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Abstract

This thesis is concerned with the development of a general method to compute
renormalised local observables for quantum matter fields, in a given quantum state,
on a rotating black hole spacetime. The rotating black hole may be surrounded by a
Dirichlet mirror, if necessary, such that a regular, isometry-invariant vacuum state
can be defined. We focus on the case of a massive scalar field on a (2+1)-dimensional
rotating black hole, but the method can be extended to other types of matter fields
and higher-dimensional rotating black holes.

The Feynman propagator of the matter field in the regular, isometry-invariant
state is written as a sum over mode solutions on the complex Riemannian section
of the black hole. A Hadamard renormalisation procedure is implemented at the
level of the Feynman propagator by expressing its singular part as a sum over mode
solutions on the complex Riemannian section of rotating Minkowski spacetime. This
allows us to explicitly renormalise local observables such as the vacuum polarisation
of the quantum field.

The method is applied to the vacuum polarisation of a real massive scalar field
on a (2+41)-dimensional warped AdSs black hole surrounded by a mirror. Selected
numerical results are presented, demonstrating the numerical efficacy of the method.
The existence of classical superradiance and the classical linear mode stability of the

warped AdSs black hole to massive scalar field perturbations are also analysed.
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Notation

In this thesis, we use metric signature (—, +, - -+ ,+). For the majority of the thesis,
we use units such that Ai=c=G = kg = 1.

We will use abstract index notation, as presented in Section 2.4 of [4]. Greek
indices u, v, etc. refer to tensor components with respect to some coordinate basis,
whereas abstract indices are Latin indices a, b, etc. and are used to denote tensor
equations which are valid in any basis.

The Riemann tensor, in a coordinate basis, is given by
iz — o Iz A B AT
R vpo — aprua 80Fup + FVJF)\p FupFAa )

and the Ricci tensor is defined by Ry, = R-

The complex conjugate of a complex number z is denoted by Z. The adjoint of
an operator T acting on a Hilbert space is denoted by T'T. If A and B are sets, then
A C B means that A is a subset of, or is included in, B.

Other notation and mathematical conventions are introduced in Chapter [}
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Introduction

It would be an understatement to claim that the main principles of fundamental
physics were completely overturned during the last century. At the time of writing
up this thesis, the formulation of general relativity by Albert Einstein, which revo-
lutionised the notions of time and space and replaced Newton’s laws of gravitation,
is celebrating its 100th anniversary. Moreover, starting during the 1930s, quantum
field theory provided a new theoretical framework to understand the elementary
constituents of matter and their interactions, which has culminated with the stan-
dard model of elementary particles in the 1970s. These theories have enjoyed a
remarkable degree of experimental success and have allowed us to describe almost
every single observation made to this day.

In spite of these major achievements, there remains a very important theoretical
gap in our understanding of fundamental physics: in their current versions, general
relativity and quantum field theory are not compatible and, as such, there is not
currently a quantum theory of gravity. It has been proven prohibitively difficult to
describe the gravitational field in the framework of quantum field theory, a strategy
which was successful with the electromagnetic, weak and strong nuclear interactions.

During the last few decades, there have been several proposals for a theory of
quantum gravity, most notably string gravity and loop quantum gravity. String
theory claims to provide a unified description of the elementary particles and in-
teractions, including the graviton and the gravitational interaction, having as the
most basic physical constituent a one-dimensional object called a “string” [5]. Loop

quantum gravity attempts to describe the structure of spacetime as consisting of
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networks of finite loops, the so-called “spin networks” [6]. Other approaches include
asymptotic safety |7] and causal dynamical triangulations [§].
One common feature of all these proposals is that they reduce to descriptions

of quantised fields on classical curved backgrounds for energy levels way below the

h5
Ep — 1/%%1.22>< 1016 TeV |

where h is the reduced Planck’s constant, ¢ is the speed of light in vacuum and G is

Planck scale,

Newton’s gravitational constant. The relevant regime for a full theory of quantum
gravity is the one with energies of the order of the Planck energy or above and it
concerns extreme situations such as neighbourhoods of black hole singularities and
the Big Bang itself. On the other hand, the current limit of high energy experiments,
such as the ones carried out in the Large Hadron Collider in CERN; is of the order of
10 TeV, about 15 orders of magnitude below the Planck scale. Therefore, for energy
scales much smaller than the Planck scale it is natural to expect that the quantum
effects of the gravitational field are negligible and that a description in which only
the matter fields are quantised and the spacetime itself remains classical and fixed
should provide a very good approximation to physical reality.

We can then think of quantum field theory on curved spacetimes [9-11] as a first
step in the direction of formulating a theory of quantum gravity and an immediate
generalisation of standard quantum field theory on flat spacetimes. The effects of the
matter fields on the background geometry are ignored and, as such, the spacetime
is fixed. We may improve the theory by including the backreaction effects of the
matter fields on the background, which is the realm of semiclassical gravity. Now,
the spacetime is not fixed and its dynamics is given by the semiclassical Einstein

equations,
81G
1 <Tab> )

ct

Gab =

where G, is the Einstein tensor and (T};) is the expectation value of the stress-

energy tensor of a matter field in some quantum state, which acts as the source
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term. The computation of this local observable is then paramount in this frame-
work. However, the stress-energy tensor is quadratic in the field operators, which are
mathematically operator-valued distributions in the spacetime, hence, a renormali-
sation procedure is necessary to remove their short-distance singularity behaviour.
We will return to this important point below.

Similarly to quantum field theory on curved spacetimes, semiclassical gravity
breaks down at the Planck scale. But it also breaks down when the fluctuations of
the stress-energy tensor become large, in which case the expectation value (T;) is
no longer a good fit for the source term of the semiclassical Einstein equations. One
expects that a new term encoding the stress-energy fluctuations should be added
to the source term. A self-consistent approach to extend semiclassical theory to
account for these quantum fluctuations is stochastic semiclassical gravity [12]. This
theory can be considered yet another step in the direction of quantum gravity.

In this thesis, we will focus on the framework of quantum field theory on curved
spacetimes, with the intent of applying it to rotating black hole spacetimes. Histor-
ically, the study of quantum field theory on black hole backgrounds has mostly been
restricted to asymptotically flat spacetimes, due to their relevance for astrophysics.
Perhaps the most famous result is the celebrated Hawking effect |13|, by which a
black hole formed by stellar collapse emits thermal radiation. Recently, some atten-
tion has also been devoted to asymptotically anti-de Sitter (AdS) spacetimes, due to
the AdS/CFT correspondence [14], but usually only in the classical regime, as this
is sufficient in the context of the AdS/CFT correspondence, and hence few attempts
have been made to study quantum field theory on these backgrounds.

Besides the characteristics of the asymptotics of these black holes, a major part
of the research has addressed static, spherical symmetrical geometries, where the
isometries can be used to simplify computations. It was also in this setting that
the first explicit calculations of renormalised local observables for a matter field on
a black hole were performed, such as the vacuum polarisation and the expectation

value of the stress-energy tensor [15-20].



4 INTRODUCTION

Static, spherical symmetric black holes have two key properties that can be
utilised in the computation of local quantum observables. First, as we shall describe
in detail in this thesis, for static spacetimes one can make use of the so-called
“Fuclidean methods” to simplify the computation of certain quantities such as the
Feynman propagator for a given matter field. For instance, if one considers a scalar

field @, its Feynman propagator associated with a vacuum state |0) is defined as
G¥(x,2') =i (0|7 (2(2)®(2)) |0),

where .7 is the time-ordering operator. The Feynman propagator takes a crucial role
in the renormalisation of the vacuum polarisation, (®?(x)), and of the expectation
value of the stress-energy tensor, (T,,(z)). The Euclidean method allows us to
consider the Riemannian (or “Euclidean”) section of the static spacetime (by means
of a Wick rotation) on which the Green’s distribution associated with the matter field
equation is directly related to the Feynman propagator evaluated for a well defined
state which is invariant under the isometries of the spacetime. In the specific case of
a Schwarzschild black hole, this state is known as the Hartle-Hawking state [21]. The
Green’s distribution is unique, due to the ellipticity of the matter field operator in the
Riemannian manifold, and its computation may be done using standard techniques
of the theory of Green’s functions.

Second, and directly related to the previous point, a state like the Hartle-
Hawking state in a Schwarzschild black hole is well known to exist for static black
hole spacetimes [22]. Therefore, the method described above leads to the Feynman
propagator evaluated for such a state, after which the renormalisation procedure can
be applied to obtain the desired local observable. If we want the local observable to
be evaluated with respect to another quantum state, it suffices to use the regular,
isometry-invariant state as a reference and calculate the difference, which is finite
without any further renormalisation.

Having said this, there have been attempts at considering stationary, but non-

static, black hole spacetimes, with the main focus on Kerr [23-29]. In particular, the
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computation of the renormalised expectation value of the stress-energy tensor has
proven to be very challenging and, so far, almost all calculations have only addressed
the differences between expectation values for different quantum states [28,129] and
the large field mass limit [30]. A notable exception is [31], where the stress-energy
tensor for the rotating BTZ black hole in 2+1 dimensions [32}33] was renormalised
with respect to AdSs, by using the fact that the black hole corresponds to AdS; with
discrete identifications, but this method cannot be used for more general classes of
rotating black holes.

In comparison with the static, spherical symmetric case, we may summarise
the main difficulties to compute renormalised local observables for matter fields on

rotating black hole spacetimes in three points:

(i) the non-existence of generalisations of the Hartle-Hawking state, i.e. a regular,

isometry-invariant vacuum state;

(ii) the unavailability of Euclidean methods to simplify the computation of quan-

tities such as the Feynman propagator;
(iii) the technical complexity of the computation to the lack of spherical symmetry.

In this thesis we address each of the above points and provide a method to
explicitly compute certain classes of local observables for quantised matter fields on
a wide variety of rotating black hole spacetimes.

Concerning point (i), it has been shown that the Hartle-Hawking state for a
scalar field in the Schwarszchild spacetime does not have a generalisation to the
Kerr spacetime [22]. As reviewed in [27], this is linked to the existence of a speed
of light surface, outside of which no observer can co-rotate with the Kerr horizon,
which does not exist in the Schwarszchild spacetime. An heuristic way to understand
this point is to note that an observer on Schwarzschild co-rotating with the horizon
would perform measurements with respect to the Hartle-Hawking state, which is, by

definition, regular at the horizon. However, on Kerr, such observers cannot rotate
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with the same angular velocity as the Kerr horizon at and beyond the speed of light
surface, as their worldlines would become null or spacelike. Given that the notion
of a quantum state is a global notion, there cannot be a state which is regular at
the horizon and defined everywhere in the exterior region of the black hole.

One way around this problem is to restrict the spacetime on which the matter
field propagates so that it does not include the region from the speed of light surface
to infinity. This can be done explicitly by inserting an appropriate timelike boundary
which respects the isometries of the spacetime. The simplest example is a bound-
ary on constant radial coordinate at which the matter field vanishes, i.e. Dirichlet
boundary conditions are imposed. We shall often call this boundary a “mirror”. If
the boundary is located between the horizon and the speed of light surface, then a
vacuum state which is regular at the horizon and invariant under the isometries of
the spacetime may be defined [28].

Regarding point (ii), the Euclidean methods used for static spacetimes to com-
pute quantities such as the Feynman propagator, by performing the calculations on
the Riemannian section of the spacetime, cannot be easily generalised to rotating
spacetimes, since, in general, such a Riemannian section does not exist. This is the
case for the Kerr black hole [34]. Note further that, even if such section with a posi-
tive definite metric existed, the Green’s distribution associated with the matter field
equation could not be related with the Feynman propagator evaluated for a regular,
isometry-invariant vacuum state on the original spacetime, since such a state does
not generally exist, cf. point (i).

Nevertheless, even though Kerr and other rotating black holes do not admit a
real Riemannian section, the portions of their exterior regions between the horizon
and the mirror we introduced previously do admit a complex Riemannian section,
which is obtained by means of a Wick rotation, but with no further analytical
continuation of metric parameters [35-37] (a precise definition will be given in this
thesis). The metric of the complex Riemannian section of the rotating black hole

is complex-valued and the matter field operator is no longer elliptic as in the static
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case. However, analogously to the static case, the Green’s distribution associated
with the matter field equation which is regular at the horizon and satisfies the
Dirichlet boundary condition at the mirror is unique and can be related to the

Feynman propagator evaluated for the regular, isometry-invariant state.

Both in the static and stationary cases, the Green’s distributions on the Rie-
mannian sections are obtained as discrete sums over mode solutions of the defining
differential equations. These sums are not convergent and a renormalisation proce-
dure is required in order to subtract their short-distance (or high-frequency) diver-
gences. An important property of these Green’s distributions, and which is the basis
of the so-called Hadamard renormalisation [38-40], is the fact they can be decom-
posed into a purely geometric part, which is singular in the coincidence limit, and a
state-dependent part, which is regular in the coincidence limit. The idea is then to
subtract the singular, purely geometric part, after which the renormalised local ob-
servables of interest, which involve the coincidence limit of the Green’s distributions,

can be obtained.

Yet, this is easier said than done. The singular part of the Green’s distribu-
tion is known in closed form for spacetimes of any dimension |40], whereas the full
Green’s distribution on a stationary spacetime is known only as a sum over mode
solutions. It is, however, a highly non-trivial task to express the singular part of
the Green’s distribution as a mode sum, such that the short-distance divergences
can be subtracted term by term. The strategy implemented in this thesis is to
express the singular part of the Green’s distribution as a sum over mode solutions
on a spacetime for which the Green’s distribution is known both in closed form (in
terms of known functions) and as a mode sum, such as the Minkowski spacetime.
This technical point will be fully explored in this thesis and we will argue that only
the asymptotic approximations for the mode solutions for large values of the sum
indices are needed in order to perform the subtraction. This is especially impor-
tant for Kerr and higher-dimensional black holes for which the mode solutions have

to be constructed fully numerically. In this way, one can remove the divergences
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of the Green’s distribution for the rotating black hole spacetime and compute the
renormalised local observables.

It remains to address point (iii) on the technical complexity of the computa-
tion. This is clearly manifest, for instance, on the fact that the partial differential
equations describing matter fields propagating on Kerr can be separated into two
ordinary differential equations, a radial and an angular part [41], whereas only the
radial part is necessary for fields propagating on Schwarzschild. In order to de-
scribe the method to compute local observables on rotating black holes discussed
in this thesis without superfluous technical details, we will focus on rotating black
hole spacetimes in 2+1 dimensions which are solutions of Einstein gravity or other
modified theories of gravity.

(241)-dimensional gravity provides a convenient area to explore several aspects
of black hole physics and quantum gravity [42]. Research on this field greatly in-
creased after Einstein gravity in 241 dimensions was shown to be equivalent to a
Chern-Simons gauge theory [43,44]. The main advantage of focusing on this lower-
dimensional setting is its technical simplicity and, in particular, the fact that many
of quantities of interest can be obtained in closed form, such as the mode solutions
of matter field equations. Even though Einstein gravity in 241 dimensions is a
topological theory with no propagating degrees of freedom, it was possible to find
a black hole solution, the Banados-Teitelboim-Zanelli (BTZ) black hole, when the
cosmological constant is negative [32,33,45]. This spacetime is asymptotically AdS,
and a vast amount of research has been done on it, partly inspired by the AdS/CFT
correspondence after the late 1990s.

If one insists on having at least one propagating degree of freedom, one may con-
sider a deformation of Einstein gravity called topologically massive gravity (TMG),
which is obtained by adding a gravitational Chern-Simons term to the Einstein-
Hilbert action with a negative cosmological constant [46,47]. The resulting theory
contains a massive propagating degree of freedom, although at the expense of being

a third-order derivative theory. A very important property of this theory is that so-
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lutions of Einstein gravity, such as AdS; and the BTZ black hole, are also solutions
of TMG. Nevertheless, there are also new solutions and we focus on the warped
AdSs3 vacuum solutions and the warped AdS; black hole solutions [48-52]. Math-
ematically, warped AdSs; spacetimes are Hopf fibrations of AdS3 over AdS, where
the fibre is the real line and the length of the fibre is “warped” [53,54]. These solu-
tions are thought to be perturbatively stable vacua of TMG in a wide region of the
parameter space of the theory, in contrast to the AdSs solution [55]. Analogously
to the BTZ black hole, the warped AdSs3 black hole solutions are identifications of
warped AdS3z vacuum solutions. In the limit in which the warping of spacetime

vanishes, one recovers the BTZ black hole as a solution of TMG.

There are several reasons why the study of matter fields in warped AdSs3 black
hole spacetimes is interesting on its own right. These black holes are rotating (in
fact, they do not have a static limit) and their causal structure resembles asymptot-
ically flat spacetimes in the general case and AdS in the limit of no warping (which
corresponds to the BTZ black hole) [56]. We then have at our disposal an example
of a (241)-dimensional black hole whose asymptotic structure is very similar to Kerr
and on which we can investigate the implementation of the method described in this
thesis in a simpler setting. Note, however, that these black holes are not, strictly
speaking, asymptotically flat, as they are asymptotic to the warped AdSs; vacuum
solutions. Another particularly novel point is that these rotating black holes do not

possess a stationary limit surface, but they nonetheless have a speed of light surface.

Henceforth, for the reasons given above, as an example on which to apply the
general method to compute the renormalised local observables on rotating black
holes, we will use the warped AdS3 black hole and consider a real massive scalar field
propagating on this background. We will see that the use of this (2+41)-dimensional
spacetime allows us to perform the calculations without having to deal with all
the technical difficulties arising in its higher-dimensional analogues, namely most
of the numerical computations — the only numerics we will need is for the mode

sums which give the Green’s distributions associated with the scalar field equation.
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However, we emphasise that the implementation of our method does not require the
knowledge of the mode solutions of the field equation in closed form, but only their
asymptotic approximations for large values of the quantum numbers.

In closing, we should also note that this method is suitable to compute a wide
class of local observables such as the vacuum polarisation of a scalar field, (®?(z)),
but it turns out not to be suitable for local observables such as the expectation
value of the stress-energy tensor, (T,,(z)). The main reason for this limitation is the
impossibility of expressing the singular part of covariant derivatives of the Green’s
distributions for a rotating black hole as a sum over mode solutions, or derivatives
of mode solutions, on Minkowski spacetime, for which the Green’s distribution and
its derivatives are known in closed form. As we will see in detail in the thesis, this
comes essentially from the fact that the shift function of the metric of Minkowski
written in some rotating coordinate system is a constant in spacetime, whereas
the shift function of the metric of a rotating black hole is a function of the radial
coordinate in some coordinate system. This makes the task of expressing the short-
distance singular behaviour of covariant derivatives of the Green’s distribution for
the rotating black hole in terms of the short-distance singular behaviour of covariant

derivatives of the Green’s distribution for Minkowski impossible. We shall return to

this point in the [Conclusions|

Outline

The outline of the thesis is as follows. It is divided in two main parts. Part I deals
with the basics of quantum field theory on curved spacetimes, with particular focus
on rotating black hole spacetimes, and the method to compute renormalised local
observables for quantised matter fields propagating on rotating black holes. Part 11
introduces the (2+1)-dimensional warped AdS; black hole solution and uses it as
the background for an explicit computation of the vacuum polarisation for a massive

scalar field on the Hartle-Hawking state.
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Part I starts with Chapter [T, which gives an overview of the mathematical tools
used throughout the thesis, with the intent of establishing notation and stating the
necessary essential results on the causal structure of spacetimes, stationary space-
times, bi-tensors, symplectic and Hilbert spaces, distribution theory and hyperbolic

and Green operators.

In Chapter [2] we present a detailed overview on quantum field theory on curved
spacetimes. In particular, we explore the classical and quantum theories of a real
scalar field on a globally hyperbolic spacetime in Section 2.1}, before focusing on sta-
tionary spacetimes in Section and on spacetimes with boundaries in Section [2.3]
We finish this chapter with a description of the Hadamard renormalisation procedure

in Section 2.4

Chapter [3| deals with the method to compute renormalised local observables in
rotating black hole spacetimes and constitutes the most important new results in this
thesis. In Section[3.1]we consider a massive scalar field on a (2+1)-dimensional rotat-
ing black hole surrounded with timelike boundaries (the “mirrors”) and construct
the regular, isometry-invariant vacuum state, which we call the Hartle-Hawking
state. In order to obtain the Feynman propagator evaluated for this quantum state,
in Section 3.2 we introduce the “quasi-Euclidean method” which allows us to obtain
the complex Riemannian section of the exterior region of the rotating black hole, on
which we get the Green’s distribution associated with the scalar field equation, ex-
pressed as a sum over mode solutions. In Section [3.3] we implement the Hadamard
renormalisation procedure to subtract the short-distance divergences of the Green’s
distribution. This is done by expressing the singular part of the Green’s distribu-
tion on the rotating black hole as a sum over mode solutions on Minkowski. This
culminates on Theorem |3.3.1 where it is shown that the resulting mode sum is con-
vergent in the coincidence limit. All this procedure allows us to obtain the vacuum
polarisation for a scalar field on the (2+1)-dimensional rotating black hole, but we
argue that this method can be straightforwardly extended to higher-dimensional ro-

tating black hole spacetimes. We finish this chapter by explaining why this method
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is not suitable to renormalise the expectation value of the stress-energy tensor in
Section [3.4l

Having developed the main method in the preceding chapters, in Part II the
method is applied to explicitly compute the renormalised vacuum polarisation of a
scalar field on a warped AdS3 black hole.

We introduce the black hole solutions in Chapter [}, after a brief discussion of
Einstein gravity and topologically massive gravity in 2+1 dimensions.

Before moving to the quantum theory, we first have a detailed look at some
aspects of the classical theory of a scalar field on a warped AdSs; black hole in
Chapter [5], in particular the existence of classical superradiance and the classical
stability of the black hole to scalar field mode perturbations. We conclude that
classical superradiance is indeed present, but that it does not lead to superradiant
instabilities, even when the black hole is surrounded by a mirror, which is the case
we are interested in the quantum theory. These stability results are new.

Finally, in Chapter [6] we use the method of Chapter [3] to compute the renor-
malised vacuum polarisation of a scalar field in the Hartle-Hawking state on a
warped AdSs black hole surrounded by a mirror. Selected numerical results are
presented, demonstrating the numerical efficacy of the method.

The thesis is concluded with some final remarks about the research described
above in the [Conclusionsl This is followed by four appendices, which deal with
the complex Riemannian section of the Minkowski spacetime, WKB expansions,

hypergeometric functions and classical black hole superradiance.
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Fundamentals
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Chapter 1

Mathematical preliminaries

The aim of this chapter is to present the mathematical tools which will be used
throughout the thesis. It is assumed that the reader is familiar with the basic
mathematics used in general relativity and quantum field theory. The intent here
is to establish notation and present the necessary definitions and theorems, without
many details and often without proofs. Relevant references to all the topics are

provided.

1.1 Spacetime and causal structure

In this section, the basic ideas on the causal structure of spacetimes are presented,
leading to the definition of a globally hyperbolic spacetime, the usual starting point
for Quantum Field Theory. Standard references for this topic are chapter 8 of [4]
and chapter 6 of [57].

First, we start by recalling the basic definition of spacetime.

Definition 1.1.1. A spacetime (M, g,0,t) is a d-dimensional (d > 2) connected,
orientable, time-orientable, smooth manifold M equipped with a smooth Lorentzian
metric g of signature (—,+,...,+), a choice of orientation o and a choice of time

orientation t.

15
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Remark 1.1.2. For convenience, a spacetime (M, g, 0,t) will often be denoted either
by (M, g) or more simply by M.
The Lorentzian character of g provides a causal structure to the spacetime M.

For each point p € M, denote the tangent space by T,,M. The following definitions

concerning properties of tangent vectors and vector fields are standard.

Definition 1.1.3. A non-zero tangent vector v, € T,M is timelike if g(v,,v,) < 0,
null it g(v,,v,) = 0 and spacelike if g(v,,v,) > 0. A tangent vector is causal if it is

either timelike or null.

Remark 1.1.4. Definition can be extended to vector fields if these satisfy the

aforementioned properties for all p € M.

Definition 1.1.5. A Lorentzian manifold M is said to be time-orientable if there

exists a smooth global timelike vector field on M.

Definition 1.1.6. Let M be a time-orientable Lorentzian manifold. A time-orientation
t is an equivalence class [v] of timelike vector fields v where v ~ w if g(v,, w,) < 0

for all p € M.

Definition 1.1.7. Let M be a time-orientable manifold and let t = [v] be a time-
orientation. A causal vector u, at p € M is future-directed (resp. past-directed) if

g(up,vp) <0 (resp. g(up,v,) > 0), for any v € t.

Definition 1.1.8. A smooth curve is called spacelike (resp., timelike, null, causal,
future-directed, past-directed) if its tangent vector is everywhere spacelike (resp.,

timelike, null, causal, future-directed, past-directed).
Remark 1.1.9. A timelike curve is sometimes referred to as a worldline or a observer.

Definition 1.1.10. A point p € M is said to be the future (resp., past) endpoint
of a future- (resp., past-) directed curve 7 if for every neighbourhood N of p there
exists a to such that y(t) € N for all £ > ty3. The curve is said to be future (resp.,

past) inextendible if it has no future (resp., past) endpoint.
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JHU)

J=(U)

Figure 1.1: A set U C M and its causal future J*(U) and causal past J~(U).

Definition 1.1.11. The chronological future I7(U) (resp., chronological past I~ (U))
of a subset U C M is the set of all points which can be reached from U by a future-

directed (resp., past-directed) timelike curves.

Definition 1.1.12. The causal future J*(U) (resp., causal past J~(U)) of a subset
U C M is the set of all points which can be reached from U by a future-directed
(resp., past-directed) causal curves (see Fig. [1.1)). Their union J(U) := J"(U) U
J~(U) is called the causal shadow of U.

Remark 1.1.13. Let I*(U) and J*(U) denote the boundaries of I*(U) and J*(U),
respectively. Tt follows that I£(U) = J£(U) and I*(U) = J*(U).

Definition 1.1.14. Two subsets U and V of M are said to be causally separated if
unJlyVv)=w.

Definition 1.1.15. A subset U C M is said to be achronal if UNIT(U) = @, i.e. if

each timelike curve in M intersects U at most once.

Definition 1.1.16. For any subset U C M, the future (resp., past) Cauchy de-
velopment or domain of dependence DT (U) (resp., D=(U)) of U is the set of all
points p € M such that every past (resp., future) inextendible causal curve through
p intersects U. Their union D(U) := DT(U)U D~ (U) is called Cauchy development

or domain of dependence of U.
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Definition 1.1.17. A closed achronal subset ¥ C M such that D(¥) = M is called

a Cauchy surface.
Definition 1.1.18. A spacetime is globally hyperbolic if it has a Cauchy surface.

As it will be seen in Section [1.7] well posed initial value problems for classical
fields can be formulated when those fields propagate on globally hyperbolic space-
times. Before stating a key theorem regarding the structure of globally hyperbolic
spacetimes, the notion of a “time function” is introduced, which is also important

for the definition of a stationary spacetime in Section [1.2]

Definition 1.1.19. A #ime function is a continuous function ¢ : M — R such that

—V* is a future-directed, timelike vector field.

Theorem 1.1.20. Let M be globally hyperbolic. Then, M is isometric to R x X
endowed with the metric ds?> = —N? dt?>+h,, wheret : Rx X — R is a time function,
N is a smooth and strictly positive function on R x X, t — h; yields a one-parameter

family of smooth Riemannian metrics and each {t} x ¥ is a spacelike smooth Cauchy

surface of M.

Proof. See [58,/59]. O

Remark 1.1.21. This theorem allows us to perform the ADM decomposition of glob-
ally hyperbolic spacetimes,

ds® = —N?dt* + hy; (da’ + N'dt) (da? + N7 dt) | (1.1)

where the Latin indices ¢, = 1,...,d — 1 are spatial indices. N is called the lapse

function and N is the shift vector. If we denote £* = (9;)*, we have that
£ = Nn"+ N°, (1.2)

where n® is the future-directed unit normal vector to the Cauchy surfaces and N = 0

(see Fig. [1.2). For more details, see e.g. chapter 10 of [4].
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Yyt ,
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N >
2y

Figure 1.2: A surface of constant ¢ and a surface of constant ¢ + At, with the vectors &%,

Nn® and N® in (1.2)).

In this thesis, we will also be interested in the problem of constructing quantum
field theories for certain non globally hyperbolic spacetimes, namely spacetimes with
boundaries. Therefore, we relax the causality conditions on the spacetime, but still

impose that the spacetime is stably causal.

Definition 1.1.22. A spacetime (M, g) is stably causal if g has a neighbourhood
(see [57] for a precise definition) so that any spacetime (M, g), where § belongs to

such neighbourhood, does not contain any closed timelike curves.

In other words, we require that arbitrarily small perturbations of the metric of
a stably causal spacetime does not lead to spacetimes with closed timelike curves.

Furthermore, the following can be shown.

Proposition 1.1.23. A spacetime (M, g) is stably causal if and only if there is a

time function t on M.
Proof. See Proposition 6.4.9 of [57]. O

We finish this section by introducing nomenclature for different types of “com-

pact” regions of a globally hyperbolic spacetime and spaces of functions with support

on these regions (see Fig. [L.3).



20 CHAPTER 1. MATHEMATICAL PRELIMINARIES

/\/_\
U U
\/—\—/
(a) Timelike compact set U. (b) Spacelike compact set U.

Figure 1.3: Timelike and spacelike compact sets.

Definition 1.1.24. Let M be a globally hyperbolic spacetime. A subset U C M is
(i) timelike compact if U N J(K) is compact for each compact K C M;
(ii) spacelike compact if it is closed and 3 compact K C M such that U C J(K).
Definition 1.1.25. Let M be a globally hyperbolic spacetime. We denote by
(i) C§°(M) the space of smooth functions with compact support;
(ii) Cg2(M) the space of smooth functions with timelike compact support;

(i) C(M) the space of smooth functions with spacelike compact support.

1.2 Stationary spacetimes

1.2.1 Globally and locally stationary spacetimes

It is important to clarify the definition of “stationary” spacetime used in this thesis.

The strictest definition commonly found in the literature is the following.

Definition 1.2.1. A spacetime M is called globally stationary if there exists a

Killing vector field £ which is timelike everywhere in M.
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It then follows that, if ¢ is a time function (cf. Definition [1.1.19) and & = 0, is
a Killing vector field, the metric of a stationary spacetime can be written as (1.1,
with N, N* and h;; being independent of ¢.

An important particular case of a stationary spacetime is a static spacetime.

Definition 1.2.2. A spacetime is static if it is stationary and if there is a spacelike

surface which is orthogonal to the orbits of the timelike Killing vector field.

It follows then that the metric of a static spacetime can be written as (|1.1)) with
vanishing N’ and with N and h;; being independent of ¢.

However, Definition for a globally stationary spacetime needs to be relaxed
if spacetimes such as the Kerr black hole is to be considered stationary, since it
does not possess an everywhere timelike Killing vector field. It is common to relax
the above definition for spacetimes which are asymptotically flat at null infinity by
requiring that £ is timelike at least in a neighbourhood of null infinity. In this sense,
the Kerr black hole is a stationary spacetime, although not globally.

A more general definition, that replaces the global assumption with a local as-

sumption, is:

Definition 1.2.3. A spacetime M is called locally stationary if, for any p € M,
there exists a neighbourhood U C M centred in p and a vector field ¢ which is

Killing and timelike in U.

In this thesis, we will be mostly interested in this more general class of stationary

spacetimes.

1.2.2 Riemannian sections of stationary spacetimes

In many practical situations, given a Lorentzian manifold with a coordinate system
which covers the whole manifold, it is convenient to perform analytical continua-
tions in the coordinates such that one can consider a new manifold with a different

signature, e.g. a Riemannian manifold, where calculations are easier to carry out.
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If the analytical continuation exists and is well defined, one can then analytically
continue the results back to the original manifold.

The basic idea is the following. One starts with a spacetime, i.e. a real Lorentzian
manifold, and performs an analytical continuation in one or more of the coordinates
by allowing them to become complex-valued and by holomorphically extending the
metric components into the complex domain. The resulting manifold is called the
complezified spacetime. One can then single out a subspace of interest which is a
manifold on its own right. This subspace is called a section of the complexified
manifold.

Given a static spacetime, there is a natural section of its complexified manifold

which is a real manifold and has Riemannian signature.

Definition 1.2.4. Let M be a static spacetime with analytic metric given by
ds® = gy dt* + hy; da'da? | (1.3)

where ¢ is a global time function (and, hence, g+ < 0). The real Riemannian section

is the manifold M® with (real-valued) metric
dsy = g, d7% + hy; da'da? | (1.4)

where 7 := 1t € R and, hence, g, = —¢g; > 0. The analytical continuation t — —ir

is commonly known as Wick rotation.

Remark 1.2.5. In the literature, the real Riemannian section is also known as the
FEuclidean section.
The Wick rotation can be easily generalised to the case of stationary, but not

static, spacetimes. However, the resulting section is not a real manifold anymore.

Definition 1.2.6. Let M be a stationary, but not static, spacetime with analytic

metric given by

ds” = g df* + hyy (da’ + N'dt) (do’ + N7 dt) (1.5)
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where t is a global time function (and, hence, gy < 0). The complex Riemannian

section is the manifold M with (complex-valued) metric
dsg = gr- d7? + hyj (d2’ — iN"d7) (da/ —iN7 d7) | (1.6)
where 7 := 1t € R and, hence, ¢,, = —¢gi > 0.

