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Abstract

This thesis analyses the behaviour of a real massive scalar field in BTZ space-
time, a 2+1-dimensional black hole solution of the Einstein’s field equations
with a negative cosmological constant.

The analysis is performed for a large class of Robin boundary conditions
that can be imposed at infinity and we show whether, for a given boundary
condition, there exists a ground state by constructing explicitly its two-point
function. We demonstrate that, for a subclass of such boundary conditions,
it is possible to construct a ground state that locally satisfies the Hadamard
property. In all other cases we show that bound state mode solutions exist, a
novel feature in literature. Moreover we show that the presence of bound state
mode solutions prevents the construction of a physically acceptable ground
state.

Subsequently we focus our attention in a neighborhood of a Killing horizon
in a 2-+1-dimensional spacetime, so to analyse the local behaviour of the two-
point correlation function of a quantum state for a scalar field. In particular
we show that, if the state is of Hadamard form in such neighbourhood, the
two-point correlation function exhibits a thermal behaviour at the Hawking
temperature, under a suitable scaling limit towards the horizon. This results
are then specified to the case of a massive, real scalar field subject to Robin
boundary conditions in the the non-extremal, rotating BTZ spacetime.
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D3(A)

Complex conjugate of a

Angular velocity of the black hole horizon

The tangent bundle of the manifold M

The tangent space at p € M

The surface gravity of a black hole

Boltzmann constant

Metric and inverse metric matrix elements

Repeated indices mean summation ) g"”a*a,

Causal future (+), resp. Causal past (—) of p e M

Ui{75(g)) | g5 € K}

Future (4), resp. Past (=), domain of dependence. For any A € M,
the collection of all points ¢ € M such that every past (4), resp. future
(—) inextensible causal curve passing through ¢ intersects A

Domain of dependence D},(A) U Dy, (A)

The 2 + 1 dimensional BTZ metric adopts the signature convention (— + +).
The AdS; singature convention is (— — ++4). We also adopt the subsequent
simplified notation for the following notable constants by setting ¢ = h = 1.

XV






IChapter 1

Introduction

In the framework of General relativity, the geodesics describing the motion of
free falling particles are deformed by gravity or, to be more accurate, gravity
is the result of the geometrical curvature of the spacetime. In this picture,
a black hole can be naively described as a region of no escape, in which the
gravitational acceleration produces an escape velocity greater than the speed
of light. When this condition applies, neither matter nor light can break out
of such region, which appears completely black for any external observer. The
seed of this notion turns out to be surprisingly old. In 1784 Rev. John Michell
submitted a paper to Philosophical Transactions [3] in which he attempted to
couple a rudimental corpuscular description of light with Newton gravitational
laws. At the time the speed of light had been estimated by analysing the
aberration of light coming from fixed stars, and was assessed around 0.3 x 10°
kilometers per second [4]. Far from understanding the invariance of the speed
of light or the real nature of photons, Mitchell pondered the existence of a
cosmological object with enough mass (1.25 x 103M,,) to attract light particles
to its surface.

After being ignored for almost 300 years, the notion of black hole reap-
peared as a consequence of gravitational collapse of matter in General relativ-
ity. A first encounter occurs when studying the interior solutions of Einstein
field equations for a static (that is, non-rotating), spherically symmetric, per-
fect fluid body. Here, sufficiently massive objects are unable to support them-
selves against their own gravitational attraction and they undergo a complete
collapse. In 1916 Karl Schwarzschild published a paper showing what would
then become the first static vacuum solution for Einstein field equations: a
static spherically symmetric metric describing the behaviour of a gravitational
field around a spherical body of mass M. This metric, when imposing an
asymptotical Newtonian (flat) behaviour, reads the well-known expression

oM oM\ !
ds? = — (1 — _> de® + (1 — —) dr? +r?(d6* +sin® 0de?) . (1.1)

r T

The Schwarzschild solution is valid only in the exterior region (r > 2M) of
the spherical body. However, if one presumes that the whole mass is concen-
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trated in the central point, called singularity, one can interpret as a black
hole solution where the surface at r = 2M plays the role of a event horizon.
This solution can then be continuously extended to the interior region of the
black hole (r < 2M) by means of a coordinate transformation. This extension,
named after Kruskal and Szekeres, reflects the fact that the domain of validity
of is bounded by a singular point, » = 2M, dominated by coordinate
artifacts and makes the singular nature of the black hole horizon disappear

(see Fig. [L.1).

Figure 1.1: Kruskal-Szekeres extension of Schwarzschild spacetime. Any point
of the diagram represents a two-dimensional sphere. Dashed lines represent
surfaces at constant ¢. Thick lines describe the singularity » = 0. Diagonal
continuous lines identify the horizon and anti-horizon surfaces T'— X = 0
and T+ X = 0 respectively. The coordinates X and 7 span all the original
spacetime region r > 0, that is X2 —T? > -1, T > —X, X € R. Moreover a
brand new region appears which duplicates the universe structure for ' < — X.
Region I, —X < T < +X, comprises the exterior region of the spacetime,
Region II, | X| < T < 1+ X2, the no escape region of the spherical body
and is referred as a black hole. Regions IV and III duplicate a time reversed
version of the spacetime

From a physical point of view it is very unlikely that such extended solu-
tion, which assumes the existence of two asymptotically flat regions connected
by a unique singularity acting as a causal "wormhole", can be observed in our
universe. A reasonable scenario to achieve the formation of a black hole is in
fact the collapse of a spherical body. Most likely, then, Regions /1] and IV



in Fig. are unphysical, while Regions /I and II are partially overlaid by
collapsing matter, as in Fig. [1.2]

On the other hand, in 1967, W. Israel proved that, given an asymptotically
flat spacetime, any statid’| vacuum solution of Einstein field equations exhibit-
ing a bifurcate Killing horizon?| reduces to the Schwarzschild solution [5l [6].
In this sense, the maximally extended Kruskal-Szekeres solution remains the
only spherically symmetric, static vacuum solution of Einstein field equation.
Therefore, as long as we consider static configurations, there is no reason to
believe that any gravitational collapse would lead to a different equilibrium
state.

2M

collapsing matter

Figure 1.2: The complete gravitational collapse of a spherical body.

Of course these comments are no more valid whenever we are considering
non-static, but stationary solutions. Non-static solutions are of particular
interest, since one expects any black hole to rotate, especially in the unverified
hypothesis that this configuration is the result of a collapse of rotating spherical
body. As found by Kerr, there exists a two-parameter family of black hole
solutions, characterised by an angular momentum J and a mass M, and it was
possible to prove that this is the only vacuum stationary family of solutions of

!The term static refers to the existence of a non-vanishing, irrotational, timelike Killing
vector field.

2From a mathematical point of view, other solutions, such as those leading to naked
singularities, are possible. Those cases can be excluded by asking for the existence of the
horizon.
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Einstein field equations [7] [8] when the spacetime describes an asymptotically
flat black hole. Kerr-like solutions [9] [10] might be regarded as the prototypical
physical models for black holes, but they are quite convoluted. They are all
axisymmetric, asymptotically flat (and of course stationary), with two Killing
vector fields. Any non extremal Kerr black hole has an inner horizon, an
outer horizon and an ergosphere. The inner horizon acts as a Cauchy horizon.
The outer horizon is a Killing horizon and the Killing parameter associated to
its Killing vector field can be interpreted, in analogy with the Schwarzschild
solution, as a natural time coordinate. The ergosphere is the surface where the
purely temporal component of the metric in Boyer—Lindquist coordinates [11]
changes sign. Moreover its maximally extended solution comprises a globally
hyperbolic black hole spacetime (see Fig. .

This last consideration is of notable importance if one wants to deal with
quantum physics in the presence of a gravitational field, since the study of
quantum field theory on a curved background often relies on the assumption
that the underlying manifold is globally hyperbolic. In particular if one con-
siders a dynamical field ruled by some normally hyperbolic equation (wave
equation) and that the spacetime is globally hyperbolic, then the associated
Cauchy problem is well-posed and there exists a unique solution, as well as
unique advanced and retarded fundamental solutions [12].

Quantum field theory on curved backgrounds is nowadays a well-established
branch of theoretical and mathematical physics [13] and it is quite suitable for
studying fields in presence of black holes, permitting to unveil non classical
phenomena, such as the Hawking radiation [I4], which have no analogue in
the flat case. The main assumption behind this approach is neglecting quan-
tum gravitational effects as well as any backreaction effect in Einstein field
equations.

Concerning the black hole scenarios, many results have been derived under
the hypothesis of spherical symmetry. This assumption allowed to understand
almost completely the structure of these matter systems and their physical
behaviour [15] [16], 17, 18] 19, 20, 21].

One of the building block in the quantization of free field theories on curved
spacetimes is the identification of a physical relevant state, which is used to
construct the algebra of Wick polynomials and the multi-particle states under
the action of the creation and annihilation operators. In the trivial case of
a field theory in Minkowski spacetime, this is represented by the Poincaré
invariant vacuum state, often dubbed by the quantum mechanical label |0).

The situation is totally different in curved spacetime, since we cannot rely
on the Poincaré symmetry group and, as a consequence, there is no clear way
to select a single state above another. A constructive way to select a physical
relevant state for a free field theory is to identify an associated two-point
function, that is a certain bisolution of the field equations, satisfying proper
initial conditions and support properties while exhibiting the same short-range
behaviour of the Poincaré vacuum.



Generally speaking, the two-point functions, such as the Feynman propagator,
are expressed as a product of field configurations ®(z)®(z’). As an example,
if one considers the scalar field on flat spacetime, the Feynman propagator
associated to the vacuum state |0) is defined as

Gr(z,2) =i (0[T(2(z)®(2"))0) ,

where 7T is the time ordering product and it plays a dominant role in the
renormalization of the vacuum polarization (®?).

The selection of a physical relevant state and the construction of the associ-
ated two-point function is moreover one of the fundamental constituents to im-
plement the dynamics while imposing canonical (anti-)commutation relations.
This allows us to introduce a Fock quantization of the dynamics [22] 23] 24]
and, consequently, to reconstruct the constitutive elements of quantum me-
chanics. This procedure does not only account for a complete description of
quantum free field theories, but it is also useful to implement perturbative
quantum models |25 26] 27].

Unfortunately, the construction of a full-fledged physical state on a Kerr-
like spacetime, is non trivial at all. The main obstacle is provided by the fact
that the timelike Killing field normal to the horizon becomes spacelike at large
distances. This undermines the possibility to unambiguously define the notion
of positive frequencies and it prevents the explicit construction of the state
by means of a distinguished two-point function. If a complete, everywhere
timelike Killing field existed, it would allow for the identification of a unique
full-fledged quantum state, dubbed the ground state, guaranteeing that all
quantum observables have finite fluctuations and allowing the construction
the algebra of all Wick polynomials 28] 29].

As we said, this is not the case for Kerr-like models. Even considering
the extended Kerr spacetime (see Fig. , it can be proven |30, Section
6] that, whenever superradiant modes are present, there does not exist any
proper ground state on the region which is invariant under the isometries
generating the event horizon of the Kerr black hole (the grey area in Fig.
. In this context, a proper ground state is asked to be a Hadamard state.
Hadamard states are defined as those states whose two-point function exhibits
the same short-range behaviour of the Poincaré vacuum. A thorough definition
can be found in Chapter As a consequence, the computation of physical
observables, as well as the introduction of a legitimate renormalization scheme,
is non straightforward [31} 32, 33, B4] and only in recent years a promising
renormalization procedure has been introduced [35] [36].

Despite this dismal situation, an interesting case study for a non static
black hole solutions is provided by solving the vacuum Einstein field equations
in 2 + 1 dimensions. General relativity in 2 + 1 dimensions is indeed simpler.
Generally speaking, the spacetime geometry is described by the Riemann cur-
vature tensor R,g,, and it is possible to extract three important quantities:
the Weyl tensor Cg,,, the Ricci tensor 12, and the Ricci scalar R. In a 2+ 1

5
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White Hole

(g

Figure 1.3: Portion of the Penrose diagram for the extended Kerr spacetime.
Whenever the classical Hamiltonian exhibit a superradiant behavior, no proper
physical state exists in the globally hyperbolic portion highlighted grey area.



dimensional scenario, the Weyl tensor vanishes identically. This entails that
any solution of the vacuum Einstein field equations is flat, while any solu-
tion with non vanishing cosmological constant A has constant curvature. As a
result, the Riemann curvature tensor in 2 4+ 1 dimensions can be written as

1
Ragw = Gaplsy + 9svRop — 9puBRav — g R — §(gaugﬁv — Jaw9pu) R -

In 1991, Banados, Teitelboim and Zanelli [37] proved that there exists a

2 + 1 dimensional black hole solution for negative values of the cosmological
constant A. This solution, which goes under the name of BTZ spacetime,
represents a 2 + 1 dimensional rotating black hole in an asymptotically AdSs
spacetime.
This setting presents many analogies with the 3 + 1 dimensional Kerr space-
time: it is stationary and axisymmetric and it possesses an inner and an outer
horizon, as well as two canonical Killing fields associated to the mentioned
symmetries. Nonetheless it has some peculiar features that distinguish it from
Kerr-like models. First of all it is locally isometric to AdS; and, as a result,
it is locally of constant curvature. This also implies that there is no curva-
ture singularity at the radial origin. Secondly, and this is the most notable
difference, it is not extensible to a globally hyperbolic spacetime, since it pos-
sesses a conformal boundary at radial infinity. This major setback is somehow
compensated by the fact that, even though none of the two Killing fields is ev-
erywhere timelike, there exists a suitable linear combination which is timelike
in the whole exterior region of the black hole. This last property essentially
allows to unambiguously define the notion of positive frequencies and, in the
end, it might lead to explicitly construct a full-fledged ground state, if it exists.
This is the main reason to try to consider the BTZ spacetime as an interesting
arena to analyse the behaviour of quantum fields in a stationary black hole
setting.

Given the multiple similarities with Kerr, the BTZ spacetime is still a

debated topic in relation to various issues, as for example the AdS/CFT cor-
respondence [38], the analysis of acoustic black hole simulators [39)] or used as
a test environment for probing the physics of quantum fields [40].
Regarding the construction of quantum states, it has been already proven that,
when Dirichlet or Neumann boundary conditions are imposed at radial infin-
ity, there exists a Hartle-Hawking state for the massless conformally coupled
scalar field on the 2 4+ 1 dimensional static hole background [41]. Further at-
tention has been also devoted to the analysis of quasinormal modes [42], of
superradiant modes [43] and of stationary clouds [44].

One of the main difficulties in studying quantum fields on BTZ background
is related to the analysis of the spectrum associated to the equation of motion.
Even when a mode-decomposition of the field equation is possible it happens
that, whenever the black hole spacetime is rotating, the angular and temporal
coordinates couple together and they produce a non-linear dependence on the
spectral parameter which might not be eliminable.

7
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As presented in this work, this is indeed the case when facing the problem of
a real massive scalar field on a stationary BTZ spacetime. We will consider a
real massive scalar field in the exterior region of a stationary 2+ 1 dimensional
black hole and we will show under which circumstances a full-fledged ground
state exists. We will perform this analysis for a large class of boundary condi-
tions of Robin type which, as we will see, guarantees that the spacetime can be
regarded as an isolated system. The Robin boundary conditions comprise the
particular cases of Dirichlet and Neumann boundary conditions. Moreover we
will show that, when a ground state does not exist, this is due to the presence
of bound states, that are solutions to the dynamical equation with non-real
frequency which seem to appear in the spectrum as a result of the background
rotation.

In order to obtain these results, the equation of motion, a Klein-Gordon equa-
tion, is solved by applying a mode-decomposition, which exploits the symmetry
properties of the BTZ spacetime, so to obtain a one-dimensional radial differ-
ential equation. The spectrum analysis is then performed taking into account
that the radial equation exhibits both a linear and a quadratic dependence on
the spectral parameter. After that, the two-point functions associated to some
physical states are constructed and we see that, when no bound states are
present, these two-point function represent a full-fledged ground state. Lastly,
we tackle the problem of analysing the high-energy behaviour of Hadamard
states in the proximity of the black hole horizon and we show that they ex-
hibit a thermal spectrum at the Hawking temperature Ty. As a result, we
identify two Kubo-Martin—Schwinger (KMS) states [45] [46], global thermal
equilibrium states generalising the notion of Gibbs ensemble, which seem to
be intertwined with some tunnelling effect through the black hole horizon and
which appear to be somehow related to the local formulation of the Hawking
radiation proposed by Parikh and Wilczek [47].

Following the present introduction, in Chapter [2] one can find a general
presentation of the 2 4+ 1 black hole geometry. According to the original paper
[37], the BTZ black hole is here defined as a quotient space of AdS; with respect
to a suitable group of identifications. In particular, Section presents some
relevant properties of the BTZ spacetime, by analysing its causal structure
and its symmetries. In Section we also introduce the notion of bifurcate
horizon, which will play a relevant role in Chapter 4] Moreover, Section [2.3.4]
details the global structure of the spacetime, highlighting the presence of a
timelike conformal boundary at radial infinity, which spoils the property of
BTZ of being globally hyperbolic. The last part of the section is then devoted
to the construction of a particular chart of Kruskal-like coordinates, needed in
Chapter

In Chapter [3| we tackle the problem of the construction of a two-point func-
tion for the ground state of a real, massive, scalar field in the external region

of the BTZ black hole spacetime. In Section the Klein-Gordon equation,
which rules the dynamics of the field, is mode-expanded by exploiting the two



Killing vector fields of the underlying background. As a result we obtain a one-
dimensional radial differential equation, which is reduced to a Sturm-Liouville
problem. A brief overview of Sturm-Liouville problems and their relation to
the two-point functions is presented in Appendix [A]

In Section the radial differential equation is solved and the radial mode
solutions are expressed in terms of Gaussian hypergeometric functions. Gaus-
sian hypergeometric functions are parametric one-dimensional solutions of a
GGaussian hypergometric equation. An introduction to their properties can be
found in Appendix [B]

In order to understand, whether and which boundary conditions need to be
applied at the conformal boundary so to obtain a unique and general solu-
tion, the asymptotic behaviour and the square integrability of radial modes
is studied. Finally in Section Robin boundary conditions are applied.
Robin boundary conditions, which are a large class of non-dynamical bound-
ary conditions imposing zero energy flux at the boundary, guarantee that the
spacetime can be treated as an isolated system.

