 2w).

69



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub
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Figure 3.12.: Projection diagram of the warped flat quotient in the case where no closed timelike curves
are present (w > —&/2). The upper and lower sectors correspond to p < 0, while the left
and right sectors correspond to p > 0. The dashed lines that divide these sectors are the
p = 0 lines. The four vertices correspond to p — +00,u = const.

The resulting diagram is depicted in Figure 3.13. This projection diagram looks like the
Penrose diagram of flat space cosmologies [48].

We now want to answer the question of whether the geometry (3.141) possesses a
non-zero black hole region. As before, our notion of future null infinity .# ™ is defined
with respect to the conformal boundary of the two-dimensional auxiliary metric. The
two-dimensional spacetime (3.151) does not have a black hole region. To show that the
three-dimensional geometry does not possess a black hole region either we proceed as
follows. In each sector we consider null curves in the two-dimensional geometry (3.151).
These curves (u(p), p) are solutions to the differential equation

ou(p)\? (€2 + 2w+ (p+w)?
Car) - (S5 ) o2

and may be lifted to null curves (u(p), p, ¢(p)) in the three-dimensional geometry provided

dp(p) _ pHé+w du(p) (3.158)

dp 212wt (ptw)? Ip

The differential equations can be solved to give two curves emanating from every point in
spacetime, except at p = 0, where the coordinate system breaks down. Considering the
curves in the global coordinate system (7, x,y) (see (3.140) and (3.148)), we find that the
coordinates (7(p), z(p), y(p)) are finite and continuous for any p if one patches the curves
in the sectors I, I1, III, IV together appropriately. As there exist such null curves going
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3.5. Introducing Degrees of Freedom: An Example

j-ﬁ-

Figure 3.13.: Projection diagram of the warped flat quotient in the case where closed timelike curves
are present w < —¢/2. The closed timelike curves appear in the shaded region in the

left picture: —w — 1/ —&(§ + 2w) < p < —w + 1/ —&(§ + 2w). In the right picture we have

cut off the spacetime at the place where the closed timelike curves appear. The vertical,
wiggly line is the singularity. The right figure looks the same as the causal diagram of flat
space cosmologies [48].

through every point this shows there is no black hole region in our three-dimensional
spacetime.

Warped Flat Quotient: £ + w =0

The causal analysis in the previous section holds true for all £, w except for the case
& 4+ w = 0. Reconsidering (3.152) for £ + w = 0 we see that ¢ = % diverges if £ +w = 0.
The case £ +w = 0 is special because — as already briefly mentioned at the end of section
2.2 — for this case closed timelike curves appear between the horizon p = 0 and p = 2¢.
As causality is not represented in any useful way in this region, we must excise it from
the diagram. We thus cut off our spacetime at p = 0. The metric (3.141) for { +w =0

reads

dp*> 24 12p(d — 26)dp)?
246p 28 —p 2—-p
Performing the coordinate transformation p = —6r2¢ we obtain
12du? 3612 2
2 52 B 2
ds’ = —dr® + g+ g (du— (6% dp) (3.160)

Here, the last term is positive. We project in such a way that the auxiliary metric v,

reads
12du?

v 2
Y datdr” = —dr® 4 T332

(3.161)
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3. Gravity in 2+1 Dimensions

Figure 3.14.: Projection diagram of the warped flat quotient in the case where £ +w = 0. Due to the
occurence of closed timelike curves the spacetime is cut off at p = r = 0, resulting in a
singularity (wiggled line).

Here, r runs from (0,00) and u € (—00,00). Performing the subsequent coordinate
transformations

V =arctan(z +u), U = arctan(u — ), (3.162)
with .
V1
z = /+3rdr (3.163)
V12
and V =T+ X, U =T — X we obtain
v 1 2 2
wdatda’ = (—dx? +ar?) (3.164)
with )
143
2 (1+3r) (3.165)

1201+ (u— () + (uta(r)?)
As z € (0,00) it follows that V' > U which in turn implies X > 0. This leads to the
projection diagram 3.14 for the & + w = 0 warped flat quotient. The conformal factor 2
goes to 0 for r — oo or u — +o0o0 and is regular at » = 0. In analogy to the other cases it

can be shown that the three-dimensional £ 4+ w = 0 warped flat quotient is not a black
hole.

3.6. Black Hole Entropy and Microstate Counting

In subsection 3.4 we have discussed the geometry of BTZ black holes and found that they
share several features with (3 + 1)-dimensional Kerr black holes: The non-extremal BTZ
black hole has two Killing horizons, the outer Killing horizon is an event horizon. While
it does not have a curvature singularity, it can be shown that upon the introduction
of matter the causal singularity becomes a curvature singularity [35]. Importantly, not
only the classical features of the BTZ black hole are similar to the classical features of
the Kerr black hole, but the similarities also continue on the quantum level. Indeed,
the BTZ black hole exhibits non-trivial thermodynamics. It Hawking evaporates at the
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3.6. Black Hole Entropy and Microstate Counting

temperature
ri —r?
Ty =—— 3.166
" 2mry ( )
and it has a Bekenstein-Hawking entropy
A 2mry
_ — = .1
4G 4G (3.167)

where A denotes the horizon area. Understanding the quantum origin of the Bekenstein-
Hawking entropy is one of the main quests in theoretical high-energy physics nowadays.
The hope is that this quest will not only give information about the microscopic structure
of black holes but also provide novel information about quantum gravity.

Vafa and Strominger [12] were the first ones to derive the entropy of certain black
holes in string theory through a microscopic derivation. Shortly after, Strominger [13]
provided a microscopic derivation of black hole entropy for the BTZ black hole, which
was in the same spirit as his earlier work with Vafa. The idea was to give a microscopic
counting of black hole microstates in a similar manner as we know it from statistical
mechanics.

Strominger’s work is based on the observation made by Brown and Henneaux that
the asymptotic symmetry algebra of asymptotically AdSs spacetimes is given by two
copies of the Virasoro algebra. He asserted that if a theory of quantum gravity exists on
asymptotically AdSs spacetimes, it must be a conformal field theory and then the physical
states of quantum gravity must fall into representations of the Virasoro algebra.

More specifically, he used the idea of holography, which — in this context — conjectures
that quantum gravity on asymptotically AdSs spacetimes is dual to a two-dimensional
conformal field theory (AdS3;/CFTy correspondence) with symmetry algebra

+
[LE I%]=(n—m)LE,, + %(n?’ — ) nim s (3.168a)
[LE LT =0, (3.168b)
and central charge given by
ct=c = % =c, (3.169)

where / is the AdSs radius which we only restore for the purpose of this subsection,
but which is otherwise set to 1. The essence of Strominger’s paper was to apply
Cardy’s formula for the asymptotic growth of states in a two-dimensional conformal field
theory [49] to derive the entropy of the three-dimensional BTZ black hole. The derivation
of the Cardy formula is performed in the Euclidean and the underlying manifold on
which the conformal field theory is defined is a torus. Now, provided that the conformal
field theory is modular invariant and the energy spectrum is bounded from below and
possesses a gapped ground state, it is possible to derive an entropy expression from the
partition function in the conformal field theory in the large temperature limit. The
entropy expression, intrinsic to two-dimensional conformal field theories on the torus, is
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3. Gravity in 2+1 Dimensions

given by
P~ P
cello) o fe=to) (3.170)
6 6

where ¢, c_ are the central charges in the two-dimensional conformal field theory and
(L) are the expectation values of the operators LT in the two-dimensional conformal
field theory, which fulfill the commutation relations (3.168). The entropy expression
(3.170) is obtained by counting states in a two-dimensional conformal field theory.

Now, employing the AdS3/CFTj correspondence, the entropy (3.170) should be related
to an entropy expression in three-dimensional quantum gravity. To make use of the results
for energy derived in subsection 3.3, equation (3.26), and the entropy result (3.167), we
must work in the semi-classical regime where the cosmological constant is small in Planck
units, or equivalently

SC’FT == 27T

(>G. (3.171)

From (3.169) we obtain
e>1. (3.172)

Expressing the entropy of the black hole in terms of the classical charges La“ and L
which are related to the mass m and the angular momentum j as (3.26) the black hole
entropy reads

chLE)F 4 on c_Ly

3.173
. o, (3173)

Spy =27

where ¢t are given by (3.169). Identifying the classical charges with the expectation

A

values of the operators LS—L, the expression (3.173) precisely coincides with (3.170):
SpH = ScFr - (3.174)

Therefore, the entropy of the three-dimensional BTZ black hole can be reproduced from a
counting in a two-dimensional conformal field theory. The fact that not just the functional
form of the entropy, but also the prefactors precisely match is evidence in favor of the
AdS/CFT correspondence.

Some further comments are in order: Due to the fact that the energy in the conformal
field theory E = (f/ar) + (f/g ) has to be bounded from below for the Cardy formula to
apply, the same has to hold true for asymptotically AdSs spacetimes. Boundedness of the
energy for asymptotically AdSs spacetimes and a gap in the energy spectrum is needed
for the derivation of the Cardy formula. It is clear from the discussion in subsections
3.3.1 that there does not exist a “literal gap” in the energy of solutions to the Einstein
equations. By this, we mean that for any value of the energy there exist vacuum solutions
to the Einstein equations for negative cosmological constant. However, at least when
considering only vacuum solutions to the Einstein equations with constant £, and £_
one can argue for the existence of such a gap. When restricting to this particular subset
of vacuum solutions which are asymptotically AdSs, one observes that the BTZ black
holes are separated from AdS3 by solutions with conical singularities. These are excluded
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3.6. Black Hole Entropy and Microstate Counting

from the phase space in Strominger’s derivation. The value of the gap is given by the

energy of AdSs
1

8G
The energy is bounded from below, if one restricts the phase space to smooth vacuum
solutions with constant £ and £_ without closed timelike curves and conical singularities.
This fact is visualized in Figure 3.3. At the time of this writing, it is unclear to me
whether one can still argue for this gap and boundedness of the energy by considering
asymptotically AdS3 spacetimes in the presence of matter satisfying some energy condition
such as the dominant energy condition. Progress regarding the positivity of energy in
asymptotically AdSs spacetimes has been made in the paper [50] by studying coadjoint
orbits of the Virasoro group. While positive energy theorems for negatively curved
spacetimes exist in higher dimensions and are a subject of active research in mathematical
general relativity, we do not know of results pertaining to (2 + 1) dimensions (aside
from [50]). This is a question that I would like to return to in the near future.

Lastly, we discuss microstate countings that go beyond the derivation by Strominger [13].
This derivation has been the basis of many microstate countings and it is believed by
many in the community that such a microstate counting should be possible for generic
black holes. Again, the underlying assumption of most of these constructions is that the
theory of quantum gravity exists and is of holographic nature - i.e. that quantum gravity
in d dimensions is dual to a quantum field theory in (d — 1) dimensions.

Many of the microstate countings available in literature can not be seen as completely
independent derivations of (black hole) entropy, as they are often based on extremal
or near-extremal black holes, whose near horizon region includes an AdS3 or AdS,
factor. Notable exceptions include e.g. [17,18] where the entropy of three-dimensional flat
space cosmologies was calculated by performing a microstate counting in another two-
dimensional quantum field theory with infinitely many symmetries — a BMS3 field theory.
Another notable exception discusses asymptotically Lifshitz black holes whose entropy
can be derived from a field theory with anisotropic scaling in two dimensions [19,51].

In the paper [1], our goal was to reproduce the entropy of the warped flat quotients
(3.141) which we discussed in section 3.5. The spacetimes (3.141) have a Killing horizon
at p = 0 which was claimed to be a black hole horizon in [22]. The reason we originally
got interested in this two-parameter family of solutions to topologically massive gravity
was that we thought that they describe black hole spacetimes with curious isometries.
As discussed in subsection 3.5.5, there does not exist a value of ¢ and w for which the
spacetime has an event horizon. However, the causal diagram of warped flat quotients
in the regime where w < —¢£/2 shares similarities to the one of flat space cosmologies,
which suggests that the horizon is of cosmological nature, see Figure 3.13.

In [1] we derived the entropy of these warped flat quotients using a microstate counting
in yet another two-dimensional field theory that possesses infinitely many symmetries —
a so-called warped conformal field theory.

The structure of warped conformal field theories (WCFTs) was first investigated by
Hofman and Strominger [52]. Generalizing the arguments by Zamolodchikov [53] and
Polchinski [54], Hofman and Strominger considered a two-dimensional unitary quantum

Agap = MAdS; = — (3175)
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3. Gravity in 2+1 Dimensions

field theory without Lorentz symmetry, which is invariant under chiral global scaling
symmetry and translations

T =z +a, zt — a2t +b, T = Az (3.176)

They found that these quantum field theories must have an extended local algebra. The
two minimal options for this algebra are either two copies of the Virasoro algebra or a
semi-direct sum of a Virasoro algebra and a u(1) Kac-Moody algebra. We call the latter
case a warped conformal field theory. The symmetry algebra of a warped conformal field
theory is given by

c
[Lin, L] = (m —n) Ly + E(mg - m)5n+m,0

[Lin, Po) = —nPrin + £(m* +m)omino (3.177)
[Pm7 Pn] = Kn5n+m,0 )

where n, m run over all integers and ¢, x and K denote central terms of the algebra. First
examples for putative holographic warped conformal field theories were given in [16,55].
In a similar manner as in the case of two-dimensional conformal field theories, it is
possible to derive an intrinsic entropy expression for warped conformal field theories [16].

