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Referat (abstract):

Charged or rotating black holes possess an inner horizon beyond which determinism is
lost. However, the strong cosmic censorship conjecture claims that even small perturba-
tions will turn the horizon into a singularity beyond which the spacetime is inextendible,
preventing the loss of determinism. Motivated by this conjecture, this dissertation stud-
ies free scalar quantum fields on various black-hole spacetimes to test whether quantum
effects can lead to the formation of a singularity at the inner horizon in cases where
classical perturbations cannot. The starting point is the investigation of the behaviour
of real-scalar-field observables near the inner horizon of Reissner-Nordstrom-de Sitter
spacetimes. Using semi-analytical methods, we find that quantum effects can indeed up-
hold the censorship conjecture. Subsequently, we consider charged scalar fields on the
same spacetime and observe that a first-principle calculation is essential to accurately de-
scribe the quantum effects at the inner horizon. As a first step towards an extension of
these results to rotating black holes, we rigorously construct the Unruh state for the real
scalar field on slowly rotating Kerr-de Sitter spacetimes. We show that it is a well-defined
Hadamard state and can therefore be used to compute expectation values of the stress-
energy tensor and other non-linear observables.

Geladene oder rotierende schwarze Locher besitzen einen inneren Horizont; jenseits dieses
Horizonts geht die Vorhersagbarkeit verloren. Dagegen fordert das "strong cosmic censor-
ship conjecture”, dass sogar kleinste Storungen den inneren Horizont in eine Singularitét
verwandeln und so den Verlust der Vorhersagbarkeit verhindern. Vor diesem Hintergrund
untersucht die vorliegende Dissertation freie, skalare Quantenfelder auf verschiedenen
Raumzeiten mit einem schwarzen Loch. Das Ziel ist es zu iiberpriifen, ob Quantenef-
fekte das Entstehen der Singularitiit in den Féllen herbeifithren konnen, in denen klas-
sische Storungen dies nicht konnen. Als Startpunkt dient das Verhalten verschiedener
Observablen reeller Skalarfelder am inneren Horizont von Reissner-Nordstrom-de Sitter-
Raumzeiten. Wir bestitigen unter der Verwendung semi-analytischer Methoden, dass
Quanteneffekte die "censorship”- Vermutung aufrechterhalten konnen. Im Anschluss
betrachten wir geladene Skalarfelder auf derselben Raumzeit und zeigen, dass quan-
tenfeldtheoretische Berechnungen notwendig sind, um die Quanteneffekte am inneren
Horizont genau zu beschreiben. Ein erster Schritt, um diese Ergebnisse auf rotierende
schwarze Locher zu erweitern, ist eine mathematisch exakte Konstruktion des Unruh-
Zustands fiir ein reelles Skalarfeld auf einer langsam rotierenden Kerr-de Sitter-Raumzeit.
Wir zeigen, dass dieser Zustand ein wohldefinierter Hadamard-Zustand ist, der fiir die
Berechnung von Erwartungswerten des Energie-Impulstensors und anderer nicht-linearer
Observablen verwendet werden kann.
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1 Introduction

Our universe is filled with fascinating physical phenomena at all scales. At large scales,
there are for instance the evolution of our universe under the influence of its matter con-
tent or the intriguing phenomena surrounding black holes. All of this is best described
by general relativity, Einstein’s theory of gravity. At small scales, one enters the realm
of quantum mechanics and quantum field theory. These theories have been extremely
successful in describing the particles making up all matter and their interactions.

However, we know that the realms of quantum theories and general relativity can also
interact with each other, and that physics at the smallest scales can have visible impact on
the physics at large scales. This is seen for example in the evaporation of black holes [1]
which is only possible due to quantum effects. Fully understanding these effects requires
to unify general relativity and quantum field theory into a theory of both gravity and
quantum fields — quantum gravity.

As of now, no complete theory of quantum gravity exists, even though there is a broad
spectrum of different approaches, see for example [2] for a recent review. The construc-
tion of such a theory is possibly one of the biggest open questions in theoretical physics
today. With experimental data being mostly in excellent agreement with either general
relativity or quantum field theory, and only very little data to constrain potential quantum
gravity models, especially at high energies, it is very hard to tell which candidate theory
is the most promising.

Even in the absence of a theory of quantum gravity, it is possible to explore the interac-
tions between gravity and quantum theory using the well-established theories of general
relativity and quantum field theory. While this does not cover all possible scenarios, there
are regimes in which the interactions between gravity and quantum matter should be well-
described by these models. In this ansatz, called semi-classical gravity, the matter fields
are treated by quantum field theory while gravity is treated classically. The two are then
connected by the semi-classical Einstein equations

Guo+ ANgvo = 81 ((Te)y + Tho) - (1.0.1)

Here, G,, = R,, — g,,R/2 is the Einstein tensor, A is the cosmological constant, 7,
is the stress-energy tensor of the classical matter, and (7)), is the expectation value of
the stress-energy tensor of the quantum matter in the state W. Semi-classical gravity is
expected to be valid as long as the curvature remains small compared to the Planck scale
and the fluctuations of the stress-energy tensor remain small compared to its expectation
value'.

'Even in this regime, the semi-classical Einstein equation has conceptual and mathematical problems, but
it can still give useful insights.



Making sense of the semi-classical Einstein equations (1.0.1) requires an understanding
of quantum field theory in curved spacetime. One needs to be able to compute expecta-
tion values of operators requiring renormalization in a local and covariant way and to
understand the notion of having the same physics in different spacetimes [3, 4]. In the
effort to extend the concepts of quantum field theory to curved spacetimes in a consistent
way for this purpose, there has also been considerable progress in understanding quantum
field theory itself, introducing important concepts such as the principle of local covariance
which lead to a formulation of quantum field theory in the language of categories [5] or
the local and covariant renormalization of Wick squares and time-ordered products [6, 7].

Even with these still developing techniques, it remains an extremely difficult task to
solve (1.0.1). So far, it has only been accomplished in highly symmetric situations for
free quantum field theories [8—13]. Instead of fully solving (1.0.1), a common approach is
to compute (7},,),, on a fixed background spacetime which solves (1.0.1) for (7},,), = 0,
neglecting the backreaction of the quantum field onto the spacetime. Even this reduced
problem is very challenging, since the un-renormalized quantities and the counterterms
required for the renormalization are often given in different forms which are incompatible
for numerical evaluation. However, there are methods available, such as pragmatic mode-
sum renormalization [14, 15] or state subtraction [16, 17] that allow the computation of
expectation values such as (7,,,).,.

While this is not a self-consistent solution to (1.0.1), these results can give hints as
to how the geometry of the spacetime may be influenced by the quantum effects and
vice versa. Important physical results obtained along these lines include the evaporation
of black holes by Hawking radiation [1], the Unruh effect [18], or particle creation in
an expanding universe [19, 20]. They illustrate that the method described above can be
utilized to investigate the effect of quantum fields on physically interesting spacetimes.

In this thesis, we will focus on quantum effects in black-hole spacetimes. Black holes
are astrophysical objects of increasing observational importance. Quite recently, the shad-
ows of the central black holes in our own galaxy [21] and in M87 [22] have been observed
for the first time. Moreover, gravitational-wave detectors have recorded a large number of
mergers of a black hole with a second black hole or a neutron star over the last couple of
years [23]. Observations like these and their future improvements require an increasingly
detailed theoretical understanding of black-hole spacetimes, including their interaction
with (quantum) matter.

Apart from their observational importance, black-hole spacetimes also pose a variety of
conceptual questions. While the observational aspects of black holes concern mainly the
black-hole exterior, many of the theoretical questions also involve the interior of the black
hole and its structure. One example is the occurrence of a singularity in black holes. It
was originally assumed that they are mere artifacts of the high symmetry of the stationary
black-hole solutions. However, Penrose [24] showed in a seminal work that the spacetime
singularities inside black holes actually appear generically in gravitational collapse under
some positivity assumptions on the stress-energy tensor appearing in the Einstein equa-
tions. At the singularity, our current physical theories break down, indicating an incom-
pleteness of our present theories of gravity and (quantum) matter. A complete quantum
gravity theory should resolve this issue of incompleteness in some way.



Instead of the singularity problem, we will focus on another conceptual question in this
work, namely the loss of determinism in the interior of charged or rotating black holes. In
contrast to the non-charged, non-rotating black-hole solution derived by Schwarzschild
[25], these black holes have a rich structure in their interior. They (or their analytic con-
tinuations) contain a second horizon, called the inner horizon, and beyond it a region
with a time-like singularity. This does not only lead to the possibility of bypassing the
singularity and exiting the black hole into a different exterior universe in the analytically
extended spacetime, but also to a breakdown of determinism: the journey through the
region beyond the inner horizon is no longer determined by initial data which suffices to
describe the complete spacetime up to this horizon. The inner horizon, marking the future
boundary of the maximal Cauchy development of this initial data, is therefore also called
"Cauchy horizon".

As a solution to this issue, Penrose [26] argued that any small perturbation of the exact
black-hole initial data will lead to the formation of a singularity at the inner horizon, ma-
king it impossible to extend the spacetime beyond it. This renders the loss of determinism
inconsequential.

Since this idea plays a central role as a motivation for this thesis, let us take a more de-
tailed look at it. The heuristic argument presented by Penrose works as follows: Imagine
a spacetime with a charged or rotating black hole and imagine there are two observers in
this spacetime. Observer A, whose worldline is represented by the blue line in Fig. 1.1,
falls into the black hole. Observer B, whose worldline is represented by the red line in
Fig. 1.1, remains outside the black hole. B sends signals to A at a constant frequency
for the rest of the infinite amount of proper time they have left travelling in the exterior
region. In contrast, A only has a finite amount of proper time before reaching the inner
horizon of the black hole. Since they must receive all messages sent by B before that
point, they will receive the messages at increasing frequency as they approach the inner
horizon. In fact, the message frequency will become infinitely blue-shifted.

This blue-shift effect also applies to small perturbations of the initial data for the black-
hole spacetime. It will lead to an infinite increase in curvature at the inner horizon, and
thus the formation of a singularity. Due to this mechanism, the loss of determinism be-
yond the inner horizon is an unstable feature of these spacetimes. If the initial data is
perturbed slightly, the perturbations will accumulate at the inner horizon and render the
metric inextendible across it. This idea is called the strong cosmic censorship conjecture
(sCO).

From the heuristic argument one can already guess that sCC will be a more delicate
issue in black-hole spacetimes with a positive cosmological constant A than in asymptot-
ically flat ones. The reason is that in spacetimes with A > 0, there is an additional effect
on the frequency of the perturbation — the cosmological expansion. This expansion leads
to a red-shift effect which counteracts the blue-shift. sSCC then requires that the blue-shift
always overcomes the red-shift.

The exact formulation of the conjecture is a subtle issue. First, one must specify in
what sense the metric is required to become inextendible at the Cauchy horizon. A very
strong version of sCC would consider inextendibility as a continuous function, corre-
sponding to the formation of a strong singularity that will inevitably destroy any observer



Figure 1.1: Penrose diagram of a partial analytic extension of a charged or rotating black-
hole spacetime. The thick lines represent conformal light-like infinity, the
white dots are conformal points at infinity. The thin lines represent the outer
horizon H . and the inner horizon H_ of the black hole. The orange line is
a Cauchy surface for the black-hole exterior (I) and interior up to the Cauchy
horizon (II). The blue and red lines represent the world lines of two observers
A and B. The dotted lines indicate the signals send from red (B) to blue (A).

approaching it [27]. However, it has been shown that this version of sCC fails for spher-
ically symmetric perturbations of charged black holes [28, 29], and for rotating black
holes [30]. Instead, we consider the formulation of sCC due to Christodoulou [31]. This
version requires that the metric should fail to have locally square-integrable derivatives at
the Cauchy horizon or, in other words, be inextendible as a H,. -function. The motivation
for this version of sCC is that it renders the metric inextendible as a (weak) solution to the
Einstein equations, which is a natural requirement from the viewpoint of the analysis of
differential equations. For the more physical criterion of the fate of an observer approach-
ing the horizon, the Christodoulou formulation implies that the horizon turns into a weak
singularity [32] at which tidal forces diverge but the tidal deformation an observer suffers
while crossing the horizon may remain finite’. Hence, from this physical perspective a
stronger singularity would be desirable. Nonetheless, we will stick to the requirement of
H} -inextendibility.

Second, one needs to decide what kind of perturbations of the initial data are consid-
ered. The influence of the smoothness of the initial data can be seen from the early studies
[33-35] which obtained different results due to different properties of the initial data [36].

2T would like to thank A. Ori for a clarification of this point.
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In most of the literature, as well as in this thesis, the initial data is taken to be smooth.
However, non-smooth initial data has also been studied [36, 37].

Besides the subtleties in the exact definition of the conjecture, it is worth noting that
the sCC demands the breakdown of extendibility of the metric at the Cauchy horizon for
generic perturbations of the initial data. In particular, finding a specific perturbation that
allows for an extension of the metric is not necessarily a contradiction to the sCC. This
poses an additional difficulty in proving the conjecture.

Analysing the validity of sCC requires mathematical control of solutions to the Ein-
stein equations. Since the Einstein equations are non-linear, studying their behaviour in
full generality is very difficult. For this reason, the studies on sCC often either employ
symmetries to simplify computations (e.g. [28]) or consider linearised models as a first
step towards controlling the full non-linear equations. In this work, we will focus on the
latter.

The simplest linearised model for studying sCC, which will play a central role in this
thesis, consists of a scalar field satisfying the scalar wave equation on a charged or rotating
black-hole spacetime. The scalar field can be viewed either as a toy model for metric
perturbations [38] or as a simple matter model. We focus here on the case of a positive
cosmological constant. It was shown [39] that in this case the regularity of solutions to
the scalar wave equation at the Cauchy horizon of these spacetimes depends on the quasi-
normal modes of the black hole. These modes are purely ingoing at the event horizon
and purely outgoing at the cosmological horizon. They can be viewed as generalized
resonances of the black hole. More specifically, it was proven [39] that at the Cauchy
horizon the forward solutions to the scalar wave equation with a smooth source term lie
in H'/2*5=< for any ¢ > 0 with

Here, « is the spectral gap of the quasi-normal modes, i.e. the decay rate of the slowest-
decaying mode. x_ is the surface gravity of the Cauchy horizon. Hence, sCC in the
Christodoulou formulation is linearly satisfied as long as § < 1/2.

This result allows to test SCC in the linear approximation by (numerically) studying
the frequencies of the quasi-normal modes. It was found that sCC can be violated in
charged black holes in asymptotically de Sitter spacetimes if the charge of the black hole
is sufficiently large [40]. It has also been confirmed in numerical studies of the non-linear
Einstein-Maxwell-scalar field equations [41, 42] that these results hold beyond the linear
regime.

This leads to an interesting question: since matter is most accurately described by
quantum theory, can the inclusion of quantum effects via (1.0.1) lead to a restoration of
the sCC conjecture? This question has been addressed in [16]. The authors consider
a free scalar quantum field on a fixed spacetime describing a charged black hole in the
presence of a positive cosmological constant. They show that for sufficiently large black-
hole charge @, so that 5 > 1/2, the renormalized expectation value of the stress-energy
tensor, which enters the right-hand side of (1.0.1), may diverge stronger than the stress-
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energy tensor of the classical field. Moreover, if it does, the leading term of the divergence
is independent of the state of the scalar field as long as the state is Hadamard up to the
horizon, i.e. a physically reasonable state. State dependence only enters in a sub-leading
term which diverges at most like the classical stress-energy tensor. Hence, as long as
the state-independent leading divergence term is non-vanishing in general, sCC can be
restored. More details will be given in a following chapter.

These results should of course be taken with a grain of salt. When the expectation
value of the stress-energy tensor becomes large, calculating the expectation value of the
stress-energy tensor on the unperturbed background spacetime will cease to be a good
approximation. Moreover, if the large expectation value of the stress-energy tensor leads
to large curvature compared to the Planck scale, or if the fluctuations of the stress-energy
tensor are of the same order of magnitude as its expectation value, the semi-classical
Einstein equations (1.0.1) themselves should no longer be valid. Nonetheless, the results
indicate that quantum fields can have a large influence on the structure of the spacetime
near the inner horizon and therefore deserve further investigation.

This thesis contributes to this effort. We focus on different aspects of quantum fields
related to the validity of the sCC conjecture near the inner horizon of both charged and
spinning black-hole spacetimes with a positive cosmological constant.

This introduction is followed in Chapter 2 by a brief introduction to the algebraic ap-
proach to quantum field theory and to some aspects of microlocal analysis, focussing on
free scalar fields. We will also introduce the Reissner-Nordstrom-de Sitter (RNdS) and
Kerr-de Sitter (KdS) spacetimes describing charged or rotating black holes in the presence
of a positive cosmological constant.

Chapter 3 focusses on the real scalar field on a RNdS spacetime. We will present nu-
merical methods for the computation of the energy-flux expectation value of this field
at the inner horizon of the black hole and show numerical results obtained with this ap-
proach. We will also explain how these methods can be extended to charged fields.

Considering that charged matter is required to form a charged black hole, we will study
charged scalar fields in RNdS spacetimes in Chapter 4. We will describe how the results
of [16] on the Hadamard property of the Unruh state can be extended from the real scalar
to the charged scalar case. A formula for the charge current will be derived and evaluated
numerically. The state-independence of the leading divergence of both the energy flux and
the charge current at the Cauchy horizon will be shown following [16]. Our numerical
results at the inner horizon will give new insight into the (non-)validity of the simple
particle picture in black-hole interiors.

Finally, since one expects astrophysical black holes to be rotating rather than carrying
significant charge, one would like to extend these results to KdS spacetimes. As a first
step in this direction, we will construct the Unruh state on slowly rotating KdS spacetimes
in Chapter 5. This state is thought to be a good description of the late-time behaviour in
gravitational collapse. We will also show that the extension of the Unruh state to KdS
spacetimes is a Hadamard state.

The results are summarized in Chapter 6.

12



2 An introduction to quantum fields and
black holes

In this chapter, we will introduce some background material needed throughout this work.
After clarifying some notations and definitions in Section 2.1, we will give a brief intro-
duction to the algebraic approach to quantum field theory in Section 2.2. This introduction
will contain brief descriptions of the CCR-algebra, the idea of quasi-free Hadamard states
and Hadamard point-split renormalization. In Section 2.3, we will present some basic
notions and central theorems of microlocal analysis, and explain how this technique can
be used to show the Hadamard property. In Section 2.4, we will introduce the Reissner-
Nordstrom-de Sitter and Kerr-de Sitter spacetimes and discuss some of their properties.
We will conclude in Section 2.5 with a brief discussion of states for free scalar field theory
on black-hole spacetimes including the Unruh state.

2.1 Notations and conventions

To start, let us summarize some notations and conventions used throughout this thesis.
We work in natural units h = c = kg = Gy = 1.

We denote R = (0, 00) and R*. = [0, c0), and analogously R_ = (—o0,0) and

R* = (—o0,0].

Round brackets around indices will indicate symmetrisation:

with 5, the permutation group. Indices written between horizontal lines are excluded
from the symmetrisation, €.g. Aquujo) = 1/2(Aue + Agup)-

We will use the multi-index notation: if © = (xy, ..., x,) is an n-tuple, then a multi-
index for z is given by o = (ay, -+ , ;) € N”, and

n

n
¢ = Hw? and |o| = Zai.
i=1

=1

Let M be a smooth manifold. We denote by C'*°(M) the space of smooth, complex-
valued functions on M, and by C§°(M) the space of compactly supported, smooth,
complex-valued functions, also referred to as test functions. The spaces of real-valued
functions are C*°(M;R) and C§°(M; R), respectively. We denote by D’'(M) the space
of distributions, i.e. the space of continuous linear functionals u : C§5°(M) — C. We

13



denote by S(R") and S'(R") the spaces of Schwartz functions and tempered distributions
on R™, respectively. The space of compactly supported distributions v : C*°(M) — C
will be denoted by £'(M).

We will define the Fourier transform
F: S(R") — S(R")
frof=m [ g,

where - is the usual product in R", and we use the same sign convention for the Fourier
transform as [43]. It can be extended to a map F : S'(R") — S'(R") by duality, i.e.
a(f) =u(f)Vue SR, f € S(R") and to a map L*(R") — L*(R") by the Plancherel
theorem, see for example [44].

We define a spacetime (M, g) to be a smooth, 4-dimensional, Hausdorff, second-
countable, connected manifold with a smooth Lorentzian metric g of mostly-plus sig-
nature (—, +, +, +). We also demand that (M, g) be orientable and time-orientable and
that both orientations are fixed. The volume form induced by the metric is called dvol,.
We denote the tangent space of M by T'’M, and the fiber over x € M by T, M. Similarly,
the cotangent space is denoted T* M.

The space of smooth sections of the tangent space, or in other words the space of
smooth vector fields on M, is denoted as I'(M), the space of smooth covector fields by
[*(M). The zero section {(z,0) € T*M : x € M} is denoted by o.

Given a smooth map ¢/ : M — M, we denote by ¢* : C®(M) — C=(M),
V*f(p) = f(¥(p)) the pull-back of f with respect to 1. The push-forward of vectors
b Ty (M) = Ty (M) s given by (1,0)()((p) = v f)(p) for all v € T,(M),
f € C®(M). Analogously, the pull-back of covectors 1" : qu(p)(./\;l) — Ty(M) is
defined as " (w)(v) = w(¢,v) forallw € T, (M) and v € T,(M). If ¢ is invertible,
one can define the push-forward of functions or covectors/ the pull-back of vectors as the
corresponding pull-back/ push-forward with respect to the inverse map ¢! : M = M.

Unless stated otherwise, V9 will denote the Levi-Civita connection of (M, g), and
we will drop the superscript g if the metric is clear from the context. We also denote
0, = g”QV,(,g )V(gg) the d’Alembert operator of the spacetime (M, g). Here, g”¢ denotes
the inverse metric.

Given a spacetime (M, g), we will denote the future/past lightcone at x € M con-
sisting of all future-directed causal vectors in T, M by V.. We will define a covector
k € T M to be future-pointing, or future-directed, if k(v) > 0 for all time-like future-
pointing vectors v € V7. We will write k > 0 for a future-pointing covector. The fu-
ture/past null cone in T M is denoted by

NE={(z,k) e T*"M\o: g "(x)(k,k) =0and + k> 0}, (2.1.1)

and we also set N = N T UN".
A spacetime (M, g) is globally hyperbolic if it contains a hypersurface which is inter-
sected exactly once by each inextendible time-like curve in M. Such a surface is called a
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Cauchy surface for (M, g).

We denote by J*(O) the causal future/past of the set O C M in M. This is the set
of points that can be reached from O by a future-/past-directed causal curve. J(O) is the
union J(O) U J=(0O). Similarly, we denote by I*(O) the time-like future/past of O.
This is the open set of points that can be reached from O by a future-/past-directed time-
like curve. Note that this excludes curves for which the tangent vector vanishes at some
point, while these curves may be included for the definition of the causal future/past. This
follows the notation of [45].

Two sets O C M and Oy C M will be called causally disjoint or space-like separated
if there is no causal curve connecting any point z € O, to any point y € Os.

A subset O C M is called causally convex if any causal curve with both endpoints in
O is entirely contained in O.

An open neighbourhood O C M of some = € M is called a geodesically convex
neighbourhood, if any two points in O can be connected by a unique geodesic contained
completely in O.

2.2 A brief introduction to AQFT

In this section, we summarize some of the basic concepts of the algebraic approach to
quantum field theory, collecting the most important aspects for this thesis. See also [46—
49] and references therein for more complete reviews.

For comparison, let us briefly recap the usual approach to quantum field theories, which
is taught in most introductory courses and can be found in well-known textbooks [50—
52]. In this approach, one starts with a Hilbert space H, which often has the form of
a Fock space. The (complex rays of) normalized elements of H are the pure states of
the theory; mixed states are represented by density matrices, i.e. positive operators p on
‘H with the property tr(p) = 1. The observables of the quantum field theory are the
Hermitian operators on this particular Hilbert space. In order to take the expectation
value of an operator A in some state W, one simply takes the Hilbert-space inner product
(U|AW),, or the trace of pA.

On Minkowski space, the Hilbert space is usually chosen to be the Fock space whose
ground state is the Minkowski vacuum. Since the Minkowski vacuum is the unique
Poincaré-invariant ground state, this singles out a preferred choice of Hilbert space. How-
ever, even in this case there are physically interesting states which do not lie in this or a
unitarily equivalent Hilbert space. One example for that are thermal states.

On general curved spacetimes, the situation becomes even more complicated, since
in general, one does not have a unique, preferred ground state for the quantum theory.
Therefore, there is generally no preferred choice of a Hilbert-space representation of the
theory out of the unitarily inequivalent possibilities.

Another idea that often takes a central role in the discussion of quantum field theory
is the concept of a particle. However, it is less often discussed that the notion of particle
is ambiguous: If one has a Fock space for the quantum theory, then one can define a
particle-number operator on the Fock space, but different choices of Fock space will also
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lead to different particle-number operators.

An example of this can already be seen in Minkowski space (R**!, —d¢? + 37 da?):
Let us restrict to the right Rindler wedge, the region of Minkowski space defined as
{z1 — |t| > 0}. On this wedge, the boosts in the z;-direction are an alternative no-
tion of time translation, which is proportional to the proper time of uniformly accelerated
observers. The preferred choice of Fock space for such an observer, which one could call
the boost Fock space, would be the one containing the ground state for the observer’s time
evolution. On the right Rindler wedge and with respect to the notion of time translation
given by the boosts in x;-direction, the Minkowski vacuum state is a thermal state and
contains infinitely many particles according to the particle definition of the boost Fock
space. This is called the Unruh effect [18].

The problem of selecting a representation for the quantum theory from the outset is
circumvented by the algebraic approach. Instead of starting with a Hilbert space, one
starts with the abstract x-algebra of observables of the theory. A x-algebra (over C) is an
algebra, i.e. a vector space over C with a bilinear inner product - : A x A4 — A, together
with a #-involution, i.e. an anti-linear map * : A — A that satisfies (A - B)* = B* - A*
and (A*)* = Aforall A, B € A. The algebras we deal with will be unital, i.e. contain
the identity element 1 for the algebra inner product.

The structure of the theory is already present at the level of the abstract algebra when
the locality property of quantum field theory is taken into account. This leads to the Haag-
Kastler axioms for algebraic quantum field theory [53], which were initially formulated
on Minkowski space and later generalized to curved spacetimes.

Let us assume a globally hyperbolic spacetime (M, g) and a unital *-algebra A(M).
The Haag-Kastler axioms demand that for any open, causally convex subset O C M
with compact closure, there exists an algebra A(Q) containing the observables localized
in O as its Hermitian elements. The .A(O) then collectively generate the algebra A(M),
which is therefore called the algebra of quasi-local observables [49, 53]. In this way, one
can also identify all .A(O) with subalgebras of A(M). The A(O) form a net of algebras,
which is also demanded to satisfy

o ISOtOIly If 01 C 02, then A(Ol) C A(Og)

* Causality If O; C M and O, C M are causally disjoint, then [A, B] = 0 for all
A€ A(0,y), B € A(O,).

One may require additional axioms such as the time-slice axiom, which demands that
for any O C M containing a Cauchy surface of (M, g), A(O) = A(M), and which
guarantees the existence of dynamics.

The embedding of the submanifolds O into M is just one example of mappings be-
tween manifolds that maintain orientation, time orientation, and causality. Generaliz-
ing this idea leads to the definition of a local and covariant quantum field theory in the
language of category theory as a functor between the category of globally hyperbolic
spacetimes', with certain isometric embeddings as morphisms, and the category of uni-
tal x-algebras with unit-preserving injective x-homomorphisms as morphisms, see [5] for

!'The conditions on a "spacetime" can be somewhat relaxed to allow for disconnected manifolds.
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early work and [48] for a more recent review. The categories of spacetimes and algebras
can be modified to capture additional structures of the theory, see for example [48, 54].

The states in the algebraic framework are positive, normalized, linear maps from the
algebra to C. In other words, a linear map w : A — C is a state if it satisfies w(A*A) > 0
forall A € Aand w(1) = 1. If the algebra has a topological structure as well, one may
additionally require the state to be continuous. A state can be interpreted as a map from
operators to expectation values.

Once a state has been chosen, one can get back to the usual Hilbert space formulation
by the GNS reconstruction, see e.g. [49]:

Theorem 2.2.1. For any state w on the x-algebra A, there is a (up to unitary equiva-

lence) unique Hilbert space H,, a dense subset D, a representation 7, of A by closable
operators on D, and a vector ), € H,, such that D,, = 7,(A)Q, and VA € A

w(A) = (Q, mu(A) Q) m, -

In this thesis, we will mostly focus on a free, real scalar field and its CCR-algebra. To

construct this algebra, let us begin with the classical theory of the real scalar field. Let

(M, g) be a spacetime, which we assume to be globally hyperbolic. Then the massive
Klein-Gordon equation

Ko =0 2.2.1)

has a well-defined initial-value problem [45] on (M, g). Here, we have defined the mas-
sive Klein-Gordon operator

K=0,-u?, (2.2.2)

where 1 > 0 is some constant. Moreover, there are unique retarded and advanced Green’s
operators [55] E* : C§°(M) — C*°(M) that satisfy

E* o Klegomy = idegemy , Ko EX =idege () (2.2.32)
supp(E*(f)) € J=(supp(f)) Vf € C3°(M) . (2.2.3b)
In fact, E* can be extended to maps E* : C¢v, (M) — O (M) and
E* 0 (M) = Cpey (M), where
Cope/ste = {f € C>(M) : supp(f) C J*(K) for some compact K C M}

e = {f € C%(M) : 3 smooth, s-like Cauchy surf. ¥ C M : supp(f) C J*()}

are the spaces of (strictly) past-/future-compact smooth functions on M [56].

We then define the commutator function £ = E* — E~ : C°(M) — C®(M) as
the difference between the retarded and advanced Green’s operators. By construction, it
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satisfies
KoE =FEoK|gemwy =0, supp(E(f)) C J(supp(f)). (2.2.4)

We will denote the space of solutions to the Klein-Gordon equation with compact Cauchy
data by

SM) ={p € C®(M): Ko =0, supp(¢) N2 comp. V s-like smooth Cauchy surf. X} .

On this space, there is a non-degenerate symplectic form o given by

o(p, ) = / (Vo) — YV o) ns, dvol., (2.2.5)

3

where Y is any smooth space-like Cauchy surface, n§, its future-pointing normal vector
and v the induced metric on Y. The symplectic form is independent of the choice of
Cauchy surface [57]°. By the support property of ¢,1 € S(M), the conservation of the
current J : S(M) x S(M) — I'*(M),

and an application of Gauss’ theorem, see e.g. [58], one can actually choose any Cauchy
surface for the computation of >. This includes Cauchy surfaces which are partially null
or only piecewise smooth. See also the discussion in [43, Sec. 2.3].
Defining E(f,h) = [ fE(h)dvol,, one can then show that
M

E:CE(M)/(KCE(M)) = S(M), [ E(f)

is a symplectomorphism between the symplectic spaces (C§°(M)/(KC§(M)), E(:,-))
and (S(M), o(:,-)).

The inverse map can be constructed as follows: Let >, be two Cauchy surfaces of M
satisfying ¥, C I1T(X_). Let x» € C*(M) be a partition of unity on M satisfying
X+ = 1 on JE(X.). Then, for ¢ € S(M), set

fo= K(x+0) = [/C, X+]¢ = (D9X+)¢ + 29"V, x+V,0.

This is a smooth function with compact support in J*(X_) N J~(X) N supp(¢). More-
over, we have f, = —KC(x_¢). To show that this is a well-defined map independent of the
choice of X5 and x4, let f} be another function obtained with the same map but another
partition of unity x’, corresponding to a different pair of Cauchy surfaces 3',. Then

fo— f;s = K(x+¢) — ’C(X/Mb) = K((x+ — X;)(/ﬁ) :

is contained in KCG°(M), since the support of (x4 — X/, )¢ is compact. It remains to

ZNote that this reference uses the opposite metric signature, leading to a different sign in o, see also [45].
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show that this map is indeed the inverse of £. Taking into account the extension of £+ to
future-/past-compact functions, we find

E(fy) = ET(K(x4¢) + E-(K(x-9)) = (x4 +x-)p=¢.

Therefore, the map ¢ — f, is a well-defined symplectomorphism and the inverse of E.

After this discussion of the classical theory, let us now outline the quantization proce-
dure. There are different ways to build the algebra of the free, real scalar field out of the
classical solution theory described above. In this work, we will consider the CCR-algebra
A(M) constructed in the same way as in [47, 48]:

Definition 2.2.1. The algebra of observables .4(M) for the free scalar field on the space-
time (M, g) is the free x-algebra generated by the unit element 1 and the elements ®( f),
[ € C3° (M), subject to the relations

* Linearity ®(af + g) = a®(f) + ®(9) VYf,g € CF(M),aeC

« Klein-Gordon equation &(Kf) =0 Vf € C5°(M)

 Hermiticity (®(f))* = ®(f) Vf € CF(M)

« Commutator property [O(f), ®(g)] = iE(f,g)1 Vf,g € C(M).

This means that A(M) is obtained by taking the quotient of the free *-algebra gener-
ated by ®(f) and 1 with respect to the ideal defined by the relations above. The elements
in the algebra are thus (equivalence classes of) finite sums of finite products of ®( f;). One
can interpret the elements ®( f) as smeared field operators.

Another equivalent option to construct the algebra is by considering the tensor algebra
over C§°(M) and then taking the quotient by the relations in Definition 2.2.1 which is
called the Borchers-Uhlmann algebra [59, 60], see [48].

The net of algebras on the spacetime M can then be constructed by assigning to each
causally convex region O C M the free *-subalgebra A(Q) of A(M) generated by 1
and ©(f), f € C°(O).

A short calculation reveals that the resulting net of algebras satisfies the isotony and
causality conditions: If O; C Oy C M are open sets, then C;°(O;) C C5°(Os), and thus
A(O;) C A(O,). Similarly, if O; and O, are space-like separated, then

[®(f1), @(fo)] = iE(f1, f2) =0

by the support properties of the commutator function for all f; € Oy, fo € Os. By
linearity, this extends to all A; € A(O;) and A, € A(O).

Moreover, the theory constructed in this way is local and covariant: If (M, g) and
(/\;l, g) are two spacetimes and ¢ : M — M is an isometric, causality-preserving em-
bedding, then ¢/ induces an injective, unit-preserving *-homomorphism

ay : AM) = AM) - @u(f) = a(Palf)) = P (:(f))
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Here, 1. (f) is the push-forward, which is given by f (¢~ (z)) for x € (M) and 0 on
M\1p(M). We have also denoted the smeared field operators on M by ® (f) and the
ones on M by @ x1(f) to make the spacetime they belong to explicit. The linearity and
Hermiticity of the algebra generators ® ((f) are obviously conserved by this map. That
vy, 1s compatible with the Klein-Gordon equation and commutator property follows from
the fact that for any isometric, causality-preserving embedding ¢ : (M, g) — (M, 9)

Vo Kiwig) = Kimg 097, (2.2.7)

and therefore
Vo By = Eug 0V (2.2.8)

see [57].

The states on the CCR-algebra are all linear maps w : A(M) — C such that w(1) = 1
and w(A*A) > 0 for all A € A(M). By its linearity and the structure of the algebra, any
such state is determined by its n-point functions

W i CEM)*" = C, (@@ fa) = w(®(f1)... ©(fa)) -

The states that we will deal with in this thesis all belong to a particular class of states,
called quasi-free or Gaussian states. These states satisfy

w (ei%‘ >) — e dWrUeh)

in the sense that the set of identities obtained by functional differentiation of this equation
with respect to f are all satisfied, see e.g. [6, 47]. This entails that all n-point functions
for odd n vanish, while all n-point functions for even n are determined from the two-
point function using Wick’s formula. Thus, these states are determined by their two-point
function alone. We will call the two-point function of a quasi-free state w* or simply w
when no confusion arises. As discussed in [47] and [16], this means in turn

Corollary 2.2.2. Let (M, g) be a globally hyperbolic spacetime and A(M) the CCR-
algebra for a free, massive or massless scalar quantum field on M. Then a bi-distribution

w : CP(M) @ C§° (M) — C defines a quasi-free state on A(M) if it satisfies
* Weak bi-solution w(IC(f) ® g) = w(f ® K(g9)) =0 Vf,g € C5(M)
* Positivity w(f @ f) > 0 Vf € CF(M)
« Commutator property w(f ® g) —w(g® f) =iE(f,g) Vf, g€ CF(M).

The Hilbert space obtained by GNS-reconstruction using a quasi-free state is a symmet-
ric Fock space over a Hilbert space h, which is commoly called the one-particle Hilbert
space. The vector €, is the Fock-space vacuum vector and the smeared field operator
®(f) is represented on the Fock space by a sum of creation and annihilation operators,
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from which one can also construct a particle-number operator on the Fock space [61].
Therefore, one can make sense of the notion of a particle in this context.

Another class of states can be defined if the spacetime (M, g) has a complete Killing
vector field £. A complete Killing vector field is a vector field £ € T'(M) satisfying the
Killing equation

Vo + V& =0

which induces the flow ¢, : I x (M, g) — (M, g) and for which I = R. Then, the flow
1, induces a 1-parameter family of automorphisms

ap: R AM) = AM),  (f) = @(¢2(f)) = ©(¢uf)

on the algebra. These automorphisms satisfy a; o a; = ;15 and g = id [47]. We say
that a state w is invariant under the automorphism if for any A € A, w(a;A) = w(A).
If the spacetime is stationary, i.e. possesses a complete time-like Killing vector field, one
can define a generalization of thermal states and ground states.