Section is then completely devoted to the construction of the scalar field
two-point function. After a general introduction to the role of the two-point
functions in the quantization scheme for free fields, see Section we fo-
cus the attention of the specific case of the scalar field on BTZ. In particular
in Section we identify the correct notion of "positive-frequency" and we
show how to perform the spectral resolution of the identity operator in the
case of a quadratic operator pencil, that is in the case of a differential equa-
tion with a linear and quadratic dependence on the spectral parameter. This
procedure is presented in general in Appendix [C| where we also prove that it
is applicable in our case. Finally, see Sections [3.3.4] and [3.3.5] we explicitly
display two ground state candidates, relative to two range values of the field
parameters, while a third two-point function exhibits bound states mode solu-
tions. The presence of bound states is discussed in Section [3.4] where we also
debate whether the ground state candidates actually represent a full-fledged
ground state, satisfying the so-called Hadamard condition.

In Chapter {4 the attention is devoted to the analysis of the high-energy
behaviour of the two-point functions in proximity of the black hole horizon.
In this chapter we first generalise to 2 4+ 1 dimension the approach proposed
by Moretti and Pinamonti [48] and we see that, under these circumstances,
any physical state exhibits a short-range thermal distribution at the Hawking
temperature Ty and that this thermal behaviour seems to be related to some
tunnelling processes through the horizon. Therefore, in Section [4.2.1]we inquire
whether this approach is applicable to the specific case of a scalar field on a
BTZ background and we argue that this is indeed the case if one considers
a KMS state. Finally in Section we show the explicit form of such a
thermal state in the exterior region of the spacetime.

In the Conclusion one can find some final remarks. The mentioned Appen-
dices follow.
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IChapter 2

Black holes in 2 + 1 dimensions

In this chapter we are going to define the BTZ black hole, listing its fundamen-
tal geometrical properties and its physical features. The geometry of the 241
dimensional BTZ black hole has been widely analysed by Banados, Henneaux,
Zanelli and Teitelboim [37] and a comprehensive review can be found in [49)].
One of the most notable properties of BTZ is that it can be constructed as
a quotient space starting from AdSs3 spacetime. This feature will play a dis-
tinguished role in Chapter 4| of this work, where we will present the results
published in [2]. Another key geometrical feature is the presence of an inner
r_ and an outer horizon r, when the black hole spacetime is rotating, which
roughly mimics the behaviour of the most notable Kerr black hole. Moreover
we will introduce a Killing vector field, timelike in the whole exterior region of
the black hole, which will prove to be of primary importance when trying to
build the two-point functions of the scalar field in Chapter [3

In Section the AdSs spacetime, as well as its universal covering CAdSs,
is defined. In Section 2.2] the BTZ spacetime is introduced as a quotient
space of CAdS; with respect to a certain group of isometries and a natural
set of coordinates is presented. In Section we review some key features of
BTZ, including some comments about the causal structure of the spacetime,
the relation between the timelike Killing vector field and the event horizon
and we will introduce various coordinate sets, which will become useful in the
forthcoming chapters.

2.1 The AdS; spacetime

Let us consider R* equipped with Cartesian coordinates (u, v, r,y) and with a
symmetric covariant differentiable non degenerate tensor field g € T ;R4®T ;R“
of signature (— — ++), whose line element reads

ds? = —du? — dv® 4+ da? +dy? . (2.1)
Given a positive constant ¢2, the hypersurface

—v? =ty = -2 (2.2)

11



2. Black holes in 2 + 1 dimensions

endowed with the induced metric is called three-dimensional Anti-de Sitter
space and it is denoted as AdSs;. By construction, AdS; has a negative cur-
vature with curvature radius ¢ and it is a maximally symmetric solution of
vacuum Einstein field equations with negtive cosmological constant A = _e%'
The induced metric on AdS; is nondegenerate and it has Lorentzian signature
(—+ +). A global chart (u, A, 6) can be introduced by setting

u=~{coshpusin\, wv=~coshpucosA, x=~sinhpucosd, y=~Lsinhpucosh,

with 0 < <00, 0 < A <271 and 0 < @ < 27, Using this global chart, the
metric of AdS3 can be derived from (2.1 and (2.2) as

ds® = (*[— cosh® pp dA? 4 dp® + sinh® pu d6?] | (2.3)

where df? is the standard line element of the unit 1-sphere. Here we notice
that the time coordinate A is periodic and hence AdSs; admits closed timelike
curves, for example all those identified by fixing 1 = g and 6 = 6y. A common
approach to overcome this situation is to unwrap the coordinate )\, avoiding to
identify any A € [0, 27) with the value A + 27. The spacetime obtained in this
way is called universal covering of AdSs, denoted as CAdS3 and it has locally
the same metric (2.3), though with A € R. Eventually, one can set A = t/¢
and r = £sinh 4 and the line element can be written in the more common form

2 _ N e r e e
ds® = 1—|—£2 dt® + 1—|—£2 dr® +r°df* . (2.4)

Isometries

The AdSs3 spacetime is invariantﬂ under the action of the isometry group
SO(2,2), which preserves any vector product 7**v,v,, with 7 = diag(—1, —1, 1, 1).
Given the set of coordinates (v, u, z,y), the algebra of SO(2,2), s0(2,2), is gen-
erated by the Killing vector fields in the form

9 9
oz, x“@xy'

J,uu =Ty

As we will see in the Section the metric of a BTZ black hole will be locally
invariant under the same algebra of isometries, though not all of them will be
associated to a one-parameter symmetry group.

2.2 The BTZ black hole as a quotient of AdS;

Starting from the realization of CAdS3 spacetime as in the previous section,
it is possible to derive the whole BTZ solution by patching three coordinate

1 AdS3 inherits its isometry group from the isometries of the original spacetime, which
preserve the hyperboloid equation (2.2).

12



2.2. The BTZ black hole as a quotient of AdS3

transformations covering separate regions. The black hole solution is indeed
obtained via suitable identifications provided by the isometry subgroups of
anti-de Sitter space.

Here we sketch the procedure. Let y be a Killing vector for the AdS;3 space
and let us introduce the one parameter subgroup ¢ : R — SO(2,2) defined by

p(s) = exp[sx] and

©(s) : CAdS3 — CAdS3
P p(s)P .

Eventually, one would like to identify equivalent classes of orbits in CAdSs.
Given p, g € CAdS3 and the equivalence relation p ~ ¢ if ¢ = e*Xp, the relevant
space will be the quotient space

CAdS) := CAdS, (2.5)

~

or, equivalently, CAdS;/{e*X} scr-

Since this quotienting procedure closes all the curves joining equivalent
points of AdSs, it is imperative to check that those curves are not causal, that
is neither timelike nor null.

The BTZ black hole can be in fact obtained by quotienting CAdSs; by the
equivalence relation built out of the isometry subgroup of SO(2,2) generated
by the Killing vector

r r_

X = %le - 7J03 — Ji3 + Jo3 (2.6)

where J,,, = :z:,,%—xuﬁ and z# = (u,v, z,y). Here we focus our attention on
7 v

the non extreme caseﬂ ri —72 > 0. The antisymmetric tensor w*” associated to
the Killing vector x via the relation y = %w’“’JW has real eigenvalues +ry /¢.
Therefore, it is possible to apply an SO(2, 2) isometry transformation reducing
X to

In order to avoid the creation of closed causal curves in the quotient space
(2.5)), we need to impose that

X x>0,

2In the extremal case r; = r_ a different argument applies, though it leads to the same
result [37].
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2. Black holes in 2 + 1 dimensions

which reduces to the inequality

—u? 4+ 2% <
e —1rs
Given this bound, it is possible to identify three types of regions, corresponding
to these sectors:

e the inner region, for which 0 < \' -}’ < r?;
e the intermediate region, for which 2 < x'- x' < r?;
e the outer region, for which r2 < x'- x/.

As a matter of fact there is an infinite number of these regions. They are
bounded by the null surfaces u? — 2% = 0, * — (u* — 2%) = 0 and v* — y*> =0
and divided by the lightlike surfaces » = r, and r = r_, which, as we will see,
can be interpreted as the horizons of the BTZ black hole. The fact that we are
dealing with an infinite number of regions separated by an infinite number of
lightlike surfaces, is due to the fact that we started the realization of the BTZ
black hole from the universal covering of the anti-de Sitter spacetime CAdSs.

We select three neighbouring regions: an inner, an intermediate and an
outer one. On these three regions we define a coordinate chart (t,r, ¢) defined
as follows. Set

r? —r? r? —r?
A= (i) 2= (5).

t= % (nr% — r_gzﬁ) , gz~5: % (—T_% + T+gb>

with ¢t € (—00,0), ¢ € (—00,00). In the outer region, for r > r,, selected by
u,y > 0, we set

u = /A(r) cosh ¢(t, ¢)
v = /B(r)sinh(t, )
© = \/A(r)sinh (¢, )
y = \/B(r) cosh i(t, $) .

In the intermediate region, for r € (r_,r), selected by v > and v < 0, we fix

u = /A(r) cosh ¢(t, ¢)

v = —+/—B(r)coshit(t,¢)
x = /A(r) sinh ¢(t, @)
y = —+/—B(r)sinht(t,¢) .
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2.3. Properties of BTZ

In the inner region, for r € (0,r_), selected by x > 0 and v < 0, we set

u = /—A(r) sinh ¢(t, )

v = —+/—B(r) coshi(t,q)
x = /—A(r) cosh ¢(t, @)

y = —+/—B(r)sinhi(t, ¢) .

Using these coordinate patches, one obtains the line element for the anti-de
Sitter metric in CAdSY in the form

ds® = —=N(r)’dt* + N72(r)dr® + r*(N?(r)dt + d¢)” , (2.7)

where N(r) and N?(r) are smooth functions of r € (0, 00), as it can be verified
by inserting in the 2-+1 dimensional Einstein field equations with negative
cosmological constant A = —(%2.

We also see that x’ and % are both Killing vectors for the quotient space.

Moreover we can write X’ with respect to the new (¢,r, ¢) as

, 0
X - a¢ N

In order to obtain the BTZ black hole we need to make a further identifica-

tion to interpret the coordinate ¢ as an angle. Therefore, given the Killing vec-
P ]

tor 8%, we further quotient the space via the of the symmetry group {e**79s } s,
so that p = q if ¢ — ¢ + 2km.

The BTZ spacetime is therefore the quotient space
CAdS;

~
~

BTZ :=

2.3 Properties of BTZ

The BTZ black hole, as derived in Section is written in Schwarzschild-like
coordinates (t,7,¢). One can easily check by direct inspection that this is
indeed a vacuum solution of Einstein field equations with a negative cosmo-
logical constant A = _2%7 whose curvature tensor is completely determined by
the Ricci tensor R, = 2Ag,,. The BTZ line element is

d82 _ —N2dt2 + N72d7°2 _|_1,,2 (d¢+ N¢dt>2 (28)

with the lapse and the shift functions being

(r* —r2)(r* —r?) ror_
N(r)? = a , Ne(r — ,
(r) 2r? (r) lr?
respectively. We can define two parameters
r2 +r? 2r. 1
M=-"+"_"= J="""
2 14

15



2. Black holes in 2 + 1 dimensions

to be interpreted as the total mass and the angular momentum of the black
hole. By the constraints given in Section they satisfy the bounds M > 0
and |J| < M{. The lapse and the shift functions become

2\ J
= — — _— ¢ [
N(r) ( M + Iz +4r2> , N®(r) 52

and the outer and inner horizons can be defined in terms of the zeros of the
lapse function N. One gets

2 2
ri:‘%(Mi\/M?—‘g—Q)

2.3.1 Absence of closed timelike curves

The BTZ black hole spacetime has no closed causal curves, meaning that,
when considering the Killing vector y defined in Eq. and its SO(2,2)
transformation x’ and when restricting our attention to the region of CAdS;
where y' - X' > 0, there is no timelike nor null future-directed curve, joining a
point and its image generated by the isometry transformation e?7x.

This is a direct result of the construction obtained by the quotienting pro-
cedure. When J > 0, the outer region r > r, region I in Fig. 2.2] has the
intermediate region II, r_ < r < ry, lying in its future. Conversely the inner
region III, 0 < r < r_, has the intermediate region II lying in its past. As we
said, the horizon surfaces r = r1 are lightlike, therefore a causal curve leaving
one of these regions through a horizon surface cannot re-enter it. This already
guarantees that there is no closed timelike curve across the horizon surface.
Anyway, one needs to check that no closed timelike curve is generated by ~
and ~. First of all, we notice that the quotienting procedure ~ does not sep-
arate points belonging to the same regions, meaning that the image of any
point p € BTZ built out of an isometry transformation e®X, s = 0,£2m, ...
belongs to the same region of p. Therefore, the causal structure of BTZ can
be discussed for each region separately. Moreover, the identification ~ does
not create closed causal curve, since we restricted our focus to the regions of
CAdS3 where x’ - ¥’ > 0. As for the second quotient, which leads to inter-
pret the coordinate ¢ as an angle, it is sufficient to consider a causal curve
[y = (tx,7x, 0n), smoothly parametrized in such a way that its tangent vec-
tor (4, 4t 92y does not vanish for any A. Given the CAdS; metric (2.7)), the

X’ dx’ dx ) -
causal property of this curve is

dt\? dr\” dt  do\°
N (=) =N?(—~) =r*(N°—~+—=) <0.
(dA) <d/\) r ( D) S
Therefore, this causal curve joins the points (tg,rg, ¢o) and (to, 70, o + 2k7)
only if j—f\ = 0 for a given lambda \. A timelike curve would join these points
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2.3. Properties of BTZ

only if

v () - (—fz

dr

Since N? > 0, this is possible only when leading to a contradic-
tion.

On the other hand, if N? < 0, the two points would be joined by a causal
curve only if d’” = 0 for some value of A\. If one considers timelike curves only,

one gets that dt =0 and d¢ = 0, which is again a contradiction.

d)\’

2.3.2 Killing vector and symmetries

The AdS; spacetime, defined in Section is by construction invariant under
the transformations of the SO(2,2) isometry group, which is generated by the
Killing vectors in the form

0 0

Jpw =T, — —T,——
pv v p .
oz, oz,

Before the quotienting procedures, there are six linearly independent Killing
vectors, which are

P ')

Ol_vau u@v 02_x8v Uax
0 0 0 0

J()g = y% + Ua—y J12 = JI% + Ua—x (29)
0 0 0 0

Jlgfy%—i—u&—y J23fya—x—$a—y-

The aim is now to determine how many linearly independent Killing vectors
BTZ has. Since BTZ is constructed directly from CAdS3, we expect them to
be induced directly by and to be no more than six. In order to identify
a well defined vector field in BTZ, we ask an AdS;3 Killing vector field ¢ to
be invariant under the isometry transformation generated by the identification
subgroup introduced in Eq. , that is we ask that the pullback of e*™x
leaves ¢ unchanged
() ¢=¢,

where (e’X)*n := (e~*X),n. Here, by looking at the Lie algebra s0(2,2), the Lie
algebra b of the quotient group SO(2,2)/{e*X},, and considering the adjoint
map ad, : 50(2,2) — b, we see that

eX(e™X = exp[sad,(¢)] = ()" (= (.

In particular, this means that, given *™, ( € s0(2,2), then [e?™ (] = 0.
For x, one can apply the Jordan-Chevalley decomposition theorem [50] so
to split it in a semisimple and a nilpotent part

xX=S+N,
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2. Black holes in 2 + 1 dimensions

where [S, N] = 0. Consequently, the exponential 2™ satisfies the decomposi-
tion
627rx — e27rS + 627&'5(627rN _ 1) .

Any element ¢ commuting with e?™ must therefore commute with e*™* and
e?™ separately. By inspecting the polynomial definition of the exponentials,
one gets that this holds true when [S; (] = 0 and [V, (] = 0, therefore we derive

that
[x,¢]=0.

Therefore, if one wants to to find which AdS; Killing vectors induce a
legitimate vector field in the quotient space, one needs to check those commut-
ing with the vector x. By observing that s0(2,2) = s0(2,1) ® s0(2,1), we can
decompose both x and ( in their selfdual and anti-selfdual decomposition

X=X++Xx- (=G +¢,

and the equation becomes

X+l =0 [x-,¢]=0.

Observe that x and x_ are non zero for any value of the black hole parameters
and everywhere in the manifold. The only admissible solutions in s0(2,1) are
the real multiples

C+ = ax+, ¢ =bx-

Thus, we can conclude that the BTZ spacetime has at most two linearly
independent Killing vectors associated with a one-parameter symmetry group,
respectively.

In Section we already identified % and of course a% as two linearly
independent Killing vectors. Therefore the most general Killing vector is a

linear combination of those two vectors. As we will see, the linear combination

0

0
o TN (rs)

d¢

will play a distinguished role in the forthcoming chapters. In particular this
is the Killing vector field generating the event horizon r = r,.. Moreover,
this turns out to be a well-defined, global, timelike Killing vector field across
the whole exterior region r > r, of BTZ spacetime. This is possibly the
most notable difference in comparison to other models of rotating black hole
spacetimes like, for example, the Kerr solution of the Einstein’s field equations
with vanishing cosmological constant.
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2.3. Properties of BTZ

2.3.3 Horizons

In order to analyse the relevant surfaces of the BTZ black hole we write the
line element (2.8]) in the more convenient form

2
qs? — ( M — T_) A2 — J dtde + —-dr? 4+ r*d¢? (2.10)

2 2
¢ 2_2 472
The component g;; vanishes for
Terg = M2
and can be interpreted as an ergosphere surface. The Killing vector % is

timelike for r > 7y, null at r = 7, spacelike for r € (ry, rey) and no static
observer on integral curves of % can exist for 7 < re.