By studying the asymptotic symmetries of warped flat spacetimes we found that their
algebra is given by a semi-direct sum of a Virasoro algebra and a u(1) Kac-Moody algebra
— the symmetry algebra of a warped conformal field theory. This gives the link between
the gravitational setup and the warped conformal field theory. Provided that certain
assumptions regarding boundedness of the spectrum and the vacuum state are fulfilled, for
details see [1,16], it is possible to argue that the calculation within the warped conformal
field theory can be applied to the gravitational setup. In our paper, we give arguments
in favor of these assumptions. The gravitational entropy then precisely coincides with
the entropy expression in warped conformal field theories, thereby providing evidence
in favor of a holographic description of spacetime — independently of the value of the
cosmological constant and the theory of gravity one is considering.
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4. Positivity of Mass at Negative
Cosmological Constant

The question of the positivity of energy of the gravitational field has played a key role
in many investigations in mathematical general relativity [56]. So far these questions
have predominantly been considered (and answered) in the context of asymptotically
locally flat spacetimes where the metric (locally) approaches the Minkowski metric at
large distances. When the cosmological constant is negative, which corresponds to
asymptotically locally AdS spacetimes, much fewer results are known and only a few
bounds exist. For time-symmetric initial data sets, this becomes the question of whether
the energy of asymptotically locally hyperbolic spaces is bounded from below. In this
chapter, the contents of my work (co-authored with Piotr Chrusciel and Erwann Delay) [2]
and its relation to positive energy theorems for asymptotically locally hyperbolic spaces is
discussed. In section 4.1, we introduce two classes of spacetimes that will be of importance
in this chapter: the Birmingham—Kottler spacetimes and the Horowitz—Myers spacetimes.
In section 4.2, we give a short overview of positive mass theorems for general relativity
with negative cosmological constant and discuss the Horowitz—Myers conjecture. Sections
4.3-4.8 are concerned with the paper and are taken with only minimal modifications
from [2].

4.1. Solutions of Interest

In this section, we introduce two static vacuum solutions of Einstein gravity with negative
cosmological constant in (n + 1) spacetime dimensions, which will be of relevance in the
following. The space dimension n is always assumed to be greater or equal to two. In
this chapter, we will use g for the line element of Lorentzian spacetime metrics and g for
the line element of Riemannian metrics. We also recall our conventions summarized at
the beginning of this thesis, in chapter 0: Greek letters (i, v,o,...) are used as spacetime
indices and run from 1 to n + 1, small Latin letters (a,b,c,...,4,j,k, ...) are used for
spatial indices and run from 1,...n. Big Latin letters from the beginning of the alphabet
(A, B,C,...) run from 1, ...n—1. Big Latin letters from the middle of the alphabet (I, J,...)
run from 1,..n — 2.

4.1.1. Birmingham—Kottler metrics

The Birmingham—Kottler metrics [57,58] are solutions to the vacuum Einstein equations
with negative cosmological constant in (n + 1) spacetime dimensions. Their line element
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4. Positivity of Mass at Negative Cosmological Constant

is given by

~ 2 172, ,2 2 2me
g=—fdt"+ f~dr* +r°hy, f=r +k—rn—_2, (4.1)
where m. is a constant which we refer to as the coordinate mass parameter, and where
hi is an Einstein metric’ on an (n — 1)-dimensional compact manifold N"~! with scalar

curvature equal to
R(hy) =k(n—1)(n—2),  ke{0,+1}. (4.2)

The collection of (N"~! hy)’s is quite rich — there exist many Einstein metrics on
higher-dimensional spheres, including exotic ones [59]. The spacetime (4.1) is also often
referred to as Schwarzschild—AdS or Schwarzschild-Tangherlini—-AdS when the boundary
manifold (N"~1 k) is the round sphere.

In space dimension n = 2, the constant k& can be absorbed via a redefinition of m..
The resulting spacetime reads

dr?

g=—(r* - 2m.)de* + +r2dg? . (4.3)

2 — 2m,
For m. > 0 the metric (4.3) describes a non-rotating BTZ black hole. The geometry of
(4.3) has been discussed in detail in section 3.4 and subsection 3.3.1.

In 341 spacetime dimensions, which will be the main case of interest in the following, the
boundary manifold (N"~!, h,) is two-dimensional and thus the Poincaré uniformization
theorem applies. The Poincaré uniformization theorem, compare e.g. [60, Proposition 8.1],
asserts that any compact, orientable Riemannian 2-manifold is conformal to either: the
Riemann sphere, a flat torus or a compact higher-genus surface with constant curvature.
Note that there exist an infinite number of distinct tori with conformal structure, each
parametrized by a distinct complex number (the modular parameter). A similar statement
holds true with regards to higher-genus surfaces with constant curvature metric.

In the following, we focus on space dimension n > 3. The Riemann tensor of the metric
(4.1) reads [57]

- B i ~ Ty ~ _r f
Ripiy = 5 Riatp = 2f f'hag, Rrarp= 27 hag, (4.4)
Rapep = r*Rapcep(h) — 2 f(hachsp — haphgo) . (4.5)

For m. = 0 this reduces to

R,uupa = *(Qupgua - g;wgl/p) (4'6)

provided that the metric h; fulfills that

Rapcp(h) = k(hachpp — haphpc) . (4.7)

'The Ricci tensor is proportional to the metric, with the proportionality factor being a constant.
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4.1. Solutions of Interest

The condition (4.7), that (N™~! k) be a constant curvature manifold, is automatically
fulfilled for n — 1 < 3. In generic dimensions n — 1 > 3 Einstein spaces of non-constant
curvature exist. The Kretschmann scalar of §

" 2(f)2(n—1) 2f? 4fR(h
Ruvpo B = ()24 20D 20y gy - AR

Rapen(h)RAPCP (h)
+ I
2k%(n —1)(n — 2) n 4m2(n —2)(n — 1)%*n

T‘4 r2n

=2n(n+1)—
Ragcp(h)RABP (h)

rd

+ (4.8)
generically blows up at r = 0 for space dimension n > 3. If m, = 0 and the boundary
manifold is of constant curvature, then the Kretschmann scalar does not diverge at r» = 0.

In the following, we restrict ourselves to n = 3, where the boundary manifold is
two-dimensional and the spacetimes (M, g) with m. = 0 are manifolds of constant
curvature.

To discuss the causal structure of §, we use projection diagrams, which were introduced
in this thesis in section 2.2. The map 7 from the definition of the projection diagram is
given by (t,7,¢) + (t,7) and maps (M, §) to a subset of R} with metric

v =—fdt* + flar?. (4.9)

The causal structure of the spacetime depends upon the zeros of the function f(r) and
the order of the zeros. A systematic study of conformal diagrams for two-dimensional
metrics has been carried out by Walker [61], which was reviewed in [24]. In [61], one
considers separately maximal intervals (“blocks”) on which f is finite and does not change
sign. These intervals define the ranges of  and lead to connected Lorentzian manifolds
on which 7 is defined everywhere. The conditions under which such manifolds can be
patched together were discussed in [61]. Following [24,61], we first bring the metric (4.9)
into a manifestly conformally flat form by choosing a value r* such that f(r*) # 0 and
introduce a new coordinate

() = fﬁ’) , (4.10)
which yields
v = f(—dt* 4 dz?). (4.11)

When z(r) ranges over R on the block, we obtain that ~ is conformal to a diamond.
When z(r) is only diverging at one end, we obtain that the metric within the block is
conformal to a triangle. When z(r) is finite at both ends, we obtain a strip. It was shown
that [61] four blocks can be glued together across a boundary where

flro)=0,  f'(ro) #0 (4.12)
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4. Positivity of Mass at Negative Cosmological Constant

(a) no singularity

(b) nakedly sing.

= o

T

(¢) no singularity

Figure 4.1.: Projection diagrams of Birmingham—Kottler metrics when f(r) has no zeros for r > 0.
In all three cases the projection diagram is an infinitely long strip. In Figure 4.1a r =0
corresponds to an axis of rotation, in Figure 4.1b r = 0 corresponds to a singularity. Figure
4.1c is an infinitely long strip with both sides of the strip corresponding to r = oo except
for at the tip of the triangles.

such that the Kruskal extension so obtained is real analytic. As shown in [24], r is a real
analytic function in terms of the Kruskal coordinates and therefore also the spacetime
metric § extends smoothly across r = rg.

If the function f(r) has a higher-order zero at r = ry

f(?“()) = 0, f/(’l“o) = 0, (4.13)

one may only glue together two-blocks, as was shown in [61] by performing an Eddington-
Finkelstein extension. Again, r is a real analytic function in terms of the Eddington-
Finkelstein coordinates and therefore also the spacetime metric § extends smoothly across
T =T0.

ke {0,1}

For k € {0, 1}, we must differentiate between the cases m. > 0, m. < 0 and m. = 0.

1. m¢ > 0: The function f(r) aquires a zero of first order at 79 > 0. The function x(r)
diverges at r = ry and is finite at »r = co and » = 0. The blocks 0 < r < ry and
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4.1. Solutions of Interest

ro < r < oo therefore both correspond to triangles. Gluing four blocks together
across r = rg as described above, we obtain a causal diagram that looks the same
as the causal diagram of the non-rotating BTZ black hole, Figure 3.8. The locus
r = 0 corresponds to a singularity as the Kretschmann scalar of § diverges there.
Thus, in this regime, the metric g describes a black hole.

2. me = 0: The metric g is locally maximally symmetric and corresponds to global
Anti-de Sitter spacetime (k = 1) or locally Anti-de Sitter spacetime with toroidal
conformal infinity (k = 0). The geometry of constant time slices corresponds to
global hyperbolic space (k = 1) or locally hyperbolic space (k = 0). For k = 1,
the locus r = 0 corresponds to an axis of rotation and the causal diagram of « is
that of a strip, see Figure 4.1a. For k = 0, the function f(r) has a zero of second
order at r = 0. The function x(r) diverges at » = 0 but stays finite as r tends
to infinity such that the block 0 < r < oo corresponds to a triangle. By gluing
triangles together we obtain the diagram of an infinitely long strip with both sides
of the strip being given by r = oo except for at the tips of the triangles, see Figure
4.1c.

3. me < 0: For m. < 0, the function f(r) has no zeros at positive values of r and the
metric g is nakedly singular, as the singularity at » = 0 is not shielded by a horizon.
The function z(r) is finite at both ends such that we obtain an infinitely long strip
as the projection diagram, see Figure 4.1b.

k=-1

For kK = —1 we must discriminate between five cases, which are seperated in the parameter
space by the loci m, = +m&* = +1/(31/3).

1. m. < —m&t: The function f(r) does not possess zeros for positive values of . The
spacetime is nakedly singular, as the curvature singularity at » = 0 is unshielded.
Since the function z(r) is finite at r = 0 and r = oo, the projection diagram is
given by an infinitely long strip, see Figure 4.1b.

2. m. = —mS The function f(r) aquires a zero of second order at r = ro. The
function f(r) is finite at r = 0 and r = co. The block ry < r < oo and the block
0 < r < rg are therefore both conformal to triangles. The maximal causal extension
is obtained by gluing an infinite sequence of these triangles across their boundaries
r = rg, thereby obtaining a causal diagram which coincides with the one of the
extremal BTZ black hole, Figure 3.10a. The spacetime § describes a non-rotating
black hole.

3. —mSt < m,. < 0: The function f(r) has two distinct zeros of first order for r > 0,
r =ry and r = r_. The function z(r) stays finite at r = 0 and r = co. The metric
~ is therefore conformal to a triangle in the region 0 < r < r_ and in the region
ry < r < oo. In the region r_ < r < ri the metric is conformal to a diamond.
Gluing the patches together through a four block gluing, we obtain a causal diagram
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4. Positivity of Mass at Negative Cosmological Constant

which looks the same as the one of the rotating, non-extremal BTZ black hole, see
Figure 3.7. The spacetime g describes a non-rotating black hole.

4. m, = 0: The metric is locally AdS spacetime and the geometry of constant time
slices is locally hyperbolic space. The function f(r) has a first order zero at ro = 1.
The locus r = 0 is regular and corresponds to an axis of rotation. The function
x(r) is finite at » = 0 and r = co. The blocks 0 < r < rg and rg < r < oo therefore
both corresponds to triangles. We obtain a diagram which looks similar to the
non-extremal, non-rotating BTZ black hole (compare with Figure 3.8), only that in
this case r = 0 corresponds to a center of (local) rotational symmetry.

5. me > 0: The function f(r) has a first order zero at r = 9 > 0, z(c0) and z(0) are
both finite. The case is analogous to the previous case m, = 0 with the difference
that » = 0 now corresponds to a curvature singularity. The metric describes a black
hole spacetime with causal diagram given by Figure 3.8.

4.1.2. Horowitz—Myers metrics

The Horowitz—Myers metrics [20] are vacuum solutions to general relativity with negative
cosmological constant. The spacetime manifolds underlying the Horowitz—Myers metrics
have topology R x R? x T"2 where T" 2 denotes a (n — 2)-dimensional torus. The
conformal boundary at infinity is diffeomorphic to R x S x T?~2 =R x T~ L.

In n 4+ 1 dimensions the Horowitz—Myers metrics read

dr?

§=—r’dt’ + ol f(r)dy? + r2hyydo'do” (4.14)
T
with 9
2 Me
f(r)=r"— T (4.15)

and where hy;d9707, I,J € {1,...n — 2} is a flat metric on T"~2. In the following, we
will be interested in the case m. > 0, for which the function F(r) has zeros located at

Ty = 2me, (4.16)

which corresponds to an axis of rotation. To guarantee smoothness at r = ry the period
of the coordinate 1 has to be chosen appropriately. When m,. > 0, the coordinate 1) is

redefined as 9

w = f/(ro) (b - )‘71¢7 (417)

A=110 (4.18)
2
and where ¢ has to be 27 periodic. To see why this is the case, we define a new coordinate

p as

where

dr 2
p= /\/m = m<m +O(r — 7”0)) (4.19)
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4.1. Solutions of Interest

such that

diT‘Q r 2 _ 2
Foy T = et (

L (o) + 0(p") d?