In this thesis, we will see that the complex Riemannian section allows us to vastly
simplify calculations on stationary spacetimes, in a similar way to simplifications
provided by the real Riemannian section of a static spacetime, as manifested by the
numerous “Euclidean methods” found in the literature of quantum field theory of

static spacetimes [60].

1.3 Bi-tensors

In this section, we discuss bi-tensors, which are objects that transform like tensors
at x and 2’. A good reference for this topic is Chapter 2 of [61].

We assume that z and 2’ belong to a geodesically convex neighbourhood.

Definition 1.3.1. A geodesically convex neighbourhood of p € M is a neighbourhood
N of p such that, for all ¢, ¢ € N, there exists a unique geodesic connecting ¢ and

¢' which lies entirely within N.

To the point 2 we assign abstract indices a, b, etc, and to the point 2’ we assign
abstract indices @', V/, etc. For instance, Ty (x,2') is a bi-tensor which transforms
like a (0,1)-tensor at x and like a (1,1)-tensor at z’. The same applies when taking
covariant derivatives of bi-tensors. For example, if T..(x,2') is a sufficiently regular
bi-tensor, in V,VyT..(z,z'), V, corresponds to a covariant derivative with respect
to x, while Vy corresponds to a covariant derivative with respect to a’. Derivatives
with respect to z and 2’ commute, i.e. V,V,T. (z,2") = ViV, T..(x,2).

We will be especially interested in the limit 2’ — x of a bi-tensor.
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Definition 1.3.2. The coincidence limit of a bi-tensor T...(z, z’), denoted by

[T.](x) :== lim T..(x,2), (1.7)

' —x

is a tensor at x, when such a limit exists, and is independent of the path ' — x.

(In (1.7), the Synge’s bracket notation is employed.)

We consider two important bi-tensors.

1.3.1 Synge’s world function

Let vx : [0,1] — M be the geodesic segment starting at a point x € M, with
X € T, M being the tangent vector to the geodesic at x. Let V' C T, M be the set
of tangent vectors X such that vx(¢) is well defined for ¢ € [0, 1].

Definition 1.3.3. The exponential map is the map exp, : V — M, X — vyx(1).

/

Hence, with vx(0) = z and x (1) = 2/, one has exp,(X) = '

Definition 1.3.4. The Synge’s world function o(x,z’) is a bi-scalar given by
o(a,a') = 1 9(a) (exp; (2, exp; (o) (1.8)
The Synge’s world function gives the half squared geodesic distance between
the points x and 2’. To see this, consider the geodesic segment v : [0,1] — M
connecting z = v(0) and ' = (1), which is unique, since x and z’ are assumed to
be in a geodesically convex neighbourhood. The geodesic distance between x and '

is given by

d(z, ) 12/0 dt /g(v(1)) (7). 4(1)) = Vg() (4(0),5(0) = Vgari®3®,  (1.9)

since the integrand is constant along the geodesic. One has that exp, (¥(0)) = 2/,

thus, it follows that

1 1

1 ey
U(.Z',CUI) = 5(1(1',1’/)2 = §gab7 ")/b = §ga’b”}/ ")/b . (110)
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Given this, the coincidence limit of the Synge’s world function is
0] =0. (1.11)

Concerning the covariant derivatives of the Synge’s world function, one has

/

Voo (2,7) = g’y Vao(z,2') = guw?”, (1.12)

and, consequently,

Vo] =[Vwgo] =0. (1.13)

By similar calculations, we also get
[VoVio| = [V Vo] = ga s V.Vyo| = [V Vo] = —gap - (1.14)

It also follows from that
VooV = VuoV¥0 =20, (1.15)

Hence, V% and V%o are tangent vectors to the geodesic 7 at = and 2/, respectively,

with length equal to the geodesic distance between x and .

Remark 1.3.5. In the literature, it is common to find any of the following notations
for V,o: Vo0 = 0., = 04, the last of which omits the semi-colon for the covariant

derivative. In the rest of thesis, the notation o, is used, in order to avoid confusion.

1.3.2 Parallel propagator

If V e T, M is a tangent vector at x’, it can be parallel transported to x along the

unique geodesic that links z and z’. The parallel transported vector at z is given by
Va(z) =: g% (z,2) VY (2') . (1.16)
This relation defines the parallel propagator g%, (x,x’). Similarly,
V(") = g%y (z,2) V(). (1.17)

The coincidence limit of the parallel propagator is given by

9"y ] (z) = g% () = 6y - (1.18)
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1.3.3 Covariant and non-covariant Taylor expansion

Not only we will be interested in the coincidence limit of bi-tensors, but we will
also be interested in expanding a bi-tensor near the coincidence limit as a power
series. There are two possible Taylor expansions: the covariant Taylor expansion, in
which the expansion is performed in a covariant way, and the non-covariant Taylor
expansion, which is expressed in terms of the coordinate separation of the points.
In curved spacetimes, instead of using the flat spacetime quantity (x — /)%,
the expansion near the coincidence limit can be done in powers of ¢**, whose length
coincides with the geodesic distance between z and x’. One then defines the covariant

Taylor expansion as follows.

Definition 1.3.6. The covariant Taylor expansion of a bi-tensor T'..(z,x") is

/ N (_1>k a !/ ;a /
T.(x,2) = o by (2) 0 (@, 27) 0 (), (1.19)

where the coefficients t..,,...q, () are tensors at x.

Proposition 1.3.7. The first expansion coefficients in (1.19) are given by

t.=[T.], (1.20)
toay = —[Tooay] 0 (1.21)
tearas = [Tia105] = Loiaras T bovarian + tevazian - (1.22)

Proof. The coefficients are obtained by repeated covariant differentiation of (1.19)

and taking the coincidence limit. O

Remark 1.3.8. As with conventional Taylor expansions, it is not true in general that
the sum in the RHS of converges and that, when it does, it is equal to the
LHS. In this thesis, we will only need the first few terms of the expansion and, hence,
will treat it as an asymptotic expansion. In this way, we will not go into the details

of the convergence of the covariant Taylor series which we will deal with.
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Sometimes, however, it is not practical, or even possible, to compute ¢* for a
given curved spacetime, which makes it impossible to obtain the covariant Taylor
expansion of a bi-tensor. Another possibility is to explicitly use a coordinate system
in a chart that includes both x and 2’ and perform the expansion in the coordinate

separation of the points.

Definition 1.3.9. The non-covariant Taylor ezpansion of a bi-tensor T'..(x, ) is

oo _1 k R
T.(x,2') = Z (k—') Cooopig oo () AZH - Ahh (1.23)

k=0

~ /
where ¢..,,...,, (z) are the components of tensors at x and Azt = z# — .

As an example, one can express the bi-scalar o(x,z’) in terms of a non-covariant

Taylor expansion.
Proposition 1.3.10. The non-covariant Taylor expansion of o(x,x') is

0= 0up Az AP + Tapy Az AP Az + T apys Az AP ArY Axd

+ Gopyse Az AP A AP Az + . .. (1.24)
where & = U o are given b
p1pg & Opa-pp 9 Y
5 1
Oap = 5 Jas (1.25a)
5 1
Oapy = _Z_l 9(aBy) (1.25b)

5 17 e 3 B 9.
Oapys = ~3 {%m) + 9" <§9<aﬂ,u9va>,u + 5911l Tlve) + §%(aﬁ<7|u|w)ﬂ ;

(1.25¢)
i 1] o o )
0’045755 - _Z_L [O‘(aﬁ’yé,ﬁ) + g'“ <120N(a50_|V|’Y56) + 30_0&(&,80-’}/(56)”3 + 29(0457'#‘0"’/'766)
1.
+ 50 ugsow | | - (1.25d)

Proof. One has that

O = 2640 AT + (Gap i + 35 uas) AT ATP + (Gapy + 45 1apy) A2 Az’ Ax?

-+ (5’01575# -+ 55Ha575)A£L'aA£L"BA£L‘7A$6 + ... (1.26)
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Substituting expansions ((1.24) and ((1.26)) into (1.15)) and equating powers of Az,

we get expressions for each coefficient in terms of the lower order coefficients. [

Proposition [1.3.10] allows us to relate the coefficients of the covariant Taylor

expansion (|1.19) and the coefficients of the non-covariant Taylor expansion (|1.23)).

Proposition 1.3.11. The first coefficients £-~~u1~~uk of the non-covariant Taylor ex-

pansion ([1.23) can be expressed in terms of the coefficients t...,, ..., of the covariant

Taylor expansion (1.19)) as

t=t, (1.27a)

to =ta, (1.27b)
tag = tap +t, Iy, (1.27¢)
tapy = tapy + 3t(alu Ll + 6ty (Gasy™ + 46" ap,) - (1.27d)

Proof. The relations are obtained by substituting (1.24)) into ((1.19) and equating
the resulting expansion with ((1.23)). O

1.3.4 The case of complex Riemannian manifolds

In this thesis, we will need to consider bi-tensors in complex Riemannian manifolds,
which are obtained from real Lorentzian manifolds, as described in Section [1.2.2]
Here, we verify that the local geodesic structure of the Lorentzian manifold is pre-
served when going to the complex Riemannian section and, therefore, it is possible
to generalise the concepts above. See [37] for a detailed discussion.

Consider a complex Riemannian manifold M® with metric ¢©, which was ob-
tained from a real Lorentzian manifold M with real analytic metric g, such that
the metric component goo < 0 and the inverse ¢g°° < 0 in a coordinate system. The
geodesic equations admit locally a unique solution with parameter ¢t € C satisfy-
ing given initial conditions. If we restrict ¢ to the real domain, ¢ € R, we obtain
a real-parameter geodesic segment (the corresponding complex-parameter geodesic

segment is obtained by analytical continuation).
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We want to define an analogous notion of a geodesically convex neighbourhood
introduced in Definition which is valid for the the complex Riemannian mani-
fold. For that, we need a series of intermediate definitions. Let yx(t), t € [0, 1], be
the real-parameter geodesic segment starting at a point p € M€, with X € T,(M®)
being the tangent vector to the geodesic at p. Let V' C T,(M®) be the set of vectors
X such that vyx(t) is well defined for ¢t € [0,1]. The exponential map is defined as
in Definition as the map exp, : V — MC X — vyx(1).

Definition 1.3.12. An open star-shaped neighbourhood about 0 of a vector space is
such that, if X belongs to the neighbourhood, then AX, with A € [0, 1], also belongs
to the neighbourhood.

Definition 1.3.13. A normal neighbourhood of p € M® is an open neighbourhood
of p with the form N, = exp,(S), with S € V' C T,(M®) an open star-shaped
neighbourhood of 0 € T,(M®).

Definition 1.3.14. A totally normal neighbourhood of p € M€ is a neighbourhood
of p, O, C M, such that, if ¢ € O,, there is a normal neighbourhood of ¢, N,, with
O, C N,.

We can now define the desired class of neighbourhoods.

Definition 1.3.15. A geodesically linearly convex neighbourhood of p € MF® is a
totally normal neighbourhood of p, N, C M €. such that, for any ¢,¢' € N,, there
is only one real-parameter geodesic segment which links ¢ and ¢’ and which lies

completely in V,,.

Proposition 1.3.16. Given a complex Riemannian manifold with the properties
described above, for any given point, there is always a geodesically linearly convex

neighbourhood.

Proof. See Theorem 23 of [37]. O
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Therefore, we can extend the Synge’s world function bi-scalar to a complex

Riemannian manifold.

Definition 1.3.17. Given a geodesically linearly convex neighbourhood N C M€,
the complex Synge’s world function o(z,x’") is given by

1

o(z,2') := §g(m) (exp; ' (2'), exp; ' (2)) . (1.28)

This reduces to the usual definition for real Riemannian and Lorentzian mani-
folds. In particular, suppose we choose x and z’ in a way such that some of their
coordinates in a given coordinate system are the same and the induced metric on
the submanifold defined by this condition is either real Riemannian or Lorentzian.
Then, we can use the usual definition as half of the square of the geodesic distance

between z and z’.

1.4 Symplectic and Hilbert spaces

A classical field theory on a globally hyperbolic spacetime is completely specified in

terms of functions with values on an appropriate vector space, together with

(i) a non-degenerate bilinear or sesquilinear form, which specifies the kinematics;

(ii) a partial differential operator, which specifies the dynamics.

In this section, we will briefly describe the basics of point (i), leaving point (ii) to
Section [L.7

The main concern of this thesis will be with a scalar field on a curved spacetime.
Classically, the phase spaces of neutral bosons (resp., charged bosons) are symplectic
spaces (resp., charged symplectic spaces). We characterise these spaces below. We
also give a brief characterisation of Hilbert spaces, which are crucial to the quantum
field theory.

Much of this section follows closely [62]. More details on Hilbert spaces can also

be found in [63].
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1.4.1 Symplectic spaces
Let V' be a vector space over the field K (R or C).
Definition 1.4.1. A bilinear form on V is a bilinear map v : V x V — K,
(v1,09) > v(v1,09) . (1.29)
Definition 1.4.2. A bilinear form v is non-degenerate if Ker v = {0}.

Definition 1.4.3. A bilinear form v is symmetric if

v(vy,v9) = v(vg,v1), V1,09 €V, (1.30)
whereas it is anti-symmetric if

v(vy,v9) = —v(vg, v1), vy, v € V. (1.31)

Definition 1.4.4. A symmetric form v on a real vector space is positive definite if

v(v,v) > 0 for v # 0.
Remark 1.4.5. A positive definite symmetric form is always non-degenerate.

Definition 1.4.6. A non-degenerate anti-symmetric bilinear form is called a sym-

plectic form.

Definition 1.4.7. The pair (V,v), where V is a vector space over K and v is a

symplectic form, is called a symplectic space.

1.4.2 Charged symplectic spaces
Let V' be a vector space over C.

Definition 1.4.8. A sesquilinear form on Visamap f:V xV — C,

(v, v2) = B(v1,v2) (1.32)

which is anti-linear in the first argument and linear in the second argument.
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Remark 1.4.9. In the definition above, the so-called “physicist’s convention” was
adopted. In the “mathematician’s convention”, the first argument would be linear,

while the second argument would be anti-linear.
Definition 1.4.10. A sesquilinear form S is non-degenerate if Ker g = {0}.

Definition 1.4.11. A sesquilinear form (3 is Hermitian if

By, v2) = Blva,v1), v, v €V, (1.33)

whereas it is anti- Hermitian if

5(1)1,’02) = —5(’02,’01), U1,V € V. (134)
Remark 1.4.12. If § is Hermitian, then i is anti-Hermitian.

Definition 1.4.13. A Hermitian form f is positive definite if 5(v,v) > 0 for v # 0.

In this case, it is also known as a scalar product or an inner product and denoted
by (-[-).
Remark 1.4.14. A positive definite Hermitian form is always non-degenerate.

Definition 1.4.15. A non-degenerate anti-Hermitian form is called a charged sym-

plectic form.

Definition 1.4.16. The pair (V, ), where V is a vector space over C and [ is a

charged symplectic form, is called a charged symplectic space.

1.4.3 Hilbert spaces

The notion of a charged symplectic space (V, 3) is very closely related to the space
(V,ip3), cf. Remark [1.4.12) where i is an Hermitian form. If this form is positive

definite, the space is an inner product space.

Definition 1.4.17. The pair (V,5), where V is a vector space over C and [ is a
non-degenerate Hermitian form, is called a pseudo-unitary space. If [ is positive

definite, then (V, 3) is called a unitary space or an inner product space.
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Definition 1.4.18. An inner product space (S, () is called a Hilbert space if 5

is complete in the norm induced by the inner product f.

Remark 1.4.19. All finite-dimensional inner product spaces are Hilbert spaces. If
an infinite-dimensional inner product V' space fails to be complete, there exists a
unique Hilbert space ¢ such that V' is isomorphic to a dense subspace of #. The
Hilbert space ¢ is called the Hilbert space completion of V.

Remark 1.4.20. From now on, we denote a Hilbert space (¢, 3) simply by .7 and

write the endowed scalar product §(-,-) = (-|-).

Next, we describe the direct sum and the tensor product of Hilbert spaces.

Definition 1.4.21. The direct sum of the Hilbert spaces .77, and .74 is the Hilbert

space S @ 6 consisting of pairs (u,v) with v € 4 and v € % and scalar product

((ur, v1)|(uz, v2)) = (uiluz) s + (v1|v2) .z - (1.35)

To construct countable direct sums, let {.74,}3°, be a sequence of Hilbert spaces

and let 7 denote the set of sequences {u, }°°,, with u,, € J%,, which satisfy

e}

D (tnlun) < 00, (1.36)

n=1

Then, 7 is a Hilbert space with the scalar product which is the natural generali-
sation of ([1.35]). ¢ is denoted by

H = éjﬁ . (1.37)

To define the tensor product of two Hilbert spaces 4 and .43, first consider,
for each u; € 74 and uy € 775, the bi-antilinear form u; ® uy : 74 x 4 — C,

(w1 ® ug)(v1,v9) := (v1|ug){va|uz) . (1.38)

Let . denote the set of finite linear combinations of these bi-antilinear forms. Define
a scalar product

<U1 ® Ug"Ul X ’U2> = <U1‘U1><U,2”U2> s (139)

and extend it by linearity to .. .%’ is now an inner product space.
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Definition 1.4.22. The tensor product 74, ® 7 of the Hilbert spaces 77 and %
is defined as the completion of . under the scalar product defined in (1.39). By

induction, the above construction can be extended to define the tensor product
m
X
n=1
of finitely many Hilbert spaces 4, ..., 7%,.

An important application of the concepts of direct sum and tensor product is

the definition of the Fock space.

Definition 1.4.23. The Fock space .7 () associated with a Hilbert space ¢ is
the Hilbert space

F () =P (@%) : (1.40)
n=0
where ®° # := C. The symmetric Fock space Fy(H) associated with a Hilbert
space S is the subspace of Z () defined by

F(H) = é (é%) : (1.41)

whereas the anti-symmetric Fock space F,() associated with a Hilbert space

is the subspace of .#(.7) defined by

F ) = D (@%ﬂ) . (1.42)

Here, @), and ), stand for the symmetrised and anti-symmetrised tensor product,

respectively.
Finally, we introduce the notion of orthonormal decomposition of a Hilbert space.

Definition 1.4.24. Let # be a Hilbert space. If % C 4, then %+ denotes the

orthogonal complement of % ,

U+ ={veH: (u)=0,forallucu} . (1.43)
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Theorem 1.4.25. Let 77 be a Hilbert space. If 7 is a closed vector subspace of €,
then (% +)* = U and, for any v € 3, there exists a unique u € % and v’ € U+

such that v =u+u'.
Proof. See e.g. Theorem I1.3 of [63]. O

Remark 1.4.26. Theorem [1.4.25[ is usually known as the projection theorem. This
provides a natural isomorphism between % & %+ and J# given by (u,u’) — u+u'.

For simplicity, one writes % = % @® %+, the orthonormal decomposition of .

1.4.4 Operators on Hilbert spaces

Definition 1.4.27. Let 54 and % be Hilbert spaces. An operator T : 74 —
is a linear map from a linear subspace D(T') C J#4 to .#5. The subspace D(T) is

called the domain of the operator T" and we assume that it is dense in 7.
Definition 1.4.28. Let T : /A — 74 be a densely defined operator. Let
D(T") :={v € 56 : Yu € D(T) 3w € H (v|Tu) p, = (w|u) i} . (1.44)
For each such v € D(TT), one can define the adjoint operator TT by TTv := w, i.e.
(|Tu) e, = (T (1.45)
for all uw € D(T).

Definition 1.4.29. An operator T : 5 — S is called symmetric or Hermitian if
T CTT, ie. if D(T) C D(T") and Tu = T"u, for all u € D(T), or equivalently if

(Tul|v) = (u|Tv), for all u, v € D(T). (1.46)

Definition 1.4.30. An operator T : J# — J# is called self-adjoint if T =TT, i.e. if
D(T) = D(T") and T is Hermitian.



36 CHAPTER 1. MATHEMATICAL PRELIMINARIES

Definition 1.4.31. The spectrum of an operator T : D(T) C S — S is the set
o(T):={X € C:T — Al is not a bijection with bounded inverse} . (1.47)
The spectrum can be decomposed into three disjoint sets.
(i) The point spectrum is the set
op(T) :={A € o(T) : T — Al is not injective} . (1.48)

Equivalently, A € o,(T) if there exists non-zero u € D(T') such that Tu = \u.

A is called an eigenvalue and w is called an eigenvector.

(ii) The continuous spectrum is the set

0o(T):={A € o(T) : T — Al is not surjective and
(T'— AI)D(T) is dense on D(T")} . (1.49)

(iii) The residual spectrum is the set

o.(T) :={X € o(T) : T — M is not surjective and

(T"— MI)D(T') is not dense on D(T")} . (1.50)

Remark 1.4.32. If T is an operator acting on a finite-dimensional space, then the
continuous and the residual spectrum of the operator are empty and its spectrum

consists only of eigenvalues.

If the spectrum for an operator is known, then the spectrum for its adjoint can

be easily obtained.

Proposition 1.4.33. If T : D(T) C 5 — ¢ has spectrum o(T), then
o(TH ={N:Xea(T)}. (1.51)

In the cases in which the operators are Hermitian or self-adjoint, one can say

more about their spectrum.
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Proposition 1.4.34. If T : D(T) C 5 — 5 is Hermitian, then
(i) all eigenvalues of T are real;
(11) eigenvectors of T corresponding to distinct eigenvalues are orthogonal;
(11i) the continuous spectrum of T is real.
If furthermore T is self-adjoint, then
(iv) the residual spectrum is empty.

Remark 1.4.35. Note that if T is anti-Hermitian, i.e. Tu = —Tu for all u € D(T),
then it follows from Proposition [1.4.33] that all eigenvalues of T are purely imagi-
nary. It is also true that eigenvectors of 1" corresponding to distinct eigenvalues are

orthogonal.
As seen above, not even all self-adjoint operators have a spectrum composed of

only eigenvalues, as in finite-dimensional Hilbert spaces. However, there is a class

of operators which enjoys this property.

Definition 1.4.36. An operator T : 77 — 54 is called compact if it takes bounded

subsets of 77 into subsets of 7% whose closure is compact.

Proposition 1.4.37. If T : 5 — 5 is a compact operator, then, except for the

possible value 0, the spectrum of T s entirely point spectrum.
Finally, we generalise the notion of trace of a matrix to the trace of an operator.

Definition 1.4.38. Let %7 be a separable Hilbert space (i.e. # contains a countable
dense subset) and {u;}ic» be an orthonormal basis, where .# is an index set. The
trace of a positive operator T': 7 — ¢ is defined as
T T = (u;|Tu;). (1.52)
ices
The trace is independent of the orthonormal basis chosen. The operator T is of trace

class if Tr/T1T < oo.
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The trace of a compact operator of trace class always exists.

Proposition 1.4.39. Let T : 77 — € be a compact operator of trace class. Then,
the sum on the RHS of (1.52)) converges absolutely.

In the case of a compact positive operator, the trace is just the sum of all

eigenvalues.

Proposition 1.4.40. Let T : 7 — € be a compact positive operator with non-zero

ergenvalues \;, © € N. Then, its trace is given by

T =) M. (1.53)

1.5 Complexification of real vector spaces

The procedure of quantising a classical field theory characterised by a real vector
space with some additional structure (such as a symplectic structure) involves the
complexification of the real vector space. Here, we present a very brief description
of this procedure, which can be found e.g. in [64].

Let V be a complex vector space, i.e. a vector space over C. If one restricts the
scalars to be real, the resulting vector space Vg is a real vector space and is called
the real form of V.

Conversely, to each real vector space V, i.e. a vector space over R, one can

associate a complex vector space V.

Definition 1.5.1. Let V be a real vector space. The complexification of V is the

complex vector space VC := V @ V of ordered pairs, with

(i) addition
(Ul, UQ) + (U)l, ’wz) = (Ul + w1, Vg + UJ2> y (154)

(ii) scalar multiplication over C defined by

(x 4+ iy)(v1, v2) = (zv1 — Yvo, TVy + Y1), (1.55)
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where x, y € R and vy, vy, wy, wy € V.

It is convenient to introduce the notation v + iw for (v,w) € V€, such that one

can regard the complexification of V' as
VE=VeaiV={vtiw:v,wecV}. (1.56)
Addition now resembles addition of complex numbers,
(v1 + ivg) + (w1 + dwg) = (v + wy) + i(vy + wa) , (1.57)
and the scalar multiplication resembles multiplication of complex numbers,
(x 4+ 1y)(v1 + 1vg) = (xv1 — Yvg) + i(xTve + Yv1) . (1.58)

Now consider a real vector space V' endowed with a bilinear form v, cf. Defini-
tion [L.4.1] The complexified space V€ can be endowed with a natural sesquilinear

form vc.

Definition 1.5.2. Given a real vector space V endowed with a bilinear form v :
V xV — R, the canonical sesquilinear extension of v to the complexified vector

space VC is the sesquilinear form v¢ : VE x V€ — C defined by
ve(vy 4 tvg, wy + iwse) = v(vy, wy) + v(v, we) + i [V (vy, we) — v(wy,ve)] . (1.59)

This extension maps (anti-)symmetric bilinear forms on V' to (anti-)Hermitian

sesquilinear forms on V.

1.6 Distributions

In this section, we present a brief overview of theory of distributions (or generalised
functions). A more complete discussion can be found e.g. in [65]. All the mathe-
matical objects are assumed to be defined in an open set U C R¢, which can be

thought as a chart on the manifold M.
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Definition 1.6.1. A distribution is a continuous linear functional on C§°(U), i.e. a
mapping of the form f +— ®(f), with f € C§°(U), such that, for every compact set
K C U there exists constants C' and k such that

B(f)] <C D suplof] . (1.60)
lof <k
Here, a = (ay, ..., aq) € Nd is a multi-index, |o| = 22:1 ay,, 0% = HZ:1 oy and

0, is the partial derivative with respect to z#. The space of all distributions on U

is denoted by C§°(U)*, the dual of C§°(U).

Remark 1.6.2. Any locally integrable function ® € L] (U) can be identified with a

distribution by

w»mﬁzzﬁ%ﬂ@w@, JeCEU), (1.61)

A distribution of this form is called a reqular distribution. However, not all distribu-
tions can be represented in this way. The most famous example is the Dirac delta

distributions, f + d(f), defined by

o(f) = f(0),  felFU). (1.62)

This is an example of a singular distribution. However, it is useful to continue to
represent distributions as in ([1.61]), so we pretend that there exists an “object” 6(x)
such that

fro8() = [ def@i),  feCE). (1.63)
U
The “object” d(x) is not a function and cannot be evaluated pointwise! It should

only be thought as convenient notation, which allows us to use the language of

ordinary functions when referring to distributions.

Remark 1.6.3. Another convenient notation for a distribution ® € C§°(U)* is

f=o(f)=(®,f), [felFU). (1.64)

This pairing of the distribution ® with the compactly supported function f takes

the same form as the scalar product in the Lebesgue space L*(U).
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Definition 1.6.4. If & € C§°(U)*, then the support of ®, denoted supp @, is the
smallest closed subset V' C U such that ®[;\y = 0.

Remark 1.6.5. If ® € L] _(U), the expression

CD(f):/Uddxf(x)CID(a:), fecew). (1.65)

is well defined for any f € C°°(U) if supp ® N supp f has compact closure and is
contained in U. It can furthermore be shown that the space of distributions in U

with compact support is the dual space of C*(U).

Definition 1.6.6. The space of distributions in U with compact support is denoted
by C°(U)*, the dual of C*(U).

Remark 1.6.7. One has the following inclusions

C2(U) € C=(U)* ¢ C(U), (1.66)
C=(U) € C2(U)*. (1.67)

It can further be shown that C5°(U) is dense in C*°(U)* and C§°(U)* (see [65] for

more details).

Finally, we want to define differentiation of distributions. If ® is such that 0,,®

is a regular distribution of the form ([1.61]), we have that

/U Az £(2)0, B () = — /U d'z 0, f(x)D(z) (1.68)

by integration by parts, since f has compact support. For an arbitrary distribution,

we have the following.
Definition 1.6.8. The partial derivative 0,,® of & € C3°(U)* is defined by
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1.7 Hyperbolic differential operators and Green
operators

A classical field on a fixed spacetime will obey a wave-like partial differential equa-
tion, subject to initial or boundary conditions, which specifies the dynamics of the
field theory. In this section, a brief description of a subclass of hyperbolic partial
differential equations is given, of which the Klein-Gordon equation is an important
example. There is a vast amount of literature on this topic, of which [66,67] are just

two examples which have been used here.

Remark 1.7.1. Formally, a classical field can be thought as a section of a vector
bundle E over the spacetime manifold M with fibre V. In this section, we will
only consider the case in which M is globally hyperbolic and the vector bundle is
trivial E = M x V' such that the space of sections is isomorphic to C*°(M; V). For
example, for a real untwisted scalar field on a globally hyperbolic spacetime M, the
relevant vector bundle is the line bundle £ = M x R and the scalar field is then a
real-valued function on M. Therefore, we will not consider the most general case of

non-trivial vector bundles, which is treated in detail in [66},67].

1.7.1 Normally hyperbolic operators

Let M be a d-dimensional globally hyperbolic spacetime and let V' be a vector space

over R (the generalisation to C is straightforward).

Definition 1.7.2. A smooth V-valued function on M, & € C*(M;V), will be

called a classical field.

The dynamics of a linear classical field will be given by a linear partial differential

equation, whose building block is a linear partial differential operator.

Definition 1.7.3. A linear partial differential operator of order at most k € Ny is
a linear map L : C*°(M;V) — C*(M;V) such that, for all p € M, there exists
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a coordinate chart (U, @) centred at p and a collection of smooth maps A, : U —

End(V) for which, given any f € C*°(M;V'), one has

Lf=> As0"f onU. (1.70)
loo| <k
Here, a = (ay, ..., ag_1) € N¢ is a multi-index, |a| := ZZ;E a,, 0% = HZ;E Op" and

0, is the partial derivative with respect to the coordinate x* from the chart (U, ¢).

Remark 1.7.4. A more general definition of a linear partial differential operator
would be of a a linear map L : C°(M; V) — C°(M; V"), where V' is another vector

space, but for our purposes, having V' = V' is enough.

An important notion is the one of the formal adjoint of an operator. To define

that, one adds an additional structure to the space C>°(M; V).

Definition 1.7.5. A non-degenerate pairing (-,-) : C°(M; V) x C*(M;V) - R is

(f.9) = /Mdvole-g, (1.71)

where - : C3°(M; V) x C*(M;V) — R is a non-degenerate bilinear form and dvoly,
is the metric-induced volume form on M.

Remark 1.7.6. The pairing in ((1.71]) can also be defined for f, g € C*°(M;V) for
which supp f N supp g is compact, so that the integral is well-defined.

An example of such a pairing is (:|-) : C5°(M;R) x C*°(M;R) given by

(flg) = /M dvoly(z) f(z) g(x) (1.72)

This takes the same form as the scalar product in the Lebesgue space L*(M, dvoly,).

Definition 1.7.7. Given a linear partial differential operator L : C*(M;V) —
C*(M;V), the formal adjoint of L is the linear partial differential operator L* :
C>®(M;V) — C>®°(M;V) such that

(L*f.9) = (f. Lg) (1.73)

for all f, g € C>°(M;V) for which supp f Nsuppg is non-empty and compact. If
L = L*, we call L formally self-adjoint.
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In the context of field theory, the focus is on linear partial differential operators
which can be associated with an initial value problem. The class of operators of
interest is the class of normally hyperbolic operators. To define these, one needs the

concept of the principal symbol of a differential operator.

Definition 1.7.8. Let L : C*®°(M;V) — C*°(M;V) be a linear partial differential
operator of order k. Given p € M and a coordinate chart (U, ¢) centred at p, the
principal symbol Sy, : Ty M — End(V) is defined locally as

SL(¢) =) Aalp) (. (1.74)

|a|=k

Here, ¢ € TyM, (* := HZ;B ¢.* and ¢, are the components of ¢ with respect to the
chart (U, ¢).

Definition 1.7.9. Given a Lorentzian manifold (M, g), a second order linear dif-
ferential operator P : C®(M;V) — C>®(M;V) is called normally hyperbolic if
SL(¢) =g (¢, Q) Iy for all ¢ € Ty M.

Remark 1.7.10. In a given coordinate chart (U, ¢), a normally hyperbolic operator
P is such that, for any f € C*°(M;V),

Pf=¢"1y0,0,f +A*0,f + Af onU, (1.75)

where A, A¥ € End(V), u=0,...,d — 1.

Remark 1.7.11. The d’Alembert operator V? = ¢V ,V, and the Klein-Gordon

operator V2 — m?Iy,, m € R, are examples of normally hyperbolic operators.

1.7.2 Cauchy problem

The importance of normally hyperbolic operators in field theory is that, if a classical
field is defined on a globally hyperbolic spacetime and if the partial differential
operator associated to its field equation is normally hyperbolic, then one has a well-

posed Cauchy problem, as described in the next theorem.
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Theorem 1.7.12. Let M be a globally hyperbolic spacetime and let X be a space-
like Cauchy surface whose future-directed unit normal vector field is denoted by n.
Furthermore, let V' be a vector space and P : C*(M;V) — C*(M;V) a normally
hyperbolic operator. Then, for any j, ®o, P1 € C(M;V), the following Cauchy

problem,
Pd=j,
D[, =Py, (1.76)
Va®|, = 1,

admits a unique solution ® € C*°(M;V'), such that
supp ® C J (supp @y U supp ®; Usuppj) . (1.77)
Proof. See e.g. Theorems 3.2.11 and 3.2.12 of [66]. O

Remark 1.7.13. Even though the Cauchy problem given in ([1.76)) has a non-vanishing

source term, in this thesis only the j = 0 case will be considered.