Definition 2.2.2 ([62], App. A). Given a complete time-like Killing vector field ¢ on
(M, g), denote the induced 1-parameter family of automorphisms on A(M) by «;. Let
w be a state on A(M). Thenw is a

« KMS state at inverse temperature 5 > 0 if for all A, B € A(M), the function
R >t +— w(Aay(B)) € Cis bounded and for any f € C{°(R; R),

/} w(Aay(B)) dt — /jt+w w(on(B)A) dt

* ground state if VA, B € A(M), the function R > ¢ — w(Aw(B)) € Cis
bounded and for all f € C§°(R;R),

/f w(Aoy(B))dt = 0.

Another important class of states are the so-called Hadamard states. To understand the
significance of this class of states, let us consider the stress-energy tensor of the scalar
field. Classically, it can be written as

1
T,o(x) = 0,P(x)0,®(z) — 39w (0,2(2)0°®(z) + p1°P(2)?)
if the scalar field is minimally coupled to the Ricci scalar. Note that there is an ambiguity

in the classical stress-energy tensor in the case where the Ricci scalar is a constant, since
in this case a non-zero mass and a non-minimal coupling have the same effect on the
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equations of motion as long as backreaction is neglected. Here, and in the rest of the
thesis, we consider the stress-energy tensor of a minimally coupled scalar field.

The stress-energy tensor is local and quadratic in the field, and hence it is not in the
CCR-algebra of the free scalar field defined above and will require renormalization. In
flat spacetime, one can renormalize by subtracting the ground state expectation value or,
in other words, by normal ordering with respect to the ground state. However, in a general
spacetime we do not have a unique ground state. Instead, one requires that the renormal-
ization procedure satisfies a number of properties. Particularly, for the renormalized Wick
squares : ®?: (f) of the quantum field one demands [6]

« Locality and covariance Let (M, ¢) and (M, §) spacetimes and 1) : M — M
an isometric, causality-preserving embedding inducing the *-homomorphism av.
Then

(s @t (f)) =2 @t (Uuf) Y € CFEM).
« Expansion In a distributional sense, [: ®?: (x), (y)] = 20 E(x,y)P(x).
« Hermiticity : ®2: (f)* =: ®%: (f) forall f € C*(M).

 Smoothness Under certain conditions on the state w, w(: ®*: (x)) is a smooth
function on M.

« Continuity and analyticity : ®*: (f) changes continuously (analytically) under
smooth (analytic) changes of the metric, or the mass or coupling of the scalar field.

* Almost homogeneous scaling Under a rescaling of the metric, and the mass and
coupling of the scalar field, : ®2: (f) scales homogeneously up to logarithmic cor-
rections.

It has been shown [6] that this can be achieved by normal ordering with respect to the
Hadamard parametrix:

For z, y in a geodesically convex neighbourhood &/ C M, the Hadamard parametrix
H(z,y) for the scalar field is given by

, 1 |Ulz,y) & N o
H(z,y) = elg(r)i o + nz% Vol(z,y)o(x,y)" log (1—2) . (2.2.9)
Here, o(z,y) is half the signed, squared geodesic distance, which is also called Synge’s
world function [63], and o (z,y) = o(z,y) + 2ie(T(x) — T(y)) + €* is an ie-description,
with T" a local future-directed time coordinate. U and V,, are called the Hadamard coef-
ficients. They are smooth functions and can be determined from the local curvature and

the equations of motion using the transport equations. [ is a free length scale. Note that
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the series has to be understood as an asymptotic series in smoothness in the sense that

U (x; v, zm: Va(z, y)o(z,y)" log (%)] |

g

is a weak bi-solution to the Klein-Gordon equation up to terms in C" (U x U).
The normal-ordered Wick square is then formally given by

() = [l [0()0(y) ~ Hle,)1) f(2) dvoly (o).

y—T
M

In [6], it is shown further that the algebra A(M) can be extended to an algebra containing
these normal-ordered Wick squares. Furthermore, the only quasi-free states that can be
extended from A(M) to this enlarged algebra and that satisfy the "smoothness" condition
for the renormalized Wick squares are the quasi-free Hadamard states.

Definition 2.2.3. Let w be a quasi-free state on the algebra A(M). Then w is Hadamard
if for x,y contained in a geodesically convex neighbourhood U/, the two-point function
w(z,y) can be written as

w(z,y) = H(z,y) + wo(z,y),

where wy(z, y) is smooth. This should be understood in the sense of an asymptotic series:
Forxz,y € U, (w(x,y) — Hy(z,y)) € C™ 1 U x U).

In the same way, one can normal order Wick-squares with derivatives, 9°®(z)9°®(z),
where o and [ are multi-indices, and show that they are contained in the enlarged algebra.

Given a Hadamard state w with two-point function w, the expectation value of the
renormalized operator 9“®(x)3”®(x) can be obtained by the so-called Hadamard point-
split renormalization procedure:

w(: 0°0(@)0"0(x): ) = lim 920] [w(w,y) = Hieppa (2.)]
Hadamard point-split renormalization is not the unique local and covariant renormali-
zation scheme. There are always finite renormalization ambiguities which can be con-
structed from the local metric and the field parameters [6].

Apart from their importance for the definition and evaluation of renormalized Wick
powers, Hadamard states guarantee that the fluctuations of all Wick polynomials, i.e. its
variance and higher moments, are finite [64], while the fluctuations typically diverge if
the state is not Hadamard, even if the expectation value is finite, see e.g. [65].

One may worry that there are globally hyperbolic spacetimes (M, g) for which no
Hadamard states on A(M) exist. That this is not the case has been shown by various
methods [66, 67]. In addition, KMS states and ground states, as well as any convex
combination of them, called passive states, are Hadamard [62].
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2.3 An introduction to microlocal analysis

In order to prove that a certain state is Hadamard, it is often more useful to consider
an alternative characterisation of the Hadamard property formulated in the framework of
microlocal analysis. In this section, we will introduce some aspects of this framework,
following mostly [68].

First, let us define the wavefront set WF(u) of a distribution v € D’(R").

Definition 2.3.1. Let v € D'(R") be a distribution. Let (z,k) € R™ x (R"\{0}),
x € C§°(R™) a test function satisfying x(z) # 0 and V;, € R™\{0} an open conic
neighbourhood of k, i.e. a set, so that A\l € Vj, forall A > 0if [ € V. Assume x and V}
can be chosen in such a way that for any N € N there is a C'y > 0 with [68, Sec. 8.1]

Ixul(l) < Cy(@+ I VeV, (2.3.1)

i.e. the function yu is rapidly decreasing in [ € V. Then (z, k) is called a direction of
rapid decrease for u. The wavefront set of u is the set of all (z,k) € R™ x (R™\{0})
which are not of rapid decrease for u.

Another characterization of the wavefront set is given by [69, Prop.2.1]:

Proposition 2.3.1 ([69], Prop. 2.1). Let (x,k) € R" x (R"\{0}), v € D'(R"™). Then
(x, k) ¢ WF(u) iff there exist an open neighbourhood V- C (R™\{0}) of k, and some test
functions h € C§°(R™) with h(0) = 1, and g € C§°(R™) with §(0) = 1, such that Vp > 1,
VN e N, ACy > 0, Ay > 0 satisfying

sup
k'eV

/emk/'yh(y)u (AP =z —y)) d'y| <CyAY YO<A<Ay. (232)

The wavefront set has a number of important properties, for example [70, Prop. 6.27]
Proposition 2.3.2. Let u € D'(R"). Then

1. Forany f € C*(R"), we can define f - was (f - u)(¢) = u(f - ¢). Then

2. Let « € N". Then WF(0%u) C WF(u).

3. Letv € D'(R"). Then WF(u £+ v) C WF(u) UWF(v) and equality is given if
WF(u) NWF(v) = 0.

Let us give a brief proof of the third point, which is not covered by [70, Prop. 6.27].
Let us assume that (x, k) is not in WF(u) U WF(v). Then one can find test functions ¢,
and ¢, which are non-vanishing at x, and open conic neighbourhoods V,, and V, of k so
that forall N € N

(buu‘ (l>7

b 0| () < ONA+I)Y VIeV,NV,
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for some constant C'y > 0. Since multiplication by a smooth function cannot increase the
wavefront set due to the second point in Proposition 2.3.2, we can find a conic neighbour-
hood V' C V,, NV, of k so that for any NV € N

Gu- Py (utv)| () <CNA+I)™N VeV

for some constants Cy, > 0. Hence, (z,k) is not in WF(u £ v). Next, we consider
the case WF(u) N WF(v) = 0. Assume that (z, k) is in WF(u) U WF(v), but not in
WF (u £ v). W.lo.g. we assume (z,k) € WF(u), and therefore (x,k) ¢ WF(v). By
using similar arguments as above, we can find a test function ¢ with ¢(z) # 0, and a
conic neighbourhood V' of k so that for all N € N

00| .

o ko) () < Ov(+I)™N VeV

Then

‘ﬂ) (l):’gb-(uj:vq:v)

(1) <o~ wt o) @) +[670] 1) < 20w = i)™

forall [ € V and for all N € N, leading to a contradiction to (x, k) € WF(u).
The wavefront set can also be defined for distributions on manifolds. For the rest of
this section, let M be a smooth manifold of dimension 7.

Definition 2.3.2. Let u € D'(M) be a distribution on M. Then its wavefront set is
defined as the subset WF(u) of 7% M\ o whose restriction (in the base variable) to any
coordinate patch M,, C M with the coordinate map ¢ : M,, — U, C R" is given by
[68, Thm. 8.2.4]

WF(u)|p, = ¢* WE(uwo 9™ (2.3.3)
= {(,9"k) : (¥(x),k) € WF(uoy™)}.

Later on, we will also consider continuous linear maps K : C§°(M) — D'(M) from

test functions on some manifold M to distributions on another manifold M. By the
Schwartz kernel theorem, every map K : C5°(M) — D’ (M) 18 in one-to-one correspon-
dence with a distribution on M x M, which is called the kernel of X and also denoted
by K by an abuse of notation. We will say that K is properly supported if the projection

map
Tm supp(K) = M, (y,2) — 2

is proper, i.e. the pre-images of compact sets are compact. Let K be the kernel of such an

operator K : C3°(M) — D'(M). Then we denote

WF/(K) = {(z,k;y,1) € T*(M x M)\o: (z,k;y, —1) € WF(K)} (2.3.4a)
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WFu(K) = {(y,1) € T*(M) : (z,0;y,1) € WF(K) for some z € M}  (2.3.4b)

o WF(K) = {(z,k) € T*(M) : (z,k;y,0) € WF(K) for some y € M}. (2.3.4c)

Under certain conditions, two of the maps introduced above can be composed with each
other:

Theorem 2.3.3 ([68], Thm. 8.2.14). Let M, M, and M’ be smooth manifolds, and

let K : CP(M) = D'(M) and Ky : C*(M) — D'(M’) be continuous linear maps.
Assume in addition that the map K is properly supported. Then the composition of maps
K = Kyo K, : C§°(M) — D'(M') defines a continuous map from C3° (M) to D' (M)
if

WF//\"A(KQ) Ny WF(K) =0. (2.3.5)
The kernel K of this map satisfies

WF (K) € WF'(K3) 0o WF'(K,) U (ve WE(E) x M x {0}) (2.3.6)
U (M’ x {0} x WF'((K1)) .

One particular class of operators K : C5°(M) — C5°(M) which will appear in the
subsequent discussion is the class of differential operators. The differential operators of
order zero correspond to pointwise multiplication by a smooth function,

CEM)s f=h-feCP(M)

for some h € C°(M). Thus, we identify Diff’(M) = C=(M).

Next, we use the interpretation of elements in 7'M as directional derivatives and set
Diff' (M) to be the set of all operators K : C5°(M) — C5°(M) which are of the form
K(f)=A(f)+ h- f forsome A € I'(M), and h € C*(M).

For any m > 1 we can then define the space of differential operators on M of order m
to consist of all operators K : C§°(M) — C§°(M) of the form

K(f) :ZA“(AzN(f)) for some A;, € Diff'(M), NeN, N, <m.

All these operators can also be extended to operators from C*°(M) to C*°(M) [70].
In coordinates, K € Diff" (M) acting on f € C§°(M) may be written as

K(f)(x) = aa(@)de(f)(x), (23.7)

laj<m

where o € N”, a, € C*°(M), and 0, are the usual coordinate derivatives forming the
coordinate basis for 7, M for all x € M covered by that particular coordinate chart. The
dual basis for 77 M, with elements denoted dz”, satisfies dz”(0.) = d,,, and allows to
express any k € T>* M as k = k, dz".
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The principal symbol of the differential operator K in (2.3.7) in these coordinates is
then given by

Om(K) (2, k) = ) aa(x)k” € C(T*M). (2.3.8)

|lal=m

The principal symbol of a differential operator is an important tool in the analysis of dif-
ferential equations, since it already captures a large part of the behaviour of the operator,
see for example [70] for an introduction to the symbol calculus.

Given the principal symbol a = o,,(A) of A € Diff" (M), the Hamiltonian vector
field H, € I'(T* M) corresponding to a is, in a local trivialization of 7* M, given by

Hy(x, k) = O, a(x,k)0p — Opna(x, k)0, . (2.3.9)

It satisfies H,(a) = 0. Hence, if a(z, k) = 0, it remains zero along the flow induced on
T*M by H, through (z, k).

With the help of this, one can define the bicharacteristic B[A](z, k) of A € Diff"™ (M)
through (z, k) as the integral curve of H, in 7*M lying in {a = 0} and intersecting (z, k)
[70].

In this thesis, we are mostly interested in a particular differential operator, namely the
Klein-Gordon operator (2.2.2). It is easy to see that its principle symbol is given by

o2 (K) = g%k, . (2.3.10)

This is a real and homogeneous function of k£ and vanishes only when £ is a null covector.
Thus, the bicharacteristics of /C are

B(x, k) = BIK] (2, k) = {(/, k') € T"M : (2, k) ~ (', ')} 2.3.11)

for any x € M and any null covector k € 7> M. The relation (z, k) ~ (y,[) means that
x and y can be connected by a null geodesic to which £ is cotangent at x and [ agrees with
k parallel transported along the geodesic to y. We will also denote B(z,0) = {(z,0)} for
the zero covector. The projection of the bicharacteristics to the manifold,

Bum(z, k) = m(B(z,k)) C M, (2.3.12)

with 7 : T* M — M, are the null geodesics on M.

As we have discussed in the previous section, the two-point functions for states of the
free scalar field will be distributional bi-solutions to the Klein-Gordon equation. Due
to the form of the principal symbol of X, one can use the real-principal-type Propaga-
tion of Singularities Theorem to make some statements on the wavefront sets of such
bi-solutions. Here, we will work with the version given in [71, Lemma 6.5.5]°:

3We state the lemma only for differential operators, but it applies to a more general class of operators,
called Fourier Integral Operators [71]
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Theorem 2.3.4 ([71], Lemma 6.5.5). Let K € Dift™ (M) on some spacetime (M, g) with
a real homogeneous principal symbol c,,(K) € C®(T*M). Assume v € D'(M x M)
satisfies K ou € C*°(M x M), where w is considered as a map from C3° (M) to D' (M).
If (z,k;y,1) € WF' (u) and k # 0, then 0,,(K)(z,k) = 0 and B[K|(z,k) x {(y, 1)} is
contained in WF'(u).

Finally, let us return to quasi-free Hadamard states on the CCR-algebra. Therefore, let
(M, g) now be a spacetime, and .A(M) the CCR-algebra of a free scalar field on M. In
the previous section, we defined quasi-free Hadamard states by the singular behaviour of
their two-point functions. However, it has been shown [72] that this definition is equiv-
alent to a condition on the wavefront set of the two-point function, called the microlocal
spectrum condition:

Theorem 2.3.5 ([72], Thm. 5.1). Let w be a quasi-free state on A(M) with two-point
Sfunction w € D'(M x M). Then w is a Hadamard state iff w satisfies the microlocal
spectrum condition,

W' (w) = C* (2.3.13a)
CF ={(z,k;y,1) e T*(M x M) : (2,k) ~ (y,1) and £ k1>0}. (2.3.13b)

2.4 An introduction to black-hole spacetimes

In this thesis, we will consider quantum fields on spacetimes describing charged or rotat-
ing black holes in the presence of a positive cosmological constant. In this section, we
will introduce these spacetimes, define some relevant coordinate systems and summarize
their most significant features.

2.4.1 The Reissner-Nordstrom-de Sitter spacetime

Let us start with RNdS spacetimes which describe eternal, charged, non-rotating black
holes in the presence of a cosmological constant A. Astrophysical black holes are not ex-
pected to carry significant electric charge. Nonetheless, RNdS spacetimes are interesting
because they share many features with rotating black-hole spacetimes while being easier
to handle mathematically. They can thus serve as toy models for the more realistic ro-
tating black-hole spacetimes. Moreover, they are interesting in their own right due to the
classical violation of sCC in highly charged RNdS black holes.

A discussion of these spacetimes, their analytical extensions, and the Kruskal-type co-
ordinates introduced below can be found in [73].

The RNdS spacetimes are vacuum solutions to the coupled Einstein-Maxwell system,
1.e. they solve

Gy + Ngup =87 (Evp + Tpp) (2.4.1a)
V,F"¢ = —47J°, (2.4.1b)

28



with 7, = J¥ = 0. Here, J" is the charge current of the matter and the stress-energy
tensor of the Maxwell field is given by

1 [0 1 [e3%
gl/g = E (FyaFg — Zgy@FaﬂF B) .

In Boyer-Lindquist coordinates, the metric takes the form
g=—f(r)d® + f(r)~"dr* + r*dQ?, (24.2)

where d)? is the usual metric on the two-dimensional unit sphere, and the function f(r)
is given by

A, A oM Q?
—_-r _ _= 1 - =4+ = 243
The constant M can be identified with the mass of the black hole, while () represents
the charge of the black hole. This becomes even more apparent when one considers the
vector potential, which represents the electromagnetic part of this solution to the Einstein-
Maxwell system, and which is of the form

A= Q. (2.4.4)

r
The RNdS spacetimes thus form a three-parameter family of spacetimes, characterized by
@, A, and M. Unless specified otherwise, we will rescale to M = 1, so that we are left
with (A, Q) as the free spacetime parameters.

0.07
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A/3

0.03
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0.0 0.2 0.4 0.6 0.8 1.0

Q

Figure 2.1: The parameter space for RNdS spacetimes. The red region is the subextremal
parameter region, in which f(r) has three real, distinct positive roots.

The Boyer-Lindquist coordinates are only well-defined away from » = 0 and the roots
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of f(r)*. We are interested in the parameter range of (A, Q) in which f(r) has three
real, positive and distinct roots, r_ < r, < r.. This parameter space is illustrated in
Fig. 2.1, see also [74] for a detailed discussion. The locations of the roots of f(r) cor-
respond to the locations of the inner (r_) and outer () horizon of the black hole and
the cosmological horizon (r.). The Boyer-Lindquist coordinates cover the exterior re-
gion up to the cosmological horizon, I = R; x (r,,7.) x S?, the interior region up to
the inner horizon, IT = R, x (r_,r,) x S?, the region beyond the cosmological horizon,
I = R, X (7., 00) X S?, and the interior beyond the inner horizon, IV = R; x (0,7_) x S?.
The Penrose diagram for this spacetime is shown in Fig. 2.2.

Figure 2.2: Penrose diagram for the Reissner-Nordstrom-de Sitter (RNdS) spacetime. The
wiggled line represent the curvature singularity, the thick line correspond to
conformal infinity. All other lines represent the different horizons. Filled dots
stand for bifurcation surfaces, while empty dots indicate conformal points at
infinity. The orange line indicates a possible Cauchy surface for the region
TUITUIIL

Let us also note that the metric (2.4.2) is spherically symmetric and independent of ¢.
Hence, the blocks I and IV, in which f(r) is positive and 0 is a time-like Killing vector
field, are static. Moreover, the horizons are bifurcate Killing horizons generated by 0.

In order to get rid of the coordinate singularities at the horizons and to extend the metric
through the horizon, we construct Kruskal-type coordinates. As a first step, we introduce
the tortoise radial coordinate r,, which is defined by

dr, = f(r)'dr.

4Strictly speaking, they do also not cover the axis of the two-spheres {t,r = const.}, where sin 6 = 0.
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One can choose the integration constant such that in each of the regions I, II, III and IV,

1 1

ro(r) = — glog lr—r_|+ mlog Ir —ry] (2.4.5)
—log|r — | + 5~ log|r =7
o, 08| — el + 5 —log|r — | ,

where 7, = —(r_ + 4 + 1) is the fourth root of f(r), and

1
ki =510 ()], (2.4.6)

is the surface gravity at the corresponding horizon.
As a next step, we introduce a set of double null coordinates in each region,

V=141, u==t—r,.

In region I, they are both increasing towards the future. In these coordinates, the metric
takes the form

g=—2f(r)dudv +r*dQ?*.

Note that the metric still degenerates when f(r) = 0, and u — oo at outgoing horizons,
while v — +o00 at ingoing horizons.
Let us now focus on the outer horizon of the black hole. In block I, we define

. —K4u k4w
U+——€ s V+—€+.

By construction, U, approaches zero as © — oo towards the event horizon ’Hf of the
black hole. Similarly, V. — 0 towards H, see Fig. 2.2.

Combining the definition of U, and V. with (2.4.5), one finds that f(r)/(U;V,) is a
smooth, positive, non-vanishing function of  on (r_,7.). As a result, the metric in the
Kruskal coordinates is smooth and non-degenerate as U, — 0 or V., — 0 and can be
extended from R_;;, x Ry, x §* to My = Ry, x Ry, x S*. We will call this a
Kruskal block. One can then identify IT with R i, X Ry, x S? and connect (u,v) and
(Uy, Vi) in 11 via

—KaU KoV
U+:€ +, V+:€+.

The Kruskal block M also contains a second copy of both I and II, but with reversed
time orientation. We will denote these time-reversed regions I’ and IT'.
Similarly, we can define on I

RelU —KRcU
U.=e*", V.= —e ",

This set of Kruskal-type coordinates leads to a smooth, non-degenerate metric at the cos-
mological horizon {r = r.}, allowing us to extend through the this horizon. In III, these
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Kruskal-type coordinates are then related to v and v by
Ue = e™", Ve=e"".

The associated Kruskal block M, = (Ry, x Ry, )N{U.V. < 1} x S? additionally contains
the regions I’ and IIT'.

Finally, we can also construct a set of Kruskal coordinates which allows extension of
the metric through the inner horizon. They are related to u and v by

U_=—e"", Vo= —e """ inII,
U_.=—e"", V.o=e """ inIV.

With the Kruskal-type coordinates, one can patch together an atlas covering the whole
physical RNdS spacetime M up to the Cauchy horizon, consisting of the block I joined
via H% to II and via HZ to IIL. In fact, this atlas will also cover the boundaries of the
RNdS spacetime when embedded into its analytical extension M U M., with region I in
the two blocks identified. This analytic extension of the RNdS spacetime up to the Cauchy
horizon is globally hyperbolic [73]. Moreover, by considering M as a submanifold of the
analytical extension and taking into account the causal structure of RNdS, one can see
that the physical spacetime M =T U Hf U IT U HE U 1T must be globally hyperbolic as
well.

2.4.2 The Kerr-de Sitter spacetime

Next, we discuss Kerr-de Sitter (KdS) spacetimes, which describe eternal, rotating, elec-
trically neutral black holes in the presence of a positive cosmological constant A. These
spacetimes provide a good model for isolated astrophysical black holes. They are solu-
tions to the vacuum Einstein equations and depend on three parameters: the cosmological
constant A, the mass M of the black hole, and the angular momentum parameter a of the
black hole.

In Boyer-Lindquist coordinates (¢, 7, 6, ¢), the metric is given by °

A 2 o 29_Ar 1 2«9
9= . Slrgl 2 dt* + [Ag(r* + a*)? — A,a” sin® 6] 811;1 2 de” (2.4.7)
2% X

pPa P asin® ¢ A — An(r? + 2

+A_rdT +A_9d9 +2 e A, — Ag(r® +a”)]dtdyp,

where
A, = (1= N?)(r*+a?) — 2Mr, Ag=1+a*)cos’ 0, (2.4.8a)
02 = 1% 4 a?cos?d, x=1+d’\, (2.4.8b)

5This coordinate system does not cover the axis where sinf = 0. However, it can be shown that this
metric can be extended to the axis [75].
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Figure 2.3: The parameter region in which A, has three distinct real, positive roots in the
(a, \)-plane for M = 1.

and A = A/3. From here on, we will rescale to M/ = 1. We will also restrict to the
parameter region in which A, has three distinct real, positive roots r_ < r, < r.. The
admissible parameter range in the (a, \)-plane is depicted in Fig. 2.3. In this case, the
Boyer-Lindquist blocks

I:Rt X (T‘+,TC> X (Sa(p))
=R, x (r_,ry) x (Sj,), and
I =R, x (r.,00) x (S3,)

are all non-empty. The blocks I and III make up the exterior of the black hole, with I1I
being the region beyond the cosmological horizon. The block IT is the interior of the black
hole up to its inner horizon.

The metric is independent of both ¢ and ¢, and the surfaces of constant ¢ are space-like
in block I. Moreover, for any fixed point x in I, the Killing vector field 0; + ()0, with
the constant c(xg) = a/(r(x)? + a?) is time-like at 2o. However, none of these Killing
vector fields will be time-like in all of I. Hence, Kerr-de Sitter is axisymmetric, and block
I is manifestly time-invariant and locally stationary, but not globally stationary [76].

The horizons {r = r;}, i € {—, +, ¢}, are bifurcate Killing horizons generated by

a
:at+r2+a2

O,

7

0, . (2.4.9)

i

Using the so-called « K d.S- and K dS*-coordinates, one can continue the metric through
the ingoing or outgoing pieces of the horizons respectively [75]. In particular, we define
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the tortoise coordinate 7, by

X(r? +a?)

A dr.

dr, =

Thus, after fixing the integration constant, r, is given by (2.4.5), where the surface gravi-
ties x; are now

102,
Ki = W . (2.4.10)
In addition, we set
a
A(r) = / dri—r :
Then, the K dS*-coordinates are given by
v=t+r.(r), r=r, =0, o"=p+Ar), (2.4.11)
while the x K dS-coordinates are given by
u=t—rir), ‘r=r, 0=0, Tp=¢p—Ar). (2.4.12)
In the K'dS*-coordinates, the metric takes the form
g =gy dv* + 2 dvdr + ” do? + g,, dp*? (2.4.13)
X Ay
+ 2g1, dvde™ — 2(15)1(_1129 drdy*,

where the components g,,, are those in the Boyer-Lindquist coordinates, see (2.4.7). One
obtains the metric in % K dS-coordinates by replacing dv — — du and dy¢* — —d*p.

We will refer to block I joint to block IT via HE C {r = .} in the K dS*-coordinates
and to I1I via HL C {r = r.} in the xKdS-coordinates as the Kerr-de Sitter spacetime

M.
Next, let us construct Kruskal-type coordinates for this spacetime. For each horizon
i € {—,+, c}, we start by defining an adapted azimuthal coordinate
= — ———t.
iy r? + a?

The metric in the (u,v,0, ;)-coordinates with « and v as in the *KdS- and KdSx*-

34



coordinates, takes the form

1

I + )2 [Agsinba” (r7 = r°)* = Avp!] (du+ dv)’ (2.4.14)
ATPQ 2 p2 2 9
—————(du—d —do dp?
+ 4x2(r? + a2)2( ¢ v+ Ay T Gep 405
asin®6

AT ) [Avpf = (P +a®) Dy (1] = 7%)] dei(du+ dv).
Here, we defined p? = p?(r;,0), and g, is the corresponding component of the metric in
Boyer-Lindquist coordinates. Note that in contrast to the RNdS spacetime, (u, v, 0, ¢;) is
not a double-null coordinate system.

The Kruskal-type coordinates are defined from « and v in region I in the same way as
for the RNdS spacetime with x; replaced by the «; for the KdS spacetime (2.4.10): on I,
they are related by

U= —e ™" V. =" U. = e, V.= —e ",

The metric in these coordinates is given by [75, Eq. (66)]

g =i (V;dU; — U;dV;)* + fi (V2 dU? + U dV?) + fidU; dV; (2.4.152)
2
+ fide: (VidU, — U;aV) + 1 46 + g dg?
: a®sin? A G?
1 __ 1 2415b
LT B ( :
2 2 (o 2 2 2
fo= 2 2a2 Slzn 9(22 )G 2 ( 2 = P > ; (2.4.15¢)
ARIN2P2(r7 + a®)(r2 + a?)(r — ) \ri+a? 1?2+ a?
;= : 2.4.15d
T NGRSO RO .
; asin® 0G; 9 . o A,
fi=s; A+ ) [(r +a)(r+r;)Ay + — 7”1} , (2.4.15¢)

with G; = (r — r;)/(U;V;) an analytic, non-vanishing function as long as 7 is not equal
to any other horizon radius r;, j # i [75, Lemma 14]. Here, s; = 1 for i € {—, ¢}, and
54 = —1.

Note that (U;, V;, 0, ¢;) is not a double-null coordinate system, but Jy, is null on the
hypersurface {V; = 0} and vice versa.

In the coordinate system (U;, V;, 0, ¢;), the spacetime can be extended through the hori-
zon at r = r; to the Kruskal blocks [75] M_ = Ry x Ry x S?@,¢,)\{T =0,0=71},
My =Ry, x th X S?@,w)’ and M, = {U.V, < 1} x S%WC).

The manifold M = M, U M., where the blocks I in M and M, are identified
with each other, will be referred to as the extended Kerr-de Sitter spacetime. M can be
embedded into M by realizing that M N M, = {V, > 0} and M N M, = {U. > 0}.
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Figure 2.4: Penrose diagram of the (6, ¢) = const.-surface of the extended spacetime M.
The gray area corresponds to M, the union of the blocks I, IT and III. The
prime indicates a reversal of the time orientation. The horizons H% and H?
are part of M, while the long horizons H ; and H, are the boundary of M in
M.

The boundary of the embedding of M in M consists of the horizons H, = {V, =0} and
H, = {U. = 0}. Hy canbe splitinto HY = H N{U; > 0}, H = H N{U; < 0} and
the bifurcation surface B, = {V, = U, = 0}, while H, splits into H? = H.N{V. > 0},
H, =H.N{V. <0} and B. = {U. = V. = 0}. These surfaces will play an important
role later on.

The Penrose-Carter diagram of the (extended) Kerr-de Sitter spacetime is shown in
Fig. 2.4. A primed region has a reversed time orientation in comparison to the corre-
sponding region in M.

Before we move on, let us also briefly discuss null geodesics on the KdS spacetime.

There are three constants of motion: the energy

E=—g(+,0)), (2.4.16)
the angular momentum in the direction of the rotation axis
L=yg(®,0,), (2.4.17)

and the Carter constant K [77]. Here, ~' is the tangent vector of the geodesic ~.
Using the vector fields

V=0*+d)0+ad,, W =209,+asin’09,,

the principal null directions of the Kerr-de Sitter spacetime are given by +0, + (x/A,)V
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[75, Prop. 1]. In addition, for any null geodesic ~ with tangent vector ', we set

P(r) = —g(v/,V) = (r* + a*)E — La (2.4.18a)
D)) = —g(y/,W) =1 — Easin®. (2.4.18b)

Since V' is a future-pointing time-like vector field in region I, we conclude that P must be
positive in region I.

With the help of the constants of motion, the geodesic equation can be separated and
written as [75, 78, 79]

2
p? <%) = Y*P*(r) — KA, = R(r) (2.4.19a)
4 d9 2 2m\2 —
P\ g ) = KA —x'D (0) = ©(0) (2.4.19b)
dt  x3(r* +d®)P(r)  x%aD(0)
2— =
P4 A A, (2.4.19¢)

29 XaP(r)  x*D(0)
dr A, sin® 0/

(2.4.19d)

for light-like geodesics. From the structure of these equations, one can infer that solutions
to the geodesic equation can only exist when both R(r) > 0 and ©(#) > 0. This imme-
diately entails K > 0. It is also simple to see that the turning points of the geodesics in r
are given by the roots of R(r),

d
T 0 o R =0,
dr

while geodesics with = const. can exist at double roots of R(r),

dr d?r
e :0andm =0 < R(r)=0and0.R(r)=0.

Moreover, the geodesics contained in the horizon can be extended through the bifurca-
tion sphere and, in the corresponding Kruskal-type coordinates, take the form (7, 0, 6, ©; )
for ingoing or (0, 7, 6y, ¢; ¢) for outgoing null geodesics [75, Sec. 4.4.2]. This generalizes
[80, Lemma 3.4.10] from Kerr to Kerr-de Sitter.

2.5 Free scalar fields in black-hole spacetimes

In this section, we will return to the theory of the free real scalar quantum field and focus
in particular on the case where the spacetime is a black-hole spacetime.

As discussed earlier, if we want to compute physical observables of the quantum field,
we need to pick a state. If we also want to consider observables which are local and non-
linear in the quantum field, we have to choose a Hadamard state. Furthermore, we would
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like the state to adequately describe the physical situation under consideration.

For the real scalar field on a black-hole spacetime, there are a number of states which
are physically well-motivated.

One common way to define these states [47] is to consider the local quantum field ®(x).
To do so, let us assume that we are working on a fixed globally hyperbolic spacetime
(M, g). ®(x) can be considered as an operator-valued distribution

B O (M) = AM), @(f):/q)(x)f(x)dvolg(x).
M

Assume we have a (generalized) basis (¢;(z), ¢;(x)) of the solution space S(M) which
satisfies

U(¢i7aj) = Z(S’Lj )
o (¢, ¢5) = U(ﬁ_bmﬁ_bﬂ =0,

where ¢;; is a d-distribution in the case of continuous indices and the Kronecker-Delta for
discrete indices. Then, one may write

®(z) = Z [pi(x)a; + ¢;(x)aj] |

)

where the a; are operators, and where the sum should be replaced by an integral for con-
tinuous indices. Next, define the state by ,(a;)2, = 0 for all 7. This state corresponds
to the vacuum state of the Fock space on which the a; and a] act as the usual annihilation-
and creation operators, or the quasi-free state with two-point function

w(z,y) = Z i) (y) - (2.5.1)

Thus, in order to choose a state in this way, one needs to choose a generalized basis for
S(M) [47].

For concreteness, let us consider a Schwarzschild spacetime which can be obtained
from the RNdS spacetime by setting A = ) = 0. More specifically, its metric takes the
form

g=—(1—=2M/r)dt* + (1 —2M/r)" dr? + r*dQ?.

In this spacetime, there is only one bifurcate Killing horizon, the event horizon of the

black hole at r = 2M, and the surface gravity of the horizon is k = (4M)~!. As on

RNdS, one can also define v = t — r, and v = ¢ + r, with tortoise coordinate
r. =1 —2Mlog|r —2M| ,

and obtain the Kruskal coordinates U and V' from v and v. The Kruskal coordinates allow
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to extend the metric through the event horizon of the black hole.

One possibility to uniquely identify an element ¢ € S(M) is by giving initial data
¢o = ¢|y and ¢1 = n®J,d|x on some Cauchy surface ¥. However, it has been shown
in [43, Thm. 2.1] that one can also describe elements ¢ € S(M) on this spacetime by
their asymptotic data on the past event horizon # = {V' = 0} and at past null infinity
I~ ={U = —o0}.

On the Schwarzschild spacetime, there are three well-studied states that can be defined
in this way.

The first one is the Boulware vacuum state [81]. It is of the form (2.5.1), with
i = (w, ¢, m, \) running over R% x N x [—/, (] x {in, up}. The modes are of the form

¢i\)fm - 3Zmnm<87 @)hig(t, T) .

Ym are the spherical harmonics, A%, is a normalization constant, and h)),(t,r) are de-
termined by ') (t,7) ~ rite"®v at H~ = {V = 0,U < 0} and ~ 0 at Z~, while
rhi" (t,r) ~e Y atZT™ and ~ 0 at H .

The Boulware state is invariant under the automorphism induced by J;, under time
reversal £ — —t, and under automorphisms generated by the Killing fields of the SO(3)-
symmetrie of the spacetime. It is a ground state with respect to J; [82], and therefore a
Hadamard state, in the exterior of the black hole [62]. Physically, it can be considered as
the state that contains no particles incoming from Z~ or outgoing to Z+ = {V' = oo} from
the viewpoint of a static observer far away from the black hole [83]. A static observer is
one that follows the orbits of the Killing field 0;. For A = 0 and in the limit » — oo, this
agrees with a freely falling observer, i.e. an observer following a time-like geodesic.

One important shortcoming of this state is the fact that it is not Hadamard across the
black-hole event horizon. Hence, if one is interested in the interior of the black hole, one
has to choose a different state.

An alternative state for the free scalar field on the Schwarzschild spacetime is the
Hartle-Hawking state [84, 85]. It can be constructed in the same way as the Boulware
state, with the difference that now A%, =~ r'e~*U+ on the whole past horizon H and
~0onZ ,whilerh ) ~ e “Y+onZ" and~ 0onH.