= dp” + (0 + O(p*))d¢* . (4.20)

The Horowitz—Myers spacetime thus has the curious property that the conformal structure
of the boundary manifold depends upon the coordinate mass parameter m., provided
we keep hrydf’df’ fixed (recall that ¢ is one of the coordinates parametrizing the
boundary manifold which at fixed time is given by T"~2). A conformal completion of the
Horowitz—Myers metric is obtained by introducing a new coordinate = = 1/r such that
(4.14) becomes

g =272(=d* + dz*(1+ 0(a") + (1 + O(a"))dy? + hyyda’da’),  (4.21)

where x € (0, 2¢], where 28 = 1/(2m..). A fixed v, 2! slice corresponds to an infinitely
long strip.

For positive coordinate mass parameter m., the energy of spacetime is in fact negative
as the mass is proportional to —m.. We will calculate the mass in section 4.6, where we
give a precise definition of the energy used in this context. Horowitz and Myers claimed
that the metric (4.14) minimizes the mass amongst the class of metrics with the same
conformal structure at infinity. This statement was refined in [62] and is a subject of
current research, see e.g. [56]. We discuss the Horowitz—Myers conjecture in more detail
in section 4.2.

Lastly, we comment on m. < 0. When m, = 0, g is locally AdS and smooth at r = 0,
independently of the period of 1». When m, < 0, g is nakedly singular as the function
f(r) does not possess any zeros at r > 0 and the Kretschmann scalar

2P 1) 270~ Din—2)
r2 A
dme(n —2)(n —1)%n
r2n

R,uupaRMVpU = (f”)2 +

= 2n(n+1) + (4.22)

diverges at r = 0 unless n = 2 — this special case is discussed below. Note that when
me > 0, the locus r = 0 is not part of spacetime, as the manifold smoothly caps off at
the axis of rotation.

In the following sections, the Horowitz—Myers metric will feature prominently. When
we say Horowitz—Myers metric or Horowitz—Myers instanton, we always refer to (4.14)
with m. > 0.

n=2
Consider the Horowitz—Myers metric with n = 2,

dr?

— mc

§=—r2di* + +(r® = 2me)dy?. (4.23)

r2
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4. Positivity of Mass at Negative Cosmological Constant

When m, > 0, regularity at the rotation axis requires that v is periodic with period
27 //2m., while for m. < 0 any period of 1 is allowed. We now consider the case where
me > 0. Setting

P’ =r?—2m, (4.24)

one finds
dp?

Trom, TP (4.25)
C

g =—(p*+2m)dt* +

which would be a BK metric with mass —m, if the period of ¢ were 2. To correct for
this it suffices now to set

v=Mp, t=X, p=\1p, (4.26)
with A = y/2m,. chosen so that (4.23) is regular at » = \/2m. and that the period of Y is
27, leading to

P )

~ _ _ dp _ n _ dp — T

2 2 2 2 2 2 2 2
= —(p +2 dt +7+0d ——p—i—ldt—i— +0d 4.27
g ( mc) -9 2_(: w ( ) 2 1 w 9 ( )

which is AdS3 spacetime.

4.2. Positivity of Mass and the AdS/CFT Correspondence

This section reviews and motivates why the positivity of the mass for general relativity
with negative cosmological constant is an interesting open question. The precise definitions
of the mass and fall-off conditions used in this context will not be given here, but we
postpone these definitions to subsection 4.6.1 where we also calculate the mass of the
Horowitz—Myers and Birmingham-Kottler metrics.

Positive energy theorems are widely regarded as one of the most powerful achievements
in mathematical general relativity [70] and have found many applications to this date.
In particular, they have been used in proofs of uniqueness of asymptotically flat black
holes [71,72] or to resolve the Yamabe problem [73], the latter will also be of relevance
in the following sections of this thesis. The Yamabe problem was first posed in 1960 by
Hidehiko Yamabe who asked whether, given a metric g on a manifold M, there exists
a metric § conformal to g which has constant scalar curvature. Yamabe claimed to
have found a proof when M is compact. However, Yamabe’s proof was later found to
be erroneous and it took two decades until the proof was finally completed by Richard
Schoen after the combined efforts of Yamabe, Trudinger and Aubin. Unexpectedly, a
key point in Schoen’s proof was the application of the positive mass theorem of general
relativity which back in the 1980s had only recently been proven by Schoen and Yau [74].
When M is non-compact, the Yamabe problem is much more subtle and much of current
research focuses on determining which conformal classes contain metrics of constant
scalar curvature. The relevant equation to consider in the context of the Yamabe problem
is the transformation behavior of the Ricci scalar under conformal transformations (2.4).
In the following sections, the Yamabe problem for two-dimensional manifolds will be
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4.2. Positivity of Mass and the AdS/CFT Correspondence

Asymptotically Birmingham—Kottler metrics; myit < 0

- T

‘canonical spherical‘ ‘Ricci flat conf. inﬁnity‘ ‘other conf. inﬁnity‘
no bdry  bdry no bdry bdry

good spin [65,66] otherwise > M 77 > Mg [69] > me
/\ A
no bdry bdry no bdry bdry

>0 >0 > M 7 [67] m<07?

Table 4.1.: Mass inequalities for asymptotically Birmingham—Kottler metrics. The mass is normalized
in such a way, that the Birmingham—-Kottler metric with coordinate mass parameter m. = 0
which lies in the appropriate conformal class at infinity has mass zero, m = 0. A double
question mark indicates that no results are available; a single one indicates the existence
of partial results. The shorthand “bdry” refers to a black-hole boundary. “Good spin”
denotes a topology where the manifold is spin and the spin structure admits asymptotic
Killing spinors. The case “other conformal infinity” includes higher genus topologies when
the boundary is two-dimensional, but also e.g. quotients of spheres in higher dimensions.
Reference [2] is the publication I co-authored together with Piotr Chrusciel and Erwann
Delay. The case [67] corresponds to the Horowitz—Myers conjecture. Finally, p is the mass
aspect function which is defined in subsection 4.6.1. The critical value of the mass mecrit,
assuming it exists, is expected to be determined by the conformal structure of the boundary
at infinity.

of importance. In two dimensions and with § = efg, where f is a smooth real-valued
function, equation (2.4) reads

R=c¢T(R-A,f). (4.28)

When R is a constant this is the Yamabe equation. The example of the Yamabe problem
goes to show that positive energy theorems have wide-ranging applicability that go even
beyond the scope of general relativity.

To this date, the question of positivity of mass has been predominantly considered in
the context of asymptotically flat spacetimes where the metric (locally) approaches the
Minkowski metric at large distances. When the cosmological constant is negative, some
progress has been made, but the problem is essentially wide open. In the Lorentzian
setting, we would like to answer whether the energy of spacetimes, which locally approach
AdS, is bounded from below. As these spacetimes are the main object of study within
the AdS/CFT correspondence, it is clear that bounds on the energy for such spaces
could have potential implications for the correspondence. Boundedness of energy for
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4. Positivity of Mass at Negative Cosmological Constant

negative cosmological constant is often required within the framework of the AdS/CFT
correspondence. In the derivation of the Cardy formula, which was shortly discussed in
section 3.6 and most generalizations thereof, it is assumed that the energy spectrum of the
conformal field theory is bounded from below — which in turn implies that also the energy
in asymptotically AdS spacetimes must be bounded from below. Hence, for the Cardy
formula to apply, a positive energy theorem in general relativity for negative cosmological
constant must hold. On the one hand, positive energy theorems in general relativity for
negative cosmological constant can be used to restrict the energy spectrum in a conformal
field theory and make predictions regarding aspects of the AdS/CFT correspondence. On
the other hand, the duality may be used to form conjectures regarding the boundedness
of energy in general relativity. One example of this is the Horowitz—Myers conjecture [20]
which has received much attention over the last twenty years, both in the AdS/CFT, as
well as in the mathematical general relativity community. Horowitz and Myers studied
the consequences of a potential non-supersymmetric AdS/CFT correspondence in five
spacetime dimensions, under the assumption that such a correspondence exists. They
considered a novel solution to the vacuum Einstein equations with negative cosmological
constant, which they referred to as the AdS soliton and which we refer to as the Horowitz—
Myers metric or Horowitz—Myers instanton.? The geometric properties of this solution
have been discussed in subsection 4.1.2 and we discuss a precise definition of the mass
of Horowitz—Myers metrics in section 4.6. Horowitz and Myers computed the mass of
their new solution and found that it is negative in comparison to the mass of locally AdS
spacetimes with the same toroidal conformal infinity.

In their paper [20], Horowitz and Myers estimated the ground state Casimir energy of a
conformal field theory and compared it to the energy of the Horowitz—Myers metric. They
found that these values indeed matched up to a factor of 3/4 which was not unexpected
due to the estimation method used for the calculation of the ground state [62]. Due to
the fact that the Casimir energy is the ground state energy in the conformal field theory,
they asserted that a new positive energy conjecture in general relativity must hold. In
the original paper this conjecture reads [20, Conjecture 2]

Conjecture 4.1. Horowitz—Muyers Conjecture Consider all solutions to Einstein’s

equations in five spacetime dimensions with cosmological constant A = —6 which satisfy
uv = gm/ + hw/ (4.29)

with
hory = O ™), har =00, hy =000 witha,y#7r (4.30)

and where g,, denotes the Horowitz—Myers metric in five spacetime dimensions in
coordinates (4.14). Then, the mass m > 0 with equality if and only if g = G-

While the original conjecture was formulated in five spacetime dimensions, the con-
jecture can be posed in any spacetime dimension d = n + 1 > 4 and this was in fact
done in [75]. The conjecture has been formulated in Riemannian terms by Woolgar

?In literature this metric is also often referred to as Horowitz—Myers geon [62].
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4.2. Positivity of Mass and the AdS/CFT Correspondence

in [62, Conjecture 1.1]. It is this version of the conjecture that is mostly used throughout
the mathematical general relativity literature because the methods for proofing positivity
of mass have been predominantly developed in the Riemannian setting. We now give the
conjecture in the form stated in [62] using the terminology of [2]

Conjecture 4.2. Let (M, g) be an n-dimensional complete asymptotically locally hyper-
bolic manifold with flat toroidal infinity, with compact, totally geodesic, possibly empty
boundary, with well defined mass m and with scalar curvature satisfying R > —n(n — 1).
Then the mass m of (M, g) obeys m > mq where mq is the mass of the Horowitz—Myers
metric which has the least mass amongst all Horowitz—Myers metrics with the same
conformal boundary at infinity.

Some comments regarding the conjecture are in order: We say that (M, g) is asymp-
totically locally hyperbolic (ALH) if the Ricci scalar of g approaches a negative constant
when the conformal boundary at infinity is approached. The precise falloff conditions
used in this context will be specified in section 4.6, where we will also give a definition of
the mass. There is a countable infinity of non-isometric Horowitz—Myers metrics that
share the same conformal boundary at infinity [62,76,77]. The Horowitz—Myers metric
with the lowest mass mg is chosen in such a way that the shortest non-trivial cycle on
the boundary at infinity bounds a disk in the bulk [62]. In the original conjecture, there
is no mention of inner boundaries, but in [62] they are included to allow for horizons.
With regards to initial data, it is natural to regard a black hole horizon as a boundary;,
as initial data is only prescribed outside of the horizon. We will take this viewpoint in
this work. In the following, we will also often use the terminology black hole boundary
for this locus.

While some evidence in favor of the Horowitz—Myers conjecture exists, the conjecture
remains unproven to this day. The difficulty stems from the fact that many methods
which are typically used in positive mass theorems cannot be applied in this case. In
particular, spinorial methods cannot be applied as the Horowitz—Myers metric does not
admit the right spin structure. Other standard methods fail as well, as they often rely
implicitly on comparisons with the potential minimal energy metric. These comparisons
work well when this metric is of constant curvature, but this is not the case for the
Horowitz—Myers metric [62].

Before closing this section, we shortly review the currently known energy bounds for
general relativity with negative cosmological constant. To compute the mass, one typically
considers spaces that asymptote to the Birmingham—Kottler metrics with m. = 0.

In the case of space dimension n = 3, which we consider in the following sections,
requiring that a metric be asymptotically Birmingham Kottler is equivalent to requiring
that it be asymptotically locally hyperbolic. As discussed in subsection 4.1.1, there is
a variety of asymptotically Birmingham—Kottler metrics, which differ by the existence
of black hole boundaries or the lack thereof and by the topology of the boundary at
infinity (N, hg). The current knowledge of bounds on the energy for such metrics is
summarized in table 4.1. The theorems available in literature, typically distinguish
between the case where there exists an interior boundary and the case where no interior
boundary exists. In the case of a spherical boundary at infinity, it has been shown that
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4. Positivity of Mass at Negative Cosmological Constant

the energy is bounded from below [63,64] and that the energy only vanishes when (M, g)
is isometrically diffeomorphic to hyperbolic space. Note that while there exists a notion
of mass for general asymptotically locally hyperbolic metrics which admit asymptotic
static potentials [78], nothing is known about the sign of the mass for those which are not
asymptotically Birmingham-Kottler. See also [79] for a discussion of the issues occurring
in this context.

In the following sections, we discuss the explicit construction of three-dimensional
conformally compact asymptotically locally hyperbolic manifolds without boundary, with
connected conformal infinity of higher genus, with constant negative scalar curvature and
with negative mass [2]. Such spaces were previously not known to exist. In four space
dimensions negative-mass asymptotically locally hyperbolic metrics were found in [68,80]
(compare [81,82]), where conformal infinity is a quotient of a sphere.