1.7.3 Green operators

One important consequence of Theorem [1.7.12] is the existence and uniqueness of
the so-called Green operators associated with a normally hyperbolic operator on a

globally hyperbolic spacetime.

Definition 1.7.14. Let L : C*°(M;V) — C*°(M;V) be a linear partial differential
operator. The linear maps Giret, Gaay : CX(M; V) — C>°(M;V) are the retarded

and advanced Green operators for L, respectively, if, for any f € C52(M; V),
(i) LGrerf = LGaavf = [;

(ii) GreeLf = GaavLf = f;

(iii) supp (Gretf) € JT (supp f) and supp (Gagyf) C J~ (supp f).

Not all linear partial differential operators have Green operators.
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Figure 1.4: The causal future and causal past of supp f for f € C§°(M).

Definition 1.7.15. A linear partial differential operator L : C*®°(M; V) — C>®(M; V)

is called Green hyperbolic if it admits advanced and retarded Green operators.

Remark 1.7.16. A linear partial differential operator L has unique Green operators if
L and its formal adjoint L* are Green hyperbolic. In particular, the Green operators

are unique if L is formally self-adjoint and Green hyperbolic. It can be shown that

G*, = Gaqy and G* Gret-

ret adv —

Another convenient Green operator is the causal propagator.
Definition 1.7.17. The operator G := G.qy — Gret is called the causal propagator.

Proposition 1.7.18. The causal propagator G : C2(M; V) — C*°(M; V) satisfies,
for any given f € C2(M;V):

(i) LGf = 0;
(ii) GLf = 0;
(i1) supp (G f) C J (supp f).

Proof. 1t follows directly from the properties (i)-(iii) in Definition |1.7.14]satisfied by

the advanced and retarded Green operators. O]
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Remark 1.7.19. Note that property (iii) in Proposition [1.7.18|implies that the causal
propagator G maps functions with compact support to functions with spacelike

compact support (cf. Definition [1.1.25] see also Fig. [1.4)).
Remark 1.7.20. It follows from Remark that G* = —-@.

Remark 1.7.21. The causal propagator can be regarded as a bi-distribution, G €
CX(M x M;V)*, so that, for fi, fo € C2(M;V),

Gf. o) = /M dvoly () fo(2) (G fo) (1) (1.78)
where
(Gf)(2) ::/MdvolM(x’) G(z,z") f(2'), (1.79)

and G(x,z’) is to be understood in the sense of distributions.

It is an important fact that a normally hyperbolic operator is automatically a

Green hyperbolic operator.

Proposition 1.7.22. Let M be a globally hyperbolic spacetime. If P : C*°(M;V) —

C*°(M; V) is normal hyperbolic, then it is also Green hyperbolic.
Proof. See Corollary 3.4.3 of [66]. O

Remark 1.7.23. The converse is not true in general. An important example is
the Dirac operator, which is Green hyperbolic, but not normally hyperbolic (see
e.g. [67]).

The importance of the Green operators comes from the fact that a solution ® of

a partial differential equation P® = 0, where P is Green hyperbolic, can be written
as & = Gf, ie.,
B(z) = (Gf)(z) = / dvoly (o) Gla, o) f(a') (1.80)
M

where G is the causal propagator associated with P and f is a function on the

manifold. More precisely:
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Theorem 1.7.24. Let M be a globally hyperbolic spacetime, V' be a vector space and
P:C®(M;V)— C®(M;V) be a Green hyperbolic operator with Green hyperbolic
formal adjoint P*, such that the associated causal propagator G : C2(M;V) —
C™(M;V) is unique (cf. Remark[1.7.16). One has that

Ker P =ImG = G [C(M; V)] . (1.81)
Proof. See Theorem 3.4.7 of [66]. O

In other words, the space of smooth solutions of P® = 0 is given by the image

of the causal propagator G.

Definition 1.7.25. The space of smooth solutions of P® = 0 will be denoted by
S, l.e.
S ={PeC®M;V): Pb=0}. (1.82)

When trying to endow the space of solutions with additional structure, such as
a symplectric structure, it will be important to consider a vector subspace of . on
which such structure can be well defined. According to Remark[1.7.19] if one acts G
on C§°(M; V), instead of C2(M; V), one obtains functions with spacelike compact
support, i.e. G[C(M; V)] € C2(M;V). Therefore, the space of smooth solutions

with spacelike compact of P® = 0 can be defined.

Definition 1.7.26. The space of smooth solutions of P$ = 0 with spacelike com-
pact support will be denoted by .7, i.e.

Foe ={P e CX(M;V): PO=0} C.7. (1.83)

A solution & € .7, can then be written as & = Gf, with f € C§°(M;V),
whereas a solution ® € . can be written as ® = G f’, with f' € Ce2(M; V).

The subspace of solutions with spacelike compact support %, can be endowed
with additional structure, which in the case of a scalar field is a symplectic structure,

as described in section [I.4]



Chapter 2

Quantum field theory on curved

spacetimes

In this chapter, the classical and quantum theories of a real scalar field are described.
Here, we will take a more mathematical and formal approach to the topic in com-
parison to the standard treatment given in physics textbooks such as [9], and closer
in spirit to [10,[11,/62,/67]. In particular, we describe the classical theory in terms of
the symplectic space of real solutions of the Klein-Gordon equation and its closely
related phase space. We can then introduce the space of classical observables of
the theory, which can be endowed with an algebraic structure, the Poisson bracket,
and show how the Poisson bracket of two fields is given in terms of the symplectic
structure of the space of solutions. The quantisation procedure then consists of find-
ing an appropriate Hilbert space, the Fock space, and field operators which acts on
elements of this space (the “states”) and which obey a commutation relation which

is analogue to the Poisson bracket of the classical theory.

As is well known, the choice of Hilbert space for the quantum theory is not
unique and, worse than that, different choices are, in general, unitarily inequivalent.
In Minkowski spacetime this is remedied by requiring that the “vacuum states” of

the Hilbert space are invariant under the time translation invariance of the theory

49
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and something analogous can be done in the case of stationary spacetimes. In a
general curved spacetime, however, no such natural choice is available. This is what
is often meant by the lack of a natural definition of “particles” in quantum field

theory on curved spacetimes.

One way to solve this theoretical problem is to modify our quantisation proce-
dure by basically inverting the order of the steps described above. We could have
started by constructing observables, such as the quantum fields, as elements of an
abstract algebra, instead of operators acting on a Hilbert space. We then could
have defined states as objects which associate with each observable a real number.
This approach would have allowed us to treat all states on equal footing, even those
arising from unitarily inequivalent choices of Hilbert spaces in the original approach.
This approach to quantum field theory is known as algebraic quantum field theory

(for recent reviews see [67,68]).

In this thesis, the spacetimes will be interested in are stationary spacetimes, for
which there are natural choices of Hilbert spaces, selected by the time translation
symmetry of these spacetimes. Because of this, we will not take the more theoreti-
cally satisfying algebraic approach to the construction of the quantum field theory

and instead use the more traditional Hilbert space approach.

2.1 Real scalar field

In this section, we restrict our attention to the classical and quantum theories of
a real scalar field on a generic globally hyperbolic spacetime, in which case the
theories are very well understood and rigorous proofs are available. The case of a
spacetime with boundaries, which is not as well understood and ultimately is the

one of relevance for this thesis, will be treated in Section [2.3
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2.1.1 Classical field theory

Let ® be a real scalar field on a globally hyperbolic spacetime (M, g). The classical

action is given by
1 1
S = / dvoly, (—§VGCI>V‘L<I> —3 (m2 + £R) <I>2) , (2.1)
M

where m is the mass of the field, R is the Ricci scalar, £ € R is the curvature
coupling parameter and dvoly(z) = /—gd%. The field equation is the Klein-
Gordon equation,

P®:=(V?=m*—E(R)® =0, (2.2)

where we have defined the differential operator P := V? —m? — £R. A solution of
(2.2) is fully determined by its Cauchy data at a Cauchy surface X. We then have
the Cauchy problem

D[, = Do, (2.3)

where &, &; € C§°(X) and n is the future-directed unit normal vector on .

Space of solutions

As seen in Theorem [I.7.12] the support of the solutions of the Klein-Gordon equation
is contained in J (supp ®¢ U supp ®1). It follows that a natural space of solutions to
consider is the space .. of smooth (real-valued) functions with spacelike compact
support, as introduced in Definition [1.7.26, We can endow .7 with a symplectic

structure, o : S X Lo — R,

o (Dy, By) = / dvols; ngJ* (By, ®s) | (2.4)
b
with
J* (CI)l, @2) = (I)IV‘ICI)Q - @Qvafbl s (25)

where ¥ is a spacelike Cauchy surface and n is the future-directed unit normal vector

on . The pair (., o) is a symplectic space, cf. Definition [1.4.7]
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Remark 2.1.1. One has that
VaJa = ®1V2q)2 — ®2V2q)1 = (m2 -+ fR) ((I)l(I)Q — @2@1) = O, (26)

where the field equation (2.2) was used. Therefore, by the divergence theorem,
the symplectic form ¢ does not depend on the choice of Cauchy surface ¥. The

vector-valued form J¢ is sometimes called a conserved current.

Remark 2.1.2. The restriction to the space .7, guarantees that the symplectic form
as defined in ([2.4)) is well defined.

It is possible to relate the symplectic structure of the space of solutions to the

causal propagator G, regarded as a bi-distribution (see Remark [1.7.21]), as follows.

Lemma 2.1.3. Let ® = Gf and & = Gf' be two solutions of the Klein-Gordon
equation, P® =0, with f, f' € C*(M). Then

G(f, ") =c(®,9). (2.7)

Proof. By exploiting the support properties of the advanced and retarded Green

operators and by integrating by parts twice, one obtains
Gt 1) = [ dvoly F G
M

= / dvoly, f @' +/ dvoly f @'
JT (%) J=(%)

= / dVOlM (PGadvf) @’ + / dVOlM (PGretf) o’
JH (D) J=(%)

= — / dVOlZ Vn (Gadvf) (I)/ —+ / dVOlE Gadvf an)l
by b
+/dv012 Vo (Gretf) @' — / dvolg Gret f V,, @'
by by
= / dvolg (dV, 9" — &'V, )
by

= (D, ). (2.8)
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Lemma [2.1.3| can alternatively be written as

/ dvoly fGf = / dvols, (GfVL(Gf') — Gf'Va.(Gf)) (2.9)
M b

for f, f' € C§°(M) and it will prove to very useful in the following to easily pass
from “integrals over M” to “integrals over " and vice-versa.

Solution in terms of initial data

It is possible to express the solution ® of the Cauchy problem (2.3 in terms of the

Cauchy data. Given a Cauchy surface X, one can define the operators

po: CF(M) = C=(X),  po(®) =Dy, (2.10)
prC®(M) = C=(2),  pi(®) =V, Bls. (2.11)

Given a solution ® of the Cauchy problem, these maps give the initial data &, =
po(®) and &1 = p;(P). These operators have adjoints, p, pi : C°(X)* — C*(M)*,
such that

(T, pi®)y = (P50, ®)r, T eEC®(D), de (M), (i=0,1), (2.12)

where (-,-)y and (-,-)5 are the pairings introduced in Remark which define

distributions on ¥ and M, respectively; and C*°(3)* and C*°(M)* are the spaces of

compactly supported distributions on ¥ and M, respectively, cf. Definition [1.6.6]
The “smeared field” ®(f) = (P, f)ar, thought as a distribution, is

(®, [)ar = /M dvoly; /@
— /E dvoly, [GfV,® — ®V,(Gf)]
_ /E dvoly, [po(Gf) B, — Bopy (G )]
— (@1, po(Gf))ss — (Do, pr(CF))s: | (2.13)

where Lemma was used. Note that, in the last line, ®¢, &1 € C{°(X) and
also po(Gf), pi(Gf) € C§°(X), since f € C3°(M) implies that Gf € CZ(M). Now,
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using the adjoint operators pg, pi and ([2.12)),

Remark tells us that the formal adjoint of G with respect to some pairing
(1.71)) is equal to G* = —G. If we choose the pairing to be the one introduced
in Remark in the context of distributions, then the formal adjoint coincide
with the one in if we extend G* so that G* : C°(M)* — C§°(M)*. Then, we

can write

(CI), f)M = (GIOTCI)()? f)M - (GPS‘I’L f)M : (2‘15)

Hence, the solution ® can be expressed in terms of its initial data as
¢ = Gpi®o — Gy, (2.16)

in the sense of distributions. Note, however, since ® is smooth by Theorem [1.7.12]

(2.16)) also holds in the sense of smooth functions.

Remark 2.1.4. This result can also be obtained in the more familiar “unsmeared”

form. Starting with (2.13)) and using (1.79)),

(f) = /Edvolz(l“) [—2(2)Va(Gf)(2) + (Gf)(2)Vn®(2)]

= /Edvolg(:c)/MdvolM(y) [—@(2)V,G(x,y) f(y) — G(z,y) f(y) V,P(z)] ,

(2.17)

from which

O(z) = /Zdvolg(x’) n® [~V G(z,2)0(') + Gz, 2 ) Vo d(z)] . (2.18)

Phase space and classical observables

Having given a brief description of the space of solutions of the classical theory, we

now discuss the phase space of the classical theory.
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Since the spacetime M under consideration is globally hyperbolic, Theorem|1.1.20)

guarantees that there exists a foliation of M such that its metric can be given by
ds* = =N?dt? + hy; (da’ + N dt) (da’ + N7 dt) . (2.19)

One can take the Cauchy surface Y to be a surface of constant ¢, with future-directed

unit normal vector field n, and such that the metric on it is given by h. One has

that n = —Nd¢, dvoly, = Vhd* 'z and /=g = NVh.

Definition 2.1.5. The canonical conjugate momentum to ® is the density

)
(z) i= ——+—, 2.20
@ S@a) 220
evaluated at the Cauchy surface X.
It follows that, at 2,
= —/=gg"9,® = —NVh(dt),g"" 0, = VhV,®. (2.21)

The phase space is then the space described by the variables (@, II).

Definition 2.1.6. The phase space is the space & := C°(X) x Vh C3(X), where
Vh C3(2) denotes the space of smooth densities of compact support on ¥ of the
form vh f, with f € C§°(X), such that a point in phase space corresponds to a
specification of ®(x) and II(x) on X.

A classical observable can be thought as a functional on the phase space &.

Definition 2.1.7. A classical observable is a functional Ff : & — R, labelled by a
function f € C§°(M). For our purposes, we consider a class of classical observables

of the form

Fy(®,11) :/Edd_lx (HGf—cb\/Evn(Gf)) : (2.22)

where G is the causal propagator.
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By the well-posedness of the Cauchy problem , every point (®,II) € &
of the phase space uniquely determines a solution ® € .#,.. Therefore, a classical
observable can be equivalently thought as a functional on the space of solutions ...
Using Lemma , one can write classical observables of the form , regarded

as functionals on .7, as

Fi(®) = / dvolys(z) f(x)P(x) . (2.23)

M
An important example of a classical observable of this class is the so-called
“smeared field” Oy : S = R, & — ®(f) := Fy(®). The “smeared field” ®(f)
has the interpretation of being the spacetime average of ®(x), weighted by f. From

another point of view, one may treat

f—=o(f) = / dvoly(z) f(x)P(x) (2.24)
M

as a distribution, ® € C*°(M)*, in which case ®(z) is called the “unsmeared field”.
The space of all classical observables can be endowed with an algebraic structure,

the Poisson bracket, which is induced by the symplectic structure of ..

Definition 2.1.8. The Poisson bracket of two classical observables Ff, Ff/ Y =R

is given by o o
(i) - [ooe (B 8E) e
Lemma 2.1.9. One has
{Fy. By} =0(G1,GP) = G(L. 1) (2.26)

Proof. Use and Lemma . m
It then follows that the Poisson bracket of two smeared fields ®(f) and ®(f’) is
{2(f), (f)} =G, [). (2.27)

In terms of the “unsmeared fields”,
{®(x),®(2")} = G(x,2). (2.28)

The aim of the quantisation procedure will be to find an analogous relation which

is satisfied by the quantised scalar field.
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2.1.2 Quantum field theory

We now seek to find the quantum Klein-Gordon field theory. To do that, we apply
Dirac’s quantisation prescription, which consists of finding operators which act on
a suitable Hilbert space.

In more detail, the aim of this prescription is to find operator-valued distributions

O(f), with f € C5°(M)C = C°(M;C), such that
(i) f s B(f) is linear;
(i) ®(Pf) =0 for all f € C*(M;C);

(iii) ®(f)" = @(f) for all f € C3°(M;C);

(iv) [®(f), @(f)] =iG(f, f)l for all f, "€ Cg°(M;C).

Remark 2.1.10. Recall that
O (M)E := C5° (M) @iCg° (M) = C5°(M; C) (2.29)

is the complexification of the real vector space C§°(M) (see Definition [1.5.1)).

Remark 2.1.11. The operator-valued distributions ®(f) can be interpreted as the
quantisation of the “smeared fields” ®(f), which are real-valued distributions. Point
(iv) above is then the result of the standard “curly-bracket-to-square-bracket” pre-
scription from the Poisson bracket . In terms of the quantised “unsmeared

fields”, one can rewrite the last three properties above as
(ii) P®(z)=0;
(iii) ()" = @(x);
(iv) [®(z),®(z")] = iG(z,2")L

As noted in Remark|1.6.2} the “unsmeared fields” ®(z) should always be understood

in the distribution sense.
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Construction of the one-particle Hilbert space and Fock space

The main problem to solve at this point is to identify the appropriate Hilbert space
on which the operator-valued distributions ®(f) act. In order to do that, we start
with the symplectic space (F%., o) of the classical theory, in which the classical
solutions live.

The first step in our construction is the complexification of .7,
S = e @i e (2.30)

This is isomorphic to the space of smooth complex-valued solutions with spacelike

compact support of the Klein-Gordon equation. Then, one canonically extends the
symplectic form ¢ : . x . — R defined in [2.4) to oc : S5 x SE — C,

cf. Definition [1.5.2] The canonical extension o¢ is anti-Hermitian.
It is convenient to define the Hermitian form &¢ : /5 x %5 — C,
5’@(@1, CI)Q) = iO’((:(@h q)g) . (231)
By using (2.4]), one can show that
Gc(®1, 2) = io (D1, P2) :i/dvolg ngJ* (01, P2) (2.32)
b
where o has been extended to < by linearity in each variable.
The Hermitian form ¢ is not a scalar product (cf. Definition [1.4.13) as it
Instead, consider a closed subspace

generally fails to be positive definite on .#<

sc*
S+ ¢ ZE such that

(i) dc is positive definite on .ZE;

(ii) ZE is the span of .St and .#C+;

sc )

(iii) given any &+ € .ZCF and &~ € .+, then oc (P, @) = 0.

sc )

From (i), ¢ is a scalar product on .#5*, and we denote ¢ (-,-) =: {-|-). Given

(iii), it is not difficult to check that the orthogonal complement (.ZS)t = #C+

sc )
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the complex conjugate space. According to Theorem [1.4.25, /< = .S+ @ .7/C+
and hence, if ® € .#C

’C then it can be decomposed as ® = ® + &~ with &+ € #F
and &~ € /L.

The subspace .75 with scalar product (-|-) is not necessarily complete in the

norm induced by the scalar product.

Definition 2.1.12. Define # to be the completion of .#5$* in the norm induced by
the scalar product (-|-). Then, J¢ is a Hilbert space and is called the one-particle
Hilbert space.

Remark 2.1.13. For a spacetime with time-translation symmetry, a natural choice
of ¢ is the space of complex positive frequency solutions, as detailed in the next
section. For now, it is assumed that 7 is the completion of any space .S+ satisfying

the properties (i)-(iii) above.

Given the one-particle Hilbert space J#, one constructs the (symmetric) Fock

space, F(#), as in Definition |1.4.23

F () =P (é%) , (2.33)

n=0
where ®g " := C. Elements of this Hilbert space are called states.

Definition 2.1.14. An element ¥ € % () of the Fock space,

U= Wo;%,%, ) ) (2-34)

with ¢, € Q. 2, is called a state. A very common notation for an element of the
Fock space W is |U), such that an element ¥’ of the dual space % ()" is written
as (U’|. The state

0) = (1,0,0,...) (2.35)

is called a vacuum state.
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Quantum field operators

The Fock space Z () is the desired Hilbert space on which the operator-valued
distributions ®(f) act. To see this, we first define the annihilation and creation

operators.

Definition 2.1.15. Given any ¢ € S, the annihilation operator a(p) : Fs(H) —
Fs() is defined by

a(@)®) = ((Bler), V2@Ia), o Vi T (lnr) ) (2:36)

whereas the creation operator a'(p) : Fy () — F(H) is defined by

a'(@)|W) = (0, ¥, .-, VNP @ thn 1, ...) . (2.37)
Remark 2.1.16. The creation operator af(¢) is the adjoint of the annihilation oper-
ator a(p). The vacuum state |0) is such that a()|0) = (0, 0, ...) = 0.

Remark 2.1.17. These operators are unbounded operators, but their action on a
state |U) € F () gives another state in the Fock space if |¥) is a terminating

sequence, in which case the resulting state is also a terminating sequence.

These operators satisfy commutation relations.

Proposition 2.1.18. The annihilation and commutation operators obey the follow-

ing commutation relations

with @, @' € H.
Proof. One has

AP = @) (-, VAT T Bl -
= (- VR @V (@ln), ..) (2.39)
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and
a(@)a'(P)¥) = a@) (.-, Ve @ Pn1, -..)
= (, v+ 1plVn + 1¢ @4 1,), )
= (s (n+ D){@lY’ ®s n), -..)
= (.-, ' ®s (Blhn) + (@l )n, -.-) - (2.40)
Hence,
[a(®),d" ()] [¥) = (@l 7). (2.41)
The other identities follow similarly. O]

Let {®;}ic.s, where .# is some index set, be a orthonormal basis of /. Together

with their complex conjugates, they form a basis for the Hilbert space completion

of .#C such that

(@il@;) =0y, (W) = —by5,  (Ds]D;) =0, (2.42)
for any i, j € .. If one sets
a; = a(P;), al = af(®;), (2.43)
one can rewrite the commutation relations as
la;, a;] = [aj,a}] =0, [ai,a;] =0;; 1. (2.44)

We now have all we need to define the quantum field operator ®(x).

Definition 2.1.19. The quantum scalar field ®(x) is an operator-valued distribution
defined by

Ba):=Y [ai O,(z) + al By(@)| | (2.45)
i€ s

where {®;};c» is an orthonormal basis of 7.
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If follows from Definition 2.1.19 that
a; = (®:]®),  af =—(P;|). (2.46)

More generally, given a complex classical solution ¢ € .S, we could have defined

a(p) = (pl®),  d'(p) = —(@P). (2.47)

Using the canonical commutation relations (2.38)), one can derive the commu-
tation relations for the field and its canonical conjugate momentum on a Cauchy

surface .

Proposition 2.1.20. On a Cauchy surface ¥ of constant time coordinate t, the
quantum field ® and its canonical conjugate momentum 11 satisfy the canonical

commutation relations

[D(t,z), D(t,2")] = [II(¢, x), (¢, 2")] =0, [®(t, z), 11(t, ")] = id(z, 2")I, (2.48)
with x, x' representing coordinates on % and the Dirac delta distribution §(z,x') is
a density in the second argument.

Proof. Dropping the dependence on t for notational simplicity, for ¢, ¥ € 2,

[a(e), ()] = (A1 B)(WIB) — (Y1) (o])
— /E dvols(z) [¢() Va®(x) — () V()]
< | dvols(a!) [P, 8(a!) = @) V,0)] — (i )
_— /E A"z [p(@)T1(x) - ®(2) V()]
< [t [FEN) - 09,5 - (o 0 v)
__ /E 41y /E @t {0 (). 1)
Y, (@) V) [0(2), (x')] — P Vb @) [M(z), ()
~Vap(@)(@) [@(2), (')}

= 0. (2.49)

—
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Similarly,

[a' (), al(¥)] = (@) (@|2) — (¥|®)(7|D)

/ddl/d“x’{sa ') [T(2), T1(z")
V() Vb (o) [B(2), B(o)] — () Votb(') [T (), (')
Vple)a) [B(z), ()]}
=0, (2.50)

and

[a(), a' ()] = = (2] )(¥]®) + (V] @) {p|®)

/ ! / a1 {p()u(e!) (M), ()]

V() V(o) [@ (z),@(:a)]_mvan [M(x), ®(x")]
~Vaple)u(a) [@(2), ()]}
= (gl (2.51)

The commutation relations follow. O

Remark 2.1.21. Note that the “smeared” form of these commutation relations is

[@(f), (9)] = [I(f), I(g)] = 0, [2(f),1L(g)] = i(f, 9)=L, (2.52)

where f, g € C5°(X) and
(Fg)s = | dvols fy. (253)
s

Finally, we can show that the quantum field obeys the desired commutation

relation.

Proposition 2.1.22. The quantum scalar field obeys the canonical commutation

relation, for f, g € C§(M),

[@(f), ®(9)] = iG(f, g)L. (2.54)
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Proof. By using , the commutation relations and Lemma ,
[(f), ®(9)] = [(GPiPo, [l — (Gpo®1, f)ars (Gpi®Po, [ — (Gpg®u, f)u]
= [=(P0, G f)s + (1, G )z, —(Po, p1GY)s + (1, poGY)s]
= [=®(nGf) +(poG[), =P(p1Gyg) + H(poGy)]
= =i G, poGg)e T+ i(poGf, pGo)s T
= —z'/zdvolg (GgVL(Gf)—GfV,(Gg))l
= iG(f,g)L. (2.55)
O
Remark 2.1.23. The “unsmeared field” ®(z) satisfies the commutation relation
[®(z), ®(2)] = iG(x,2')I. (2.56)
When given an orthonormal basis {®;};c.» of ), this is equivalent to

(@), @) = Y {laa)) @) &) + |af, ]| () B,()

1,j€ES

+ o0l @) 3,0 + |l 0| 8] 5(a") |

=3 {@u() Balw) - Bl Bi(a) b1

€S

= iG(x,2")L. (2.57)

We have then finished the Dirac’s prescription to construct the quantum scalar
field theory. We have constructed the Fock space . (J¢) in and defined the
quantum field as an operator-valued distribution ®(f), whose “unsmeared” form
is given by (2.45). The quantum field satisfies the properties (i)-(iv) given in the

beginning of this section.

2.2 The case of stationary spacetimes

In this section, we restrict our attention to stationary spacetimes, as defined in

section [1.2] The basic idea to construct the quantum field theory is to choose the
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one-particle Hilbert space to be the subspace of complex solutions which are posi-
tive frequency with respect to the timelike Killing vector field, in a straightforward
generalisation of quantum field theory on Minkowski spacetime. There are, however,
some subtle technical points which need to be carefully considered and which are
explored in detail in [69,(70]. Here, we give an heuristic discussion of the construc-
tion and then a brief overview of the Green’s distributions associated with the field

equation which will be needed.

2.2.1 Positive frequency solutions

In the last section it was described how to construct the one-particle Hilbert space
A as the completion of a subspace #SF of the space 7S of complex classical
solutions such that the Hermitian form ¢ defined in is positive definite (and,
hence, a scalar product (-|-)), .#S* and its complex conjugate span the space of
complex solutions and (®+|®~) = 0 for &+ € LC+ and &~ € /C+. However, there
are many choices of such Hilbert spaces s and, therefore, the quantum field theory
ultimately depends on our choice of 7.

In quantum field theory, which deals with infinite-dimensional vector spaces of
solutions, different choices of . yield, in general, unitarily inequivalent theories.
For a detailed discussion of this fact we refer e.g. to section 4.4 of [11]. A simple way
to visualise this point is to consider two such choices of one-particle Hilbert spaces,
A and 4. Then, any solution ¢ € 4% can be decomposed as ¢ = 1 + &, with
Y, & € 7. The annihilation operator a(y), which acts on the Fock space % (%),

can then be written as

a(p) = {p|®) = (¥ + @) = a(¥)) - a¥(¢), (2.58)

where ([2.47) was used. Let |0) € .Z#,(4#) be the vacuum state of the Fock space
defined by 7, such that a(1)|0) = 0. It is clear that a(¢)|0) # 0, i.e. the vacuum

state defined using 7] is not equivalent to the vacuum state defined using J73.
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We conclude that the definition of a vacuum state depends on the choice of the
one-particle Hilbert space 7.

This choice-dependence is also true for Minkowski spacetime. However, in this
case, there is a natural choice of .77, consisting of the subspace of positive frequency
solutions (to be defined below), which arises from the time translation invariance
(and, ultimately, from the Poincaré invariance) of the classical theory. In a general
curved spacetime, there is no natural criterion, such as symmetries of the theory,
for a unique choice of .77.

However, for a globally stationary spacetime, as defined in Definition [1.2.1],
there exists a time translation symmetry that can be used in an analogous way
to Minkowski spacetime to select a natural choice of 77.

Let M be a globally stationary spacetime and let £ be the future-directed timelike
Killing vector field. Given the time translation symmetry, the Lie derivative with
respect to &, L¢, commutes with the Klein-Gordon operator P and, therefore, it
maps the space of complex smooth solutions .7 to itself. Furthermore, it can be

shown that:
Proposition 2.2.1. L, is anti-Hermitian with respect to the Hermitian form oc.
Proof. One wants to show that Eg = —Lg, ie.

ac(P, LeV) = —6¢ (LD, V), (2.59)

for ®, ¥ € .7S. On the Cauchy surface 3 on which the Hermitian form is evaluated,
one has that £€* = Nn® + N, according to , hence
LD=NV,®+Vyd. (2.60)
Applying (2.31),
Gc(®,LeV) =i | dvoly (P V, LV — LUV, D)

dvoly, [® (NV, V¥ + V,Vy¥) — (N V, ¥ + Vy¥) V,8] .

=1

T~

(2.61)



2.2. THE CASE OF STATIONARY SPACETIMES 67

By using integration by parts and the torsion-free property of the connection,

oc(P,LeV) =i /Z dvoly, [(NV,V,® + V,Vy®) ¥ — (N V,,® + VyP) V, V]
—i /Z dvol (VLB — LBV, 0)
= —0c(Le®, V). (2.62)
Hence, L is anti-Hermitian. m

An immediate and important consequence is:

Proposition 2.2.2. L, has purely imaginary eigenvalues and eigenvectors for dis-

tinct ergenvalues are orthogonal.
Proof. Tt follows directly from Remark [1.4.35 O

A positive frequency solution is then defined to be an eigenfunction of £, whose

eigenvalue is purely negative imaginary.

Definition 2.2.3. A mode solution ® € .#C is of positive frequency if it is an

eigenfunction of L¢ such that
LD = —iwd, w>0. (2.63)

A general solution is of positive frequency if it can be expressed as a linear combi-

nation of mode solutions of positive frequency.

Let .#%* denote the subspace of positive frequency solutions. Solutions in .7+
are called negative frequency solutions.
Remark 2.2.4. Note that, even though positive frequency solutions cannot have
spacelike compact support [11], the space .S is dense in .#* = .7+ @ #C+,

Proposition 2.2.5. One has that

(i) the Hermitian form G¢ is positive definite on '+ (and hence defines a scalar

product (-|-));
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(i) S is the span of S and SC+;
(iii) given any @+ € STt and &~ € ST+, then oc(PF,d7) = 0.

Proof. Ttem (iii) follows from Proposition [2.2.2, This shows that .C can be orthog-
onally decomposed as ./ = .+ @ .#C+ and, hence, (ii).

It remains to prove (i). We want to show that, for positive frequency ®,
Gc(P, @) =i /Z dvoly, (PV,® — &V, D) > 0. (2.64)
The metric of the stationary spacetime can be written as ,
ds* = =N?dt* + hy; (dz’ + N dt) (dz’ + N7 dt) . (2.65)

with € = §; and N, N’ and h;; being independent of ¢. Note that the unit normal
vector field is given by

(6 - N'9y) | (2.66)

n =

1
N
and thus (2.64)) is equivalent to

Gc(®, @) =i / dd_lx\/wﬁ (20, — ©0,® — DN'9;® + PN'9;®) > 0.  (2.67)
%

In the static case (N* = 0), point (i) follows easily from 9;® = —iw® with w > 0,

Geo(®,0) = 2w/2dd—1x§|cb|2 >0. (2.68)
In the non-static case, a bit more work is needed. Here, we just sketch the proof,
by considering the special case for which the spacelike surfaces > are compact.
Then, the spectrum is discrete and, by orthogonality, it suffices to consider positive
frequency modes with fixed w. (If ¥ is not compact, we need to consider wave-
packets of positive frequency, which are localised in spacetime, as the ones described

in Section , instead of mode solutions of sharp frequency.)

Start with
0= / d*“ 'z NVh (2PD) , (2.69)
b
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where P = V2 —m? —¢R is the Klein-Gordon operator and ® is a positive frequency
solution, 0,® = —iw® with w > 0. For a stationary spacetime with metric (2.65)

the Klein-Gordon operator is

P= % 0, (9" 50,) —m* — &R

62 N88+ ! @-(N\/ﬁat)

N2 NvVh N
1 NiNi
Sy {N\/_ (h” e ) a]-] —m?—¢R. (2.70)

Substituting in (2.69) gives

Ni_ Ni_
0:/dd Lo NvVh {—ycpy? w5 PO + w5 00D

. ONING\
— (h” - NN];[ ) 0;20;,® — (m* + £R) |c1>|2} : (2.71)

where integration by parts was used in the third and fourth terms and the boundary
terms vanish, given the compactness of X.