On the other hand, the component ¢ of vanishes for two values,
identifying two surfaces at r =r, and r =r_.
In particular, r = r, is a Killing horizon for the Killing vector field

0 0

§:_+N¢(T+)(‘9_¢‘

o (2.11)

This surface acts as a boundary between region I and region II in Fig.
from which null curves do not escape to infinity. Therefore it can be considered
as the event horizon for the BTZ black hold’l The constant Qp := N?(r,) is
called the angular velocity at the horizon. Since £*§, = 0 constantly on the
horizon, V¥ (£#¢,,) is normal to the horizon. Therefore there exists a function
r such that

V(€)= —2kEY
which is a non vanishing constant on all the orbits of £. This constant function,
called the surface gravity, plays a dominant role in identifying the thermody-
namic properties of the black hole. Its value for the BTZ black hole will be
specified in Section [2.3.4]
The inner surface r = r_ is a Cauchy horizon and it is unstable, meaning that
it exhibits mass inflation similarly to the one of Kerr or Reissner-Nordstrém
spacetimes [51], 62 53]. In the static case J = 0, the inner horizon coincides
with the singualirity r_ = 0.

Bifurcate horizon

The BTZ spacetime exhibits a bifurcate Killing horizon, that is a union of
two intersecting Killing horizons [54]. As we will see later, the BTZ bifurcate
horizon is generated by the Killing vector &.

Moreover, any bifurcate Killing horizon contains a C', spacelike, totally
geodesic surface B called bifurcation surface. Around the surface B, the

3Notice that in the static case J = 0, the component of the metric g,,. and ¢ are equal,
and the outer horizon r = r coincides with the ergosphere surface r = rerg.
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2. Black holes in 2 + 1 dimensions

branches of the horizon divide the BTZ spacetime into four disjoint parts
such that £ is spacelike in two of these regions and timelike in the others.

These notions will be particularly useful in Chapter [, An explicit realiza-
tion of the bifurcated horizon is proposed in Section [2.3.4]

2.3.4 Global structure

Kruskal-like coordinates

Let us start from the line element (2.8). We might consider a Kruskal-like
coordinate patch around each root of the lapse function, that is the solutions
of N(r)? = 0.

If we consider a neighborhood around r = r,, the Kruskal-like coordinate
patch can be defined as

T4L—T r4+r_ /T4 1/2 .
U, = <r+r+) (T_L) sinh At
ro<r<rg RPREEVE (2.12)
V, = {(;ﬂ) (;j;:) } cosh A ¢
\
' r—ry r4r_ r—/m+ 12
U, = (W}) (7,_7_) cosh A ¢
ry <r<oo o\ (eae T 2
V, = <r+r+) (T_L> sinh A, ¢
\
where the frequency A, is defined as
2
Ty —T”
A, =
+ 527‘4_

and the angular coordinate of the metric, call it ¢, is chosen on the patch
such that the component N%+dt is regular at r, and we impose

N (r)=0.
Using this coordinate patch around r = r, the line element becomes
ds? = Q*(AUZ — dV?) + r*(N?*+dt + de, )? (2.13)

where r = r(U, V) and t = t(U, V') are now to be considered smooth functions
of the coordinates, while

2 2 2 7’_/1”+
sy ) (7
O%(r) = PYRETE e forr_ <r<oo

We also notice that for J = 0, the Kruskal-like coordinates completely cover
the space. On the other hand, for J = M/, the two roots r, = r_ coincide
and it is impossible to define Kruskal-like coordinates [55].
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2.3. Properties of BTZ

Conversely, around the other root r_, one can use the coordinate patch

cosh A_t

sinh A_t

O<r<r_

r_ <r<rg

Cr_
Again we define the angular coordinate, call it ¢_, so that the term N®-dt is
regular at r_ and we impose
N (r.)=0.
Using this coordinate patch around r = r_, the line element becomes
ds® = Q*(dU? — dV?) 4+ r*(N?-dt + d¢_)* (2.15)

where r = (U, V) and ¢t = ¢(U, V) are again to be considered smooth functions
of the coordinates, while this time

2 =) (r+r )2 [, — o\
Q*(r) = (ry AQ);EQ ) (T:%—r) forO<r<ry.
As self-evident by and (2.13), these patches are never lightlike in the
domain of definition. A simple way to obtain a set of null coordinates is to
define some linear combinations of them [56]. In the following we will introduce
a different set of null coordinates, adapted to analyse the behaviour of fields
in a neighbourhood of the horizon surface r = r.

Penrose diagrams and compactification

The most convenient way to visualise the causal structure of the spacetime
is to adopt the point of view proposed by Roger Penrose [57], by drawing its
conformal diagrams. Starting from the coordinate patch (U, V, @) presented in
the previous section, one can arrange the following change of coordinates

U+V :tan(]%)

U—V:tan(p;q> (2.16)
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2. Black holes in 2 + 1 dimensions

that is

p+qg=2tan (U +V)
p—q=2tan" (U —-V) (2.17)

for U+ V.U -V e (-53,%).

If one considers the static case J = 0, then »_ = 0 and the surface r = oo
are mapped onto the lines p = i%w, while the singularity is mapped onto the
lines ¢ = :t%ﬂ'. The one-dimensional vertices ¢+ and i~ are excluded from the
diagram, so to avoid any artificial intersection between the conformal boundary
r = 00, the horizon » = r, and the singularity » = 0. This is represented in
Fig. Here we also see that the horizon is now represented by the diagonal

lines p = +q.

r=20
SVANVAVEAVAVAVEAVAVAVAVAVE
AN 7/
AN /
AN 7/
AN /
\ /
AN 7/
AN /
AN Ve
AN 7/
N s T =T4
N / 8
AN /
X
AN Il
/ AN ~
Ve AN
/ AN
/ AN
/7 AN
7/ AN
/ AN
/ AN
/ AN
/ AN
/ AN

Figure 2.1: Penrose diagram showing the causal structure of the BTZ black
hole, with an inner and an outer region only. Null curves move diagonally
at 45° from the upward vertical. The surface r = oo will act as a conformal
boundary for the spacetime.

In the non static case J # 0 |J| < M{, when applying to the Kruskal-
like patches and (2.14)), one obtains one Penrose diagram each. The
maximal causal extension is obtained by gluing together an infinite sequence
of regions. The result is shown in Fig. where again the vertices ¢+ and i_
are excluded from the diagram, so to avoid any artificial intersection between
the conformal boundary r = oo, the horizon » = r, and the singularity r = 0.
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/N
’ N
, < III
’ N
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Figure 2.2: Penrose diagram showing the causal structure of the rotating BTZ
black hole, with an inner, an intermediate and an outer region. Null curves
move diagonally at 45° from the upward vertical. The surface r = oo again
acts as a conformal boundary for the spacetime and has no intersection with
r=0and r=ry.

Ingoing and null coordinates

In this section we are going to introduce a particular set of null coordinates
for the BTZ spacetime. These can be considered a second version of Kruskal-
like coordinates. Nevertheless, the coordinate patches and are not
null, therefore they are not adapted to analyse any physical phenomenon across
the horizons. Eventually in Chapter 4| we are going to study the behaviour of
fields across the surface » = r, and in particular the shape of the scalar field
two-point function in a neighborhood sharpened around the event horizon.

The realisation of this set of null coordinates start by imposing the following
general conditiong’ Let A/ be the Killing horizon generated by a Killing vector

4Notice that all these conditions are satisfied for the BTZ spacetime, when setting &# =
9 4 Q.0 )m
(Bt + H[)QB) .
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2. Black holes in 2 + 1 dimensions

field £#, such that all the orbits of £# on A are diffcomorphic to R. Moreover
we demand that A admits a smooth cross section, call it X, such that each
orbit intersects X precisely one time. This last condition, in particular, implies
that the topology of N is ¥ x R. Note that, in the static case J = 0, 3 ~ S!.
Let us assume that the surface gravity s, defined by

VH(§8) = —2r€”

is non vanishing.

Under these hypotheses, any open neighborhood U of N can be extended to a
spacetime (M*, g*) that contains a bifurcate Killing horizon H, such that the
image of A comprises a portion of H.

The realisation works as follows. We cover %, with chart 3 and we extend
the coordinate z3 on ¥ to N by keeping it constant on the null geodesics
generators of .

On N we define a function 7 by

VT =1
7T=0 on X

so that §# = (9/07)", that is u is a Killing parameter for . We also recall
that "¢, = 0 on N,
At each p € N, let n* be the unique null vector satisfying:

nt¢, =1 on N
n*X, =0 for all vectors X* which are tangent to N with XV, =0 .

We aim at finding the affine parameter p associated to the vector n*, that
is a parameter spanning the null geodesics starting at p € A with tangent n*.
Therefore we ask R
p(p) =0 forpeN
0

Once p and 7 are found we shall use the chart (7, p, x3) on an open neigh-
borhood O C N. These coordinates will be of Eddington-Finkelstein type.

In the rotating BTZ spacetime, all hypotheses are fullfilled with £#* = (% +
QHB%)“ and x # 0. Using the chart (¢,r, ¢) and the vector basis (0, 0, 0), we
know that n* = (A0;+ B0, +C0,)" with A, B, C' depending on the coordinates.

We want to check that

n'Vun" =0

or at least n*V,n” = Bn* where § is a non vanishing constant. In that case
the parameter spanning the geodesics can be rescaled as p' = [ exp(BXN)dN.
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2.3. Properties of BTZ

The local properties n*n, = 0 and n#¢, = 1 lead to the following solutions

1 N : g
N+ = (—m,il, m) s 1.e. 775: = (——8t + 8 + _8¢>

Let us choose n = n_. We can see that the parameter describing the
geodesics generated by this vector is linear in r. In fact setting

0 _0t0 _ord 0606 _( 1 N
=T 9N T axat oror  oxos  \ N2 U N2

we see that % =—1thatisr=—-\A+a.
We can also check that 7_ satisfies the null geodesic equation

ntv,n” =0

This is tantamount to saying that the geodesic parameter A is precisely the
affine parameter p that we were searching for. In fact we expect it to be
p = fOA exp(0)dN = — [, dr’ = r + const. Condition p(p) = 0 for p € N
implies that p =7 —r,

To complete the coordinate chart of Eddington-Finkelstein type, we need
also the Killing parameter 7.

If we complete the parametrization of the geodesics in terms of r, we get

o 1 99 N?
or N or N2
We want these geodesics to be coordinate lines of our new system. Thus, one
of our coordinates is p, while the others are quantities which are constant along
a geodesic of the family. One of the remaining two coordinates is in fact 7, the
Killing parameter of the Killing vector { = 5~. By comparison
0 oo oro (9925 0

= Tarar oror arag - 00

and we obtain ?—i = 1, that is t = 7 4+ . The vector ¢ satisfies the geodesic

equation, allowing us to identify the Killing parameter, which in this case is
7= [l exp(0)dr’ = [} dt' =t + const. From the comparison we also have
or 0¢

or =0 E:QH

The remaining two coordinates will be
u=t+T1(r, ¢) 0=o¢+ d(t,r)

The conditions to find 7" and ® are given by the requirement that v and 6 are
constant along the geodesics parametrized by p and that p and 6 are constant
along the geodesics parametrized by w.

ou 00

a0 5 =0
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2. Black holes in 2 + 1 dimensions

or 00
P =0 P =0
Setting
oT ot 1 09 0¢ N¢
o or N® or or N?
and

or _ o 0% _ 0o
or  or or or
we achieve the desired result.

Therefore, the new coordinate chart (7, p,#) is obtained by the following
transformation.

-0

dt = dr + szdp
dr =dp
dp = df — Qpdr — ¥dp
In this chart, the tangent vector of the ingoing null geodesics written above
is
77” = (07 _]-7 0)
while the Killing vector is
& =(1,0,0).

We can now compute the line element of the metric in Eddington-Finkelstein
coordinates (T, p,0):

ds® = — N?dr?* — 2drdp + (p + 4 )*((N? — Qg )dr + d6)?
=(=N%+ (p+rp)*(N? — Qp)?)du® — 2dudp (2.18)
+2(p+1)3(N? — Qg)dudf + (p + ry)*d6* .

Now we will show how, starting from (2.18)), it is possible to build a chart
of null coordinates of Kruskal type, highlighting the presence of a bifurcate
Killing horizon.

By using the functions N(p), N®(p) and r(p) one can build the auxiliary
function

p(ri —r2)(2rs +p)
r2 (2

F=—'¢ = —(=N*+ (p+r)*(N® = Qp)*) =

As expected lim,_,,, I = 0. We also see that the surface gravity of the BTZ
black hole can be calculated directly as

10F 10F ri—r
= —— = —— = 572 - QZ orizon — - ~
m 2 dp |p=0 207 fr=r, r( H)lh Cry
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which is a non vanishing constant. It also holds that

F_ (=) +p) (rt )
= = =2—"—— " =92k .
/ p 3 (2 1(0) r2 (2 &

We can now define the function g(p) as

11 ro 0?p

p9(p) = f o 2k - _2(7“_2F —r2)(2ry +p)

that is
T+€2

2(ri —r2)(2r1 +p)
Finally we define two null coordinates of Kruskal type U and V as

U — 6/4,7'
: 2.19
{V — _efm-pexp [2,{ fOP g(p’)dp’} ( )

9(p) = —

where

p r 0%log(2ry + p)
/d I + + )
/Og(p) p 202 —17)

Hence p
2/@/ 9(p")dp" = —log(2r} +p) ,
0

which yields

U — eK/T
{V = —e " pe los(ritp) — —e—”T—L(2r++p) (2.20)
or, equivalently,
dU = ke"dr
{dv = Ke " AT — e gtapdp (2.21)

In these coordinates, the surface {U = 0} U{V = 0} is the bifurcate Killing
horizon generated by £ and it comprises the horizon N' = {V = 0}. The Killing

vector £ now reads
0 0
¢= - (Var - Var)

and vanishes for the surface ¥ := {U = V = 0}, which is the bifurcation
surface B.

As a final part of this Chapter, we complete the null chart and we write
the corresponding line element. Be

— UV = —pe-lograto) - __ P
@ p T
There exists a function v such that
p(p) 2r
U(p) == = -
@ I+¢



2. Black holes in 2 + 1 dimensions

with d p = UV(UV). Let

F f 40%r2 1
G = - 2p - _wa = 2 +2 2
KUV  k2UV K (=) (1+9)
then
ds? = GAUAV + VHAUd + 999d92
where
l—¢
goo =1" = (p+ry)? =7} <—1+¢>
B 47’152
(1+9)2(rt —12) (2.22)
p=UV
h of ["0g Yh
H=2|2 YL [P gy =22
L k Jo 00 P
with % =0 and ¢ = 1;;, while h is defined by g, = ph(p). Here g, =

2(p+ 7y )%(N? —Q), thus

2
reT_ 1—o
h=— 1—(——
v by [ (1+90)

The metric in Kruskal-like coordinates (U, V, ) is therefore

47{62 1
(ri —r2) (1+¢)?

__dnl e ) (1op) dUdg + 2 (1= o
(r2—r_) U 1+ T\1+49 '

ds* = — dUdV
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IChapter 3

Scalar field around a BT7Z black
hole

The aim of this chapter is the construction of a two-point function for the
ground state of a real, massive, scalar field in the external region of the BTZ
black hole. As will become clear in Section two-point functions play a
distinguished role in the quantization of field, especially when dealing with
quantum field theory in curved spacetime. The construction of a two-point
function associated to a field theory often presuppose the knowledge of the
basis of solutions for the equation of motion.

The equation of motion encoding the dynamics of the scalar field is the
Klein-Gordon equation. The identification of a solution for the Klein-Gordon
equation over a curved spacetime usually asks for the solution of a initial-
valued Cauchy problem. As we will see in Section the geometry of BTZ
spacetime and in particular the presence of a timelike conformal boundary in
the exterior region of the black hole poses the question of whether and which
boundary conditions should be imposed so to have a unique solution. In Section
we will identify a specific class of boundary conditions, those of Robin
type, as a distinguished class of non-dynamical boundary conditions ensuring
the absence of energy flux through the boundary. This feature essentially
guarantees that the spacetime can be interpreted as an isolated system.

In Section [3.1.2] the scalar field equation is solved by exploiting the symme-
tries of the background spacetime reconducing it to a one-dimensional radial
differential equation, which can be expressed in Sturm-Liouville form and fur-
ther reduced to a Gaussian hypergeometric differential equation. In Section
the set of radial solutions are then expressed in terms of Gaussian hy-
pergeometric functions. The properties of the solutions are studied in Section
and in [3.2.4

Finally in Section[3.3] a quantization scheme for the scalar field is presented.
This quantization procedure essentially relies on the construction of a two-
point function associated to a ground state. In Sections [3.3.4] and [3.3.5] two
different ground states candidates, corresponding to two different ranges of
value of the field parameters, are presented, while a third prototype fails to
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3. Scalar field around a BTZ black hole

describe a ground state due to the presence of bound state mode solutions.
Finally in Section [3.4) we argue whether the two two-point functions mentioned
above actually describe a physically acceptable ground state, by verifying if
they satisfy the Hadamard condition and we discuss the bound states and their
physical meaning in this picture.

3.1 The Scalar field equation

3.1.1 The Cauchy problem

Let us consider the BTZ spacetime as defined in Chapter [2| with metric ¢
provided by (2.8), restricted to regions I, II and III of Fig. and a real,
massive scalar field ® : BTZ — R, whose action is given by

1
g1 / dpty (V, BV D + (m? + ER)D?) | (3.1)
2 Jerz
where m? € R is the mass parameter of the scalar field, R = —g% is the Ricci

scalar curvature built out of g, £ € R is the curvature coupling constant and
dug(x) = /| det g|d*z. The dynamics is ruled by the Klein-Gordon equation

Pd = (0, —m?—(R)D =0, (3.2)

where [, is the D’Alembert wave operator. This equation is often solved for
globally hyperbolic spacetimes [58] 27].