4.3. Introduction to the Problem

The following sections are from
[2] with minor modifications (co-
authored with Piotr Chrusciel and
Erwann Delay)

In [83] Isenberg, Lee and Stavrov, inspired by [84], have shown how to glue together
two ALH general relativistic initial data sets by performing a boundary connected sum,
which they referred to as a “Maskit gluing”. The resulting initial data set has a conformal
boundary at infinity which is a connected sum of the original ones. A variation of
this construction has been presented in [23]. It is of interest to analyze the properties
of the initial data sets so obtained. This work aims to address this question in the
time-symmetric case, with vanishing extrinsic curvature tensor Kj;.

We start with a short presentation of the boundary-gluing construction of [23] in
section 4.4. The construction involves a certain amount of freedom which we make
precise, showing that the gluing results in whole families of new ALH metrics. As a
particular case, in section 4.5 we apply the construction to Birmingham-Kottler metrics.
This provides new families of ALH metrics with apparent-horizon boundaries with more
than one component, and with locally explicit metric when the mass parameter is zero.
One thus obtains time-symmetric vacuum initial data for spacetimes containing several
apparent horizons; such initial data sets evolve to spacetimes with multiple black holes.

Next, an important global invariant of asymptotically hyperbolic general relativistic
initial data sets is the total energy-momentum vector m = (m,,) [65,66,85] (compare [78,
86,87]) when the conformal metric at infinity is that of the round sphere (we talk of
AH metrics then), and the total mass m for the remaining topologies at infinity; this is
reviewed in subsection 4.6. It turns out that the formulae for the mass after the gluings
of both [83] and [23] are relatively simple. This is analyzed in Section 4.6.4, where we
derive formulae (4.80)-(4.83). This is the first main result of the paper [2].

A quick glance at (4.81) suggests very strongly that the boundary-gluing of two
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4.3. Introduction to the Problem

Horowitz—Myers metrics, which both have negative mass aspect functions, will lead to a
manifold with higher-genus boundary at infinity and with negative mass. This turns out,
however, to be subtle because of correction terms that are inherent to the constructions.
In fact, negativity of the total mass is far from clear for the Isenberg-Lee-Stavrov gluings,
because these authors use the conformal method, which changes the mass integrand in
a way that appears difficult to control in the neck region. Things are clearer when the
localized boundary-gluing of [23] is used, and in section 4.7 we show that negativity
indeed holds. We thus construct three-dimensional conformally compactifiable ALH
manifolds with constant scalar curvature, without boundaries at finite distance, with
connected boundary at infinity of higher genus topology and with negative mass. This is
the second main result of this paper. As already hinted to, such manifolds correspond to
time-symmetric initial data surfaces in vacuum spacetimes with negative cosmological
constant. Here one should keep in mind that the Horowitz—Myers metrics have toroidal
topology at infinity, and that the higher-genus Birmingham—Kottler metrics with negative
mass are either nakedly singular, or have a totally geodesic boundary with the same
genus as the boundary at infinity, or acquire a conformal boundary at infinity with two
components, and contain an apparent horizon, after a doubling across the boundary.

4.4. Localized boundary-gluing of ALH metrics

Before entering the subject, some comments on our terminology are in order. We say that
an ALH manifold is asymptotically hyperbolic (AH) if the conformal class of § = Q2g on
the conformal boundary at infinity is that of a round sphere. Asymptotically Birmingham-—
Kottler (ABK) metrics are defined as metrics that asymptote to the Birmingham—Kottler
metrics. The Birmingham—Kottler metrics themselves are ALH, which can be seen by
setting Q = 1/r in (4.34), and noting that they have constant scalar curvature since they
solve the time-symmetric general relativistic scalar constraint equation with negative
cosmological constant.

Differentiability requirements of g at the conformal boundary at infinity often need to
be added in the definitions above and depend upon the problem at hand. Here we will
be interested in a class of manifolds with well-defined mass, as will be made precise in
subsection 4.6.1.

An ABK metric can equivalently be defined as an ALH metric such that the conformal
class of its conformal metric at infinity contains an Einstein metric. Note that this
is always the case for three-dimensional manifolds, hence two-dimensional conformal
boundaries, by the uniformization theorem; thus ALH metrics are necessarily ABK in
three dimensions, but this is not the case anymore in higher dimensions. For ABK metrics
we can introduce Fefferman-Graham coordinates based on the Einstein representative of
the conformal metric at infinity. In these coordinates, the asymptotic expansion of g will
coincide with that of a BK metric, say b, written in the same coordinate system, up to
some order. This decay order can be measured using b-orthonormal frames; equivalently,
by measuring the decay of the b-norm of g — b; the g-norm of g — b would give an
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4. Positivity of Mass at Negative Cosmological Constant

equivalent result too. The mass integrals of section 4.6.1 are well defined and convergent
if the decay of g — b so understood is, roughly speaking, o(r~™/2) | where 7 is the radial
coordinate in (4.34).

The reader is warned that there is no consistency in the literature concerning termi-
nology. While our definition of ALH coincides with that of several authors, some other
authors use AH for what we call ALH here. However, we find it natural to reserve the
name AH for the special case where the metric is asymptotic to that of hyperbolic space.

Our analysis below is motivated by the localized boundary-gluings of ALH manifolds,
or initial data sets, as in [23, Section 3.5]. In this section, we present a somewhat more
general version of these gluings.

We start with points p1, pe, lying on the conformal boundary of two ALH vacuum initial
data sets (M7, g1, K1) and (Ma, g2, K2). (An identical construction applies when p; and po
belong to the same manifold; then the construction provides instead a handle connecting
a neighborhood of p; with a neighborhood of ps. Instead of vacuum initial data one can
also take e.g. data satisfying the dominant energy condition; the construction will preserve
this. Further, if K1 =0 = Ko, then one can have K = 0 throughout the construction.)
We assume that both (M, g1, K1) and (Ma, g2, K2) have extrinsic curvature tensors
asymptoting to zero, and have well-defined total energy-momentum, cf. section 4.6. As
shown in [23] for deformations of data sets preserving the vacuum condition or for scalar
curvature deformations preserving an inequality, or in [63, Appendix A] for deformations
of data sets preserving the dominant energy condition, for all € > 0 sufficiently small
we can construct new initial data sets (M;, gic, Kic), i@ = 1,2, such that the metrics
coincide with the hyperbolic metric in coordinate half-balls % . of radius € around p;
and % around po, and the K;.’s are zero there. Here the coordinate half-balls refer to
coordinates on the upper half-space model of hyperbolic space H", in which we have

H* =R = {2 = (w,2) € R" ' x]0,00[}, (4.31)

with the metric
Jdw]? + d2?

b 2

- (4.32)

In order to avoid a proliferation of indices we now choose € so that the deformation
described above has been carried out, with corresponding ALH metrics (M;, g; -, Kic),
i = 1,2, and coordinate half-balls %; ., which we write from now on as (M;, g;, K;), and
;. 1t should be kept in mind that different values of € lead to different initial data sets
near the gluing region, but the data sets remain the original ones, hence identical, away
from the gluing region, which can be chosen as small as desired.

The above shows in which sense the exterior curvature tensor K is irrelevant to the
problem at hand. Therefore, from now on, we will only consider initial data sets with
K =0 in the gluing region.

The gluing construction uses hyperbolic hyperplanes b in the hyperbolic-space region
of (M, g;). These are defined, in the half-space model, as half-spheres with centers on
the hyperplane {z = 0} in the coordinates of (4.32) which, for our purposes, are entirely
contained in the half-balls %;. The conditionally compact, in R", component of H"
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4.3. Introduction to the Problem

Figure 4.2.: The “thin component” %, and its boundary b in the half-space model, where hyperbolic
space is represented as a half-space {z > 0}, and the conformal boundary at infinity is the
hyperplane {z = 0}. After an “exotic gluing” has been performed, the metric becomes
exactly hyperbolic inside %.

separated by b will be referred to as the thin component, denoted by %, and the
remaining one will be called the fat component; see Figure 4.2.
In what follows we will also invoke the Poincaré ball model, which represents the
n-dimensional hyperbolic space H™ as the open unit ball B" endowed with the metric
4
b= mé , (4.33)
where 0 is the Euclidean metric.

A basic fact is that for every hyperbolic hyperplane h as above there exist two isometries
of the hyperbolic space, which we denote by Ay 4+, such that Ay 4 maps b to the equatorial
hyperplane of the Poincaré ball, with the fat region being mapped to the upper hemisphere,
while Ay _ again maps the hyperbolic hyperplane to the equatorial hyperplane but it
maps the fat region into the lower hemisphere. Using physics terminology, an example of
Ay 4+ is provided by a boost along the axis passing through the origin of the Poincaré
ball and the barycenter of the hyperbolic hyperplane. Given Ay, a map Ay _ can be
obtained by applying to Ay a rotation by 7 around any axis lying on the equatorial
plane.

It should be clear that there are many such pairs Ay 1: consider, e.g., the isometries
Ry Ay +, where the R4’s are some rotations along the axis joining the north pole and
the south pole.

Let & denote the collection of pairs of isometries (A, A2) of hyperbolic space with
the following property: There exist hyperbolic hyperplanes h; C ?/QZ-, 1 =1, 2, such that
Ay isa Ay, + and Ay is a Ay, _. Here % denotes the interior of %;.

For each such pair of hyperbolic hyperplanes h; the manifolds M; \ %, are manifolds
with a non-compact boundary component 0%, = b; extending to the conformal boundary
at infinity of M;, with the hyperbolic metric near the boundary b;.

Given (A1,A2) € & we construct a boundary-glued manifold My, , by gluing the
boundaries h; as follows: We map the thin complement %4, of h; to the lower half of
the Poincaré ball using A;. We map the thin complement %, of ha to the upper half of
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4. Positivity of Mass at Negative Cosmological Constant

the Poincaré ball using Ap. We then identify the two manifolds with boundary M; \ %,
along the equatorial plane of the Poincaré ball using the identity map.

The metrics on M; \ %, coincide with the original ones (one can think of the maps
Ay, as changes of coordinates), hence are ALH there by hypothesis. Both metrics are
exactly hyperbolic at both sides of the gluing boundary, namely the equatorial plane of
the Poincaré ball, and extend smoothly there. Hence for every pair (A1, A2) € & the
manifold M}y, A, is a smooth ALH manifold.

4.5. Boundary-gluing of Birmingham—Kottler solutions

An obvious candidate to which our construction can be applied is the space-part of the
Birmingham-Kottler (BK) metrics, introduced in subsection 4.1.1. The line element of
the Birmingham—Kottler metrics induced at constant time slices reads

2me
rn—2 )

g= ftdr® + 2y, f=ri+k— (4.34)
where m, is a constant which will be referred to as the coordinate mass parameter, and
where hy, is an Einstein metric on an (n — 1)-dimensional manifold N"~! with scalar
curvature equal to

R(hy) =k(n—1)(n—2), ke{0,+1}. (4.35)

We will assume that m. is in a range so that f has positive zeros, with the largest
one, denoted by rg, of first order. The metric is then smooth on the product manifold
[rg,00) x N1 with a totally geodesic boundary at r = r.

The construction of section 4.4 applied to two such manifolds,

(M; = [ri,00) x N1, g,), (4.36)

leads to manifolds with a conformal boundary at infinity with connected-sum topology
Nf_l#Ngl_l and a totally geodesic boundary that has two connected components, one
diffeomorphic to N7~ and the second to Ny~ 1.

One can double each of the original manifolds across their totally geodesic boundaries,
in which case the doubled manifolds have no boundaries but each has a conformal infinity
with two components.

One can iterate the construction, obtaining ALH manifolds with an arbitrary number
of components of the boundary at infinity, and an arbitrary number of totally geodesic
compact boundary components. The maximal globally hyperbolic development of the
resulting time-symmetric general relativistic vacuum Cauchy data will have a Killing
vector field defined in a neighborhood of each such boundary (but not globally in general),
which becomes the bifurcation surface of a bifurcate Killing horizon for this vector field.
The case m. = 0 is of special interest here, as then the metric is exactly hyperbolic,
locally, everywhere, so that the construction of [88] which glues in a hyperbolic half-ball
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4.3. Introduction to the Problem

is trivial. All the boundary gluing constructions described here apply without further
due to this case. Some of the metrics constructed above likely evolve to the spacetimes
considered in [89,90], so it might be of some interest to explore this.

4.6. Hyperbolic mass
4.6.1. The definition

We recall the definition of hyperbolic mass from [66]. We consider a family of Riemannian
metrics g which approach a “background metric” b with constant scalar curvature
—n(n — 1) as the conformal boundary at infinity is approached. We assume that b is
equipped with a non-empty set of solutions of the static Killing Initial Data (KID)
equations, introduced in this thesis in section 2.3:

AV —nV =0, (4.37)
Diij = V(éz] + nb,'j) R (4.38)

where RU denotes the Ricci tensor of the metric b, D the Levi-Civita connection of
b, the operator A= bkeﬁkﬁg is the Laplacian of b, and we use D for the Levi-Civita
connection of g. Nontrivial triples (M, b, V'), where V solves (4.37)-(4.38), are called
static Killing Initial Data. Killing Initial Data and their connection to Killing vectors in
spacetime were explained in section 2.3. We recall that solutions of (4.37)-(4.38) are in
one-to-one correspondence with timelike Killing vectors in the associated spacetime on
the domain of dependence of the initial data set.