Similar to the Boulware state, the Hartle-Hawking state is invariant under the automor-
phisms generated by J; and the SO(3) Killing fields, as well as under time reversal. But
instead of being a ground state, the Hartle-Hawking state restricted to the exterior of the
black hole is a KMS-state at inverse temperature 3 = 27~ !, the inverse of the surface
gravity of the black hole times 27 [82]. In contrast to the Boulware state, it extends as a
Hadamard state not only through the event horizon H® = {U = 0,V > 0} of the black
hole, but to the full Kruskal extension of the Schwarzschild spacetime. In fact, it is the
only quasi-free state which has this property and is invariant under the automorphisms
generated by 0, [61]. The Hartle-Hawking state has been rigorously constructed, and has
been shown to be a Hadamard state not only on Schwarzschild spacetimes but on any
spacetime with static [86] or even stationary [87] bifurcate Killing horizon.

Physically, the Hartle-Hawking state describes a black body, namely the black hole, at
the Hawking temperature immersed in a thermal bath of the same temperature. Thus, this
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state does not seem to be the optimal description for the scalar field outside the black hole
—we would expect that, from the perspective of a static observer far from the black hole, a
physical state would not contain any particles incoming from Z~, similar to the Boulware
state.

This can be seen as a motivation for the third state, the Unruh state [18]. It is defined
in the same way as the other two, with the asymptotic behaviour of the functions A}

wlm

chosen as rhl, ~ e™™Y at T~ and ~ 0 at H, while ')~ ri'e U+ at H and ~ 0 at
7.

The Unruh state, in contrast to the other two, is no longer an equilibrium state, and
is no longer invariant under the time-reversal symmetry. Nonetheless, it is still invariant
under the automorphisms generated by 0; and the SO(3) Killing fields. In addition, it
extends as a Hadamard state through the event horizon H [43]. This is sufficient, since
one is usually not interested in what happens at the past event horizon H. The reason
is that in the more realistic case of a gravitational collapse, the past horizon lies inside
the collapsing body and is absent from the spacetime. Therefore, a breakdown of the
Hadamard property at the past event horizon does not cause any problems.

The Unruh state can be interpreted physically as containing no incoming particles from
7~ as viewed from a static observer far from the black hole, while the black hole radiates
at inverse Hawking temperature 3 = 2mx 1. In fact, at Z™ one finds an outgoing ther-
mal flux of energy at the Hawking temperature which is in agreement with the expected
Hawking radiation [1, 83, 88, 89]. For this reason, the Unruh state is considered a good
description of the late-time behaviour of the scalar quantum field in the case of spherically
symmetric gravitational collapse.

Analogues of the Unruh state have been applied for the computation of observables of
the scalar field on the Reissner-Nordstrom (RNdS with A = 0) [90-92] and Kerr [17, 93—
95] spacetime. Furthermore, its rigorous construction and the proof of its Hadamard prop-
erty [43] have been extended to Schwarzschild-de Sitter [96] and Reissner-Nordstrom-de
Sitter [16]. In this thesis, we will demonstrate that it can also be extended to Kerr-de Sitter
spacetimes under certain conditions on the angular momentum a of the black hole and the
cosmological constant A.

Finally, we discuss how the formulation of the Unruh two-point function used in the
rigorous results [16, 43, 96] is, at least formally, related to the mode-sum expression. Let
us take the case of RNdS [16] as an example. Note that the following computation is
purely formal and serves a purely illustrative purpose. Therefore, we will not be careful
when interchanging different integrals with each other or with infinite sums, or when
taking limits.

On the one hand, in [16, Eq. (66)], the two-point function for the Unruh state is given
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as

_ ﬁ E(f)|7'l+(U+> Q)E(h)|H+(U-/1-> Q) 2 /
w(f,h) =—— / U UL i) d*QdU, dU’,
RxRxS?
_ﬁ/E(f)|m(Vc,Q)E(h)IHC(VC’,Q)
m (Vo = VI —i0t)?

RxRxS?2

d*Qdv.dv;,

with Q = (0, ¢) and d*(Q2 the usual volume element of the unit sphere S2.

On the other hand, using the mode-sum description introduced above, one can write
the two-point function of the Unruh state on RNdS as in (2.5.1), with the modes given
by a set of up-modes ~ e~*“Y+ at ., and a set of in-modes ~ e~*"= at H{, (and both
vanishing at the other horizon respectively), resulting in the two-point function

w(fi) = [ duoly(a) / dvoly(y) 3 / Qe () f () 2 () ().

M )\Zmo

Combining [57, Lemma A.1] with a change of integration and summation order, one can
bring this into the form

w(f,h) =Y / Qo (W E(F))o (g E(R))

/\Emo

Since the symplectic form o is independent of the Cauchy surface it is evaluated on, we
evaluate it on H U H. which strictly speaking is only the limit of a sequence of Cauchy
surfaces. But this limit can be taken thanks to the decay of the solutions in S(M) towards
1~ proven in [39]. After a partial integration and plugging in the asymptotic behaviour of
the modes we obtain

(f h T+ dw/ Z <§/ng |H+(U+7Q) d2Q Yfm(Q/)

RxRxs26™
x E(h)|3, (U, Q)we =) U, dU, d*Q
_/ w Z g Yol QB ()l (Ve, ) Q| Yo (V)
RXRXS2£m
X E(h)|s. (V] ) dV,dv! d*Q/

One can now use the completeness relation of the spherical harmonics to identify the
integral in the brackets with the coefficients of the Laplace series for E(f)|x, (U, ")
or E(f)|.(Ve,-), implying that after taking the sum over ¢ and m one is left with the
corresponding function evaluated at €2’. It then only remains to apply the fact that the
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distribution O (w)w, where O(w) is the Heaviside distribution, is the Fourier transform of
—(z — i0™)~2. In this way, one reaches the form given in [16, Eq. (66)].
This illustrates the connection between the different formulations of the Unruh state.
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3 Computing the energy flux of the real
scalar field

The main objective of this chapter is to check whether quantum effects can restore the
validity of the sCC on RNdS spacetimes in cases when it is classically violated [40]. This
requires the numerical computation of the leading divergence of the energy flux at the
inner horizon of the RNdS black hole. We begin the chapter by recalling the connection
between the energy flux and the sCC conjecture in Section 3.1, giving also a formula for
the flux in terms of scattering coefficients. Since these coefficients need to be computed
numerically, we continue by describing a semi-analytical method for the computation of
these coefficients in Section 3.2, and we extend these methods to the charged scalar field
on RNdS in Section 3.3. The numerical results obtained in this way for the real scalar
field are presented in Section 3.4.

3.1 Strong cosmic censorship on RNdS

Before we start with the computation, let us give a motivation by recalling the results of
[16]. In this paper, the authors considered a real, scalar field on a RNdS spacetime. They
were particularly interested in the parameter region in which a study of the corresponding
classical field shows a violation of sCC [40]. The main goal of their work was to examine
whether quantum effects could change this result. To do so, they studied the behaviour of
the expectation value of the energy flux 7y, y._ of the scalar field near the Cauchy horizon
H* in some state U. The only requirement on ¥ was that it is Hadamard in the regions I,
IT and III.

The significance of W(: Ty v : ), which we will denote as (Ty._ v ), in the following,
can be understood by considering the backreaction of the quantum field on the spacetime
via the semi-classical Einstein equations (1.0.1). If we assume that the leading correction
to the metric will be spherically symmetric, we can make an ansatz for the corrected
metric of the form

g=—e" dudv +r2dQ?, (3.1.1)

where o and 7 are unknown functions of v and v. Plugging this into the vv-component of
the semi-classical Einstein equations (1.0.1), one obtains

O2r — Oyrdyo = —4mr (T, - (3.1.2)
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By the tensor-transformation law, (T, ), is related to (Ty_ . ), by

(Tvv. )y = (h-V) 2 (To)y -

As a next step, we decompose ¢ and r into a background part ry, oy and a perturbation 74,
o1. The background parts will be chosen such that they correspond to the RNdS spacetime
on which (T,,) was computed. In other words, we set

To = TRNJS » eaozm-
2
We then assume that the backreaction is sufficiently weak so that we can expand (3.1.2)
to first order in the perturbation, considering (7, as a first-order perturbation as well.
Since we are interested in the results near the inner horizon, we assume that we may
evaluate the background functions at the inner horizon. In this limit 0,7¢ — 0, 7 — r_

and 0,00 — —~k_ as defined in (2.4.6). As a result, we obtain [92]
O%r + k_Opr = —4rr_(Ty)y - (3.1.3)

This equation has the solution

o, — AT~ (Tho)y (3.1.4)

[

plus an exponentially decaying term. Thus, when the scalar field is considered as a matter
model, the vv-component of the current decides whether nearby geodesics approaching
the Cauchy horizon are accelerated towards or away from each other. See also [92] for a
similar discussion with vanishing cosmological constant.

The results of [16] show that in the case where sCC is classically violated, the expecta-
tion value of 7y, has a state-independent quadratic leading divergence,

(Ty_v_ )y ~CV2.

The state dependence only enters through sub-leading terms, which behave not worse than
the classical results [16, Prop. 5.1].

The prefactor C' of the leading divergence is given by the expectation value in a refer-
ence state, which is chosen to be the Unruh state. To simplify computations, the expecta-
tion value is computed using state subtraction with respect to a comparison state,

1

C = — (Too)y_c - (3.1.5)

(Too(r2))y — (Tou(r-)) o) =

|;§w| =

K

Here, the subscripts U and C signify that the expectation values are computed in the Unruh
state and in a comparison state. The latter is constructed such that it is a Hadamard state
in a neighbourhood of the Cauchy horizon. The evaluation at r_ indicates the Cauchy-
horizon limit of the expectation values. Changing the reference- or the comparison state
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will only modify the sub-leading contributions to (Ty v ).

The constant C' can be calculated in terms of a mode-sum formula. This formula con-
tains the scattering coefficients of the Boulware-type solutions to the Klein-Gordon equa-
tion on the RNdS spacetime. More concretely, it is given by the formula

o

20 4 1

<Tvv>U—c— 167;2 /dwwm (3.1.6a)
0

ng(w):coth(w;c)| T T + coth (722) (|RL |TH° + |RL|")  (3.1.6b)

+ 2csch (ﬂ'ﬁ) Re [ﬁifﬁm% — coth (WZ) .

The scattering coefficients R%, and 77} with N € {I,1I} will be introduced below in
(3.2.4) and (3.2.5).

Unfortunately, these coefficients are not known analytically, but must be computed
numerically. In this chapter, we will therefore describe a formalism that allows the com-
putation of these scattering coefficients, and subsequently a computation of C, for general
masses of the scalar field. We will also emphasize how this procedure can accommodate
for a non-vanishing scalar-field charge.

The question we want to answer with the numerical computation is whether C'is gener-
ically, i.e. for a broad range of both spacetime and scalar-field parameters, non-zero. This
would indicate that quantum effects can restore sCC if it is classically violated.

3.2 The Klein-Gordon equation on RNdS

In this section, we will recapitulate how the massive wave equation on RNdS can be
reduced to an ordinary differential equation (ODE) for the radial function. We will present
two different ways to write the radial ODE. One of them will allow us to reformulate the
radial ODE in a form that reduces to the Heun equation in the case of conformal coupling.
Most of the content of this section has been published in [97]. For this paper, I derived the
analytical reformulation of the radial ODE for general masses, implemented its numerical
solution as described below, and produced the numerical results with the help of Dr. Zahn
and Prof. Hollands.

Let us start with the massive Klein-Gordon equation (2.2.1) on RNdS. In order to solve
this equation, one can write the equation in the usual Boyer-Lindquist coordinates and
make the ansatz

¢w€m = wéme MtYem(@ W)Rwém(r)v (321)

where Y7, (6, ) are the spherical harmonics and N, is a normalization constant. Plug-
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ging this ansatz into (2.2.1), one is left with an ODE for R ,,(r),

7“4(,02
0.0 0, + T (2?2 — L0+ 1) | Rypm(r) = 0. (3.2.2)
We will refer to (3.2.2) as the radial equation. There are two different, useful ways to
rewrite this ODE.

The first one is particularly useful to identify the Boulware-type modes by considering
the asymptotic behaviour of the solutions as  — 7, j € {+, c}. Let us define

-1
Rwlm =T Fwﬁ .

We can drop the m-subscript, since the radial function does not depend on it. In addition,
let us change from the radial coordinate r to the tortoise coordinate 7, defined in (2.4.5).
Then (3.2.2) can be written as

(02 = Vi(r) + w?] Fu(ry) =0, (3.2.32)
Vi(r) = f(r) (W; D T(r) + /ﬁ) , (3.2.3b)

thus taking the form of a Schrodinger-type equation. One can show that V, — 0 expo-
nentially fast in 7, as . — “+oo: Let us consider V,(r) in the interval [r_ + €, 7. — €|
around r for some € > (0. The other cases can be handled analogously. Then we notice
that the term in the brackets in (3.2.3b) is a polynomial in r divided by 7. Hence, this
term is bounded on [r_ + €, 7. + €| by some constant. Similarly, the prefactor f(r) can
be bounded by some constant times | — r|. Taking into account the definition of r, in
(2.4.5), one finds

SjK4
Yere Py log e
|r —ry| < efHTreiFt
with s; = 1 for j € {—,c}, and s, = —1. This shows the exponential decay of V;(r)

towards r, as a function of r,.

Hence, the radial equation takes the form of a one-dimensional scattering problem with
a localized potential. One expects to find solutions with an asymptotic behaviour of the
form

eiwr* —|—RI e‘i“”* Ty — —00
Flra) =S (3.2.4)
T Ty —> 00
in the exterior region of the black hole, r € (ry,r.) and
e Ty — —00
Fly(ry) — . . " 3.2.5
wl( ) {ﬁge—zwr* + R(Iulgezwr* r. — 00 ( )
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in the interior region r € (r_,r). These solutions are exactly the ones we will be looking
for. Let us also note that, since the radial differential equation does not contain a first-
order derivative term, the Wronskian

W[F<T*)7 G(T*)] = F(T*)ar*G<T*) - G(T*)ar*F<r*>

is independent of r, for any two solutions F'(r,), G(r.) of the radial equation. Computing
the Wronskian between the modes in (3.2.4) or (3.2.5) and their complex conjugates in
the two asymptotic limits then results in the identities

IRL|+|Th =1, (3.2.6)
ITH — |RIL =1. (3.2.6b)

In particular, the coefficients R!, and 7, behave like expected for reflection- and trans-
mission coefficients. The behaviour of R, and 77 is different, since r, is a time-like
coordinate in the black hole interior.

The second way of rewriting the radial equation will be the key to the numerical com-
putation of the modes defined in (3.2.4) and (3.2.5). To rewrite the radial equation in the
second way, we follow [98] and introduce the dimensionless variable

R L U el i (3.2.7)

r—"To T —Ty T —T

where xo, = lim x. Writing x. = x(r.), we note that this definition entails
r—00

1_x:r+—r0r—r_7 x—xczr_—ror—rc' (3.2.8)

Ty —T_T—T, l—z., r_—r.r—r,

Let us also introduce the coefficients a;, i € {o, —, +, ¢}, given by
w
; = Si 0. A ) —. 3.2.9
o5 = sign (0.0, 5 (329)

These coefficients satisfy the relation ZZ a; = 0, see [98]. We can make an ansatz for the
radial function R, of the form

Qc
T — T T — To

Rye(x) = |z|** |1 — z|*

h(z). (3.2.10)

l—z.] 1—2x4

Using the above relations and the definition of 7, in (2.4.5), we note that we can identify

Qe

T — T _ eiwDeiwr* ’ (3211)

"1 — ]

1— 2,
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where the constant D is given by

1 1 —r\ 1 .
D=—In|rw| - ln<r+ T)— m(r T). (3.2.12)

2K 2K Ty —T_ 2K, Te —T_

Moreover,

T — T r— —T7T

1— 24 r—7,

is a strictly positive, smooth, bounded function of r on the interval [r_, r.] we are inter-
ested in.

Next, let us turn to the unknown function h(z). Applying the results obtained so far,
one can follow [98] and derive the differential equation for h(x). It reads

)
92h(z) + P + +— | 9,h(z) (3.2.13)
r r—1 x—ux
0,0_T —q Ax — Ay
h(z)=0.
L:(:U —1)(z — x.) * z(r—1)(r —2.)(T — o) (z)
The constants in the first order differential term are given by
v=1+2a,, 0=1+2a_, e=1+2a,. (3.2.14)

Together with the coefficients o, = 1 — 2a, and o_ = 1, they satisfy the relation
Yy+od+e=0,4+0_+1, (3.2.15)

as would be the case for the corresponding coefficients in a Heun differential equation
[99]. The parameter ¢ can be written as (compare [98], note however the modification
due to the more general mass /%)

3[0(0+ 1) + p?r?]

= T 1 . ca_ + ae . 3.2.16
q=Too + [(1+x.)ay + 200 +a]+A(r+—r_)(rc—ro) ( )
The last two parameters
3,u2) 2r,(re — ry)
Ay = <2 — 3.2.17
! AN (ro—r)(re—r,)’ ( %)

OO AW ki)
Ay = <2 Y ) (e =1 V(re—12)’ (3.2.17b)

are the only ones that do not fit into the frame of the Heun differential equation. However,
they both vanish when p? = 2A/3, so that the differential equation for /1(z) reduces to a
Heun equation. As we have mentioned in Chapter 2, the Ricci scalar of this spacetime is a
constant, and hence a non-zero mass and a non-miminal coupling have the same effect on

48



the equation of motion. Throughout this section, we will assume minimal coupling. But
since the equations of motion with mass p? = 2A /3 are the same as those for a massless,
conformally coupled scalar field, we will refer to this case as "conformal coupling" to
stress the distinction of this parameter choice.

In order to solve for h(z) in the case of general mass, we make a power-series ansatz
for h(x),

= f: hpx™ .

n=—oo

Since we have shown that our ansatz already contains the oscillatory behaviour we are
looking for, we will look for solutions h(z) that are regular at x = 0. Further, we take
h(0) = 1. This amounts to setting h,, = 0 for n < 0 and hy = 1.

Plugging the ansatz into the differential equation for /(x) then yields a 5-term recur-
rence relation for the coefficients h,,,

2 a(n + 2)hpyo — [22.0(n + 1) + 2z00a(n + 1) + Aglhp i (3.2.18)
+ [22.e(n) + 2256b(n) + a(n) + Ai]h, — [2200c(n — 1) + b(n — 1)]hn_1
+c(n—2)h, 2=0,
with
a(n) =xzmn(n—1+7) (3.2.19a)
b(n)=n(z.+1)(n—1+7)+z5+¢€+q (3.2.19b)
cn)=Mm+oy)(n+o_). (3.2.19¢)

By reorganizing (3.2.18) as

22 Ja(n + 2)hpro — b(n + Dhpyq + c(n)hy] (3.2.20)
— 225 [a(n 4+ 1)hypi1 — b(n)hy, + c(n — 1)hy,—q]
a(n)hn — b(n — 1)hn—1 + c(n - 2)]’Ln_2 = —Aghn+1 — Alhn s

one can immediately see that this reduces to the known three-term recurrence relation of
the Heun equation [99],

a(n+ 1)hpi1 — b(n)h, +c(n — 1)h,—1 =0,

when A; = Ay = 0, i.e. u> = 2A/3. Hence, we have reduced the radial equation to a
S-term recurrence relation, which can be evaluated numerically to arbitrary order.

However, before we get to the numerical implementation, let us estimate the radius of
convergence of the power series in our ansatz. To this end, let us note that for n > 0,
22 a(n + 2) # 0. Hence, we can divide (3.2.18) by x2_a(n + 2), and shift the label from
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n to n — 2. This brings the equation into the form

3
Popga + Z aihpy; =0,

=0

where «; are the coefficients of h,,,; divided by 2% a(n + 4). In the limit of n — oo, the
coefficients «; approach the finite limits

1
By = lim ap = (3.2.21a)
U + 1o + 1
Bi=limay = — = P Tt (3.2.21b)
n—00 x2 . x.
2 2 x C ]‘ Cc
By = lim ay = 22T =7 2(‘” tD 4 (3.221¢)
2 C 1 2 (o okad @
B, = lim ay = _ =@ +2)+ Toole (3.2.21d)
n—oo l'ool'c

3

The roots of the characteristic polynomial \* + >~ 3;\? are given by \; = 1, Ay = 1/,
i=0

and A3 = 1/, and A3 is a double root. Since |z,,| > 1 by construction, A3 cannot be

the root of maximal absolute value. By the definition of [100], this recurrence relation
is therefore "maxmod-generic". Hence, by [100, Lemma 3], combined with [101, Thm.

1], the limit lim % exists and is given by one of the \;. In particular, it is bounded by
n—00 "

max (1, |z.|™*). Thus, our ansatz for h(z) can, for sufficiently large n, be estimated by a
geometric series, and we find that the radius of convergence for h(z) is generally given
by min (1, |z.|).

As a result, the solution obtained in this way is only valid in a neigbourhood of the
event horizon. In order to find solutions in neighbourhoods of the other two horizons, we
can apply two of the coordinate-change transformations mapping Heun equations to Heun
equations [99],z -y =1—xand x — z = (z. — z)/(x. — 1). Under these coordinate
changes, the form of the differential equation for A remains invariant, but the parameters
change according to

Yy = 5$ s 5y =Yz, (32228.)
€y = €z, Oty =04, (3.2.22b)
0-_7y = 0—_755 ) qy = O—-‘F,Z'O——,JI - qx ) (3.2.22C)
Ay = A, Noy =Ny — Ny, (3.2.22d)
Ye =1 = Z¢, Yoo = 1 -2y (32226)
and
Ve = €z, 0, = 0y, (3.2.23a)
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€2 = Va > Ot 2=042, (3223b)

O_,=0_4, q. = 1 , (3.2.23¢)
Al z chl Tz AQ T
A, =——"— Ay, = —F—— 3.2.23d
o= —& oy = e T (3.2.23¢)
T, — 1 T, — 1

Note that in contrast to x. and y., which are the values of x and y at r = r,, see (3.2.7)
and (3.2.8), 2. is the value of z at r = r.

Repeating the analysis of the resulting recurrence relation and its large-n limit, we find
that the roots of the characteristic polynomials are again given by 1, (y.) ', and 5!, and
1,z % and 2! y ! and 2! are the double roots. One can check that these cannot be the
roots with the largest absolute value. Hence, by the same arguments as before, the radius
of convergence of the solution near the inner horizon in terms of the coordinate y is given
by min (1, |y.|), while the radius of convergence of the solution near the cosmological
horizon in terms of z is given by min (1, |z.|).

In this way, we can numerically obtain solutions h;(z) of the corresponding Heun equa-
tion in a neighbourhood of each of the horizons ;. We can then plug the solution /;(x)
into the ansatz (3.2.10), and normalize by adding a factor N; = e~ “Pr- 1;—‘”;; with
x; = x(r;). Thus, we obtain solutions to the radial equation which are defined in the
neighbourhood of one of the horizons r; and behave as ~ r; 'e®"™ for r — r;. We will
call these solutions R’ ,(r).

Once we have these solutions, we can obtain the scattering coefficients in (3.2.4) and
(3.2.5) as follows: We express the functions r *FY N € {I, 11}, in terms of the R’ , and
the scattering coefficients. In this way, one obtains two expressions for each r~* F'% from
the two asymptotic limits of these functions. Comparing the two expressions as well as
their first derivatives in a region where they are both well-defined then yields equations
for the scattering coefficients. If one solves the equations for the scattering coefficients,
one finds that they are given by

+ pe R

- WIR ,ii] | 71— W[R—’ii], (3.2.24a)
W[RC’R ] W[RC,R ]
. =+

AU _ % | T _ % _ (3.2.24b)

Here, we have dropped the w/-subscripts for brevity.

Thus, this formalism allows us to numerically compute the scattering coefficients even
in the case of a general scalar-field mass when other methods based on the Heun equation
such as the MST-method [102], which was applied to asymptotically-de Sitter spacetimes
in [98, 103], are not applicable. For the Heun-equation case, recent results indicate that
it is even possible to obtain analytical expressions for the scattering coefficients by using
methods based on 2-dimensional conformal quantum field theory [104, 105]. Nonethe-
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less, for our purposes the applicability to a general scalar-field mass is a decisive advan-
tage of the numerical formalism presented here.

3.3 Extension to the charged scalar field on RNdS

In this section, we will demonstrate how the method described in the previous section can
be extended to charged scalar fields on RNdS.
The charged scalar field satisfies the equation

[D,D" —1*] =0, (3.3.1)

where D, = V, — iqA, is the (gauge-)covariant derivative, and ¢ is the charge of the
scalar field. Note that the Klein-Gordon operator is no longer real. Hence, if ¢ solves
(3.3.1), then ¢ solves the complex conjugate equation, which is not the same.

Making an ansatz of the form (3.2.1), and changing to r, and F,(r.), the radial equa-
tion takes the form

2
[03* — Vi(r) + (w — @) ] F(r.) =0, (3.3.2)

with V(r) of the same form as in (3.2.3b). For the charged scalar field, we have a gauge
freedom of the form

Ay (z) = Ay(x) + d,x(2) d(x) = X (z) (3.3.3)

with y any smooth function. One can see that transformations of the form y = ct, with ¢
some constant, leave the radial equation invariant, while they change the ¢-dependence of
¢ to e~"“=°) and change A to (—Q/r + ¢) dt. For the rest of this section, we will choose
c=Q/ry,sothat A, = Q (rjrl - Tfl) vanishes at the event horizon. We will also define
a new frequency w = w — ¢, and drop the tilde from here on out. The radial equation then
reads

[af* —Vi(r) + (w — =+ —)2] Fo(r.) =0, (3.3.4)

and the solutions we are looking for now take the form

eiwr* + RI e‘i“”* Ty — —00
Fioy(rs) = { | o (3.3.5)
T T Tw — 00
in the exterior region of the black hole, r € (r,r.), or
e—iwm Ty — —0OO
F(r) = ' ' * 3.3.6
wZ( ) {ﬁ%e—z(w—wn)r* + Rggez(w_wn)r* r, — 00 ( )
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in the interior region r € (r_,r,). Here, we have defined w; = ¢Q(r;' — ;1) and
wir = qQ(r=" — r1"). Using the Wronskian, one can show that the coefficients satisfy

RLP + 2 :wl T =1 (3.3.72)
2 2 w
[ Toel” = 1Rl = = (3.3.7b)

Next, we change to the radial coordinate x, see (3.2.7), and make the ansatz (3.2.10), but
with a; given by

)i aedr) ailrs). (3.3.8)

2:‘%’

a; = sign (0, A,

These coefficients still satisfy ) -, a; = 0 [98]. Then, up to functions which are smooth
in a neighbourhood of the corresponding horizon, the ansatz divided by h(x) behaves
as e“™ as r — 1, as /@™ ag r — r, and as !9 as r — r_. This can be
seen by a computation as in (3.2.11). Note that due to the modification of the a;, the
D in (3.2.11) is a function of r which is smooth at the horizon under consideration for
the charged scalar. Nonetheless, we can again look for solutions with regular i(z) at the
corresponding horizon.

The equation for h(x) is of the same form as for the real scalar field, with the a; adapted
accordingly. Thus, it can be solved in the same way as before adopting a power-series
ansatz, which yields a recurrence relations for the coefficients of the power series of the
same form and with the same large-n limit as in (3.2.18). Consequently, the analysis of
the radius of convergence for the power-series solutions carries over to the charged scalar
field. Once the local solutions obtained this way are properly normalized, we obtain the
scattering coefficients analogously to the real scalar field.

3.4 The energy flux at the Cauchy horizon

In this section, we present numerical results for the difference of the expectation value
of the energy flux of the real scalar quantum field between the Unruh- and comparison
state evaluated at the Cauchy horizon of a RNdS spacetime, (7,);; . As discussed in
Section 3.1, sCC on the RNdS spacetime will be restored by quantum effects if this flux
is generically non-vanishing. Moreover, the flux will influence the fate of an observer
approaching the Cauchy horizon. To obtain the results we apply the formalism introduced
in Section 3.2.

Before we get to the results themselves, let us outline the numerical implementation.
We use Mathematica 12.1. We start by picking a data set (A, M, Q, u*, w, ) with M =1,
consisting of a choice of spacetime parameters (A, M, Q), a mass 2 for the scalar field,
and a set of parameters (w, /) in R, x N'. As an alternative set of spacetime parameters

"We avoid setting w to exactly zero due to a divergence of the scattering coefficients R!! and 7' atw = 0,
see the discussion in [16] and [106].
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one can also use the three horizon radii, leading to the data set (r_, 7, 7., u?,w, £). For
the chosen data set we solve (3.2.18) with initial conditions hg = 1 and h,, = 0 for
n < 0 up to some large value of n for each of the three horizons. In the special case
of a scalar field with mass p? = 2A /3, which satisfies the same equations of motions as
the massless, conformally coupled scalar field, we can instead use the functions "HeunG"
which have been implemented in Mathematica 12. This is more efficient than solving the
recurrence relation in terms of RAM allocation and computation time. The application of
the function "HeunG" to the wave equation on black-hole spacetimes has been introduced
in [107]. From this approximation of h;(z), we can then obtain an approximation for the
normalized solutions R’ , as described above.

We then evaluate the normalized solutions in their overlap region. For the cases of
small A and large () considered here, one has |z.| > 1/2. Therefore, we choose the
evaluation point z = 1/2 in the overlap of R, and R_,, and z = —1/2 in the overlap of
R¢, and R},. For cases where |x.| >> 1, it is more convenient to choose z = —0.8 as the
evaluation point in the overlap of R¢, and R},

In order to test our approximation and estimate the error due to the cut-off of the power
series in h;(x), we calculate the relative contribution of the last term in the expansion of h;
to R" at the evaluation point. We find that about 5000 terms are sufficient to keep the error
below O(107'°). The numerical precision for the evaluation of the recurrence relation
is chosen such that numerical errors remain of order O(107°). When the "HeunG"-
functions are utilized, the numerical precision for their evaluation is chosen of the same
order or higher.

In the next step, we plug R’ , into (3.2.24) to compute the scattering coefficients. Before
we use the scattering coefficients to compute the energy flux of the scalar field at the
Cauchy horizon according to (3.1.6a), we can perform a number of consistency tests.
First of all, we make sure that the scattering coefficients satisfy (3.2.6) up to errors of
order 10~1°. Second, for some example parameters, we compared our results to results of
numerical integration of the radial equation. The results are in agreement to the 0.02%-
level for wr, ~ 1, and their agreement is even better for smaller w. Subsequently, we
check that also the second derivatives of the different expressions for 7' F) agree at the
evaluation point. We find the error to be of the order O(10~'?), the same order as our
estimate for the cut-off error.

Finally, we use the results for the scattering coefficients to compute the integrand in
(3.1.6a). We repeat this process for different values of w and ¢. The numerical results
show that the integrand wn,(w) decreases rapidly with ¢. The decrease from ¢ to ¢ + 1
can be as large as four orders of magnitude for small values of A and 12, as for example
indicated in Fig. 3.1a and Fig. 3.1b. However, for larger values of A and y, the decrease
from ¢ to ¢ + 1 can become even less than one order of magnitude, see Fig. 3.1c and
Fig. 3.1d for an example. For the results presented here, we used all /-modes with

max | Mwng(w)| > 10717

The integral over w is estimated by the middle Riemann-sum, while the discretization
error is estimated by the difference to the upper Riemann-sum. We scan over w up to
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Figure 3.1: The integrands wng(w) and wn,(w) for a massless scalar with AM? = .02
and Q/M = 0.9917 (Fig. 3.1a and Fig. 3.1b), as well as for a scalar of mass
1000A /3 with AM? = 0.14 and Q = 0.9945 (Fig. 3.1c and Fig. 3.1d).

some maximal value wy,x Which is determined by the condition wny(w) < 107'° for
W > Wmnax. For large Q /M, wma = 3M ! is sufficient, while for some comparably small
values of Q)/M we choose wm.x = 4.5M ~1. In this way, the dominant contribution to
the error estimate comes from the discretization of the integral, which gives us a rather
conservative estimate of the numerical error of the whole computation.

Another way to observe the decay in ¢ is to compute the approximate integral over
w but not the sum over /. In other words, we compute the contribution to <TW>U_C by
modes of a fixed angular momentum,

2w+l [
_ 2+ / 34.1)
0

”” 16722

Here, ny(w) is as defined in (3.1.6b).

Fig. 3.2 shows 79 for the conformally coupled scalar field at AM? = 0.02 as a func-
tion of /M for £ = 0,1, 2. One can see clearly that in most of the range depicted here,
the (¢ = 0)-term dominates, and all other terms only give small corrections. The ex-

ception is the region around (), where 79 vanishes. Here, the higher /- modes become
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Figure 3.2: The contribution of modes with different angular momentum ¢ to <Tvv>U—c
for ¢ = 0 (red), ¢/ = 1 (blue) and ¢ = 2 (orange) as a function of ) /M. The
mass of the scalar field is given by p?> = 2A/3, the cosmological constant is
AM? = 0.02.

relevant, with the dominant contribution coming from the (¢ = 1)-mode. Therefore, the
behaviour is always dominated by the low ¢/-modes, justifying our rather low cutoff in /.

1007, M*

25-
20+

—5F

Figure 3.3: The energy flux (T,,);,_ as a function of the black-hole charge ) /M at the
Cauchy horizon for a massless (red) and conformally coupled (blue) scalar
field, with cosmological constant AM? = 0.02.

In Fig. 3.3, the flux (T,,);_¢ at the Cauchy horizon is shown for the massless and
conformally coupled scalar field. The cosmological constant is set to AM? = 0.02, the
lowest value considered in [40], and /M ranges from 0.95 to 1.001. We see that in-
deed, (T,,);_c is non-zero in general. Another interesting feature is that (7%,);_ passes
through zero and becomes negative for (/M sufficiently large. Consequently, while the
energy flux diverges generically as V2, it depends on the spacetime parameters whether
it diverges to +o00 or —oo. In turn, nearby geodesics could be accelerated towards or away
from each other when approaching the horizon, and hence finite-size observers could be
destroyed by squeezing or stretching correspondingly, see Section 3.1, and [16, 92] for
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similar discussions.

Indeed, the results are very similar to the results obtained for the massles scalar field
on the Reissner-Nordstrom spacetime in [92]. Comparing to TU({} in [92, Fig. 1], we see
that their result has similar features, including the change of sign as well as the decrease
towards extremality. In contrast to the computation presented here, the results in [92]
were obtained by using the ¢-splitting variant of the pragmatic mode-sum renormalization
scheme [14]. While state subtraction is arguably simpler on the Cauchy horizon, the
advantage of the pragmatic mode-sum method is that it is possible to compute expectation
values off the horizon without significant complications, see e.g. [108]. The energy flux
of the massless scalar near the inner horizon of Reissner-Nordstrom has likewise been
analysed analytically in the near-extremal regime [109], revealing that it behaves like
(Tyo)y ~ —(1—=(Q/M)?)? in the extremal limit. While such a result is not known for the
real scalar field on RNdS yet, it seems possible that it can be obtained given the behaviour
of our numerical results in the near-extremal limit.

We note also that the results in Fig. 3.3, in contrast to those in [92], show (T,,)y_c
for two different masses p of the scalar field, indicating that <Tvv>U—c increases with L.
Consequently, the value of )/M at which (T,,),_. becomes negative increases. This
leads to the question whether there is a mass p. of the scalar field, possibly dependent
on AM?, above which the sign switch in (T, );_¢ as a function of Q/M is absent. To
answer this, a more detailed examination of the dependence of <TUU>U7C on the scalar
field mass is necessary.

12=20A/3

2=0 2=2A/3 6
1057, % g 10T, ¢ =N 107, 1°
‘MW.OOOQ/M ‘W_OOO‘Q/M 6
_ =0.5] 5
-5 }//l/r—/"’//(’/k/(// 5
-1.0 4
=10
-15] 3
- 15| -2.0] 5
-20| 23 1
=30
25| 10,992 0.994 0.996 0.998 Tood ™M
(a) (b) (©

Figure 3.4: (T\,,);_c as a function of ()/M in the part of the parameter regime, where
sCC is violated classically [40]. The three subplots show the massless (3.4a),
conformally coupled (3.4b), and u? = 20A/3 (3.4c) case. The cosmological
constant is fixed to AM? = 0.02 (red)/ 0.06 (blue)/ 0.14 (orange). The result
is restricted to () < M.

In Fig. 3.4, the flux as a function of @)/M is shown in the near-extremal regime for
different masses p of the scalar field and all three values of the cosmological constant A
considered in [40]. This limit is of particular interest, since this is the parameter region
in which the classical violation of sCC occurs [40]. One observes that in the last plot,
Fig. 3.4c, (T,,)y_c is positive in the near-extremal regime. This is an indication that
there is indeed a mass y.(A), so that for 41 > /i, the quadratic divergence (7, );_, of the
energy flux remains positive for all Q) /M.

To explore this dependence on the scalar-field mass further, we plot the mass depen-
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Figure 3.5: (T,,);;_¢ as a function of the mass squared p* of the scalar field. The space-
time parameters are the ones which correspond approximately to the lowest
values of /M with AM? = 0.02 (red), 0.06 (blue), and 0.14 (orange), such
that sCC is classically violated [40].

dence of (T,)y;_ for fixed Q/M and AM? in Fig. 3.5. The spacetime parameters are
fixed to the smallest () /M at which classical violation of sCC occurs [40] for the corre-
sponding A: we set Q/M = 0.9917 for AM? = 0.02, Q/M = 0.992 for AM? = 0.06,
and Q/M = 0.9945 for AM? = 0.14. We observe that, again, the flux is generically
non-vanishing, but can have either sign depending on the mass of the scalar field, even
when the spacetime parameters are fixed.