A spacetime (M, g), dim M > 2, is called globally hyperbolic if and only if it
admits a Cauchy surfacdl] that is a subset ¥ C M such that any inextensible
(continuous, locally Lipschitz) timelike curve intersects Y exactly once and
such that its domain of dependence is Dy () = M.

For any globally hyperbolic spacetime, a solution for the differential equa-
tion (3.2)) is in fact uniquely determined by assigning initial data on a Cauchy
surface X

PP =0
Pe=/e (3.3)
VnCDE = fl

where foy, fi € C®(X) and n is the future directed unit normal vector on X

[59, §3.5.3].

However BTZ spacetime is not globally hyperbolic. This is manifest from the
Penrose diagrams in Fig. and since in both cases the spatial infin-
ity surface r = oo is a timelike conformal boundary through which data can

propagate [60]. This property is essentially inherited by the universal covering
CAdS3, through the identifications of Section

!An equivalent definition states that a time-oriented spacetime is globally hyperbolic if
JT(p) N J~(p) = {p} for any p € M (causality) and, for any two p,p’ € M, the causal
diamond J*(p) N J~(p') is either compact or empty.
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3.1. The Scalar field equation

In order to find a general and unique solution for (3.2)), one must consequently
impose boundary conditions at the conformal boundary. For a scalar field,
this problem is usually analysed by considering three types of boundary condi-
tions: Dirichlet, Neumann, and the so called transparent boundary conditions
[41] [61] which simulate the absence of the boundary.

In the following, the analysis will be performed for all admissible boundary
conditions of Robin type (see Section . For later convenience, we intro-
duce the dimensionless parameter

with p? > —1.

3.1.2 Scalar field expansion in (¢,r, ¢)

In order to solve the Cauchy problem, we work with coordinates (¢,r,¢) as
defined in Section Starting from the line element (2.8)), and knowing that

det g = —r?
~-N"2 0 N—2N?
(gul/)w/ — O N2 0 ’
N72N¢ 0 72— (N"IN?)?

the differential equation (3.2)) reads

1
~0,[rN?0,® + N?0?® — N 207 ®+
,

1 p?
—2 77 2 —1 7761272 _
2N N@t@b@—l—r—?%@—(N N)8¢<I>—€—2<I>—O,
with g2 == 1 — 6, % > —1.
Since 2 and a% are both Killing vectors fields for (2.8), we can Fourier

ot
expand the scalar field ® as

1 S
O(t,r, ¢) = b Z/Rdw e Wk (1)

keZ

Therefore, one can reduce the differential equation to a one-dimensional ordi-
nary differential equation (ODE)

1
—0,[rN?0, W (1) + N202W 1. (1) + N 2wV 1. (r) +2N 2 NwkW . (1)
.

1 _ p?
—r—sz\I/wk(r) + (N 1N¢)2k:2\11wk(r)—£—2111wk(r) =0.
Since we are mainly interested in finding solutions for the external region
ry < r < oo of BTZ spacetime, we will need to clarify which are the admissi-

ble boundary conditions that can be assigned at the horizon or at the radial
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3. Scalar field around a BTZ black hole

infinity. For ordinary differential equations this problem can be solved in full
generality by using Sturm-Liouville theory (see e.g. [62] 63 64] or [65] for an
application to the study of a real, massive scalar field in the Poincaré patch of
anti-de Sitter spacetime of arbitrary dimension). It is therefore convenient to
introduce a new radial coordinate z € (0, 1),

2 2
r —T+

z =

(3.4)

r2—r
This change of variable identifies the event horizon r = r, with z = 0 and

radial infinity » = oo with 2z = 1.
The relevant functions now reduce to

2 2 2 22
2r? —r z(ri —r?)
r=4"—- N?’= + N?

z—1 (z—1)(2r2 —12) zr? —r?

_ ryr_(z—1)

and the differential equation for ¥, (z) can be written as

LU(2) = diz (z%ﬁ@) () T(2) = 0 (3.5)

with
(2) = 1 C(wlry — kr_)? B Cwlr_ —kry)? B u?
N = 4(1—2) | (r2 —r2)2z (r2 —r2)? 1—=z

Eq. is a second order ODE in Sturm-Liouville form with domain
z € (0,1). This will be particularly useful in Section when we will deal
with the construction of the two-point function in the exterior region of the
black hole spacetime. A brief recap of Sturm-Liouville problems is in Appendix
[A] while a more complete presentation can be found in [62]. We point out that
the endpoints of the Sturm-Liuoville problem are not included in the
domain. This will be of particular importance in Section when imposing
some boundary conditions to identify the most general solution.

3.2 Solutions

3.2.1 Radial solutions

In order to obtain a basis of the vector space of solutions for Eq. we apply
Froebenius method [66] and we set

Uor(2) = 2%(1 — 2)P Fi(2) . (3.6)

Here the parameters o and  satisfy the second order algebraic equations

42 2 2
2 + 2
= - —=0 3.7
“ 4(r3 —r2)?’ b 4 ’ (3.7

32



3.2. Solutions

where we define @ := w — k€ to be the square root © = v@?, with Im{w} =
Im(w) > 0. Four possible equivalent pairs of values («, /) are admissible. Here
we choose

PG 1
a:—i%u;?), 5:5(1+\/1+M2). (3.8)

2(r3

It is important to notice that by picking a root for «, we are choosing one
of the possible branch cuts of the square root in the complex plane. Up to
strictly positive multiplicative constants, this choice is ruled only by @, which,
as we will see in the following, is the Fourier parameter naturally associated
to the Killing field £ defined in (2.11]).

When (3.6) is plugged into Eq. (3.5)), one obtains the following Gaussian
hypergeometric equation [67]

2(1 = 2)0?F 1+ [c— (a+b+1)2]0.F, — abF, =0, (3.9)
where
1 {—k
—(1—{—\/1—{—,u —zﬁw ),
2 Ty —T_
1 wl + k
-1 1 — il i
2( + 14+ p2—i r++7“_> : (3.10)
7"+(.U
=1- )
\ r+ 2 — 2

The hypergeometric differential equation has analytic solutions in the
domain (0,1), which can be expressed in closed form by means of Gaussian
hypergeometric functions, depending on the three parameters a, b and c.

Gaussian hypergeometric functions are special functions represented by a
Gauss series which include other special functions such as the rising factorial?]
(x)s or the Euler Gamma functions, i.e.

. _Oo(a)s(b)S B ooFa—i—s I'b+s) |
F(a,b,c,z)—; 0. 2 P (3.11)

which is analytic in the region |z| < 1. Moreover Eq. has regular singu-
larities at z = 0, 1, therefore one can find pairs of linearly independent regular
solutions around the poles at the endpoints. A brief review of hypergeometric
function is presented in Appendix [B] while a complete review can be found in
[67].

When choosing a vector basis of solutions, the dependence of the solu-
tions on the three parameters a, b and ¢ forces us to distinguish two cases,
discriminated by the values of 2.

2The rising factorial, also known also Pochhammer’s symbol, is defined as (z)s := z(z +
1)...(x+s—1), with 2o := 1.
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3. Scalar field around a BTZ black hole

General case

When none of ¢, c —a — b, a — b is an integer, an admissible and convenient
basis of solutions is given by

Uy (2) = 2%(1 — 2)°F(a,ba+b—c+1;1—2), (3.12a)
Wy(2) = 2%(1 — 2)'F
X F(c—a,c—bjc—a—b+1;1—2). (3.12b)

From (B.10), we get that the conditions on a, b and ¢ identify exactly the special
range of values for ;2 which must be been excluded. The general case holds
therefore for all the values u? # (n —1)> — 1, n=1,2,3,..., with g* > —1.

The fundamental solutions ¥, (z) and Wy(z) enjoy several useful properties.
Using the conjugation identities (B.8), the symmetry F(a,b,c; z) = F(b, a, c; 2)
and the second equality in (B.2) it is possible to check that ¥y + Wy and
Uy — Uy, if O — Q.

They are also regular at the endpoint z = 1, corresponding to radial infinity
r = oo, where, as we will show, they behave as

Wy (2) = (1—2)7, (3.13)
Wy(2) = (1—2)F. (3.14)

Q

Notably, the behaviour at infinity is dominated by the sole parameter S and,
therefore, by the value of 1% only. This is not surprising since one expects that
the behaviour at infinity is not affected by the local properties of the black
hole, such as the parameter 2y describing its angular velocity at the horizon.

Special case

In the special case u? = (n—1)>—1, n=2,3,..., solutions ([3.12)) cease to be
analytic in (0, 1) and must be replaced. An admissible and convenient basis of
solutions for (3.5 (see [67, §15.10.8]) is

Uy (2) = 2(1 — 2)°F(a,b,n; 1 — 2), (3.15a)
Ty(2) = 2%(1 — 2)°
X [F(a,b,n;1 — 2z)log(l — 2) + K, (2)] , (3.15Db)
where
S (=1ip-1) -
p; n—p-Dil—a,1 =0, Y
+ ; ((17)% (=2 (3.16)
while

(a)p =T(a+p)/T(a),
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3.2. Solutions

Jom =v(@+p) +¥(0+p) — (1 +p)—Y(n+p),

and 1 is the digamma function

() = : (3.17)

Note that ¥; — U, under the replacement @ — @. Once more this is proven by
using the conjugation identities (B.8), the symmetry F(a,b,c; z) = F(b, a, c; 2)
and the second equality in . This property is not needed for ¥, since, as
it will be clear in next section, W; is the only solution which will play a role
for the admissible boundary conditions.

3.2.2 The asymptotic behaviour of the solutions and the
principal solution

Inspired by the fact that the Gaussian hypergeometric equation can be
written in Sturm-Liouville form as in (3.5), we borrow the terminology used
for Sturm-Liouville problems [62], introducing the notion of principal solution.
We call a solution ¥ of the principal solution at z = 1, if it is the uniquerf]
solution up to scalar multiples such that lim,_,; ¥(z)/®(z) = 0 for every solu-
tion @ that is not a scalar multiple of U. As we will see in Section [3.2.5] the
identification of the principal solution plays a primary role to determine which
boundary conditions are admissible at the radial infinity z = 1.

As we will see, the Principal Solution at z = 1 will provide a straightforward
generalization of the Dirichlet boundary conditions for a singular boundary
value problem.

It is checked by direct inspection that the function ¥, in and
is the principal solution at z = 1, in the general and in the special case,
respectively.

Proofs In the general case, the Principal solution is
Uy (2) = 2%(1 — 2)PF(a,bya+ b+ 1;1 - 2) . (3.18)

Notice that, by Definition [3.11] any hypergeometric function is defined in the
disk |z] < 1 (and by analytic continuation, everywhere) and it holds that

lim F(a,b,c,z) =1

z—0

or, equivalently
lim F(a,b,c,1 —2) =1
z—1

3See Appendix [A|for some insights.

35



3. Scalar field around a BTZ black hole

for any a, b and ¢ for which F' is properly defined. Bearing in mind this prop-
erty, it is manifest that the solutions in (3.12) are asymptotically equivalent
to

and we see that

\Ill (Z)
Uy(2)

1
~ (1—-2)%"1 5,0 for B> 5 that is u* > —1 .

So, it follows that

]
lim 1(2)

—0, for B#0.
() 1 BUy) O frBAD

Analogously, in the special case the principal solution is
Uy (2) = 2%(1 — 2)°F(a,b,n;1 — 2) .
The solutions in (3.15]) are in fact asymptotically equivalent to

Uy(z) = (1— z)ﬁ
(n—1)!(n—2)

T R A

Wy(2) =t (1 — 2)° [log(l —z)—

—uww+w@—1—wm@

(n—1)!(n—2)
(I —=a)p-1(1=0)n

+wmw+ww—1—wMM1—wﬂ

R [(1 — z)/j log(1 —z2) — (—1) (1 — Z)HB_"—i—

And we see that that

g
lim 1(2)

—0 for B
0 () 1 BUy () r BAD

Stability of solutions

We call a solution stable, when its asymptotic behaviour at the boundary is
not dominated by a complex power of z, such as 2%, ¢ € R.

By looking at the solutions and we notice that their asymptotic
behaviours at z = 1 are dominated by the factors (1 — 2)? and (1 — 2)'#,

depending only on
1 —
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3.2. Solutions

In the considered case, a solution is therefore stable whenever (3 is real, that
is when ,u2 > —1. This constraint is in agreement with the Breitenlohner-
Freedman bound [68] for having stable solutions. This bound was originally
derived [68] in the AdS,.; picture by demanding positivity of the conserved
energy functional for scalar fluctuations vanishing sufficiently fast at radial
infinity. For the AdS; case, the Bretenlohner-Freedman bound is p? > p%, =
—1.

3.2.3 Square-integrability at the endpoint z =1

Having specified a basis of solutions of , we shall proceed to identify all
the admissible boundary conditions at the end poimﬂ z =1 for (3.2). These
boundary conditions will depend on the square integrability of the solutions
and in a neighborhood of the considered end point.

In particular we classify end points in the following way: We call an end
point z = 1 limit curcle if, for some w € C, all solutions of lie in
L*((z1,1); T (2)dz) for some z; € (0,1), otherwise, we call it limit point. The
measure J(z)dz, with
1 Ti

J(2)

Cl—z 2(r2 —12)’ (3.19)
is mrdv(g), where, dv(g) = r/N?drdy and 7 : M — [ is the projection along
the r-direction. Notice that the measure J(z)dz has been fixed so that the
operator L in is Hermitian with respect to it.

A direct inspection of and as well as of and (3.15b),
and the analysis of the asymptotic behaviour of the solutions, implies that a
Robin boundary condition can only be applied when p? € (—1,0).

In fact, as already anticipated in Section [3.2.2] since any hypergeometric
function F(1 — z) equals 1 when evaluated at z = 1, the behavior of
and can be inferred from that of (1 — 2)” and (1 — 2)'~7 respectively.
By accounting for the integration measure and using again (3.8), one finds
that lies in L%((z1,1); J(2)dz) for all values of u? > —1 for any z, €
(0,1) and any @. On the contrary, lies in L?((21,1); J(2)dz) if and
only if y?> € (—1,0). According to the nomenclature introduced, z = 1 is
therefore limit circle if u* € (—1,0) while it is limit point if z* > 0. Hence,
no boundary condition is required for p? > 0 and everything works as if the
Dirichlet boundary condition had been chosen.

For the special case pu?> = (n—1)? — 1, n = 2,3, ..., the first element of the
basis Wy, as in , behaves exactly like . On the contrary, ¥, as
in (3.15b), never lies in L?((21,1); J(z)dz) on account of the singularities of
K(z). Hence, whenever > > 0, z = 1 is always limit point and no boundary
condition is required.

4A similar reasoning will be applied at z = 0 but, if one focuses only on square integrable
solutions, only one exists, provided that Im[w] # 0. Therefore, no boundary condition needs
to be applied at z = 0.
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3. Scalar field around a BTZ black hole

Range of 2 Range of @ L?at 2=0 L?at z=1
Im[w] < 0 Uy v, and U,
—1<p?<0 Im[@] =0 none U, and U,
Im[w] > 0 Uy U, and ¥,
Tm@] < 0 v, U,
u> =0 Im[w] =0 none N
T[] > 0 v, v,

Table 3.1: Square integrability at the endpoints z = 0 and z = 1 of a basis
of solutions for (3.5) depending on the parameters p? and @ of the equation.
The integration measure is dv(z) = J(z)dz as per (3.19).

3.2.4 Square-integrability at the endpoint z =0

The behaviour of the solutions of (3.5)) at z = 0 can be analysed by considering
a more convenient basis of solutions

Ws(2) = 2%(1 — 2)°F(a, b, c; ), (3.20a)
Uy(2) = 27%(1 — 2)°
X Fla—c+1,b—c+1,2—c¢;2), (3.20b)

where again a, b, ¢ are the parameters defined in (3.10). The vectors W3 and
U, form a well-defined basis of solutions for all x? > —1, except when ¢ = 1,
corresponding to the value a = 0.

Since the hypergeometric functions in the form F(z) are equal to 1 when
evaluated at z = 0, the leading behaviour of the two solutions at the ori-
gin is ruled by z* and by z7%, respectively. It is easy to verify that U3 €
L*((0, 20), J (2)d2) for Im[@] > 0, independently on zy € (0,1), while ¥, €
L*((0, 20), J (2)dz) whenever Im[©0] < 0. On the other hand, none of the solu-
tions is square integrable for Im[w] = 0, since a logarithmic singularity dom-
inates the leading term of the asymptotic behaviour. Since only one square
integrable solution exists, provided that Im[w] # 0, no boundary condition
needs to be applied at z = 0. Therefore, we say that z = 0 is limit point.

The case ¢ = 1 deserves a special mention. This value corresponds to
w = kf’;—; = kQpy. This relation satisfies a synchronization condition with the

black hole angular velocity and it has been extensively studied in [44]. In this
case, the solutions W3 and W, no longer form a basis of solutions of (3.5,
hence, we consider the following new basis [67, §15.10.8]:

(1-— z)ﬁF(a, b,1;2),
(1 —2)?[F(a,b,1;2)log(z) + K (1 - 2)] ,
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3.2. Solutions

where K is as in (3.16)). The leading behaviour at z = 0 of these two solutions
is dominated by a constant in the first case and by log(z) in the second one.
Therefore, none of them lies in L2((0, z9), J (2)dz) independently from z, €
(0,1).

Note that for @ ¢ R, hence excluding the case ¢ = 1, the above defini-
tions obey W3 — WU, and U, — W; under the replacement @ +— @. This
can be checked using again the symmetry F'(a,b,c;z) = F(b,a,c;z) and the
conjugation identities (B.8).