Strictly speaking, for the purpose of defining the mass only the geometry of a neigh-
borhood of the conformal boundary at infinity of M is relevant. A tuple (b, V') will also
be called a static KID when M or its conformal boundary are implicitly understood.
The functions V will be interchangeably referred to as static potentials or static KIDs.
The (finite-dimensional) vector space of static potentials of (M, b) will be denoted by .
All static potentials for the BK and Horowitz—Myers metrics are derived in Appendix C.
Under conditions on the convergence of g to b spelled-out in (4.42)-(4.46) below, well
defined global geometric invariants can be extracted from the integrals [66]

H(V,b) := lim / U (V)dS; (4.39)
R—oo Jr=R
where V' € 7, with
U(V) := 2y/detg (Vgl*g Djg + DIV (g5 — bj1)) , (4.40)

n

and where dS; are the hypersurface forms 0; | dz' Ao Ada.
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4. Positivity of Mass at Negative Cosmological Constant

From now on, until explicitly indicated otherwise the background metric b will be a
BK metric with m. = 0. In the coordinates of (4.34) we set

Moy := [R,00) x N™™1 (4.41)

for some large R € R, and we consider the following orthonormal frame {f;};=1, on
Mexs:

fi=rte, i=1,....n—1, fo=Vr2+ko,, (4.42)

where the ¢;’s form an orthonormal frame for the metric h;. We set
=g f), b= b ) = g L (4.43)

9ij -= 9\Jis Ji) > Oig - I 0, otherwise. ‘
Assuming that
/ (OO 1gis = bij1* + D 1 fulgi)*)r dug < oo, (4.44a)
Mexe 45 ijk
/ |Ry — Ry| 7 dpg < 00, (4.44b)
Mext

3C >0 such that C7'h(X, X) < g(X,X) < Cb(X, X), (4.45)

where dp, denotes the measure associated with the metric g, one finds that the limit in
(4.39) exists and is finite. If moreover one requires that

—n/2 .
{o(r ), ifn>2, (4.46)

O(r=179), if n =2, for some ¢ > 0,

Z 1965 — big| + Y 1 filgig)| =
1,J

Z‘?j7k

then the “mass integrals” (4.39) are well-defined, in the following sense: Consider any
two background metrics b;, i = 1,2, of the form (4.34), with the same boundary manifold
(N"=1 hy) with m. = 0, in particular with the same value of k. Assume that g approaches
both b1 and by at the rates presented above. Then there exists an isometry ® of b; such
that [66]

H(V,by) =H(V o®,by). (4.47)

From now on we assume that the space dimension n is larger than or equal to three.
Consider a background b of the form (4.34). The function

Vioy(r) = V2 + k (4.48)

satisfies the static KID equations (4.37). Assuming (4.44)-(4.46), a somewhat lengthy
calculation shows that the mass integral

H(Vi)) == H(Vr? + k,b) (4.49)
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equals [87]

H(V(p)) = lim R"(R® + k)x

R—

n—1
861‘1‘ keii (TL — 1)enn n—1
/{T=R} <_ Z{ or " r(r? + k) } " T )d Hh - (4.50)

i=1

Here
eij := gij — bij (4.51)

denotes the frame components in a b-ON frame, with the n’th component corresponding
to the direction orthogonal to the level sets of r. In space dimension 3, which will be of
main interest below, under the decay conditions spelled above this simplifies to

. 2633 2 ey
H(Vi) = Jim R | ( - a:)fuh,ﬁ. (4.52)
r= i=1

A class of ALH metrics of interest are those for which
eij =1 "pig +o(r™"), (4.53)

where the p;;’s depend only upon the coordinates z® on OM. One can further specialize
the coordinates in which py,, = 0, but this choice might be unnecessarily restrictive
for some calculations. Metrics with these asymptotics are dense in the space of all AH
metrics in suitable circumstances [91, Theorem 5.3]. The tensor 1;; will be referred to as

the mass aspect tensor.
For metrics for which (4.53) holds, Equation (4.50) reads

n—1

H(V, :/ n—Dppn +n i dn! =: a1 , 4.54
Vio) = [, (0= it m 3 )™ g =2 | ™ (454

where p is the mass aspect function mentioned in Table 4.1. An elegant formula for mass
can be derived by integration by parts in (4.39)-(4.40), leading to the following: To every
KID (b,V) and conformal-boundary component OM one associates a mass

m=m(V)=m(V,0M) = H(V,b) (4.55)

by the formula [92] (compare [93, Equation (IV.40)])

m(V,0M) = —lim DjV(Rij—Edi-)daz-, (4.56)
@0 J{z}xoM n’

where R;; is the Ricci tensor of the metric g, R its trace, and we have ignored an overall
dimension-dependent positive multiplicative factor which is typically included in the

95



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

4. Positivity of Mass at Negative Cosmological Constant

physics literature. Here OM is a component of conformal infinity, x is a coordinate near
OM so that OM is given by the equation {z = 0}, and do; := \/det gdS;.

Equation (4.56) will be used predominantly in the following sections. To make contact
with usual spacetime methods, we comment on the derivation of (4.56) in [93]. There,
(4.56) was obtained by calculating the Hamiltonian associated with a timelike Killing
vector field of the background and expressing the result in terms of initial data. In this
work, we will only consider static KIDs or timelike Killing vector fields which do not
depend on the coordinate mass parameter m..

A A

As a special case, consider a triple (M, g, V') satisfying (4.37)-(4.38); thus both (M, g, V)
and (M,b,V) are static KIDs. Assume that g asymptotes to b as above, and that V'
asymptotes to V. One checks that V' can be replaced by V in the integrand of (4.56), so

that

. R . N 1 . .
R g O g
1 . . .
= —D(|dV]*) — D'V . 4.57
D7) (4.57)
Letting r = 1/z, (4.56) becomes
~ N 1 . N
m(V) = lim D'V — —D¥(|dV|?)) do; . 4.58
(V) = Jm [ (D'V— DAV (4.58)

As an application, and for further use, we apply (4.58) to the space-part of the Horowitz-
Myers metric,

dr? 2me
9= g + (7~ I +1*hyyddde’ (4.59)
- =2

where hy;d0'do”’, I,J € {1,...n — 2} is a flat (n — 2)-dimensional metric, m. > 0 is
a constant and 1 has a suitable period to guarantee smoothness at r* = 2m,. The
background is taken to be g with m. = 0, thus V = r, |dV|2 = (r? - fﬁg), which gives
an integrand in (4.58) equal to

A 1 A 2
(D" — ﬁDT(|dV|2)) r=2/deth = —(n — 2)me (1 — —=¢)V/deth, (4.60)

7«’)’7,

and thus total mass
m=—(n—2)me, (4.61)

where we have assumed that the area of the conformal boundary at infinity in the metric
di? + hyjdx’dz’ has been normalized to 1. Applying (4.58) to the space-part of the
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toroidal Birmingham-Kottler metric

dr? 2 A 0B
which has V = /r2 — 37?102, gives
rY) 1 r 712 Tn_l _ mc(n — 2)
(D"V 2‘A/D (|dV%)) 5 = me(n —2)(n—1) <1 + r”)’ (4.63)
and
m=(n—1)(n—2)me. (4.64)

4.6.2. The spherical case

The question then arises, what happens with the mass under the boundary gluings of
section 4.4. The case when both manifolds have a conformal boundary with spherical
topology and a metric conformal to the standard round metric is simplest because then
the maps (A1, Ay) € & act globally on collar neighbourhoods of N{*"! and Ny~ ! in M,
and Ms. The initial energy-momenta m; of Nf_l and my of N2”_1 are transformed to
Aim; of Asms. Since the mass integrands are zero in the neck region, where the metric
is exactly hyperbolic, one finds that the energy-momentum m of the boundary-glued
manifold is additive:

m=Am; +Asmsy. (465)

This is true for all dimensions n > 3.

A more detailed presentation of the spherical case can be found in [63], and note that
most of the work there arose from the necessity to control the direction of the momenta
m,.

4.6.3. Conformal rescaling of hy

The remaining cases, as well as the Isenberg-Lee-Stavrov gluings, require more effort.
After the gluing has been done, the initial “boundary metric” hy of (4.34) will have to
be conformally rescaled in general. Thus, there will be a function 9 > 0, defined on a
subset of the boundary at infinity, such that

hi = V*hy, (4.66)

for some constant k& € {0, £1}. The following can be justified by considerations revolving
around the Yamabe problem.

First, if (N"~!, h) is a round sphere, there exist globally defined non-trivial such
conformal factors with k = k = 1, and they all arise from conformal isometries of the
sphere.
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4. Positivity of Mass at Negative Cosmological Constant

Figure 4.3.: Gluing two solid tori along a disc, the boundary of which becomes a closed geodesic on the
boundary of the glued manifold.

Next, when (N"~1 h;) is a closed manifold with & = 0 and (4.66) holds globally, then k
must also be zero and v must be constant. Of course, any constant will do, and there
does not seem to be a geometrically preferred value for this constant. When calculating
the mass of the Horowitz—Myers metric we will normalize the volume of (N™~1 h;) to
one, which removes the ambiguity.

In all other cases, ¢ = 1 and k = k is the only possibility for globally defined functions
1) on closed manifolds.

However, we will also need (4.66) on subsets of N"~!. Then non-trivial functions v
are possible with k # k in dimension n = 3. By way of example, let N2 be the connected

sum of two tori, i.e.
N? = T?#T? (4.67)

with the gluing occurring across a closed geodesic, cf. Figure 4.3. If we cut the connecting
neck along the closed geodesic, each of the factors in (4.67) can be viewed as a torus
T2\ D? with an open disc removed, and there we can write

h,1 = ewho, (468)

where w is a solution of the two-dimensional Yamabe equation (4.28), which for (4.68)

reads
Apyw = 2€¥, (4.69)

with vanishing Neumann data at 9D?.

Now, our definition of mass requires that the glued manifold admits non-trivial static
potentials. This is guaranteed when both the initial manifolds (NZ.”_I, hi;), i =1,2, and
the new metric on NI '#N5 ! are Einstein manifolds. The gluing construction itself
does not care about this, but the existence of a static potential on a collar neighborhood
of the glued manifold is not clear, except when the boundary is two-dimensional, or
when at least one boundary metric is a round sphere in all dimensions. The existence of
further higher-dimensional such examples is unlikely, see [94].

Here one should keep in mind that there exist large families of smoothly compactifi-
able stationary vacuum solutions (M, g) of (Riemannian) Einstein equations such that
(N"~1 hy) is not Einstein [95-99]. Each such metric comes equipped with a definition
of mass [78] for metrics with the same conformal infinity. Whether or not our weighted
addition formula (4.80) below applies in these more general circumstances is not clear;
we plan to address this in the future.
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4.3. Introduction to the Problem

Returning to our main line of thought, suppose thus that (4.66) holds on a subset of
N"~1. We extend 9 to a neighbourhood of the conformal boundary by requiring 9,4 = 0.
Let us denote by (7, ai"A) coordinates such that the new background metric Ay takes the
form

. dr?
b= — +2h . 4.70
ik Ok (4.70)
We can write
po 4 2p, = 22y — 9 o s 471
s TS ey TV e = g T (et ol (4.71)
with
Sh(Dyr,-) =0. (4.72)

Let us denote by 24 the local coordinates at M. As shown in Appendix D below (cf.

(D.21) and (D.24)) we find for large r

DAY

2172
(—.@A.@A log ) + (n — 2) 24 log )P4 log ¢)

r=yr|l+ +

a_,;A

=zt + +0(r ), (4.73)

o(r—* 4.74
2(n _ 1)7,2 (T )) Y ( )
where 2 is the Levi-Civita connection of hy.

It follows from (4.73)-(4.74) (see (D.14), Appendix D) that an asymptotic expansion
of the initial metric of the form

g(fi, [5) = by =0@F™") (4.75)

(which is observed in BK metrics) will not be preserved by the above transformations,
except possibly 1) in dimension n = 3 or 2) when k = k and the conformal factor arises
from a conformal isometry of hi. This is addressed in Appendix D. In particular, it is
shown there, in space dimension three and for p,; = 0, that the mass aspect tensor p;;
of (4.53) transforms as

PAB — AB = VUAB - (4.76)

4.6.4. Gluing in three space dimensions

We consider the mass of the manifold obtained by boundary-gluing of two three-
dimensional manifolds (M,, g,), a = 1,2. This includes the Horowitz—Myers metrics
which are conformally compactifiable, have no boundary, and have negative mass, as
well as Kottler metrics which are conformally compactifiable and have totally geodesic
boundaries.
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4. Positivity of Mass at Negative Cosmological Constant

Let us denote by V, the static potential of the asymptotic backgrounds on M,, a = 1, 2.
For the spherical components of the boundary at infinity, if any, one only needs to
consider the static potential v/1 4 r2, as follows from (4.79) below.

We start with the boundary-gluing of section 4.4. Letting x = 1/R in (4.56), and
using the fact that the metric is exactly hyperbolic in %, we have

ma = m(V,,OM,) = — lim DjVa(Rij—E(S;)dai
=0 J{z}xOM, n
= —lim DjVa(Rij—Edj-)dai. (4.77)
20 {2} x (0Ma\ Za) n

Let us write r for the radial coordinate as in (4.34) on Mj, so that the static potential
entering into the definition of the mass of (M, g1) reads

Vi=Vr2+k. (4.78)

Let us write (M, g) for the boundary-glued manifold, V for the associated static potential,
and 7 for the radial coordinate on M. Viewing M; \ % as a subset of M, using (4.74)
with 1) there denoted by 11 here, we can write on M; \ %

V=y\irt+k=r+0G0 ) =vir+00r ") =Vihy + O(r™ ). (4.79)

Here 11 has been extended to the interior of M; by requiring 9,1, = 0.