The mass dependence of (7,,);_ for fixed spacetime parameters has a number of
interesting features: for small values of u?, (T),),_ increases rapidly with 2, leading
to the change of sign. At intermediate ;2, (Two)y_ reaches a maximum, and at large u?
it is asymptotically approaching zero from above.

If one reinstates the gravitational constant GG explicitly, one can write the mass y in
units more commonly used in particle physics,

- 1.785 - 107 <Gev>2

W= W) G (342

c2
It is thus clear that the scalar-field masses tested here are very small compared to, for
example, the Higgs mass, at least for black holes of solar mass.

Overall, our results show that, at least for small enough masses of the scalar field, the
energy flux of the quantum scalar field diverges faster than its classical counterpart as the
Cauchy horizon is approached. This divergence indicates that sCC in the formulation by
Christodoulou [31] can be restored by the quantum effects. Yet, the leading divergence
of the flux can have either sign, depending on the parameters of the spacetime and the
scalar field. Thus, the final fate of an observer approaching the horizon will depend on
the spacetime- and scalar-field parameters. Recently, it has even been argued [110] that
the strong quantum effects at the inner horizon may altogether alter our understanding of
black-hole evaporation.

One may worry that the restoration of sCC breaks down when (7,,);_ vanishes,
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which is the case as it changes sign and hence crosses through zero. But since this is
an isolated point in Fig. 3.3, achieving (T,,);_c = 0 for given masses of the black hole
and of the scalar field and for given cosmological constant will require a fine tuning of
the black-hole charge. Thus, this will not be the generic situation, and its existence is not
a contradiction to sCC.

However, there is another way of looking at that issue which is interesting in its own
regard and which we will discuss hereafter. A publication of this discussion together with
J. Zahn is in preparation. The numerical calculations have been performed by me.

Let us consider the correlations of the stress-energy tensor, renormalized by Hadamard
point-splitting, near the inner horizon. If we take the correlation between two points = and
y outside the Cauchy horizon where the Unruh state is well-defined, a straight-forward
computation yields

(T3 (@) T (1)) — (T (@) AT5" (W) p = 2 (0,2 (2) 0,2 (1)), - (3.4.3)

The same formula can be obtained for the comparison state as defined in [16].

For the question above, we are particularly interested in the correlation on the hori-
zon, so we will choose = = (U_, 0,6, ) to be some point on the Cauchy horizon, and
y = (U_,0,0 + 00, ¢) separated from x in the f-direction. We note that the comparison
state in [16] is constructed to be stationary. Hence, the right hand side of (3.4.3) for the
comparison state can be computed on either part of the inner horizon, HX or HE. If we
compute it on HZ, setting for example x = (0,V_,60,¢) and y = (0,V_,0 + 66, ), it
formally takes the form [16]

(0,8(0)0,8(0 + 60)) = 3 12; =1 Py(cos06) / weoth (72) dw,  (344)
T 7’
=0 )

where P, are the Legendre polynomials, or, equivalently,

dV dV’ d*Q,

r2 [ BE(\V,0,Q;2)E(V',0,Q; 2 + 60)
(0.2(6)0, (6 +56)) = — Tim / et
compare [16, Eq. (66)] and the discussion in Section 2.5. Taking into account the support
properties of F, one can see that this vanishes as long as 60 # 0. Therefore, we can
subtract the right hand side of (3.4.3) in the comparison state from the result in the Unruh
state without changing the result. In fact, considering (3.4.4), this is the same as sub-
tracting a "blind spot" [15] from the corresponding expression in the Unruh state, which
does not alter the result, but can improve the convergence of the numerical computation
significantly.

Using also the stationarity of the Unruh state, we obtain

(0,(0)0, (0 + 60)); = Y Pucos 60)T,L) (3.4.5)
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Figure 3.6: The correlation of the energy flux 7}, in the Unruh state at the Cauchy horizon
at angular separation 6. The two red lines indicate the ()/M-values @), at

which 7.y = 0 (left) and Q. at which (T,,,),_ = 0 (right).

where T\ is as defined in (3.4.1). Taking these results together, we can already see
that for 56 — 0, the leading divergence of the correlation of the energy flux at H% will
approach 2 (Tw>%_c. Note, however, that the correlation is no longer well-defined in
the limit 60 — 0. In this limit, the two stress-energy tensors must, in addition to the
f-direction, be smeared in a time-like direction. This can be seen by computing the wave-
front set of the squared Unruh-state two-point function, wV(z, y)?, by an application of
[68, Thm. 8.2.10].

Recalling the analysis of 7; ) in Fig. 3.2, one can guess that for () /M sufficiently far
away from @)y, where 7T O vanishes, the right-hand side of (3.4.5) will only depend very
weakly on cos 66, while it will be approximately linear in cos 06 in a neighbourhood of
(o We would expect that, consequently, the correlation between the energy flux at ¢ and
0 + 66 at the inner horizon is only weakly dependent on 6 except for a narrow parameter
range in (/M around (). In this range, we expect the dependence to be dominated by
the behaviour of P;(cos §6)?, which behaves approximately quadratic in cos 66.

The numerical result for the correlation in a small neighbourhood of (), are shown in
Fig. 3.6. One can clearly see that there is only a very weak dependence of the correlation
on 6 except for a very narrow range of ()/M around )y which is indicated by the left
red line in Fig. 3.6. Indeed, the behaviour of the correlations along this line seems to be
compatible with the expected cos? §0-behaviour. Another point of interest is (), where
(Two)y_c vanishes and which is indicated by the right red line in Fig. 3.6. At this value
of /M, the correlation is of the same order of magnitude as for other nearby values of
Q) /M for sufficiently large 6.

These results have a number of implications. First of all, since the correlation is es-
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sentially independent of # for most of the range in ()/M, it is approximately given by
2 <Tw)%7c. Thus, changing to the Kruskal-type coordinate V_, the covariance of Ty
diverges as V.~ * as the Cauchy horizon is approached, and the prefactor is of the same or-
der of magnitude as (Ty_v._ >%7 o~ As aresult, there will be huge fluctuations in the energy
flux correlated over macroscopic distances, and these fluctuations will have a size com-
parable to that of <Tv_ V. >;_C. Since the validity of semi-classical gravity requires that
the fluctuations of the stress-energy tensor of the quantum field remain small compared to
the expectation value, so that the expectation value is a good approximation, this signals
its breakdown near the inner horizon. Of course, the divergence of the expectation value
also signals a breakdown of the semi-classical theory, since it will lead to a divergence of
the curvature, while the semi-classical theory is only expected to be valid as long as the
curvature remains small compared to the Planck scale. A more detailed analysis of the
stress-energy off the horizon would be required to resolve the question in which way the
semi-classical theory breaks down first as the horizon is approached.

Second, it is very remarkable that near ()., the correlations of 7.y, are actually larger
at larger angular separation. The reason for this behaviour is the dominance of the low-¢
modes: at (), one has approximately T = —Tv(i), while higher /-modes do not play
a significant role. At large angular separation, P;(cosdf)) ~ —1, and the cancellation
between the (¢ = 0)-mode and the (¢ = 1)-mode is lifted. Nonetheless, this behaviour is
very counter-intuitive to physical expectations.

Third, at ()., where <Tvv>U—c vanishes, there are still correlations at large angular sepa-
ration comparable in size to <Tw>%7c at other nearby values of () /M. Thus, even though
the expectation value of the energy flux might vanish there, the typical values of T, in
an actual realization will be of the same order of magnitude as for other nearby values of
(/M. But when the average over different realizations is taken, the positive and negative
realizations of 7;,, are spread such that they cancel on average.

This last observation relates back to the question whether the zero of (T5,,);_( at the
Cauchy horizon as a function of ) /M poses a problem for sCC. Even when the expecta-
tion value vanishes, the stress-energy tensor in a typical realization will not, and sCC is
restored by quantum effects.

To summarize, we have shown that in the setup of linear perturbations by a real scalar
field on a RNdS spacetime, quantum effects can restore sCC in the case where it is classi-
cally violated. In particular, the expectation value of the energy flux 7y, 1, has a quadratic
divergence at the Cauchy horizon. This effect is independent of the quantum state, as long
as it is a Hadamard state in the RNdS spacetime up to the Cauchy horizon.

Nonetheless, we found that the sign of the prefactor of the quadratic divergence does
depend on the parameters (Q/M and AM? of the spacetime and the mass p?M? of the
scalar field. Via backreaction on the spacetime described by the semi-classical Einstein
equations (1.0.1), this leads either to infinite stretching or squeezing of observers ap-
proaching the horizon. While sCC is restored in any case, the final fate of an observer
falling into the black hole therefore depends on the parameters of the black hole and the
scalar field.

Further, we find that at the Cauchy horizon, there are sizeable correlations of the stress-

61



energy tensor over macroscopic distances, which are moreover divergent. This is not only
a counter-intuitive behaviour of the correlations, but also signals an additional reason for
the breakdown of semi-classical gravity.
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4 The charged scalar field in
Reissner-Nordstrom-de Sitter

In the previous chapter we presented a method for the numerical computation of scattering
coefficients on the RNdS spacetime. Our motivation for this computation was to study
the quantum scalar field near the Cauchy horizon of this spacetime and to see whether its
effects could restore sCC.

Since we consider a spacetime with a charged black hole, it seems reasonable to also
consider a matter model that can accommodate for the creation of such a black hole. In
other words, we would like to consider a matter model of charged particles. The simplest
example thereof would be a charged scalar field.

These considerations were also made in [111], as an alternative remedy to the classi-
cal sCC violation. However, it was found in [112] that even when charged scalar fields
are considered, there is still a parameter region of the black hole close to extremality,
albeit much smaller than for the real scalar field, in which sCC is classically violated.
This leaves the question whether sCC can again be restored if the quantum effects of the
charged scalar field are taken into account.

However, considering a charged scalar field on this spacetime raises another interesting
question. Since there is a non-vanishing background electromagnetic field in the RNdS
spacetime, a charged scalar field on this spacetime should induce a charge current j,.
This current influences the energy of the electromagnetic field and thereby contributes
to the backreaction of the quantum field onto the spacetime through the semi-classical
Einstein-Maxwell system

Guo+ Agvo = 81 ((The)y + Evo) (4.0.1a)
V' Fyy = —47 (o) y - (4.0.1b)

Here, W is an appropriate Hadamard state for the charged scalar field. Assuming that the
corrections to the spacetime maintain spherical symmetry, we can make the ansatz (3.1.1)
for the metric and

Q

F:—ﬁe

“du A dv (4.0.2)

for the field-strength tensor F, where we also take () as an unknown function of u and
v. One can see by GauB}’s law that this function corresponds to the charge contained in a
surface of constant u and v with area 4712,

The vv-component of the semi-classical Einstein equations then leads to the solution
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(3.1.4) for 0,7, while the v-component of (4.0.1b) can be written as
9,Q = —4mr* (ju,)y (4.0.3)

using the weak-backreaction assumption as explained in Section 3.1. Thus, the sign of
the current decides whether the (local) charge of the black hole decreases ((j,)y > 0) or
increases ((j,)g < 0).

One can also consider the electromagnetic field strength

/1 Q
—§F QFVQ: 7'_2

Combining (3.1.4) and (4.0.3), one finds that near the Cauchy horizon, the change of the
field strength in the weak-backreaction regime is governed by

Q : Q

In the intuitive particle picture, the occurrence of the charge current can be understood
as follows: Pairs of particles and antiparticles are spontaneously created from the vacuum
at a rate which can for example be estimated by the Schwinger formula [113]. Due to the
background electromagnetic field, the particles and antiparticles are then accelerated in
opposite directions so that over time they eliminate the charge of the black hole. This has
been the starting point for the study of the current in [114, 115].

But the interior of the black hole is not stationary, and hence there is no preferred choice
amongst the different possible notions of particle there, see the discussion in Section 2.2.
Moreover, near the Cauchy horizon, even the behaviour of classical fields is determined
by non-local effects, namely the competition between the cosmological red-shift in region
I and the blue-shift in region II. It seems reasonable to expect that these effects will
influence the behaviour of the quantum fields as well.

Therefore, a first-principle calculation of the current j, in quantum field theory may
be necessary to entirely capture the quantum effects of the charged scalar field near the
Cauchy horizon of a RNdS spacetime. This calculation will be presented in this chapter.
We will start by demonstrating that the results for the Unruh state of the real scalar field in
[16] can be extended to the charged scalar field and we introduce a mode-sum representa-
tion of the Unruh state. Afterwards, we will derive a formula for the current in the Unruh
state using Hadamard point-split renormalization. We will numerically study the current
with this formula in regions I, II, and at the event horizon. Finally, we will consider the
charged scalar near the inner horizon. We will demonstrate that the leading divergence
of both the current and the stress-energy tensor is state-independent and show numerical
results for this leading divergence.
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4.1 The Unruh state for the charged scalar field

In this section, we sketch how the Unruh state can be defined for the charged scalar and
how the proof of its Hadamard property can be obtained from the case of a real scalar
field on RNdS [16]. This has been shown in the supplementary material to [116]. This
supplementary material was developed and written mostly by me, with helpful discussions
with J. Zahn and S. Hollands. Moreover, we introduce the mode-sum notation of the
Unruh state, which can be found in [116, 117]. For these two papers, I did both the
analytical as well as numerical computations under the supervision of J. Zahn and S.
Hollands.

Before we begin by constructing the operator algebra for the charged scalar quantum
field, we should mention that even for the classical charged scalar field, there exist insta-
bilities in the black-hole exterior of RNdS spacetimes [112, 118—120]. These instabilities
are quasi-normal modes which are non-decreasing or even increasing with time. Quasi-
normal modes are solutions to (3.3.1) in region I which are purely ingoing at » — r and
purely outgoing at r — r. and which describe if and how perturbations of the black hole,
in this instance by a charged scalar field, decay away over time. These instabilities only
appear for small charge ¢ and mass p of the scalar field, as well as small cosmological
constant A. A condition for the absence of the instability is given in [112, Eq. (4.6)]. In
this work, the authors use the fact that the instability appears for small values of ¢, and
treat this case analytically using perturbation theory. They find that for v, /r. > /2 — 1,
there is no instability near extremality. This condition can be reformulated as a lower
bound on AM? for given Q/M. Since the classical instabilities obstruct the construction
of the quantum theory (as well as making it a somewhat academic exercise, since the
spacetime will already be significantly altered by the classical field), we will restrict all
the considerations in the following to a parameter region in which no classical instabilities
arise.

As mentioned in the previous chapter, the equation of motion for the charged scalar field
¢ is given by (3.3.1), while the complex conjugate field ¢ obeys the complex conjugate
equation. We will call the corresponding Klein-Gordon operator in (3.3.1) ;. We take
our spacetime (M, g) to be a globally hyperbolic region of the RNdS spacetime, namely
the union of regions I, IT and III together with the horizons ’Hf and 7—[CL between them,
see Fig. 2.2.

We have already discussed that the charged scalar field allows for gauge transforma-
tions of the form (3.3.3). One way to deal with the gauge in a neat and systematic way is
to consider the charged scalar field as a smooth section of the complex line bundle asso-
ciated to the principal bundle P(M, R), with the representation of any a € R on C given
by the multiplication operator €%, see [121]. In this way, scalar fields differing only by
a gauge transformation are identified. However, for explicit calculations, a representative
of the equivalence class has to be chosen, which corresponds to fixing a gauge. Therefore,
in this work, we instead keep track of the gauge explicitly throughout the constructions
and computations.

65



The gauge transformation (3.3.3) induces a gauge transformation of K, of the form
Ky — X e "X (4.1.1)
In the following, we will use the notation

I dy,
T

DVX) - VV - Zqu(/X) )
KO — gVQDl(,X)DéX) — 2

q )

whenever we wish to make the gauge explicit.

Note that the A defined in (2.4.4), which corresponds to A© in the above notation,
ceases to be regular at the horizons. However, this can be seen as a result of the choice
of gauge, since the gauge-invariant field-strength tensor F),, is regular. At {r = r;},
i € {—,+,c}, this can be remedied by setting x = x; = tQ/r;.

If we want the charged Klein-Gordon operator to be a differential operator on M as
defined in Section 2.3, then we have to demand that X|{r:n} = x; + h; for all ¢ and
for some smooth functions h; € C°°(M), so that the irregularity of dy cancels the ir-
regularity in A. As a consequence, the difference of two such gauge functions y and
X’ is a smooth function on the whole spacetime M. We will refer to gauges satisfying
this condition as "regular" gauges. A regular gauge can for example be constructed as
follows: Let ¢; € C*°(R), with i € {—,+, ¢} be supported in [r; — J,7; + 0] for some
0 > 0. We also assume that ¢; = 1 in a neighbourhood of r;. Let the gauge function be
X = >, t¢(r)Q/r;. Then x is smooth in the interior of I, II, and III, and it satisfies the
condition for a regular gauge at all horizons.

Let us also note that we have
0 (K{Ieimg(x)) = Ko, (¢7%0) (x) — ige'™ [KL, dyx] o(x).

Hence, as long as we choose a gauge such that 9,0, x = 0, or in other words a gauge of the
form y = ct+ h(r, 0, ) for some constant ¢, the Killing field 0; maps solutions of (3.3.1)
in the gauge y to solutions in the same gauge. Therefore, it will sometimes be useful to
choose a gauge of this form, and we will refer to a gauge satisfying this condition as a
"static" gauge. Note, however, that we cannot make A smooth at all horizon radii = r;
with a gauge of this form, but only at one of them. In other words, static gauges are not
regular on all of M.

Let us assume for the moment that we have fixed a regular gauge x . Since (M, g)
is globally hyperbolic, and the principal symbol of ngX) is of the form ¢"%(x)k,k, (i.e.
IC,(IX) is normally hyperbolic), we can again find unique retarded and advanced Green’s
operators E00* Cidpess)feM) = CFpess) (M) satistying (2.2.3) with K replaced
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by IC((JX) [55, Thm. 3.3.1]. Their integral kernels also satisfy

EX*(z,y) = E0*F(y,z).
From them, we can construct the commutator function

EX — OO+ _ pbd—. C(M) — S(X)(./\/l).

q

Here, SgX)(M) is the space of solutions to (3.3.1) in gauge (x) with compact Cauchy
data. The commutator function satisfies (2.2.4) with K replaced by ICC(IX) and

EW(f,h) = (fIEVh) = —(EWf|h) = (W EW f) = BN (h, f),  (4.1.2)

for any f,h € C§°(M), where

(F|h) = / Fla)h(z) dvol, (z)
M

Thus, the space (C§°(M) /IC((]X)CSO(M),E(X)) is a charged symplectic space with
charged symplectic form EX), following the notation and convention of [122].

The gauge transformation of ICgX) induces a gauge transformation of (the kernel of)
E®) of the form

EW(z,y) = EX)(z,y) = X0 Bz, )e O —0W) (4.1.3)

Therefore, the gauge map
ved (X = X) 1 CE(M)/KYICE(M) 3 [f] = €909 f] € Cgo(M) /KX CiE (M)

leaves the charged symplectic form invariant.

On S$Y(M), we can define

7(6,0) = [t (FDY6 —~ DV0o) duoly, b6 SPM), @l

by

where X is any space-like Cauchy surface with future-pointing unit normal n$, and in-
duced volume element dvol,. This is a charged symplectic form on S(SX) (M) satisfying

o(EX(f), EX(h)) = EY(f,h) V[.h € CF(M).
Similar to the real scalar case, the last property can be utilized to show that the map

EX : (C(M)/KXC (M), EX) — (S (M), o) is an isomorphism of charged
symplectic spaces.
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In addition, o is invariant under the gauge-transformation map

Sq

& (X = x) 1 S M) 3 ¢ X6 € SHI (M),

which can thus be seen to be an isomorphism of charged symplectic spaces. Therefore,
we can use any of the spaces discussed above to construct the CCR-algebra.

Let us take our algebra of observables to be the free unital x-algebra generated by
PN (f) and ®*N(f), with  a fixed but arbitrary regular gauge and f € C°(M). We
impose the relations

* (Anti-)linearity ®™ (af + h) = a®X(f) + X (h),
(I)*(X)(af + h) — a@*(X)(f) + (D*(X)(h)

+ Klein-Gordon equation ) (/C((JX) f ) = ¢ (lCéX) f ) =0

» Star-involution (&0 (f))" = @*C(f), (&*N(f))" = X (f)

« Commutator property [®0(f), ®*(h)] =iEX(f, h)1,
[@(X)(f))(p(x)(h)] — [q)*(x)(f),q)*(x)(h)} =0

for all f,h € C3°(M) and o € C. Note that this choice makes the field ¢ antilinear,
while ®* is linear, compare [122, 123].
In the construction of the algebra, we have made an arbitrary choice of gauge. Let

us call this algebra A (M). Then the gauge isomorphism wG (X" — x) induces a *-
automorphism a(x' — x) : AX (M) — AN (M) by

a(X' =) (2X(f)) = % (v (v = x)71f) = 0N (e ) | (4.1.50)
(X' = x) (@ 0(f)) = 20 (4 (' = x)7'f) = @0 (e F) - (4.1.5b)

Letus define X (f) = a(x'—x) (2N (f)) and X (f) = a(x'—x) (®*X(f )) Then
SN (f) and ®*X)( f) satisfy the same relations as the generators (), ®*C)(f) but
with y replaced by y’. Thus, they generate the algebra A" (M). Therefore, the algebras
for different (regular) gauge choices are isomorphic, and it does not matter which one we
use to describe the theory. We will thus drop the y-superscript unless confusion arises.

The physical observables are the gauge-invariant elements of A(M), namely those
a € A(M) that are invariant under the gauge automorphisms «a/(h), a(h)a = a, for all
h e C®(M).

Quasi-free states on this algebra are determined by the two-point functions

wi(f.h) =w (2(f)2*(h)) , (4.1.6a)
w? (f,h) = w (®*(h)®(f)) . (4.1.6b)

They are sesquilinear functionals on C§°(M) x C§° (M), which are related by
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and must satisfy w4 (f, f) > 0, and w¥ (IC,f, h) = w¥ (f,KCsh) = 0, see also [123]. We
will often omit the w-superscript indicating the state unless it is required for clarity.

After this preliminary discussion, let us now define the Unruh state for the charged
scalar field on RNdS and sketch how the proof of its Hadamard property can be obtained
by generalising the results from [16]. The Uhruh state for the charged scalar field on
RNdS will be defined in analogy to the one for the real scalar field presented at the end of
Chapter 2 by

w(f,h) (4.1.8)
2 B (etax+—x) U, . O E®) (eldx+—0 U . Q
oy 7 [T U B 0l () g g, gy
=0+ T (Uy — UL —ie)?
RxRxS2
2 r B©(eta(xe—x) O)E© (eilxe—x) ' Q)
— lim r_c/ (6 f) 'Hc(‘/cv ) ‘(e )Hc(‘/(m )d2Qd‘/Cd‘/cl
e—0t+ T (Vc _ Vc/ _ 16)2

RxRxS2

Here, we have introduced the notation (i), i € {—, +, ¢}, for the gauges with x; as de-
fined at the beginning of the section. Note that these gauges are not regular, but we have
IC¢(1+), IC((IC) € Diff*(I), so they are regular on I. Therefore, we first restrict to test func-
tions f, h supported in I. However, at least for these test functions, w(j‘) (f,h) can also be
written in the form

w(f, h) (4.1.9)
3 EC(f)l, (Us, QB () |3, (UL, Q)
— _ lim % ) O U Q +\Y+s +\Ys 20) '
i 5 [ 000 = QA0
RxRxS?2
2 EC (). (Ve, QEX (R |5, (V!, Q)
— lim =< [ ¢V Q: V. Q L e d*QdV,.dV]
Eféiﬂ/gc (Ve 05V, ) (Vo= Vi —ie)? o
RxRxS?
where
gz(x) (z,y) = e1a(Ox=xa) (@)= (x—xi) (v))

is a smooth, bounded function on H; x H,. Since the gauge Y is regular, the commutator
functions £ can be uniquely extended from C5°(I) to C5°(M). Therefore, it becomes

apparent that wng) (f, h) can be extended to C§°(M) x C5°(M).

The two-point function w™ can be obtained from wﬁrX) using (4.1.7). It has the same

form as wELX), but with —i¢ — ie in both denominators.

The integrals in (4.1.8) can only be well-defined if the elements of S,(M) restricted to
‘H. or ‘H. decay sufficiently fast for U, ,V, — —oo. This is the case, because the results
of [39] continue to hold also for a charged scalar field, as long as the charge is sufficiently
small, see also [111, App. Al:
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In the following, we assume that there is a spectral gap a > 0, i.e. the parameters
(A, Q, q, ) are restricted to a parameter region without classical instabilities of the black-
hole spacetime under charged scalar perturbations [112, 118—120]. In this case, a forward
solution ) = E+() f to the differential equation IC((IX)F () = f with smooth source
f € Cge(Q2°) satisfies [39, Eq. (2.59)],

FX) e PO (Lo BN (R x §7)) . (4.1.10)

Herein, 3 = %, I C R is an interval containig r_, and €2 is a neighbourhood of i* as
in [39, Fig. 9]. N € N is arbitrary. The time coordinate ¢, defined in [39, Sec. 2.1] is
related to 7 by £, = —log 7. It behaves as t, ~ ¢t away from the horizons, ¢, ~ v near
Hf, t. ~ unear H and ”Hf and t, — oo, i.e. 7 — 0, towards ¢". In addition to that, as
long as v, < r < r,, one can estimate [16, Eq. (75)]

NFX(t,r,0,0)| < Cr|f]

Cm (IUTIUII) > 0 € {10, 0., Op, 0} , (4.1.11)

for any N € N and sufficiently large m depending on N. The constant C' will depend on
the support of f.

These results can be transferred to results on the backwards solution near :~ with the
help of the ¢ — —t-symmetry [16]. They are sufficient to show the well-definedness of
the integrals. It is also straightforward to see that wSFX) satisfies positivity, the equations of

motion and the commutator property following the same steps as in [16].

In the final step, one can show that the proof for the Hadamard property of the Un-
ruh state, [16, Prop. 4.5], can be adapted to the charged scalar field. First, notice that
the wavefront set of the commutator function remains unchanged, while the form of the
two-point function only changes by the addition of smooth, gauge-related terms when
compared to the real scalar case. Thus, case 1) of the proof of [16, Prop.4.5] also applies
to the Unruh state for the charged scalar field.

For case 2) and 3), let us define the maps

Kj(x) C(0) = LA(R, x S2), 4.1.12)
S [ EO@ T ) (55, Q) ds;

3 W
msinh % g

with j € {+, ¢}, O C I an open connected set, s; = u, and s. = v. One can demonstrate
by a change of coordinates and Fourier-Laplace transform that

CR(0)3 frs KWfF=KXfa KOf e AR, x S3) & L*(R,, x S3)
satisfies

WO (f,h) = <K(X)f, K(x)h>

L2q@r2? ’
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compare [16, Eq. (78)].
Moreover, we note that from our discussion of the Klein-Gordon operator in the (7)-
gauges, one can conclude

EW (rt, 't 4 5,Q) = EW (rit — s, 0", ¢, Q). (4.1.13)

Together with the decay results (4.1.11), see also [16, Thm. 4.4], this implies that the
kernel of K'Y is a Hilbert-space valued distribution on O whose values are in the space
L*(R x S?) @ L*(R x S?). Moreover, the distribution has an analytic extension to the strip
{t +is:s € (0,min{;*, =})} as long as the functions

Ax;(0) = (x; —x)(r t+,0,0) = (x; — x)(1,t,0,9)

with (r,¢,0, p) € O have an analytic extension to this strip. This shows that K has the
same properties as /X defined in [16]. Since the spacetime is still the same, this means that
the rest of the proof of [16, Prop. 4.5] also continues to hold for the charged scalar field,
demonstrating that the Unruh state for the charged scalar field on RNdS is a Hadamard
state as long as a > 0.

Note that (4.1.13) also entails that the two-point function is stationary in region I, i.e.
invariant under 0, as long as Y is a static gauge.

For computational purposes, we would also like to give a mode-sum expression of the
Unruh state. To this end, we need the definition of the modes ¢; that we would like
to utilize for the expansion of the local fields ®(z) and ®*(z). The mode solutions to
the Klein-Gordon equation on RNdS for the charged scalar field, (3.3.1), are obtained as
described in Section 3.3. In particular, we make the ansatz

O = (A7) 2V (0, )R, (8, 1) (4.1.14)
with A running over "in" and "up".

When working with mode-sum expressions, we will restrict ourselves to gauges of
the form x,, = tQ/ro, which were already discussed in Section 3.3. These gauges are
static and only modify h},(t,r). Moreover, they allow us to set A = 0 at any fixed but
arbitrary radius ry. They are thus especially simple to use for calculations. Since we are
only computing gauge-invariant observables and making sure to always use a gauge that is
regular in a neighbourhood of the point at which we evaluate the mode solutions, choosing
a gauge which is not regular everywhere should not cause any problems. We will denote
the ,,-gauge by a (rq)-superscript on h,(¢,r) for a general r( or an (i)-superscript for
ro =14, With i € {—, +, c}.

We can now specify the modes used for the definition of the Unruh state. We will call
these solutions Unruh modes. Similar to the discussion in Section 2.5, they are defined
by the asymptotic behaviour of ), on H U H., and behave like

(4.1.15a)
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0 on H
R 4 ¢ 4.1.15b
w| e wUs on M, . ( )

l IIe nor malization iS CllOSG]l SllCIl t]lat
.0 Q§A (ﬁ)\/ = (5 (5 5 (5 w — m/
t wlm Pw'l!m’ AN 00 Omm/ ( )

for all positive frequency modes (w > 0).

As mentioned above, we assume that we are in a parameter region in which there are
no classical instabilities. In other words, we assume that in region I, solutions to (3.3.1)
of the form (4.1.14) with asymptotic behaviour

A (r,, 1) ~ e~ for r, = —o0, (4.1.16a)
h(C) (71*’ t) ~ e*i(‘*’Jr‘"I)“ for r, — +00, (4.1.16b)

exist only for w with negative imaginary part.

In this case, we can expand the charged scalar field in terms of positive frequency
Unruh modes as

[e.o]

Ba) = 3 [ do (o el + 0 ) (4.0.17)
Aem 0
with A running over "in" and "up". The coefficients a_\,,, and b)), are then taken to be
the usual annihilation operators on a Fock space satisfying the canonical commutation
relations
[a’\ CL/\/Jr /] = [b/\ bi::;lm/} = (5,\)\/(5gg/5mm/(5(w — w’), (4.1.18)

wlm> Pl m wlm

and all other commutators vanish. The Unruh state is defined by

ao).\)fm|O>U = bjjfm‘())U =0.

A

wlm

Hence, it is the vacuum state of the Fock space on which the @), and b),, . act.
Similar to the computation at the end of Chapter 2, one can convince oneself that this
state indeed agrees with the Hadamard state defined by the two-point function (4.1.8).

4.2 The renormalized current

In this section, we derive a formula for the charge current of the charged scalar field on
RNdS in the Unruh state using point-split renormalization. We will utilize the mode-sum
formulation of the Unruh state. The contents of this section were published in [117]. For
this paper, I computed the analytic and numerical results displayed below and in the next
section under the supervision of J. Zahn.
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Formulas for the renormalized charge current have been obtained previously. In [124],
a formula for the renormalized charge current in a general curved spacetime was derived.
However, the computation seems to contain a sign error, leading to a divergent counter-
term when applied to the RNdS spacetime. [125] also presents a formula for the charge
current with point-split renormalization and discusses current conservation and the renor-
malization ambiguities of this formula, but without referring to any particular spacetime.
A mode-sum formula for 7, for the massless scalar on Reissner-Nordstrom spacetimes in
the Boulware state using Hadamard point-split renormalization is presented, and evalu-
ated numerically, in [126]. In contrast to this, we use the Unruh state, making our formula
valid in the black-hole exterior as well as in the interior. Moreover, our formula will be
applicable for any component of the current and for any mass of the scalar field.

The formula for the charge current of a classical charged scalar field is
Ju(x) = iq ((2) D@ (z) — &*(x) D, ®(x)) , 4.2.1)

where D} = V,, 4 iqA,. Since this is local and quadratic in the field, the corresponding
observable for the quantum scalar field requires renormalization. Here, we will apply
Hadamard point-split renormalization, which was introduced in Section 2.2 and which is
local and (gauge) covariant [6, 7, 54]. For the current, the renormalization ambiguities
are proportional to the current J,, of the background electromagnetic field [54, 125]. As
mentioned in Section 2.4, the current corresponding to the background electromagnetic
field in RNdS vanishes, and hence Hadamard point-split renormalization gives a unique
result for the renormalized current. Other applications of this renormalization scheme in
the context of curved spacetime or background electromagnetic fields can be found for
example in [16, 47, 92] and [127, 128].
In the following, we derive a formula for the renormalized current in the Unruh state,

(vl = lim (ig ({®(2), 0,27 (2")} = {@7(2), 0, 2(') D)y 4.2.2)
+ 2¢0ImH (z,2")) .

Here, we have introduced a symmetrisation { A, B} = 1/2(AB + BA) for computational
convenience. In addition, we used the gauge independence of the current to choose a
gauge for the evaluation in which A(2’) = 0. As a result, the gauge-covariant derivatives
reduce to partial derivatives.

H(z,y) is the Hadamard parametrix for the charged scalar field, which is of the same
form as that for the real scalar field shown in (2.2.9). The Hadamard coefficients for the
charged scalar field satisfy the symmetry relations

Uz, z') = U2, x), Vo(z,z') = V(2! x). (4.2.3)

This property allows us to reduce the parametrix for the current in (4.2.2) to a multiple of
0, ImH (z, ).

The derivation of the formula will proceed in two steps. In a first step, we will compute
a mode-sum formula for the first term on the right-hand side of (4.2.2) for x and z’ at
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non-zero geodesic distance. Since the point splitting can be viewed as a regularization of
the current, we will refer to this term as the regularized current (j,(z,2’));. In a second
step, we will compute the contribution of the Hadamard parametrix, which one could call
the counterterms. We find that the counterterms in the present case are finite, vanish at
the horizon and only contribute to the ¢-component of the current.

Let us start with the mode-sum formula for the regularized current. From (4.1.17) and
(4.1.18), we find that it takes the form

(o (@, 2")) (4.2.4)

S / QeI (B ()0, B0 () + Bt ()00 s ()

)\Emo

In order to make the formula easier to evaluate numerically, we would like to expand
the Unruh modes in terms of another set of modes. If we choose 1}, of the form

Wy = |w| ™2 e @ RA (1) 4.2.5)

then the Klein-Gordon equation separates and reduces to an ODE for R, (r). This ODE
can be rewritten as in (3.3.2) and solved numerically as described in Section 3.3. Thus,
this ansatz is particularly useful for computational purposes. We define the so-called
Boulware modes utilizing this ansatz separately for regions I and II. In region I, they are
defined by their asymptotic behaviour on H, U H_,

w| 2R e on H jw[V2 RS~ e on (4.2.6)
and vanishing boundary condition on the other horizon, correspondingly. In region II, the
asymptotic behaviour is given on H U H%, and the non-vanishing parts are

w2 RS e on HI Jw| V2 RSP et on HE (4.2.7)

wl

The modes from region I can be extended to region II by comparing their asymptotic
behaviour near % to the corresponding behaviour of the modes from IL.

In terms of the Boulware modes, the Unruh modes in I U II can be expanded as
1/2 dw 111/2 AN 7 AN
w2 (s t) = > ol N RN (7, 1) (4.2.8)
Ne{LII}_7,
The coefficients Y, can be computed by a double Fourier transform of the asymptotic

behaviour of the Unruh modes [90]. The resulting integral has a divergence for w’ — 0,
which has to be regularized by introducing a small imaginary part for w’. As a result, the
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regularized coefficients take the form

i 1 zw—l sgn(w W’ . ! .
o, = lim —|w| re B @ 2m T (—zw + “) (4.2.9a)
e—0 Ke Ke
1 zw—/ sgn(w W ! )
QP! = lim — |w| 5 " 2m T (—iw i “) (4.2.9b)
e—0 Ky K4
upll  upl
X = Ay (429C)
™l =0. (4.2.9d)

Before inserting these results into (4.2.4), let us argue that the regularization in o\~

ww’
can be dropped. To this end, we take a closer look at the Boulware modes %)\, focussing
on the upl-modes as an example. These modes enter I from 7. They are then either
scattered back to H% or are transmitted to H%. Consequently, their radial component
R"™!(r) behaves like
R (r) ~ {GW*.JF Rope™ 1 = —o (4.2.10)
T eilwrenrs Ty — 00,

with w; defined below (3.3.6). While the scattering coefficients R!, and 7, are not known
in closed form, it is possible to obtain information on their asymptotic behaviour for small
w. To this end, one can employ a first-order expansion of the radial equation (3.3.4) in
(r —ry) near the event horizon [91]. Demanding the solution to this approximate equation
to vanish as r, — oo and to behave like ergl as r, — —o0o, one finds that for small w

One can combine this result with the relation (3.3.7) to find 7, ~ O(w). Thus, R"'
vanishes pointwise as w — 0 near the boundaries of region I. By differentiating (4.2.10)
with respect to r,, one can see that the same is true for 0,, RZIZI. Since RZIZI is a solution
to (3.3.4), this implies that R">" — 0 pointwise as w — 0.

Similarly, one can demonstrate that the inl-Boulware modes on I U II and the combi-
nation of the upl-Boulware modes reflected into the black-hole region II together with
the uplI-modes vanish pointwise for w — 0. Since these are exactly the combination of
modes appearing in the expansion (4.2.8), these results show that the regularization for
the coefficients o)y, can be safely neglected.