3.2.5 Robin boundary conditions

In the following we will focus on identifying which class of boundary conditions
can be applied at the timelike conformal boundary z = 1 of the BTZ spacetime,
so to obtain a general and unique solution for the Klein-Gordon equation (3.2)).
From a physical point of view, we would like to deal with a thermodynamical
isolated system and the presence of the boundary might spoil this property.
Therefore, the reasonable physical request is to impose that the boundary
behaves like a perfect mirror, that is to impose that the energy flux through
the boundary is zero [69, [70]). In the end, this approach is more general than
the usual practice to impose Dirichlet boundary conditions.
Let us consider the the action (3.1))

2
_ PULP o M2
S Z/BTzd”g(v“(w <I>+€2<I>> ,

with stress-energy tensor
TH — (guaguﬁ + g,uﬁgua o guu‘gaﬁ)a&éaﬂ@ . g;w(i)q) )

The radial energy flux is

3, = / T, /| det glg"do . (3.22)
st

Let us consider the asymptotic behaviour of (3.5) for z — 1 (r — o0), with
an expansion of the form

tT ¢ Z/dw —zwt—&-zkd)qj ( )
keZ

As we have seen in Section if 2 IS as in (3.4)), one finds that boundary con-
ditions are required only for —1 <pur<0 and the principal and non-principal

solutions (3.12)) asymptotically behave as (3.13) and (3.14)), respectively. In

terms of the natural radial coordinate r one has that

Uy (r) R r VI (3.23)
Wy (r) R rHVIFH (3.24)
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3. Scalar field around a BTZ black hole

A general solution can therefore be written as W = AV, + BV, for some
complex constants A and B. For convenience, here we introduce a new basis
of solutions, given by

\IJJr = \Ijl —Z\IJQ 5
U_ = \111 +Z\I/2 .

The general solution becomes ¥ = C, ¥, + C_W¥_ and we substitute it into

(3.22)), so to obtain
5= [ 77 VIdetglg s o (CL - [C-P)
S
We then make the hypothesis that the conformal boundary of BTZ may be
regarded as a perfectly reflecting mirror, asking for the energy flux to vanish

asymptotically when r — oo, that is

Iim §, 500 =0 .

r—00
This requirement is satisfied for |Cy| = |C_|. Writing the complex constants
in polar coordinates as C. = pe¥*, one obtains that
B Ccy—-C_ 0, —0_
= — = tan
A Cy+C_ 2

and we can define a variable { := 9*;9*, ¢ €[0,m)\ {5}, such that

B
tan(¢) = — .
©=5
Therefore, imposing zero energy flux at the boundary is equivalent to ask for
a general solution to be in the form

cos(Q) V1 (2) +sin(Q)¥a(¢), ¢ €[0,7)\ {g} 5

that is to satisfy Robin boundary conditions. Robin boundary conditions are
usually introduced as a constraint over some linear combination between a
solution of the differential equation and its derivative and, in this sense, they
behave as a generalization of Dirichlet and Neumann boundary conditions.

The implementation of Robin boundary conditions at the conformal bound-
ary z = 1 of BTZ spacetime is not straightforward since, as already pointed out
in Section the radial differential equation is singular at the endpoints.
A brief comparison between the procedure to impose boundary conditions in
a regular differential equation and in a singular one is presented in Appendix
[A] Here we just stress that it would be improper to specify the boundary con-
ditions by assigning specific values at the boundary. These kind of problems
are known as singular or non reqular problems.
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3.3. The two-point functions

A convenient generalization is provided by the following approach.
We first choose as primary solution ¥, of the basis the principal solution at
the boundary identified in Section while W, can be any other linearly
independent solution. Secondly, given the set Sol of solutions of (3.2)), we
introduce the notion of Wronskian between two solutions

Then we say that a solution W, of (3.9) satisfies the boundary conditions of
Robin type at z =1 if

lim{cos(O)W,[¥, ¥4](2) 4 sin(O)W,[¥, ¥sy](2)} =0 celo,m), (3.25)

z—1

where WU is any solution of the differential equation, while the linear combina-
tion has been written in terms of a parameter ¢ spanning all admissible values
up to a normalization constant.

In Appendix [A] we show that this procedure also applies for a regular differ-
ential problem and reduces to the usual notion of Robin boundary conditions

cos(C)Te(1) +sin(C)d. T (1) =0 ¢ €[0,7)

up to a normalization constant.

Boundary conditions at z = 1 and general solution

At the singular point z = 1 we can apply boundary conditions for a pair
of solutions of the general case (3.12)).

Given the boundary conditions (3.25), for any value of ¢ € [0, 7) the most
general solution of equation (3.9) with parameters is then

Ue(z) = N{sin(¢)Wa(z) + cos(¢) V1 (2)} . (3.26)

The same holds for the special case, where the basis of solutions is
replaced by .

The value ¢ = 0in (3.25)) provides a generalization of the concept of Dirich-
let boundary condition, since it guarantees that the general solution in that
case is W(z) = N'¥y(z). For any ¢ € (0,7) we have the Robin boundary con-
ditions.

We stress that the notable case ¢ = 7 cannot be unambiguously interpreted
as a generalization of the Neumann boundary conditions, since it depends on
the choice of W,.

3.3 The two-point functions

In field theory, a particular interest is given to the construction of two-point
functions
(®(2)2(z"))
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3. Scalar field around a BTZ black hole

In our picture, we will read this object as an integral kernel built out of a
real, massive, scalar field & : M — R whose dynamics is ruled by a generic
Klein-Gordon equation

Pd = (0, —m?—(R)D =0, (3.27)

with m?, R, £ € R over a 2 + 1 dimensional, connected Lorentzian manifold
(M., g).
The quantization of has been studied in great details in the literature,
both for flat and curved globally hyperbolic spacetimes. As a reference, one can
refer for example to [71], while in [I3] one can find a recent review, which adopts
an algebraic point of view based on a set of axioms, first spelt out by Haag and
Kastler [72]. This second approach gives an algebraic formulation to quantum
field theory (AQFT) and it is particularly suitable for curved backgrounds,
expecially when dealing with globally hyperbolic spacetimes [12].
This quantization scheme does not focus directly on fields. Instead it relies
on the construction of an algebra of observables A(M) compatible with the
dynamics of the system and satisfying the canonical commutations relations
(CCRs). This abstract algebra of observables is then related to a Hilbert space
and to a vector space of operators over it, by the identification of a positive
and normalized linear functional w : A(M) — C dubbed algebraic state. This
realization is provided by the renown Gelfand-Naimark-Segal (GNS) theorem
[29].
In this picture, expectation values of observables are computed in terms of
correlation functions. These are distributions acting on the generators of the
algebra of observables

Wy 1 CP(M)®" = C .
A distinguished role is indeed played by the two-point correlation function ws.
One the one hand, in non interacting field theory, it solely determines the n-
point functions for Gaussian (quasifree) states by means of the Wick theorem
[71]. On the other hand, the CCRs over the algebra are imposed in a covariant
way [22] 58] by means of a bidistribution G dubbed causal propagator, whose
integral kernel can be split in a symmetric and antisymmetric part

iG(z,2") = wo(x,2') — wy(2'x) |
where wy(z,2") = (P(z)P(2')).
In the following, after an introduction to the general quantization scheme,

we specialise the discussion to the case of a BTZ spacetime, aiming to construct

a class of two-point functions defining a ground state for a real, massive, scalar
field.

3.3.1 Quantum field theory in curved spacetime

Eq. (3.27) can be solved in terms two fundamental solutions, called the ad-
vanced (A) and the retarded (R) solutions respectively,

Gar : C°(M) = C®(M)

42



3.3. The two-point functions

such that
e Po GA/R = GA/R oP = id|cg°(M) ’

e supp(Ga/r(f)) € JT(supp(f)) for all f € C5°(M) .

These solutions exist for any normally hyperbolic differential operator acting
over a globally hyperbolic Lorentzian manifold [I3]. They are unique when
the operator P and its formal adjoint P*, defined by (P*f, g) = (f, Pg) for all
fig € Cg°(M), (f,g) = [ fg, both admi advanced and retarded solutions.
A partial second order differential operator over a 241 dimensional Lorentzian
manifold is called normally hyperbolic if it can be written in the form

3 3
Pd == g70:0;+ Y Adi+ Al
i=1

ij=1
for some smooth functions A, A;, i = 1,2,3 and a partial differential equation
Pd =17,

where J is a compactly supported smooth function, is called wave-like equation
if P is normally hyperbolic. The prototypical example of a wave-like equation
is therefore the Klein-Gordon equation (3.27)).

Given the advanced and retarded solutions, one can introduce the causal
propagator

G :=G4—Gp

out of which one associates to the scalar field ® an algebra of observables
A(M), constructed as follows:

1. We define T(M) := @7 ,(C5°(M))®", where C5°(M)®° = C, as the
universal tensor algebra of test-functions, endowed with the x-operation
induced from complex conjugation,

2. We call Z(M) the x-ideal of 7 (M) generated by elements of the form Pf,
so to implement the dynamics of the equation of motion in the quantum
system

3. For any f, f' € C§°(M) we impose the canonical commutation relations
(CCRs) fa f'— f'® f—iG(f, f)I, where T is the identity of T (M),

4. We define AM) = 71—(%14)), to be the algebra of observables.

Notice that any f € C§°(M), the following properties hold true for G:

e PoGf=GoPf=0,

5 An operator admitting advanced and retarded solutions is sometimes referred as Green-
hyperbolic [12].
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3. Scalar field around a BTZ black hole

e supp(G(f)) € J(supp(f)),

where J(K) := J"(K) U J (K) is the union of the causal future and the
causal past of K. Furthermore, the causal propagator can be regarded as a
bi-distribution, where

GeCEMx M) ={T:CF(M x M)— C| T is continuous and linear}

and, for all f, f’ € C*(M)

Gf ) = / dvola(z) [(2)(Gf)(x) |

M

with (Gf)(z) :== [,,dvoly(z)f(2)G(z,2") f'(z) and G(z,2’) is interpreted in
a distributional sense.

It is worth noticing that the algebra of observables A(M) is nothing but an
abstract generalization of the algebra of second quantized fields (f( f), with

f e G5 (M)c = C5°(M; C):
1. ®(af +bf'") = a®(f) + bd(f) for all a,b € C, f, f' € C(M),

2. &(Pf) =0, for all fe CF(M),

A —

3. Cﬁ(f)* = ®(f), for all f € C°(M), where f denotes the complex conju-
gate of f,

4. [D(f), (f)] = D(F)D(f) — D(f)D(f) = iG(f, f')L

At this point, it is possible to define an algebraic state, that is a linear
functional w : A(M) — C such that

wd) =1 w(aa®) >0 Vae AM),

which allows to realize a suitable Hilbert H, space and to interpret the algebra
of observables in terms of linear operators acting on it. This realization is
provided by the Gelfand-Naimark-Segal (GNS) theorem [29], which states that,
given a state w on a unital x-algebra A, there exist a quadruple (H,, D, m, ¥,)

- (Hy, (—|—)) is a Hilbert space,
- D C H, is a dense subspace,

- m: A— L(D) is a x-representation of A on the linear operators over D,

that is a linear map such that W(a)lTD = m(a").

- (A, =D
~w(a) = (Vy|r(a)Py,), for alla € A .
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3.3. The two-point functions

Expectation values of observables can then be computed in terms of correlation
functions. These are distributions acting on the generators of the algebra of

observables
wp : CP(M)®" — C..

Knowing a state w is therefore equivalent to knowing all its correlation func-
tions. As already anticipated, a distinguished role is indeed played by the
two-point correlation function wy. If one considers the integral kernel of the
causal propagator GG one can split it in a symmetric and antisymmetric part

iG(z,2") = wa(x,2') — wa(2'z) |
where the functions wq, usually called Wightman functions, are given by
wo(x,2') = ((z)®(z)) .

In particular, G and ws all satisfy the Klein-Gordon equation both for x and
x’, that is they are bisolutions for ((3.27]).

In the following, we specialise the discussion to the case of a BTZ black hole
background with the aim to construct a class of two-point functions defining
a state for the real massive scalar field of (3.2). In particular we would like
to define a ground state, that is a state built out only of positive frequencies
with respect to a preferred timelike Killing field. As we discussed in the Intro-
duction, in curved spacetime we cannot rely on the Poincaré simmetry group
and, as a consequence, there is no clear way to select a single vacuum state
above another. Nevertheless, if a complete, everywhere timelike Killing field
exists, it allows for the identification of a unique full-fledged quantum state,
dubbed the ground state, guaranteeing that all quantum observables have finite
fluctuations [28, 29].

3.3.2 Quantum field theory in BTZ spacetime

As already pointed out in Chapter [2| the BTZ spacetime is not globally hy-
perbolic due to the presence of the timelike surface r = co acting as conformal
boundary, while the quantization scheme presented in Section is partic-
ularly suitable for globally hyperbolic spacetimes. Despite this discrepancy,
our final interest will be to evaluate physical quantities defined in geodesically
convex neighbourhoods of points on the Killing horizon. This will become
clear in Chapter |4, where we will analyse the tunnelling processes through the
black hole horizon and the local thermal behaviour of the two-point function.
With regards to the quantization procedure, if one is interested in the local
properties of the system in a submanifold O C M, one might as well define
a local algebra of observable as the restriction of A(M) on O. This is indeed
the case of the present work, since we are only interested in studying local
quantities. Nonetheless, the construction of a global algebra might be possible
by adopting the approach used for the counterpart of a real, massive scalar
field in the Poincaré patch of a (d + 1)—dimensional AdS spacetime [73].
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3. Scalar field around a BTZ black hole

Given the Klein-Gordon field equation (3.2]), we aim to build its Wightman
function, that is a bidistribution Gt € D'(BTZ x BTZ) such that

(PRI)Gt = (1® P)G* =0,

G*(f,f) >0, VfeCFBTZ)

and supp(GT(f,—)) C J(supp(f)) for all f € C°(BTZ) in a distributional
sense. Let us then consider the coordinate system (¢, z, ¢) introduced in (2.8)
with 7 replaced by the new radial coordinate z as in . When imposing the
canonical commutation relations (CCRs), one requires that the antisymmetric
part of the integral kernel of G,

iG(x,2') = G (z,2") — GT (2, ) with z,2" € BTZ
satisfies (3.3.2]) together with the initial conditions

G(x, 2 )|i=¢ =0, (3.28a)
0(z = 2')8(¢ — ¢')
J(2)

with J(z) as in (3.19). That is, the antisymmetric part of G is constrained
to coinciding with the commutator distribution if one wants to account for the
CCRs of the underlying quantum field theory. In order to construct explicitly
the two-point function we assume that G* can be mode expanded in the form

—8tG($, l’l)’t:t/ = ath(IE, l’l)|t:t/ = s (328b)

e—0F

d R,
Gt (x,2') = lim Z/ #e‘“"(t—t TITRON Gz, 7)) (3.29)
kez /R

where z, 2’ € BTZ. Notice that a term ie has been added as a regularization,
while the limit must be interpreted in the weak sense.

3.3.3 The resolution of the identity
Initial conditions

As we already anticipated in Section the Killing vector field (2.11)

0

fzaﬂq\m(ﬂ)

0
99
plays a prominent physical role: it is timelike in the whole external region
of the BTZ black hole and it generates the Killing horizon. Moreover, it is
of paramount importance for the construction of a ground state, providing a
preferred direction to define the notion of positive frequencies. In fact, the

positive frequencies can be identified by its Killing parameter © = w — k.
This can be seen by changing the two-point function parameters from (w, k)
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3.3. The two-point functions

to (@, k) and by introducing a new coordinate system (Z,7, ¢), which is related
o (t,r,¢) so that 9; = £&. The simplest choice consists in defining]f

t =t

Using this new coordinate chart, the line element becomes
- A2
ds? = —N2d# + N~2dr? + (d¢ +(N? + Qy)dt) . (3.30)

Since only the positive w-frequencies contribute to the two-point function of
the ground state, one can write Gui(z, /) = Gap(z, 2)O(@), with Ger(z, 2')
defined for all © € R.

In order to build the ground state, since the antisymmetric part must sat-
isfy (3.284), a natural requirement consists of looking for a two point func-
tion é@k(z, 2') which is symmetric under exchange of z and z’ and such that

G_p—k(2,2") = —Ggr(z, 2'). With this requirement, the commutator distribu-
tion reads
d / NN
iG(z, et RG ) Gy (2 ). (3.31)
64)0-”

Here, from Eq. (3.28b)), one has that éwk(z, 2') is a mode bidistribution chosen
in such a way that

/—wG == (3.32)

Quadratic operator pencils

Provided that positivity as in (3.3.2)) is satisfied, the identity (3.32)) and the
Fourier series for the delta distribution along the angular coordinates

1

2
keZ

O =56~ o)

ensure that finding é@k<z, 2') is equivalent to constructing a full-fledged two-

point function G+
Moreover entails that the mode bidistribution is such that

(Lo @ I)Gan(2,2') = (1® Lo)Gan(z,2) =0,

where L is defined in (3.5)).

SNotice that, while the range ofj is still R, that of ¢ appears to be no longer the
interval (0, 27), but (—Qgt, 27 — Qpt) instead. Eventually, this choice is purely a matter of
convention: the interval 0 < ¢ < 27 would be equivalently suited.
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3. Scalar field around a BTZ black hole

Our aim is now to obtain an integral representation for the delta distribu-
tion on the right hand side of (3.32), from which one can read off Gzx(z, 2').

This result is quite straightforward when dealing with the static case J = 0.
The ODE is indeed an eigenvalue problem with spectral parameter w? and
if the operator L; is self-adjoint, for example by imposing suitable boundary
conditions [74], one can express the delta distribution as an expansion in terms
of the eigenfunctions of Lg. This procedure, known in literature as resolution
of the identity, is not possible when dealing with the non static case J # 0
since, when the black hole is rotating, the ODE presents both a quadratic
and a linear term in w.