An identical formula holds on My \ %, with a conformal factor which we denote by
Y.

Assuming in addition to (4.42)-(4.46) that the b-norm of R'; — %6;- decays as o(r>™")
for large r,

_ _ . ) R .
m = m(V,@M):—lim 7D]V(sz—*5;~)d02'
=0 J{z}xoM n
2 ) ) R .
= N1 DI (Y Vo) (R — —6%) do; . 4.80
D [ o, DR = T8y do (4.80)

Comparing with (4.77), we see that the mass of the glued manifold is the sum of
mass-type integrals, where the original integrands over 0 M, are adjusted by the conformal
factor relating the metric on the glued boundary to the original one.

The above applies also to the case where the mass aspect tensor is well-defined, giving
a simpler formula

2 n—1
mo= _Zl/M va((n - l)ﬂnn+n;ﬂii)dn_lﬂhk' (4.81)
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4.3. Introduction to the Problem

It should, however, be pointed out that the gluing-in of an exactly hyperbolic region
as in [23] is not known to lead to a metric with well defined mass-aspect tensor in the
region where the deformation of the metric is carried out, so that in our analysis below
we have to use (4.80).

The difference in the mass formulae between the boundary-gluing of section 4.4 and that
of [83] is essentially notational, concerning the integration domains in (4.80) and (4.81).
Indeed, after the gluing construction presented in section 4.2 of [83] has been done, the
boundary manifold there is obtained by removing discs D(e,) of coordinate radii €, from
OMy,, and connecting the boundaries of the discs with a neck S x [0,1]. (The radii ¢, are
taken to be one in [83, section 4.2], which is due to a previous rescaling of the coordinates.)
For the purpose of the formulae below let us cut the boundary neck S' x [0, 1] into two
pieces Ny := S! x [0,1/2] and Ny := S x [1/2,1], and let Q, = (OM, \ D(e,)) U N,,.
In the construction of [83] each 2, comes naturally equipped with a constant scalar
curvature metric which coincides with the original one on 0M, \ D(e,). The relative
conformal factors 1, are defined on the 2,’s with respect to these metrics. We then have

m = m(V,0M)
2 ' R

li D7 (o Vo) (R'; — —6%) doj . 4.82
19012(1) {2}xQq (WaVa)(H ndj)dg (4.82)

- -y

Whenever a mass aspect tensor is globally defined on the glued manifold, this last formula
coincides with

2 n—1
mo= - 231/9 7vba((n - l)ﬂnn +n ; Mz’z’)dn_l,uhk . (4.83)

It should be clear how this generalizes to the boundary-gluing of several three-
dimensional manifolds.

4.6.5. Noncompact boundaries

When defining hyperbolic mass, it is usual to assume, and we did, that the conformal
boundary at infinity is compact. This is done for convenience: when the boundary
manifold is compact, to obtain convergence of the integrals defining mass it suffices to
impose decay conditions of the metric g to the asymptotic background b.

Now, the “exotic gluings” construction in [23] creates an open neighborhood, say &, of
a subset of the conformal boundary at infinity, such that the metric is conformal to the
hyperbolic one in 0.

One can then create non-trivial non-compact boundary manifolds by removing closed
sets, say X, from the boundary at infinity inside 9M N & and changing the asymptotic
background b to a new background b on M \ X. A simple non-trivial example is provided
by taking OM to be a two-dimensional torus, 3 to be a finite collection of points p; € OM
(e.g., one point), and replacing the original background with a flat conformal metric hg
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4. Positivity of Mass at Negative Cosmological Constant

on OM by a complete hyperbolic metric with cusps at the (removed) points p;. Then,
instead of measuring the mass of M with respect to the original background with a
toroidal boundary, we can define a mass with respect to the new background b, as in
(4.70)-(4.71).

Since the removed set X is contained in the set &, where the metric is conformal to
the hyperbolic metric, the convergence of the new mass integrals readily follows from
the convergence of the original mass: the support of the boundary integrals near infinity
is included in a neighborhood of the compact set M \ €. The arguments presented in
section 4.6.4 readily lead to the following formula for the new mass:

_ ) R .

m(V,0M\ ¥) = — lim  D@V)(R'; — —0d%) doi; (4.84)
=0 J{2}x (AM\X) n

recall that 1 is the conformal factor which relates the original metric hy to the new

one as hj = 1 2hy, and z is a coordinate which vanishes at the conformal boundary at

infinity.

4.7. Higher genus solutions with negative mass

In this section, we show existence of classes of three-dimensional ALH manifolds (M, g)
with constant scalar curvature, higher-genus conformal boundary at infinity, and negative
mass.

4.7.1. Genus two

We start with a construction leading to ALH manifolds with genus at infinity equal to
two.

The manifold (M, g) will be obtained by a boundary-gluing of two ALH manifolds,
(M, g1) and (Ma, g2), with identical toroidal conformal geometries at infinity. We assume
the existence of a coordinate system near the conformal boundary at infinity in which
each of the original metrics g, takes the form

dr? 9
ga:j‘FT ho +eq , r>rg, a=12, (4,85)
- b
for some rg > 0, where
lealo + | Dealy + [D?eqly < Cr=7 (4.86)

with constants ¢ > 5/2 and C' > 0. This guarantees the possibility of performing an
“exotic gluing” with a well-defined final mass [23], and is satisfied in particular for the
Birmingham-Kottler and Horowitz-Myers metrics, in which cases o = 3.
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4.3. Introduction to the Problem

Figure 4.4.: The sets %1, C % ,2¢ and their boundaries.

Figure 4.5.: A punctured torus with a hyperbolic metric; the figure is misleading in that the cusp region
is actually infinitely long.

We make an appeal to the construction described in Section 4.4, where the hyperbolic
metric has been glued in within an e-neighborhood of boundary points p, € 0M,. We
use the coordinates of (4.85)-(4.86) with polar coordinates for the boundary metric

ho = dp? + pdy? (4.87)

on OM,, with p, located at the origin of these coordinates. Such coordinates can always
be defined, covering a disc D(pg) for some py > 0. Without loss of generality, we can
rescale the metric hg on OM, so that the coordinates are defined on the unit disc D(1).
(This might rescale the total mass by a positive factor; one then reverts to the original
scaling before calculating the mass.)

The metric g; is thus the original metric outside the half-ball % 2¢ of coordinate radius
2e < 1, and is exactly hyperbolic inside the half-ball % . of coordinate radius € (see
Figure 4.4); similarly for go. For reasons that will become clear in the proof, we need to
consider a family of boundary gluings indexed by a parameter i — co.

As notation suggests, the parameter ¢ will be taken in N; we will indicate how to
transition to a continuous parameter ¢ in Remark 4.12 below.

For ¢ > 8/€ we choose both hyperbolic hyperplanes b1 ; and by ; of section 4.4 to be
half-spheres of radius 1/i centered at the origin of the coordinates (4.87). We choose any
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4. Positivity of Mass at Negative Cosmological Constant

pair (A1 := Ay, ; 4, A2 := Ay, ) as in section 4.4 to obtain the boundary-glued manifold
M = My, p,.

Recall that, given a flat torus (T2, hp) and a point p € T?, there exists on T? \ {p} a
smooth function w such that the metric e“hq is complete, has constant Gauss curvature
equal to —1, with (T2, e“hg) having finite total area; see Figure 4.5 and Appendix B,
compare [100, Proposition 2.3].

We claim:

Theorem 4.3. Consider two three-dimensional ALH manifolds (Mg, ga), a = 1,2, with
constant scalar curvature and with a metric of the form (4.85)-(4.86) with the same flat
metric hg. Let p € OM; and let e“hqy be the unique constant negative curvature metric
with a cusp at p. The mass of the Maskit-doubled metric as described above converges, as
€ tends to zero and i tends to infinity, to the finite limit

2
— Z lim
T—00
a=1

In this sum R;; is the Ricci tensor of g1 when a =1 and of go when a = 2.

) (—w i Rz’
{}XTZDJ(e /2T)(Rj—g(5j)dai. (4.88)

This leads us to existence of negative-mass solutions without boundary:

Corollary 4.4. There exist three-dimensional conformally compactifiable ALH manifolds
without boundary at finite distance, with constant scalar curvature, genus two infinity,
and negative mass.

Proof of Corollary 4.3: We apply Theorem 4.1 to two identical copies of a Horowitz-
Myers instanton. Keeping in mind that m. > 0, it follows from (4.88) and (4.81) that m
approaches

—00 < —2mc/ e_w/QduhO <0 (4.89)
'JTQ

when € tends to zero and ¢ tends to infinity, and hence is negative for sufficiently small €
and sufficiently large i. O

Remark 4.5. In the case of the square torus with area equal one, discussed in Appendix B,
the function w in (4.89) satisfies (cf. (B.5))

- L(1/4)?
w/2 ~

which leads to a rough lower estimate of the mass m of the manifolds obtained by gluing
two identical copies of the Horowitz-Myers instanton manifold, for small € and large i,

—1.18m, <m < 0. (4.91)
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4.3. Introduction to the Problem

An upper bound can be obtained by numerically integrating the inverse of the right-hand
side of (B.3), leading to
—1.18me < m < —0.68m,. (4.92)

(The integral of the inverse of the left-hand side of (B.3) gives a worse lower bound
~ —4.02m..)

Proof of Theorem 4.3: By construction, the boundary OM of the new manifold is a
doubling of
M; = 0M; \ D(1/i). (4.93)

We will often view both Mi and its double as subsets of OM.

Consider the conformal class of metrics on OM induced by g. This conformal class
depends upon ¢ but is independent of ¢, keeping in mind that e > 8/i. In this class there
exists a unique metric h_q with constant scalar curvature equal to minus two which can
be constructed as follows: Let h; be any representative of the conformal class of metrics
on OM; induced by g which is

1. invariant under reflection across ]\Zfi, so that the coordinate circle
S1yi = M; (4.94)

of coordinate radius 1/i is a totally geodesic boundary for (M;, h;), and which is

2. invariant under rotations near Sy ;.

While any metric h; as in 1. and 2. is adequate, a useful example is provided by the
metric which on M equals x%hg, where ¥ > 1/2 is any smooth function on M \ {p}
which equals to 1/p on D(1)\ {0}, where p is the coordinate radius in the local coordinates
on OM;. This can be accompanied by the introduction of a new coordinate

p= 1)1, (4.99)
so that the flat metric
ho = dp? + p?de®,  pe[l/i]] (4.96)
becomes )
ho= (T dgt) = g ()i + ), pelo.1), (4.97)

thus h; = log?(i)dp® + dg? on [1,4] x S'.
In this coordinate system the reflection across M; is the map (p, @) — (—p, ), after
extending the range of p from [0, 1] to [—1,1].
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4. Positivity of Mass at Negative Cosmological Constant

Given a function f defined on D(1)\ D(1/i) in the original coordinates (p, ), the
mirror-symmetric doubling of f is defined as the function

) log()(=1) ) p>0;
1 11x S5 (5 5oy = 4 e ) 20 4.
(L1} xS 3 (p, @) = f(p,p) { f(elos®M=r=1) ») < 0. (4.98)

The mirror-symmetric doubling of a tensor field is obtained by transforming the tensor
field to the coordinates (p, ¢) and mirror-doubling all its coordinate-components. For
example, after doubling of M;, the tensor field h; = log? (i)dp? + dp? just defined above
on [0,1] x S maintains the same form log?(i)dp® + d¢? on [—1,1] x S! after doubling.

Another example, which plays an important role in our proof below, is provided by
the daunting-looking metric (cf., e.g., [60])

™

erihg = ( | )Q(d;ﬂ +p2de?), pe(1)i31), (4.99)

log p

log(?) sin(7 o2t

which has constant negative scalar curvature equal to —2. The conformal factor e*=:
tends to infinity at p = 1/i> and at p = 1. In the coordinates (p, ¢) the metric (4.99)
reads ) .
T
Wrihy = (————) (dp? + —5—dp?), pe(—1,1), 4.100
<10 = (3oostrarm) W + oz PECLD, (100)
which is manifestly mirror-invariant. Note that the circle p = 0 is a closed geodesic
minimizing length, of length 72/ log(i).
Let u; : 9M — R be the unique solution of the two-dimensional Yamabe equation

Aj ui = —Re" + R;, (4.101)

with R = —2, and where R; is the scalar curvature of the metric ﬁi, so that the metric
el BZ has scalar curvature R. It is important in what follows that the function u; is
independent of e.

(As uniqueness is likewise important in our analysis, let us provide an argument: let
%; and @; be two solutions, rename the metric e% ﬁl to iLi, then from @; one obtains a
solution of (4.101) with R = R = -2 Multiplying the resulting equation by u; and
integrating over M one obtains

/|dui‘2duﬁi = 2/(1 — e“i)ul-d,uﬁi . (4.102)

Since the integrand of the right-hand side is negative except at u; = 0, we find u; = 0,
hence @; = 4;.)

Uniqueness implies that u; is invariant under reflection across MZ Hence u; has
vanishing normal derivative on Sy ;.