We can now insert the expansion (4.2.8) into (4.2.4). We will use a point splitting in
the f-direction [15]. This means we take z = (¢,7,6, ) and 2’ = (t + 0,7,60 + €, p). The
small offset in the ¢-direction is used to guarantee the convergence of the integral over w,
and the limit 6 — 0 is taken before the limit of ¢ — 0.

One can convince oneself that by the spherical symmetry of both the spacetime and
the state, the radial components of the current should vanish. This can also be seen by
considering the mode-sum expression for the regularized current and realizing that with
the derivatives in the 6- or p-direction, the expression vanishes in the coinciding-point
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limit either mode-wise or when summed over m respectively. Therefore, we assume that
the partial derivative in (4.2.4) acts either on 7 or ¢. The formula then reads

d
16 ;. 3 / u’/ \w|2/dw”\w”y2 4.2.11)
T

m,\,N,N’

<j,,(l’, 37 U

1—
><(ozAN o + 00 ) Vim0, 0) Yo (6 + €, 0)

w!! 118 TSR

m (00, (Lt +) )

Here and in the following, the Boulware modes should be evaluated in the (r()-gauge
with rq = r(z’). We have omitted the gauge superscript here and in the following to avoid
notational clutter.

The expression in (4.2.11) can be simplified further by realising that the derivative
acting on r~! will lead to an expression that vanishes mode-wise when the limit § — 0 is
taken. Since the spherical harmonics are the only part in (4.2.11) which depends on m,
one can use the identity

Z Yirm(0,0) Yo (0 + ¢, 0) = %4—; L Py(cose) (4.2.12)

m=—/{

to perform the sum over m. Moreover, one can explicitly perform the integral over w
which only involves the a-coefficients. Dropping the regularization of the coefficients,
one finds

ww’ Aw

/ dw(a)‘N oM+ 0NNy = A Oy (W) (W' — W) . (4.2.13)

0

The C\xn (w') are real coefficients given by

Cingi(w) = ( ,%) (4.2.14a)
Cupri(w) = Cyprn(w) = co ( i) (4.2.14b)
Cupii1(w) = Cuprri(w) [w sin ( i)]_l , (4.2.14¢)
and all other C'\xnv(w) vanish.
Thus, the renormalized current takes the form
(i (2, 2))u :%“%w Py(cose) / dw |w| Im [OANN,(W)@(T, DAY (7t + 5)] .

(4.2.15)
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Let us take a closer look at the integrand. The splitting in ¢ introduces an oscilla-
tory term ~ e *“%s)% where wy 18 the shift between the gauge in which the mode is
defined and the one in which it is evaluated. Thus, for the inl-modes w, is equal to
wrin = qQ (rg" — rz*), while for the up-modes wy = wy,u, = qQ (rg" —r3"). We will
shift the integrals over w by w, to make sure that all oscillatory terms have the same
frequency, so that the limit ) — 0 can be taken later.

Finally, let us discuss the convergence of the integral over w. For this, we consider the
large-|w|-limit of the radial equation. In this limit, (3.3.4) reduces to

(02 + w?] Ru(ry) = 0.
Thus, in this limit, R,¢(r,) ~ etiwrs - As aresult, the integrand takes the form
coth <7T§) (Out + O,rs) cos(dw) + coth (Wﬁ) (Opt — Oyry) cos(dw) . (4.2.16)

Since this is antisymmetric in w, the contributions to the integral from w — oo and
w — —oo cancel. This alone is not sufficient to conclude the convergence of the inte-
gral. However, results on similar one-dimensional scattering problems and the numerical
results presented in the next two sections indicate that the cancellation happens not only
at leading order in \w\_l, but is strong enough to make the integral converge. Assuming
that this is indeed true, one can take the limit 6 — 0. We will also split the integral at
w = 0, and change the integration variable from w to —w on R_ to make full use of this
cancellation in the numerical computation.

Next, we turn to the computation of the counterterm. This means, we want to compute
(2.2.9) for the charged scalar field on the RNdS spacetime. In particular, we need the
imaginary part of H (z, z") for 2 and 2’ separated by ¢ in the §-direction. We can assume ¢
to be sufficiently small so that x and x’ are in a geodesically convex neighbourhood. The
Hadamard coefficients U(x, ") and V,,(x, 2") for the charged scalar field can be deter-
mined from the transport equations induced by the Klein-Gordon equation of the charged
scalar field. Using the notation 0¥ = V"o for the derivatives of Synge’s world function,
they can be written as

1
{O'VDV + 500 2] U=0, (4.2.17a)
1
2 {UVDZ, + 500 1} Vo=~ [D,D" — 12 U, (4.2.17b)
1
2(n +1) [UVDV + 500 + n} Vosr = — [D,D” = %] Vi, 4.2.17¢)

compare [125]. As in the real scalar case, the correct behaviour of the leading divergence
is ensured by the initial condition U (z, z) = 1. This way, U(z, 2) is uniquely determined
to be of the form U (z, 2') = AY?(z,2")P(x, 2'). Here, A(x, ') is the Van Vleck-Morette
determinant [63], and P(z, 2’) is the parallel transport along the geodesic from z to 2’ with
respect to D,,. It is determined by o D, P(z, x') = 0 with initial condition P(x,z) = 1.
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As discussed in Section 2.2, the series expansion of the logarithmic divergences does
not converge in general, but for the normalization of the current we only need the imagi-
nary parts of terms up to order n = 1.

Since we are ultimately interested in the coinciding-point limit, we compute approxi-
mations of the Hadamard coefficients by expanding their imaginary parts in a covariant
Taylor series around z of the form

«

F(z,2') = FO(z) + EWV(2)0%(x,2") + F(Z) ()0 (z, 7)o (v, 2") + ... (4.2.18)

by successively evaluating higher covariant derivatives of U(z,z’) and V,,(z, 2’) in the
coinciding-point limit. Plugging the expansion into the transport equations (4.2.17), one
obtains [125]

m (UL) = qA,, (4.2.192)

Im (U3) = =3 ViaAs). (4.2.19b)

Im (U%),) = %Re (DDsA,)) + %A(QRM , (4.2.19¢)

Im (Vo) = g [,ﬁ - éR] Aa — %V”Fm , (4.2.19d)

Im (Vi}) = —% {,ﬂ - %R} Re (Do Ag) (4.2.19)
+ i AWVs R = VGV Fy,.

m (V") =0. (4.2.19f)

When we take into consideration that we compute the current in a gauge such that A(x)
vanishes in the coinciding-point limit where + = 2/, we can immediately eliminate all
terms containing A with no derivatives acting on it. The most important consequence is
that this entails Uc(yl) = 0.

To relate the expansion in terms of 0¥ to an expansion in terms of the angular separation

€, we need to expand ¢” in terms of €. This expansion can be obtained from the one of o

in terms of Az® = 2% — 1'%,

1
o(z,z") :§ga5Axanﬁ + AathxanﬁAx7 + BaﬁngxanﬁAx7Ax5 (4.2.20)
+ C’amgeAxo‘AxﬁAx“’Ax‘sAxe + ..,

with coefficients

1
Aagy = = 705 (4.2.212)

1 (1 3
Bagys =~ 3 (3(af4ﬁw> + 9" (gaugmﬁamgw + 509sA)pl0) (4.2.21b)
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9
+ §AV(aﬁAM5)>>
1
Cprse = — 1 (O(aBsyse) + 9" (12A0(0sB)pivse) + 3Au(ap0)p Asse) (4.2.21c)
1
+ 20,90 Bplvée) + §3u14<am(9|pgae>>> ;

by taking covariant derivatives [129]. Plugging in Az® = —edy and the RNdS metric, the
result is

r? fr?
o= 562 - ﬂe"L +0 (%) (4.2.22a)
2
og = —1’e+ ir c e+ 0 () (4.2.22b)
r
oy = 562 +0 (") (4.2.22¢)
o~ o,=0+0(c") . (4.2.22d)

Combining this with the imaginary parts of the Hadamard coefficients, we find the
counterterm

1 ¢#Qf(r)

—2q5;lm [H (z, 33,)] T4r2 63

=26 + Ofe). (4.2.23)

Notably, the counterterm only gives a finite contribution to the current and only affects
the t-component. Moreover, it vanishes at the horizons. Similar finite counterterms have
been obtained for the current previously, compare [127, 128].

This is in contrast to the result in [124], where a divergent parametrix was obtained.
However, this seems to be due to an error in [124, Eq. (8)], where two terms with the
derivatives acting on different variables should be subtracted rather than added. If their
result is corrected accordingly, it agrees with the one obtained here.

The fact that the counterterm only gives a finite contribution indicates that the coinciding-
point limit can be taken and that the sum over ¢ as well as the integral in the regularized
current (4.2.15) converge. This is also supported by the numerical results presented in
the next section. Our final formula for the renormalized current in the Unruh state is thus
given by

(20+1
< ($)>U = q16 5 / Z |w + wy ,\‘ C)\NN/<(JJ + wy )\) 4.2.24)
mer AN N
x Im [hAuI;\Ier el 1)0, hkjj\;w elry t)} +w —w)
1 QQQJC( ) t
+ 472 613 e

Before presenting numerical results, let us briefly examine the conservation of the
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renormalized current. As discussed above, due to the spherical symmetry of the space-
time and the state (jg); = (j,); = 0. Moreover, the expectation values are independent
of t. As aresult, the current conservation equation V, ¥ = 0 reduces to [126]

O, (TZ <]r*>U) =0.

It can be seen immediately that this is satisfied by the contribution from the counterterm,
but it is less obvious that the contribution of the mode sum satisfies this equation as well.
Therefore, this will be tested numerically in the next section.

4.3 The current in the Unruh state - numerical
results

In this section we present numerical results for the current up to the inner horizon of a
RNdS black hole. Most of the results in this section have been published in [117]. The
numerical results were obtained by me under the supervision of J. Zahn.

As mentioned in the previous section, one important consistency check for the formula
of the charge current is to test current conservation. To test this numerically we compute
r? (jr.)y at different radii r in the black-hole exterior region I, as well as in the black-
hole interior II for the charged scalar of mass y?> = 2A/3. As in the previous chapter,
we will also refer to this choice of mass as "conformal coupling”, since the equation of
motion is the same as for a massless, conformally coupled scalar field. This choice of
1% has the advantage that with an ansatz of the form (3.2.10) discussed in Chapter 3, the
computation of the Boulware modes reduces to finding local solutions to particular Heun
equations [98]. Hence, their implementation in Mathematica 12 allows for very efficient
computation of the current in this case [107]. In addition, one can re-express the radial
function R (r) of the in-modes in terms of R">'(r) and its complex conjugate to further
reduce the computational effort.

2 (jr. )y can then be computed numerically by evaluating (4.2.24) with the methods de-
scribed in Chapter 3. Note that we restrict the computations to small charges ¢ and masses
(1 of the scalar field due to the limitations of the numerical computations. In particular, for
most of the calculations we choose the mass to be 112 = 2A /3. We have already discussed
in Section 3.4 that this is much smaller that any typical particle masses for a black hole
of at least solar mass. Similarly, if one assumes that g agrees with the elementary charge
e, then ¢@Q ~ 10%M /My, which is too large to be handled by our numerical code. As a
result of the small values of ¢ and ;2, we need to choose the cosmological constant A suf-
ficiently large in order to avoid the appearance of classical instabilities, see the discussion
at the beginning of Section 4.1. We will choose it to be AM? = 0.14 for comparability
with the results for the real scalar field and [111]. We checked that this lies outside the
classical instability regime for all tested values of ()/M according to the condition de-
rived in [112]. As a result, we obtain a cosmological horizon radius 7. of the same order
of magnitude as the event horizon r. In fact, for this value of A, Q/M > 0.755 is re-
quired to ensure 7. > r, compare the parameter-region plot in Fig. 2.1. This means that
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Figure 4.1: r%(j,, )y for the conformally coupled scalar at different radii r. This quantity
must be constant for current conservation to be satisfied. The vertical lines
mark r_, 7, and r. respectively. We set /M = 0.95, AM? = 0.14, and

q@Q = 0.1.

not only is our cosmological constant unrealistically high, but also the charge of the black
hole, which is expected to be very small [130] for astrophysical black holes. However, the
large-charge regime of the black hole is interesting due to the occurrence of sCC violation
[112] and as a toy model for rapidly rotating black holes.

More details on the numerical computation and in particular the error estimation can
be found in the previous chapter.

In Fig. 4.1 we present 2 ( Jr.)y as a function of 7 in the regions I and II of the black-
hole spacetime for ¢@Q = 0.1, AM? = 0.14, and Q/M = 0.95. One can see clearly that
it is constant within the error margins of the numerical calculation. This confirms the
conservation of the renormalized charge current in the form of (4.2.24).

Next, we wish to study the behaviour of the current at the event horizon. At the horizon,
we can use the asymptotic behaviour of R'>' and the reformulation of R™ in terms of R"'
and its complex conjugate to obtain a formula for the current in terms of the scattering
coefficients R!, and T, defined in (3.3.5) and (4.2.10). The formula for the current then
reads

[e.9]

{(Jo)u = — 135;;2 /dw F(—w)) (4.3.1a)
0
F(w )—coth< wten) (1 [RL[") + coth () |RL,|" . (4.3.1b)

The numerical evaluation of this formula is done along the lines of the previous chapter.
The error estimate for the numerical computation is implemented as described in detail
in Section 3.4. Fig. 4.2 shows the v-component of the current at the event horizon for
the conformally coupled scalar field as a function of the scalar-field charge ¢(@) for dif-
ferent values of the black-hole charge (/M. The cosmological constant has been set to
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Figure 4.2: The v-component of the current of a conformally coupled scalar field on the
event horizon as a function of the scalar field charge in the Unruh vacuum for
AM? = 0.14. The smaller graph shows the results for Q /M = 0.95 for small
qQ, the dashed line indicates a ¢>-fit.

AM? = 0.14, which is outside the classical instability region for the scalar-field charges
under consideration. For small charges ¢, the current (j,),; behaves approximately as
~ ¢*. This can be seen from the smaller graph in Fig. 4.2, which shows the current for
Q/M = 0.95 and ¢@Q < 0.1. The current has been fitted with a function of the form
a(qQ)?, which is represented by the gray dashed line. An intuitive explanation for this
behaviour is that the current is caused by a particle of charge ¢ being created near the
horizon and subsequently accelerated away from the black hole with an acceleration of
order q. Another way to model the current that has been used frequently in the literature
on black-hole discharge [131-133] is by an application of Schwinger’s pair creation for-
mula [113]. According to this approach, the pair creation rate I' is non-perturbative in q.
In particular, it involves a factor of the form

Tty
qQ

For the parameters used in the small window in Fig. 4.2, one finds 7*r3 ~ 0.84, and
the deviation from ~ ¢? should be clearly visible. That this is not the case indicates
that the estimate by the Schwinger formula is not applicable for such small masses and
charges of the scalar field. This is not surprising, since for the conformal mass considered
here the Compton wavelength coincides with the Hubble wavelength, and the flat-space
approximation implied in the application of the Schwinger formula is not appropriate in
this parameter range.

D~ exp |- 43.2)

Looking at the dependence of the current on ()/M, we see that the current increases
with the charge of the black hole, at least in this near-extremal regime. This result is in
agreement with the findings of [134] that the pair-production rate of an extremal black
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hole is larger that that of a near-extremal one.
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Figure 4.3: The v-component of the current of a charged scalar field of charge ¢@) = 0.1
at the event horizon as a function of the scalar-field mass squared in the Unruh
vacuum for Q/M = 0.95 and AM? = 0.14.

It remains to explore the dependence of the current on the scalar-field mass p. Fig. 4.3
shows the v-component of the current at the event horizon as a function of p in units of the
conformal mass /2A /3 for AM? = 0.14, Q/M = 0.95 and ¢q@Q = 0.1. We find that the
current (j,),; decays exponentially with .. This can be seen from the corresponding fit
function, which is represented in the plot by the gray dashed line. We have excluded the
point for 1+ = 0 from the fit, since it seems that it does not follow this law. In comparison,
the result obtained from the Schwinger formula (4.3.2) indicates an exponential decay in
the scalar-field mass squared. This agrees with the analysis of the previous case and is a
further indication that the Schwinger formula is not applicable for scalar-field masses of
the order /2A/3.

Next, let us discuss the other components of the current at the horizon. Since the
Unruh state is Hadamard across ’Hf, the expectation value of the renormalized current
must be regular across it. Changing to a Kruskal coordinate system which is regular
across the horizon, one can see that this requires (j, ), to vanish at #%. Thus, at the event
horizon we have (j,); = (jr.)y = (ji)y and the results presented here also apply to these
components. Therefore, the charge density with respect to the Killing field J;, which is
proportional to (j%);, is negative at the event horizon and its absolute value decreases
exponentially as the inverse of the Compton wavelength p 1.

Moreover, the results shown in Fig. 4.2 and Fig. 4.3 agree with the conserved quantity
72 (jr. )y up to a rescaling by rf. Comparing Fig. 4.2 to the results for the correspond-
ing quantity on Reissner-Nordstrom in [126, Fig. 3], one observes that the results are
qualitatively similar. A more detailed comparison is difficult due to the difference in
parametrization and choice of parameter range. Note, however, that [126] defines the
current with an additional minus sign relative to (4.2.1) or (4.2.2).

Finally, we want to compute the ¢-component of the current in regions I and II. To-
gether with the r,-component of the current, this will allow us to compute the u- and
v-components. Unfortunately, the £-component of the current, and similarly the u- and
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v-components, are very difficult to compute numerically unless one considers them at one
of the horizons: First of all, the integrands in (4.2.24) for fixed ¢ have prominent features
in a small w- window that shifts to higher values of w as ¢ increases in region I and grows
broader with increasing ¢ in region II. Moreover, for higher values of ¢, the result of the
w-integral shrinks due to strong cancellations, even though the amplitude (width) of the
features increases in region I (II). This makes the higher /-modes very challenging to
compute numerically: they require not only control over the large-w tail of the integrand
for the precise cancellation, but also very high precision throughout the whole calculation.

Second, omitting the higher /-modes is not possible since the decay in ¢ is much slower
than the exponential decay observed in the computation of (j,,),;. Therefore, a simple
error estimate using the Riemann upper- or lower sum as in Section 3.4 is insufficient.
Instead of using this estimate we will discuss all error sources and numerical challenges
separately for this case.

We start by considering fixed ¢ and computing the integral over w in (4.2.24). Since
we compute the integrand numerically, we can only integrate up to some cutoff wpy,y.
Due to the importance of the large-w tail of the integral described above, one would like
wmax to be as large as possible. At the same time, at low w, a small step-size in w is
required to achieve a sufficiently precise estimate of the integrand. Both requirements can
be met reasonably well by using two different step sizes in w for the computation of the
integrand: a small step size (1/2000 — 1/1000) for small w, and a slightly larger step size
(1/100 — 1/20) for larger w. Since a lot of numerical precision is lost in the calculation
of the integrand for the higher /-modes, we also increase the numerical precision in the
calculation of the integrand for small w compared to the other calculations.

To further increase the precision of the numerical integration, we interpolate the ob-
tained values for the integrand for fixed ¢ using a 10th-order interpolation. One can then
use numerical integration to obtain the integral up to wp.x. We check the stability of the
result under variation of the interpolation order and the working precision of the numeri-
cal integration. With the working precision of the same order as the numerical precision
of the interpolating function, we find that the result for the integral is stable up to at least
5 digits.

To compensate for the missing large-w tail of the numerical integral, we fit the integrand
from approximately wmnax — D t0 wimax and integrate the fit function from wp,y to infinity.
In all cases, we find that the leading order of the large-w tail is w2, and the best fit by
a polynomial in w~! with two fit parameters is obtained by choosing a fit function of the
form

flw)=aw™?+bw™>.

This power-law decay for the t-component can be understood from the fact that we only
subtracted a finite-order approximation of the Hadamard parametrix. Therefore, we ex-
pect that the regularized current will not necessarily be a smooth function, but rather a
function of some finite regularity, see the discussion in Section 2.2. This will then lead to
a power-law decay instead of an exponential decay in the mode sum.

We test the stability of the resulting integral under a change of the fit function by al-
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Figure 4.4: (j;); for the conformally coupled scalar in region I and II as a function of r for
q@Q =0.1,Q/M = 0.95 and AM? = 0.14. The vertical gray lines correspond
to the locations of the three horizons r_, 7 and r. respectively. The points on
these lines are obtained using the formula for the current in terms of scattering
coefficients, including error estimates as described in the previous chapter.

lowing additional higher-order terms of the form cw™" in f(w). We combine the resulting
uncertainty with the error estimates of the fit and the change of the result under a variation
of the number of data points used for the fit. We find that the estimate for the tail has at
least 3 significant digits.

Due to the strong cancellations in the integral for larger /, this tail becomes increasingly
important. For large /, its contribution to the total integral over w can become even larger
than the contribution of the numerical integral up to wp,. Therefore, it is crucial to
include this correction when the convergence in ¢ is considered.

Next, we want to take the sum over the contributions of the individual /-modes of
the current. In comparison to (j,. ), the decay in ¢ is very slow in the present case.
In particular, it is not exponential but rather follows a power law. This may again be
attributed to the finite regularity discussed above. For a power-law decay, convergence is
given as long as the decay is faster than /=1,

In order to test convergence and to correct for the finite cutoff in ¢, we fit a power law
of the form

to the decay of the fixed-¢ contributions to (j;),;, including the corrections for the large-w
tails, and use the Hurwitz (-function to compute an estimate of the sum over f(¢) from
lmax + 1 to infinity based on this fit. We also estimate the uncertainty of the large-/ tail by
taking into account variations due to uncertainties in the individual ¢-modes arising both
from the numerical integration and the estimates of the large-w tails as well as variations
of the fit under a change of the fit range and the error estimates for the fit parameters. It
turns out that the estimate of the large-/ tail has a large uncertainty, but constitutes only
up to approximately one percent of the final result for (j;) ;.

The results for (j;); for ¢Q = 0.1, Q/M = 0.95, p* = 2A/3, and AM?* = 0.14
are shown in Fig. 4.4, where the evaluation on the horizons uses the formula in terms
of scattering coefficients as described above. We have combined all the error sources

85



identified above into our error estimate for (j;);; displayed in the figure. The largest
relative errors are approximately 1.5%. It turns out that the dominant contribution to the
error is given by the uncertainty of the estimate of the large-/ tail.

Note that (j;), starts positive at the event horizon and becomes negative towards the
cosmological horizon. This is in agreement with the fact that the Unruh state is Hadamard
across HL: The regularity of the Unruh state at % requires that (j,); — 0 at HZ, and
thus (j:);; — — (jr.)y- By current conservation, we know that (j,, )y, — 72272 (j,. )y is
positive, and therefore (j;),, must be negative at the cosmological horizon.

The negativity of (j,);; on the cosmological horizon can also be concluded from a
physical argument. O, restricted to region III is space-like and directed inwards, as can
be seen by, for example, expressing it in terms of the in- and outgoing radial null vectors.
Thus, —j; is the outward current, which is expected to be positive for a black hole of
positive charge.

Throughout most of region II, (j;),; is positive and only decreases very slowly with r.
However, near the inner horizon, there is a drastic change of behaviour: around r ~ 1.3,
(j+) reaches a maximum and starts decreasing rapidly as the inner horizon is approached.
Near the inner horizon the absolute value of (j;); is significantly larger than in the rest
of the spacetime. Comparing to the results for the r,-component in Fig. 4.1, we expect
that the u- and v-component will behave qualitatively similar to the ¢-component. This
indicates that the current at the inner horizon will likely show very different qualitative
behaviour from the current at the event horizon and from the behaviour expected from an
intuitive particle picture [114]. This will be the subject of the next section.

Overall, we observe that the black hole is always discharged by the scalar field, and our
formula for the current satisfies the conservation equation, as already observed in [130].
The deviation from the Schwinger formula can be expected for the range of parameters
that we have tested. Thus, the results obtained with our formula agree with expectations.
However, we have also seen first hints that a very different behaviour can appear near the
inner horizon of the black hole.

4.4 The charged scalar field at the inner horizon

In the following section we will study the scalar field at the inner horizon of the RNdS
black hole. In order to do so, we first indicate how the result on the state-independence
of the leading divergence of the energy flux at the Cauchy horizon in [16] extends to
the charged scalar field, and how a corresponding result can be found for the leading
divergence of the current. After that, we introduce a state-subtraction formula for the
stress-energy tensor in the Unruh state at the inner horizon and show numerical results
for both the current and the stress-energy tensor. This section is based on the paper [116],
for which I performed the computations, and its supplementary material [135], which I
developed and wrote under the supervision of S. Hollands and J. Zahn.

We start by showing that the result on the state-independence of the leading divergence
of the energy flux near the Cauchy horizon, particularly the first part of [16, Prop. 5.1],
can be extended to the charged scalar field. In addition, we will argue that such a result
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can also be found for the charge current.

To this end, let us consider the expectation value of the observable A(x) in the Cauchy-
horizon limit in some state W. Here, A(x) is a placeholder for either the charge current
or the stress-energy tensor of the charged scalar field. We assume that the state W is

Hadamard on M. Performing a null addition, this expectation value can be written as
[16]

(Al@))y = (A@)y ¢ + (A@)y_v +{A@))e

where we have used the same notation as in previous sections to denote differences of
expectation values between states, and the U- and C- subscripts for the Unruh- and com-
parison state correspondingly.

As for the real scalar field in Chapter 3, we take the comparison state to be a stationary
state which is Hadamard in a neighbourhood of the Cauchy horizon. For its construction,
we modify the spacetime beyond the Cauchy horizon so that the central singularity is
replaced by the origin of spherical coordinates. We then define the comparison state via
mode expansion along the lines of (4.1.17). The modes for the expansion are determined
by initial data on H~ U H*. Concretely, they satisfy

Ot ~ (47212 w]) ™ Vi (0, )7 4.4.1)
at HX U HT. The proof of the Hadamard property of this state in a neighbourhood of the
Cauchy horizon H? follows along the same lines as for the real scalar [16], see also the
discussion for the Unruh state above. The modification of the spacetime does not affect
the expectation values of observables at H% computed in the comparison state. Therefore,
this description of the comparison state and the modification of the spacetime is sufficient
for the purposes of this work.

By construction, the expectation values of the current and the stress-energy tensor in
the comparison state should be finite at the Cauchy horizon. The difference between the
Unruh- and the comparison state expectation values is independent of the state W. To
show that this state-independent term is the leading divergence of (A), at the Cauchy
horizon, one has to show an upper limit for the potential divergence of (A(x)),_;, which
contains the state dependence. This amounts to showing

Proposition 4.4.1. Let © € HE be a point on the Cauchy horizon. Let U be a small open
neighbourhood of x with compact closure in the analytic extension of M and contained
in a coordinate chart of the form (z*) = (V_,y"). Here, y' are coordinates parametriz-
ing H in a neighbourhood of . Let (-)y_y denote the difference of expectation values
between an arbitrary but fixed Hadamard state on M and the Unruh state. Assume that
B = -2 > L where a is the spectral gap. Then (T )y,  (V_,-) and (j,)q_y (V-,")
are smooth functions of y* on Uy = U N M. In addition, (T,,),  (-,y"), consid-
ered as a function of V_ < 0, is locally in LP(R_), p = (2 — 28')7}, for any 3" with
$< B < min(1, 8), while (j,)g_y (-, y') is locally in L*(R_). Their norm is uniformly
bounded in y* within Up.
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To prove this proposition, we first show the ensuing lemma, which is an adaptation of
[136, Lemma 3.7] to the charged scalar field and the geometric situation at hand.

Lemma 4.4.2. Let (M, g) be the RNAS spacetime, U as in Proposition 4.4.1, and let
W e C®(M x M) satisfy KCy(x)W (x,y) = Ky (y)W(x,y) = 0. Then one can find a
B € C§°(M x M) such that

/f Vh(y) dvoly(z) dvoly(y) (4.4.2)
MxM
= /W(m)B(w, y)E(h)(y) dvol,(x) dvol,(y)
MxM

forall f,h € C3°(Unm).

Proof. Let o4 be two Cauchy surfaces of M so that o, C I*(0_) and Uy C I7(04).
Let f,h € C§°(Upn). Then J(supp(f) Usupp(h)) N J(o_) N J (0,) is contained in
the closure of J(Upn) N Jt(o-) N J~(04) in M, which we will call G and which is a
compact subset of M.

We start by noting that for &, a generalization of Green’s formula takes the form

/(ﬂquv — vl u) dvol, = /(ﬂDuv —vD,u)nt dvol.,
L oL

where u, v are smooth functions and we assume that the intersection of their supports
with £ is compact. £ C M is any closed subset of M and its boundary L in M has
outward-pointing unit normal n* and induced metric .

Next, we set

J = K(xE(f))

for f € CS°(Uy,), and equivalently we define h. Here, x € C°°(M) is equal to one on
J* (04 ) and vanishes on J~(o_). As discussed in Section 2.2, f € C°(M) with support
contained in G, and E(f) = E(f). This allows the replacement of f and & by f and
h on the right-hand side of (4.4.2). By the property of the kernel of £, we can find an
fo € C*(M) so that f = f 4 K,(fo). Since W (z,y) satisfies the (complex conjugate)
Klein-Gordon equation in the first (second) variable, and all other functions are compactly
supported within M, we have by an application of Green’s formula

/f(x)ﬁ(y)W(x,y) dvol,(x) dvol ,( /f W (z,y) dvol,(x) dvol,(y) .

MxM MxM

Therefore, one can replace f and h with f and & on the left- and _right-hand side of
(4.4.2). Hence, it is sufficient to show that the lemma holds for f and h.
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Figure 4.5: Sketch of the setup in the proof of Lemma 4.4.2. The orange region is U/, the
orange lines emanating from &/ mark J~(U). The blue lines are o, the red
ones Y.1. The region between the blue lines in J~ (Uy,) is (the interior of) G
and J(G) is also marked in orange. The region between the red lines is L.
The dashes lines mark J(G).

One can now follow the proof of [136, Lemma 3.7] for f,h € C5°(G). We choose
Cauchy surfaces Yo C [*(04) to the past of U, and a compact set G C o so that
G Noy is contained in the interior of G. We set £ = J~(X,) N J*(X_) and construct an

open cover of M consisting of
Mo=M\J(GNoy) and My =I(G)NIEHE;)

with a subordinate partition of unity (g, %, 1 _). A sketch is shown in Fig. 4.5. We then
set B € C3°(M x M) to be given by

B(z,y) = ((z,y) Kq(x) Ko (y) - (2)_(y)W (x,y)

for some function ¢ € C§°(M x M) which is equal to one on (J(G)N L) x (J(G)NL).
Since B is supported in (J(G)N L) x (J(G)N L), one can ignore the cutoff function ¢ for
x,y € J(G). Following the proof of [136, Lemma 3.7], one can show that this B(x,y)
satisfies (4.4.2) by using the extension of Green’s formula and the support properties of

the various functions. 0
This result allows us to prove Proposition 4.4.1.

Proof of Proposition 4.4.1. As a first step in the proof, let us note that both the current
and the stress-energy tensor are gauge-invariant observables, and hence we may choose
any gauge to evaluate them. After fixing an evaluation point x,, we choose a gauge with
A,(z9) = 0. For example, we may set x = tQ/ro with 7y the fixed value of r at x.
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In the rest of the proof, we will work in this gauge and drop the gauge-superscripts for
convenience.

The stress-energy tensor of the charged scalar field can then be written as

1

39ve (0,0% ()9 05 () + p*®* (2)®(x)) . (4.4.3)

To(w) = 0@ (7)) ®(2) —

One can then follow the proof of [16, Prop. 5.1] step by step: By [136, App. B], and

the symmetry properties of W(z,y) = w}(z,y) — w¥(z,y), one can find a sequence

(bj)jen C C2(L N J(G)) so that the B € C°((£ N J(G)) x (£ N J(G))), which is
obtained by an application of Lemma 4.4.2 to W (z,y), can be expanded in terms of the
b; asin [16, Eq. (91)]',

B(z,y) = chbj(l’)b_j(y), cj € {1,—-1}, Z ||bj\|20m(.cm(é)) <0
j j

This entails that W (z, y) restricted to Uy, X Upq can be expanded in terms of forward
solutions ; to K1; = b; as noted in [16, Eq. (92)].

As a result, the stress-energy tensor of the charged scalar field can be written in terms
of the ¢; as in [16, Eq. (94)], while the charge current ( jy>\1,_U can be written as

Gu(@))w-v = ichj {0,0;(@)0;(2) — &5 (2)005(x) } (4.4.4)

= Z cjqlm {@D] )0, (x } .

The results of [39] discussed in Section 4.1, see also [111, App. A], and [16, Thm. 4.4],
imply that ¢, (-, y*) € H'/*™7(I), and 07'¢; € HY** (Upy) forany 1/2 < ' < min(1, B).
From [16, Thm. 4.4] one can also glean that [16, Eq. (93)] still holds?,

H%HHUHB’(L{M) <C Hbj”cvn(mj(é))

for sufficiently large m and some C' > 0. Together with Sobolev embedding and the
estimate [16, Eq. (95)], one has

s o) ey < CN=0% + 1) F - () 2qe (445)
SC’||(—8§+1) Vill /e iy < C”Hb lem(znaé -

as well as

||au¢j||L2p(R_) <C ||bj||cnb(£r1](é)) )

'Note that in contrast to the claim in [16], the support of bj liesin LN J (é) rather than in G, see [136].
Note that O should be replaced by J(G) N L here as well.
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for some C, C’, C", C > 0, compare also the estimates in [16, Eq. (96)] and [16, Eq. (97)].
For the stress-energy tensor this means that the proof can be completed in the same way
as in [16]. For the charge current, one can find by an application of the Hoelder inequality

G Gy w—ullzzr@_y < C D IMmE0,85) |l p2r e (4.4.6)
J
< Z 193]l Loo @) 100905 || L2v ()
J
<C") " |lbyl
J

for some constants C, C’, C” > 0 and consequently (j,(-,y"))y_y € L*(R_). In the

2
om(ena(@) <

same way, one can obtain bounds for H (00 (-, y")>\p_U’ . > proving that o)y u 18

v L?P(R-)
a smooth function of the local coordinates y* parametrizing the Cauchy horizon, while it
isin L?’(R_) as a function of V_. O

Thus, as long as (Ty,);_¢ and (j,)y_c in the Cauchy-horizon limit are non-vanishing,
they constitute the leading divergences of the stress-energy tensor and the current at the
Cauchy horizon in any state that is Hadamard in M. In other words, in this case the
leading divergences of the stress-energy tensor and the current at the Cauchy horizon are
universal in the sense that they do not depend on the choice of Hadamard state. It remains
to confirm that (7}, );;_ and (j,);;_ are indeed non-vanishing at the Cauchy horizon by
numerical computations.

In the following, we compute the leading divergences of the stress-energy tensor and
the current in the H~-limit and subsequently infer the result at 7 using the stationarity
of the Unruh- and comparison state and assuming that the computation is done in a static
gauge.

For the current, we can use the extension of the Boulware modes from I to II and the
asymptotic behaviour of the modes in II, see (3.3.6), to obtain the limit of (4.2.24) towards
HL . The formula for the current then reads

Gy == % / dw [Fy(w) + Fi(—w)], (4.4.7a)
£=0 - 0
Filw) = %mth (=) 7;142 7;“42 (4.4.7b)
2D o 2
20 ) e (R ),

where we have defined w_ = w +wy =w +¢Q (r=' — ;).
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We have already discussed that the integrand F(w) is regular as w_ — 0. However,
there is an additional potential infrared divergence in the current near the inner hori-
zon. This divergence appears for w — 0. In this case, the asymptotic behaviour of the
Boulware-modes in region II near r_ is R, ~ A + Br,, which diverges as the horizon
is approached. One can translate this divergence of the solution into a linear divergence of
the scattering coefficients 7', and R , as w — 0. However, from the way the integral
is written above we see that it can be read as a the principal value of the w-integral over
wFy(w)/w, which is finite.

Note that for the current we did not subtract the contribution from the comparison
state. The reason is that the comparison state that is used for the computation of the
stress-energy tensor does not give a contribution to the v-component of the current at the
Cauchy horizon.

For the stress-energy tensor, we can construct a mode-sum formula using the results
from Section 4.2. In contrast to the result for the current, we do not expect to find a
finite contribution from the Hadamard parametrix in this case. Since the application
of the Hadamard point-split renormalization combined with the mode-sum formula is
very challenging, it is computationally simpler to perform a state-subtraction of the un-
renormalized expectation values for the stress-energy tensor with respect to the compari-
son state just as for the real scalar field.

Taking into account that g, = 0, the vv-component of the classical stress-energy tensor
is given by

Ty(z) = 0,2 (2)0,P(x) . (4.4.8)

Symmetrizing with respect to ®(x) and ®*(z), compare (4.2.2), and following the same
steps as for the regularized charge current in Section 4.2, we find a mode-sum expression
for (Ty,)y_c at HL,

(Tow)u-c = Z 201 /dw w [Fe(w) — Fy(—w) — 2coth (Z—f)} , (4.4.9)

with Fy(w) as in (4.4.8). The formulas for the current and energy flux can now be evalu-
ated numerically as described in sections 3.3, 3.4 and 4.3.