Therefore, the particular from of equation (3.5), forces us to treat L; as a
quadratic operator pencil. Quadratic operator pencils are differential operators
with quadratic dependence on the spectral parameter.

Quadratic operator pencils are a family of operators defined on a Hilbert
space H of the form

Sy =P +aR, + @Ry, (3.33)

where Ry, Ry and R, ! are all bounded and self-adjoint operators, while P is
unbounded, closed and hermitian on a dense domain D(Sz) C H. In our case,
Sz = J 'Ly on H = L?((0,1); J(2) dz), where L; is defined by and
J(z) is as in (3.19).

A detailed spectral analysis of this family of operators is presented in Ap-
pendix [C.I} In the following we show what is the procedure to obtain the
expansion of the delta distribution in terms of eigenfunctions of an operator
of this type and, hence, the mode expansion of the two-point function (3.29))
for the case in which the mass parameter is such that —1 < u? < 0 and Robin
boundary conditions apply at the conformal boundary z = 1. The results for
the range ;2 > 0 may be simply obtained by setting ¢ = 0.

Explicit calculation of the delta integral representation The strategy
is to apply the discussion from Appendix to the differential operator Lg
introduced in ({3.5])

d [ dY(z) CE(1— 2) + 2 p?
_@(Z dz )_[ 472 (1 — 2)?

Ol kr_ 0T (2)

(2 =) (1—2) 402 —12)

with J(z) again as in (3.19). As already stated, the Hilbert space is H =

L*((0,1); J(2) dz) and the quadratic operator pencil is

U(z), (3.34)

Sol(2) = —— L0 (2). (3.35)
z

This operator satisfies the hypotheses (S1), (S2) and (S3) from Appendix [C.1]

The verification of the hypotheses is relegated to Appendix [C.2] [C.3| and [C.4]

respectively.
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3.3. The two-point functions

Let us now focus the attention on the Green distribution G; . associated
to the operator L;. Such bidistribution can be constructed as a product of
square integrable solutions of L3;¥ = 0 at both the endpoints z = 0 and z = 1.
For this reason we introduce the function

tol2) = {wg(z), Im[@]zo, (3.36)

with W3 and ¥, defined in (3.20). This function is chosen so as to be square
integrable at z = 0. Analogously we introduce the function

U e(2) = cos(Q)¥q(z) + sin(Q)Va(2), (3.37)

with Uy and U, defined either by (3.12) or (3.15), accordingly to the values
of p?. This function is chosen so as to be square integrable at z = 1 when
—1 < p? < 0 and satisfying Robin boundary conditions parametrized by ¢ €
[0,7). Note that, given the identity Ly = Lz, it follows that us = 7z and
Uz =Yg

The Green distribution G ¢ associated to the operator Lg is therefore

@7

B N _ w(uw(z)q] C(Z)a Z<Z/>
Gac(2,2) {chuw(z,)\y o s (3.38)

where the normalization constant A ¢, depends on the parameter ¢ spanning
all admissible boundary conditions. Knowing that

a+b—c /14 pu?
Wz[‘pla‘l’ﬂ: = a

z z

?

and using formulae (B.3)) of hypergeometric functions listed in Appendix [B] a
direct calculation provides the following values for N

N@g = —ZWZ [u;J, \IJC] (3.39)
T(e)(a+b—c+1)
O T b
+sin(¢) F(If)(z(_c ;);(;_Jz;)l) , m[@] > 0,
- (C)F(Z—C)F(a+b—c+1)
R P 1)F(br—20 ¥ 1)F -
\ +sin(e) F_(f)_f);(‘i — b)+ ) Imf@] <0,

where the parameters a, b, ¢ are again as in (3.10)). L
By inspection of (3.38)) and (3.39), it follows that Vg ¢ = N5 - and Gz ¢(2,2') =
Gz.(#, z). Furthermore, as made explicit in Appendix , N is analytic on
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3. Scalar field around a BTZ black hole

Im[®@] # 0 and it has at most two isolated zeros. These, called the bound state
frequencies, are symmetric with respect to the real axis and they form a set
BS; C C, such that BS; = BS} UBS} with Im[BS{] > 0.

The integral representation of the delta distribution can therefore be writ-
ten by applying formula (C.2)):

4(7‘3—7"2)

T 7{ 271 o W92 2 ) (3.40)

where the positively oriented contour C’, illustrated in Figure encircles
the bound state frequencies in BS,, while

AGs (2, 7)== E%[gw+ie,c(zyz') — Goiec(2,2')] (3.41)

has to be interpreted as a distribution in @.
An application of Cauchy residue theorem leads to the following integral rep-
resentation

6(z—2")
Tk 4 [/ 2mwAQw<zz Z Resg—o[0Ga (2, 2)]

@ EBSC

(3.42)

Both integrands in (3.42)) can be computed rather explicitly, except for
analytic expressions for the bound state frequencies (see Appendix [C.3). In-
troducing the constants
I'(c—1I'(c—a—Db) B_F(c—l)F(cH—b—c)

I'(c—a)l(c—b) ’ B ['(a)T(b) ’

and using formulas (B.3a)) and (B.3b)), it is possible to write

to(e) = {(c—1)[Anp()+Bw2()]7 Im(@] > 0,
v 1—c) [AV1(2) + BUs(z)] , Im[@] <0,

A:

and

Ao = (1 —¢)y/1+4 p2[cos(¢)B —sin(¢)A], Im[w] > 0,
we (¢ —1)y/1+4 p2[cos(¢)B — sin(¢)A], Im[o] < 0.
Hence, for z < 2/, the distribution (3.41)) can be written as
V1 + p2 Leos(¢)B —sin(()A
_AW) + E_‘I’Q(Z_)} ()
cos(()B —sin(()A
AB - AB We(2)We(2)

" Jeos(Q)B —sin(QAP T+ p2

20

(3.43)
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and the result still holds for z > 2’.

A separate analysis is needed when considering the possible presence of
residues at a bound state frequency w, € BSZ“. In fact, when it exists, it is an
isolated root of AV = 0 and

Resg—p [0Ga¢(2,2)] = %D(@c)‘l’aoc(z)‘l’%c(z')v (3.44)

where D(@¢) = D2(w¢)/Di(@¢). Expanding N in the Laurent series, one
gets that

Dy (w¢) = L+ p

S22y

Zm 45 {sin(O) Al(rs - )ue—
T (ry =7 )i(e = b) — 2rs ()] (1 )
—cos() B[(r+ +r-)(b) + (r4 — r-)¥(a)
= 2r9(0)] (1 = €) Ha=a »
where 9 is again the digamma function introduced in . Since in this

case /\/}JC,C = 0, the solutions ug, and Vg, ¢ are no longer linearly independent.
Recalling that Im[@.] > 0, their ratio is

u@C(z)
Ve c(2)

_{sec(@( D Alos., cos(¢) #0,
ese(¢)(e = 1)Blacs, , sin(¢) #0.

Finally, the spectral resolution of the delta distribution is

Dy(w¢) =

o(z—2) o
J(z) A2 —1r2)
y [ / Ao AB-AB W (9)V(2)
r 270 [cos(()B —sin(Q)A]* /14 2

+ > Re [GcD(@c) Vo c(2)Wa ()] |, (3.45)

BceBSY

where we have taken advantage of two facts. Firstly the bound state fre-
quencies appear in complex conjugate pairs, BS, = BSZr UBSZF. Secondly
D((Dc) = D(a}g) and \IJ‘IJC:C<Z) = \PETOC(Z>

In the following sections, we present the results for the resolution of the
identity and for the mode expansion of the two-point function for certain fixed
Robin boundary conditions, identifying in which cases it is possible to construct
a full-fledged ground state for the scalar field in the external region of BTZ.
In the simplest scenario, corresponding to the range of values p?> > 0, no

o1



3. Scalar field around a BTZ black hole

boundary condition needs to be imposed at z = 1 and it is always possible
to construct a ground state. In the second case, corresponding to the range
of values —1 < p? < 0 a ground state will be admissible only for certain
boundary conditions. The full details of the calculation can be consulted in

Appendix [3.3.3]

3.3.4 The two point function for ;2 > 0

As shown in Sections [3.2.3|and [3.2.4] for the range of values x> > 0 both z = 0
and z = 1 are of limit point type. Using the results of Section in the case
¢ =0, it is possible to obtain an integral representation of d(z — z’) in terms
of eigenfunctions of L,

% :/R%@ (é - g) CU(2)¥(2),

where the constants A, B and C' are defined as

Fle—=1)I'(c—a—0)

A= ez ore=n (3-46a)
p =L _;25(&;6 =) (3.46b)
C = c (3.46¢)

Comparing this integral representation with (3.32)), we can read off the formula
for Gzi(z, 2') and write the two-point function as

+ N ik($-9') = dw —iio(I—#'—ie) é_z /
G (z,2) Glg‘?’keze /0 (27r)2€ B B CUy(2)Uy(2).

(3.47)

3.3.5 The two-point function for —1 < u? < 0

For the range of values —1 < pu? < 0, a Robin boundary condition needs
to be imposed on solutions at z = 1 and we obtain a different two-point
function for each possible Robin boundary condition. Two separate regimes
must be considered. The boundary conditions identified by ¢ € [0,(.) and
those identified by ¢ € [(., 7), where (. is a critical value of (. As we will show
shortly, for ¢ > (. bound state frequencies w; € BSZr will be present, while
no bound state occurs in the regime ¢ € [0,(.). The search for bound states
is performed by looking at the isolated roots of N = 0, by reversing the
formula

tan(¢) = | . (3.48)
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3.3. The two-point functions

In particular, the critical value (. is
2
(25— 1) ‘r (1 —5+w£)’
2
T (1-28) (F (6 +z’£§)‘

(. = arctan ) (3.49)

where B = —i— % 1 + p2 is the Frobenius parameter defined in (3.8)). Notice
that p? € ( ,0), therefore 8 € (3,1) and (. € (3, 7). The subsequent results
follow.

Case ¢ € [0,¢.)

For Robin boundary conditions identified by ¢ € [0, (.), the spectrum of the
operator Lg in (3.5)) is only @ € R and it does not include any isolated eigen-
value in C\R. Therefore no pole is present in the Green distribution associated
with Lz calculated at the beginning of Section [3.3.3] Since the value (. lies in
the range (7, 7), this regime includes both the Dirichlet and the Neumann-like
boundary conditions. In this case, therefore, the result is structurally identical
to the one investigated in the previous section for y? > 0 and we obtain the
following resolution of the identity

S:-)  [ds (AB-4B)C )
J(2) _/ — SIH(OAP We(2)We(2), (3.50)

where the constants A, B and C' are the same as in (3.46)).
Combining this result with (3.29) and (3.32) one obtains, for each ( €

[07 CC)J

R omi |cos(¢)B

Gi(x, ') = (3.51)
. ik(6-3) [ D0 (v —ic (AB AB) C /
i 39 | e i m = s )

Not surprisingly, if { = 0 (that is, for Dirichlet boundary conditions), this two-
point function structurally coincides with the one for scalar fields with u? > 0
obtained in (3.47)).

Case ( € [¢.m)

For Robin boundary condition in the regime ¢ € [(., 7), the spectrum of the
operator Lz in (3.5) contains all @ € R and also two isolated eigenvalues
in C\ R. These eigenvalues are complex conjugate to each other and they
correspond to poles in the Green distribution associated with L;. We denote
such eigenvalues by @; and @ so that Im[w:] > 0. We call them bound state
frequencies. Consequently, their corresponding eigensolutions are called bound
state mode solutions. An analytic expression for @, cannot be found since, for
Im[w¢] > 0 and fixed ¢, one needs to invert the equality for &¢.
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3. Scalar field around a BTZ black hole

This operation can only be completed numerically (except in very particular
cases such as ( = 0 and ( = 7/2. A representative example is shown in Fig.
As a consequence of the presence of these bound state frequencies, the
resolution of the identity acquires an extra term, which, accordingly to the
procedure presented in Section [3.3.3] can be computed via Cauchy residue
theorem. One obtains
z—2) [ d . (AB—-AB)C T,
ey ()

TE T Je 2w eos(OB
+ Re [0 CD(@)We(2)Wc()] |,y - (3.52)
where we used the identity W¢(2)|z-5; = V¢(2)|o=z,. The remaining term

D(&¢) cannot be expressed analytically, but it can be defined implicitly by
means of equation (3.44)).

The bound state mode solutions will also contribute to the two-point func-
tion so that its antisymmetric part still obeys (3.28)), so to guarantee that
the CCRs are satisfied. The mode expanded two-point function, for each
¢ € [¢., ), is therefore

Gi(z,a") =

: i(-d) [ dD in(irie (AE ZB)O !

i 3 ) [ e A k()
i 30 M) (D g 5D Re [CD(@)W(2) W ()] |,y

(3.53)

In the special case of ( = (., the frequency of both bound states becomes
w = 0. One should interpret the integral over the positive w-frequencies as the
Cauchy principal value for © = 0, and use the Sokhotsky-Plemelj formula for
distributions in order to account for bound state mode solutions.

3.4 Ground states and bound states

3.4.1 The Hadamard condition

One of the most important questions about G7 is if it represents a physically
reasonable state. To this end, one might want to look at the situation in flat
Minkowski spacetime. In this background, some examples of physically inter-
esting states include the Fock vacuum state, the corresponding multiparticle
states and states describing systems at thermal equilibrium. The main char-
acteristics shared by all these states is the short-distance behaviour, that is
they exhibit the same ultraviolet properties. As we will see, the Hadamard
condition requires that a two-point function describing a physical state w on
some (curved) background must undergo the same high-energy behaviour of
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3.4. Ground states and bound states

the Poincaré vacuum [71], ensuring the presence of finite quantum fluctuations
for all the observables. Moreover, it is deeply connected to the presence of
Hawking radiation [18].

In quantum field theory, the product ®(z)®(x) or any other pointwise
product of fields like ®(x) among themseleves, which is the building block of the
Wick polynomial expansion for perturbative theory, might be ill-defined. The
usual procedure to overcome this problem, known as normal ordering, consists
in expanding the field into creation and annihilation operators and then to
rearrange them in such a way to preserve the commutation relations between
operators. This procedure usually leads to a well-defined object, denoted with
the symbol

:d(z)? .

If one considers the Minkowski vacuum state |0) for the scalar field, then the
normal ordered product can be written as

: ®(z)? = lim (®(2)®(2") — (0|®(2)@(2))[0) 1) .

' —x

In order for this product to make sense over a physical state |w), one needs
(w|P(x)P(2)|w) and (0| (z)P(2')|0), to have the same singularities.

Let (M, g) be a smooth, D dimensional, connected Lorentzian manifold
spacetime, OCMa geodesically convex open set and U C T,M an open
set in which the exponential map exp : U — O is well defined. For any pair
of points p and p’ in (’3, with coordinates x and 2’ respectively, one can define
the half squared geodesic distance o(p, q), also called Synge world function as

o(z,2") = %g(expxl(:c’),expxl(x’)) : (3.54)

which is both smooth and symmetric in O x O. Let us now introduce the
function

oz, ") = o(z,2") + 2ie(T(z) — T (")) + €, (3.55)

where € > 0 while T is any, but fixed time function on M.

We say that a two-point function ws is of local Hadamard form, namely it
satisfies the Hadamard condition if, for every x € M there exists a geodesically
convex neighbourhood O such that the restriction of its integral kernel to Ox O
reads [30]

Ux,z')
wae(x,2) =BY m
/
+ B(DQ)V(SU7$/) In w +w(x,2’) if Diseven, (3.56)
Uz, z")

wae(x,x') —ﬂg)@(oe(m,x’))w +w(z,2") if Dis odd ,
o

z,x')
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3. Scalar field around a BTZ black hole

where x, 2’ are two arbitrary points in 6, © is the Heaviside function, the
functions U and V are defined by recursive expansions [75] in powers of o and
are completely determined by the metric g and by the equations of motion,
Bg) are numerical coefficients A > 0 is an arbitrarily fixed length scale, while
w(x,2') is a smooth function on @ x O. The bidistributions

6(1) U(x’zl)l/Z
b Uf)/Q_l(x,x’)

o Az, )2
B(Dl)@(ae(xax ))%

+ Bg)V(:E, ') In 2

if D is even ,

(3.57)

if D is odd ,
x,x')

are called Hadamard parametrices and they are bisolutions of the D-dimensional
Klein-Gordon equation up to smooth terms. States of local Hadamard form
are a special case of the global Hadamard form, which requires that there ex-
ist no spacelike singularities other to the lighlike shown in the local form [30].
States of global Hadamard form are often referred as Hadamard states and they
are usually characterized with advanced techniques of microlocal analysis [76].
Even though we are not going to introduce this topic in the present work, it is
important to mention that these techniques allowed to build specific examples
of Hadamard states, such as the Unruh state in Schwarzschild spacetime [77]
or the asymptotic vacuum and KMS states in certain classes of Friedmann-
Robertson-Walker spacetimes [78]. Eventually, all the ground states and the
thermal equilibrium states on ultrastatic spacetimes are Hadamard states and
consequently Hadamard states exist on any globally hyperbolic spacetime by
means of a spacetime deformation argument [79]. The local and the global def-
initions are equivalent for globally hyperbolic spacetime. This is not the case
of BTZ spacetime because of the presence of the timelike conformal bound-
ary. Nonetheless an abstract characterisation by Sahlmann and Verch [28]
Appendix A] proves that a ground state built out of positive frequencies is
always of local Hadamard form and it identifies a Hadamard state in every
globally hyperbolic subregion of BTZ [29]. Bearing in mind these considera-
tions, it is possible to comment on the results obtained in Sections and
In the following, will adopt the following definition of ground state, as
stated by Sahlmann and Verch [28, Appendix A]. Given the function

az: C(BTZ) — C(BTZ) (3.58)
such that, for all f € C5°(BTZ) and for all ¢t € R,
af(z) = fla—(z)) (3.59)

where a_4(z) indicates the flow of a point p € BTZ with coordinates = built
out of the integral curves of a timelike Killing vector £ of Eq. (2.11)) and given
f(t) = \/LTW [e P f(p)dp, f € C(R), a state w : C5°(BTZ) — C is called a
ground state if R 5 t — w(f'ow(f)) is, for each g,h € C(BTZ), a bounded
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3.4. Ground states and bound states

function and if
o

/ dt (g, an(R)) F(t) = 0

—0o0

for all f € C§°((—00,0)).