As iLz is conformal to hg on Mi, there exists a function ; so that we have
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4.3. Introduction to the Problem

h; = e%hg (4.103)
on Mi. Then the metric
etithipg (4.104)

defined on M;, has scalar curvature equal to minus two. The mirror-symmetric doubling
of h; across Sy ; coincides with the metric h—; on dMj.
Now, by construction, ; is rotation-invariant near Sy /;. The fact that 5y /; is totally

geodesic is equivalent to the vanishing of the radial derivative of e%/2p on S, /it
0=0,(e"p)ls,,, =  Opllls,, = —2i. (4.105)

From what has been said we have

8pui\51/i =0. (4.106)
Since hg is flat, we conclude that the function

w; = u; + U; (4.107)
satisfies on M; the equation

Apywi = 2, (4.108)

with Neumann boundary data at the coordinate circle Sy /; of radius 1/i centered at the
origin:

Dpwils, . = —2i. (4.109)

Now, while the function w; depends only upon %, the metric on M depends upon both
€ and 7. This has the unfortunate consequence that the sign of the mass of M is not clear.
In what follows we will determine this sign for ¢ large and € small. For this, we need to
understand what happens with the mass integrand (4.80) when i tends to infinity and e
tends to zero. The idea of the argument is to show that the sequence of functions w;, or
at least a subsequence thereof, converges to a limit, with sufficient control of the limit
to guarantee control of the mass. The needed convergence result is perhaps contained
in [101], but it is not completely apparent to us that this is the case, so we provide a
direct argument, different from the one in [101].

The maximum principle shows that w; has no interior maximum on the compact
manifold with boundary 9M; \ D(a) for a € [1/i,1], where D(a) denotes an open
coordinate disc of radius a lying on the boundary dM; and centered at p.

Integrating (4.108) over M; and using (4.109) one finds

/A e“idpup, = 2m (4.110)

which follows from Stokes’ theorem.
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4. Positivity of Mass at Negative Cosmological Constant

We continue the proof of Theorem 4.3 with the (well known, cf. e.g. [60]) observation,

that solutions of the equation
Aw = 2¢e” (4.111)

satisfy a comparison principle, which we formulate in the simplest form sufficient for our
purposes: If both w and @ satisfy (4.111) in a bounded domain Q with boundary, and if
@ > w near the boundary, then @ > w on €. (This comparison is particularly useful with
functions & which tend to infinity when 0f is approached.) Indeed, if w is continuous
on the closure Q of Q, the function w — & is then negative near 99, and satisfies the
equation

Apy(w — @) = 2% — 2¢*.. (4.112)

If w > © somewhere, then w — & would have a positive maximum at some point ¢ € €2
away from the boundary. Since the function z +— 2e® is increasing, the right-hand side of
(4.112) would be positive at g. But the left-hand side is nonpositive at a maximum, a
contradiction. We rephrase this loosely as

Ww>wond) = &>wonld (4.113)

For 0 <a <blet
I'(a,b) :== D(b) \ D(a).

The comparison principle allows us to prove:

Lemma 4.6. On I'(1/i,1) it holds that

2
eVt < eii= ( _ T ] ) . (4.114)
log(i?) sin(ﬂlo‘;%ig) )p

Remark 4.7. On the circle p = 1/i we have

. n2i?
€w*’l = m, (4115)

which is unbounded in 7, but the metric length ¢; of S} /; equals

1 1 w2
6' = */ 6wi/2 — d < */ €w*’i/2 — d = 4116
7 i @6[0,271']( )|p 1/i4¥ > i ¢€[0,27r]( )|p 1/i0%¥ log i ( )
so that ¢; approaches zero as i tends to infinity.
Proof of Lemma 4.6: The metric (compare (4.99))
1 dz|?
e“sVihg = ( csce og]z]))2] i (4.117)
| log | log [t| ™ |2
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4.3. Introduction to the Problem

has constant negative scalar curvature equal to —2. Furthermore, the circle Sy/; is

minimal when ¢ = i%:

0p(pe ™2 )| pe1/i = 0. (4.118)
The conformal factor e¥*i tends to infinity at p = 1/i% and at p = 1.

The change of the complex variable z +— w = —1/(i*Z), where Z is the complex
conjugate of z, reproduces the metric on w € I'(1/i2,1) and exchanges the regions
on both sides of the geodesic |z| = |w| = 1/i. Our doubled metric on OM is likewise
symmetric relatively to this geodesic. The conformal factor e*i, extended to p € (1/i%,1/7)
using the map just described, provides a smooth solution of the Yamabe equation (4.111)
on I'(1/i%,1) (compare the discussion around (4.98)). It takes finite values both at
p=1/i® and at p = 1. The result follows from the comparison principle. O

Corollary 4.8. For any p1 € (0,1), there exists a constant ¢ = ¢(p1) such that
wi < ¢ (4.119)
on M; \ D(p1), independently of i.

Proof. The inequality

ewi < 69-)* i m 1
p?log®(p1)

- (log(iQ) sin(ﬂlfg(fg) )p1

: (4.120)

2
) —?i—+oo

shows that the w;’s are bounded by a constant ¢(p;) independently of i on S(p;) for
p1 € (0,1). The result follows from the maximum principle. O
The corollary gives an estimation of the conformal factors from above. To prove
convergence of the sequence w;, away from the puncture, we also need to bound the
sequence of conformal factors away from zero. The next lemma provides a first step
towards this. At its heart lies the inequality (4.123), which shows that the area does not
concentrate near the minimal geodesic Sy /;. The parameter € > 0 below should not be
confused with the parameter € introduced by the exotic gluing of M; with Mo:

Lemma 4.9. For all € > 0 sufficiently small and oll i sufficiently large we have the
bounds

i
< sup  w;, 4.121
DA D2~ oo (4.121)

inf i —log2) <1
6M11\%(a/2)(w 0g2) < log

where |U|p, denotes the ho area of a set U, and note that the middle term is independent
of i.
Proof. We have

2rcon ()

e“sid = —
/F(a,b) o log(i?)

: (4.122)

a
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4. Positivity of Mass at Negative Cosmological Constant

and note that

27T2 COt(ﬂL@/E))
Wi i log(i2) 2w
e tdpp, = : oo ———< —e0 0. 4.123
»/1"(1/1',5/2) Hho log(i2) 7% log(2/¢) &0 ( )
Equation (4.110) gives
2 = / e“idin, :/ e“idp, +/ e“idpup, - (4.124)
M; OM1\D(e/2) I(1/ie/2)

The estimate (4.114) shows that

/ e“idup, < / e idpp, . (4.125)
I(1/ie/2) I(1/ie/2)

Equation (4.123) shows that there exists g such that for all 2/i < e < g the last term
in (4.124) is in (0, ), which implies

T < / e“idpup, < 2. (4.126)
OM1\D(c/2)
The conclusion readily follows using
/ @iy, < / e“idpp, < / e PYidpp, . (4.127)
OM1\D(2/2) OM1\D(e/2) OM1\D(e/2)
O
We continue with:

Lemma 4.10. There exists a smooth function

Woo : OMy \ {p} = R (4.128)

such that a subsequence of {wij }jen converges uniformly, together with any number of
derivatives, to ws on every compact subset of OMi \ {p}.

Proof. Let K be any compact subset of OM; \ {p}, there exists px > 0 such that
K C OM; \ D(pk). It thus suffices to prove the result with K = 0M; \ D(pk), which
will be assumed from now on.

Let K1 = OM; \ D(pk/2). Choosing ¢ < pg/4 in Lemma 4.9 ensures that (4.121)
holds on K for all ¢ > 4y for some 77 < co. Let ¢ > i1, by Corollary 4.8 there exists a
constant c¢1, independent of 7, such that

V; = —Ws Z c1 (4.129)

on K. Define
V;:=v; —cp+ 1. (4130)
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4.3. Introduction to the Problem

It holds that ©; > 1 on K7. Moreover, 0; satisfies the equation®

Apy Ui = ;04 (4.131)

where
—u;

0> =25 > 9, (4.132)

A -

(%
By Harnack’s inequality there exists a constant C; = C1(K, K1) > 0 such that on K we

have
sup ¥; < Ctinf 9; . (4.133)
K K

This, together with the definition of 9;, shows that

supv; < Crinfov; +dy = Ci(—supw;) + dy (4.134)
K K K1

for some constant d;. Equation (4.121) gives

T
—supw; < —1In =:co, 4.135
Wi S~ N DDy (4139)
From (4.134) we obtain
supv; < Creg +diy — i}l{fwi = —supv; > —(Cica +dy). (4.136)
K K

This, together with (4.129), shows that that for every compact subset K of M \ {p}
there exists a constant Ci such that

—Cg <w; <Ck. (4.137)

Elliptic estimates, together with a standard diagonalisation argument, show that there
exists a subsequence w;; which converges uniformly on every compact subset of dMj \ {p}
to a solution we, of (4.108) on OM; \ {p}. Convergence of derivatives follows again from
elliptic estimates. O

We return to the proof of Theorem 4.3. Equation (4.110) shows that we can use [102]
to conclude that there exists o > —2 such that for small p we have

Weo = alogp+ O(1) = ev>® ~ p*| (4.138)

or
Weo = —2log(—plogp) + O(1) — e ~ p2log 2 p. (4.139)

Now, we claim that the case o > 0 cannot occur in our context. Indeed, if (4.138) holds,

“We are grateful to Yanyan Li for providing the argument leading to (4.134).
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4. Positivity of Mass at Negative Cosmological Constant
integrating (4.111) over T? \ D(p, §) one finds, for i large enough,

0<?2 Aw; d,uho

g = |
T\D(p.5) T2\D(p)
—_ 7( Dyi dp —ise —27a + O(5). (4.140)

Ss

Choosing § sufficiently small, we conclude that
a € (—2,0). (4.141)

We are ready now to analyse the mass of M. By construction, M is the union of
M\ /i and M3\ 215, identified along the boundary by ;. Since the metric is exactly
hyperbolic in % ., the mass integrands vanish in % . \ % ;. Let m; . denote the mass
of either summand in (4.80). In space-dimension n = 3 we have

~ R
e = —li DY (¢ Fi— = 0F

i, xg% {x} xOM, (¢ Vl)(R J Séj)da—k

- R
= —1i DY (V1) (RF; — =6%) doy, 4.142
230 {2} x (0M1\D(¢)) (Vivi)(R 3 i) o ( )

where

W = e wil?, (4.143)

We will need to estimate the derivatives of the functions ;. As a step towards this,
for y € D(4) \ D(1/2) we set

. ) wiley) — alog(elyl), under (4.138);
fiely) = { wi(ey) + 2log(—ely|log(e|y])), under (4.139). (4.144)

Each of the functions f; . satisfies on D(4) \ D(1/2) the equation

262t y|¥efic, under (4.138);

Apofie = 2efie 2 (4.145)
’ — , under (4.139).
P (oa(elaD?  IyPloa(d)? (4.139)

For every e there exists ip(€) such that the functions f; . are bounded uniformly in e
and ¢ for i > ig. This leads to an estimate on the derivatives of f;. on D(2)\ D(1)
(see [103, Section 3.4]):

‘afi,6| + |aafz,e| é Ca (4.146)

for some constant C' independent of € and of ¢ provided that i > ig(e).
In view of (4.142)-(4.143), we will need estimates for e=“*/2. From (4.146) one obtains
on D(2¢) \ D(e), for i > ip(e),

|46 w2 < Cete™@i/2 | |90pewi? < Ce2e7wi/2 (4.147)
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4.3. Introduction to the Problem

for some possibly different constant C' which is independent of € and ¢ when i > i(e).
Directly from [102], or replacing v; by v in the argument just given, one finds

0ae™w=/2| < Cp~lew=/2 |9 0pe /2| < Cp~2ewe/? (4.148)

for possibly yet another constant C.
Equation (4.142) can be rewritten as

, R
e = —2 DI (Vi) (RF: — =6%) d
. OM\D(2¢) (WiV)(R5 = 2205) do
—2lim DI (V1) (R — =6%) doy, . (4.149)
=0 J{z}x(D(2¢)\D(¢/2)) n

=:(%)
We claim that the second line can be made arbitrarily small by choosing ¢ sufficiently
large and e sufficiently small. For this, we apply the divergence theorem on the set

Q= {0 <z <¢/100} x (D(2€) \ D(¢/2)) .

Letting
R

xF = (RY; - gfsf)Dj(T/h’Vl)a (4.150)

where 1; has been extended away from dM; by requiring d,1; = 0, we have

/ Dkad,ug = (%) + X*doy, + X*doy, + X*doy, .
Q. QcN{z=c/100} [0,€/100] x Sa. [0,€/100] % S /2

= =:b =:ic
(4.151)
On [0,€/100] x S,/ the metric is exactly hyperbolic, thus ¢ = 0.
We will do the calculation that follows in general dimensions n > 3. We will assume
(4.86) except that we require now

1
o>n—g. (4.152)

Following [63] we define s via the inequality
o> (n—1)/2+ s for some s € (n/2,(n+1)/2) (4.153)

(actually s = n/2 is also allowed in [63] but we need s > n/2 in our calculations below).
We then have the following estimates in . ( [23], see also [63, Remark 2.1]):

lg — bl + | Dbl + | D%l = O(r=7) + o(e”5r™%); (4.154)

113



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

4. Positivity of Mass at Negative Cosmological Constant

recall that D is the covariant derivative of g and r» = 1/z. Let V =ir = ¥; V1. Then
dV = idr + r0aidz? so that |dV |, = /r2? + |dis|};, . We thus have

AV ]y < gir + |dibilng (4.155)
and
. R 0, in the hyperbolic region;
|R'j — —6&|p = ¢ O(r~7)+o0(e”*r~*), in the gluing region; (4.156)
" O(r=2), elsewhere.