First, we discuss the results for the stress-energy tensor. In Fig. 4.6, we plot the energy
flux for p? = 2A/3 and AM? = 0.14 as a function of /M for different values of ¢Q.
The results we obtain are compatible with those found for the real scalar field, [92, 97],
see also Section 3.4. In particular, the results in the small plot zooming in on large ) /M
and small ¢@) look very similar to those in [92, 97], and converge to those in [97] for
q@ — 0. Another interesting feature is the fact that for ¢() sufficiently large, (Ty,)y_c
remains positive, at least for y? = 2A /3. This is in contrast to the result for the real scalar,
where the energy flux changes sign and becomes negative near extremality in the case of
a conformally coupled scalar field. To demonstrate the increase of the energy flux with
qQ, we have also plotted (7, );_c as a function of ¢@ for different values of () /M. This
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Figure 4.6: (T,,);_, evaluated on CH™ as a function of /M for different values of ¢Q
and ;2 = 2A /3, AM? = 0.14.

plot is shown in Fig. 4.7.

Note that by Proposition 4.4.1, (T}, ){;_ is the state-independent leading divergence of
the energy flux as long as sCC is classically violated for the chosen spacetime parameters
[112]. Since it is generically non-zero, these results indicate that just as for the real scalar
field, quantum effects can restore sCC in this setup when it is classically violated.

M* T,

QM: « 09 « 096 1

0.010¢

0.008+

0.006~

0.004"

0.002+

0.000 » ‘ ‘ ‘
0.2 0.4 0.6 0.8 1.09Q

Figure 4.7: The difference of the vv-component of the stress-energy tensor of the charged
scalar field between the Unruh-and the comparison state near CH” as a func-
tion of ¢( for different values of Q /M and p* = 2A/3, AM? = 0.14.

Next, let us discuss the results for the charge current. Fig. 4.8 shows the charge current
(ju)y at the Cauchy horizon for ;> = 2A/3 and AM? = (.14 as a function of Q/M
for different values of ¢q(). Comparing this result to the charge current at the event hori-
zon, Fig. 4.2, the most prominent difference is that the current at the Cauchy horizon
can change its sign while the sign at the event horizon is fixed. Considering the (weak)
backreaction of the current onto the charge as described in (4.0.3), this means that in the
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Figure 4.8: (j,); evaluated on CH™ as a function of Q/M for different values of @) and
p2 = 2A/3, AM? = 0.14.

parameter range in which (j,);; < 0, the charge of the black hole within the inner horizon
increases.

This result is very surprising, since it contrasts both the intuitive particle picture [114,
115] and the results at the event horizon presented in the previous section and discussed
in the literature [130]. One possible reason is the scattering of modes entering the black
hole through the event horizon in the gravitational potential in the black-hole interior.
This scattering can be seen best in the radial ODE (3.3.2).

We also note that the current is always positive when the black hole is close to extremal-
ity. This means that even though the inner horizon may be charged by quantum effects,
the charge cannot be increased beyond its extremal value and the black hole cannot be
turned into a naked singularity in this manner.

Unfortunately, the parameters tested here are not quite realistic. As discussed already
in the previous section, in order to achieve a reasonable performance of the numerics,
comparability with results in [111] and the results on the real scalar, and to avoid the
classical instability regime, we have chosen an unrealistically large cosmological constant
A. Moreover, the charge and mass of the scalar field have also been chosen very small for
solar mass black holes. Nonetheless, our results show that the intuitive particle picture
does not fully capture the behaviour of the quantum effects in the black-hole interior, and
that the assumption that the black hole is always discharged is false.

One may then ask whether a similar effect can be observed for the electromagnetic field
strength Q/r2. As seen in (4.0.4), the change of the field strength depends on both (j, ),
and (T,)(;,_c. Hence, the field strength might decrease even if (j,);; < 0 or the other way
around, depending on the sign and relative magnitude of the two terms. Its v-derivative
as a function of ) /M for different values of ¢() is plotted in Fig. 4.9. In fact, we find that
even if (j,); > 0 and the Cauchy horizon is discharged, the field strength does in many
cases increase with v, because its v-derivative is dominated by the positive contribution
proportional to (7,,);; . The interpretation of this is that in most of this parameter
regime, the area of the fixed (u, v)-surface shrinks faster than the charge contained in it.
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Figure 4.9: The change of the field strength av% near H% as a function of /M for dif-
ferent values of ¢Q and p? = 2A /3, AM? = 0.14.

To summarize, we observed that the energy flux of the charged scalar quantum field is
generically non-vanishing at the inner horizon of a RNdS black hole. Therefore, quantum
effects can restore sSCC when it is classically violated in this scenario as well. Addition-
ally, we have found a potential increase of the black-hole charge due to quantum effects
at the Cauchy horizon. This result could not have been predicted from the particle picture
alone. This demonstrates that first-principle calculations of the different observables in
the black-hole interior are important if we want to understand how the presence of the
quantum field modifies it.
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5 The Unruh state on Kerr-de Sitter

In the previous chapter, we have seen that the current induced by a charged scalar field
near the Cauchy horizon of a RNdS black hole can have either sign. Via backreaction,
this current can thus charge the Cauchy horizon instead of discharging it. However, real-
istic astrophysical black holes are expected to be rotating rather than charged. It would
therefore be interesting to see whether such an effect also occurs for rotating black holes
described by the Kerr metric or, in the presence of a positive cosmological constant, Kerr-
de Sitter metric. Here, the charge or discharge would correspond to the speed-up or
slow-down of the black-hole rotation.

To study this effect, one needs at least one Hadamard state for the quantum theory
under consideration on the Kerr or Kerr-de Sitter spacetime. Preferably, one would like
this state to be physically well-motivated. As discussed in Section 2.5, one such state, the
Unruh state [18], has been rigorously constructed in a number of black-hole spacetimes
[16, 43, 96] and is thought to be a good description for the behaviour of the quantum field
arising from gravitational collapse at late times.

In this chapter, we will show that the Unruh state can be defined for the free scalar
field on the Kerr-de Sitter spacetime as well, and that it is a Hadamard state across both
the event horizon and the cosmological horizon. While it is clear how the Unruh state
on Kerr-de Sitter should be defined in terms of mode-sums, see for example [137], its
rigorous construction and the proof of its Hadamard property have been an open problem
until now.

The largest difficulty arises from the fact that the Killing field 9, becomes space-like
outside the black hole in the so-called ergoregion'. Thus, region I is not static, but only
locally stationary [76]. Since the staticity of the black-hole exterior is needed for the proof
of the Hadamard property of the Unruh state as given in [43, 96] for the Schwarzschild (-
de Sitter) spacetime, this proof cannot be adapted directly to the Kerr-de Sitter spacetime.

Instead, we will combine the ideas from [43] with ideas developed in [138], in which
the authors demonstrate a rigorous construction of and prove the Hadamard property for
the Unruh state for free, massless fermions on the Kerr spacetime.

This ansatz requires us to generalize some geometrical results from the Kerr- to the
Kerr-de Sitter spacetime. These generalizations will be shown in the first section. After
that, we will define the Unruh two-point function and show that it indeed defines a quasi-
free state for the real massive scalar field on Kerr-de Sitter by the criteria described in
Section 2.2. Finally, we will prove that the Unruh state is Hadamard. The results in this
section have been published in [139].

I'There is in fact a second "ergoregion" just inside the cosmological horizon.
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5.1 Null geodesics in the Kerr-de Sitter spacetime

In this section, we want to show some results on the geometry and the behaviour of
geodesics on Kerr-de Sitter. In particular, we want to extend some of the results shown in
[138, App. C] from Kerr to Kerr-de Sitter, beginning with the behaviour of null geodesics
on this spacetime.

We start from the results on the geodesics collected in Section 2.4.2. One can already
see that the geodesic equation (2.4.19) has the same form as the geodesic equation for
Kerr [80], apart from factors of x. With the identities collected in Section 2.4.2, we can
show that a light-like geodesic with vanishing Carter constant, KX = 0, is a principle null
geodesic, and hence [80, Cor. 4.2.8] generalizes from Kerr to Kerr-de Sitter.

Using the results from [75] regarding the structure of the extended Kerr-de Sitter space-
time and recalling the definition of the conserved energy £ and angular momentum L in
(2.4.16) and (2.4.17), one can also generalize [80, Lemma 4.2.9] to Kerr-de Sitter:

Lemma 5.1.1. A null geodesic vy on a Kerr-de Sitter spacetime
1. is principal iff K = 0.

2. is contained in a time-like polar plane {t = to, o = ¢o}, i.e. a polar plane in a
region where A, < 0, iff L= F = 0 but K # 0.

3. is contained in {sinf = 0}\ {r=r_}U{r=r }U{r=r})iff K =L =0but
E #0.

4. is a null geodesic generating one of the horizons iff K = L = E = 0.

In addition, we note that [80, Cor. 4.3.2] holds with small modifications to the equations
for p*dv/dr, p?du/dr, p*>dp*/dr and p* d*p/ dT,

@ _ D xR +a) R(r)

2= P + 1.1
T A, + A ® 2 ; (5.1.1a)

de* x*D x’a R(r)
2 = P +4 — 5.1.1b
p dr sin? A + A, @ X2 ( )

Here, & is a plus in the equations above for v and ¢*, but will be replaced by a minus
in the corresponding equations for u and *¢, while the =+ is the sign of dr/dr. P and D
are defined in (2.4.18), R(r) is defined in (2.4.19a). In comparison to [80, Cor. 4.3.2],
(5.1.1) has additional factors y and Ay. Still, these factors are both bounded by 1 <
X,y < 2 and do not destroy the separability. Hence, the calculations presented in
[80, Sec. 4.3 and 4.4] restricted to null geodesics hold with only a minor modification
due to these factors.

Concluding, we find in analogy to [80, Prop. 4.3.9] that any null geodesic on the Kerr-
de Sitter spacetime M (or its extension M, compare Fig. 2.4) that is not completely
contained in a horizon or the axis {sinf = 0} can be extended to 7 € R, or ends at
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a horizon or on the axis in a finite amount of proper time. Analogously to the results
in [80, Sec. 4.4], geodesics can only cross horizons transversally at finite proper time.
For blocks II and III, this includes the possibility that the geodesic approaches the cor-
responding bifurcation sphere of the horizon in finite proper time. Whether a geodesic
approaches the ingoing or outgoing part of the horizon depends on the signs of dr/dr
and PP as described in [80, Prop. 4.4.6].

The axis is a closed, totally geodesic submanifold of the (extended) Kerr-de Sitter
spacetime by [80, Thm. 1.7.12]. The geodesics contained in the axis satisfy K = L =0
and F # 0, and hence R(r) reduces to x>E?(r? + a?)?> > 0, meaning that there are no
turning points in r. Geodesics that approach the axis can be extended through it and cross
it transversally, similar to the behaviour of null geodesics near the horizons [79].

To conclude our study of null geodesics, we want to take a more detailed look at
geodesics in region I that approach either ¢+ or ¢~ (or both). Considering the structure
of R(r), this must be due to a double root of R(r). To study the possible locations of
these double roots, we show a version of [138, Lemma C.1+C.2] for the Kerr-de Sitter
spacetime.

Lemma 5.1.2. 1. There are \g > 0 and ag > 0 so that for all 0 < X\ < Ao and all
0 < a < ay, the double roots r( of R(r) satisfy

ry <3—C\Na+0(a?) <rg <3+C(Na+ 0(a?) <. (5.1.2)

with C(\) = 21/1/3 — O\,

2. Under the same conditions as above, for any double root ro of R(r), we have
p*L|,., # 0 foralld € [0, ).

Proof. Let us start with the first point, and let us begin by noting that roots of R(r) can
only occur in regions where A, > 0. We can thus focus on r € [r,, r.].
We first consider the case £ = 0. With this, ©(#) as defined in (2.4.19b) takes the form

L2X2
)

K

sin? 6

o(0) =

(—aQ)\ cos@ — (1 — a®\) cos® O + 1 —

Since a®\ < 1 in the whole subextremal parameter range, see Fig. 2.3, a solution for the
geodesic equation can only exist if % < 1. Furthermore, for £/ = 0 the conditions for a
double root of R(r) reduce to A,(r9) = a2¥ and 0,A,.(rg) = 0. Together with the first
condition, we see that this can only have a solution if at the local maximum r, < r,, < 7,
of A, one has

A (rm) < a?.

One finds that there is a A; > 0, so that this condition cannot be met as long as A < ;.
This case can thus be avoided by demanding that Ay < A\; ~ 0.0332.

Going forward, we can therefore assume F # 0. This allows us to introduce the
rescaled quantities | = L/F and k = K/(x*E?). With these, one can write R(r) and
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R(r) = X*E* (Br* + yr* + 2kr — a’q) (5.1.3a)
XQEQ
O(f) = S~ (—a*fcos’ 6 + v cos” 0 + q) (5.1.3b)
sin” 6
with
=14k, v =2a(a—1)— k(1 —a®)\), g=k—(a—1)>.

One can see that if ¢ < 0, one has ©() < 0 for all 6 unless v > 0. However, if 7 > 0 and
q < 0, then R(r) > 0 for all » > 0, and hence no double root of R(r) can appear. This
means that a double root of R(r) requires ¢ > 0.

In a next step, we can solve R(r) = 0, R(r) = 0 for [ and k in terms of r, a, and A. We
find

B 1672A,

e k=)
=70 ) 2 r=rg »
Ar

AP+ a?) —ArA,

! aA!

(5.1.4)

where a prime denotes a derivative with respect to 7. Plugging this into the definition of
¢, we find that the highest-order contributions in 7 cancel,

2

-
1= 2An (16A(a” = Ap) + 7AL(BA, = rAY)) |r=r, (5.1.5)
4r? 2 2 2y,.2 2
— AP (4a —r(r—3)°"—a**(2(r+3)+a /\r)) [

Therefore, the condition that ¢ > 0 for any double root of R(r) translates to the condition
4a® —ro(ro — 3)* — a*Arg (2(ro + 3) + a*Arg) > 0.

Notice that in comparison to [138, Eq. (C.7)], the additional terms proportional to A all
enter with a minus-sign, and thus reduce the range of r in which the double root may be
located. The double root must either lie in 7 < r; for some 7; < r or in the interval

[3—2«/% —9\a+ O(a?),3+ 2,/ —9)\a+(’)(a2)} .

Since no roots of R(r) can exist in (r_, ), this concludes the proof of the first point.

For the second point, we consider the right hand side of (2.4.19c) and evaluate it at
a double root o of R(r). This means that we can assume F # 0, and can set [ to the
expression in (5.1.4). Then, after some simplification, in which we use that A/ () # 0 if
E # 0, we find

o, dt _ 22 E

e [ro(xro +3) + a® cos® O(xro — 1)} ) (5.1.6)

p

100



The first factor is positive, because sign(£) = sign(A!(ry)), and one can check that the
second factor is also positive for all possible values of ry using the condition obtained in
the first part of the proof. [

With these results at hand, let us now collect some properties of future-directed (inex-
tendible) null geodesics on each Boyer-Lindquist block separately. We assume that the
geodesics are parametrized by 7 € (7_, 7, ), and we will sort them by the type of radial
motion, indicated by (r(7_), (74 )). Since P > 0 for future-directed null geodesics in I,
the horizon crossed by the geodesic and whether u or v remains finite as the horizon is
approached depends only on dr/dr, compare the extension of [80, Prop. 4.3.4]. Then,
we have the following types of future-directed null geodesics in region I:

o (re,ry)or (ro,re): |Te| < oo, dr/dr < (>)0, lim u = oo for dr/dr > 0 and
T—T+
lim v = oo for drr/dr < 0. The geodesic crosses I from H . (H_) to HE (HE).

T—T+

o (re,7¢): |T£| < o0, dr/dr starts negative and becomes positive at a simple zero

of R(r), lim u = —oo, lim v = oo. The geodesic starts at #_, is reflected at a
T—T— T—T+

simple root of R(r) and ends at HL.

o (ry,ry): |Te] < oo, dr/dr starts positive and becomes negative at a simple zero

of R(r), lim v = —oo, lim u = co. The geodesic starts at 7__, is reflected at a
T—T— T*)TJ'_

simple root of R(r) and ends at H%.

* (ry,m9) or (re,70): |T-| < o0, T4 = o0, dr/dr — 0 from above (below),
lim v(u) = —oo. The geodesic starts at 74, (. ) and asymptotically approaches
T—T—

r = 1y and therefore i ™.

* (ro,ry) or (ro,7): 7 = —o0, |74| < 00, dr/dr < (>)0 starts from zero at 7_,
lim u(v) = co. The geodesic asymptotically approaches r = ry, and therefore i,
T—T+

to the past and ends at H% (HL).

* (r9,70): T+ = £o0, dr/dr = 0. This geodesic corresponds to a circular orbit at
r = ro. It approaches i* to the future/past.

In region IT and III, R(r) is always positive, and the sign of dr/dr is dictated by the
choice of time orientation, see [75] and Section 2.4.2. In particular, all future-pointing
geodesics in II are of the form (r,,r_) and have |7.| < oo, while those in III are of
the form (r.,00) and satisfy |7_| < oo, 7, = oco. It only remains to remark that the
geodesic will cross into region I at r = r; if P(r;) > 0. When we also take into account
the extended spacetime M, the other cases are crossing into a copy of I, corresponding
to I with reversed time orientation, if P(r;) < 0 and through the bifurcation sphere into
T or IT" if P(r;) = 0.
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With the above results, one can follow the proof of case 2 and 3 in [138, Lemma C.4,
1)] to show that

lim ¢(7) = +o0
T—T+

for all future-pointing inextendible null geodesics in I.
This analysis of the null geodesics also enables the proof of the following result:

Proposition 5.1.3. M and M are globally hyperbolic.

Proof. By direct computation, one can see that the function z(r) = r.(r) — r is strictly
monotonic on (7, r.), and ranges from —oo for r — r, to oo for r — r.. Hence, for any
T > 1, there is a unique solution 77 of x(r) = —7 near ;. and a unique solution 77 of
x(r) = T near r.. Let us choose T sufficiently large, so that all double roots 7y of R(r)
are contained in (7, 77.), and set

ute(r)+T 1 <r
ur =<4t Crp <r<rh,
v+T —c(r) :r<rp

with

Oclr) = 1+ 0(r)- L o(ry) =, .

¢ € C*(R;RY%) is equal to 1 on (—oo,7_ + €|, and ¢ = 0 on (1/2(ry +r_),00), see
[138, App. C.6.2]. One can then show that u satisfies the conditions in [138, Cor. C.7].
In particular, for r < r < r/., we have

2 2 2\2

-1 o X s (r*+a?)
g (dur, dur) = ¢" < 5 <a - T) (5.1.7)

2 A 2 2 2
_ XX + xra —i—2a7“<07
I A,

since A, > 0 in this interval. Outside of this interval, we can use the inverse metric
in the KdS*- and K dS-coordinates respectively. We combine it with the fact that
Orc(r)=11in [ry,00) and ¢(r) > 1 on [r_,ry), where A, < 0. From this, we find
that on [r_, r¢| U [r], 00)

1

9~ ' (dur, dur) < = (=Ar* = (14 3Xa®)r® — 2r + A%a®) .

The expression in brackets can have at most one root ry in 7 > 0 and is negative in r > 7.
At r_, the expression in brackets reduces to x(x — 2)a? — 2xr?. Since Aa? < 1 and hence
1 < x < 2 in the whole subextremal parameter region, compare Fig. 2.3, this is strictly
negative. Thus, Vuy is time-like on M.
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In the next step, we check that sup., up = 00 and inf, up = —oo for any inextendible
future-directed null geodesic on M. As long as the geodesic does not intersect region 111,
the proof follows exactly as in the proof of [138, Prop. C.11]. We should remark that
a geodesic intersecting none of the regions I, II or III can either be contained in HZ%, in
which case inf, v = —oo and sup,, v = 00, or in Hf, in which case inf, u = —oo and
sup,, u = o0. This follows from the results in [75, Sec. 4.4.2].

It remains to discuss the future-directed null geodesics intersecting I11. It follows from
the preceding discussion of the null geodesics that for all such geodesics r(7) diverges
to infinity towards the future, and hence sup, ur = oo. Towards the past, if 7 does not
intersect I, it must either approach H or B.. From the above discussion of the null
geodesics one obtains inf, v = —oo in both cases. When ~ crosses through H’ into I, let
4 =~N1:(r_,7.) — L. By the foregoing analysis, 7 can either approach r, r. or r¢

as 7 — 7_. In the first case lim v = —o0, in the second case lim v = —oo, and in the
T—T— T—T_

third case lim ¢ = —oo. Taking into account the definition of ur, this shows the desired
T—>T—

property. Hence M is globally hyperbolic by [138, Cor. C.7].
Next, let us also discuss M. The proof of its global hyperbolicity follows along the
lines of [138, Prop. C.12]: we set

S={U; = -V }u{U.=-V}/ ~,

where ~ is the identification of I C M with I C M, in M. One can check that under
this identification {U; = —V,}NIand {U. = —V.} N1 indeed agree. In fact, ¥ can also
be characterized by

S={t=0nTN"M)N)UB,U{t=0}NnTHHUuB.U{t=0}Nn(TNM,)).

Going back to the previous formulation, one can see that M\E is disconnected.
On XN M, NIY, we have d(U, + V,) = 2k, V, dt, while on XN M, NI, one finds
d(U. + V) = 2k.U.dt. Since g"* < 0 when A, > 0, see (5.1.7),

g_l( d(U+/c + V+/C), d(U+/c + V+/c)) <0 on (E N M+/C)\B+/C .

On B, and B, the metric in the Kruskal-type coordinates, see (2.4.15a), simplifies and
one obtains

g (d(Usse + Vige), d(Upje 4+ Vipe)) <0 onByy,.

As aresult, X is also space-like. By [138, Thm. C.6(2)], it is achronal.

Next, we want to show that any inextendible null geodesic enters I*(X) and I~ (X).
Together with [138, Thm. C.6(1)], this will show that > is a Cauchy surface for M. Since
t — oo on any inextendible null geodesic in I or I, any inextendible null geodesics
in M intersecting I or I enters [ £(X). It thus remains to consider geodesic that do not
intersect [ or I'.

If the geodesic intersects neither 11 nor 111V ), it must be contained in one of the
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horizons, and thus intersects I£(X) by the results of [75, Sec. 4.4.2]. If the geodesic y
intersects 11, but neither I nor I, the geodesic must cross {r = r } through the bifurcation
sphere B . Since R(r,) = 0 in this case, dr/dr must change sign. This is only allowed
if oy crosses into IT'. The same argument holds for geodesics in I11. Since ITUTIT C (%)
and IT' UTIT' C I~ (X), this concludes the proof. O

By the definition of ur above, r — ry and 1. — r. for 7' — oo. Moreover, for
any finite ¢y, the surfaces {uy = to}rsi1en form a family of Cauchy surfaces which
approaches

Sio=HEUBL, U{t =t} N UB.UHE (5.1.8)

as T' — oo. This can be seen as follows:

For w7 to remain finite as 7" — oo in r < 7, either v — —o0 or ¢(r) — oco. However,
¢(r) is bounded from above on [r_, r7|, and hence the only possibility is v — —oco. Since
ry — ry, this part of {ur = ¢y} approaches ”Hﬁ Similarly, for » > 7/, up can only
remain finite if u — —oo and hence this part of {uy = t,} approaches H. By going to
Kruskal-type coordinates, one can see that these parts will be connected to {t = ¢} N1
via the bifurcation surfaces. See also the discussion in [138].

After this extensive analysis of the null geodesics, we now conclude this section by
showing two more results that will be important later. The first one is a KdS-version of
[138, Lemma C.4(2)]:

Lemma 5.1.4. There exists a \og > 0 and an ay > 0, such that for all 0 < A\ < )y and
all 0 < a < ay, any inextendible null geodesic on M that does not approach H . or H.
in the past must intersect the region in which the vector fields 0;,, i € {+,c}, are both
time-like.

Proof. As discussed above, any null geodesic on M that does not approach H . or H, in
the past must either approach a double root o of R(r) or have r(7) = ro. Moreover, any
double root o must lie in the interval identified in Lemma 5.1.2.

We thus focus on the vector fields 0;,. They satisfy

a?sin® 00y (r? — r?)? — A, p}

CPIT P

9(0y,,0y,) = (5.1.9)

The denominator is strictly positive on M, while the numerator can be written as

— [Ao7 =7 + A ] atcos 0 — (1 — a®X) (] — 1%)* + 2A,17) a® cos® §

7
+a?(r? —r?)? —riA,.,

which is monotonically decreasing in cos? 6 for A, > 0.
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Figure 5.1: The parameter region in the (a, \)-plane. The region surrounded by the solid
line is the subextremal range of the parameters. The region within the dashed
line shows the parameter region in which Lemma 5.1.4 is valid according to
our numerical results. The region within the dotted lines is a sketch of the
parameter region in which mode stability for the wave equation on Kerr-de
Sitter has been shown [140, 141], see in particular [141, Fig. 1.1].

Therefore, we obtain the estimate

X2p2(ri2 + a2)29(8ti7 &h) ro < CLQ(’I“Z-Q - T(Q))Q - AT(TO)T{1

< (1= 270 uco [—3 + 8—”1\}32”4 +0(a%).

In the last line, we have taken into account that (r — 3) is of order a for any doble root 7
of R(r). By a continuity argument as in [138], there must be an ay > 0 such that for all
0<a<apand 0 <\ < Ay < 0.0332, g(0, 0, )|r, < O for all possible values of ry. [

We have also checked the validity of Lemma 5.1.4 numerically by computing the quan-
tity a®(r? —r2)? — A, (ro)r? for i € {+, ¢} for different fixed values of \ and the potential
range of r( identified in Lemma 5.1.2. The results indicate that in the whole range of A,
ay is of the order ~ 0.7, with a percent-level variation over the range in A\. The parameter
region in which the above lemma holds according to this result is shown in Fig. 5.1. It
covers a large part of the subextremal parameter range. However, the physically interest-
ing case of small A\ and a close to extremality is unfortunately not covered.

The second result we want to show concerns null geodesics approaching H .. Itis a
Kerr-de Sitter version of [123, Lemma 5.1]. The same result for geodesics approaching
‘H. can be obtained by interchanging U <> V and + < c.
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Lemma 5.1.5. Denote by 1), : M, — R? x S? the coordinate map of the +-Kruskal co-
ordinates. If (U4, 0, ¢, &, 09,0,) € T*(R x S?), then there is a unique 1(¢, 09,0,) € R
such that % (Uy,0,0, 04,8, 1m,00,0,) is null and does not lie in the conormal space
N*(Hy) of Hy iff € # 0. In this case 5 (Uy, 0,0, 04, &, n,09,0,) is future pointing iff
&> 0.

Proof. On H,, one has V, = 0 and hence the metric in the +-Kruskal coordinates
(2.4.15a) reduces to

2
0
ghee = (ff + VLAV + [ AU Vs = f{Us der dVi o+ 5= d6 + g, d?

Of these functions, f5* < 0 on H; since G < 0, p*/Ay = ggp > 0 and gy, > 0
away from the axis. Let us first consider points away from the axis. Then, for a covector
k= (&, n,09,0,) on H, we have

) 1 Ay 2o
Gk k) = (f7 = 40T+ [)900) €+ 57 — S
3 Gop [ I3 9pp
2
% . %
900 G

(5.1.10)

+

If £ = 0, then the covector can only be null if also 0y = 0. = 0. In this case, the
covector is of the form & = (0,7,0,0) with arbitrary € R. However, this implies
ke N*(Hy).

If £ # 0, g~ '(k, k) is a linear function of 7 and thus has a unique root, i.e. there is a
unique 7)(&, 09, 0,) such that g~ *(k, k) = 0. This proves the first claim off the axis.

To consider the axis, we first note that on r = 7,

2 2 2.2 2
Ty %% P X % 2
%4 e o A (5.1.11)
oo G AG(T—% + a?)? ( 2 9)
N 2x(2r; — a?) + a?sin® 0 [A2(rd + a?)* — x?)
20 (r? + a?)?

a’sin® 0o} .

Assing — 0, px*/Ag(ri + a®)> = 1/(r3 + a?). One can introduce new coordinates

in a neighbourhood of one half of the axis, for example 6 ~ 0, by setting
y=sinfcosp,, z=sinfsinp,,

see [75], [39, Rem. 3.3]. In these coordinates, the axis is located at y = 2z = 0. If we
denote the corresponding covector elements by o, and o, one obtains

2
o
® 2 2 2 2
+ o =0, +o, —(yo, + z0,
(Sin26 9> Y z (y Yy )

sin® 0o = (1 —y* — 2%)(yo, + 20.)°.
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Hence, for y, z — 0, (5.1.11) approaches

2 2 2
o TG o
2 ’ :

Y9es Gop Ty + a?

Therefore, the discussion above also holds on the axis.

For the second claim, we now restrict to the case £ # 0. We note that on the horizon
H, Oy, is a future-pointing null vector and k(Jy, ) = £ # 0. As a direct consequence,
¢ > 01if k is future-pointing. Since & = 0 has been excluded, this shows the first direction.
For the other direction, assume that { = k(Jy,) > 0. Then, one can show that k(v) > 0
for any future-pointing time-like vector by going to Gaussian normal coordinates. This
concludes the proof. O

5.2 The Unruh state on Kerr-de Sitter

In this section, we define the two-point function of the Unruh state for the free, massive
scalar field theory on Kerr-de Sitter and show that it leads to a well-defined state. In
particular, following the discussion in Section 2.2, we show that the two-point function is a
well-defined bi-distribution, which is positive, a bi-solution to the Klein-Gordon equation
on Kerr-de Sitter and satisfies the commutator property. The Hadamard property of this
state will be shown in a subsequent section.

Going forward, we will take j € {+,c}. We will identify H; = Ry, x 837% and
H; = Rl]. X Sgw unless stated otherwise. Here, L, = U,, L. =V, |, = u, [, = v and
Q; = (0,¢;). d°Q; is the usual volume element of Sh.0,-

Now, let us define the two-point function for the Unruh state. As discussed in [137]
and Section 2.5, the physically-motivated definition of the Unruh state is given in terms
of a mode sum. These modes are determined by their asymptotic behaviour at H, U H..
In particular, one has one set of modes which vanish at 7, and have positive frequency
with respect to the affine parameter of the null geodesics, V., on H,, and one set of modes
which vanish at H,. and have positive frequency with respect to U, at H. As noted in
Section 2.5, it is more convenient for the proof of the well-definedness and the proof of
the Hadamard property to use a different formulation for the Unurh state:

Definition 5.2.1. For ¢, ¢ € C5°(H,;), let

+
Aj(qb,z/)):—hmr « /¢ i’ _L, _Z_e) >dLjdL;. &2Q; | (5.2.1)

Then, the two-point function for the real scalar field on the Kerr-de Sitter spacetime M is
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given by

w(f,h) =, (£, 1) + wolf, 1) (522)
=AL(EN) by E(RW)ay) + AlE() ey E(R) )
SIS Ry gt RN UG

=0t XT (Uy — UL —ie)?

re +a’ / E(f) . (Ve, Qo) E(h) i (Ve Q)

(Ve = VI —ie)?

dU, AU’ d*Q,

dv, dv! Q.

for any pair of test functions f, h € C§°(M).

Since both M and M are globally hyperbolic, and M is embedded in Mina causality-
preserving manner, the unique commutator function on M is a restriction of the unique
commutator function on M to C5°(M). As a result, Lemma 5.1.5 together with [68,
Thm. 8.2.4] implies that the map Ely, : C5°(M) — C*(H,) is well-defined. However,
E(f)|n, is in general not compactly supported and hence the convergence of the integrals
in (5.2.2) is not automatically given. To put it briefly, if we want to show that (5.2.2) is
the two-point function of a well-defined state, we first have to show that the integrals in
(5.2.2) converge for any f, h € C§°(M). We show

Proposition 5.2.1. If0 < a < 1or0 < a < 1 and A < 1/27, then (5.2.2) is a well-
defined bi-distribution w € D'(M x M).

In the proof of this proposition, we will use the decay results for solutions of the Klein-
Gordon equation obtained in [39]. Their results rely on mode stability, in particular the
existence of a spectral gap o > 0 for the quasi-normal modes of the (massive) Klein-
Gordon equation on Kerr-de Sitter. While this is expected to hold for all sub-extremal
Kerr-de Sitter spacetimes, it has only been shown so far by perturbation of corresponding
results on Schwarzschild-de Sitter (¢ = 0) [140] and Kerr (A = 0) [141]. This is the
reason for the restriction to either small A\ or small a. The region in which mode stability
has been established is sketched in Fig. 5.1.

Proof. One key ingredient in the proof are the results in [39]. Applying the discrete
symmetry (¢, ) — —(t, ) and Sobolev embedding to the results in [39], one obtains the
estimate

ONE(f)|(te,7,0,0.) < Ce*™ 0 € {0,,0r,00,0,,} (5.2.3)

for points sufficiently close to 2~ with r contained in some compact interval bounded away
from r_ and for arbitrarily large N € N. In this estimate, « is the spectral gap discussed
above. ¢, corresponds to ¢* (*¢), i.e. the azimuthal coordinate in the KdS*- (xKdS-)
coordinate system near r (r.). t, is equal to the coordinate tin {r, +J <r < r.—d} NI
for some small 9 > 0, and approaches u near H_ and v near H_ up to finite terms. Thus,
for points sufficiently close to i, one can find 0 < ¢’ < § and a constant ¢ > 0, depending
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on ¢, ¢’ and the concrete implementation of ¢, such that

C(6,00e  re(ry +0,r.—0)
et < 0(67 5/)€au+ r e [T-&-v ry + 5’] . (5.2.4)

C(6,0Ne*= relr.—d,r

The constant C' in (5.2.3) still depends on f. However, let us assume that supp(f) C K,
with K C M compact. For V;, i = 1,...4 four linearly independent, smooth vector
fields on K and 3 € N* a multi-index, we set

1 fll¢m = max sup [V7 f(z)] . (5.2.5)
1BI<m zeK

Then, as discussed in [16], one can estimate the constant C' in (5.2.3) by C" || | gm) >
with C’ only dependent on K.

By changing from (., 7,6, p.) to (u, v, 6, ¢;), one can see that near ., one has
O, = Ou, +O(r —14),
while near H_,
O, =0y, +O(r — 1)

Here, the j-subscript indicates the azimuthal coordinate used. Combining this with the
relation between u and v and the Kruskal-type coordinates, one can write the estimate
(5.2.3) in the form

ONE(F)] < C' | fllgmoy € on {ry +0 <r <r.—0d'} (5.2.6a)
00, E(N) < C' | fll gmewy [U "N on {ry < <1y + 0} (5.2.6b)
OXE()] < C' | fllgmen Vel N5 on {r, — &' < v <7}, (5.2.6¢)

with N € Nand 0 € {0,0,,0y,0,, }, for any f € C5°(M) and for points sufficiently
closetoi™.

In fact, these estimates may be used on the whole horizon: from the support properties
of E and our study of the null geodesics, we can conclude that for any f € C3°(M), we
can find Uy, V; < oo depending only on supp(f), so that E(f)|y, C {Us+ < Uy} and
E(f)ln. € {Ve < Vi)

With these estimates we can now show the convergence of the integrals in (5.2.2). We
focus on w, the corresponding results for w,. can be obtained analogously by interchang-
ingU < V and 4 < c.

Hence, let us consider |w, (f,h)| for some test functions f,h € C§°(M). Using
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Figure 5.2: The integration regions in the (U, U, )-plane. The upper-right corner shows
the support of the integrand in D;. The lower-left corner indicates D,. The
light-gray region and the white stripe above and to the left of D, are Dy and
Ds.

(5.2.6b) to integrate by part twice, one obtains

2
T+

2
;“ / O, B(f) o, (U, 0)001 B, (U, 2.,

RxRxS?2

lwi(f, b))l :lg%

x log(U; — U, —ie) dU, dU, d*Q | .

To show the convergence of this integral, take Uy > 0 a constant such that the estimate
(5.2.6b) holds for all Uy < —U,. We then split the integral into integrals A;,7 = 1,--- .4,
over the domains

Dy =1x1x§?, Dy=1x1°x8?, (5.2.7)
Dy=1°%x1x8§?, Dy=1°%x1Ix§2.

Here, I = [—Up, 00) and I = R\ 1. If supp(E(f)|, )NI = D or supp(E(h)|p, )N = 0,
then the integrals over D; and D, or D; and Dj (or all three if both intersections are
empty) vanish and can be neglected. Therefore, in the rest we assume that Uy, U, > —U.
The integration regions are sketched in Fig. 5.2.

Let us start with the integral over D;. On Dy, the integrand is compactly supported on
[—Uo, Uy] x [=Up, Up] x S2. Thus, we can estimate

|A1| <Cysup [0u, E(f)u. | sup [0, E(h)|a, |
IxS? IxS2
X |[=2U0, Uy + U]l [Nog(y — i€)ll L1 (v - t0v))

for some C; > 0. The suprema can be estimated by some C*-norm of f and h by the
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continuity of the causal propagator. Moreover, log(- — i¢) is in L},
some | € L}, (R) for e — 0.

Next, we estimate the integral over Ds. For this estimate, it is more convenient to split
the integration region again, into D§ = [ x [~Uy — 6, —Up) x S? and DS = D\ D5.

If we replace the half-open integral [—U, — 0, —Uj) in D with a closed one, the inte-
grand is compactly supported on g, and the estimate follows along the same lines as for
Ay

(R) and converges to

|A3] <C5 sup |0y, E(f)|u, | sup }3U+ (h)l2 |
IxS? [~Uo—6,—Up] xS?
X |[=Uo — 6, Ug]| og(y — i€)ll 11 o, +vo+6)) -

In this estimate, we have used that |[—2U, — §, Uy — Up]| is the same as |[—Uy — 9, Uy||,
and C'§ > 0 is some constant.