As we have seen, the mode decomposition of G in (3.47)) contains only pos-
itive w-frequencies. Moreover its antisymmetric part satisfies . Hence,
comparing it to the previous definition, it is legitimate to call the state asso-
ciated with G the ground state for a real, massive scalar field in the BTZ
spacetime with 2 > 0 and it is of Hadamard form in any globally hyperbolic
subregion of the exterior region of the black hole spacetime.

Regarding the two-point functions obtained in and , a distinction
is needed. In the first case, we are dealing with a generalization of to
Robin boundary conditions. Hence, is a genuine ground state built only
out of positive w-frequencies satisfying the local Hadamard condition in the
exterior region of the black hole spacetime. The same can not be stated for
, where an additional contribution related to the presence of bound state
frequencies W, in the spectrum spoils the property of Gzr being a ground state.

In Chapter [l we will focus our attention on the interplay between local
Hadamard states just obtained and the thermal properties of fields in a neigh-
bourhood of the BTZ Killing horizon.

3.4.2 Bound states

As we have seen, the resolution of the identity and the construction of a mode
expanded two-point function take different form depending on the presence
of bound state frequencies w; € BSEF. To each bound state frequency is then
associated a bound state mode solution, that is an exponentially decaying
solution in 7, such as i
P o it

for Imw, < 0. Bound state frequencies are complex frequencies of Eq.
and they occur in the range value —1 < p? < 0 for a specific regime of Robin
boundary conditions. Essentially, they start to appear in fact at the critical
value (. € (5,7) in (3.49), while on the contrary no bound states occur in the
regime ¢ € [0,(.). A plot of the dependence of the bound state frequency wy
as a function of ¢ can be found in Fig. for some test values of the system
parameters.

In principle, bound state frequencies can be found by looking for isolated roots
of Nz ¢ =0, i.e. by reversing the formula

I'(c—a—0b)
I'(c—a)l'(c—b)

I'(a+b—c)

sin(C) NONORE

= cos(() (3.60)

where a,b and ¢ are as in (3.10) and ¢ € [0,7). Unfortunately this equation
can be solved analytically only for the Dirichlet (4) and Neumann (—) case,
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3. Scalar field around a BTZ black hole

Re[d;]

Im[wy,]

-50 H- : : :
0.5 £./m0.6 0.7 0.8 0.9 1.0
{In

Figure 3.1: Real and imaginary part of the bound state frequency w, as a
function of ¢ for a sample BTZ black hole with / =1, r, =5 and r_ = 3 and
a scalar field with g2 = —0.65 and k = 1. The bound state mode solutions
occurr for values of ¢ between (. ~ 0.56257 and 7.

for which one gets

—r_
wgzg—i(mé—Q)(?)i 1+ 42)
while all the other cases must be studied numerically [43].

The presence of such complex frequencies for —1 < p? < 0 implies that the
bare Fourier reconstruction of the two-point function G* does not represent
the full solution to the equation when ¢ € [(., 7). A general solution for this
class of boundary conditions must include bound state mode solutions, along
the usual propagating modes, see (3.53).

As already stated, the presence of bound state mode solutions directly
spoils the property of Gt being a ground state for the system. Nonetheless
the physical reason for their appearance is still unclear. In [43] it was observed
that their presence is coupled to the presence of superradiant modes, extract-
ing energy from the black hole, with a non vanishing energy flux through the
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3.4. Ground states and bound states

horizon towards the exterior region. More interestingly, it was observed that
only a subset of all modes growing up exponentially in time are superradi-
ant, a feature possibly related to the bulk instability of the underlying AdS
background itself [43].
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IChapter 4

Thermal effects and tunnelling
processes 1n 2 + 1 dimensions

This chapter is devoted to analyzing the local thermal behaviour of the two-
point correlation functions for the massive scalar field in a neighbor-
hood of the bifurcate Killing horizon of the BTZ spacetime introduced in
Section wondering if they can be related to some tunnelling processes
through the horizon. The results are obtained by generalizing to 2 + 1 dimen-
sions the approach proposed in [48], which adopts the local point of view first
proposed by Parikh and Wilczeck in [47]. The work of Parikh and Wilczeck
has its roots in the founding paper of Stephen Hawking [14], which describes
a thermal radiation detected at future null infinity of a collapsing black hole
spacetime, but focuses instead on the local properties of the spacetime mod-
els. This local approach also relates the radiation to thermal effects, which
seem to emerge as a result of a tunnelling process through the horizon. If one
performs a WKB approximation, it is in fact possible to relate the tunnelling
probability through the horizon to the characteristic Boltzmann thermal form
e PTH where E describes the amount of energy coming out of the black hole
horizon and Ty the so-called Hawking temperature. In recent years, this strat-
egy, which involves a limit towards the horizon for an endpoint of the path of
the classical particle of the field, has been applied to various scenarios, BTZ
included [80], and some interesting results have been found also considering
the backreaction on the event horizon [81] 82]. Rather than relying on a semi-
classical framework, the approach proposed by Moretti and Pinamonti in [48]
adopts the point of view of quantum field theory in curved spacetime and anal-
yses the local behaviour of Hadamard states in a neighborhood smeared to the
horizon of a 3 + 1 dimensional spacetime. The limiting procedure, which shall
be regarded as a limit towards the horizon, is particularly flexible, and can be
adapted also to settings in which the horizon exists just locally and therefore
momentarily. Moreover it seems particularly fit to be used in our scenario,
since it focuses directly on the behaviour of the two-point correlation function
ws associated to a quantum state w satisfying the local Hadamard condition.

In the following, see Section [4.I] we will extend the work of Pinamonti and
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4. Thermal effects and tunnelling processes in 2 + 1 dimensions

Moretti to a 241 dimensional spacetime. In Section [4.1.1]the basic setting and
some notations are presented. Section we analyse the limiting behaviour
of the two-point correlation function of a Hadamard state in a neighborhood of
a bifurcate horizon. In Section we show that the two-point function ac-
tually exhibits a thermal behaviour exactly at the Hawking temperature and
that this thermal behaviour might be associated to some tunnelling process
through the horizon. In the second part of the chapter, see Section the
results are applied to the specific case of the BTZ spacetime, by taking ad-
vantage of some results outlined in Chapter [3] In particular we will prove the
existence of a thermal Hadamard state in the considered neighborhood of the
bifurcate horizon and we will show its two-point function in the exterior region
of the spacetime.

4.1 Thermal effects near a bifurcate horizon

In the following, tunnelling processes are studied for any 2 + 1 dimensional
spacetime equipped with a (local) bifurcate Killing horizon.

4.1.1 Basic setting in 2 + 1 dimensions

Let us consider a smooth, three dimensional, connected Lorentzian manifold
(M, g), assuming that there exists an open subset O C M such that

(i) there exists £ € I'(T°O) for which L¢g = 0,
(i) the orbits of £ in O are diffeomorphic to an open interval in R,

(iii) there exists a two dimensional, connected submanifold H C O, called
local Killing horizon, invariant under the action of the group of local
isometries generated by &,

(iv) & is lightlike on ‘H and the intersection between H and the integral curves
of £ identifies a smooth 2-dimensional submanifold of H,

(v) K, the surface gravity of #H is a non vanishing, positive constant.

All these hypotheses comprise the case of a manifold (M, g) endowed with
a Killing field £ generating a (even local) bifurcate Killing horizon. In this case
¢ is expected to vanish on a one-dimensional acausal submanifold B and to be
lightlike on two &-invariant null submanifolds, H, and H_. This is indeed the
case of BTZ spacetime, see Chapter [2, where B = H, NH_ is the bifurcation
surface defined in Section [2.3.3] while H = H, U H_ is the bifurcate Killing
horizon.

As a matter of fact, any neighbourhood O C M of a point p € Hy with
O N B =, satisfies the geometric hypotheses and, whenever we consider O
fulfilling the hypotheses (i-v), it is possible to deform smoothly (M, g) so for
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4.1. Thermal effects near a bifurcate horizon

a bifurcate Killing horizon to exist. Therefore, it is not restrictive to focus the
analysis to these types of neighbourhoods, expecially since our interest is to
evaluate only quantities defined in O.

Using the structural properties of a Killing horizon [30, 83] it is possible to
identify per restriction in O a coordinate patch (V, U, x?), where

e U denotes an affine parameter along the null integral lines of £ with origin
fixed at B,

e V is the affine parameter, with origin at B, of the integral curves of the
future-pointing lightlike vector ﬁeldﬂ ny, of Hy,

e 13 denotes any, but fixed coordinate defined on an open neighbourhood
of a point lying in B.

The vector field £ can be exprssed in terms of the local chart (U, V, x3) as

0
U

0

+&8—. (4.1)

2
+< ox3

%)
1
=8y

If there exists a subset @' C O with compact closure in O, for any point
p € O one has thatf[ ' (p) = —kV + V2Ri(p), &(p) = kU + V2Ry(p), £ (p) =
V R3(p), where Ry, Ry, R are bounded smooth functions on O’ and « is the
surface gravity. In this subset, the line element of the metric g, restricted to a
neighbourhood of H*, reads

1 1 ,
g+ = _§dU ®dV — §dV ® dU + h(w3)dr® ® da® | (4.2)

where h is a strictly positive function depending only on x3.
The leading order in V of g(§, ) in a neighbourhood of H* can be evaluated

by combining together Eq. (4.1) and Eq. (4.2). One obtains
g+ (6,6 = R2UV +O(V?)

For now on we assume that U is of positive sign in O. Taking O small
enough we can split it as the union of three disjoint regions O = O, U Oy U O,
where

Og =0nN 7‘[.4_
Os:={peO|V(p) <0} (4.3)
O,:={pe0|V(p) >0}

In the region Oy, which can be referred as the interior region of O the vector
field ¢ is spacelike. Conversely, ¢ is timelike in O;, which can be referred as the

!This vector field is built as the parallel transport of n, the unique, future pointing,
s ay_ 1
lightlike vector at B such that g(n, —57) = —3.
2This proposition is a straightforward generalization of [48, Prop. 2.1].
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4. Thermal effects and tunnelling processes in 2 + 1 dimensions

exterior region of 0. Equation (4.2]) makes possible to study the properties
of the geodesic distance in O'. The following results are generalization of 48]
Prop. 2.1] to the 2 + 1 dimensional case. The proof follows exactly as in [4§],
simply removing the coordinate z* and the label i = 4 from the text.

Let p € O be a point of coordinates (U, V, x3), such that p € H* if and only if
V = 0. Then the following statements hold true.

1. Let O C O’ be any geodesically convex neighbourhood of H* and let
p,q € HT N O. The squared geodesic distance between these points is

z3(q) 2

o(2(p), 2(0)) = Uxs(p), 73(g)) := / Ny Iy

@3 (p)

where x(p) (respectively x(q)) indicates the representation of the point p
(respectively of the point ¢) in terms of the coordinates (U, V, x3). More-
over, x3(p) and x3(q) are respectively the evaluation of the points p and
q along the coordinate xs, while f? = h, where h is the function in

Eq. .

2. Let now p € (5, where O C @' is like in 1. and, for any fixed, admissible
value of the coordinates U’, V', we define Sy as the collection of points

q lying in the cross section of O with V' and U’ constant. For § > 0, we
further define the set of points
Gs(p,V',U') = {q € Spry | Uxs(p), w3(q)) < 8°} (4.5)

where the distance ¢ is as in (4.4). Then § can be chosen so that the
smooth map

Gs(p,V',U") 2 g =~ o(2(p), z(q))
has minimum in a unique point ¢(p, V', U").
As a consequence of ([4.4)), z5(q) = z3(p) if p € H™ N 0, although in
general, there exist three bounded functions F;, ¢« = 1,2,3, depending
smoothly on z(p),U’, V' such that

o(z(p), x(q)) = U(=zs(p), 3(q)) — (U = U )V = V') + R(z(p), V, V', U')

(4.6)
where R(z(p),U",\V') = RV + BRV?2 + BV

Hadamard states

Bearing in mind the quantisation scheme presented in Chapter [3, we focus our
attention on evaluating only quantities defined in geodesically convex neigh-
bourhoods of points on the Killing horizon. For any globally hyperbolic subre-
gion O it is indeed possible to define a local algebra of observables. Nonetheless
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4.1. Thermal effects near a bifurcate horizon

we recall that the assignment of an algebraic state is not sufficient to identify
physically meaningful states. This statement is tantamount to saying that a
two-point function associated to a state is physically meaningful if and only if
some extra constraints on its singular structure are met. In Section we
already identified these constraints by introducing the Hadamard condition,
which reflects a particular short distance behaviour of the two-point correla-
tion function. In the following we specialise the local definition of Hadamard
states presented in for the 2 + 1 dimensional case. Notice that this set-
ting applies for any smooth, 2+ 1 dimensional connected Lorentzian manifold,
even though in the end we aim to analyse the case of a BTZ spacetime

Let (M,g) be a 2 + 1 dimensional spacetime as in Section O C
M a geodesically convex open set and U C T, M an open set in Wthh the
exponentlal map exp : U — O is well defined. For any pair of points p and p/
in (9 with coordinates x and 2’ respectively, let o(x,z’) be the Synge world
function defined in 3.54] and o.(x,2’) the function in [3.55

A two-point function wy is then of local Hadamard form (see Section [3.4.1]
if, for every x € M there exists a geodesically convex neighbourhood O such
that the restriction of its integral kernel to O x O reads

A(x, :C’)l/2

Am\/oc(z, ')

where z, 2 are two arbitrary points in O, A € COO(@ X (5) is the Van Vleck-
Morette determinant

wae(x,2') = + w(x,x') (4.7)

det(VoVgo(z,2'))
VIdetg(@)][detg(@)]

while w(z,2’) is a smooth function on @ x O. Therefore the Hadamard
parametrix

Az, x') =

Az, 2/)'/?

he = DTV
Adm\/o.(x, ")

is a bisolution of the Klein-Gordon equation (3.2]) up to smooth terms.

4.1.2 Limiting behaviour of the two-point correlation func-
tions

In between the class of admissible correlation functions, we will be focusing our
attention on those of local Hadamard form . Recall that we are considering
a convex geodesic neighbourhood O with non vanishing intersection with the
Killing horizon H™.

Let us now extend the approach of [48] to the 2+ 1 dimensional casd’] For
that, we consider two one-parameter families of test functions fy, f} € Coo(é),

3These results have been extensively presented in [2].
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4. Thermal effects and tunnelling processes in 2 + 1 dimensions

A € R such that both obey to the constraints

1 V oF
H(V, U, x3) = Xf (X,UJS) and f = v

[ with F € Ce(0).  (4.8)
As anticipated, we are going to evaluate the limit behaviour of the two-point
correlation function ws in a sharp localized region near the horizon. The aim
is to obtain the leading order of the expansion of w, in terms of the spacetime
coordinates, in order to study the tunnelling processes and the effects due to
the presence of the Killing horizon. To this end, we take into account

and we evaluate the limit
. / .
Jm ws(fy, f3) =

. . A(:E, $/)1/2
lim lim _—
A0t =0t S5, 3 \ dmr/oc(z, 2')
where dpg, = \/h(z3)dzsdUdV is the volume form on O induced by the metric
E2).

In Eq. (£.9), only the contribution of the singular part of the two-point
correlation function, the one corresponding to the Hadamard parametrix h, is
relevant. In fact, due to the constraints (4.8)), and being w smooth, the integral
of the second term with respect to the coordinates V' or V' vanishes. In order
to evaluate the limit of the first term, we introduce an auxiliary cut-off as
follows. Let & > 0 and let Gs(p, V', U’) be the set defined in (4.5). We define
a smooth and compactly supported function

Gs(p, V',U") 3 p' = xs(z,2") >0,

+ w(%%’)) Ia@) fr(@)dpg () dpg(z') , (4.9)

where © = (V,U,z3) indicates the coordinates of p, while 2/ = (V',U’, z%)
those of p/, with constraint

ol ') = 1, for 0 < /Tas(0), 5(p) < 5 + 5v/Waslp), 25(@))
Here ¢ refers to the unique point ¢(p, V', U’) € O, minimizing the function
Gs(p,V',U") > p' — o(x,2’), that is the uniqudﬂ point where the function
has vanishing gradient with respect to the coordinates of p’. Hence, for any
p,p’ € O with coordinates x, 2’ respectively, we rewrite the contribution to the
two-point correlation function coming from the singular part of as

Az, )% f(2) f3 (=)

>

[ @) SO BIBE a0 1 aaon
/@vx@dug(x)dug(x/) A<Z:,)\/Q%(x/)(l — sz, 7)) . (4.10b)

We are going now to evaluate separately the limits of the above two terms as
A and € tend to 0F.

4Uniqueness can be proven by taking the Taylor expansion of the gradient of o(x, 2’) and
by exploiting the Banach fix point theorem. More details can be found in [48].

66



4.1. Thermal effects near a bifurcate horizon

Evaluation of By shrinking if necessary O, one finds out that the
integrand is jointly smooth in all variables, including the case ¢ = 0 and
therefore is nowhere singular. This allows us to apply the Lesbegue dominated
convergence theorem, so to exchange the order of both limits with the integrals.
By taking the limits first, one obtains an integrand, which is the derivative with
respect to V and V' of a compactly supported smooth function. Integration
by parts makes the overall integral vanish.