We are ready now to consider the integral b in (4.151). There we are in the last case of
(4.156) so that, setting = 1/r, it holds

b— / O(a%)(O(a= i + |dilg )" dae d™ 2, (4.157)
[0,6/100] X Sz

where d"~?y is the measure induced by hg on Ss.. Convergence of the integral in x
requires o > n—1 (which is satisfied in view of (4.152)), and after integration one obtains

b= : O(e" ™Y (4 + €|dihi|pg )™ 1u. (4.158)
2e

Consider, next, the integral a in (4.151). At r = 100/e we find, after taking into account
the measure induced by g,

a = O(Eg_n)wi + O(Ea_n+1)‘d1/1i‘h0)duh0 . (4.159)
D(2¢)\D(€/2)

We pass now to the analysis of the integral over €2.. A calculation shows that
DDV = Vb + rd 0p¢; de’da® (4.160)

(recall that D is the covariant derivative of the metric b = dr2/r2 + r2hg), so that

hiBREP D A0ci OOt |02,
/12K POade OO0 _ 107l (4.161)

T T

|DDV — Vb, =
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4.3. Introduction to the Problem

Thus, with the error terms for tensors in b-norm unless explicitly indicated otherwise,

DyD;V = bkij+ (O(r=?) 4+ o(e”°r~*)) DV
= Vb + O(|0%%ilner ™) + (O(r™7) + o(c7r~%)) DV
= V(grj + 07 +0o(e” 1)) + O(|0*ilnor ™)
+(O(r™7) +o(e”*r™%)) (Yir + \d%\ho)
= Vgrj + O(0*Pilny)r ™" + (O =7) + 0(e7r' %))
+|di| e (O(r~7) 4+ 0(e7°r™%)) . (4.162)

Next, the curvature scalar R is constant, which implies that DiRij = 0 by the (twice
contracted) second Bianchi identity. We thus find

R

DXF = (R'j——d) DDV
N
O(r*f’)—i-o(af’*ST*S)
= (00™7) +o(e7*r=))(O( %) + o(” 1~ ))oly
+HO@™ )+0( rEENO(r?) + o(e775r %)) |debil g
(O + o(e7 ™7 1))[0%i]n,

— (O(T‘ 20+1>+0( —Sp—8— a+1)+0< 20— 23T725+1))¢i
H(O(™27) + 0(e77 ™" 7%) + (2772 7)) | diil g
HOE T + o(e”*r 1)) |07l ng - (4.163)

The requirement of convergence of the integral in r together with (4.153) leads to the
restriction n < 5. Assuming this, we find

| Dby = [ (O i O il Ol )0 il
Q. D(2\D(¢/2)

(4.164)
Collecting terms in (4.151) leads to the following form of (4.149)

mze+/ €’ n+1 wz"i_e‘dwz‘ho)dn 2

(O O i + O )0 )
D(2e)\D( 6/2
(4.165)

Let 7 > 0 and o = e “=/2, If n = 3 (thus ¢ > 5/2), by (4.138)-(4.139), (4.141) and
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4. Positivity of Mass at Negative Cosmological Constant

(4.148) we can choose € small enough so that

: O(e” ™) (i + €ldubi |y )d" 1
2e

(O(”™™ oo + O(7 ) | dioo |y + O(e7"2)|0%tboc o ) dping < 11/2.
(4.166)

L —
D(2e)\D(¢/2)

The function v; tends uniformly on D(2¢) \ D(€/2) to 1o, when i tends to infinity. This,
together with (4.147), shows that we can choose i large enough so that

/s O(e” ™) ([thoo — il + €ldtboe — dihilng)d™ >
t L (0o — ] + O e — i)
D(2e\D(e/2)
+O(” ™" 2)[02 (oo — 1) g ) dping < 1/2. (4.167)

We conclude that the integral over the annulus D(2¢) \ D(e/2) tends to zero as € tends
to zero and 7 tends to infinity.
The above analysis of the mass can be summarised as follows:

Proposition 4.11. Suppose that for every n > 0 we can find i large enough so that
(4.166)-(4.167) hold. Then, when € tends to zero and i tends to infinity the mass of each
summand of (M, g) tends to

; R
_ T J k. _ Ttsk
91613% (epxon, D’ (Yo V1)(R j néj)dak, (4.168)

where the limit exists and is finite.

By Remark 4.7 and Deligne-Mumford compactness (cf., e.g., [104, Proposition A.2,
Appendix A.1]) the metric e“=hg is the hyperbolic metric on the punctured torus. This
finishes the proof or Theorem 4.3. O

Remark 4.12. For further reference, we comment on the possibility that the discrete
family of circles .Sy /; across which the doubling has been done is replaced by a continuous
family S,, with a € (0,ag) for some ay > 0, with associated family of solutions wy.
The only place in our arguments above where the discrete character of the parameter
a matters is the extraction of a diagonal subsequence so that the solutions converge to
a limiting function. For this we take any sequence a; converging to zero, so that the
resulting sequence w,, has a subsequence Waj converging to a limiting function, say

W{a, .}, ON compact subsets of T? \ {p}. By what has been said the metric ew{aij}ho is
J
the unique hyperbolic metric on T2 \ {p} with puncture at p, hence is independent both
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4.3. Introduction to the Problem

Figure 4.6.: Two punctured tori, connected by a thin neck. In the limit ¢ — oo the necks become longer
and longer with circumferences shrinking to zero.

of the sequence a;; and of the sequence a;. Setting we := wy,, 1, it is then standard to
J

show that w, converges to ws, on any compact subset of T2\ {p} as a tends to zero, and
depends continuously on a on any compact subset of T2\ {p} in C*°, with the length of
the minimizing geodesic in the middle of the connecting neck depending continuously
upon a, and with the mass of (M, g) depending continuously upon a.

It is of interest to enquire about the shape of the glued boundary-manifold. From what
has been said the metric on the conformal boundary converges (uniformly on compact sets
away from the puncture) to the cusp metric on each of the two copies of the punctured
torus (cf. Figure 4.5), with asymptotic behavior near the puncture approximated by
(compare [105])

1
————(da® + dy?) = ———5—(dp* + p*dy?). 4.169
pzlog?(p)( =t ay) p210g2(p)( el (4.169)
Since )
/plogpdp = log(—log p) =0 o0, (4.170)

the connecting necks become longer and longer, with a circumference ~ 27/|log p| =
27/ log i tending to zero when i — 0o, see Figure 4.6.

4.7.2. Higher genus

It should be clear that one can iterate the construction of the last section to obtain
three-dimensional conformally compact ALH manifolds without boundary, with constant
scalar curvature, negative mass, and a conformal infinity of arbitrary genus. One possible
way of doing this proceeds as follows: Let (M, g1) be a three-dimensional ALH metric
with constant scalar curvature and toroidal boundary at infinity. Let N € N and let
{pi}X; be a collection of points lying on the conformal boundary dM; of M;. Let % be
any pairwise-disjoint family of coordinate half-balls of coordinate radius ¢; centered at the
points p;. Let (Ma, g2) be another ALH manifold with the same asymptotic behaviour
and identical conformal geometry at infinity; e.g., an identical copy of (M, g1). The
manifold (M, g) is taken to be a boundary-gluing of (Mj, g1) with (Ms, g2), where each
U; C M is glued with its partner in Ms in a symmetric way; Figure 4.8 illustrates what
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4. Positivity of Mass at Negative Cosmological Constant

Figure 4.7.: The symmetry 1 is a reflection across the vertical plane passing through the center of the
figure. The gluing is done at the discs, whose boundaries become closed geodesics on the
boundary, indicated in red in the figure. The construction is symmetric under the reflection
across the horizontal plane passing through the center of the figure.

happens at the conformal boundary at infinity. Solving the Yamabe equation on dM,
for j € N one obtains a function w; on

My = oM\ (UL, D(pi, 1/7)) (4.171)

such that the constant-Gauss-curvature representative of the conformal metric on OM
equals

iy (4.172)
This leads to the integral identity
/A e“Idup, = 2N . (4.173)
j
The analysis of Section 4.7.1 applies near each of the punctures p;. Letting m(ey,--- ,en, 7)

denote the mass of (M, g) we conclude that if we started with a Horowitz-Myers metric

we will have
m(el,--- ,EN,j) <0 (4.174)

for all j larger than jgy, for some jo that depends upon maxe;.
From (4.173) we find

|OM|p_, = 2/A e“idpip, = ANT . (4.175)
M.

J

118



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

4.3. Introduction to the Problem

Figure 4.8.: The gluing is done at the discs, whose boundaries become closed geodesics on the boundary,
indicated in red in the figure. The construction is symmetric under the reflection across
the horizontal plane passing through the center of the figure.

Equivalently, since the scalar curvature Rj, , of the metric h_; equals —2 we have

dmx (OM) = /8 ., Ry dpp_, = —4 /M e“idup, = —8N, (4.176)
J

which shows that x(0M) = —2N, and thus OM has genus N + 1.

A variation of the above is the following: Let ¢ : 9My; — OM; be an isometry of
(Mjy, ho) such that v o 1) is the identity map. Let N be even, say N = 2N, and suppose
that the collection {p;}X; of N distinct points on 9M; takes the form {g;, 1 (q;)};. We
can then pairwise glue, as above, neighborhoods of the points ¢; with neighborhoods of
their ¥-symmetric partners ¢ (g;). Thus OM is obtained by adding to dM; a family of
N necks connecting the points ¢; and 1(g;); see Figure 4.7.

Let M; be the Horowitz-Myers instanton. If we choose 1 and the necks in a way
compatible with the constructions described in Section 4.7.1, one obtains a family of
ALH manifolds with constant scalar curvature, with conformal infinity of genus N +1,
with masses m(e1,--- , €y, j) which are negative for j large enough.

4.8. A lower bound on mass?

It has been conjectured [20,62] that the Horowitz—Myers instantons have the lowest
mass within the class of ALH manifolds without boundary and with the same conformal
metric at their toroidal infinity. If it were true, that the mass for conformally compact
three-dimensional manifolds with constant scalar curvature and toroidal infinity can
be arbitrarily negative at fixed conformal class at infinity, then our construction would
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4. Positivity of Mass at Negative Cosmological Constant

provide higher-genus constant-scalar-curvature metrics which have arbitrarily negative
mass at fixed conformal class at infinity.

As such, one can envision a construction that cuts a metric with conformal infinity of
higher genus into pieces, producing a finite number of ALH metrics with toroidal infinity
which would assemble together to the original one by a boundary-gluing in the spirit of
this work. The validity of the Horowitz—Myers conjecture would then provide a lower
bound for the mass of each summand. It is thus tempting to formulate the following
conjecture

Conjecture 4.13. Let (M, g) be an n-dimensional conformally compact ALH manifold,
without boundary with well defined mass m and with scalar curvature satisfying R >
—n(n —1). There exists a constant mg, which depends only upon the conformal class
of the metric at infinity and which is negative if this conformal class is not that of the

round sphere, such that
m > mg. (4.177)

It is also tempting to conjecture existence of unique static metrics as above which
saturate the inequality if mg is optimal.
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5. Conclusions

In this thesis, we have investigated aspects of general relativity with negative cosmological
constant in three and four spacetime dimensions. In chapter 3, we focused on a particular
solution to Einstein gravity with negative cosmological constant, the BTZ black hole,
and showed that it can be visualized using projection diagrams [24], introduced in this
thesis in chapter 2. Indeed, the diagrams provided in [35] are precisely such projection
diagrams. We argued why slices of the BTZ black hole do not provide a meaningful
representation of the causal structure of the three-dimensional spacetime.

Projection diagrams were also used to visualize the causal structure of a different class
of spacetimes, so-called warped flat spacetimes [1]. It was shown that the quotients of
warped flat space studied in [22] do not describe black hole solutions, contrary to claims
made in that paper. As projection diagrams do not rely on the existence of a conformal
completion, we do not conformally complete warped flat spacetimes to study their causal
structure. Preliminary calculations based on the asymptotic behavior of geodesics strongly
suggest that the asymptotic boundary is null and that a conformal completion does
not exist. It would be of interest to prove non-existence of the conformal completion of
warped flat spacetimes and prompt a similar study for warped dSs and warped AdSg
spacetimes. Quotients of warped AdSs and warped flat space appear in the near horizon
region of extremal Kerr (dS) black holes and boundary conditions encompassing these
spacetimes have been studied extensively for AdS/CFT applications. We expect that
clarifying these issues will shed further light on the geometry of extremal black holes and
prove useful for the study of boundary conditions and asymptotic symmetries.

At the end of chapter 3, we discussed how a microstate counting of the (2 + 1)-
dimensional BTZ black hole can be performed based on the asymptotic symmetry analysis
of Brown and Henneaux [21] and the assumption that the phase space of quantum gravity
falls into representations of this algebra [13]. For this microstate counting to work,
the energy of asymptotically AdS3 spacetimes has to be bounded from below. Results
supporting this statement were provided in [50], where positivity of energy is studied using
coadjoint orbits. While in higher dimensions many positive energy theorems are available
in the mathematical general relativity literature, we do not know of any literature (aside
from [50]) covering the case of spacetime dimension three with negative cosmological
constant. It would be of interest to formulate a theorem for the case of (24 1) dimensions
similar to the ones available in higher dimensions. I plan to focus on this question in the
near future.

The status of positive energy theorems for general relativity in space dimension greater
or equal to three was reviewed in chapter 4 with a particular focus on the Horowitz—Myers
conjecture and its connection to the AdS/CFT correspondence. We provide the results
of [2], where a formula for the energy of asymptotically locally hyperbolic (ALH) manifolds
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5. Conclusions

obtained by a gluing at infinity of two ALH manifolds was derived. As an application, we
showed that there exist three-dimensional conformally compact ALH manifolds without
black hole boundary with connected conformal infinity of higher genus, constant negative
scalar curvature and negative mass. Such spaces were not known to exist previously.
Recall that the mass is normalized with respect to locally hyperbolic space, which then
per definition has mass zero. While this does not provide a lower b