At this point, we use the fact that 0; is timelike, which translates into
— N? + hyyN'N7 < 0. (2.72)

At each point of ¥, choose Riemann normal coordinates such that h;; = d;; and
N?=(N'0,...,0). Then, (2.72) shows that |[N!| < N at that point, from which we
can conclude that the quadratic form given by
. NINY .
hJ—W, Z,]:17...,d—1, (273)
is positive. On physical grounds, we also assume that m? 4 £R > 0, such that there

are no tachyonic instabilities. Then it follows that

. N'NJ
/ A4z NvVh [(h” - ) 9;20;® + (m*+£R) |©*| > (2.74)
>
Given (2.71) and recalling that w > 0, we can conclude that

h - . R
/ d“te % [w|®]? — i PN'O;® + i PN'9;P] > 0. (2.75)
)
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Therefore,
h _ .
ac(®,®) = /Edd—lx% 2w |®]> — i DN'O;® + i DN, D]
> / dd_lx\/wﬁ [w|®]? — i PN'O;® + i PN'O;®] > 0, (2.76)
P
which proves (i). O

It follows that a natural choice for the one-particle Hilbert space 7 for a globally
stationary spacetime is the subspace of positive frequency solutions.
Let {®;};c.» denote an orthonormal basis of 7 and let ¢ be a time function such

that £ = 0, and = = (¢,x). One can write a positive frequency mode solution as
i(z) = e ™ ¢y(x), w; >0. (2.77)

These expressions are written with a notation appropriate for the case in which the
index set .# is discrete, for notational simplicity, but they should be thought to also

include the continuous case.

2.2.2 Green’s distributions

In this section, we present a brief description of the Green’s distributions (and other
closely related distributions) associated to the Klein-Gordon equation and their
relation to the expectation values of products of the fields. We start by considering
the case of systems with zero temperature before introducing the thermal Green’s

distributions. This brief overview follows parts of [9,[10L|71].

Zero temperature Green’s distributions

To start with two examples, the bi-distributions G, and G,.q, introduced in Defi-

nition [1.7.14] satisfy

Pa: Gret(xa ZL‘/) - Px Gadv(xa ZL‘/) = T (278)
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in the sense of distributions, where P, is the Klein-Gordon operator at the point x
and the Dirac delta distribution §(z,z’) is a density in the first argument. Hence,
Gret and Gagy are Green’s distributions associated with the Klein-Gordon equation,
P® = 0. As is normal with hyperbolic differential operators, there are several
different Green’s distributions associated with a hyperbolic equation.

The bi-distribution G introduced in Definition[1.7.17] on the other hand, satisfies
the homogeneous equation

P,G(z,2") =0, (2.79)

and is not, strictly speaking, a Green’s distribution. It is common practice, how-
ever, to designate this and other related distributions as “Green’s distributions” or
(misleadingly) “Green’s functions”.

Above, it was shown that G(x,z") was related to products of two field operator-

valued distributions ®(x) and ®(z’) by the relation (2.57)),
iG(z, 2" = [®(x), P(z")]. (2.80)
Given the support properties of G, and G,.qy, one has
iGret(x, 2 )= =0t — ') [®(x), D(2)], (2.81)
iGaay(z, 2 ) I = Ot —t) [P(z), P(2")], (2.82)
where t is a time function on the spacetime and O is the Heaviside function. These
Green’s distributions are characterised by their support properties in spacetime and

can be defined for any globally hyperbolic spacetime. Furthermore, they give the

expectation value of different products of the quantum field, e.g.
(U][®(x), P(2)]|¥) = iG(x, '), (2.83)
where |U) is a normalised quantum state.
Another Green’s distribution which will be important is the following.

Definition 2.2.6. The Feynman propagator G* associated with a vacuum state |0)

is defined as the expectation value of the time-ordered product of fields,

GF(z,2") = i(0|F (B(2)®(z)) |0), (2.84)
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where .7 is the time-ordering operator,
T (P(x)®(2") := Ot —t")P(x)P(2") + O — t)P(2')D (). (2.85)

The Feynman propagator satisfies
d(z, )
V=yg(z)

and, by definition, depends on the quantum state being considered.

P, G"(x,2') = — (2.86)

Definition 2.2.7. The Wightman two-point functions G* associated with a vacuum

state |0) are defined as,
GT(z,2") = (0|®(x)P(z')]0), G (x,2") := (0|®(2")P(x)]0) . (2.87)
They satisfy the homogeneous equation
P, G*(z,2') = 0. (2.88)

On a stationary spacetime with time function ¢, the Wightman two-point functions
can be expressed in terms of mode solutions of the form as

G*(z,2') = Z eFwilt=t) o (1) ¢ (2) . (2.89)

ic.s

If At := t—t', one verifies that, as a function of At, G* is analytic when Im[At] € RT.
Moreover, if |At| < |Ax| # 0, i.e. if the points are spacelike separated, G (z,z) =
G~ (z,2") on the real axis. Therefore, there exists an holomorphic function ¢ of At
on the cut complex plane C\ ((—oo, —|Ax|) U (JAx[, o0)) such that

Y(.a') = G (z,2"), Im[At] <0, (2.90)

G~ (z,2"), Im[At] >0,

and both equalities hold when Im[A¢] = 0 and |Re[At]] < |Ax]| (see Fig. 2.1). In
other words, the Wightman two-point distribution G* is the boundary value of ¢

as At approaches the real axis from below/above:

G*(At; x,x') = lim 9 (At Fie; x,x'). (2.91)

e—0+4
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Im[At]

Figure 2.1: Cut complex plane for the holomorphic function ¥.

On the imaginary axis, At = ¢{A7 € iR, one has
G(x,2') = e I8 i(x) di(). (2.92)
€S
Even though each mode term is not holomorphic in A7, the series has an holomor-

phic limit. Let’s assume for a moment that the spacetime is static. Then,
GE(r,x; 7, x) == 9 (it,x; i, X)), (2.93)

where 7 — 7/ = A7, can be shown to be the Green’s distribution satisfying
O(x,x")
9"(x)

where [0, is the d’Alembertian on a Riemannian manifold with metric ¢*. In the

(0, — m*) G®(z,2') = — , (2.94)

static case, the operator (I, — m? is elliptic and, hence, has a unique Green’s distri-
bution, G, which is called the Euclidean Green’s distribution. If the spacetime is
stationary, but not static, the operator is no longer elliptic in general and, therefore,
uniqueness of the Green’s distribution does not necessarily follow.

Note that the Feynman propagator GY¥ can be obtained from G® by a rigid
rotation of the domain from the imaginary axis to the real axis in a counter-clockwise
direction,

iGT (At x,x'), At>0,

GY(Atx,x') =i lim ¥ (—iAte”;x,x) = (2.95)
Om/2= iGT (At x,x'), At<0,
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which agrees with (2.84)). Eq.(2.95) is usually written as
GF(t,x;t,x') =i G®(t,x;t',X'). (2.96)

This relation is a crucial part for the “Euclidean methods” used to obtain the Feyn-

man propagator on static spacetimes.

Non-zero temperature Green’s distributions

The Green’s distributions discussed so far have been computed for pure quantum
states such as the vacuum state, and hence are appropriate for systems at zero
temperature. We now turn to thermal equilibrium states. The expectation value of
an operator A for a thermal equilibrium state at temperature T'= 1/ corresponding
to a time-independent Hamiltonian H is given by the Gibbs formula

_BH
(A)g = %. (2.97)
Here, we assume that the density operator p := e PH is of trace class (see Defini-
tion . This implies that H must be an operator with purely point spectrum
{E;}icr and that

Z :="Tr(e?) = Ze"BEi < 00. (2.98)
[1s84

Remark 2.2.8. For a massive scalar field on a stationary spacetime with metric given

by (2.19)), the Hamiltonian H is given by:
1 NN - 3 Ni . NJ -
H=Z> [ d"™ 2 NVh|[1- ———TI? R (0,0 4+ —TII) [ 0,® + —1TI
. /E x NVh K N7 + + % IR

+(m® + ER)P?] (2.99)

where IT =: VAII. If ¥ is compact, it can be shown that H is a positive, compact
operator and its trace is just the sum of its eigenvalues, cf. Proposition More

details can be found in |71].

Given this, one can define the thermal Wightman two-point functions as

Gy (x,2") == (®(x)®(2')), G (z,2") = ((2")P(2))5 . (2.100)
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Im[At]

G?i_ — G% Gt
AAAAAANAS B+ AAAAAAANA

G | - G
AAAAAAAAA L RAAAAAAAS

. —|Ax| |Ax| Re[At]

G | | B
AAAANNANNS — 3+ ANAAAANANAA~

Gy G5

Figure 2.2: Cut complex plane for the holomorphic function ¥3.

In terms of mode solutions, it can be shown that they are given by

G:Bt(l',l’/) _ Z ¢i<f)ﬁlgfl) (e:sziAt + e—ﬁwie:l:zwiAt) ) (2101)
€S

Similarly to the zero temperature case, as functions of At, GE and G are analytic
when —f5 < Im[At] < 0 and 0 < Im[At] < S, respectively. Moreover, if |At| <
|Ax| # 0, i.e. if the points are spacelike separated, G;(x,x’) = Gg(x,7') on the
real axis. Therefore, there exists an holomorphic function ¥ of At on the region

{z € C: |Im[z]| < B} \ ((—o0, —|Ax]|) U (JAx[, 00)) such that

Gh(z,2'), —B<Im[At] <0
Gy(z,7) = slone), —f<Imlai <0, (2.102)

Gy(z,2'), 0<Im[At] < B,

and both equalities hold when Im[A¢] = 0 and |[Re[At]| < |Ax| (see Fig. 2.2)).
From ([2.101]), one can derive the important property of thermal Green’s distri-
butions,

GE(At —if;x,x') = G5 (At; x,x'), (2.103)

which is usually known as the KMS condition. This allows us to analytically continue
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93 to C\{z € C:Im[z] = N3, N € Z, and |Re[z]| > |Ax|}, by
G3(At;x,x') = G3(At +iNF;x,x') NeZ. (2.104)
On the imaginary axis, one has

Gs(x,2') = Z —qbi(i)j_zﬁgf) (e"‘”AT + e’ﬁwiewim) , (2.105)
<54

for 0 < A7 < B (in the rest of the axis the expression can be obtained by using

(2.104)). Then, assuming that the spacetime is static,
GE(T, x;7,X') == Ys(ir, x; i, xX') (2.106)

where 7 — 7/ = A7, can be shown to be the Green’s distribution satisfying
d(z, )

9= ()
such that G%(AT + 6;x,%x') = GE(AT;X, x'). That is, it is the Euclidean Green’s

(0, —m?) Gj(z,2') = —

(2.107)

distribution for the elliptic operator [J, — m? acting on the cylinder S x ¥ of radius
B. As in the non-thermal case, if the spacetime is stationary, but not static, this
operator is no longer elliptic and there might not be a unique Green’s distribution.

As before, the thermal Feynman propagator can be obtained by

Gh(At;x,x') =i lim F5(—iAte”; x,x) (2.108)

0—m/2—

which we will write simply as
Gg(t, x;t' x') = iGg(t, x;t' x'). (2.109)

Finally, we note that the thermal and non-thermal Green’s distributions can be

related in the following way. It can be shown (see e.g. [9]) that

Go(At;x,x) = > G(At+iNB;x,X), (2.110)

N=—o00

i.e. the thermal Green’s distributions can be obtained as an imaginary-time image
sum of the zero temperature Green’s distributions. We will make use of this relation
in Appendix[A]to write the thermal Green’s distribution on the Minkowski spacetime

in terms of its zero-temperature Green’s distribution.
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2.2.3 Rotating black hole spacetimes

In this section, we focus on stationary black hole spacetimes, by which we mean
black hole spacetimes which are locally stationary. The Kerr black hole in four
dimensions is the most notable example. In contrast with the Schwarzschild black
hole, the exterior region of the Kerr black hole does not have a global timelike
Killing vector field and, therefore, is not a globally stationary manifold in its own
right. In the usual Boyer-Lindquist coordinates (¢,r,0, ¢), the Killing vector 0, is
timelike for r > rg, where r = rg is the radial location of the stationary limit surface,
and spacelike in the region given by r, < r < rg (the ergoregion), where r = r
is the radial location of the event horizon. If we instead consider the generator
X = O + Q4 0y of the horizon (where €y is the angular velocity of the horizon),
then yx is a Killing vector field and is timelike in the region r, < r < re, where
r = rc is the radial location of the speed of light surface, and is spacelike in the
region given by r > rc. (More details about these statements for the Kerr spacetime

can be found e.g. in [28].)

The quantisation procedure described above for globally stationary spacetimes,
which chooses for the one-particle Hilbert space the subspace of positive frequency
solutions of the field equation, is therefore not applicable to the exterior region of
Kerr. The non-existence of an everywhere timelike Killing vector field in the exterior
region of the spacetime is directly related to the non-existence of a well defined
quantum vacuum state which is regular at the horizon and is invariant under the
isometries of the spacetime. For the Kerr spacetime, this was noted by Frolov and

Thorne |26] and was proven in a seminal paper by Kay and Wald [22].

It is then expected that a state with these properties can be defined if we restrict
the spacetime such that the scalar field does not have access to the region from the
speed of light surface to infinity. This can be done by inserting a mirror-like, timelike
boundary which respects the isometries of the spacetime. The simplest example

is a boundary M at constant radius r = 7, on which the scalar field satisfies
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Figure 2.3: Carter-Penrose diagram of manifold M described in the text.

Dirichlet boundary conditions. If we choose the radius such that ry € (ry,re),
then the horizon generator x is a timelike Killing vector field up to the boundary,
and a vacuum state with the above properties is expected to be well defined. The
introduction of timelike boundaries was suggested in [26] and explored in [28]. As
far as we know, no rigorous proof of the existence of such a state is available.
However, the heuristic arguments given above strongly suggest that such a conjecture
is expected to be true and we shall take it as an assumption from this point onwards.

For definiteness, we define the spacetime with timelike boundaries, M, to be the
one constructed in the following way. Consider the non-extremal Kerr spacetime,

0 < |a] < M, and let:
e region I be the exterior region;
e region II be the black hole region;
e region III be the white hole region;

e region IV be the other asymptotically flat region.

The maximal analytical extension of Kerr comprises more regions, which we will not
consider (see |4] for more details). In region I we insert a boundary M at constant

radius r = rpq, with ryy € (ry,re), on which Dirichlet boundary conditions are



2.3. THE CASE OF SPACETIMES WITH BOUNDARIES 79

imposed. We denote by T the portion of the region I from the horizon up to the
mirror. In region IV, a similar boundary M’ is inserted, which can be obtained by
the action of a discrete isometry J which takes points in region I to points in region
IV by a reflection about the bifurcation surface. In a similar way, a region IV is
defined. We take as the new manifold M of interest the union of regions T, II, III
and IV (see Fig. .

The resulting manifold M is not globally hyperbolic and, hence, the quantisation
procedure described above for globally hyperbolic spacetimes is not applicable. In
section it is described how to construct a quantum field theory on a spacetime
with timelike boundaries. The upshot is that one expects that a isometry-invariant
vacuum state which is regular at the horizons can be defined on the manifold M.

The explicit construction of such a state is deferred to section

Remark 2.2.9. Note that if only the timelike boundary M had been introduced in
region I, but no corresponding timelike boundary M’ in region IV, it is conjectured

that there is no isometry-invariant vacuum state which is regular at the horizons [72].

2.3 The case of spacetimes with boundaries

So far, we have dealt with globally hyperbolic spacetimes, on which the Cauchy
problem describing the dynamics of a scalar field is well posed. However, there are
examples of non globally hyperbolic spacetimes on which we might be interested in
constructing a quantum field theory, such as spacetimes with boundaries. In the last
section, we argued that an isometry-invariant quantum state which is regular at the
horizon of a rotating black hole spacetime can be defined if we restrict the spacetime
by inserting appropriate timelike boundaries which respect the isometries of the
spacetime. Another important example of spacetime with timelike boundaries is
the anti-de Sitter (AdS) spacetime, whose spatial infinity provides a natural timelike
boundary. A quantisation scheme for a scalar field on AdS was introduced by Avis,

Isham and Storey [73] and the main idea is that appropriate boundary conditions



80 CHAPTER 2. QUANTUM FIELD THEORY ON CURVED SPACETIMES

need to be introduced so that there is a unique classical solution to the field equation.
Since then, there have been several similar attempts (e.g. |74,75]) to construct
consistent quantum field theories for non globally hyperbolic stationary spacetimes.

Therefore, instead of imposing global hyperbolicity, consider a stably causal,
stationary spacetime. Recall from Proposition that a stably causal spacetime

has a time function. If, furthermore, it is stationary the following can be shown.

Proposition 2.3.1. If M s a stably causal, stationary spacetime, then there exists
a spacelike surface X which intersects each orbit of the timelike Killing vector field

ezxactly once.
Proof. See Proposition 3.1 of [75]. O

Even though a stably causal, stationary spacetime which is not globally hyper-
bolic does not possess a Cauchy surface on which initial data can be prescribed, it
has spacelike surfaces which intersect the orbits of the timelike Killing vector field
only once. However, initial data on such a surface is not enough to have a well posed
initial value problem.

For concreteness, consider the spacetime M constructed in the previous section,
consisting of the portions of regions I, II, IIT and IV of the extended Kerr black
hole between two timelike boundaries M and M’. This spacetime is not globally
hyperbolic, but it is stably causal and each region Tand IV is a stably causal, sta-
tionary spacetime in its own right. On each region there is a spacelike surface which
intersects the orbits of the timelike Killing vector field of each region exactly once.
Assume that two such surfaces on regionsT and IV meet each other at the bifurcation
surface and let ¥ denote the whole spacelike surface on M, including the points at
the timelike boundaries. We shall call this surface an “initial-value surface”. It can
be thought as the restriction of a Cauchy surface in the original globally hyperbolic
spacetime without boundaries which passes through the bifurcation surface to the
regions T and ﬁ/, together with the bifurcation surface and the timelike boundaries

(see Fig. [2.4). By construction, this “initial-value surface” is compact.
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Figure 2.4: Carter-Penrose diagram of manifold M described in the text with an “initial-

value surface” X.

One now considers the following mixed Dirichlet-Cauchy problem:

(

PO =0,
ol =0
5= 2o, (2.111)
Va®|,, = @1,
\q)lM_(I)’M/:O’

where @, &; € Cf°(X). Given that ¥ is compact and the boundaries are timelike,
standard results on mixed Dirichlet-Cauchy problems guarantee the well posedness
of (see e.g. chapter 24 of [76]).

Hence, even though the spacetime under consideration is not globally hyperbolic,
upon imposing Dirichlet boundary conditions on the timelike boundaries the mixed
Dirichlet-Cauchy problem is well posed. We then expect (and will assume) that our
previous results derived for a globally hyperbolic spacetime to be carried over for
the manifold M. Namely, we expect that the space of spacelike compact solutions
to to be a symplectic space with symplectic form given by , where
the integral is evaluated on an “initial-value surface” . Moreover, we expect that
the construction of the quantum field theory from this symplectic space to remain

valid and, therefore, we can obtain a Fock space whose vacuum state is regular
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and isometry-invariant, as discussed in the previous discussion. We also expect
this vacuum state to be “physically acceptable” in the sense of having the defining
features of a “Hadamard state”, as defined for a globally hyperbolic spacetime. To
conclude the discussion of the quantum scalar field theory, it remains to define this
notion of “physically acceptable” state and discuss the issue of renormalisation of

local observables, which is done in the last section of this chapter.

2.4 Hadamard renormalisation

The objective of this thesis is to compute the expectation value of local observ-
ables for a given quantum field theory on a rotating black hole spacetime. Since
observables in quantum field theory are self-adjoint operator-valued distributions,
problems are bound to arise if we want to consider observables which are non-linear

in the fields, such as ®?(z) and the stress-energy tensor Ty,(z), which is given by

1
Ty = (1 =25V, PV, P + (25 — 5) 9ap VOV P — 260V, VD

1 1
+ 269 PVV P + € (Rab - §gabR) P — §gabm2<b2 : (2.112)

Since @ is a distribution on spacetime, these observables involve taking the product
of two distributions at the same spacetime point, which is not a well defined opera-
tion. Therefore, some kind of renormalisation procedure is necessary. In this section,
we will describe the Hadamard renormalisation, which is an extension of the stan-
dard “point-splitting method” which uses the so-called Hadamard representation of

the Green’s distributions. References for this part are [11,40].

2.4.1 The case of globally hyperbolic spacetimes

First, note that both expectation values (®?(x)) and (T,,(x)), with respect to a given

quantum state |¥), can be given as spacetime limits of the Feynman propagator G
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associated with |¥). One has

(®*(z)) = —i lim GY(x,2), (2.113)
and
(Top(2)) = l}/lg; T (z,2) [-1 G (z,2)] , (2.114)

where T,y (2, ') is an operator-valued bi-tensor constructed by point splitting,

/ 1 ! !/ /
Ty = (1 —2) " VoV + (25 - 5) 93V NV ar — 26 9. 9" Vo Viy

1

1
+ 26 gV, VP + & (Rab — §gabR) — §gabm2, (2.115)

where g%, is the parallel propagator, as introduced in ([1.16)). These expectation
values have been regularised by point splitting and now we are dealing with well-
defined bi-distributions.

For simplicity, the prescription is described in detail for (®?(x)) and, at the end,
the results are also presented for (T,,(x)). The basic idea of the prescription is to
“subtract” the short-distance singular behaviour of the bi-distribution, in this case
the Feynman propagator G. For that, one expands the Feynman propagator for
small geodesic distance between z and .

Assume that z and 2’ are in a geodesically convex neighbourhood, cf. Defini-
tion [1.3.1} Then, with respect to a class of quantum states to be defined below, the
Feynman propagator has a Hadamard expansion which depends on the spacetime

dimension d.

1. For even d > 4, the Hadamard expansion of G¥ is given by

, Uz, 2 ,
GF (z,2') = iay [(a(m x’<) m ie))d/2—1 + V(z,2")log [o(z,2') + ie] + W (z, x’)} :
(2.116)
2. For odd d > 3, the Hadamard expansion of G is given by
‘ U(x,x
o) =i {(0(9:,33’() + ie))d/21 - W(x’x,)] . (2117)
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In both cases, one has that

U(z,z"), V(z,2") and W (x,z') are smooth symmetric bi-scalars which are regular
when ' — z, o(x,2’) is the Synge’s world function , and ie with e — 04
is introduced to give G¥ a singularity structure consistent with its definition as a
time-ordered product.

These expansions of the Feynman propagator are only valid when evaluated for

a special class of quantum states.

Definition 2.4.1. A quantum state for which the short-distance singularity of the

Feynman propagator is given by either (2.116)) or (2.117)) is called a Hadamard state.

Remark 2.4.2. The heuristic idea behind this definition is that the short-distance
singularity structure of the Feynman propagator (equivalently, of the two-point func-
tion (®(z)®(2’))) on a curved spacetime should be as close as possible to that on
Minkowski spacetime. As seen below, the singular terms in the expansion of the
Feynman propagator only depend on the local geometry (and not on the quantum
state being considered) and, hence, it seems reasonable to require that a physically
acceptable state has a two-point function (®(x)®(x’)) with the same short-distance

singularity structure as on Minkowski spacetime.

Remark 2.4.3. There is a more modern definition of Hadamard states introduced
by Radzikowski [77] which uses microlocal analysis techniques and looks into the
singularity structure of the two-point function. It is equivalent to Definition [2.4.1

and the latter is sufficient for the purposes of this thesis.

Remark 2.4.4. Results from [7§] and [79] show that every globally hyperbolic space-
time admit a wide class of Hadamard states. Analogous results are not available for

spacetimes with boundaries, in which the definition of a Hadamard state needs to

be modified (see Section [2.4.2)).
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The key point of these expansions of the Feynman propagator evaluated for
Hadamard states is that it can be shown that the bi-scalars U(z,2’) and V(z,2’)
only depend on the geometry along the geodesic joining x and x’, whereas the bi-
scalar W (x, ') contains the quantum state dependence of the Feynman propagator
(see e.g. [40]). Hence, the Hadamard expansion of the Feynman propagator contains

a purely geometrical part which is singular when 2’ — x,
Uz, z')
(o(z,2") + i€)4/2-1

Ghada(z,7') :=iay { + V(x,2")log [o(x, 2") + ze]] . (2.119)

for even d > 4, and

Ghaa(, 2') = i [(0(%(;(;_;_322)(1/21} ’ (2.120)

for odd d > 3, and a state dependent part, which is reqular when ' — x,

GE (z,2") = iag W (z, ). (2.121)

reg

The singular part (2.119)) or (2.120]) is called the Hadamard singular part of the

Feynman propagator.

Given the Hadamard expansion of the Feynman propagator and its singular,
non-state dependent Hadamard part, the final step of the Hadamard renormalisation
procedure is to subtract this part from the Feynman propagator and use the regular

part to define the renormalised local observables.

Definition 2.4.5. The renormalised vacuum polarisation {®*(z)).en With respect to

a Hadamard state is defined as

(®*(2))ren 1= —i lim GE_(x,2/). (2.122)

PRSI
The renormalised expectation value of the stress-energy tensor (Tup(x))ren With re-

spect to a Hadamard state is defined as

(Top(2))ren == lim Top (2, 2) [~ Glop(2, 7)) + Oup(a), (2.123)

/=
where (:)ab(x) is a state independent tensor which only depends on the local geometry
and the parameters m? and ¢ of the scalar field and which guarantees that (T,;()) en

is conserved, i.e. V(T () )ren = 0.
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Remark 2.4.6. The term O (x) in is necessary as the renormalisation pro-
cedure fails to provide a conserved tensor. Additionally, an extra conserved tensor
(denoted by O,4(z) in [40]), which also only depends on the local geometry and the
parameters m? and & of the scalar field, can be added to , since the renor-
malised stress-energy tensor is defined only up to a local, conserved tensor [11,[38],80].
This leaves an intrinsic ambiguity in the definition of the renormalised expectation
value of the stress-energy tensor, which cannot be corrected without a full theory of

quantum gravity or an experiment.

As noted above, the Hadamard singular part of the Feynman propagator is purely
geometrical and, hence, does not depend on which quantum state the Feynman
propagator is being evaluated. It is possible to explicitly compute the Hadamard
singular part (up to the required order in o) in terms of the local geometry and the
parameters m? and & of the scalar field. The results for 2 < d < 6 can be found

in [40], here we present the results for d = 3 which are needed for this thesis.

Proposition 2.4.7. For d = 3, the covariant expansion of the Hadamard singular

part (2.120) of the Feynman propagator is obtained using

U =Uy+ U+ O(c?), (2.124)
with
a 1 ;a b 1 sa b e 2
Uy = ug — ugy 07 + oy oab oo’ — gu()abc oo + O(o*), (2.125)
Uy =uy —u, 0 + O(0), (2.126)

and where the coefficients are given by

1 1
u =1, uwu=0, uw= éRalM Ugabe = ZR(ab;c) ’ (2127)
and
uy =m?* + f—l R, u _1 5—1 R (2.128)
1 — 6 9 la — 2 6 HO .

Here, R is the Ricci scalar and Ry, is the Ricci tensor of the spacetime.
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Remark 2.4.8. Note that the expansion of the Hadamard singular part is only re-
quired up to o? for the computation of the expectation value of the stress-energy
tensor since only two covariant derivatives are taken before taking the co-
incidence limit. This also allows us to bypass the discussion of the convergence of

this expansion.

2.4.2 The case of spacetimes with timelike boundaries

The above discussion of the Hadamard renormalisation and Hadamard states was
formulated for globally hyperbolic spacetimes. Even though the focus was to analyse
and ultimately subtract the short-distance singularity structure of the Feynman
propagator, the concept of a quantum state is global, as evidenced by the non-
existence of a natural vacuum state in a general curved spacetime.

Here, we present a modification of the definition of a Hadamard state for the
case of a spacetime with boundaries which was first proposed by [72]. For that, first

we recall the notion of a causally convex set.

Definition 2.4.9. A subset U of a spacetime M is a causally convex set if, whenever
two points x and z’ of U can be connected by a causal curve in U, the portion of

the causal curve between x and 2’ lies entirely in U.

We note that this definition differs from the Definition of a geodesically
convex set. We then define an Hadamard state in a spacetime with boundaries in

the following way. Let Int M := M \ OM denote the interior of the spacetime.

Definition 2.4.10. If, for any causally convex subset U of Int M which is a globally
hyperbolic spacetime on its own right, a quantum state is Hadamard in the usual

sense in U, then we say that the quantum state is Hadamard in M.

Given this definition, the Hadamard renormalisation procedure described above
is performed in exactly the same way. In Chapter [3, an explicit implementation of
the Hadamard renormalisation of local observables such as (®%(z)) for a scalar field

on a rotating black hole spacetime is presented.
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Chapter 3

Renormalised local observables in

rotating black hole spacetimes

In this chapter, we present a method to renormalise a class of local observables for a
scalar field on a rotating black hole. We will focus on (2+1)-dimensional spacetimes
for simplicity, but we argue that this method should be easily generalised to a wide
range of rotating black hole spacetimes in four and more spacetime dimensions.
Additionally, the details of the computation will focus on the renormalised vacuum
polarisation (®?(z)). In Chapter [6] this computation will be made explicit for the
case of a warped AdS3 black hole. Finally, at the end of this chapter, it is explained
why this method fails to renormalise local observables such as the expectation values
of the stress-energy tensor for a rotating black hole spacetime.

The contents of this chapter were published on [2,|3].

3.1 Scalar field on a rotating black hole

In this first section, the outline of the calculation of the renormalised vacuum po-
larisation for a scalar field on a (2+1)-dimensional rotating black hole is displayed.
Namely, we identify the quantum state of interest and apply the renormalisation

procedure explained in Section [2.4]

89
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3.1.1 (241)-dimensional rotating black hole

For concreteness, in the following we consider a generic (2+1)-dimensional stationary
black hole spacetime, whose metric is of the form given below. This is the case of
the warped AdSs black hole described in Chapter [d] However, it will be argued that
the method should be applicable to a wide range of rotating black hole spacetimes
in three and more spacetime dimensions.

We choose spherical coordinates (¢,7,6), where ¢ € (—o00,00), r € (0,00) and
(t,r,0) ~ (t,r,0 + 2mw). In these coordinates, the metric of a (2+1)-dimensional
stationary black hole, according to , can be written as

ds® = —N(r)2 A + g, (r) dr + goo(r) (46 + N?(r) dt)* | (3.1)

where N(r) is the lapse function and NY(r) is the shift function. We make the

following remarks about the black hole:

1. It is assumed that there is ry > 0 where ¢""(ry) = 0, N(ry) = 0 and
grr(r3) N(ry) is finite, such that r = r is the location of the event horizon.

The region of the spacetime in which r > r, is called the exterior region.

2. In this coordinate system, 9, and 9y are Killing vector fields. Even though
it might seem natural to assume that J; is timelike in some region r > 7/,
with " > r,, we do not make such a requirement. Instead, it is only required
that the spacetime be locally stationary, cf. Definition i.e. any point of
the spacetime must have a neighbourhood in which there is a timelike Killing

vector field. In particular, there exists a Killing vector field of the form
X = 8t + QH 89 (32)

which is timelike in the region (r,,r¢), with ¢ > r; and which generates the
event horizon. This vector field is then null at the horizon and at the surface
located at r = r¢, which is called the speed of light surface. The constant €24
is then interpreted as the angular velocity of the horizon with respect to the

coordinate system.
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As seen in Section for most cases of physical interest, such as the Kerr
spacetime in four dimensions, there is not any Killing vector field which is timelike
everywhere in the exterior region r > r,. As a consequence, in the context of quan-
tum field theory, there is not a well defined quantum vacuum state which is regular
at the horizon and is invariant under the isometries of the spacetime. However, we
argued that a vacuum state with these properties can be defined if we restrict the
spacetime by inserting a mirror-like boundary which respects the isometries of the
spacetime. The simplest example is a boundary M at constant radius r = ry, with
ry < rap < re, on which the field satisfies Dirichlet boundary conditions, as in this
region x is a timelike Killing vector field.

Given this remark, we add the following comments:

3. We assume that there exists a Dirichlet boundary M at » = r 4 and focus only
on the portion of the exterior region from the horizon up to the boundary, the
region T defined in Section which from now is what is meant by exterior
region of the black hole.

4. In regionTof the black hole spacetime, it is convenient to consider “co-rotating
coordinates” (f = t, r, 6 =6— Qyt), such that the Killing vector field y is
given by x = 0; and the metric is given by

N2

ds® = —N(r)*dt* + g, (1) dr* + gee(r) <d9~ + (N(r) + Qq{)dt) . (3.3)

The coordinate £ is, by definition, a time function in this region.

3.1.2 Scalar field and Hartle-Hawking state

We now turn to the theory of a real massive scalar field ® on the exterior region of

the rotating black hole. It obeys the Klein-Gordon equation ([2.2)),

PO = (V?—m>—ER) @ =0. (3.4)
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A thorough study of the classical theory for a general curved spacetime was
done in Section followed by a discussion of the quantisation procedure in Sec-
tion [2.1.2 The aim now is to identify the one-particle Hilbert space 7 on which
an isometry-invariant, regular state can be defined (as the vacuum state of the cor-
responding Fock space Z (7)) and to construct the quantised scalar field as an
operator-valued distribution which acts on the Fock space as in Definition 2.1.19]
Given that the spacetime under consideration is (locally) stationary, the natural
choice for the one-particle Hilbert space .7 is the space of positive frequency solu-
tions of the Klein-Gordon equation with respect to a timelike Killing vector field,
cf. Section 2.2.1]

First, note that, using the co-rotating coordinates (Z,r, é), 07 and 0; are Killing

vector fields. Hence, there are mode solutions of (3.4]) of the form
O (l,r,0) = e g (1) (3.5)
where @ € R and k € Z, such that a general (complex) solution can be written as

(I)(tN, T, é) = / dw Z Na,k (I)a,k(f, r, é) y (3.6)

keZ

where Nz is a normalisation constant.