For the estimate of Ag, we make use of (5.2.6b). In addition, we note that by the
construction of the D5, U, — U’ > § > 0 on this domain. We can then use that for any

¢ >0, >0, there is a constant C.. 3 > 0 so that |log(y — i€)| < C.3 ly|” for all |y| > c.
Together with the coordinate transformation U, — —U’,, there is a constant C% > 0 so

that
A5 < CE 1Al g sup |0, B( |H+| / UL R Uy + UL Uy aur

—Uo, Uf Uo+500

= U ﬁ i _1_L
< CHMlemes s 00, B, 1100, 01 (14 52) ™ [ o755 au
IxS? 0 vls
0

Usl 26+
< Ml sup (20, B, | 11-U0, U1 (14 021
IxS? 0

Here, in the second step, we have picked 8 = a//2x, and utilized
Us + UL < UL (1 +1Uf| /T0) -

The estimate for A; works the same way, with the roles of f and h as well as U, and
U!_ interchanged.

It remains to estimate A4. Performing a sign flip in both variables, and employing
(5.2.6b), | A4| can be estimated by

4] < Callmon lcmes [ (U403 log(U — U, — ie)] dU aU
(Uo,00) x (Uo,00)

In [142, Lemma 6.3], it has been shown that the integral in the above estimate is finite and
converges to some finite constant for e — 0.
Collecting all the results above, let X' C M be a compact set such that supp(f) C K
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and supp(h) C K. Then there is a m € N, given by the maximum of the m in the above
estimates, so that

jws (f, )] < CAE) [ fllgm N0l - (5.2.8)

As discussed above, the same also holds for w,. by similar arguments. Thus, w = w +w,
is a well-defined bi-distribution satisfying the estimate

[w(f, W) < CE) (| Fllgm 1]l om (5.2.9)

for some m € N and any f, h € C3°(K). By the Schwartz kernel theorem, w(z, y) is in
D'(M x M). O

An additional benefit of the decay estimates (5.2.6b) and (5.2.6¢) is that we can now
identify the function spaces in which the (asymptotic) initial data for the Klein-Gordon
equation on the horizon lies. In particular, for any f € C§°(M),

E(f)l, € S(H;) = {¢ € C*(H;) : ALy, Cyp, N = 0,1 (5.2.10)
_a_ N
B(L; ) = 0VL; > Ly and |05 0(Ly, )| < Cow L+ L) 5}
For f € C§°(I), we can infer from our discussion of the null geodesics on Kerr-de

Sitter and the support properties, that supp(E(f)) N H is contained in {u < uy}, and
supp(E(f)) N H,. is contained in C {v < v} for some uy, vy < co. Therefore

E(f)l; € S(H {¢€C°° i) i3, Cyn, N=0,1: (5.2.11)
o(l5,) ZOWj > [, and |6l]_ o(1;,9;)| < Cyne” all.y\} _

In the next step, we have to test that w( f, h) is a weak bi-solution to the Klein-Gordon
equation that satisfies positivity and the commutator property.

Since E(ICf) = 0forall f € C5°(M), w(f,h) is a weak bi-solution by construction.

For the proof of positivity, we can use that the function spaces S(#;) and S(#;) allow
to transfer the results in [43, Sec.3] to the present case by a change of the appearing
constant which are related to the spacetime metric. In particular,

Proposition 5.2.2. 1. Equipping the space C§°(H;) with the Hermitian sesquilinear
form A;(~,-), the map

F :C°(H,) — L*(Ry x S?; v;(n) dnd*€Y) (5.2.12a)
o o) = m)E [ o, bp)aL) L (521

{n>0}

with vj(n) = 277(7“ +a?)x "}, is an isometry and by continuity and linearity extends

to a Hilbert space isomorphism mapping (C5°(H;), A; (-, -)), the Hilbert comple-
tion of (C°(H,), A;(,-)), onto L* (R, x S?; v;(n) dnd*Q);) [43, Prop. 3.2 a)].
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2. When C§°(H;') is equipped with the Hermitian sesquilinear form A; (-, -), the map
Fy :C(H;) = L*(R x S pj(w) dw d*Q;) (5.2.13a)

b Fi(0) = (2m)72 /e”’”cb(lj,@, ;) dl; (5.2.13b)

7“]2 +a?  wem™/ri

x  sinh (mw/k;)’

pj(w) = (5.2.13¢)

is an isometry. F; uniquely extends to a Hilbert space isomorphism from Ceo (M),

as a Hilbert subspace of (C3°(H,), A;(5,-)), to L*(R x S% pj(w) dw d*$Y;) [43,
Prop. 3.3 a)].

3. Any ¢ € S(H;) can be identified with an element in (Cg°(H;), A;(%,)) as de-
scribed in [43, Prop. 3.3 b)], i.e. let {1y }nen, {4}, }nen sequences in C5°(H; ) that
both converge to some ¢ € S (’H;) in the topology of

H'(Hy) = {¢ € L*(Ry, x S ; dl; d*;) : 9,0 € L*(Ry, x S¢,, dl; d*Q;)},

compare [43] and [143, App. C]. Then both sequences are of Cauchy type in
(C§°(H;), A;(5,-)) and the difference 1, — 1)), converges to zero in this space.
The identification of S (H; ) with a subspace of (C3°(H;), A;(~,-)) is such that on
S(H; ), Fj agrees with the standard Fourier-Plancherel transformation in ;.

A proof for Proposition 5.2.2 follows along the same lines as in [43]. In fact, the first
two claims are exactly the same as in [43, Prop. 3.2a)] and [43, Prop. 3.3a)] up to the
following changes of constants related to the spacetime metric: the constant r% in the
definitions of Axy in [43, Prop. 3.2a)], called A; in our notation, and in du(k) in [43,
Prop. 3.3a)] is replaced by (r? + a®)/x. Moreover, the constant (2rg)~", which arises
from the connection between the Kruskal-type coordinates and the coordinates u and v in
[43, Prop. 3.3a)], is replaced by the corresponding constant ~; for our coordinates.

The third point can be given in the same way as the proof of [43, Prop. 3.3b)]. One
begins by realizing that by definition of S(#; ), any ¢ € S(H; ) is in the Sobolev space
H'(H; ). Employing results on the Fourier-Plancherel transform in one variable on R x S”
which have been worked out in [143, App. C], the Fourier-Plancherel transform of ¢
lies in L*(R x §% p;(w)dw d®Q;). Since C§°(H; ) is dense in H'(#; ), one can find
a sequence ¢, € C’é’o(?—lj_) converging to ¢ in H 1(7—[]—) implying the convergence of
the Fourier-Plancherel transformed sequence in L?(R x S%; j1;(w) dw d*€);). For ¢,,, the
Fourier-Plancherel transform agrees with the map Fj, and the isometry property of F]

thus allows to conclude the proof.

With this result, we can now express the two-point function in a way that will make its
positivity visible. To this end, let £ € C*°(R) be a cutoff function which is equal to one
for x > x( and vanishes for x < z; for some constants z; < zo < 0. With the help of F;
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and F/, we can then define the maps

K;: O (M) — L* (R, x S?; vj(n) dnd*Q,), (5.2.14a)
K;(f) = Fi(§E(f)ln,) + Fi((L =& E(f)la,);
K} Co(1) = L*(R x 8% pu(w) dw d*€);) | (5.2.14b)

This is well-defined, since {E(f)|y, is compactly supported on # ;, while the remainder

(1=&)E(f)|n, € S(H;) can be identified with an element of (C§°(H;), A;(-, -)) by part
3) of Proposition 5.2.2, see [43]. These maps satisfy

Proposition 5.2.3. The maps K; are well-defined in the sense that they are independent
of the choice of €. They are linear, and we can write

'l,U <K+ K+<h>>L2(R+><S2;l/+(77)d77d2f2+) (5215)
+ (K.(f), Ke(h

= (K(f), K(h))

)>L2(]R+ xS2;ve(n) dnd?Qe)

L2 (R4 <82 v (n) dn Q)@ LA (R xS ve(n) dn d?S2c)

forany f,h € C°(M) and

U)<f7 h) - <K—I&-<7) KI h >L2(]R><SQ;M+(w)dwd2Q+) (5216)
+ (K (f), Ke(h))

L2(RxS2; e (w) dw d?Q;)
when restricted to f,h € C§°(I).

Proof. Let £ and £ be two cutoff functions as in the definition of K. Then & — ¢’ is
contained in C§°(R). Since Fj is a linear map,

Fi(EE() ) + Fi(1 = E(),) = Fi(§E() ) — Fi(1 =) E(f)],)

= Fi((€ =) E(N),) = F5((€ =) E(f)lw,) = 0.
This shows that the map is independent of the choice of £. The linearity of K; follows

directly from the linearity of /; and £. Since { and (the kernel of) £ are real, we obtain
by the isometry property of F}, part 1) of Proposition 5.2.2,

wi(f,h) =A;(E(f)l;, E(h)|4;)
=A;(EB () y» EE()lay) + Aj(1 = O B(f) ey, EE(R) o)
+ A (EE()ys (1= O EM),) + A3 (1= By, (1= ) E(R) )
= (Fi(E€E(Dl,), F(EEM,)) , + (Fi(T= OB, ), F(EE() ;)
+ (B EEP)ny), Fi (1= OEM)w,))
+ (BT =By, (1 = OEM)l,))

L2
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= (K;(f), K;(h))

for any f, h € C§°(M). Here, we have utilized the short-hand notation L? for

L*(R; x S% vj(n) dnd®Q;). Thus, (5.2.15) follows by summing over j € {+, c}. For f,
h € C§°(1), (5.2.16) follows directly from the isometry property of FJ in part 2) and the
identification in part 3) of Proposition 5.2.2. 0

From the form of w(f, h) in (5.2.15), one can see immediately that w is positive. More-
over, taking into account that the maps K; correspond to a Fourier transform in L; fol-
lowed by a restriction to positive frequencies, (5.2.15) indicates that the Unruh state de-
fined by (5.2.2) indeed corresponds to a mode expansion in positive frequency modes with
respect to U, or V, respectively as in [137].

It remains to show that w( f, h) satisfies the commutator property,

Proposition 5.2.4. Under the same conditions on (X, a) as in Proposition 5.2.1, w(f, h)
satisfies the commutator property, i.e.

w(f,h) —w(h, f) = iBE(f,h) Yf he CZ(M). (5.2.17)

The proof of this proposition is obtained in a similar way as the proof of [43, Thm. 2.1]
and of the commutator property of the Unruh state on RNdS in [16].

Proof. Let us start the proof by considering the right-hand side of (5.2.17). Inserting the
definition of w in (5.2.2) and interchanging L; <> L’ in w(h, f), one obtains

w(f) = wih £) == Yl 2 LB (L, ) EW b (15,9)

— ¢—0 X7
J ij

x 2iIm(L; — L, —ie) > dL; dL} d°Q; .

Employing the identity Im(z — i0%)~2 = —76()(z) and partially integrating, this can be
written as

w(fv h) —U)(h, f)

2 2
=y il i . / [ECF) b, 00, B e, — By 0, B(Flae,] (L, Q) AL 02
j i,

If we define the current J : C5°(M) x C§g°(M) — T*(M),
JUf B = BUVLE(h) — E(V,E(f)., (5.2.18)
compare (2.2.6), this can be simplified to

w(f,h) —wh, ) =320

; X

/JLj [f, Bl (Ly, ) AL 4790 (5.2.19)
H;

115



We want to compare this to i £( f, h). To do so, let us note that E(f, h) = o (E(f), E(h)),
as discussed in Section 2.2. Hence, for any Cauchy surface ¥,

E(f h) :/Jy[f, h|ns, dvol,, .

3

Let us choose ¥ = HY UB, US,, UB.UHE, where ¥;) = {t = to} NI for some ¢, < 0.
By the discussion following the proof of Proposition 5.1.3, this is a limit of a sequence of
space-like, piecewise smooth Cauchy surfaces of M. Then

2 2
:T++a

E(f,h)

/ Ju, [f, B]la, dUL Q4 (5.2.20)

ik

T / J,Lf, B dvol, + / ol B, AV &2,

PN HE

r(23+a2

The first and last part of the integral already agree with the corresponding parts in (5.2.19).
Therefore, we focus on the integral over X;,. More concretely, we are interested in the
limit ¢ty — —oo, as performed in [43].

Keeping in mind that we would like to take this limit, it is easier to further split the
integral over ¥, into three integrals over the sets ¥, = ¥, N {ry < r < ry + '},
Y=, N{r.—90 <r<r.t,and ¥y = 3, \ (24 UX,) . Here, 6’ > 0 is the same small
constant as in the estimate (5.2.4).

The simplest of the three integrals is the one over y. On this surface, we may use the
Boyer-Lindquist coordinates, so that the determinant of the induced metric is given by

] = | = p?sin? 0 {(rQ +a?)?  a? sinzﬁ}
Y= g?"’r‘geegQOQO - X2 Ar A@

and the future-pointing normal vector is

g, = (¢ (@)~ 220,

Gopp

Then, the integral over X, can explicitly be written as

/ Jalf, hlng, dvoly = /_(s / [

Yo 7”++5/ S2

r2+a?)?  a?sin’6
( K S TLf, h] (5.2.21)

Ag

r? + a? 1
—I—a( A —A—G)J@[f,h]} d*Qdr.

(r’+a?)? g2 sin29‘ and (r2+a2 _ L)

: ! !
Since r —r, > ¢’ and r. — r > ¢’, one can bound A A A A;
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by constants of order §'~!. Moreover, taking into account the definition of J,[f, 1] and the
estimate (5.2.6a), we can bound |.J;[ f, k]| and |J,[f, k]| by Ce*** for sufficiently small ¢,
and some constant C' > 0, which will depend on f and h, but not on ¢y. In combination,
we obtain

/ TS Bt dvoly | < C(8, f, h)e 5222

Yo

Hence, the contribution of this part of the integral vanishes in the limit ¢, — —oc.

It remains to analyse the integrals over >, and >... Since both of these parts can be
handled in the same way, we will focus on > .

As a first step, we note that in terms of the Kruskal coordinates around 7, > can be
expressed as

Si = {V4 = —e U} N {Uq(to, 74 +6') < Uy <0}

In the next step, let us fix some Uy < 0, so that for some to max, U+ (to, 74 + 0') < Up
for all tg < tomax- 24 N {U; > Up} can then be interpreted as part of the (piecewise
smooth) boundary of the compact region

{0<V, <=2+ dn{Uy<U, <0} C M.
The other parts of the boundary are H~ N {U, > Uy} and
S, ={0 <V, < =N {U, = Uy} .
Hence, Sy, corresponds to [0, —e**+% U] x S? in the +-Kruskal coordinates.

Since E(f) and E(h) are solutions to the Klein-Gordon equation (2.2.1) on Kerr-de
Sitter, the current J, [ f, k] is conserved, V,J"[f, h] = 0, see also the discussion in Section
2.2. Hence, by Stoke’s theorem

/Jy[f, h]n” dvolvz/Jy[f, hln” dvolv—l—/Jy[f, hln” dvol, (5.2.23)
E4n{U:1<U+} HL {1 <Uy} St
r3 + a? )
= N /(](A[]‘ﬁ,hﬂq.[+ du, d Q++/Jl,[f,h]n”dvol7.
[U1,0]><S2 Sto

Taking the form of the metric in the Kruskal-type coordinates (2.4.15a) and the smooth-
ness of .J,[f, h|n” on Sy, into account, one can conclude that the contribution of the inte-
gral over Sy, vanishes as t, — —oo, compare also the proof of [43, Thm. 2.1]. Conse-
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quently,

: v T?F + a2 2
. lim Ju[f, hln” dvoly = Ju [f, bl dUL A7 (5.2.24)
0——00

Z+Q{U1§U+} [Ul,O]XSQ

The remaining piece, the integral over ¥, N {U; < Uy}, can be performed explicitly

in the coordinates (u, v, {2, ). For this purpose, let us define uy = u(Uy) = —r5 " log |Up|
and
Fo(u,0.0) = r*(u,v) +a®  a’sin®0A,(u,v) |
X X (r2(u, v) +a?)Ag
H, (u,v,0) = a(r? —r?(u,v)) B ap? (u, v, 0) A (u,v)

X(ri +a?) X(r?(u, v) +a?)(r} + a?)Ag

Then we can write

[ s dvols = [ Voo (o (LR LIEH) (5229

24+N{U+<Uo} (—o0,up) xS?

+ H+J<,0+ [f? h’]) (u7 U, Q+)|v:2to—u du dQ+ :

Here, 1; is the characteristic function of the interval I. We want to use dominated conver-
gence to show that we can interchange the limit ¢, — —oo with the integration as in [43].
For this, we first note that on X, we can bound . < r(u,v) < ry + ¢'. This implies
also

(’l“+ + 5/)2 + a’? a2Ar|r++6’

|F+(U7U’ Q)IEJJ <

X X(r} +a®)”
la|((ry +0)2 —72)  |a|lA]ry 1o
H 0)|s, | < P
| +(U, v, )’E+| — X(T—%— + a2) X(T-zi— + a2>

The cutoff function is simply bounded by one. A coordinate transform of the estimate
(5.2.6b) further allows us to bound |J, [f, h]|s. | for v € {u, v, o, } by C(f, h,d')e**™. We
can therefore estimate the integrand by a positive function that is independent of ¢, and
contained in L'((—o00,ug) x S; dud?Q, ). Thus, we may apply dominated convergence
and interchange the limit ¢, — —oco with the integration. This means that

r(u,v)|s, =r(u, 2ty —u) =ty —u — —oo0,
or equivalently » — r,. Noting that H, vanishes at » = r,, one obtains

2 2
r+—|—a

dudQ, .

to——o0
S+ n{U+<Up} (—OO,uo)XS2

lim Jalf, hIn® dvoly = / (Julfs B+ Tl f Ao
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It remains to consider the behaviour of J,[f, h], since v diverges towards the horizon.
By switching back to the Kruskal-type coordinates, one finds J,[f, h] = k. Vi Jy, [f, h].
Since the current is a smooth vector field on M and V. = 0 on H |, we conclude that

r? + a? )
lim | J,[f, h]n” dvoly = - Ju [f, W, dUL &2 (5.2.26)
to——o0 X
SN{UL<Up} (—00,Un) xS?
and thus
r2 + a? )
tog@m JIf, hjn” dvoly = -+ / Ju [f, M|, dUL d2Q (5.2.27)
Xy Hy

This concludes the analysis of the integral over X, the integral over X, is analysed anal-
ogously. Combining all the pieces, we finally obtain that (5.2.19) agrees with (5.2.20) up
to a factor of 4, finishing the proof. 0

With this, we have shown that w( f, k) defined in (5.2.2) is indeed the two-point func-
tion of a well-defined quasi-free state on the CCR-algebra A(M), satisfying all require-
ments listed in Corollary 2.2.2.

Before we continue to show the Hadamard property, let us remark that the Unruh state
constructed in this way is a stationary state in the following sense:

Lemma 5.2.5. Let ¢¢, : R x C®°(M) — C*(M) with C € R? denote the push-forward
along the flow induced by the Killing vector field v = C10; + C20,,. In Boyer-Lindquist
coordinates, it acts on smooth functions on M by

I/Jlif(tvragu 90) = f(t - Clb7T797 ¥ — CQb) \V/f S COO(M> ’ beR.
Then for any pair of test functions f, h € C§°(M), and for any b € R and C' € R?

w(p. fobgh) = w(f, h). (5.2.28)

Proof. First of all, we notice that 1){. o E = E o 1{.. This follows directly from (2.2.8)
and the fact that v is a Killing vector field. We obtain that

E@W§. /) (Us,0,0,04) = B(f) (€U, 0,0, + C1b)
EW5.f)(0,Ve, 0,00) = E(f) (0,"*V,, 0,00 + Ceb)

where C; = a (TJQ + a2) ! C1 4+ Cs. Let us consider the first integral, w. (f, h), in (5.2.2);
the other integral can be handled analogously.

Then we can introduce the new coordinates U = e"+“1*{, and U’ = e"+C1*U" . Since
e"+C1b is a positive constant, this change of coordinates can be applied to the whole range
of integration. Furthermore, applying this change of coordinates to (U, — U/, —i€) ™2, one

obtains e2+10([] — U’ — i€)~2, where & = e"+C1%¢ is related to € by a bounded, positive
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factor and hence converges to zero if and only if € does.

Second, we note that a function f(6, ) on S? can also be considered as a function on
[—1,1], x Ry, z = cosf, which is 2m-periodic in ¢. Hence, one may change variables
to ¢ = ¢, + C.b. This shifts the integration range from [0,27) to [C, b, 21 + Cb).
However, the result of the integral is not affected by this, since the new integration range
still includes one complete period of ¢, .

Putting the pieces together, one concludes

w (Yy. f, Yph) (5.2.29)
i+ a® [ E(f) (U, 0,0)E(h)]n, (U0, 9)
—_ 1 + + s Uy + s Uy / QQ
o0+ X7 / (Uy — UL —ie)? U dU, 7824
R2ZxS?
— — lim Ti + CL2 / E(f)|H+(U7x?ﬁ)E(@HHJr(NUZxa 95) 6_2H+Clbd(~] dU/ de d@
0+ X7 e—erClb(U — U - 26)2

R2x[—1,1]x[C1+b,27+C1b)
Ti + CL2 / E(f)|H(U> Q)E<h)|7{<0/> Q)
(U —U" — ié)?

dU dU’ d%Q

= — lim
é—0t  xm

R2xS2
= w-i-(fv h) )

with Q = (0, ) and d2Q) the infinitesimal volume element of the unit 2-sphere. Combin-
ing this with the corresponding result for w. concludes the proof. [

As shown in this lemma, the two-point function w constructed in (5.2.2) is indeed
invariant under the flow generated by any of the Kerr-de Sitter Killing fields, i.e. any
linear combination of d; and 0, with constant coefficients. This includes in particular
the Killing fields generating the horizons, 0;, and 0,,. The flow induced by these Killing

y a 'I"2- CL2
fields will simply be denoted ] = wél’ [ri+e™),

5.3 The Hadamard property of the Unruh state

It remains to show that the Unruh state defined in the previous section is indeed a Hadamard
state on the Kerr-de Sitter spacetime M.

The proof will proceed in two main steps. In a first step, we will consider a subset of
region I, in which we can prove the Hadamard properties following the ideas applied in
the black-hole exterior in [43]. After that, we will use a more explicit computation for all
remaining cases. This last part is the most novel one.

Before we start, let us make a few remarks. First of all, as discussed in Section 2.3, the
two-point function is a distributional bi-solution of the Klein-Gordon equation. Therefore,
we have by an application of the Propagation of Singularities Theorem 2.3.4,

Corollary 5.3.1. Let w € D'(M x M) as defined in (5.2.2). If (z,k;y,l) € WF'(w),
then g~ '(k,k) = ¢~ '(I,1) = 0 and B(x,k) x B(y,l) C WF'(w), with B(p,q) the
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bicharacteristic of K on M through (p,q) € T*(M) as in (2.3.11).

In other words, instead of considering whether a point (z, k;y, 1) € T*(M x M) is in
WF(w), we can consider any point (z/,k’;y/, ') € B(x, k) x B(y, 1), and the result will
apply to all of B(x, k) x B(y,1).

As a consequence of [71, Thm. 6.5.3] and also noted in the proof thereof, the sup-
port properties of the retarded and advanced Green’s operators together with Propagation
of Singularities can be used to deduce that the kernel £ of the commutator function F
satisfies

WF/(E)=CTucC™, (5.3.1)

with C* as defined in (2.3.13b).
Finally, one can exploit the commutator property and the knowledge on WF(FE) to
show the following lemma, which is closely related to [144, Prop. 6.1]:

Lemma 5.3.2. Let w € D'(M x M) as defined in (5.2.2). Assume that
WE' (1) N A (aiern) €N x NF (5.3.2)

where Ar-(xamy = {(x, k2, k) @ (2, k) € T*M} C T*(M x M) is the diagonal in
T*(M x M) and Nt as defined in (2.1.1). Then w satisfies the microlocal spectrum
condition, (2.3.13a).

Proof. The proof makes use of the fact that by Proposition 5.2.3 we can write w(f, h) as
an L? @ L? inner product of K(f) and K (h) as in (5.2.15). We want to combine this with
the fact that (5.3.2) implies that (z, —k; z, —k) ¢ WF'(w) if (z, k; z, k) € WF'(w) . For
this purpose, we fix a point (zg, ko; Yo, lo) € T*(M x M) with kg and [y null or zero. We
can now discuss several different cases:

For the first case, assume that either both kg, and [y are non-zero and Bpy(zo, ko) is not
equal to Bay(yo, lo), or one of them, say [y, vanishes and yo ¢ Ba(zo, ko). Recall that
Ba(z, k) is the projection of the bicharacteristic B(z, k) to M and corresponds to the
null geodesic defined by (z, k), compare (2.3.12).

In this case, one can find some space-like Cauchy surface > which is intersected by
B(zo, ko) and Bag(yo, ly) at two distinct points 1 and y;. Let f,h € C5°(M;R) be
real-valued test functions supported in space-like separated neighbourhoods of z; and v,
respectively. Let us fix a coordinate chart covering supp(f) U supp(h). For any k& € R,
which we identify with 77" (M) in the local trivialization fixed by these coordinates, we
then write fi,(z) = (2m)~2e?*® f(x), with - the usual R?* inner product. Then Proposi-
tion 5.2.3 and an application of the Cauchy-Schwarz inequality imply [16]

w( fi, 20)|* < Jw(fry Fo)| [w (B, hy)| -

Due to the commutator property at space-like separation, one has similarly

lw( frs )2 = Jw(hy, fi) P < [w(f, fo)| [w(he, hy)] -
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Recalling Definition 2.3.1 of the (primed) wavefront set, this implies that if (5.3.2) holds,
f and h may be chosen in such a way that at least one of the two estimates for |w(f, )]
is rapidly decaying in |(k, ()| for (k,[) in some conic neighbourhood of (k, ) parallel
transported to (x1, y;). Consequently, these points cannot be in the wavefront set of w if
(5.3.2) 1s satisfied.

The next case we consider is that [j = 0, but yo € Ba(zo, ko). In this case, one
cannot apply the previous argument, since none of the points in Ba(zg, ko) is space-
like separated from y,. However, one may use that WF(FE), where F is the kernel of
the commutator function, does not contain any points of the form (z, k; y,0). If we set
w(f,h) = w(h, f), then the commutator property implies WF (w—w) = WF(E). Hence,
if a point of the form (o, ko, yo, 0) were in WF (w), it would have to be in WF () as well,
so that the two singular contributions could cancel out in ¢/ = w — w. In other words,
if (zo, ko;y,0) is in WF(w), then so must be (y, 0; zo, ko). Let us assume w.l.o.g. that
Yo = To, and let f,h € C§°(M;R) be real test functions, each supported in a neigh-
bourhood of xy. We fix some coordinate system covering supp(f) U supp(h). Then the
discussion above implies that if

w( fr, B)|* < [w(fus fop)] [w (R, )]

is not rapidly decreasing in |k| for any choice of f and for k in any conic neighbourhood
of kg, then

lw(h, fi)” < [w(f-k, fo)| [w(h, h)|

must not be rapidly decreasing in |k| either. However, if (5.3.2) holds, one can find test
functions f, h and a conic neighbourhood V' of (kg,0), so that at least one of the two
estimates is rapidly decreasing in |k| for all & € V. Therefore, if (5.3.2) holds, WF(w)
cannot contain any points of the form (z, k; y, 0) or, by the same argument, (z, 0; y, ().

The final case that remains to be analysed is B (o, ko) = Ba(yo, lo). This case can
be represented by points of the form (x, ko; zo, cko) € T*(M x M) for some 0 # ¢ € R.
Let f,h € C§°(M;R) be real test functions as above, supported in a neighbourhood of
Zo, and let us fix some coordinate system covering their supports. Then (5.3.2) implies
that we can choose f, h, and a conic neighbourhood V' of (ky, cko) so that

fw( frey ha)|* < Jw(frey fr)] [ (i, b))

is rapidly decreasing in |(k, )| for all (k,l) € V, unless (zo, ko) is contained in N'" and
(wg, cko) in N7, i.e. (wg, ko) € N T and ¢ < 0.

Putting these three cases together, we have shown that (5.3.2) together with (5.2.15)
implies that WF'(w) € N x A", This also implies that WF'(w) € N~ x A~ In
particular, the (primed) wavefront sets of w and w do not overlap. As a result, we find

CtuUC =WF/(E) = WF(w — %) = WF (w) UWF' (%) CNTUN,

with the third equality sign due to the fact that the wavefront sets do not overlap, see also
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the proof in [144, Prop. 6.1]. Since WF'(w) N C~ = WF'(«w) N C* = (), the equation
above can only be satisfied if WF'(w) = C*. O

Thanks to these results, it is sufficient to show that WE'(w) N Aqe sy C N T XN
[138], and any result obtained for one point (z, k; x, k) can be propagated to all of
B(z, k) x B(x, k).

5.3.1 The Hadamard condition in O

Following these preliminary considerations, we will now prove the Hadamard property of
the Unruh state in a subregion O of M. In particular, we choose O C I to be the open set
in which both 0, and 0,, as defined in (2.4.9) are time-like.

In the light of Lemma 5.3.2, we will show

Proposition 5.3.3. Let w be as defined in (5.2.2), and let O C 1 be such that 0, and 0,
are time-like on O. Then for any xo € O,

WF'(w) N T 0) (M X M) N A (paxny C Nt XNT. (5.3.3)
Using Propagation of Singularities and Lemma 5.3.2, Proposition 5.3.3 implies that
WF'(w) N (B(O) x B(O)) =C*n(B(O) x B(O)) , (5.3.4)
where
B(O) = {(x,k) € T*(M)\o: g *(z)(k, k) = 0, Bp(z,k) N O # 0} .

By the results shown in Lemma 5.1.4, this includes all null geodesics that do not end at
‘H. or H,. as long as a and )\ are sufficiently small.

For the proof of Proposition 5.3.3, we would like to use the characterisation of the
wavefront set in Proposition 2.3.1, originally given in [69, Prop. 2.1]. To do so, we follow
largely part 1) and 2) of the proof of the Hadamard property for passive states given in
[62, Thm. 5.1]. The remaining parts of the proof of [62, Thm. 5.1] are covered already
by the proof of Lemma 5.3.2. This is based on the idea of the proof of [43, Prop. 4.3].

As a first step, we need to prove that the two pieces w; of w satisfy a "KMS-like"-
condition [43] with 3 = 2mx; ' with respect to 9, :

Lemma 5.34. Let f € C3°(1), and let

wg*(f)(u7vv‘97 gpj) - f(u - b7U - b7 07 90]')

be the push-forward along the flow generated by O;,. Then

Kj(¢z*f)(w797¢j> = eiwaf(f)(w797 @j) . (535)
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In addition, w; is "KMS-like" [43] in the sense that for any h € C§°(R;R) and any pair
of real-valued test functions on 1, f, 5, € C5°(I;R),

[ b (Bl KAL) e = [0 (04 22) (KM 1. KN),, dt, (536)
R R
where (-) 2 is the usual L*-inner product of L*(R x S%; p;(w) dw d*Q;), with p;(w) as in
(5.2.13c¢).

Proof. As discussed in the proof of Lemma 5.2.5, since 9, , j € {+, c} are Killing vector
fields of the Kerr-de Sitter spacetime M, E' commutes with the push-forward along the
flow induced by ;. In other words, one has

B} f)(u,0,0, ;) = E(f)(u—b,v—b,0,9;).
Inserting this into K JI as defined in (5.2.14b), one obtains the estimate

KL (Wf f) (w, Q) :(27r)*% /E(wzif)(uvvaﬂﬁlwooem du

R

—(2m) "2 / E(F) (= by — b, 24|y ssce™" du

1 .
=21)72 [ E(f)(u, v, Q4)|vs—0ee™® ) du

%\%

— K (f) (w0, 24)

and analogously K (v¢, f)(w,€Q.) = ¢“*KI(f)(w,2.). With this in mind, we can now
consider the function

RSt (KI(f), KN R)) |, = (KN(A), € K (), € C,

for some pair of real-valued test functions f; 5 € C5°(I; R), where L? is a the short-hand
notation for L2(R x S?; j1;(w) dw d*(2;). If we replace ¢ by ¢ + ib, we obtain

(K30, DR 8))
(5

)

’I“ +CL we - B -
-1 /7 smh(w_;) Fi (Bl (@ ) F (B (o) g ) (@, ) d 0

X
RxS?

< T]2-+a2/wew<’:j
X sinh (7;—“)

RxS?

Ej(E(f1)la,)(w, )| |3 (E(f2)la,) (w0, Q)| dw d*€; .
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The decay results (5.2.6b) and (5.2.6¢) provide exponential decay in [; of ’8{? E( f172)‘ for
arbitrarily large N € N on the corresponding horizon. Therefore, one obtains the bound

M

Fj(E(f1,2)|Hj)(w,Qj) <e(l4+u?) 3

for arbitrarily large M and some constant ¢ > 0 depending on f; » and M. Thus, combin-
ing c together with other constants to C' > 0,

,b>
Kj

C/ (1 + w? Msmh( ])dw.

(KR, e K f2)

This integral is finite as long as b € [0,27/k;] and M is chosen sufficiently large.
Similarly, since the integral is absolutely convergent for 0 < b < 27/k;, one can dif-
ferentiate n times with respect to z = t + ¢b under the integral, which simply con-
tributes a factor of 7w to the integrand. Thus, by choosing M sufficiently large depending
on the number n of derivatives, one can show that also any number of derivatives of

)<Kgl(f1)7 eiw(z)K]I'(fQ)>L2
function has an analytic extension to the strip {Im(z) € (0,27 /x;)} C C.

exists and is finite as long as 0 < Im(z) < 27/k;. Thus, this

Let us now get to the second point of the lemma. Let b € C5°(R;R), and f1 2 € C5°(I; R)
as before. Then

/ h(t) (K} (1), K6 12) L, dt (5.3.7)

R

:/ﬁ(t) / 5 (@) KT (@, 0, 07) I (o) (6, ) o S,

R RxS2

By the definition of K7, KI(fl 2)(w, 0, ¢;) = Kj(f12)(—w,b, ;). In addition, the mea-
sure 11;(w) satisfies 11, (w) = €2™/% j1;(—w), see (5.2.13c). Moreover, h(t) is the Fourier
transform of a compactly supported function. Hence, it is entire analytic and vanishes for
Re(t) — =+oo as long as Im(t) remains finite. As a result, by setting © = —w, one can
rewrite (5.3.8) as

R RxS?

= / il(t—i‘li—;r) / Nj(aj)e_i&)tKjI‘(fé)(a}?07@]‘)[{]1'(.](1)(&}797 gpj) dw d2Qj dt
Ril.Q_TF RxS2

—/iL (t—l—l ) <KI(¢t*f2) ]I'(fl)>L2 dt
R
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]

Next, our application of the proof of [62, Thm. 5.1] requires some of the results in
[62, Prop. 2.1]. While they were originally proven for passive states, it has been realized
in [43], that the "KMS-like" condition (5.3.6) is actually sufficient to prove the relevant
parts of [62, Prop. 2.1] by following the original proof step by step (omitting step 3, which
deals with the case of ground states). In this way, one obtains

Lemma 5.3.5. Forany (g7)x>0, (95 )0 C C5°(O; R) satisfying w;(g, g) < c(1+A71)°
for some ¢ > 0 and s > 0, there exists a h € C3°(R?) with h(0) = 1, and for any
(ko, ko) € R2\{0} with k|, > 0, there is an open neighbourhood V, in R*\{0} of (ko, kj)
so that ko > € > 0¥(ky, ko) € V. and such that VN € N3Cy > 0, Ay > 0:

sup
keVe

/6“lk'tﬁ(t)wj(wfl*g?,wig*gS) It <OvAY VO<A<Ayv. (533

Let us remark that this continues to hold if % is replaced by ¢ - & for some ¢ € C5°(R?)
after shrinking V if necessary. This follows from an application of [69, Lemma 2.2 b)],
see the discussion on the proof of [62, Prop. 2.1]. The above also continues to hold if the
functions g? depend on additional parameters, see the discussion in [62, Rem. 2.2].

With this, we can now prove Proposition 5.3.3.

Proof of Proposition 5.3.3. As mentioned in the preceding remarks, we will follow closely
parts 1) and 2) of the proof of [62, Thm. 5.1]. So let us fix some o € O, and let
J € {+, c}. As a first step, we define a coordinate chart

Vit Uy — 1(Usy) CRY, z = (t(x) = 3(u; +v;)(x) — tj0,%(2))

on some open neighbourhood U, of z5. We will choose t;, and & such that ¢;(x¢) =
0. One possible choice would be to take the Cartesian coordinates corresponding to
(r(x),0(z), ¢j(x)) and shifting the origin of the coordinates to Z(xy).

We require that the coordinate chart is built in such a way that there exists a constant
¢ > 0, so that on a sufficiently small, compact neighbourhood K C U, of x, and for all
|t| < ¢, the diffeomorphism v induced by the Killing field Oy, can be written as

vy 0¥l (z) = (t;(x) +t,8(x)).

Additionally, we define spatial translation by  in some sufficiently small, open neigh-
bourhood B of 0 in R? acting on K by

Yh(x) =15t ol oay(x) Ut &) = (t;, T+ 7)) .