Remark 3.1.1. The mode solutions (3.5) with @ > 0 form a basis for the space of
positive frequency solutions of (3.4)) with respect to Killing vector xy = 9;. This is

not the space used to define the desired vacuum state.

We want to find a vacuum state which is regular at the horizons of the extended
spacetime and invariant under the spacetime isometries. The one-particle Hilbert
space consisting of positive frequency solutions with respect to the affine parameters
of the horizon satisfies these conditions.

The affine parameters of the horizon are given by the usual Kruskal coordinates,
similarly to the Kerr spacetime in four dimensions. Given the coordinate system

(t,7,0), define the tortoise coordinate r, by

dr, . grr(r)
dr — N(r)2 "’

(3.7)
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such that r € (r,,00) is mapped to 7. € (—o0,00), and define the two null coordi-

nates
vi=t+r,, wi=t-—r, (3.8)
Define a new angular coordinate ¢ by
dy = df + (N(r) + Q) di. (3.9)
The metric written in coordinates (v, r, 1)) is given by
ds? = —N(r)2dv?® + 24/ g (r) N (r)dvdr + gge(r)dap . (3.10)

The Killing vector field x in these coordinates is given by x = 0,. Since it is
null at the horizon, the latter is a Killing horizon. To find its surface gravity x, we

compute, at r = ry,
1 2 1 2
X'Viuxy = =X"Vioxe = =5 V. (%) = —5 0N* = NO,N b, (3.11)
and use the relation valid at r = r,,

X“vuXV = KR4+ Xv, (312)

to conclude that
B o, N

)

Ky (3.13)

The coordinate v is a non-affine parameter along (part of) the horizon. To find
an affine parameter, let ¥ denote an affinely parametrised generator of the horizon,
ie. Y*VoX’ = 0 on the horizon. It is easy to check that Yy = ey is such a
generator. Hence, if we denote by V the affine parameter, such that y = 0y, then
V o e"+?. Analogously, we have that U oc e "+* is an affine parameter along (part
of) the horizon.

This suggests that we define the Kruskal-like coordinates as

V=™, U:=—e ™", (3.14)
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These new coordinates allow us to analytically extend the spacetime in the standard
way. In the extended spacetime, the horizon is now given by either V =0o0r U =0
and the original exterior region is given by V' > 0 and U < 0. Denote the surface
V' =0 by H~ (the past horizon) and the surface U = 0 by H* (the future horizon).
Their intersection is the bifurcation surface. Denote the original exterior region by
region I. As in Section we assume that there is a Dirichlet boundary M at
I = rp in the original exterior region and denote by I the portion of the region I
from the horizon up to the boundary. We also assume that there is another Dirichlet
boundary M’ in the region given by V < 0 and U > 0 (region IV), which can be
obtained by the action of a discrete isometry J : (U, V,0) — (=U, =V, ), taking
points from region I to region IV by a reflection about the bifurcation surface.
Denote by IV the portion of region IV up to the boundary M’.

From the results above, one can conclude that V' is an affine parameter along
H*, whereas U is an affine parameter along H~. In other words, the vector field 0y
is tangent to affinely parametrised null geodesics along H*, whereas dy; is tangent
to affinely parametrised null geodesics along H~. Therefore, denote by .7 the one-

particle Hilbert space of solutions such that

(i) when restricted to H™ are positive frequency with respect to dy;
(ii) when restricted to H~ are positive frequency with respect to Jy;

(iii) the Dirichlet boundary condition at M and M’ is satisfied.

Let #,(#) denote the Fock space associated with ¢, cf. Definition (1.4.23] We
then define:

Definition 3.1.2. The Hartle-Hawking state |H) is the vacuum state of .Z (7).

Remark 3.1.3. We call this state the Hartle-Hawking state as this state satisfies the
same defining properties as the state defined on a Schwarzschild black hole [21],
namely the regularity at the horizons and the isometry invariance. Hence, this state

can be thought as the natural generalisation to the rotating case with mirrors.
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Having defined the Fock space of interest, one can define the quantum field in
the way detailed in Section [2.1.2] For that, one picks an orthonormal basis of 7.

In the following, such a basis is constructed.

1. Let {@gk}@w’kez be the orthonormal basis of mode solutions of the form (|3.5)

on region I which satisfy the Dirichlet boundary condition at M.
2. Define mode solutions on region v , q{Vk, by the action of the isometry J,
OV (z) = dL (J1(z)), axelV. (3.15)
It is understood that the modes <I>£k only have support on region I and that

the modes CIDE/C only have support on region V.

3. In the union IUIV, define the new mode solutions ®%, and ®, by

1 — = o
O (z) = (égi(x)+e*“w/“+q>gk(x)), zeIUIV, (3.16a)

1 — e—2m&/k4

1 . = o
OF, (x) = — <<I>£k(x)+e‘““/”+¢gk(x)), r€TUIV. (3.16b)

These L and R modes can be analytically extended across the horizons.

Proposition 3.1.4. The L and R mode solutions are of positive frequency with

respect to the affine parameters of H™ and H™.

Proof. We only show that ®%, is of positive frequency with respect to the affine
parameter U of H~. For that, we want to decompose ®%, into its positive and
negative frequency parts with respect to U and show that the latter vanishes. The

Fourier transform of ®F, with respect to U is

L, (0,1, 0) = /00 AU eV o, (U, r, ), (3.17)
where
OF (U, 7, 0) = % / T do e U GR (o1 6)
1 o 1
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We decomposed @, in its positive and negative frequency parts with respect to U.
If ®8, (—0,7,0) = 0 for ¢ > 0, then ®F, is of positive frequency with respect to U.
Suppose that ®%, (U, r, 9~) is analytic in the lower half of the complex U-plane

and, furthermore, that

lim max ‘CD ,r,é)):O. (3.18)

R—o0 fe(—

Then, we can apply Jordan’s lemma to (3.17)) when o < 0 and close the integration
contour in the lower half plane to conclude that ®E, (7,7,6) = 0 when o < 0.

To show this, first note that, on the past horizon H™, (I%k is of the form

OL, (U, 1., 0) ~ ' D gy (3.19)

where ©(U) is the Heaviside function, whereas

O (U, 1y, 0) ~ ¢ 7r 5= gy (3.20)
Thus, on H™,
O (U,rs,0) ~ [ O (—u) 4 e F e Do) M. (3.21)

To check that ®F, (U, 7, 0) is analytic in the lower half of the complex U-plane, we
extend the logarithm in the complex plane by taking the branch cut to lie in the
upper half plane. Then,

eiﬁ log(U) _ eiﬁ[log(_U) ”r] 6:‘(: 6':; lOg( U) , (322)
and we can write
DR (U, 7y, 0) ~ s sl D et (3.23)

for all U. This is analytic in the lower half of the complex U-plane.
However, it does not satisfy (3.18). This is due to the fact that we are dealing

with non-normalisable mode solutions with sharp frequencies, which leads that in

OR (0,7, 0) ~ / QU UFIR s ikd (3.24)
0
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the integral does not converge absolutely.
Instead, we should consider wave-packets constructed as superpositions of posi-
tive frequency modes, such as the ones in [1381]
1 (j+1)e
Vel

where 7 € N, n € Z, ¢ > 0 and ®,, is a mode solution generated by data of the form

®;, dwe " ®,, (3.25)

et/ /w at future null infinity. These wave-packets are made of frequencies within
e of je and are peaked around retarded time u = 2”7" with spread ~ 1/e. Then, the
additional integration over the frequencies required to construct the wave-packets

make the above integrals over U convergent. [

Hence, we take the one-particle Hilbert space .77 to consist of the L and R mode
solutions. The quantum scalar field ®(x) is then defined to be

O(zr) = Z /000 do [aZ, %, (2) + aly @y (z) + hoe.] | (3.26)

k=—0o0
where h.c. stands for “hermitian conjugate”. The Hartle-Hawking state |H) is such
that al,|H) = aZ,|H) = 0. Moreover, one can define the Feynman propagator G*

evaluated for this quantum state by ([2.84]).

Remark 3.1.5. Note that the Hartle-Hawking state is the vacuum state of the Fock
space F(A) associated with the one-particle Hilbert space J# consisting of the
L and R modes. As shown by [21},82], it is however a thermal state with respect
to the horizon generator Killing vector field y, introduced in (3.2)). Therefore, the
Feynman propagator G¥ evaluated for the Hartle-Hawking state, when written using

the coordinates (£, 7,8) (which only cover region I), is a thermal Green’s distribution,

as defined in Section 2.2.2]

3.1.3 Hadamard renormalisation

In Section the Hadamard renormalisation of the vacuum polarisation (®?(z))

was described. We concluded that the renormalized vacuum polarization (®*(x)) in
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any Hadamard state is given by

(D(2))ren := —i lim [G"(z,2") — Guaa(z,2')] | (3.27)

=
where GHaq is the Hadamard singular part of the Feynman propagator GF, evaluated
for the Hadamard state. In the current three-dimensional setting, it is given by
i U(z,z')
42 \Jo(z, x) + i€
with the bi-scalar U given by . This bi-scalar can be expressed as a covariant
Taylor expansion (see section as

Giaa(7,7") = (3.28)

Uz, 2') =Y Uiz, ') o (x,2/). (3.29)

For the computation of the vacuum polarization, it is sufficient to know the zeroth
term, Up(z,2") =1+ O(0), thus,

i 1
421 \Jo(x, o) + i€

At this stage, we are faced with two important technical difficulties. To perform

GHaa(z,2') = + O(c*?). (3.30)

the subtraction in ([3.27)), we need to compute the Feynman propagator G¥ evaluated
for the Hartle-Hawking state and the state-independent Hadamard singular part
GHaq- The former is usually obtained as a sum over mode solutions of the differential
equation satisfied by GY, whereas the latter is given in closed form by .
This implies that, unless we are able to express the mode sum in closed form, which
is generally not possible, we need to express Gy.q as a sum over mode solutions,
such that the short-distance divergence can be subtracted term by term. This will
be done in Section [3.3]

First, however, we need to compute the Feynman propagator GY and write it
as sum over mode solutions of . If the background spacetime were static, the
standard technique to obtain the Feynman propagator would be to consider the
real Riemannian section of the static spacetime, cf. Definition [I.2.4] and obtain the
Euclidean Green’s distribution G* which satisfies the differential equation .
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The Euclidean Green’s distribution is unique, due to the ellipticity of the Klein-
Gordon operator in the real Riemannian section, and it can be easily computed using
standard Green’s functions techniques. The Feynman propagator for the original

static spacetime can then be obtained by using (2.109)).

Since our spacetime is stationary, but non static, this technique is no longer
valid. If we instead consider the complex Riemannian section of the spacetime,
cf. Definition [I.2.6] there is no guarantee that, in general, there is a unique Green'’s
distribution that solves the differential equation, as the Klein-Gordon operator is
not elliptic in the complex Riemannian section. In the next section, we describe
how the complex Riemannian section can still be used to compute the Feynman

propagator in this case.

3.2 Quasi-Euclidean method

In this section, we present the “quasi-Euclidean method” to compute the Feynman
propagator for a scalar field in the Hartle-Hawking state on a rotating black hole
spacetime. This is a generalisation of the “Euclidean method” used for static space-
times and involves the complex Riemannian section of the exterior region of the
rotating black hole spacetime with a timelike boundary. Ideas similar to the ones
presented in Section allows us to conclude that there exists a unique Green’s
distribution associated with the Klein-Gordon equation in the complex Rieman-
nian section which can obtained as a mode sum using standard Green’s functions

techniques.

The complex Riemannian section of certain rotating spacetimes has been briefly
discussed in [23,35,36] in the context of the Kerr-Newman black hole. In [37], a more
general concept of “local Wick rotation” is discussed for any Lorentzian manifold,
even without a timelike Killing vector field, as long as its metric is a locally analytic

function of the coordinates.
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3.2.1 Complex Riemannian section

In Section the real Riemannian section of a static spacetime was defined.
In short, a static spacetime can be thought of as a real Lorentzian section of a
complex manifold, for which it is always possible to find a real Riemannian section
by performing an appropriate analytical continuation. For a (241)-dimensional

static spacetime whose metric in coordinates (¢,r,6) is
ds®> = —N(r)? dt* + g, (r) dr® + gee(r) d6?, (3.31)

where t is a global time function, one can obtain the real Riemannian section by

performing a Wick rotation ¢ — —i7 € 1R,
dsg = N(r)*d7? + g, (r) dr® + gea(r) d6? . (3.32)

The analytic continuation procedure does unfortunately not have an immediate
generalization to spacetimes that are stationary but not static which generates a
real Riemannian section. For the exterior of a rotating black hole, one issue is that
the exterior need not have a globally timelike Killing vector even when each point
in the exterior has a neighbourhood with such a Killing vector, i.e. it is locally
stationary, as we saw in Section A second issue is that there may exist no
analytic continuation in the coordinates that results in a real Riemannian section.
Both of these issues are present in Kerr (for which the absence of a real section with
a positive definite metric was shown in [34]) and in the (2 + 1)-dimensional warped
AdS; black holes considered in Chapter [4] It is possible to obtain a positive definite
metric by analytically continuing not just the coordinates but also the parameters
(e.g. the angular momentum parameter in Kerr [83]), but the physical relevance of
continuing parameters seems debatable [306].

If we only consider region T of the (241)-dimensional rotating black hole space-
time, there exists an everywhere timelike Killing vector field, y = 9;. If we perform

a Wick rotation f = —it € iR, the metric (3.3) becomes

~ 2
dst = N(r)?dr + g (r) dr® + ggo (46— i (N(r) + Q)7 ) (3.33)
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This is the complex-valued metric g€ of the complex Riemannian section I€ of a
complex manifold, in which region Tis a real Lorentzian section, cf. Definition m

This metric is regular at r = r if 7 is periodic with period 27/, where £, is
the surface gravity of the black hole obtained in ([3.13). Otherwise, there would be
a conical singularity at » = r,. The resulting manifold has two periodic directions

and a third direction that is also compact due to the boundary at r = r,.

3.2.2 Green’s distribution in the Riemannian section

In the real Lorentzian section of the rotating black hole, we defined the Feynman
propagator G evaluated for the Hartle-Hawking state in the usual way as a bi-
distribution on M. In the complex Riemannian section I¢, we find the Green’s
distribution G associated with the Klein-Gordon equation (which should not be
confused with the causal propagator GG introduced in Definition . Given the
construction of 1€, the results obtained in this section will only be relevant for region
T of the original spacetime.

In the complex Riemannian section I, the Green’s distribution G associated

with the Klein-Gordon equation satisfies the distributional equation

(V2 —m? — €R) Gla,a') — _53(x,x’) _ O =T1)o(r — )6(0 — 6  (3.4)
9(z) g(x)

where g(x) := det(g5,) and V? := (¢°)*'V,V,.
In contrast to the real Lorentzian section, there is a wunique solution to this
equation in the complex Riemannian section which satisfies the following boundary

conditions:
(i) G(z,2’) is regular at r = ry;
(ii) G(x,a’) satisfies the Dirichlet boundary conditions at r = 7.

This follows from the uniqueness results for boundary value problems in compact

manifolds. Note that two of the directions of the complex spacetime are periodic,
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while the third direction is compact due to the existence of the timelike bound-
ary. In contrast, on static spacetimes without boundaries (and suitable asymptotic
properties at infinity), the real Riemannian section has a unique Euclidean Green’s
distribution, due to the ellipticity of the Klein-Gordon operator, as previously re-
marked.

Given the periodicity conditions of 7 and 8, one has

é(r—1) = ;—; ettnr=7') (3.35)
-~ 1 =
00— 0) = D et (3.36)
k=—00

understood as distributional identities. We can write the Green’s distribution G(zx, z’)

as a sum over modes G(r, 1)

G(z,2') = e ettn(r=") Z k(00 Gor(r, 7). (3.37)

472
n=—o00 k=—o00

By using (3.35)), (3.36) and (3.37)) in the field equation (3.34]), we obtain an ordinary

differential equation for G,

k(N + Q)" &2 —r'

i (@fi)‘(m“ (2 ML) S ) PP Gl

Vg dr dr N 96 V9
(3.38)

The solutions of this equation can be given in terms of solutions of the corresponding
homogeneous equation. Let p,, be the solution of the homogeneous equation which
is regular at the horizon and let ¢, be the solution of the homogeneous equation
which satisfies the Dirichlet boundary condition at the timelike boundary. Then, by
the standard theory of Green’s functions (e.g. Chapter 10 of [84]), the radial part of

the Green’s distributions is given by

Gnk(T, T/) = an pnk(r<) an(r>) 3 (339)

where ro := min{r, 7'}, r~ := max{r,7’} and C,; is the normalization constant

determined by the Wronskian relation

Cote | prp—22 — qupe—22 ) = . 3.40
k(pkdr der> NI & ( )
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Hence, we have found the unique solution of Eq. (3.34]) which satisfies the bound-
ary conditions of regularity at the horizon and Dirichlet condition at the timelike
boundary. The Green’s distribution is expressed as a sum over mode solutions of

the differential equation (3.38)). For convenience, we rewrite (3.37)) as

G(x,2') =: Z gtrn(r="") Z ik (=0 GB(r, ). (3.41)

n=—00 k=—o00

In the current (2+41)-dimensional case, it is generally possible to find the mode
solutions in closed form in terms of known functions, whereas we need to
resort to numerical methods for four or more dimensions. In Chapter [6 we will

explicitly find the mode solutions for a scalar field on a warped AdS3 black hole.

3.3 Renormalisation procedure

In the last section, we described how to compute the Green’s distribution associated
with the Klein-Gordon equation in the complex Riemannian section of the exterior
region of the rotating black hole. As noted at the end of Section [3.1], we also need to
express the Hadamard singular part Gyaq of the Feynman propagator as a sum over
mode solutions, such that the short-distance divergences can be subtracted term
by term. Before that, we need to make sense of Gy.q in the complex Riemannian
section.

In Section we verified that the local geodesic structure of a real Lorentzian
manifold is preserved when going to the complex Riemannian section and, in par-
ticular, we can define a notion of a geodesically linearly convex neighbourhood as
in Definition [1.3.15] and generalise the definition of the Synge’s world function, as
in Definition [.3.17

Henceforth, we can write the Hadamard singular part of the Green’s distribution

G in the complex Riemannian section as

1 1

a'/?). :
4271 \Jo(x, 2') +Oe") (3:42)

GHad(xa zl) =
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In an analogous way to the real Lorentzian case, we now subtract the Hadamard
singular part from the Green’s function G and then take the coincidence limit to
obtain the vacuum polarization at x € T,

(®*(z)) = lim [G(x,2") — Gyaa(w,2)] . (3.43)

' —x

(In a slight abuse of notation, on the RHS of the equation z,2’ € I®, such that
x € I is the result of a Wick rotation of z € T)

By construction, the Green’s distribution G is regular at » = r, satisfies the
Dirichlet boundary conditions at r = 7 and is invariant under the spacetime
isometries. Therefore, together with , after analytically continuing back to
the Lorentz section, (®?(z)) as given by is the vacuum polarisation for a scalar
field in the Hartle-Hawking state.

3.3.1 Subtraction of the Hadamard singular part

It remains to perform the subtraction in before the coincidence limit can
be taken. As G is known only as the mode sum (3.37)), the evaluation of (®?(x))
requires Gaq to be rewritten as a mode sum that can be combined with SO
that the divergences in the coincidence limit get subtracted under the sum term by
term. For a general spacetime, it is not known how to express Gyaq as a mode sum.

We accomplish this in the following way. The Hadamard singular part incor-
porates the short-distance singular behaviour of the Green’s distribution for (the
complex Riemannian section of) a rotating black hole, which should be of the same
form as the singular behaviour of the Green’s distribution for the (complex Rieman-
nian section of) Minkowski spacetime, given that we are dealing with Hadamard
states. A good thing about Minkowski spacetime is that the zero temperature

Green’s distribution for a scalar field is known in closed form

1 —mn/20(z,z")
Gil(z,2") = = c (3.44)
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This means that the thermal Green’s distribution G™ can be expressed both as
an imaginary-time image sum of the zero temperature Green’s distribution using
and also as a sum over mode solutions, say,
> > ~ -
r') = Z ettn(r=7) Z eFO=0) GM (1 2", (3.45)
n=—oo k=—o00

as described in Appendix [A] And, of course, we know how to write its Hadamard
singular part Gif,(z,2’) in closed form, as in (3.42). This allow us to write the
Hadamard singular part as in (A.17)),

Gia(m, 2 Z eir+n(r="") Z (00 Gy (z,a") — Gy, 2') | (3.46)

n=—o0 k=—o00

where G, (,2’) is a finite term when the coincidence limit is taken, which is ob-
tained in Appendix Eq. expresses the Hadamard singular part of the
Green’s distribution for the Minkowski spacetime as a sum over mode solutions,
plus a regular term which can be easily computed since we know the Minkowski
Green’s distribution in closed form (3.44)).

In general, it is not possible to obtain the Green’s distribution for the rotating
black hole spacetime in closed form and, therefore, it is not possible to write its
Hadamard singular part as in . However, as we argued above, the Hadamard
singular parts of the Green’s distributions for the rotating black hole and Minkowski
spacetime are essentially of the same form, just given in different coordinate systems.
As we show below, it should be possible to express Guaq(x, 2’) of the black hole in
terms of Gt 4(z,2") which, in turn, we know how to write in terms of a mode sum,
as in (3.46))! Therefore, we are able to subtract the short-distance divergences of the
black hole Green’s distribution by using a sum over mode solutions of the Minkowski
Green’s distributions differential equation.

To explain this procedure in detail, it is convenient at this stage to consider a
particular choice of point separation. Assume that the black hole metric is given in
coordinates (7,7, ), whereas the Minkowski metric is given in coordinates (7, p, 0).

Now, consider the case of angular separation in each spacetime, such that for the
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black hole case x = (7,r,0) and 2’ = (7,r, 5), with 8 > 0, and similarly for the
Minkowski case.

The expansion of the Hadamard singular parts for small 0 are

L1, 0(h), (3.47)

; +0(b), (3.48)

where ggg(p) — p? is the Af-component of the metric for the rotating Minkowski
spacetime (see (A.2))). We are free to make the identification

955(p) = ()2 gga(r) (3.49)

where 7(r) > 0 is a function to be specified. This identification provides a matching
between the two radial coordinates, p = p(r) = v(r)'/g;z5(r), and allows us to ex-
press Giad(z, 2') of the black hole in terms of G}, ;(x, z'), as argued in the beginning
of this section.

Given this identification, we can now write

G(l’,$) GHad l’ SL’ Z ikb Z G f)/(r)ilG;zM;c(m?x/)]
+y(r) G () + O(0) . (3.50)

We have succeeded in writing G(z,2’) — Guaq(z, 2') as a sum over the difference of
mode solutions, plus a regular term which is finite in the coincidence limit.

At this point, note that the Minkowski Green’s distribution has several free
parameters: Ty (temperature of the scalar field), Qy (angular velocity of the coor-
dinate system) and m2; (squared mass of the scalar field), besides the unspecified
factor v we introduced above (for more details on these parameters, see Appendix[Al).

However, the combination

o o0

Yo @Y )T G, a) = ()T Gl (@, a) = () Gl a) (351)

k=—0o0 n=—oo
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(see (3.46))) is unchanged if any of these parameters are modified, since G (z, z')
is independent of them. Therefore, these parameters can be chosen such that the
double sum in (B.50)) is convergent when § — 0. To check the convergence of the
double sum, we need to analyse the asymptotic behaviour of the summand for large

values of n and k.

3.3.2 Large quantum number behaviour

In order to check the convergence of the double sum in the coincidence limit,
we need to obtain the asymptotic behaviour of the summand for large values of the
quantum numbers n and k.

For a black hole spacetime with metric (3.33]) in the complex Riemannian section,

the Klein-Gordon equation

(V?—=m® = ER) ®(r,7,0) =0, (3.52)

together with the ansatz ®,;(7,r,0) = e*+"m+ik ¢ (1) leads to

1 d d (/@+n+ik(N9+QH))2 k2 )
— e —— —m"—&R| ¢ =0.
[\/50“’ (\/‘ag d?") N? g o
(3.53)
Let ¢!, and ¢?, be two independent solutions of the radial equation (3.53)).

Define a new radial coordinate £ such that the equation can be written in the form

Tae (Xik(§> + 772(5)) Pnr(§) =0, (3.54)

and the Wronskian relation is given by

g, (6)
dg

where Cp, is a constant and x2,(£) contains all the n and k dependence and is large

whenever n? + k? is large. From ([3.53)) we obtain

dép(§) _ 1
df B an ’

(3.55)

i (6) — bk (€)

d . d
VI (3.56)
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and
. 2
o = g (Ken + Z/’{;(N‘9 + Q)"+ N?k?, n* = gsN? (m* +ER) . (3.57)
We are interested in obtaining the large y,x expansion of the quantity

Gt (&) := Chr, by (&) 02,:(€) - (3.58)

This asymptotic expansion can be obtained using a WKB method and this is de-
scribed in Appendix [Bl From Proposition the asymptotic expansion of G, (&)

for large values of x,x is

T (070U Y S

gnké - -
© 2%k AXD,  16xD, 64X,

where the prime represents derivative with respect to &.

For our case of interest, G, plays the role of the radial part of the Green’s
distributions, given by , whereas ¢}, and ¢?, correspond to p,; and g, for
both the black hole and Minkowski spacetimes.

3.3.3 Fixing of the Minkowski free parameters

We now have all we need to determine the choice of parameters of the Minkowski
Green’s distribution which makes the mode sum in (3.50) convergent in the coinci-

dence limit. This unique choice is the following.

Theorem 3.3.1. If the parameters v, Ty and Sy are chosen as

W) =N, Tu=3t,  Qu=N)+ (3.60)

then the double sum in (3.50)) is finite in the coincidence limit.

Proof. First, we obtain the leading terms in the asymptotic expansions of the sum-

mands in (3.50)), using (3.59). The summand GBH(z, x) of the Green’s distribution
G(z,2') in (3.41)) has the following asymptotic expansion for large X

1
GB(z,2') = -

_ ' -3
= oy O (xnr) - (3.61)
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Analogously, for the Minkowski Green’s distribution, the summand GY (z,z') in

(3.46) has the asymptotic expansion

T 1 B
G, a') = 2 230 +0 (00w %) (3.62)

where
Y (p)? = p? (2nTyn + ikQy)® + k2. (3.63)

The double sum in (3.50) will be finite in the coincidence limit if the leading
term in the asymptotic expansion of the summand vanishes, that is, if the term of
order x,! of the expansion of GEf(z, z) cancels with the term of order (X;M}g)fl of
the expansion of y(r)~! GM (x,z). This only occurs if the free parameters ~y, Ty and

QO are chosen as

Vr) =N@F),  Tu= ’;—; L Oy = N(r) + Q. (3.64)

To show that the double sum is indeed finite in the coincidence limit, we need
to check that the double sum of the remaining terms in the asymptotic expansion
of the summand, which are O (X;,f), is finite.

It is enough to consider

!/
AG(r) =Y [GR(ror) = () Ghip(r), p(r))] (3.65)
k,n
where Z;k stands for the double sum over k and n excluding the k = n = 0 term.
The first terms in the WKB-like expansion cancel each other, thus
!/
aG(r) = 3G ) + 0GR — ) G () + 0l )]} (3.66)
k.n
where GE,? @ and G;M;CQ) are the terms of the expansion of order X;,S’ and (xM )73,

respectively. With the choice (3.60]), one has

Xk (r)? = X]’\"‘,"”(Eg)z - (3.67)
Therefore
. | Wi(r) -5
AG(r) = kz [—Xnk ok +Oo(xD)|, (3.68)

where W(r) does not depend on n and k.
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Note that:
Z/ Xy\:g;?’ = Z/ 95(r) (r+n + ik(N°(r) + QH))2 + N(r)*k? e
kn " k.n
= { [955(r)R2n® + (N ()% — ggg(N?(r) + Q)%) k?]”
k.n
+ 4gga(r)* (N (r) + QH)Qﬂin%z}_m
< 3 [ + (N = glr) (N () + 0 22
k.n
(3.69)

Lemma below shows that the latter series is convergent. This proves the

absolute convergence of

3 W) (3.70)

kn Xnk (T)S

Finally, since

W(r) -5
)3 + O(Xnk)‘
lim X0 =1, (3.71)

[xBH|—00 W(r)
Xnk (T)S

the limit comparison test implies the absolute convergence of

[ W(r) s }
E —=+0 : 3.72
Therefore, we conclude that the AG(r) is finite. O

Lemma 3.3.2. Let A, B > 0. Then,

/ 1
S = kz (A2 T B < (3.73)

,n

where Z;k stands for the double sum over k,n € Z excluding the k =n = 0 term.

Proof. We write

S=> S, (3.74)

keZ
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where

1
k
Z (An2 + Bk2)3/2° 70,

Sk‘ = nez 1 (375)
Z A3/23 7 k=0.
nez\{0}
Each Sy, is clearly finite, and S_; = Si. For k > 0 we have
- 1 1 koo 2
K Sp= ) - S (3.76)
\g13/2 ’
since the series in (3.76]) becomes the Riemann sum for the integral
o 1 2
dt = . 3.77
/_oo (B+ A2 BVA 70
Thus,
2 1
so that S is finite. O

Remark 3.3.3. The choice for the parameters of the Minkowski Green’s distri-
bution corresponds to have the temperature Ty of the scalar field in Minkowski to
match the Hawking temperature of the black hole and to have the angular velocity
O to be equal to the one measured by a locally non-rotating observer at radius r

in the black hole spacetime.

The key aspect of the proof is that, in order to remove the divergences, we
only need to know the asymptotic behaviour of the Green’s distribution summands
GBH(r,r) and GM (p,p) for large values of n and k, and not the full solutions.
This implies that, apart from technical difficulties, this method can be applied to
black holes in four or more dimensions, for which although we can only obtain the
Green’s distributions numerically, the asymptotic expansions of the summands for
large quantum numbers can be explicitly computed using the above procedure.

Setting the parameters as in , it is now possible to take the coincidence
limit & — 0 of and compute the renormalized vacuum polarization . In
Part II of the thesis, as an example, we present the results for the particular case of

the warped AdSs black hole.
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3.4 Expectation value of the stress-energy tensor

In the previous section, we successfully implemented a method to compute the
renormalised vacuum polarisation of a scalar field on a rotating black hole by sub-
tracting the short-distance divergence of the Feynman propagator using a sum over
Minkowski modes with the same singularity structure. The next physically inter-
esting local observable is the renormalised expectation value of the stress-energy
tensor, (T,,(2)). In this section, we demonstrate why the method described in this
chapter cannot be used to renormalise the stress-energy tensor.

First, recall that we defined the renormalised expectation value of the stress-

energy tensor in Definition [2.4.5] as

(Twp(2)) = lim Top (2, 2") [—i (G" (2, 2') — Graa(z,2"))] + Ou(2) (3.79)

T’/ —=x
where O, () is a state independent tensor which ensures that (7,,(z)) is covariantly

conserved and
/ 1 ! / /
Ty = (1 - 25) gbb V.V + (25 - 5) gabQCd V.Vy —2¢g,° gbb VoV

1 1
+ 25 gabvpvp + § (Rab - §gabR) - §gabm2 . (380)

Besides having to carefully perform the coincidence limit of G¥ (z, 2') —Gaq (2, ')
as in the vacuum polarisation computation, for the stress-energy tensor we also need
to consider terms of the form V,V, [GF(x,x’) — GHad(x,x’)}. Here, we show that
the implementation of our renormalisation method, in particular the formulation
of Gad(z,2’) as a sum over Minkowski modes, fails to subtract the short-distance
divergences of V;V;G¥(z,2') and, hence, the whole unrenormalised stress-energy

tensor.

Remark 3.4.1. A heuristic argument that suggests the method indeed fails to renor-
malise the stress-energy tensor is that to match the short-distance divergences of
V.VGaa(z, 2') on the rotating black hole spacetime to the the short-distance di-

vergences of V,V,Gi. (z,2') on Minkowski spacetime (in rotating coordinates) it
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will be necessary not only to identify components of the metric tensors (as in (3.49))
but also derivatives of those components. However, the shift function NY (present
in the t6-component of the metric) is a function of the radial coordinate r for the
rotating black hole, whereas it is a constant (—€) for the Minkowski spacetime
(in rotating coordinates). We then expect that the matching between derivatives of
the metric components with respect to the radial coordinates might not be possible.

This is indeed the case, as we show explicitly in the following.

3.4.1 Derivatives of the Hadamard singular part

Here, we work again in the complex Riemannian sections of both the black hole and
Minkowski spacetimes. First, we compute the double covariant derivatives of the
Hadamard singular part, V,V,Gaa(z, 2’). Recall that the Hadamard singular part

in three dimensions is given by

1 U(zx,2')

GHaa(,2') = , 3.81
where the bi-scalar U is given in ([2.124]), thus,
U Uo 1/2 3/2

and Uy and U; given in Proposition [2.4.7, To simplify the expressions in the follow-
ing, we only consider spacetimes with a constant Ricci scalar. In three dimensions,
this is not a major restriction, as all solutions of Einstein gravity satisfy this prop-
erty (this is not necessarily true of modified theories of gravity). The examples in
Part II of this thesis have constant Ricci scalars.

The first covariant derivative of U o~/2 up to O(0) is

0_1/2 = 0_1/2 50_3/2 U;M—Fimg;u—l—(g((f). (383)

(U)_Uom 1 U, 1 U,

)

Note that the term Uy, /2 = O(0).
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The double covariant derivative of U o~/2 up to O(c'/?) is

U _ Uoyw 100, 1 Uy, 3 Uy 1 Uy
ol/2 } T g2 9432 i — 9 53/2 O 105/20#‘(7?” 953/2 T
1 U 1 U
—ZWU;MO’;V‘FgmUWV_"O(UI/Q). (384)

Concerning the derivatives of Uy and U; up to the required order:

Uoyp = Uoab0” O”bu + B (anb;uO" o0 — Ugapeo ol u) + (9(03/2) : (3.85)

— ja 5ib oy ja yib ja 5ib
UO;;W = Upab (U vO ,u"'o o ,ul/) +u0ab;ua g V+u0ab;VU 0

— Ugabe0 0,0, + O(0) ; (3.86)
Upy = O(c'/?); (3.87)
Up = O(0°). (3.88)

3.4.2 Attempt to renormalise V;V;G

At this stage, it is convenient to consider again angular separation of the points in
spacetime, such that z = (7,7,0) and 2/ = (7,7, é), with 6 > 0, for the black hole
case and similarly for the Minkowski case.

Hence, we can expand the Synge’s world function and its derivatives in 0, using

Proposition [1.3.10]

1 . _ N
~ 1 B ~ B _ ~
Ty = 0,50+ (595@ + 309@) 0% + (0734,, + 4539, 0°
+ (Ggasa,. + 5gaa0,) 0* + O(6°) (3.90)
Oy = Guv + (29§(u,u) - Ff\wgé)\ + 65—0~,uu> é

1 1 )\ ~ >\ ~ ~
+ (ﬁgéé,m/ - §Fuugéé,)\ + 6aéé(y,u) - 31_‘“”0'59‘)\ + 1200~§uu)

~ A = ~ 2~ ~ )
+ <0(§é(§,;w — w0665 + 806a5(,,) — 4L 0g6an + 20055@5#y> 6°

+0(0Y. (3.91)
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Using the above expressions, one obtains that, for angular separation,

11 1 1 g (91 -
— — - =4+ 0. 3.92
2T /G55 63 32 e g @) (3.92)

V@V@GHad (%’, .I'/) =

Some remarks:

1. As expected, V3V ;Giaq is more divergent at the coincidence limit, having a

leading divergent term which goes as 873, than Gjaq, which only has a term

that goes as 671, cf. (3.47).

2. Note, however, that the term that goes as 673 is essentially of the same form as
the term of Gyaq that goes as 8! and, hence, the identification (3.49) made to
renormalise the vacuum polarisation is sufficient to subtract the leading term

divergence of V;V;G.

3. It is easy to verify, however, that with the identification (3.49)) in place, the

term in 6! cannot be subtracted by the corresponding Minkowski term, i.e.
ViViG(w,2') = 7' V;VGipaala, 2)

still retains a term of order 6~ when expanded in 6. One possible workaround

is to perform the following subtraction instead,
AééG(‘r7 I/) = VéVéG(QT, I/) - ry—lvévéGgﬂad(x7 .I‘/) —a Ggﬂad(xv LL’/) ) (393)

where a is a function of r to be specified such that the term of order 7! is

cancelled.

At this stage it remains to find a choice of the parameters of the Minkowski’s
Green’s distribution such that the mode sums in (3.93)) are convergent, if such a
choice exists. If G(z,2’) is written as in (3.41]), then

ViViG(x,a') = 05G(x,2") — T5;00G(x, @)

_ Z ikd Z k2 G (r,7) = T3 0,GEE ()

k=—00 n=-—o0o

:} . (3.94)
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and similarly for the Minkowski Green’s distribution. Hence,

=Y e S {65 — v Glpup)]

k=—o00 n=-—oo
—TI'%; 0,.GB(r,1")
—aGy(p, p)}

r’:r+7 1Fe”aGnk(p7 )

p'=p

(3.95)

p=p(r)

Some extra remarks:

4. Note that the first line of can be made convergent in the coincidence
limit if we fix the parameters of the Minkowski’s Green’s distribution as in
, by Theorem m Hence, the fixing made to renormalise the vacuum
polarisation also applies to the first line of .

5. To check the convergence of the remaining terms, we need the asymptotic

expansion of 8,GEH(r, 7).~ and 9,G¥ (p, p')| =, for large values of n and k.
In Appendix [B] Proposition [B shows that

Ay, (§)
d¢

has the asymptotic expansion for large values of x

nk(€) (3.96)

7/"0143(5) = Ch,

1 2 \/
(@) =5 - 92+ o). (3.97)

For our case of interest, G/, plays the role of the radial partial derivative of

the radial part of the Green’s distributions, given by

, dpi(r
aTGTZk(r7 r >|T’:T - nkpd—];()an<T) 5 (398)

whereas ¢!, and ¢2, correspond to p,x and gy for both the black hole and

Minkowski spacetimes.

Let’s focus for a moment on the (x2.(€)) /(8x3.(€)) term of the asymptotic
expansion for the rotating black hole case. Using (3.56)),

0 (0l ~ w0 OC(1)
s © VI TR ) (3.99)
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Recall that x, is defined by (3.57)),
i = gag (ken + ik (N + Q)" + N2K2, (3.100)

and hence we can write

2, — N2k I\2, — N2k
O, (Xik:) = argéé (%) + 2i9§§arN0k Xnkf + aT(NQ)kQ
966 Yaq

O0rGss 0, ‘
= i (&(N?) - N%) K2 4 2050, Nk 32— NP
00 00

(3.101)
and
0, (2 0r955 1 Ovgiz \ Kk VX2, — N2k2
(?‘fnk) _ 994 * + <8T(N2) _ N2 gee) — —1-21'\/%&]\[9 Xnk - '
(3.102)
Similarly, for the Minkowski case, using (3.63]),
9 (()?) 21 2 k?

O pxh PR

The double sum in (3.95)) will be convergent in the coincidence limit if we are
able to match all the terms in and the constant term in to similar
terms coming from the Minkowski summand. However, by comparing and
(3.103)), it is clear that there is no term on the Minkowski side that can cancel the
third term in the RHS of , i.e. there is no term in the asymptotic expansions
of the Minkowski terms for large x which goes as

Otnk)® — K2
(i)

This comes down to the existence of 9, N? in the third term in the RHS of ,
as we alluded in Remark [3.4.1]

In conclusion, our method to renormalise local observables by subtracting the
short-distance divergences of the rotating black hole Green’s distribution and its

derivatives using the Minkowski spacetime Green’s distribution does not work if
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the computation of these local observables involves radial derivatives of the metric
components, in particular if it involves terms containing 9, N?, given that the shift
function for the Minkowski metric components in rotating coordinates does not de-
pend on the radial coordinate. Therefore, this method is suitable to renormalise
local observables such as (®?(x)), which do not involve derivatives of the metric
components. In the particular case of static spacetimes, in which there is a coordi-
nate system such that the shift function vanishes, this method is still applicable for

the renormalisation of the stress-energy tensor.
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Application
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Chapter 4

Warped AdS3 black holes

In this chapter it is our aim to introduce the warped AdS3 black hole solutions which
are used as the background spacetimes on which to apply the method described in
Part I of this thesis. This is one of several possible choices of rotating black hole
solutions and no particular physical significance is attached to this choice, apart from
providing a simpler technical arena on which to renormalise the vacuum polarisation
of a scalar field. Given this mindset, this chapter only exposes the basic ideas of
(241)-dimensional gravity and the warped AdSs solutions which are necessary to
complete the computation, and does not attempt to give an exhaustive review of the
research carried out in these topics in the last decades. For the latter, appropriate

references are given in each section.

4.1 241 gravity and topologically massive gravity

In this section, we present a brief overview of (2+1)-dimensional classical gravity.
In particular, we describe Einstein gravity in 2+1 dimensions and emphasise the
main differences to the theory in 341 dimensions, namely the fact that there are no
propagating degrees of freedom in 241 dimensions. We then introduce an extension
of Einstein gravity, called topologically massive gravity, which has a propagating

degree of freedom and new interesting solutions, such as the warped AdSs solutions.
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A standard reference for both the classical and quantum aspects of (241)-
dimensional gravity is [42], whereas for topologically massive gravity a few significant

references are [46,47,[85-8§].

4.1.1 241 gravity

Here, we give a brief description of the main features of general relativity in 241

dimensions. This theory is described by the Einstein-Hilbert action

_ 1 8. o (R —
SE-H = 167TG /d X g (R 2A) s (4.1)

where GG is Newton’s gravitational constant, ¢ is the determinant of the metric, R
is the Ricci scalar and A is the cosmological constant.
A significant difference between 2+1 and 341 dimensions is the fact that in 241

dimensions the Riemann tensor R..q is fully determined by the Ricci tensor R,

1
Raped = Gacla + gvallac — Goellad — Jadllpe — 3 (GacGvd — Gadgea) R (4.2)

This implies that any vacuum solution has constant curvature,
Rab =2A Yab - (43)

Therefore, in 2+1 gravity, there are no local degrees of freedom, only possibly global
degrees of freedom, if the topology of the spacetime is non-trivial (e.g. by performing
identifications) [42].

Additionally, if the cosmological constant is zero, there is no length scale in 2+1
dimensions. To see this, note that GM is dimensionless in 241 dimensions. An
important consequence of this fact is that there cannot be asymptotically flat black
hole solutions of Einstein gravity, as the Schwarszchild radius would be a multiple
of GM. If the cosmological constant is not zero, then there is a natural length scale,

the cosmological length /¢, given by

A=+, (4.4)
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Then, in principle, it should be possible to find asymptotically AdS3 and dS3 black
hole solutions by making identifications in AdS3 and dSs;. This is indeed the case
with AdS3, on which specific identifications yield the BTZ black hole solution [32,33].
There are no known asymptotically dS; black hole solutions.

If we want to use 2+1 gravity as a simpler arena to explore black hole physics,
we might have gone too far in the simplification. However, there exist extensions
of (2+1)-dimensional Einstein gravity which restore local degrees of freedom and
whose dynamics are closer to the physically interesting case of 34+1 dimensions.
In the following section, we consider one of such extensions, topologically massive

gravity.

4.1.2 Topologically massive gravity

We now consider a deformation of (2+1)-dimensional Einstein gravity called topo-
logically massive gravity (hereby denoted TMG), which is obtained by adding a
gravitational Chern-Simons term to the Einstein-Hilbert action with a negative cos-
mological constant [46],47,/86-88]. The Chern-Simons term creates a propagating,
massive, spin 2 degree of freedom. In this sense, it is closer in spirit to general rela-
tivity in (341)-dimensions and can provide useful insight to some of the challenging
problems of the higher dimensional theory.

The action of TMG in 241 spacetime dimensions is then

S =Sgn+ Scs, (45)
with
1
n=—— [ &x/— —2A 4.
SE-H 167G x 9 (R ) (4.6)
1 y 2
Seg = ZnCh / APz /=g P T, (ayrgp + grﬁwrg(;) : (4.7)

Here, 1 is the Chern-Simons coupling, ¢ is the determinant of the metric, FZ/\ are

the Christoffel symbols, and €*? is the Levi-Civita tensor in three dimensions.
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By linearising the action, it can be shown that TMG has a single massive prop-
agating degree of freedom of squared mass p? [46]. This theory has third time
derivative dependence, however it is ghost-free and unitary [46].

A key feature of TMG is that it retains all of Einstein gravity solutions, including
AdS; and the BTZ black hole in the case of negative cosmological constant. Nev-
ertheless, there also exist new solutions, such as the warped AdS; vacuum solutions
and warped AdSs black hole solutions [48-54], which are introduced in the next
section. Similarly to the BTZ solution, the latter are obtained from the former by

global identifications.

4.2 Warped AdS; solutions

As noted above, there are non-Einstein solutions to TMG, and the simplest ones
are the warped AdSj solutions. These solutions are thought to be perturbatively
stable vacua of TMG in a wide region of the parameter space of the theory, in
contrast to the AdSs solution [55]. Mathematically, warped AdS3 spacetimes are
Hopf fibrations of AdS3 over AdS, where the fibre is the real line and the length of
the fibre is “warped” [53,/54,56]. This is the Lorentzian version of the warping of
S3 in the Riemannian setting, in which S® is warped along the Hopf fibres, which
form a congruence of linked geodesic circles in S®. In the Lorentzian case, there are
actually two analogues, since AdS; can be warped along Hopf fibres which may be
spacelike or timelike (we will only focus on the spacelike case). And, in each case,
the Hopf fibres can be either “squashed” or “stretched”.

In the following, we introduce the warped AdSs3 solutions in Section [4.2.1] and
the black hole solutions in Section [£.2.2]

4.2.1 Warped AdS; solutions

Before introducing the warped AdSs solutions, we describe AdSs; in an unusual

coordinate system.
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AdS; in fibred coordinates

Definition 4.2.1. Three-dimensional anti-de Sitter AdS; is defined as the surface
U V2 X2+ Y2 = 2, (4.8)

embedded in the four-dimensional flat space M?? with metric

ds? = —dU? —dV? +dX?* 4 dY?2. (4.9)

Remark 4.2.2. The topology of AdSs is R? x S, with S* corresponding to timelike
circles U2 4 V2 = constant. The universal covering space is obtained by unwrapping

S!. which removes the closed timelike circles.

To analyse the isometry group of AdSs, first note that the independent Killing

vector fields of M?? are given by
Jy = 2,0, — 2,0, , P,=0,, (4.10)

with o# = (U, V, X,Y). A general Killing vector field { can then be written as

1
&= §WWJW +w'P, = w0, + W', , (4.11)
with w*” = —w"". In detail, we can identify the spacelike and timelike rotations,
JUV:VOU—U(?V, nyzyax—Xay, (4.12)

the four linearly independent boosts,
Byx =U0x + X0y, Byy =U0y +Y0y, etc., (4.13)
and the four translations,
Py=0y, Py=0yv, Px=0x, Py=0y. (4.14)

These Killing vectors are the generators of 1.SO(2,2), the isometry group of M?*2.
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The isometry group of AdSs is the subgroup of the isometry of M*? which leaves
the AdS3 surface invariant. Of the isometries above, only the translations
do not leave invariant, therefore, the isometry group of AdS; is SO(2,2), which
is generated by the two rotations and the four boosts .

The connected component of SO(2,2), SOy(2,2), is the direct product

SO0y(2,2) = SL(2,R);, ® SL(2,R)g/Z*. (4.15)
To see this, it is useful to describe AdS; as the group manifold of SL(2,R),

1 ([U+X Y-V
SL2,R)={ A="- . det(A4) = 1. (4.16)
t\y+v U-X

The condition det(A) = 1 is invariant under the transformation
A A'=BAC™, BeSL(2,R),, C¢&SL2R)x. (4.17)

Hence, any element G € S0Oy(2,2) may be identified with an equivalence class of

two elements in the direct product SL(2,R), ® SL(2,R)g,
G~ (B,C)~ (—B,-C). (4.18)

It is then convenient to group the set of Killing vector fields of AdS3 into two
mutually commuting sets. Define the right- and left-invariant Killing vector fields,

¢E and EF respectively,

1 1

¢k = -3 (Juv + JIxy) &= ) (Buy — Bxy) , (4.19)
1 1

ek = _§(BUY—BVX) : &= —Q(BUX—FBVY) ; (4.20)
L 1 R 1

& = D) (Bux + Byy) , & = 5 (Buy + Bvx) - (4.21)

They satisfy
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where 7,7,k = 0,1,2 and €2 = 1. These vectors fields form bases {¢F}2, and
{€R}2_, for (the sections of) T'SL(2,R);, and T SL(2,R)R, respectively, constituting
the Maurer-Cartan frames (see Chapter 5 of [89] for more details).

We can also define the dual one-forms 6 and 6%, such that 0{(5}) = 5;» and
04 (€}) = 0. These form the Maurer-Cartan co-frames. These one-forms satisfy the

Maurer-Cartan structure equations,
i 1 ind k

and similarly for 6. From these equations, it follows that the Lie derivatives of

these one-forms with respect to the Killing vector fields are given by
Lab] =€/ 0F, Lenb) =€/ 0, Lo =Lenb] =0. (4.24)
For instance,
Lol = 10d6] +d (%Z_LQ{) - —%ekﬂ e (ENOL) = e/ 08, (4.25)

where ¢¢1 0] = 07 (&) = 67 is the interior product of 6 with respect to €. Therefore,
the dual one-forms 0 and 6% are left- and right- invariant, respectively.
The dual one-forms allows us to write an invariant metric for the group manifold,
the Killing metric, given by
2

e

At this stage, we introduce the parametrisation

U = cosh (%) cosh (g) cos (%) +sinh (%) sinh (g) sin (%) , (4.27)
V = cosh (%) cosh (g) sin (%) — sinh (%) sinh (g) cos (%) , (4.28)
X = cosh (%) sinh (%) cos (%) + sinh (%) cosh (g) sin (g) , (4.29)
Y = cosh (%) sinh (g) sin (%) — sinh (%) cosh (g) cos G) : (4.30)
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with u, 0 € R and 7 ~ 7 + 47. The right-invariant vector fields are

&5 = —sinh(u)d, — cosh(u) sech(c)d; + cosh(u) tanh(c)d, ,

&7 = — cosh(u)d, — sinh(u) sech(c)d; 4 sinh(u) tanh(c)d,, ,

f%:&“

the left-invariant fields are

g(? - aT s
&8 = sin(7)0, — cos(7) tanh(o)d, + cos(7) sech(c)d, ,

&% = —cos(1)d, + sin(7) tanh(o)9;, + sin(7) sech(c)d,
and the left-invariant one-forms are

0 = — cosh(u) cosh(c)dr + sinh(u)do,
6; = sinh(u) cosh(o)dr — cosh(u)do,

0; = du + sinh(o)dr .

The Killing metric is then given by

2
ds? = % [— cosh(c)?d7? 4+ do? 4 (du + sinh (o) dT)Q} )

(4.31)
(4.32)

(4.33)

(4.34)
(4.35)
(4.36)

(4.37)
(4.38)
(4.39)

(4.40)

Unwrapping 7 € R gives the covering space of AdSs. This is the AdS3 metric given

in fibred coordinates, as it is expressed as a Hopf fibration of the real line over AdS,.

Remark 4.2.3. The metric of AdS;3 in the standard global coordinates (t, p, @) is

2

ds? = n (= cosh(p)* dt* + dp® + sinh®(p) d¢*) |,

with t, p € R and ¢ ~ ¢ + 27.

(4.41)

Remark 4.2.4. The coordinate system (7,0, u) is only one example of a fibred coor-

dinate system, which we use in the following. For other possibilities, see e.g. [52].
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Spacelike warped AdSj3

In order to obtain a warped AdSs spacetime, we multiply the fibre in the direction
of & = 8, by a warp factor. The warping can take either the shape of “stretching”
if the warp factor is positive or “squashing” if the warp factor is negative. Since the
warping is made in the direction of the spacelike 0,, we call the resulting spacetime

spacelike warped AdSs.

Definition 4.2.5. The spacelike warped AdSs spacetime has metric

£2
v2+3

412

ds* =
s v2+3

(_eg 20040 ool + L g g eg) | (4.49)

where v = uf/3. For v? > 1 we have spacelike stretched AdSs, for v* < 1 we have

spacelike squashed AdSs.

In fibred coordinates (7, o, u), the metric is

£2
v2+3

412

ds? =

[— cosh(o)?dr? + do? + 3 (du + sinh(o) d7)2} . (4.43)

2+
The isometry group of AdS;, which locally is SL(2,R);, ® SL(2,R)g, is broken

by the warping and is only generated by £ and €&, i = 0,1,2. Hence, the isometry

group of spacelike warped AdS; is U(1)L, ® SL(2,R)g.

Remark 4.2.6. Both AdS; and spacelike warped AdSs are solutions of TMG, but

the latter is not a vacuum solution of Einstein gravity in 2+1 dimensions.

Remark 4.2.7. Besides the spacelike warped AdSs spacetime, there exist also timelike

and null warped AdSs3 spacetimes. For more details, see e.g. [52].

4.2.2 Warped AdS; black hole solutions

Black hole solutions which are asymptotically warped AdS3; and do not have CTCs
have only been found in the spacelike stretched case. The spacelike stretched black

hole metric in coordinates (¢,r,0) is [52]

dr? 276 2 192
5+ 2R(r)"N"(r)dtdf + R(r)°d6”, (4.44)

ds? =d2+ —— —
s T IREEN D
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with r € (0,00), t € (—00,00), (¢,7,0) ~ (t,7,6 + 27) and

R(r)? = 2 {3(% )4 (P4 3) (s ) — Ao (2 3)] o (4.45)

(L2 4+3)(r—r)(r—r")

N(r)? = 4.46
(r) T , (1.46)
2ur — \Jryr_(v? +3)

NO(r) = + 4.4

(r) 2R(r)? (4.47)
We can also write the metric in ADM form as
ds? = —N(r)*dt* + G + R(r)? (d6 + N°(r) dt)” (4.48)
AR(r)2N (r)? ’ ’

In the rest of this section, some of the more important features of these black
holes that will be needed in later chapters are briefly described. More details can

be found in [1}/52].

1. There are outer and inner horizons at r = r, and r = r_, respectively, and a
singularity in the causal structure located at r = 7y := max{0, o}, with

A rer (24 3) — (V4 3)(ry ) (4.49)

o= 3(v?—1) ’

such that 0 < 7y < r_ < r,. The dimensionless constant v = uf/3 is greater
than unity for the spacelike stretched black hole and in this context is usually
known as the warp factor. In the limit ¥ — 1 the metric reduces to the metric

of the BTZ black hole in a rotating frame.

2. In this coordinate system, the vector fields 0; and Jy are Killing vector fields,
however, 0, is spacelike everywhere in the spacetime. Consequently, this black
hole does not have a stationary limit surface and its ergoregion extends to

infinity. Therefore, no observers follow orbits of 0, in the exterior region.

3. Notwithstanding the previous point, one can still consider observers following
orbits of the (non Killing) vector field £(r) = 0y + Q(r) 0p at a given radius r,

which is timelike as long as

Q_(r) < Qr) <Qy(r), (4.50)
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with

2
9y — Vrer- (2 +3) £/ (r—ry)(r—r-) (2 +3) .
Q(r) is negative for all » > r,, approaches zero as r — 400, and tends to

2

_21/r+ —\/rer_(v? +3)

Qi(T) =

(4.51)

Oy =

(4.52)
asr — ry. In view of this, we can take 2y as the angular velocity of the horizon
with respect to stationary observers in the limit they approach infinity.

One example of such a timelike vector field in the exterior region is
E(r) =0, — N°(r) 0y (4.53)

Observers following orbits of £(r) are known as locally non-rotating observers
(LNRO) or zero angular momentum observers (ZAMO), since the §-component

of the one-form &, is
o = gou&" = R(r)>N’(r) + R(r)*(=N°(r)) = 0. (4.54)

We will further consider these observers in Section [5.1.4] The vector field &(r)
is a representative of the time-orientation of the exterior region of the spacelike

stretched black hole, cf. Definition [I.1.6]

. Note that, even though the Killing vector field 9, is spacelike in the exterior

region, t is a time function, in the sense of Definition [I.1.19. To see this, let

n® := —V?. One has that n® is timelike,

1
2= g, =g" = — <0 4.55
n=g"nm, =g N <O (4.55)
and is future-directed,
G = g (—g") € = -1 <0, (4.56)

where £(r) in (4.53)) was used as a representative of the time-orientation of the
exterior region. Therefore, in this region, ¢ is increasing along worldlines of

timelike curves and, furthermore, constant-t surfaces are spacelike.
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5. Similarly to the Kerr spacetime, there is a speed of light surface, beyond which

an observer cannot co-rotate with the event horizon. It is located at the surface

where the Killing vector field which generates the horizon,

X =01+ 309, (4.57)

is null,

(4.58)

. The spacelike stretched black hole can be obtained as the quotient of spacelike

stretched AdS3 under a discrete subgroup of the isometry group, the same way
the BTZ black hole is a quotient of AdS; [32,33]. The discrete subgroup is the
one generated by the Killing vector 0y, which in terms of the original fibred

coordinates (7,0, u) is given by

By (L EEET

4

such that the identification of points = of the spacelike stretched AdS; is
x ~ exp(2mA dp) T, NEZL. (4.60)

Across the spacelike stretched AdS; spacetime, Jp can be spacelike, null or
timelike. The spacelike stretched black hole is then the region where 0y is
spacelike, which is geodesically incomplete. The boundaries are the surfaces
where 0y is null and they correspond to the singularity » = 7y in the causal

structure. The region where 0y is timelike would have closed timelike curves

upon the identification (4.60)).

Therefore, the spacelike stretched black hole is locally equivalent to spacelike
stretched AdSs;. Another explicit way to see this is by a local coordinate
transformation from the spacelike stretched AdS3 metric (4.43)) to the spacelike
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stretched black hole metric (4.44)),

2\/;7;:7;1)8“;_7“_) sinh (V ZS(“ _ r)H)] ’ (4.61a)

T = arctan [

V2 +3 :
u=—0 [Qt + (u(m —r_) —ryr_ (2 + 3)) 9]
_ 2
— arctan [u coth (V i S(m - r)@)} : (4.61b)
ry—7T_ 4

o = asinh [2\/<T —ra)r—r) cosh <V2I 3(7”+ - 7’)9>] ) (4.61c)

2r —ry —r_

valid for » > 1 and for the non-extremal case r, > r_ (more details on this

and the extremal case can be found in Ref. [52]).

7. Using the standard procedure, the Carter-Penrose diagrams for these black
hole spacetimes were obtained in Ref. [56] and are shown in Fig. 1.1 We
see that the causal structure is very similar to that of asymptotically flat
spacetimes in 341 dimensions. Indeed, the diagrams for the cases rg < r_ < r,
and rg < r_ = r, are exactly the same as those for the standard and extreme
Reissner-Nordstrom black holes, while the one for the case ro = r_ < ry is
identical to that for the Kruskal spacetime. For this reason, one may expect
the behaviour of matter fields on these spacetimes to be qualitatively similar

to that on the asymptotically flat ones.

In the next chapter, we will focus on the case of a spacelike stretched black

hole for which ro <r_ <rg.
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Figure 4.1: Carter-Penrose diagrams of the spacelike stretched black hole spacetime for

different values of rg, r_, and r4.



Chapter 5

Classical linear mode stability of

the WAdS3 black holes

In this chapter, it is demonstrated that the warped AdSs black hole solutions in-
troduced in the previous chapter are classically stable against massive scalar field
mode perturbations, even when the black hole is enclosed by a stationary timelike
boundary with Dirichlet boundary conditions. Namely, it is shown that even though
classical superradiance is present it does not give rise to superradiant instabilities.
This is a surprising result given the similarity between the causal structure of the
warped AdS3 black hole and the Kerr black hole in 3+1 dimensions. Having clarified
the existence of the classical superradiance and the classical linear mode stability of

the black hole, we then consider the quantised scalar field in the next chapter.

5.1 Classical superradiance

In this section, we start by obtaining the solutions for the Klein-Gordon equation for
a real massive scalar field on the spacelike stretched black hole, in both closed form
and in the form of asymptotic approximations near the horizon and infinity. The
latter allows us to construct bases for the space of solutions in the exterior region.

Finally, we use these constructions to discuss the existence of classical superradiance.

135
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5.1.1 Klein-Gordon field equation

A real massive scalar field ® on the background of a spacelike stretched black hole,

whose metric is (4.44)), satisfies the Klein-Gordon equation (2.2)),
(VP=mj—ER)® =0, (5.1)

where mg is the mass of the field, R is the Ricci scalar and £ is the curvature

coupling parameter. For the spacelike stretched black hole, the Ricci scalar is a

constant, R = —(v? + 3) + (v? — 3) /2, so (5.1)) can be rewritten as
(VZ2—m?) @ =0, (5.2)

where m? := m2 + R is the “effective squared mass” of the scalar field.
Since 0; and 0y are Killing vector fields of the spacetime, one considers mode

solutions of (5.2)) of the form
Dup(t, 7, 0) = e G (r), (5.3)

where w € R and k € Z.

Remark 5.1.1. Since the Killing vector field 0, is not timelike anywhere in the exterior
region of black hole, the parameter w cannot be strictly regarded as a “frequency” in
the usual sense. We will come back to this detail in section but for simplicity

we sometimes refer to w as the “frequency”.

Using ((5.3) and (4.44]), the radial equation can be easily obtained,

4 d dg,
ERQNQd_ <R2N2%) + [R*(w+ kN2 = N*(K* + m°R?*)] ¢ = 0. (5.4)
r T

By performing the rescalings r — ¢, t — t¢, m — m/{, and w — w/¢, one can set
¢ =1, as is assumed from now on.
In this (241)-dimensional setting, it is possible to write the general solution to

the radial equation in closed form. Introducing a new radial coordinate

rT—ry

z =

(5.5)

r—r_
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the general real solution can be written as

Guk(z) = Apr 2°(1 — z)BF(a, b;c;z) + By 2%(1 — 2)PF(a, b ¢; 2) (5.6)

where A, and B,y are constants, F(a,b;c;z) := o2Fi(a,b;c; z) is the Gaussian hy-

pergeometric function (see Appendix and its parameters are given by

a=a+pf+y, b=a+pf-v, c=20a+1, (5.7)
where
L 2wury — ror_(v? +3)
a = —iw, - (5.8a)
1 /30?2 -1)
b= "3 (5.8b)
o 2ur_ —\Jror_ (V2 +3)
= —lWw_ 5.8
i " (2 4+3)(ry —r_) (5.8¢)
and
) 2 4 3)2 4m?2
= kN? T = v 1 —w?. :
Ori=w+kNA(rs), @ \/12(1/2—1) ( + y2+3) “ (5.9)

This exact solution will be useful for the stability analysis below. To discuss
the existence of classical superradiance, it will be sufficient to consider asymptotic

approximations near the horizon and infinity, as is done in the next subsection.

5.1.2 Asymptotic mode solutions

In order to construct convenient bases of mode solutions, the asymptotic approxima-
tions near the horizon and infinity are obtained by rewriting the radial field equation
as a Schrodinger-like equation. To do that, the first step is to derive the effective

potential seen by the scalar field. Define the tortoise coordinate r, by

dr, 1
&~ 2RN? (5.10)

which maps (ry,00) to (—o0,00) for ¥ > 1 and to (—o0o,7.), where 7, is a finite

value, for v = 1. Introduce the new radial function y,,

Gur(r) = R(r) ™/ pu(r). (5.11)
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m? = 1.6

m2=1.2

8 is
E
= 7
~
6 is
5 |
4 1 1 1 1 1 1 1
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r
Figure 5.1: Effective potential V. (r) for selected values of m? with r, = 5, r_ = 2.5,
v =12, w=>5and k = —1. For smaller values of m? (or larger values of w) the potential

has a local maximum near the horizon, around which a potential barrier stands. As one

considers fields with larger m? (or smaller w), the potential barrier eventually disappears.

The radial field equation (5.4)) can then be written in a Schrédinger-like form

(517"3 + (w?* — Vwk(r))) Yur(r) =0, (5.12)

with:

2R 1. (dR\? dRdN
= w? — NN +o9N3 | RN— + =N | — QR———
Vik = w” — (W + kN)" + (R 2 T3 (dr) +2R- dr)

/{32
+ N? (m2 + ﬁ> : (5.13)
The function V_x(r) can hence be regarded as the effective potential experienced by
the scalar field of effective squared mass m?, frequency w, and angular momentum

number k. Figure shows the form of V,,;(r) for selected values of m?.

Remark 5.1.2. Similarly to what happens in the Kerr spacetime [90], V. (r) depends
on the frequency w of the scalar field (when k # 0). Also, V(1) — +oo as r — 400
and v — 1, as expected for the BTZ black hole.
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One can now find the asymptotic solutions of ([5.12)) near the horizon and near

infinity by analysing the behaviour of the effective potential in those regions.
1. In the near-horizon limit,
Vir(r) —w? — =7, T (5.14)
where
Oi=wH+EN(ry) =w—kQy. (5.15)

Thus, the solution near the horizon is of the form
Con(Te) = A €97 4 B e " (5.16)

Modes of the form ™™ are outgoing from the past event horizon, while modes

of the form e~ are ingoing to the future event horizon.
2. At infinity,

V(1) — W2 r— 00, (5.17)

m

where

1 ?+3 4m?
—_— 1+ —. 5.18
2./3(v2-1) v2+3 (5.18)

Wy =
Two cases need now to be distinguished.

(a) In the case |w| > w,,, the asymptotic solution is of the form
Pk (1) = Coo €™ + Dy e (5.19)

where

R Vw? —w? | w > wy, >0,

&= (5.20)

—yw?—w?, w<-—w,<0.

When @ > 0, modes of the form €™ correspond to outgoing flux at
infinity, while the modes of the form e~*" correspond to incoming flux

at infinity, and vice versa when w < 0.
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(b) In the case |w| < wy,, the asymptotic solutions are
Puk(rs) = Egp ™ + Fo e, (5.21)

where

2 2
wh, — W, 0 <w<wy,

w = (5.22)
—y/w2, —w?, —w, <w<0.
To exclude the solution that diverges exponentially at infinity, impose

that £, = 0 when 0 < w < w,, and F,;, = 0 when —w,, < w < 0.