We will denote the corresponding push-forwards acting on smooth functions on K by wg*,
as in Lemma 5.3.4, and wi;»*.
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After the construction of the coordinate system, we will now consider an arbitrary but
fixed (o, k,) € N~ NT; M and show that (z, ky; o, —k,) is not in WF(w;) by using
the description of the wavefront set in Proposition 2.3.1.

To this end, we identify 73; M with its local trivialization ¢; (s, ) X R* induced by the

coordinate chart ;. Since zo € O and 9, is time-like in O, (xo,kz) € N~ if and only
if k° = k(0;,) < 0. We can then choose an open conic neighbourhood V' of (k,, —k,) in
R* x R*"\{0}, so that for all (k, k') € V, there is some ¢ > 0 with’

(k% k") = (k(Dy,), k' (8y,)) € V.

Here, V. C R*\{0} is an open neighbourhood of (k% —£?) so that ¥° > ¢ > 0 for all
(K% k) € V, like in Lemma 5.3.5. Note that V and V, may in general depend on j.
However, we suppress this dependence in the notation.

In addition, we define a (j-dependent) function H € C§°(¢;(Uy,) X 1;(Uy,)) as

H(tjﬁfa t;, _’/) = ¢(tja t;)ﬁ(tjvt;)g(fa f/) :

The function b € C§°(IR?) is chosen as in Lemma 5.3.5. The functions ¢ € C§°((—c, ¢); R)
and ¢ € C§°(B x B;R) are constructed so that H(0) = 1 is satisfied.

Finally, let us pick (j-dependent) functions g; € C§°(¢;(Usy,);R), i € {1,2} with
support in the neighbourhood ¢;(K) of 0 and with ¢; ® ¢g2(0,0) = 1. We suppress the
j-dependence in the notations since it should be clear from the context. Let p > 1 and set

M) = {gz-u—p(wj(x))) T € U,
‘ 0 ¢ Uy,

for A < 1 and g}(x) = g}(x) for X > 1. This is of the same form as the functions in
Proposition 2.3.1. By the choice of supp(g;) and the construction of 1/;, we then have
supp(g?) C K. Hence, push-forwards of g} by time translations with ¢t € (—c, c) or by
spatial translations with ¢ € B are well-defined.

Furthermore, the g7 satisfy the condition of Lemma 5.3.5: By (5.2.8) or the analogous
result for w,., we have

i (g2, g1)] < C|g] e - (5.3.9)

Since the functions g;* are supported in region I within the set on which the coordinate
chart 7); is defined, we are free to take this norm using the partial derivatives in the ;-
coordinate chart as the linearly independent vector fields. This allows us to estimate for

*In the rest of this proof, we will work in the coordinate chart ¢; and we will often omit writing the
coordinate chart or the resulting trivialization when no confusion arises.
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A<1

;92 G| < Cllg:ON ") | Gy < CN9s@) [mizey D, AP (5.3.10)

1BI<m

<O il (14 X7

by applying 0, f(A\"Px) = AP0, f(y)|,=r-r.. Hence, g7 ® g3 is of the same form as the
function in Proposition 2.3.1, while the g; also satisfy the condition in Lemma 5.3.5.
We can now conclude the proof by estimating

sup /ei’\_l(k’k/)'(z’z/)ﬂ(x " w; (1/Jt*¢i*gl, *g2> dvol,(x) dvol,(z")
(kk)eV
— sup /ez‘kl(lzf-&-l?f’)g(f? f/) [/GA (k0t+k0’t)¢(t t) (t, t)
(k) eV

) w; (VLgY Ul Ul,03) dtdt] T d’7|

where we have used the coordinates 1); and the first part of Lemma 5.3.4. Pulling the
absolute value into the 7- and 7”- integral, this can be bounded by

0 0741
sup /IC / TR 6t VBt )
(k,k" eV
x w; (V2,00 Uy 0,03 ) dtdt | T d’F .

Using Lemma 5.3.5, for any N € N there are Cy > 0 and 1 > Ay > 0 so that the
absolute value of the integrals over ¢ and t' is bounded by Cy AN forall 0 < A < Ay.
This allows us to find a bound for the previous expression of the form

sup /|§ )| Oy AN Bz d*7 < CyAY
(k,k")eV

forall 0 < A < Ay < 1. The last step follows from the integrability of (. By Proposi-
tion 2.3.1, this estimate shows that (x, k,, o, —k,) cannot be in WF (w;) for j € {+,c}
and any (zg,k,) € N~ NTyM. Since WF(w, + w.) € WF(wy) U WF(w,), this
concludes the proof of Proposition 5.3.3. ]

5.3.2 The Hadamard condition on M/\O

In the previous subsection, we have established the Hadamard property in a region O C I,
and, by Propagation of Singularities, for all null geodesics intersecting O. This includes
all null geodesics that do not intersect H, or H. if a and A are sufficiently small by
Lemma 5.1.4.

In order to complete the proof of the Hadamard property, we now consider null geodesics
intersecting one of the horizons when extended to M. Below, we show
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Proposition 5.3.6. Ler (xq, ko) € N, such that By(xg, ko) N O = 0. Assume that )\, a
are chosen such that Lemma 5.1.4 and the results of [39] are valid. If (xq, ko; o, ko) is in
WF'(w), then (xq, ko) € N'T.

This result, together with Proposition 5.3.3, Lemma 5.3.2, and Propagation of Sin-
gularities as in Corollary 5.3.1 then implies that w indeed satisfies the microlocal spec-
trum condition (2.3.13a), and is thus the two-point function of a well-defined quasi-free
Hadamard state on the CCR-algebra A(M).

The proof of Proposition 5.3.6 is based on ideas first developed in [142], and applied
in similar form in [16, 43, 123]. As a preparation for the proof, let us first prove two
lemmata:

Lemma 5.3.7. Let X, Y C R". Let (yo, ko) € Y x (R"\{0}), and let K be any compact
neighbourhood of yo. Let D € D'(X X Y') such that (x, k;y,0) ¢ WF(D) forall x € X,
y € Yand k € R"\{0}. Let xm(supp(D)) C X be compact, where xm : X xY — X
is the projection onto X. Assume

(2, 1 yo, ko) ¢ WF(D) V(z,1) € X x R". (5.3.11)

Then we can find a function f € C§(Y') with f(yo) = 1 and support in K, and an open
conic neighbourhood Vi, C R"\{0} of ko so that for any N, N’ € N there are positive
constants Cn+ satisfying

C’NN’

e PIOD = Gqmya )

VIER* ke V,,, (5.3.12)

where 1(x) = 1 forall x € X.

To understand the meaning of this technical lemma, consider some D € D'(X x Y')
satisfying the conditions of Lemma 5.3.7. By Definition 2.3.1, for any (z, ), there exist a
test function @, ;) € C°(X x Y) with &, ;(x,0) = 1, and an open conic neighbour-
hood V(,;y C R™ x R™"\{0} of ([, k), so that

= N/ C’J(\gf[)‘J)
- DU, K) <
| (1) |< ) (1+|(l/’k/)|)N

V(I K" € Vigy - (5.3.13)
for some positive constant C’J(\f’l) > (0 for any N € N. Lemma 5.3.7 then shows that
for such distributions D, the estimates can be combined to one covering every [ € R"
and every x € ymsupp(D). Moreover, the combined test function ¢ can be written as
O(z,y) = x(x)f(y), where x € C§°(x) is equal to one on x7supp(D) and f € C§°(Y)
can be chosen such that its support is contained in any fixed but arbitrary compact neigh-
bourhood of .

Proof. As mentioned above, let us assume that (5.3.11) holds for D. By Definition 2.3.1,
for any (z,1) € xmsupp(D) x R", we can find ®(,;) € C§°, Vi) € R™ x R*\{0} and
(C](Vz’l))NeN as above so that (5.3.13) holds for any N € N.
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Without loss of generality, we may assume that ®, ;) > 0. If this is not the case, we

can multiply by another test function y € C¢°(X x Y') defined as x = ®(,;) and obtain

an estimate of the same form after possibly shrinking V|, ;) and increasing <C’1(\”}C’l))N€N.
This follows from (the proof of) [68, Lemma 8.1.1], which states that if v € £'(Z) ,

Z C R™, and (z,k) € Z x (R™\{0}) is a direction of rapid decrease for v, then it is

also a direction of rapid decrease for ¢ - v, where ¢ € C§°(Z). This result will be used
frequently in the rest of the proof.

As a simplification of the following argument, we will label the functions ®, conic sets
V' and constants Cy by A = [/ |(l, k)| instead of {. The label A will then range over
the open ball of unit radius around the origin of R"™. In addition, we can consider the
projection of the conic sets V|, ) to the unit sphere

S ={(I'K) e R" x R" : |(I', k)] = 1}
in R"™ x R". Since the sets V|, ) are conic, they are completely described by this projec-

\ —\/1|’\2k0)’

tion. The projections P, y) = V() NS~ are open neighbourhoods of < s o]

and thus form an open cover of
2
P, = {(A v k0> e s N < 1} .

By the assumption on WF (D), we know that (z,[;yy,0) ¢ WF(D). Consequently,
we obtain @, »), V(z\) or P, ), and (C](\f’k))NeN as above for |A\| = 1 as well. In other

words, for any fixed z, the label A now ranges over the closed unit ball around 0 in R",
and the P, ) cover the compact set

7o (0 ) oy <1}

kol

IEnce, for any fixed but arbitrary =, we may pick a finite open subcover (P(x, ) Jiz1...M
of P, and define

M
0, = [[Pwny € CE(X xY).

=1

Let us pick some ¢ € {1,..., M}. Then one can apply the proof of [68, Lemma 8.1.1]
with the identification ¢ = [ ] Q) and v = P, y,) - D to show that there are constants
J#
(CX)nen with

B, DI k) < — N

Sarepy TER Ve G319

Varying i over {1, ..., M}, this estimates holds for all (I', k') € V, = |, V(z,»,). Defining

130



the open conic neighbourhood Vi’ by

Ve = {k ER": (Ik) € | JViea)Vl € R”} ,

the result implies that the estimate (5.3.14) holds for all (I', k") € R" x V|I.

In the next step, we would like to combine the estimates for different x € x7 supp(D).
To do so, we fix some small 0 < € < 1 and define the open sets

U ={(2',y) e X XY : D, (2, ) > €} .

Since (U)ze = supp(p) forms an open cover of the compact subset x7 supp(D) x {yo}
of R™ x R", one can again pick a finite open subcover (U )i—1,...., of xmsupp(D) X {yo}.
The corresponding functions ®; = @, then satisty

L

> @i(a'y) > e V(2',y) € xmsupp(D) x V.

=1

Here, we have defined the set

=1

L
V= {y’ eY: (oY) e UL{;Vx' € xm Supp(D)} .

With this in mind, we construct a smooth cutoff function xy € C3°(X x Y') which satisfies

L
1 . €
sa 0 L PiZg
X=49q" 7
0: S < E

ﬁ
Il
—

In addition, we pick f € Cg°(Y) so that supp(f) € VN K and f(yo) = 1. Then
X(x,y)f(y) € C5°(X x Y), and for any fixed i € {1,..., L} we can apply the proof of
[68, Lemma 8.1.1] with ¢ = yf and v = ®; - D to obtain constants (C'% ) yey satisfying

Cy

|qu)i'D|(l7k) < W

Y(,k) €V, .
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Combining the estimates for different ¢ the yields

((1 ® f) - D) (I, k) = ifxcbi D|(I,k) < i )E&%-\D‘ (1, k) (5.3.15)

Ci, - o
(L+ (RPN = L+ (RPN

L ; ~

i=1

forall (I, k) € N, Vi, D R X Vi, with Vi = (2, V70
To obtain (5.3.12), note that there are constants c¢; o > 0 so that

cr(ll] + k) < (R < eoJl] + [K]) -

In addition, a simple application of the binomial formula yields that for a,b > 0
(1+a+b)" >14a™ + VM 4 MV M = (1 + M1+ VM),
Applying this to the denominator of (5.3.15) finishes the proof. [

The second lemma we want to show is

Lemma 5.3.8. Let (g, ko) € N, with Buy(xo, ko) intersecting H. (when extended to
M), and let us identify ko with an element of R* under the +-Kruskal coordinate chart
Pyt My — R?2 x S% Let K be a small compact neighbourhood of x, covered by the
+-Kruskal coordinate chart, and let V- C R*\{0} be a sufficiently small conic neighbour-
hood of kq, such that Ba(x, k) intersects H. in the interior of some compact setUd C H
forall x € K and all null covectors k € V. Let h € C§°(H,) be such that h = 1 on
a neighbourhood of U. Then, there are a function f € C§(M), with f(zo) = 1, an
open conic neighbourhood Vi, C R*\{0} of ko, and, V N € N and n € {0, 1}, positive
constant Cx,,, Cnn > 0 such that

Cnn
O, (L =h)E(fo)la, | < |U+|7a/n+ﬁ Vk € Vi, (5.3.16)
n —Q/Ke CN’]\[
|03 E(fi)ln.| < Ve~ T4 K VEk € Vi, . (5.3.17)

Here, we use the notation f(z) = (27)72e'** f(x), where we have fixed the 1), -coordinate
chart.

Proof. We begin the proof of this lemma with a number of definitions.
First of all, for K C M covered by the coordinate chart 7, identify 75 M with
Y (K) x RYin . Let V.C R*\ {0} be an open conic set. Then we set

Bum(K,V)={2' € M : 2’ € By(x,k) forsome z € K,k € V null},
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and we can continue By(K,V) to M by continuing the individual geodesics. We will
refer to this continuation as B (K, V') as well.

Second, we define a number of Cauchy surfaces for M: We choose Yk, so that it
coincides with H on a neighbourhood of supp(h). Furthermore, we pick two Cauchy
surfaces X of M sothat Xy, C IT(X_)NI(Xy)and K C I7(X2,).

Third, we need a number of cutoff functions: Let h € C(M) and I € C5°(M)
be defined such that 2 + h' = 1 on a neighbourhood of J~(K) N J*(¥_) N J~(X,),

hlx . =h, supp(h) N H. = 0, and assume that there is an open neighbourhood V ¢ M
of By (K, V) satisfying V N supp(h/) = 0. Moreover, let € C°°(M) be supported in
V, with = 1 in a neighbourhood of B (K, V). Finally, let y+ € C°(M) be a partition
of unity, x; + x— = 1, satisfying x+|;+x,) = L.

We illustrate the Cauchy surfaces and the supports of the various functions in Fig. 5.3.

Figure 5.3: Left: The three Cauchy surfaces are, from top to bottom, X, >, and >_.
The small, dark gray region is K. The solid line joining & and H indicates
the bicharacteristic B (o, ko). The dashed lines mark J~(K). The light
orange strip around B (g, ko) shows the neighbourhood V of By(K,V),
on which A’ = 0. The light gray region around J~ (K) N J~(3;) N JH(X_)
indicates supp(fl + h’). Right: The two ellipses indicate h = 1 (inner, shaded
ellipse), and supp(ﬁ) (outer ellipse). The orange strip indicates 7 = 1 (darker
shade) and supp(n) (lighter shade). The function y . is equal to one above the
green line, which corresponds to >, and vanishes below the blue one, which
corresponds to X _.

Let us now consider an arbitrary test function g € C§°(K). Then, for any such test
function, set § = K(x4+E(g)) € C°(M). §is supported in J~(K) N JH(3_) N J~(2,)
and E(g) = E(j), see the discussion in Section 2.2. From the construction of & and 7/,
it also follows that § = h§ + h'j. Moreover, we can use the linearity of the commutator

function together with the properties of the retarded and advanced Green’s operators £+
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to show

E(g) =E(3) = E(hj) + E(') (5.3.18)
=E*(hK(x+E(9))) + E~(hK(x-E(9))) + E(h'g)
=E"(K(hx+E(9))) + E~ (K(hx-E(g))) — E*(IK, h]x+ E(g))

— E~(IK, h]x-E(g)) + E(W'g)

=hE(g) — E*([K.h]x+E(g)) — B~ (K, hlx-E(9)) + E(1g).

Since h|y, = hand hly, = 0, we can identify (1 — h)E(g)|3, and E(g)|3. with the
last three terms in the last line of (5.3.18) restricted to H or H,. respectively. So let us
study these terms further.

First, we note that i’g vanishes in a neighbourhood of B (K, V'), while this is not the
case for [IC, h|x1 E(g) or [, h]x_ E(g). However, we note that by construction

supp([KC, hlx E(9)) NV € J*(34) 0 J*(Hy UHe)
This allows us to further split the terms involving these expressions as

E*(IK, hx=E(9)) = E*(nliC, hx+E(9)) + E*((1 = n)[[C, h]x+E(g))
By the definition of ) and E*, we then have

supp(E* (n[iC, hx=E(g))) C J*(supp([K, h]x + E(g)) N V)
CJEEL) N JEHL UH),

and hence these terms vanish on H, U H, and can be neglected. At the same time, the
remaining terms (1 — 7)[K, h]x+E(g) vanish in a neighbourhood of By (K, V), just as
hg.

This allows us to treat all three of these terms in the same way. Thus, in the following
we will focus on the term containing h’j, arguments for the other terms can be given along
the same lines.

As a next step, we would like to identify the function f € C§°(M). To this end, we
note that

§ = h(0,x120.x+0%)E(g) = W B(E(g)),

where we have defined the first-order differential operator B = Oy x4 + 20,Xx4+0°.

Let us consider the bi-distribution »’'B(E), where B is acting on the first variable of
E. This bi-distribution is compactly supported in the first variable due to the compact
support of 2'. Moreover, since differentiation and the multiplication by a smooth function
cannot increase the wavefront set, we obtain

(y, 120, ko) € WF(W'B(E)) Y(y,1) € ToppuyM - (5.3.19)

supp(h
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Let us identify (g, ko) with an element of ¢, (K ) xR* in the chart ), . Let us also fix a co-
ordinate chart 1) covering supp(h’) and identify all (y, [) with points in ¢)(supp(h/)) x R™.
Then we can conclude, alluding to Lemma 5.3.7, that there are a function f; € C’go(/\/l)
with fi(zo) = 1 and supp(f;) C K, an open conic neighbourhood Vi, € R*\{0} of ko,
and positive constants (C’ NN’)N,N7en SO that

éNN’
(L4 [IN) (L + [K[N)

(W @ f1)- B(BE)|(I,k) < V(I,k) eR x Vi, . (5.3.20)

As mentioned above, the other two terms can be treated in the same way, and we
obtain estimates of the form (5.3.20) for ((1—1)[K, h]x+ ® f+)E with different functions
f+ € C§°(M), conic neighbourhoods ka C R*\{0} of ko and constants (C ) v nven-

It then follows from the proof of [68, Lemma 8.1.1] that these estimates continue to
hold if f; and f. are replaced by

f=fi-fe foeCPM), (5.3.21)

and all three estimates hold for k € Vi, = Vi, N V,:g NVi,-

To reach (5.3.16), let us return to (5.3.20) with f; replaced by f. We will use the
notation f;, introduced below (5.3.16). In this notation, we can then estimate

oY fk‘ = (2m)72 |0 / elTh f (1) d*l

R4

< (271,)2/|l||a|
R4

-, 1 / Jled+3 4l
< 4 ’ )
Y 1

ﬁf\k(n' d*l

by using the total convergence of the integral to pull in the differentiation and applying
the estimate (5.3.20). In the last step, we have also changed to spherical coordinates and
collected all constants in C']’V /- We can always choose N’ sufficiently large to make the
remaining integral finite. Thus, we find that

Here, we have used the partial derivatives in the coordinate system ¢ covering supp(h’)
as the independent vector fields, and defined K’ C M to be a compact region containing
supp(h’) and covered by .

o°n fk‘ < Cnm

R f, ’ = max su _
fk)C*" 2 - 1+ kY

lal<m ze K

Finally, it remains to act on A’ fr with the commutator function F, restrict to H, or H,
and apply the estimate (5.2.6b) or (5.2.6c) from [39]. Since the support of A f; will in
general not be restricted to M, one has to use these bounds also to determine the decay
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towards U (V) — oo. Since this corresponds to approaching " in a time-reversed Kerr-
de Sitter spacetime, and the estimates require only that the initial data for the forward
solution is compactly supported away from r = r_, the results apply for this case as well.
One obtains

s —Q/K C, n

0. B fi)lae, | S U5 s +J|Vk|N Vk € Vi, (5.3.22a)
~ Cl

00 E(W fi)la| S |Vc|_a/“C%Vk € Vi, (5.3.22b)

forany N € Nand n € {0, 1}, where the constants C';,, will depend on supp(h').
As mentioned above, the other two terms can be treated in the same way, and~hence for
all N € Nand n € {0, 1}, we find constants C'y,, depending on the support of & so that

- C"
106, B (1= mlIC A B | S U™ g V€V (53.230)

C/
S|V 7o/ N VE eV, . (5.3.23b)

0%, E*((1 = n)[K, hlx+E(fi) T b

He
Combining the estimates for the three terms then finishes the proof of the lemma. [

We are now finally ready to prove Proposition 5.3.6 and conclude the proof of the
Hadamard property.

Proof of Proposition 5.3.6. For this proof, let us fix some (xg,ky) € N that satisfies
Ba(zo, ko) N O = (). Without loss of generality, let us assume that B, (o, ko) (when
extended to M) intersects .. The case where it intersects 7. can be handled in the
same way.

We can then assume that a compact neighbourhood K of (xg, ko) is covered by the
+-Kruskal coordinate chart ¢/, as in Lemma 5.3.8. Let us choose an open conic neigh-
bourhood V' C R*\{0}, so that, in the notation introduced in Lemma 5.3.8, By (K, V)
and B (K, —V') both intersect H in the interior of a compact set i/ C H. Define
h € C§°(H4 ) as in Lemma 5.3.8.

Let us also introduce an additional function ¢ € C$°(M) satisfying ¢ = 1 on supp(h).
Then, one can split w as [16, 43, 123, 142]

w=(h-Ay-h)(try, o((-E),try, o (¢ E)) (5.3.24)
+ A, ((1_h)'t’r’]{+ oFE,h-try, OE) + Ay (h‘tTH+ oE, (1 —h)-try, oE)
+ Ay (1= h) -try, o B, (1 = h) - try, o E) + w.,
where the restriction map to H . is called try,, . We can now analyse the different pieces
separately. Let us start with the second piece.

We would like to show that it is rapidly decreasing in (xg, ko; o, —ko). Therefore, we
pick the test function f and conic neighbourhood V}, constructed in Lemma 5.3.8 and
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note that, in the notation introduced in this lemma, (f ® f)v(k,l) = v(f, f;) for any bi-
distribution v in D’(M x M) with the coordinates fixed to be +-Kruskal coordinates. We
also note that for any test function ' € C§°(M), with supp(f’) contained in a compact
region K’ C M which is covered by the +-Kruskal coordinates, one obtains a bound

1 fxllem < CQAR™) 1l o

for some constant C' depending on m. Thus, by (5.2.6b) or (5.2.6c), one can find some
fixed L and some constant C, so that

BE(f)le, | < CUL (14 [k[7) . (5.3.25)

We can now follow the same steps as in the proof of Proposition 5.2.1: We write out
the integral in the definition of A, including the limit ¢ — 0. Holding this ¢ > 0 fixed,
we perform a partial integration and split up the integration into the regions indicated in
Fig. 5.2. Choosing —U, sufficiently small, combined with the compact support of A, the
integrals over domains D3 and D, defined in (5.2.7) will not contribute. Following the
estimates for the other terms, we find constants C'y 1, so that VN € N

Ay (L= WE(f)le REf) )| < Cwvr (LH1ETY) (T4 11F) Yk €V,
If (k, 1) is contained in the conic neighbourhood [43]
{(k,1) e R* x RN{0} : 1/2]k| < |I] < 2|k|, Kk € Vi, }

of (ko, —ko), then the polynomial growth in |I| can always be bounded by the decay in |k|
and hence we find that (¢, ko; xo, —ko) is a direction of rapid decrease for this term.

In the same way, one can use the estimates obtained in Lemma 5.3.8 and (5.3.25) for
the other terms in (5.3.24), except for the first one, after possibly replacing ky and V' by
—ko and —V'. We apply the bounds (5.3.16) and (5.3.25) to the estimates in the proof of
Proposition 5.2.1, and construct an open conic neighbourhood of (kg, —ko) in which the
decay outweighs the potential polynomial growth.

This shows that if (g, ko; o, —ko) € WF(w), then it must be in the wavefront set of
the first term in (5.3.24).

Thus, let us now consider the first term in (5.3.24). In order to compute its wavefront
set, we start by computing the wavefront sets of try, and A,. In the following, we
identify the horizon H with R x S? in the 1), -coordinate chart and 7* M with its local
trivialization in these coordinates. We write (U, §2, £, o) for points in T*(R x S?) where
Vi=0,500=(0,p,)and o € T3S

The wavefront set of A, can be obtained by a direct computation [16, 142],

WF'(Ap) ={(U,Q,&0:U,9,¢,0) e T*(Rx S* x R x $?)\o: (5.3.26)
E>0ifU=U",£=0else } .

The wavefront set of the trace map try, can be obtained by considering its kernel in
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the +-Kruskal coordinates and then applying [68, Thm. 8.2.4]. It is given by [16, 142]

WEF'(try,, ) = {(U, O, & o0, k) € TR xS x M) 1y (z) = (U,0,Q), (5.3.27)
Y1 (€,m,0) =k for some n) € R} )

As seen before, Lemma 5.1.5, together with [68, Thm. 8.2.4] allow us to make sense
of the map try oF : C§°(M) — C(R x S?) without an intermediate cutoff function .
However, the advantage of inserting ¢ is that the maps ¢ - E : C5°(M) — C°(M),
try, : CP(M) — CP(R x S?),and h- Ay - h @ CF(R x §?) — &'(R x S?) are
all properly supported. Therefore, we can apply [68, Thm. 8.2.14] on the wavefront set
of operator kernels under the composition of operators. Together with the results above,

Lemma 5.1.5 and (5.3.1), we then obtain

WEF'((h- Ay - h) (try, o (C- E), try, o (¢ E))) (5.3.28)
C {(@1, ks o, ko) € T (M x M)\o: 3(y.1) € T, (M) :

(i, ki) ~ (y,1), i =1,2; *d(¥ ") (W1 ()] = (€, 1, 0) with & > 0}
CNTxNT.

We conclude that (g, ko; 2o, —ko) can only be in WF (w) if (x¢, ko) € NT, concluding
the proof of the proposition. ]

We have thus shown that the two-point function of the Unruh state defined in (5.2.2)
indeed satisfies all necessary condition to be the two-point function of a well-defined,
quasi-free Hadamard state on the CCR-algebra A (M) of the free, real scalar field on the
Kerr-de Sitter spacetime, as long as the angular momentum « of the black hole and the
cosmological constant A are sufficiently small.

As a final note, let us try to give an interpretation of the physical situation represented
by the Unruh state. Since observers are usually considered to be in the exterior of the
black hole, let us restrict our attention to region [. Lemma 5.3.4 reveals that if we restrict
to test functions supported in I, the two parts w, and w, of the Unruh state two-point
function separately satisfy the KMS-condition at temperatures 7, /. = (27) 'k, /e With
respect to the respective Killing field 0; ,. defined in (2.4.9).

One interpretation of this is that there are, in the distant past, thermal populations of
in- and out-moving particles at different temperatures, which are also rotating relatively
to each other. This makes it apparent that the Unruh state is not an equilibrium state.

In the light of Lemma 5.2.5, and the particular form of the Unruh two-point function,
one rather comes to the conclusion that it is a non-equilibrium steady state [145] which
is stationary and axisymmetric in the sense that it is invariant under the automorphisms
induced by the Killing vector fields 9, and J,, on A(M) .
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6 Summary and discussion

In this thesis, we have discussed different aspects of free, scalar quantum field theory on
asymptotically de Sitter black-hole spacetimes.

We started by trying to answer the question whether quantum effects are able to restore
the strong cosmic censorship conjecture on charged, non-rotating, asymptotically de Sitter
black holes in the Christodoulou-formulation in cases where it is classically violated. This
required numerical computations of solutions to the radial part of the wave equation on
these spacetimes in order to compute the quadratically divergent, leading term of the
energy flux through the inner horizon in the Unruh state. This quadratic divergence was
shown in [16] to be the state-independent leading divergence of the energy flux as long as
strong cosmic censorship is classically violated.

The first part of the thesis consisted of developing and implementing a particular ansatz
to the solution of the radial part of the wave equation. The results did not only show
agreement with existing results of similar calculations [92], but also indicated that strong
cosmic censorship can indeed be restored by the quantum effects.

One interesting feature of the leading divergence of the energy flux through the inner
horizon is that it can change its sign depending on the charge of the black hole and the
mass of the scalar field. This can be interpreted by using the semi-classical Einstein equa-
tion in a linearised form to estimate the backreaction effect of the quantum field onto the
spacetime geometry. In this estimate, one finds that depending on the sign of the leading
divergence of the energy flux at the inner horizon, an observer approaching that horizon
will be either infinitely stretched or infinitely squeezed. Thus, while it becomes impossi-
ble to travel past the inner horizon in any case, the final fate of an observer approaching it
depends on the exact parameters of the spacetime and the scalar field.

Nonetheless, this analysis should be taken with a grain of salt. On the one hand, the
analysis of the backreaction made use of the assumption that the backreaction is weak.
This clearly ceases to be the case in the last Planck length leading up to the horizon where
the quantum effects become sizeable. One potential line of further research on this topic
is thus to go beyond the weak backreaction regime. This would require to find the next
step towards solving the semi-classical Einstein equation (1.0.1) self-consistently, which
we expect to be very difficult.

Beyond that, we found that not only the energy flux, but also its fluctuations diverge
towards the horizon. Hence, close to the Cauchy horizon, one does not only leave the
domain of validity of the weak backreaction assumption, but of semi-classical gravity
in general due to the divergence of curvature and the increasing importance of quantum
fluctuations. Addressing this problem in a satisfying way might require a complete theory
of quantum gravity.
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Despite of these shortcomings, the numerical results obtained in the first part of this
thesis show that quantum effects are very important when discussing the causal struc-
ture of black hole interiors, and cannot simply be neglected as small or subleading when
compared to classical effects.

Throughout this analysis, only real scalar fields have been considered, while the for-
mation of a charged black hole requires the presence of charged matter. Thus, in the next
chapter, we considered a charged scalar field on the same spacetime. In contrast to the
real scalar field, the charged scalar field can also influence the background electromag-
netic field via the semi-classical Maxwell equations which include the expectation value
of its charge current. The electromagnetic field, in turn, influences the spacetime. There-
fore, for the charged scalar, we are not only interested in the leading divergence of the
energy flux as before, but also in the charge current.

As a first step to study this current, a formula for its renormalized expectation value in
the Unruh state was obtained utilizing the Hadamard point-split renormalization proce-
dure. It was found that the counterterm for the current is finite and even vanishes on the
different horizons. Moreover, it only enters the ¢-component of the current. This greatly
facilitates the numerical computation of the current by the same methods as developed for
the real scalar field. Moreover, the state-independence of the leading divergence of the
stress-energy tensor at the inner horizon extends from the real to the charged scalar field,
and holds not only for the energy flux, but also for the charge current.

These results allowed us to evaluate the charge current numerically at different points
in the black-hole spacetime. The numerical results in the exterior and on the event horizon
behave as one would expect, and as previously discussed in the literature [130]. However,
we see a mismatch with the results one would expect from an application of the Schwinger
formula [113] for the computation of the current [131-133]. We attribute this discrepancy
to the fact that the Compton wavelength for our scalar field is of the same size as the
radius of the cosmological horizon, and the approximation of a flat spacetime is not valid.
Nonetheless, the numerical results we find in this region indicate that our formula for the
charge current produces the correct results.

In the next step, we considered the current near the inner horizon. There, one can
find a parameter range for the spacetime- and scalar field parameters in which the current
changes its sign. This finding was very surprising, since from the intuitive particle picture
one would expect that quantum effects will always lead to a discharge of the black hole.
Therefore, this result is a clear sign that the behaviour of the quantum field near the
inner horizon cannot be explained entirely using the particle picture. Thus, first-principle
calculations are necessary to determine the behaviour of quantum fields near the Cauchy
horizon of a charged black hole.

Nonetheless, since the sign of the current is always positive, indicating a discharge,
if the black-hole charge is sufficiently close to its maximal allowed value, the quantum
effects seem to be unable to overcharge the black hole and turn it into a naked singularity.

Apart from the current, we also computed the quadratic divergence of the energy flux
of the charged scalar field at the inner horizon of a Reissner-Nordstrom-de Sitter black
hole. The results were qualitatively similar to those found for the real scalar field on the
same spacetime in an earlier chapter and in [92]. However, for sufficiently large charges
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of the black hole, the change of sign that was observed for the real scalar field disappears,
and the flux remains positive for all black-hole charges considered. This effect seems to
be similar to the effect of an increase of mass for the real scalar field.

The change of sign as a function of the black-hole charge does not only disappear
for the energy flux if the charge of the scalar field is chosen sufficiently large, but for the
charge current, too. All charges tested in this work are very small compared to the electron
charge for black holes of at least solar mass. The same applies to the masses of the scalar
field tested in this work. Thus, it is conceivable that the interesting quantum effects such
as the sign change of the charge current are absent for realistic charges and masses of the
scalar field. Nonetheless, the results demonstrate that in principle, the quantum effects
near the inner horizon can develop features which elude a description in a simple particle
picture.

Since our choice of parameters was mostly due to limitations in our numerical com-
putations, it would be interesting to obtain results for more physical choices of both the
scalar-field charge and mass. This would most likely require different numerical methods.

The results up to that point were very interesting and revealed important features of
quantum field theory in black-hole interiors. However, they were obtained on charged
black-hole spacetimes, while realistically, one would expect astrophysical black holes to
be rotating rather than significantly charged. The reason is that any charge would be
rapidly lost by absorbing surrounding matter of opposite charge or by quantum effects.
Nonetheless, the charged black hole can be considered as a toy model for the rotating
one, since it shares many features, such as an inner horizon, while being easier to handle
mathematically.

As a next step, we wanted to extend the results from charged to rotating black holes.
As a first step in this direction, the third part of the thesis showed how the Unruh state
for a real scalar field can be rigorously constructed on a sufficiently slowly rotating Kerr-
de Sitter black hole with a sufficiently small cosmological constant. Moreover, it was
shown that the state constructed in this way is a Hadamard state not only in the black-hole
exterior up to the future cosmological and event horizons, but also beyond them. The
proof was based on the decay results for solutions to the classical wave equation on Kerr
de-Sitter [39] and combined ideas from different similar proofs obtained in the past [16,
43, 123, 138, 142].

It was shown that the state is invariant under the flows created by any of the Killing
vector fields of Kerr-de Sitter. In particular, the state is stationary. However, it is not an
equilibrium state. Instead, its structure is that of a non-equilibrium steady state. Restricted
to region I, it can be interpreted as the state describing thermal populations of out- and
ingoing particles at different temperatures in the distant past, which are rotating relatively
to each other.

The Unruh state being well-defined and Hadamard is a prerequisite for its application
in the computation of expectation values of observables such as the stress-energy tensor.
It is required for the application of Hadamard point-split renormalization and the use
of the Unruh state as a comparison state for the regularity analysis of other states. A
more specific application of the Unruh state that is only possible thanks to its Hadamard
property is the computation of the leading divergence of the stress-energy tensor at the
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Cauchy horizon of the Kerr-de Sitter black hole. Two especially interesting components
are the energy flux 7T, which is expected to give the leading divergence of the stress-
energy tensor upon transformation to Kruskal-type coordinates, and T;,, which is expected
to be connected to the slow-down or speed-up of the rotation of the black hole.

The numerical computation of these components of the stress-energy tensor in the Un-
ruh state is an ongoing project as part of the master thesis of M. Soltani. It would be
interesting to know whether the leading divergence of the stress-energy tensor computed
in the Unruh state is again the state-independent leading divergence for any state that is
Hadamard on the whole Kerr-de Sitter spacetime M. Since there is no classical, linear
violation of strong cosmic censorship in Kerr-de Sitter [38], this requires a version of
the state-independence result in [16] which holds also for arbitrarily small but positive
spectral gaps. This is part of ongoing research.

To summarize, this thesis has discussed the effects of various free quantum fields on the
inner horizon of different black holes. One important observation is that the behaviour of
the quantum fields near the inner horizon cannot be described by a simple particle-picture
estimate, but must be computed using quantum field theory. Another central result is that
in many relevant cases the leading divergence of the energy flux and charge current at the
inner horizon does not depend on the Hadamard state describing the quantum field up to
the inner horizon. In other words, these leading terms are universal in the sense that they
only depend on the parameters of the quantum field and the spacetime.

This dissertation has demonstrated that quantum effects can play a large role in relevant
questions regarding the geometry of black-hole interiors like the validity of the strong
cosmic censorship conjecture. The study of black-hole spacetimes, both classically and
semi-classically, remains an important area of research. The results presented in this
thesis are merely a glimpse at the exciting interaction between quantum fields and black
holes, underlining the significance of a better understanding of the interplay between
general relativity and quantum field theory in overcoming the conceptual puzzles of these
theories.

This understanding is not only imperative for the accurate interpretation of observa-
tional data, but also continues the development of mathematically rigorous approaches
to quantum field theory and serves as a guiding post for the development of a theory of
quantum gravity. It will be interesting to observe how further work in this direction will
shape our apprehension of how the physics at the smallest scales can impact the physics
at the largest scales.
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