Remark 5.1.3. The behaviour of the effective potential at infinity given by
contrasts with that in asymptotically flat spacetimes such as Kerr, where the effective
potential tends to m? at infinity [90], and with asymptotically AdS spacetimes such
as the BTZ or Kerr-AdS, where the effective potential grows without bound at

2

m?

infinity [91]. It is assumed that the asymptotic value of V. at infinity, w2, is non-
negative and, by ([5.18), this implies that m? may be negative provided it satisfies
m? > —%. As a consistency check, in the BTZ limit ¥ — 1 this inequality reduces

to the Breitenlohner-Freedman bound for AdS; spacetimes m? > —1 [92].

Remark 5.1.4. The interpretation of the modes in ([5.19)) corresponding to incoming
and outgoing flux at infinity can be explained by calculating the radial flux 5" of the
field mode ¢ at infinity,

—dé, dour
e ig <¢wk % — Pk %) . (5.23)

The result turns out to be
i7" =40 (|Cukl® = 1Dul?) , 7 — 400. (5.24)
Since a positive (negative) radial flux at infinity corresponds to outgoing (incoming)

flux, the interpretation above follows.

Remark 5.1.5. Note that so far no choice of “positive frequency” has been made,
for instance, by taking w > 0. We will return to this point when discussing the

existence of superradiance in Section [5.1.4
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5.1.3 Basis of mode solutions

Using the asymptotic mode solutions described above, one can construct a basis of
mode solutions. Two particular basis modes will be of particular importance in the
following, the “in” and “up” modes, which are specified by the boundary conditions
they obey at the event horizon and at infinity. These modes are defined in analogy
with the Kerr spacetime [26,93]. We will also define the so-called “bound state”

modes for the case |w| < wy,.

Definition 5.1.6. For |w| > w,,, the in modes are mode solutions of ([5.12) of the
form (5.3)) which satisfy the boundary conditions
. Bt e=iwrs Ty — —00,
onr) =4 (5.25)
e W 4+ O e ry — 400,
whereas the up modes are the ones which satisfy
et + B emr o, = —00),

P (1) = ) (5.26)
Coy e Ty — +00.

w
In the case in which |w| < wy,, the bound state modes are the mode solutions which
satisfy the boundary conditions
14b?1€ ei&}r* + Bb?C e—i&}r*’ Ty — —00,
) = {7 . (5.27)
e re — +00.

Remark 5.1.7. The in modes correspond to flux coming from infinity which is par-
tially reflected back to infinity and partially absorbed by the black hole. The up
modes correspond to flux coming from the black hole which is partially reflected
back to the black hole and partially sent to infinity. This is represented in Fig. [5.2]
The bound state modes are localised near the event horizon and exponentially decay

as infinity is approached.

An immediate but important property relating the A, B and C coefficients in

(5.25), (5.26) and (5.27)) is given in the following lemma.
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(a) ‘in’ modes (b) ‘up’ modes

Figure 5.2: In and up modes in the exterior region of the spacetime.

Lemma 5.1.8. The coefficients in ((5.25)), (5.26) and (5.27)) satisfy
OBLP =0 (1—1C5H17) . @1 —IBRP) =a|CRP. [A%I=Bxl. (5.28)

Proof. The expressions relating the coefficients for each type of mode solution follow
straightforwardly from the observation that, given any two linearly independent

solutions ¢1(r,) and @o(ry) of (5.12]), their Wronskian is independent of r,, i.e.,

dpz  d
dfj — df*l@ = constant. (5.29)

W(e1,p2) == @1

By comparing the Wronskians at the horizon and at infinity, the relations follow. [J

5.1.4 Existence of classical superradiance

In Appendix[D] a brief overview of the classical superradiance phenomenon on black
holes is given. In short, a given mode solution coming from either infinity or the
horizon is called superradiant if, after it gets reflected in the neighbourhood of the
event horizon, its amplitude is increased. The superradiant nature of a given mode

depends on its type and on its frequency, as formulated in the next proposition.

Proposition 5.1.9. In and up modes of a given frequency w are superradiant if and

only if ww < 0. Bound state modes are never superradiant.
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Proof. An in mode is superradiant if it is reflected back to infinity with a greater
amplitude than the original one, i.e. if |C™] > 1. Using Lemma this occurs
when ww < 0.

Similarly, an up mode is superradiant if it is reflected back to the horizon with a
greater amplitude than the original one, i.e. if |B}| > 1. Using Lemma this

also occurs when oo < 0.

Finally, for a bound state mode, |AP, | = | B | implies that all flux coming from
the horizon is reflected back. Consequently, the mode is not superradiant. O]

Proposition [5.1.9| gives the condition that a given mode solution of frequency w
needs to satisfy in order to be superradiant. It remains to verify if that condition
can actually be fulfilled.

At this point, one needs to discuss the notion of positive frequency, as described
in detail in Section [2.2.1, The question of positive frequency becomes subtle for
spacetimes which do not have a globally timelike Killing vector field, as we have
seen, and in practice one needs to decide the location of a locally non-rotating
observer with respect to whom only positive frequency modes are observed.

First, we define these locally non-rotating observers, who we have briefly men-

tioned in point 3 of Section [4.2.2]

Definition 5.1.10. An observer in the exterior region of the black hole is a locally
non-rotating observer (LNRO) if its radial coordinate r is fixed and it has zero
angular momentum, i.e. u,(0p)" = up = 0, where u® is the future-directed unit

vector tangent to the observer worldline.

Remark 5.1.11. Locally non-rotating observers are also known as zero angular mo-

mentum observers (ZAMO) in the literature.

Proposition 5.1.12. A LNRO in the exterior region of the spacelike stretched black
hole follows orbits of the vector field £(r) == 0; — N%(r) 8y, which is timelike every-

where in the exterior region and is perpendicular to constant-t surfaces.
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Proof. Given that the coordinate r is fixed, u” = 0. The other components are
u' = g"uy, u’ = g%y . (5.30)
Hence, a vector field proportional to u® is

ot
aw%a@:at—zv"a@ —¢. (5.31)
Therefore, a LNRO follows orbits of £. This vector field is timelike as Q(r) = —N?(r)
satisfies (4.50) for all r > r,. Furthermore, we have that £, = 0 and

& = 9" = gu + gio(—N’) = —N?, (5.32)
&0 = goul" = gor + 900(—N’) = goo N’ + goo(—N") = 0, (5.33)
thus, &, o (dt),, which shows that £* is perpendicular to constant-¢ surfaces. ]

Remark 5.1.13. Note that Q(r) = —N?(r) is such that Q(r,) = Qy and Q(r) — 0

as r — 00, as we have seen in point 3 of Section 4.2.2]

Given these remarks, one now considers two new coordinate charts and conve-
nient timelike Killing vector fields in each of them, near the event horizon and near

spatial infinity, respectively.

1. Consider the open set Ny := {ry < r <1}, for some r’ < r¢ (the location of

the speed-of-light surface, cf. point 5 of Section [4.2.2)). The Killing vector field
S =X = 0+ Oy Oy (5.34)

(the horizon generator) is clearly timelike in Ny. In this set, consider the
coordinate system (,7, 9~) such that 9; = &,. It follows that { = ¢t and 0 =

0 — Qyt. Furthermore, for a mode solution @, of frequency w,

%%k(i 7, 0) = —ic) By (t,7,0), (5.35)

where @ = w—kQy (cf. (5.15))). This is just the co-rotating coordinate system
introduced in Section B.1.11
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2. Fix r = r,, which can be taken to be very large, so that r, > r,. Define the
Killing vector field
& =0+ Q4,0 (5.36)

with Q, = =N 9(7**). There exists a small enough neighbourhood N, of r = r,
such that &, is timelike in V,, since the spacetime is locally stationary. In this
neighbourhood, consider a new coordinate system (¢, r, 6,), such that 0;, = &,.
It follows that t, =t and 0, = 6 — €),t. Furthermore, for a mode solution @,

of frequency w,

0

gq)wk(t*, 7, 0.) = —iw, Py (ts, 7, 0.), (5.37)

where

Wy 1= w — kQ, . (5.38)

Remark 5.1.14. The idea behind the definition of the Killing vector field &, is the fact
that one cannot use the everywhere spacelike Killing vector field d; to define positive
frequency modes in a neighbourhood of spatial infinity. For the purpose of checking
the existence of superradiant modes, it is enough to consider a neighbourhood of

r = r,, which can be taken to be as far from the black hole as desired.

We now have all the necessary ingredients to pick appropriate notions of positive
frequency near the event horizon and near spatial infinity. We adopt the terminology

of Ref. [26] concerning “near-horizon” and “distant” observers.

1. For the up modes, one chooses to have positive frequency as measured by a
LNRO close to the horizon (the ‘near-horizon observer’ viewpoint), i.e. positive

frequency is defined with respect to ¢, which requires & > 0.

2. For the in modes, one chooses to have positive frequency as measured by
a LNRO near spatial infinity (the ‘distant observer’ viewpoint), i.e. positive
frequency is defined with respect to t,, which requires w, > 0. If w,, > 0, one
must additionally have w > w,, for the in mode to exist, so that the positive

frequency condition altogether is w, > wy,.
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The main conclusion of this section, expressed in the following theorem, is that

classical superradiance is present in the spacelike stretched black hole.

Theorem 5.1.15. Superradiant mode solutions ezist for a massive scalar field on

the background of a spacelike stretched black hole.

Proof. Proposition|.1.9|states that up and in modes of frequency w are superradiant

if ww < 0. We check that this condition is indeed possible for each mode.

1. An up mode has @ > 0, as measured by a LNRO near the horizon. Therefore,

the mode is superradiant if and only if @ < 0. This occurs when w < —wy,.

2. An in mode has w, > w,,, as measured by a LNRO near spatial infinity, which
is equivalent to w > w,, + k£2,. This condition does not fix the sign of w, so

there are two cases to consider.

(i) In the case w > wy,, the condition ww < 0 is equivalent to
W + EQ < w < kQyqy, (5.39)

with £ < 0.

(ii) In the case w < —wy,, the condition ww < 0 cannot be satisfied unless

k > 2w, /||, in which case it is equivalent to
EQuy <w < —wpy, . (540)
When either (5.39) or (5.40)) is satisfied, the in mode is superradiant.

Hence, with the above choice of viewpoints, there can be superradiant mode
solutions for a massive scalar field on a spacelike stretched black hole. (Note that
with the above choice the modes have positive Klein-Gordon norm.) Since the in
and up modes constitute a basis with which any solution of the scalar field equation
can be expressed at any point in the exterior region of the spacetime, it can be

concluded that classical superradiance is present in this spacetime. O
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Remark 5.1.16. Note that the parameter (2, can be made arbitrarily small by fixing
the location of the LNRO near spatial infinity to have arbitrarily large radial coor-
dinate. If there was a Killing vector field which was timelike in a neighbourhood
of spatial infinity (i.e. for r > r” for some " > r.), then the limit r, — oo could
be taken (sending the LNRO to infinity) and the familiar superradiance condition

Wi < w < kSl would be recovered [94].

Remark 5.1.17. As stated in Proposition [5.1.9] the bound state modes cannot be
superradiant. Therefore, in the frequency range |w| < w,, there are no superradiant
modes. This is similar to the situation with the BTZ black hole when reflective

boundary conditions are imposed [95].

This result is in agreement with the expectation that the behaviour of the field
modes should be similar to the Kerr spacetime case, given the similar causal struc-
ture and boundary conditions that we imposed. It is also interesting to note that
the situation is significantly different for the Kerr-AdS spacetime, where classical

superradiance is not inevitable [91].

5.2 Quasinormal and bound state modes and clas-
sical linear mode stability

In this section, we find the quasinormal and bound state scalar field modes and use

the results to discuss the classical linear mode stability of the black hole solutions.

5.2.1 Quasinormal and bound state modes

Suppose that a spacelike stretched black hole is perturbed by a massive scalar field
propagating in the spacetime. Once the black hole is perturbed it responds by
releasing gravitational and scalar waves in the form of characteristic quasinormal
modes of discrete complex frequencies (for recent reviews on quasinormal modes see

[96,97]). For a stable black hole the quasinormal modes are exponentially decaying
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in time; conversely, if any of the modes are increasing in time, the black hole is
unstable. Moreover, as seen in the previous section, there can be superradiant
modes in this spacetime. If any of these superradiant modes are localised near the
event horizon in the form of bound state modes (possibly due to a potential well in
the effective potential felt by the scalar field), the repeated amplitude increases due
to reflections on the walls of the potential well lead to the so-called superradiant
instabilities [98-104].

The quasinormal and bound state modes are defined by appropriate boundary
conditions at the horizon and at infinity. Since the system under consideration
is classical, there must be no flux from the horizon, and thus one imposes that
only ingoing modes are present. Furthermore, no perturbations coming in from
infinity should be allowed, and hence it is required that the quasinormal modes
obey outgoing boundary conditions at infinity. As for the bound state modes, since
they are localized in the vicinity of the black hole, one imposes that they decrease
exponentially at infinity.

These ideas can be formalised in the following two definitions.

Definition 5.2.1. A quasinormal mode is a mode solution of the field equation

(5.12) of the form (5.3) with the following boundary conditions:
1. only ingoing modes at the horizon, cf. (5.16)),

— 30T«

Ok (1) ~ € , Ty — —00; (5.41)

2. outgoing modes at spatial infinity, cf. (5.19)),

0T 5

Puk(rs) ~e“™, T =00, (5.42)
Definition 5.2.2. A bound state mode is a mode solution of the field equation
(5.12) of the form (5.3) with the following boundary conditions:
1. only ingoing modes at the horizon, cf. (5.16)),

—1W0T

Qur(rs) ~e ™™, = —00; (5.43)
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2. exponentially decreasing modes at spatial infinity, cf. (5.21)),

k(1) ~ e, Te — 00. (5.44)
These boundary conditions on field modes with an e~** time dependence restrict
the allowed frequencies w to a discrete set of complex values. The real part of w
represents the physical frequency of the oscillation, whereas the imaginary part gives
the decay (or growth) in time of the mode. This occurs because the field can escape
to the black hole or to infinity. One is then faced with an eigenvalue problem in
which the quasinormal or the bound state modes are the eigenmodes. By obtaining
the eigenfrequencies the stability of a given mode can be inferred by the sign of the
imaginary part: if the imaginary part is negative then the mode decays in time and
does not create an instability.
Contrary to higher dimensional black hole spacetimes, one does not have to
resort to numerical methods, since an analytical expression for the field modes

is available, to which the above boundary conditions can be applied.

Proposition 5.2.3. The eigenfrequencies for the quasinormal and bound state modes

are given as follows. The “right frequencies” (wi)g{) are given by

(we)® = s f?l—; =y {—dé <1/ZLL—53 +1 (n + %)) +i(e — isgn(k)f)} ,

(5.45)
where
1
d= : d=2w(ry +r_) =2/ (V2 +3)ryr_, (5.46)
Ty —T_
VE?+F2 4+ F VE?+F?2 - F
e= , f= , (5.47)
2 2
1 4m? 1 4m? 4kd \* 1\?
E=-(1 P2 -3 -1 |-(1 — -
4< +V2+3) 3 ) 4( +I/2+3)+(V2+3) (n—|—2> ’
(5.48)

F=-30"-1) (n + 1) Skd (5.49)
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The “left frequencies” (wi),(zL) are given by

1\ 2 2 Am2
(we)M = —i (2n+1)y2|2\/3(u2—1)(n+§> +'/4+3<1+ = )

v2 43

(5.50)
In the expressions above, the “+ solutions” correspond to the quasinormal eigenfre-

“_

quencies, whereas the solutions” correspond to the bound state eigenfrequencies.
FEach of the modes has two types of eigenfrequencies, which are denoted by “right”

and “left” frequencies, respectively.

Remark 5.2.4. This follows the AdS/CFT-inspired terminology [105] and the nota-

tion here follows closely the notation of Ref. [106].

Proof. We start by imposing the boundary conditions which define each of these
types of mode solutions. By imposing the ingoing boundary condition (5.41)) and
(5.43) at the horizon, one is left with

Goi(2) = A 2%(1 — 2)°F(a, b, ¢; 2) . (5.51)

In order to impose the boundary condition at infinity, one uses the transformation

formula (C.7) of Appendix |C] resulting in

s Llc—a—10)
['(¢c—a)l(c—10)

¢wk(z):Awk:F(c)za (1_2) F(aab;a+b_c+1;1_z)

zl(a+b—c)

+(1—2)° N 0) Flc—a,c—bjc—a—b+1;1—2)

(5.52)

Note that at infinity,

(1 . Z)ﬁ ~ r—1/26—ic217°* — T—1/26—z%r* ; (553)

9

(1— z)ﬂ ~ U200 —1/2 B

cf. (5.20) and (5.22). The frequency w is complex and can be written as w = wg +iwy.
One can use the (t,0) — (—t, —6) symmetry to only consider solutions with wg > 0

and thus Re[w] > 0, Re[w] > 0.
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For a quasinormal mode, condition (5.42) at infinity implies that the (1 — z)?
term in ((5.52) must vanish. This happens when

a=-n or b=-n, (5.54)

where n € Ny is the overtone number.
On the other hand, for a bound state mode, condition (5.44]) implies that the

(1 — 2)? term in (5.52)) must vanish. This happens when
c—a=-n or c—b=-n. (5.55)

Since a, b, and ¢ are functions of w [from (5.7))], these relations imply that there
is a discrete set of frequencies {w,} for which the boundary conditions are satisfied.

These frequencies are given by ((5.45) and ([5.50)), each corresponding to the two
possible relations in ([5.54) and ([5.55)). O

Remark 5.2.5. The “left” frequencies ([5.50|) have no real part, therefore < in (5.53))
is real and there are no “left” quasinormal modes (in the sense that they do not
have the expected outgoing wavelike behavior at infinity). Only the bound state

solutions are relevant for the “left” modes.

Remark 5.2.6. Note that, although there is a region of the parameter space for which
the imaginary part of the “right” quasinormal frequencies is positive, it is easy
to check that in this case either the mode is not outgoing at infinity or it decreases
exponentially at infinity and hence is not a quasinormal mode. Otherwise, both the

quasinormal and bound state frequencies have a negative imaginary part.

Remark 5.2.7. Tt should also be noted that the bound state modes presented here
are called quasinormal modes in some of the literature [106-H108|. This is due to
the adoption of different boundary conditions at infinity, motivated by AdS/CFT
purposes [96,97]. In fact, in the BTZ limit ¥ — 1, the bound state frequencies reduce
to the quasinormal frequencies of the BTZ black hole in a rotating frame [105,/109].

This is expected since the BTZ black hole quasinormal modes must vanish at infinity.
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5.2.2 Classical linear mode stability

Before concluding about the stability of the spacelike stretched black hole, we de-

scribe the usual notions of “stability” present in the literature.

Linear mode, linear and non-linear stability

At this point, it is useful to clarify what is meant by the “linear mode stability” of
a black hole. We emphasise that the notion of stability discussed in this section is
classical in nature, i.e. no quantum effects are taken into account. A good summary
of these concepts can be found in [110].

We distinguish between three notions of classical stability:

1. Linear mode stability. In this case, we study individual mode solutions of a
linear field equation (or the linearisation of a non-linear field equation) and
not general solutions. For a scalar field on a spacelike stretched black hole, we
consider mode solutions of the form of and say that a mode with finite

energy is unstable if Imw > 0.

This analysis is possible if the spacetimes involved have enough symmetries
generated by Killing vectors. In the case of scalar field mode perturbations,

the mode stability of Schwarszchild was shown in [111] and of Kerr in [112].

2. Linear stability. Stability of individual modes does not necessarily imply sta-
bility of the superposition of infinitely many modes. In particular, stability of
individual modes is not incompatible with general linear perturbations with
finite initial energy growing without bound in time. Therefore, to prove lin-
ear stability, we need to find bounds for quantities involving the fields (the

so-called “energy-type quantities”, such as the energy of the field).

For the case of a scalar field perturbation on Schwarszchild, it was shown
in [113}/114] that such a bound can be found for general solutions. A similar

result for Kerr was only obtained very recently |115].
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3. Non-linear stability. In the context of black hole solutions to general relativity
(or other gravity theory), non-linear stability usually refers to the dynam-
ical stability of those solutions to the Cauchy problem associated with the
Einstein’s equations. The only currently existent proof is the non-linear sta-
bility of Minkowski spacetime [116]. In the non-linear case, finding bounds
for energy-type quantities is not enough to prove stability and we also need
to find decay bounds, showing that those quantities are bounded by a fixed

decaying function. This is the only known mechanism for non-linear stability.

In the following, we are only concerned with linear mode stability of the space-
like stretched black hole to massive scalar field mode perturbations and we do not

attempt to prove its full linear stability.

Mode stability of the spacelike stretched black hole

Having clarified what is meant by “linear mode stability”, we now verify if the
spacelike stretched black hole is stable in this sense. By analysing and
for the quasinormal and bound state frequencies and taking into account the remarks
above, one sees that both frequencies have a negative imaginary real part, and
therefore these modes are classically stable. We have then proved the following

theorem:

Theorem 5.2.8. The spacelike stretched black hole is classically stable to massive

scalar field mode perturbations.

In particular, there are no superradiant instabilities, even though superradiant
modes can exist in this spacetime, as it was shown in Theorem [5.1.15| This is related
to the fact that the effective potential V,;(r) does not have a potential well where
these superradiant modes could be localized, as illustrated in the plots of Fig. [5.1]
The absence of superradiant instabilities is the main conceptual difference in classical

scalar field theory between the spacelike stretched black hole and Kerr [99-104].
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(b) Bound state frequencies.

Figure 5.3: Eigenfrequencies in the complex plane for a spacelike stretched black hole
with r, =5, 7_ = 0.5, and v = 1.2 and a scalar field with kK = —1 and varying m?2. The
different solid lines represent the eigenfrequencies for different overtone numbers n, and

the dotted lines are lines of constant m?2.
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In Fig. we plot the quasinormal and bound state frequencies in the complex
plane for varying squared mass m?. For a scalar field with a given m?, there is a
discrete set of complex eigenfrequencies for both the quasinormal and bound state
modes at the intersection of the dotted and solid curves. It is clear the discrete
nature of the allowed frequencies and the fact that their imaginary part is always
negative. For the quasinormal modes the real part of the frequency increases as we
consider scalar fields of larger m?, while the imaginary part decreases. The bound
m? > —% is a consequence of the constraint on the effective potential at infinity, as
noted in Remark[5.1.3] For each overtone number n there is a maximum value of m?
beyond which the corresponding quasinormal mode ceases to exist. This behaviour is
similar to that of a massive scalar field in Schwarzschild and Kerr spacetimes [90], as
expected. Finally, the real and imaginary parts of the bound state mode frequencies
are generally larger in absolute value than those of the quasinormal modes, but no

growing modes are present.

5.3 Case with a mirror-like boundary

As seen above, massive scalar fields propagating in spacelike stretched black holes do
not give rise to classical instabilities. In particular, there are no superradiant bound
state modes, as the effective potential never develops a potential well. We now
investigate whether these properties persist when a mirror-like, timelike boundary
is introduced outside the event horizon, as discussed in Section 2.3 One reason to
consider this situation is that a “mirror wall” in the effective potential might give
rise to a superradiant “black hole bomb” instability [98], as is shown to happen for a
massless scalar field in Kerr [99], even though there are no superradiant instabilities
when no mirror is present. Another reason is that to treat the quantised scalar
field, the existence of a speed of light surface implies that there is no well defined
Hartle-Hawking state and one way to solve this problem is precisely to add a mirror

between the horizon and the speed of light surface, as discussed in Section [2.3
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Suppose then that a timelike boundary M is introduced at the radius r = ryy,

such that r, < ryy < co. We impose Dirichlet boundary conditions at the boundary:
(L, 2p,0) = A e 20 (1 — 204)P F(a, b, ¢;20q) = 0, (5.56)

where zp = (rp — ry)/(rm — r2), cf. (5.5). The bound state modes now have

eigenfrequencies wy, determined by
0 (1= 20 F (a(w), blwoa) elwon)s 2aa) = 0. (5.57)

Unfortunately, this equation cannot be analytically solved for w,, so these eigenfre-
quencies are found numerically, by truncating the hypergeometric series (see Ap-
pendix to the desired accuracy and using MATHEMATICA’s root finding al-
gorithm. A check on the numerics is done by considering the limit z,; — 1
(rpg — +00), in which wys approaches the previously derived bound state frequency
w_ without the boundary. Then continuity can be used to obtain the eigenfrequen-
cies for any value of zy € (0,1).

Even though no explicit expression for the frequencies is available, it is possible
to obtain a useful piece of information by using the following heuristic argument. On
the one hand, one can only expect superradiant instabilities if the frequencies of the
bound state modes are such that wg < Qy, cf. Eq. , or, in other words, if their
wavelengths are A 2 Q;{l. On the other hand, a mirror at » = r,, can only “see”
these modes if ry = A 2 Q;ll. Therefore, superradiant instabilities, if they exist,
can only occur if the mirror is placed beyond a critical radius which depends on the
parameters of the spacetime. If one is not able to find any instabilities beyond this
critical radius then one can assert with confidence that there are no superradiant
instabilities wherever the timelike boundary is placed.

In Figs. we present the results for the real and imaginary parts of the
“right” eigenfrequencies wy, as functions of the mirror’s position for selected values
of the parameters. Note that only negative values of k are considered in these
examples, since, by (5.45)), (w_)ng)(k:) = (w_)glR)(—k), and thus it suffices to consider

modes with wgr > 0.
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Figure 5.4: “Right” frequencies as functions of the mirror’s location for selected values of

ry and r_, with fixed v = 1.2, n =0, k = —1, and m = 0. The real part of the frequency

is such that wg — Re [(w_)((]R)] in (5.45) as 2y — 1 and wg — kQy as 2y — 0. kQy
equals 0.2307, 0.1648, and 0.1154 in the cases ry = 5, r1 = 7, and ry = 10, respectively.

The imaginary part of the frequency is such that wy — Im [(w,)éR)] in (5.45) as zpg — 1.
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0.7 0.8 0.9 1
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Figure 5.5: “Right” frequencies as functions of the mirror’s location for selected values
of m, with fixed ry =5, r— =05, v =12, n =0, and k = —1. The real part of the
frequency is such that wr — Re [(w_)(()R)] in as zp — 1 and wr — kQy = 0.2307
as zpr — 0. The imaginary part of the frequency is such that w; — Im [(w_)(()R)] in (5.45)

as zap — 1.
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Figure 5.6: “Right” frequencies as functions of the mirror’s location for selected values of

v, with fixed r4 =5, r_ = 0.5, n =0, k = —1, and m = 0. The real part of the frequency

is such that wg — Re [(w,)((]R)] in (5.45) as zpg — 1 and wr — kQy as 2y — 0. kQy
equals 0.2357, 0.2307, and 0.2260 in the cases v = 1.18, v = 1.2, and v = 1.22, respectively.

The imaginary part of the frequency is such that wy — Im [(w_)(()R)] in (5.45) as zp — 1.
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M
Figure 5.7: “Right” frequencies as functions of the mirror’s location for selected values of
k, with fixed r4 =5, r— = 0.5, v = 1.2, n = 0, and m = 0. The real part of the frequency
is such that wr — Re [(w,)(()R)] in (5.45) as zpr — 1 and wg — kQy as 2y — 0. kQy
equals 0.2307 and 0.4615 in the cases k = —1 and k = —2, respectively. The imaginary

part of the frequency is such that w; — Im [(w_)éR)] in (5.45) as zpr — 1.
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Figure 5.8: “Right” frequencies as functions of the mirror’s location for selected values
of n, with fixed ry =5, r— =05, v = 1.2, k = —1, and m = 0. The real part of the
frequency is such that wg — Re [(w_)glR)] in as zp — 1 and wr — kQy = 0.2307
as zp — 0. The imaginary part of the frequency is such that wy — Im [(w,)%R)] in

as 2y — 1.
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First, note that the imaginary part of the eigenfrequencies is negative in all the
presented cases, and therefore no superradiant instabilities are present. This again
contrasts with the Kerr spacetime surrounded by a mirror, where even a massless

scalar field has superradiant instabilities [99].

In regard to the size of the black hole, from Fig. one observes that the real
part of the frequency generally decreases as the horizon grows, while the imaginary
part of the frequency increases in absolute value. The dependence on the scalar field
mass as shown in Fig. [5.5] is more complicated, but it is clear that the imaginary
part of the frequency also increases in absolute value as the field mass increases. A
similar conclusion can be drawn from Figs. [5.6/5.8| concerning the warp factor v,

the angular momentum number k& (in absolute value), and the overtone number n.

In order to understand these results, it is useful to keep in mind the effective
potential picture described in section [5.1.2] Note that in the current situation the
frequencies take imaginary values, and hence this picture is not entirely accurate.
Recall that the “right” bound state frequencies have a real part that always
exceeds k€24, and, therefore, there are no superradiant bound state modes when the
mirror is placed far from the event horizon. As seen previously, this can be explained
by the fact that the effective potential does not develop a potential well near the
horizon where the field mode could be trapped. However, as we move the mirror
closer to the horizon, it is possible that a potential well can be artificially created,
since the mirror works as an infinite potential wall. If we place the mirror close to the
horizon, the real part of the frequency is approximately k€23, due to the dragging of
the inertial frames. In the general case in which the mirror is somewhere in between
the horizon and infinity, we expect the real part of the frequency to be greater than
k3, but smaller than the asymptotic value, with possibly an increasing profile as
the mirror is moved towards infinity. This expectation is in good agreement with
the numerical results. We thus conclude that the real part of the “right” frequency
does not satisfy the superradiant condition irrespective of the mirror’s position in

the exterior region.
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One may ask why the mirror does not create an artificial potential well. The well
might have been expected to arise in cases where the effective potential has a local
maximum near the horizon and the mirror is placed close to the horizon. We find,
however, that when the mirror approaches the maximum of the effective potential
from the right, the real part of the frequency does not decrease quickly enough to
create superradiant bound state modes. When the mirror is moved even closer to

the horizon, the real part of the frequency has no other choice but to approach k.

The dependence of the imaginary part of the frequency (and consequently the
decay rate) on the several parameters of the system can be interpreted in the same
way. If one increases the absolute values of m?, v, k, and n, the effective potential
is changed in such a way that the local maximum tends to disappear (as in Fig.|5.1)
and, as a result, the field is more stable. On the other hand, the effective potential
itself depends on the frequency of the field, and in this case the previous behaviour

roughly occurs if we decrease the real part of the frequency.

The analysis for the “left” frequencies has some similarities but also some
significant differences. The dependence of the frequencies on the parameters of the
system is largely identical, but not on the mirror’s position. As seen in section [5.2.1],
without the mirror the real part of the frequency is zero for the “left” bound state
frequencies, and so there is no superradiance. As seen in Fig. [5.9] when the mirror
is brought in from infinity, this situation persists until a critical radius (call it r;)
beyond which the real part of the frequency sharply increases up to a value which
is slightly greater than k{23, (denote by 75 the radius at which wg = k€2, such that
ry < ry <rp). When the mirror is placed at ryq € (r2,71) the bound state mode is
indeed superradiant, but the imaginary part of the eigenfrequency is still negative.
Again, this can be understood by analyzing the effective potential, which we recall
depends on the frequency. The somewhat narrow interval of the mirror’s position in
which the real part of the frequency satisfies the superradiant condition is already
past the local maximum of the effective potential, when it exists. Therefore, no

potential well is created and thus no instabilities are present.
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Figure 5.9: “Left” frequencies as functions of the mirror’s location for ry =5, r_ = 0.5,
v =12, n=0 k= —1and m = 0. The real part of the frequency is such that

wr — Re [(w_)(()L)] =0as zp — 1 and wg — kQy = 0.2307 as zpq — 0. The imaginary

part of the frequency is such that w; — Im [(w,)éL)] in (5.45) as zp — 1.

5.4 Conclusions on the classical stability

In this chapter, we have investigated the classical linear mode stability of a mas-
sive scalar field on the background of a warped AdS; black hole. The first main
result, Theorem [5.1.15] is that classical superradiance is present when physically

motivated boundary conditions are imposed at infinity; the second main result,
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cf. Theorem [5.2.8 and numerical results of section [5.3} is that the black hole is nev-
ertheless classically stable against the scalar mode perturbations, both with and
without a stationary mirror in the exterior region.

Taken together, these results are surprising at a first glance, as one might have
expected the superradiant modes to create instabilities as in the (3+1)-dimensional
Kerr spacetime. It was shown, however, that instabilities are not present, because
the effective potential never develops a potential well near the horizon where the su-
perradiant modes could be trapped. This stability might be a general characteristic
of (2+1)-dimensional spacetimes, and it is a particularly interesting result as al-
most all of the research to date on the classical stability of black holes has addressed
spacetimes in four or more dimensions. Compare, for instance, with the results from
Ref. [100], in which it was shown that black branes of the type Kerry x RP (where
p € N and Kerr, is the Kerr black hole if d = 4 or the Myers-Perry black hole |117]
if d > 4) have superradiant instabilities if d = 4 but not if d > 4.

Additionally, the analysis in section helps to clarify the role of boundary
conditions in classical superradiance. The in and up modes described in section[5.1.3
can be superradiant, whatever the choice of positive frequency, similarly to what
happens in the Kerr spacetime. This differs from the situation in the BTZ and Kerr-
AdS spacetimes, where superradiance is not present if reflective boundary conditions
are chosen at infinity, which are motivated by their asymptotic structure.

Having addressed the mode stability and the existence of classical superradiance
for the spacelike stretched black hole, in the following chapter, we return to the quan-
tum theory and address the computation of the renormalised vacuum polarisation,

as explained in general in Chapter [3]
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Chapter 6

Computation of (®?(x)) on a
WAdS3 black hole

In this chapter, we apply the method described in Chapter [3[to compute the renor-
malised vacuum polarisation of a massive scalar field in the Hartle-Hawking state
on a spacelike stretched black hole surrounded by a Dirichlet mirror. We present
numerical results which demonstrate the numerical efficacy of the method.

This chapter is mostly based on [2].

6.1 Vacuum polarisation on a WAdS; black hole

As described in Section [2.2.3] in order to have a well defined, regular, isometry-
invariant vacuum state (the Hartle-Hawking state) on a spacelike stretched black
hole, we introduce a boundary M at a fixed radial coordinate » = 74 in region I
and a similar boundary M’ in region IV on which we impose Dirichlet boundary
conditions (see Fig. [6.1). We require that ry € (r4,7c), where r = r¢ is the radial
location of the speed of light surface, given by . As before, we denote byTthe
portion of region I from the horizon up to the boundary and by the region IV the
portion of region IV from the horizon up to the boundary.

The Hartle-Hawking state is defined in the union of regions T, [T, IIT and f\v/,

167
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Figure 6.1: Carter-Penrose diagram of a non-extremal spacelike stretched black hole

surround by mirrors.

which we take to be the manifold M of interest. Nevertheless, we are interested
in computing the renormalised vacuum polarisation in region T, as described in
Chapter Bl In this region, there is a timelike Killing vector field and we introduce
the co-rotating coordinate system (¢ = t, 7, 6=0— Qyt), with Qy given by ,
such that the timelike Killing vector field is x = 0; and the metric is given by

dr? 5[5 , 2
RN H RO (04 (V) +af) (6

In the following, we go through the steps of the method described in Chapter

ds? = —N(r)*df* +

to renormalise the vacuum polarisation for a massive scalar field.

6.1.1 Scalar field and the Hartle-Hawking state

We consider again a real massive scalar field ® on a spacelike stretched black hole

which satisfies the Klein-Gordon equation (5.2])
(VP=m*) =0, (6.2)

and mode solutions of the form

where © € R and k € Z, cf. Eq (3.5).
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We now repeat the construction of the L and R modes as in Section [3.1.2)]
which are modes defined everywhere in M and, from Proposition [3.1.4], of positive
frequency with respect to the affine parameters of the horizons. We take the one-
particle Hilbert space 77 to consist of the L and R mode solutions and define the
Hartle-Hawking state |H) as the vacuum state of .Z;(.%), the Fock space associated

with . The Feynman propagator GF evaluated for the Hartle-Hawking state is

then defined as in (2.84)).

6.1.2 Complex Riemannian section

At this stage, as in Chapter[3], we are faced with the challenge of explicitly computing
the Feynman propagator as a sum over mode solutions of . For that, we
consider the complex Riemannian section of region T of the black hole.

The complex Riemannian section of a stationary spacetime was defined in Defi-
nition and its metric for a (24+1)-dimensional rotating black hole was given by
(3.33). For the spacelike stretched black hole, the metric is

dr? ~ 2
2 _ 212 2 NN
ds* = NOrPdr? + oo + R(r) (de i (N°(r) + QH)dT> . (64)
where we performed a Wick rotation ¢ = —i7, with 7 € R. We denote the complex

Riemannian section of region I of the black hole by I€. This metric is regular at the
horizon if 7 is periodic with period 27 /K, where x, is the surface gravity,

3 —r) |
2 <2w+ — /(2 + 3)r+7’_> 4

Ry =

(V*+3)(ry — 7). (6.5)

6.1.3 Green’s distribution

Next, we find the Green’s distribution G associated with the Klein-Gordon equation

in the complex Riemannian section, which satisfies the distributional equation (3.34)),

(V= m®) G(z,2) = —53(56—’(56;) = —20(1 —7)8(r —r")6(6 — ") . (6.6)
g(z
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As noted before, in the complex Riemannian section there is a unique solution to this
equation which is regular at the horizon and which satisfies the Dirichlet boundary
conditions at the boundary.

Given the periodicity conditions of 7 and 6, one has

o)

K ; ’
S(r — 7)) = t ikyn(t—7") 6.7
() =G 3 e, (6.7
~ o~ 1 «— /
59—9/ — ik(6—6") 6.8
GUEFD Y (6.5)
and, if we expand G(z,z’) as
n_ R+ - ikyn(t—7") - ik(6—0") /
G(z,2") = i 2 et k_g e Gk (r, 1) (6.9)

and use (6.7 and , one obtains a differential equation for G,

4 (4R(r)2N(r)2dGnk<T)) S— {R(TV (@ + ik(N°(r) + 4

dr dr R(r)2N(r)?
+ N(r)* (K* + m*R(r)?) ] Gur(r) = =25(r — "), (6.10)

cf. (3.38)). The solutions of this equation may be given as a product of solutions of
the corresponding homogeneous equation. Using Appendix [C] a pair of independent

solutions of the homogeneous equation is

oL (2) = 2*(1 — 2)PF(a, b;c; 2), (6.11)

2(2) =21 =2 Fla,b;a+b+1—c1—2), (6.12)

where we introduce the radial coordinate

= (6.13)

r—r_

and where the parameters of the hypergeometric functions are given by

a=a+pB+7, b=a+p -7, c=2a+1, (6.14)
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with
a = ’Z| (6.15a)
B=5+ LV V;/i—g 1) \/ 121/2; ;3 3 1+ ;i?fs) + (ken +ikQy)%,  (6.15D)
Y= 2ur_ — \Jryr_( u2+3 \/mrn—l—zk(Ne( )+QH)]2- (6.15¢)

(V2 +3)(ry —r_
Our convention for the the branch of the square roots in is the one with
non-negative real part.
Taking into account the boundary conditions, the regular solution at event hori-

zon, z = 0, is

Par(2) = Gni(2) (6.16)
whereas the Dirichlet solution near the mirror, z = z,;, is given by
P2
alz) = 624(2) — Z Mg . (617)
nk(ZM)

The radial part of the Green’s function, as in (3.39)), is then

Gnk(za ZI) = an pnk(z<) an<2>) s (618)

where z. := min{z,z'}, 2o := max{z,2'} and C,; is the normalization constant
determined by (3.40). For convenience, we rewrite as
/ |QH| ikgn(r—7") - ik(6—6") /
G(z,z") = Z Z e Gr(r,r"). (6.19)

2
N
8 n=-—00 k=—o00

Then, C, is given by
['(a)I'(b)

Cor = .
" n['T(a+ b - |n))

(6.20)

6.1.4 Hadamard renormalisation

Having computed the Green’s distribution G, it now remains to follow the Hadamard
renormalisation procedure described in Section to subtract its short-distance

divergences and obtain the renormalised vacuum polarisation,

(®*(z)) = lim [G(x,2') — Ghaa(w,2)] . (6.21)

' —x
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where G'yaq is the Hadamard singular part,

1 1
42 \Jo(x, o)

To do that, we rewrite Guaq(z, 2') as a sum over mode solutions for the complex

Giad(z,2') = + O(c/?). (6.22)

Riemannian section of the Minkowski spacetime, plus a term which is finite when
the coincidence limit is taken, as given by and explained in detail in the text
after Eq. and in Appendix .

For concreteness, assume that the points x and 2’ are angularly separated,
i.e. assume that the black hole metric is given in coordinates (7,r, 9~), whereas
the Minkowski metric is given in coordinates (7, p, 5), and let x = (7,r,0) and
x = (r,r, é), with 6 > 0, for the black hole case, and similarly for the Minkowski

case.

The Synge’s world function for the black hole is
1 ~ _
o(x,2') = §R(T‘)292 +0(0?). (6.23)

and, hence, the Hadamard singular part of the Green’s distribution is

1 1 ~
abm Tk 0(d). (6.24)

GHad(xa lj)
For the Minkowski case, the Hadamard singular part is given by
G (z,2)) = ——=+0(0), (6.25)

which, using the notation and definitions of Appendix [A] can also be expressed as

the mode sum,

2T

k=—o00

. T oo . 5 oo . ) . ) B
Glfaa(w, @) = 5= (6 Oy G%(ﬂ&)) — Greglw,2') +O(0),  (6.26)

At this stage, we set the leading terms of Hadamard singular parts (6.24) and
(6.25)) to be equal up to a function v(r) > 0 by identifying the two radial coordinates

as in , ie.
p(r) =~(r)" R(r). (6.27)
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Given this identification, we can now write

Gr) ~ Gt = 3 0 3 [ Gatrr) - T G ote). o)

+(r) T GY(2,2)) + O(0). (6.28)

k=—00 n=-—00

We can now use Theorem to guarantee that the double sum in the RHS
of (6.28) is convergent in the coincidence limit § — 0 if the parameters of the
Minkowski’s Green’s distribution are chosen to be

K
2
We have all the necessary ingredients to compute the renormalised vacuum po-
larisation ((6.21)). The modes sums need to be computed numerically, as done in the

next section.

6.2 Numerical results

In this section, we present the numerical results for the computation of the renor-
malised vacuum polarisation of the scalar field in the Hartle-Hawking state in region
T of the spacelike stretched black hole.

The numerical computation uses expressions and with the Minkowski
parameters chosen as in ((6.29)):

192l Ki  AM (R(z) R()
Z Z [ ’Z)_WGnk <N(z)’N(z)>

k=—00 n=—00

2
NY
” ) +iesgn(QyN)

—mm\/(gﬂ)2—4§2—((zz)) sinh? <§;l§g

2
%) - 411\%,2((2) sinh? (QMN) + e sgn (V)

1
+47TNZ mM+Z\/<

(6.30)

with € — 0+ indicating the choice of branch of the square root (see details in

Appendix .
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0 0.2 0.4 0.6 0.8 1
2/ zm

Figure 6.2: Vacuum polarization for the scalar field as a function of z/zp for v = 1.2,

ry =15 r_=1,rp =62 and m = 1.

As described previously, the sums in (6.30) are convergent. For the numerical
evaluation of the sums, cutoffs are imposed appropriately. Note that the parameter
m2; is not fixed and it is chosen in such a way to improve the numerical convergence
of the double sum over k and n.

The numerical results for selected values of the parameters are presented in
Fig. In the plot, (®%(z)) is shown as a function of the normalized radial co-
ordinate z/zpq, where z = (r —ry)/(r — r_). The plot is very similar to the one
obtained in Ref. [118] for a scalar field in the (3+1)-dimensional Minkowski space-
time surrounded by a mirror with Dirichlet boundary conditions (note that “rotating
Minkowski spacetime” is related to “static Minkowski spacetime” by a coordinate
transformation, hence the results for (®%(z)) are the same for both cases).

Furthermore, note that (®?(x)) gets arbitrarily large and negative as the mirror

is approached. This is to be expected, as we imposed that the Green’s function

G(z, ') must vanish when z is at the boundary, even when 2’ — z, whereas the
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subtraction term still diverges when 2’ — x (see Section 4.3 of [9] for more details).

We reemphasize that the result shown in Fig. [6.2]is the full renormalized vacuum
polarization in the Hartle-Hawking state. To find the renormalized vacuum polar-
ization in other Hadamard states of interest, such as the Boulware vacuum state, it
would suffice to use the Hartle-Hawking state as a reference and just to calculate the
difference, which is finite without further renormalization. For comparison, we note
that in Kerr with a mirror the difference of the vacuum polarization in the Boul-
ware and Hartle-Hawking states was found in 28], while the renormalized vacuum

polarization in the individual states is still unknown.
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Conclusions

In this thesis we have developed a method to compute a class of renormalised local
observables which includes the vacuum polarisation for a quantised matter field, in
a given quantum state, on a rotating black hole spacetime. The rotating black hole
is surrounded by a Dirichlet mirror, if necessary, such that the resulting exterior
region possesses a timelike Killing vector field and on which a regular, isometry-
invariant state for the matter field can be defined as a result. For simplicity, we
have focused on the case of a massive scalar field on a (2+1)-dimensional rotating
black hole, but the method can be straightforwardly extended to other types of fields
and higher-dimensional rotating black holes.

The main results of this thesis were presented in Chapter [3] Here, we have
described the steps involved to explicitly renormalise and compute a local observ-
able which is non-linear in the field operators, but which does not involve covariant
derivatives of the field operators. We implement the renormalisation at the level of
the Feynman propagator evaluated for the regular, isometry-invariant state, from
which we subtract the singular, purely geometric part and after which the coinci-
dence limit can be taken. For instance, for a scalar field ®, we have seen how the
renormalised vacuum polarisation can be obtained by a careful use of the formula

(@2 (z)) = —i xl/lg [G" (z,2") — Gaa(z,2)] |
where G¥ is the Feynman propagator evaluated for that quantum state and Gpaq is
its Hadamard singular part. This formula summarises the three main steps necessary

to perform the computation:
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(1)

(iii)

CONCLUSIONS

Expressing GY (x, 2') as a sum over mode solutions of the differential equation
satisfied by G¥. It is advantageous to consider the complex Riemannian sec-
tion of the exterior region of the rotating black hole, on which the Green’s
distribution associated with the field equation is unique and can be obtained
using standard techniques of the theory of Green’s functions. We then ana-
Iytically continue the result back to the original spacetime, where G (z, ")
is written as a discrete sum over mode solutions. This step was described in

Section 3.2

Expressing Gpaq(z, 2'), which is known in closed form for any spacetime di-
mension, as a sum over mode solutions, so that the short-distance divergences
of G¥(x, ') may be subtracted term by term. As we have seen in Section ,
we have done this by writing Guaa(z, ') as sum over mode solutions on the
complex Riemannian section of Minkowski, for which the Green’s distribution
is known both in closed form and as a mode sum. We have then succeeded
in expressing [G (x,2') — Guaa(z,2’)] as a mode sum (plus a regular term),
which was made convergent in the coincidence limit by a natural choice of the

parameters of the Minkowski Green’s distribution.

Having guaranteed the convergence of the mode sum in [GY (z, 2') — Gaqa (2, 2')]
when 2 — x, we can safely take the coincidence limit and obtain the renor-

malised vacuum polarisation.

A few remarks are in order. First, as we have emphasised in this thesis, in step

(ii) above, the procedure involved in guaranteeing the convergence of the mode sum

in [G¥(x,2') — Graa(, 2')] in the coincidence limit, where Gaq(, 2’) is expressed as

a sum over mode solutions on the complex Riemannian section of Minkowski, does

not require the knowledge of the mode solutions of the field equation in closed form,

but only the first terms of the asymptotic expansion for large values of the quantum

numbers. These were obtained in Section [3.3] and Appendix [Bl This allows the

method to be extended to the Kerr black hole and other higher-dimensional rotating
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black holes for which the mode solutions have to be constructed fully numerically.
Hence, the implementation of our method for Kerr would seem feasible in principle,
and it should prove interesting to attempt the implementation in practice.

Second, as seen in Section [3.4] this method is not suitable to renormalise local
observables which involve covariant derivatives of the field operators, such as the
expectation value of the stress-energy tensor, (T,(x)). For observables of this type,
we were not able to subtract the short-distance divergences by expressing the sin-
gular terms as sums over mode solutions, or derivatives of mode solutions, on the
complex Riemannian section of Minkowski. This is due to the fact that the shift
function of the metric of Minkowski written in some rotating coordinate system is
a constant in spacetime, whereas the shift function of the metric of a rotating black
hole is a function of the radial coordinate in some coordinate system.

For the specific case of the (241)-dimensional warped AdS; black hole considered
in Part II of the thesis, one possibility is to consider the rotating BTZ black hole
as a reference background, instead of Minkowski, since it is possible to explicitly
compute the renormalised expectation value of the stress-energy tensor by using the
fact that the rotating BTZ corresponds to AdS; with discrete identifications. The
calculation of the renormalised expectation value of the stress-energy tensor for the
rotating BTZ was done in [31]. We hope to look into this case in the future.

For other rotating black holes, a more general method is required. Our method
requires the knowledge of the Feynman propagator in both closed form and as a
mode sum for a reference spacetime and the only available examples are Minkowski,
AdS and dS. These are sufficient for the renormalisation of local observables on static
black hole spacetimes, for which there are coordinate systems such that the shift
function vanishes, but not for stationary, but non-static, black hole spacetimes.
This remains as an open question, one among several important open questions
concerning classical and quantum aspects of rotating black holes, especially Kerr,

such as its non-linear stability as a solution of the Einstein equations.
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Appendix A

Complex Riemannian section of

the Minkowski spacetime

Consider (2+1)-dimensional rotating Minkowski spacetime. Choosing rotating, spher-

ical coordinates (Z, p, é), its metric is
ds? = —d? + dp? + p?(d0 + Qe di)”, (A1)

with (%, p, é) ~ (t,p, 6 + 27) and € € R. In the complex Riemannian section, the
metric is given by

ds? = d7? + dp? + p*(df — iy dr)?, (A.2)

with t = —u7.

Note that in the real Lorentzian section, for Qy # 0, the Killing vector field
X = O; becomes spacelike when p > ||, We restrict our attention to the part
of the spacetime where p < puq, such that at p = py < [Qu| ™! there is a timelike
boundary at which Dirichlet boundary conditions are imposed.

Moreover, we will require that
(1,0,0) ~ (T +Ty;", p, 6), (A.3)

where Ty > 0 is to be interpreted as the temperature.
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Consider the Klein-Gordon equation for a real scalar field of mass myy,
(V2 =) 0(r.p.6) =0, (A4

which in this coordinate system is given by

2 10 0 1 — p*Q2, 0? ~
[m + ;a—p (pa—p) + %aé + 2iS 00, 8 :| CI)(T, P, 9) =0. (A5)
Using the ansatz (7, p,0) = ¢+ p(p) one gets
d2 ~ . N ) k,2
5000+ 25 o(p) — (@ ik 4+ S Yol =0 (a0)

Two independent solutions are

Lelo) = 1 (@ k0 + mip). ealo) = K (@t b ik p). (A)

where [, and K} are the modified Bessel functions and the principal branch of the
square root is understood.

The Green’s distribution G™(z, z) associated with (A.4) satisfies the equation

63 / 1 B B
(V2 = m?) GM(z,2)) = — @) s Ns(p— NG —).  (AS)
9(x) p
Given the periodicities of 7 and 0, @ = 27 Tyn, with n € Z, and k € Z. Thus,
- 1 SN sz

5 0 . 0/ - lk‘(@—@) A
0-0)=5 3 0D, (A.9)
ot —7") =Ty Z g2 Tu(r=') (A.10)

If one now expands the Green’s distribution GM(x, ') as

[e.9] o0

o2 Tun(r—7") Z P k(0—6") Gnk(p7 )7 (A.ll)

n=—oo k=—0o0

1
GM(z,2') = 2—M
m

then GY,.(p, p') satisfies

d2 1 ) k2
LG )+ LG ) - ((%Tmnﬂmwum@ﬁ;) G (p, )

_ dp—=p)
— —77—.(Am)
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Consider the homogeneous equation associated with (A.12) and let p™ (p) be the
regular solution near p = 0 and ¢ (p) be the Dirichlet solution near p = pn. Then,

the unique solution to the inhomogeneous equation is

where p- := min{p, p'}, p~ := max{p, p’} and C"} is a normalization constant which

is determined from the Wronskian relation

dg dpM 1
C (p,lM L A L R A.14

Comparing (A.6) and (A.12)) one concludes that the solutions to the homogeneous
equation corresponding to (A.12)) are

i
nk(PM)
Poi(P) = 0ni(p) . dui(p) = d(p) — FE==C0n(p) (A.15)
where ¢¢, (p) := ¢L,(p)|s=2rryn- Moreover, Eq. (A.14) leads to CM = 1, thus,

G (p. ) = dhi(pe) ¢ik<p>>—%¢;k<p>> . (A.16)

The Hadamard singular part Gii4 of the Green’s distribution is given in closed
form by (3.42). We also want to express the Hadamard singular part of this Green’s
distribution as a mode sum.

We can write the Green’s distribution GM(x, 2’) (A.11)) as
GM(z,2") = Gitq(x, ') + Gfgg(x x'), (A.17)

where G}, (x,2') is finite when 2’ — x. As Gff,4 has no mirror dependence, it is

convenient to express it as

1 G ik(6—0' G in(r—1') A
G y(z,2) = % ( Z ek(0=0") Z et )Gnk(pm/)) Grlveﬂg(x '), (A.18)

with
G, p) = dhi(p) &2 (p)) (A.19)
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and G’fgg(x, 2') finite when 2 — x. In this form, neither of the terms on the RHS
of has any mirror dependence. We have written G, as a mode sum (plus
a regular term), which can be used to subtract the divergences in the black hole
Green’s distribution, as detailed in Sec. It remains to compute (A;'Irvcf[g(x,x’ ).
Since this term is finite in the coincidence limit, we only need to determine the limit
of this term when 2/ — .

First, it will be useful to determine Gji,4 in closed form. Suppose that z and 2’

are angularly separated, i.e. 7 = 7" and p = p’. Then, the complex Synge’s world

function is given by

oz, o) = %,ﬂ(é’ 0P+ 0@ — ). (A.20)

The Hadamard singular part of the Green’s distribution is then

1 L

M N ————— "—0). A21
Glalra) = o + 00 =) (A21)

Without loss of generality, let z = (7, p,0) and 2’ = (7, p, 9), with 6 > 0, such

that
M (x,a') = 1, O(h) (A.22)
Had\*» - A pé . .
Note that we can relate the thermal Green’s distribution GM(z, 2') at tempera-

ture Ty to the Green’s distribution Gh'(z, ') of a scalar field at zero temperature

using the image sum formula ([2.110)),

GM(r,p,0; 7,0, 0) = > G+ 20,070, 0). (A.23)
N=—o00
The zero-temperature Green’s distribution can be written as
M ! 1 eimMAS M /

where G{!(z,2’) is the contribution which contains the mirror dependence and is
finite when 2/ — x. For Minkowski spacetime in the complex Riemannian section,

As is given by

As? = (7' = 7)2 + (p— p')? + 4pp’ sin? B <§’ — 0 — iy (7' — T)>:| : (A.25)
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In the case of angular separation, the Green’s function becomes

G™(1,p,0; 7, p,0)

Lo | e () e ()
- E N—Z: N 2 2 i 2 QN
> <m> + 4p?sin < +12¥M)

i ey () ot (4454
) E NZ#) N 2 2 a2 QuN
(E) + 4p? sin ( 41 21\7’£M>

—2myppsin(6/2)

+ G (T + 45, p,0; 7, p,0)

+ G (T + 2, p,0; 7, p, )

e

e + Gy (7, 0,0, 7,0
2psin(6/2) o' (7.0 057 . 6)

= G (2, 2)) + Gljfjg(:c 2’y + GM(z, o), (A.26)
with
2
1| emzmeosin@2) ooy (F5) 2 s (34145
s )= o | @) T ; 7
IOSIH( / ) p N+#0 \/(%) —|—4p28in2< +Z%I%Q]>
(A.27)
1 & N
N=—00

Grlveﬂg(x 2') has a finite limit when 0 — 0, except for isolated values of the pa-
rameters at which the the square root in (|A.27) vanishes. To see this, consider the

expansion of the argument of the square root for small positive values of 6:

N\’ 0  QuN
v 4 2 .. 92 Y .
(TM> + 4p” sin <2+22TM>

N\? QuN . QuN QuN .
— (=) — 42 |sinh? ( ™M1 ) — ihsinh [ M1 b M 0)2
(TM> p {sm <2TM) i sin (ZTM cos T + O(0)
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When <%) — 4p? sinh? <QMN) > 0, the positive branch of the square root is to be

used when 6 — 0. Otherwise, when (%) — 4p? sinh? <QMN > < 0, the square root

when 6 — 0 is given by

QN N\
ey e () (1)

N [4p*T? QuN
= isgn(Qy) = \/ P 2 (L) —1. (A.30)

T N2 2T

Hence, one can take the limit § — 0 in Grl\gg(x z’) to obtain

—mM\/(ﬁ) —4p2 smh2( )+zesgn(QMN)
lim Glfgg(x )y =— |—mm+ Z ,
x'—x 7T
N#0 \/(%) — 4p? sinh? (QMN> + tesgn(QyN)

(A.31)

2
with e — 0+, if (%) _ 4% sinh? <%) L0,



Appendix B

WKB expansions

In this appendix we describe the WKB method used to obtain asymptotic expansions
for solutions of differential equations which can be written in a Schrodinger-like form.
A standard reference is [119].

Let ¢}, and ¢?, be two independent solutions of the radial equation of a field
equation for which there is a radial coordinate £ such that the equation can be

written in a Schrodinger-like form

d*¢ur(€)

a2 Qni(§) i (€) =0, (B.1)

and the Wronskian relation is given by

4624(6) Akel§) _ 1
(€ TP — 6 TP = (B.2)

where C, is a constant, Q,x(€) := X2, (£) + n%(£) and x2,(€) contains all the n and

k dependence and is large whenever \? := n? + k? is large.

We assume that f(&;A) := —Q,x(§) has an asymptotic expansion of the form
FEN ~ N f(Oa;(N), A= oo, (B.3)
=0
where {a;(\)}52, is an asymptotic sequence such that ag(A\) = 1. In this case,

standard WKB theory guarantees that there is an asymptotic expansion for the

solutions ¢'(£), i = 1,2, when A\ — +o00, given by the so-called WKB method.
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Lemma B.0.1. Rewrite the differential equation (B.1)) as

2 6(€) _
e % — Qui(€) dur(§) =0, (B.4)

where € > 0 is an expansion parameter (which may be set to 1 at the end). The

WEKB expansions of ¢*(&) and ¢*(€) are the asymptotic expansions in e,
1 1 13 " 5( ! )2
¢1(§) _ exp {_/ dt Q1/2 —|—62 < nk nk
20,0 ¢ 8Que 3200
+ 62 (_ /rik + 5( ;ﬂc)2> + 0(63) (B 5)
16Q%,  64Q3, ’ '
" 5( / k>2
Q1/2 +€2 ( ng . n5 -
Q. 3200

¢2(§) = ;1/2 exp {—% /6 dt
+8( Zk+“gw>+m&}. (B.6)

1602, 6403,
Proof. See e.g. Chapter 10 of [119]. O
The WKB expansions give us the asymptotic behaviour of the solutions ¢'(€)

and ¢?(€) for large values of Q. (€).

We are interested in obtaining the large y,; expansion of

G (€) = Cout, i (€) D2 (€) - (B.7)
Proposition B.0.2. The asymptotic expansion of G,.(&) for large values of Xk is
1 2 2\ 5 2 \2

S 2 A, 16X, 64,
Remark B.0.3. Note that all of the second, third and fourth terms on the RHS of
(B-§)) are of order y7.

Proof. Lemma allows us to write

Gue(§) = ﬁ exp [262 ( ok n 5(Qnk) ) 4 0(63)]

16Q2, | 64Q%,

_ ﬂ2+8 — %3+5(@f +O(%). (B.9)
/ 16Q7°  64QL
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Expanding Q,,; for large values of x,x,

! ! ! (1 Lo —4)) (B.10)
g g _ D) Xnk N .
ZQ:f (X2, + 772)1/2 2Xnk 2X ok
and setting the expansion parameter € = 1 gives the result. O

We will also be interested in the large y,x expansion of

: doy,

(@) = Cu 2 g2 ). (B.11)
Proposition B.0.4. The asymptotic expansion of G/, (&) for large values of Xk is

/ 1 (Xo)’ -3

w(©) = 5 - 32+ ong)). (B12)

Proof. From ,
d¢1(5) _ 1/2 Q;Lk Zk N 5(@%)2 -1 1
A [Q + + O(an)] o (B.13)

"AQue  8QY? 32007
Hence, using ,

/ (5):C¢1¢2 Q1/2_ Q{nk + {r;k _5( ;zk)2_|_O(Q—1)
" "AQue  8QY? 32Q7) "

1 + | = ok +5( ;zk;>2 —I—O(Q_3/2)
2012 16Q°  64Q1, "

1/2 Q%k Zk 5( %)2 -1
X - - + 0O
[an AQus  8QY2 3207 Qi)
o 1 ;Lk‘ -3/2

Expanding for large x,x gives the result. O]
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Appendix C

Hypergeometric functions

In this appendix, we give a very brief overview of the hypergeometric differential
equation, the hypergeometric function and a few of its properties. For a more
complete overview, see e.g. [120-122].

Consider the 2nd-order ordinary differential equation,

d? d
d—;+P(z)d—Z+Q(z)u:o. (C.1)

Recall that
(i) if P(z) and Q(z) remain finite at z = zq, then 2, is called an ordinary point;
(i) if either P(z) or Q(z) diverges as z — zp, then 2 is called a singular point;

(iii) if either P(z) or Q(z) diverges as z — 2o, but (z — 29) P(z) and (z — 20)*Q(2)

remain finite at z = z, then zj is called a reqular singular point.

If (C.1)) has at most three singular points we may assume that these are 0, 1, co.
If these singular points are also regular, then (C.1]) can be reduced to the form

d? d
z(l—z)d—;;+[c—(a+b+1)z]d—z—abu:O, (C.2)

where a, b, ¢ € C are independent of z. This is the hypergeometric differential

equation.
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If ¢ € Z;, then one solution which is regular at z = 0 is the hypergeometric

function.

Definition C.0.1. The hypergeometric function F(a,b;c;z) = oFi(a,b;c;z) is

given by the series

T (b
F(a,b;c;2) = (a+ BT+ k) 2* , (C.3)
k:O [(c+ k) k!

when |z| < 1 and elsewhere by analytical continuation.

The hypergeometric function F'(a, b; ¢; 2) is not defined for ¢ € Z; and the prin-
cipal branch is the branch |arg(1 — z)| < 7.

We now list the linearly independent solutions of the hypergeometric differential
equation ((C.2]) when none of the numbers a, b, ¢ — a, ¢ — b is an integer (for other

cases, see the references listed above).
(i) If ¢ & Z, then two independent solutions are

u(z) = F(a,b;c; z) (C.4a)

uy(2) =2 Fla+1—c,b+1—c¢2—c2). (C.4b)

(ii) If ¢ € Z, then two independent solutions are

F(a,b;¢;2), c>0,
uy(2) = (C.5a)

A2 Fla+1—-c¢b+1—-c¢2—c¢2), ¢<0,

F(a,bja+b+1—c¢1—2), a+b+1—cgZy,
uz(z) =
(1—2) " Flc—a,c—bjl+c—a—bl—2), a+b+1—ceZ,.

(C.5b)

\

A few important properties of the hypergeometric function F'(a, b; ¢; z) which are

necessary in the text are the following.
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1. At z =1,

[(e)l'(c—a—10)

Flabiel) = 5 e —1)

Re[c —a—1b] > 0. (C.6)

2. One of the transformation formulas is

I'(e)l'(c—a—Db)

['(¢c—a)l'(c— )

Pl (a+b—c)
['(a)I'(b)

F(a,b;c;z): F(a’b;a+b+1_0;1_2)+(1_Z)c—a—b

Flc—a,c—bl4+c—a—-b1l—2z2). (CT)
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Appendix D

Classical black hole superradiance

In this appendix, we give a very brief overview of the classical superradiance phe-
nomenon on stationary black hole spacetimes. For more details, see e.g. Ref. [94].
We assume that the background black hole spacetime is asymptotically flat and,
moreover, stationary and axisymmetric. Consider a classical matter field perturba-
tion which may be expressed in terms of a single master variable ¥ which obeys a
Schrodinger-type equation of the form
% +VV¥ =0, (D.1)
where V is the effective potential and the tortoise coordinate r, maps a radial
coordinate r € (ry,00) to (—o0,00), where ry is the horizon radius. Given the
symmetries of the spacetime, we consider a mode solution with frequency w and
angular momentum number k of the form e~ If we assume that the effective

potential V' is constant at the horizon and at infinity, then the mode solution has

the following asymptotic behaviour

Aewnrs 4 Be wnurs oy,
U~ (D.2)

C el 4 De~WeTs  p 3 00,
where w2, := V(ry) and w2, = lim, o, V(7).
These boundary conditions correspond to an incident wave of amplitude D from

infinity, a reflected wave of amplitude C, a transmitted wave of amplitude B at the
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horizon and an outgoing wave of amplitude A from the horizon. Even though we
do not expect outgoing flux from the horizon at a classical level, a term of this form
can be useful to define bases of mode solutions, as in Section [5.1.3]

If we now assume that the effective potential V' is real-valued, then is
invariant under the transformations ¢ — —t and w — —w and, hence, ¥ is also a

solution of (D.1)) and is linearly independent of W. Therefore, the Wronskian

dv  _—dv
-
dr, dr,

W (U, ¥) = (D.3)

is independent of r,. It thus follows that the Wronskian evaluated at the horizon,
W (U, W) = 2iwy (|A|*> — |BJ?), must equal the one evaluated at infinity, W (¥, ¥) =
2iws. (|C> — | DJ?), so that

W
CF = D] = 2 (| = |BP) (D4

o0

If there is no flux coming from the horizon, A = 0, then |C|*> < |D|?> when
Wy /Weo > 0, i.e. the amplitude of the reflected wave is smaller than of the incident
wave. However, for wy/w., < 0, the wave is amplified, |C|?> > |D|?>. This is the
phenomenon of superradiance. If A # 0 but B = 0, then superradiance occurs if

|D|? > |C?, i.e. for wy/ws < 0.
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