Evaluation of (4.10a) The evaluation of the first integral is more compli-
cated, since it involves the presence of a singularity due to y/oc(p,p’) in the

limit € — 0. In order to deal with it, for every p € O we identify a smooth
function

p:Gs(p, V', U") = [0,00)
such that

Vo(a,2') = /p(a')? + o(w,2(q)), - (4.11)
where Gs(p, V', U’) is the set defined in (4.5) while ¢ is again the point where,
for fixed p, the function ¢ attains its unique minimum. Moreover, in each
Gs(p, V', U") we change coordinates from (U’, V', %) to (U’, V', p). This change
allows us to use (4.11)) and to exploit the Taylor expansion (4.6]), so that (4.10a)

reduces to
Az, 2’ >
[ o) SEEE
Ox0O a

) Xl 2) () Fy (@)
VPP lws,2h) — (U= U —ie)(V = V' —ie) + R(z, V', U")
where ((x3,x%) is the squared geodesic distance defined in Eq. (4.4). We ob-

serve now that the denominator of (4.12)) is indeed the derivative with respect
to p of

. (4.12)

E(p, % Vl» R) =
1
In (¢ + Us(p), 25(0)) — (U = U = ie)(V = V' — i) + R(w, V', U")* + p) .
In order to write the integral (4.12)) in a simpler form, we rescale (V,V’) to
(AV,AV'). Labelling A, Ry, dpu,, the quantities transformed accordingly and

considering the original hypothesis (4.8) according to which f = Oy F, f' =
oy F', we get

(ST

A Ay (2
ﬁ ~ dugA(‘r)dMQA(I) A(4 )
OAXO)\ ™

X xs(x, ") Oy F(x) Oy F'(2') 0,2 (p, \V,\V', Ry) .

Since the domain of definition of the function p is [0, pg), we can integrate
by parts in this variable. The result is that, of the ensuing boundary terms
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4. Thermal effects and tunnelling processes in 2 + 1 dimensions

associated with the contribution 0,2, the one due to py vanishes because F” is
compactly supported, while the one due to p = 0 yields, up to a rescaling of €
as \e

A 1
—/ dptg, (x )dUdV’\/|detg‘ Al )
OAXO)\

4

%Ay F(z) 8y F'(2)] o ( (o v,V }i ) +1n)\) (4.13)

where we have now written the volume form as du,(2") = /| det g|dpdU’'dV’
and we have implicitly used that, when p = 0, ¢(x3, xg) = 0.

Our goal is now to take both the limits of as A and € tend to 0F. To
this end is worth noticing that the diverging term In A\, gives no actual contri-
bution to the integral. Again we stress that F' is both smooth and compactly
supported, therefore one can integrate by parts in V' and the boundary terms
vanish.

The remaining term in can be evaluated as follows. Firstly, we notice

1
that, because of the presence of the derivative of A}, the remaining integral

is proportional to AIn A. Secondly, in view of Eq. (4.6]), being R quadratic in
V and V', there exists a constant C' € R such that [A\™'R,| < C\ in the limit

A — 07. Thirdly, by direct inspection of (4.2)) one can see that, when either x
or ' tend to the horizon as A — 0%, y/|det g\| — 3 while

dU dV
dpg(x) = dp(zs) where dp(zs) = /h(xs)dzs .
Finally we observe that from a distributional point of view, if z = w + 1y, then

lim In(2) = In|w|+inr(1 — ©(w)) ,

y—0+

where O is the Heaviside function.

As a result of the evaluations, the remaining contribution from (4.13) in
the limit e — 07, and also of (4.10) reads exactly as in the 3 + 1 dimensional
case [48]

1
—— 1 Oy F(x)ov F'(a

< In(—(U = UV = V' —ie))dU’dV'dUdVdu(zs), (4.14)

where we used that Ag =1 when z3 =25 and V =V’ = 0.

The new form of Eq. (4.9) in the form is particularly useful
to investigate local behaviour of the two-point function in a sharpely localized

neighbourhood of the horizon. More specifically, it is the proper tool to analyse
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4.1. Thermal effects near a bifurcate horizon

the energy spectrum, as seen by an observer moving along the curves generated
by & with respect to the associated Killing timdﬂ T.

4.1.3 Thermal spectrum and tunnelling processes

In the previous section we have established the form for the two-point
correlation function of a real, massive scalar field in 2+ 1 dimensions. What we
aim at now, is to compute the energy spectrum of as seen by an observer
moving along the integral curves of £. To this end, we are going to repeat the
analysis of [48]. For the sake of clarity we summarize the most relevant point
of the procedure. Let us consider two test functions which are squeezed on
the Killing horizon as in (4.8). This is tantamount to focusing on the leading
behaviour of as V is close to 0. By direct inspection of (4.1)), if 7 is
the affine parameter of the integral curves of £, then one can approximate the
coordinate V as

Va—e"for V<0, Ve forV>0. (4.15)

Therefore two cases are relevant when analysing wo(z, 2'): the first case consists
in both points z,2’ lying in the exterior region O, as defined in (£.3)), the
second one consists of one point lying in O, while the second lies in Oy, the
interior region.

Case 1) Let us consider two l-parameter families of test functions fy and f}
obeying the constraints and let us replace O with O,. Eq. can
therefore be integrated by parts both in V and in V’. Since the support of
both F and F” is compact, no boundary term gives contribution to the result.
Eventually, replacing V' with in the limit of sharp localization near the
horizon, we obtain

2

F(T, U, ng)F,(T/, U,, 1’3)
(sinh(&(7 — 7)) + ie)?

lim wo(@(f2)@(f3)) = lim

e—0+ 1287

/ drdUd7'dU’dx
RAXB

where we can extendf| the domain of integration for the variables 7,7/, U, U’ to
the whole real axis, while B indicates a one-dimensional, connected, domain of
integration, diffeomorphic to the bifurcation surface. The last expression can
be rewritten in Fourier space with respect to 7 and 7’ as

1 , [ P(EU ) F(E U, x)
hmwg( (fOP(fy) = ol / dUdU'dz; /dEE | o BuE
R2xB 00
where Sy = Zf while 7 and F’ indicate the Fourier transform of F and F’

respectively, where f = Oy F, f' = Oy F’. A possible physical interpretation

5In the case of the BTZ spacetime, the Killing time associated to ¢ has already been
introduced in Chapter
6This is again possible because the support of both F and F’ is compact.
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4. Thermal effects and tunnelling processes in 2 + 1 dimensions

of this result is that, whenever a state for a real, massive Klein Gordon field is
such that its two-point function is of Hadamard form in a geodesically convex
neighbourhood of a point of a Killing horizon, then the mode expanded two-
point correlation function, built with respect to the coordinate , obeys a
thermal distribution at the Hawking temperature 85" in the region external to
the horizon.

Case 2) Once more, let us consider two 1-parameter families of test functions
fr and f{ obeying (4.8), with O replaced by O, for fi and by O; for f,.
Following the same calculations as in Case 1), the result is unchanged except
for the hyperbolic sine being replaced by a hyperbolic cosine. Rewriting the
result with respect to the variables 7 and 7" in the Fourier space, returns

F(E,U,z3)F/(E, U, x3)
sinh(By E/2)

(4.16)
where By = 2% and I and F' indicate the Fourier transform of F and F,
respectively. This time, the support of the test functions and therefore the
support of the observables is located once in the interior and once the exterior
region with respect to the Killing horizon, it is possible to interpret the squared
modulus

1 oo
lim e (B(1) (1)) = 55 / UL dz / IEE
R2xB — 00

|wa(fr, [3)]?

as a tunnelling probability through the horizon. If one considers wave packets
peaked around Ey > 1, it is worth noticing that Eq. (4.16)) yields

lim [ws (D(f2), D'(f3))|* = Ege 15
A—0

which is the original result provided by Parikh and Wilczek [47].

These results, therefore, suggest that the thermal behaviour of the two-
point correlation function in the proximity of a Killing horizon is somehow
connected to a non zero tunnelling probability through the horizon itself. One
might wonder whether this phenomenon is related, in the specific case of a
black hole spacetime equipped with a global Killing horizon, to the Hawking
radiation, at least in the local formulation proposed by Parikh and Wilczek.
As a matter of fact, in order for the underlying geometry to possess such
property, one must consider only solutions to the Einstein field equation with
negative cosmological constant, that is asymptotically AdS spacetimes. The
prime example is therefore the BTZ spacetime, which, as we said, is not glob-
ally hyperbolic due to the presence of a timelike, conformal boundary (see

Chapter [2).
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4.2. Thermal effects near a BTZ black hole and Hawking radiation

4.2 Thermal effects near a BTZ black hole and
Hawking radiation

Our goal now is to understand whether and under which circumstances the
results of the previous section are applicable to the specific case of a BTZ
spacetime. In particular we would like to find out if the leading behaviour of
the ground state two-point function exhibits a thermal behaviour in a neigh-
bourhood squeezed to the horizon and if it is possible to interpret it as a local
version of the Hawking radiation.

The analysis performed in the previous section rests on two main hypothe-
ses. The first one is the presence of a (local) Killing horizon ., the second
one being the existence of a state for a real, massive scalar field satisfying the
Hadamard property in a geodesic neighbourhood of a point at H_.

While the first requirement seems to make black hole spacetimes particu-
larly fit structures to be considered, the second one is directly connected to
the underlying quantum theory and needs to be carefully addressed. The con-
struction of Hadamard states, for example, is an established topic when the
underlying manifold is globally hyperbolic [79]. Renown examples are the Un-
ruh [77, 84] and the Hartle-Hawking states [85] 86] for the Klein-Gordon field
in the four-dimensional Schwarzschild spacetime.

In 2 + 1 dimensions, the situation is more convoluted since the arising
BTZ black hole solution presented in Chapter [2| does possess a global Killing
horizon but is not globally hyperbolic, as one can easily infer by the presence
a timelike, conformal boundary.

Therefore it is not possible to invoke a general result and conclude that,
for a real, massive scalar field, a state satisfying the Hadamard condition in a
neighbourhood of the horizon exists. The existence of such a state is nonethe-
less granted by some specific conditions, as presented in the next section.

4.2.1 KMS state for a massive scalar field

We consider now a (rotating) BTZ black hole and the real, massive scalar
field ® : BTZ — R introduced in . Because the spacetime is not glob-
ally hyperbolic, solutions of the Klein-Gordon equation must be constructed
not only by assigning initial data on a two-dimensional, smooth, spacelike hy-
persurface, but also imposing suitable boundary conditions as r — oo. We
identified in Chapter |3| a large class of non-dynamical boundary conditions
guaranteeing that the field energy flux vanishes at the conformal boundary is
the one of Robin type introduced in Section [3.2.5] This result has been studied
focusing on the stationary region r > r, that corresponds to the outer region
coordinate patch introduced in Section [2.2]

Consequently, the space of classical solutions of the equation of motion
has been used to construct, whenever possible and for each admissible Robin
boundary condition, the two-point function of the associated ground state.
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4. Thermal effects and tunnelling processes in 2 + 1 dimensions

Notice that, even though BTZ is not globally hyperbolic, it is possible to
construct the algebra of observables adopting the same approach used for the
counterpart of a real, massive scalar field in the Poincaré patch of a (d +
1)—dimensional AdS spacetime [73].

The ground state constructed in Chapter [3| corresponds to two separate
ranges of the field parameter p? := ’g—; — 6€.

1. If 4® > 0, the solutions of possess only one admissible asymptotic
behaviour at the conformal boundary and there is no need to impose
any boundary condition at z = 1, corresponding to r — oo. In this
case the two point function reads as in equation , which contains
only positive w-frequencies. Therefore it is legitimate to call the state
associated with it a ground state for the scalar field.

2. If —1 < p? < 0, there exists a one-parameter family of admissible bound-
ary conditions which can be assigned at z = 1. These are conditions of
Robin type as in . The class of Robin boundary conditions is ruled
by a parameter ¢ € [0, 7). By looking at the distribution of w-frequencies
composing the two point function, it turns out that there exists a value
. € (0, %) such that, whenever ¢ € [0, (), the two-point function reads
as in Eq. (3.51)). This is the only case for which the two-point function
is built out of positive w-frequencies and can be referred as a ground
state for the scalar field. On the contrary, in the range ¢ € [(,,7), the
spectrum exhibits non real bound state frequencies and this spoils the
property of the two-point function (3.53)) of being a ground state.

As previously pointed out (see Section [3.3), since (3.47) and (3.51)) identify
ground states, they are all of Hadamard form as proven in full generality
in [28]. Our goal now is to build, for both and (3.51)), an associated
thermal equilibrium state, satisfying the KMS condition. Firstly introduced
by Kubo [45], Martin and Schwinger [87], as a class of boundary conditions for
thermodinamic Green functions, the KMS condition has then been reproposed
in the context of algebraic quantum field theory by Haag, Hugenholtz and
Winnink [46] as a condition over test functions to identify quantum states at
thermal equilibrium.

Following the standard procedure of [46] we reintroduce the function de-

fined in (3.58) and (3.59)
az : C(BTZ) — C(BTZ)

such that, for all f € C3°(BTZ) and for all t € R,

apf(x) = fla_(z)) ,

where a_j(z) indicates the flow of a point p € BTZ with coordinates = built
out of the integral curves of the timelike Killing vector £ of Eq. (2.11]).
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4.2. Thermal effects near a BTZ black hole and Hawking radiation

Therefore, we say that a two-point correlation function wyg € D'(BTZ x
BTZ) satisfies the KMS condition at inverse temperature § > 0 with respect
to oy if, for every f, f' € C3°(BTZ), the following relation holds

[ denpttan e = [ dons(a( ). fre 0 (4.17)

R R

We already proved the existence of a ground state in the exterior region
OBTZ huilt out of the positive frequencies @. This is given by and (3.51)),
for 2 > 0 and —1 < p? < 0, respectively. The construction of a two-point
correlation function obeying goes as follows.

If 42 > 0, the integral kernel reads

wag(x,2') = lim eik(‘;&)/o d—WQ (é - é) C

e—0t
keZ

~(T T - 60.) S~ (T 37 _'Bw
|:67zw(t7t 7@6) 6/32 — + 6zw(t7t +ze) ﬁw] \111(2!)\1[1<Z/), ) (418)

while, if =1 < p? < 0 and if ¢ € [0, (],

(oo [ dw AB - AB)C
¢ N = 1 ik(6-9') / o
Wog(@,a) = limy £ o (272 Jcos(O)B — sin(¢) A2
- Bw S —Bw
—it (T —ie) __© iw(t—1'+ie) __© /
[e 1 +e 1_6_%]%(2)‘114(,2). (4.19)

It is worth pointing out that, for all 5 > 0, both (4.18)) and (4.19)) identify
two-point correlation functions satisfying the Hadamard condition. This can be
inferred by a straightforward application of the results of [28]. In alternative,
one could observe by direct inspection that the difference between w, 3 and
, as well as the difference between w; 5 and , are smooth functions.

Lastly, we wonder whether there exists a specific value of the inverse tem-
perature 3 for which both and are the restriction to the external
region of the BTZ black hole of the two-point correlation function of a state,
which is Hadamard also in a neighbourhood of the outer horizon.

A solution to this problem has been already pointed out by the construction
of the BTZ spacetime as described in [49, Ch. 12|. First of all let us remember
that BTZ is realized form CAdS; (see Chapter , the universal cover of AdS;
via the identifications presented in Section 2.2 As a consequence, starting
from the integral kernel of any two-point function in CAdSs, one can build a
counterpart on BTZ by means of the method of images, which implements the
periodic identification built in the relevant coordinate patches. Notice that
both AdS; and its universal cover CAdS; are maximally symmetric solutions
of the Einstein equations with a negative cosmological constant. In such con-
text, it has been shown [88] that one can construct the two-point correlation
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4. Thermal effects and tunnelling processes in 2 + 1 dimensions

function associated to the ground state of the Klein-Gordon field coupled to
the scalar curvature, for a large class of Robin boundary condition and, most
notably, all these two-point functions are locally of Hadamard form thanks to
the analysis in [28]. Since the two-point function of the ground state is also
maximally symmetric, independently from the specific Robin boundary con-
dition, its integral kernel depends on the spacetime points x, 2’ only via the
AdS; geodesic distance o445, (7, 2') [89]. Moreover, one seed’| that the result-
ing two-point function is periodic with respect to the time variable ¢ under the
shift ¢Sy, where the constant

27TT+

B =—5—%

2
ry —r

is proportional to the inverse Hawking temperature

of the BTZ black holeﬁ. The periodicity is obtained solely as a consequence of
the explicit form of 0 44s,(x, ") and thus it can be applied also to any two-point
correlation function depending on the spacetime points only via the geodesic
distanceﬂ As a consequence, the restrictions of these two-point correlation
functions to the external region z € (0,1) (or equivalently r > r,) enjoy the
KMS property at the Hawking temperature and coincide with and with
(4.19)).

"In [49] this procedure is displayed for the case of a ground state for a massless, confor-
mally coupled real scalar field, with either Dirichlet or Neumann boundary conditions. The
states constructed with this procedure are of (local) Hadamard form and so are the ensuing
counterparts defined on the BTZ spacetime.

8Notice that this temperature is closely analogous to the more realistic case of a 3 + 1
dimensional black hole.

9This is for example the case for the ground states shown in [88].
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IChapter 5

Conclusions

In this thesis we have studied the behaviour of a real massive scalar field in the
exterior region of a rotating 2+1 dimensional BTZ black hole. The analysis has
been performed first by studying the classical solutions to the Klein-Gordon
equation and by explicitly constructing the two-point functions associated to
the ground states. In doing so, we have also tested some some tools that might
be useful in other physical scenarios such as Robin boundary conditions for
a singular Sturm-Liouville problem (Chapter [3| Section and Appendix
and the resolution of the identity for quadratic operator pencils (Chapter
Section and Appendix . The main results of this thesis have been
presented in Chapters [3] and fl Here we have shown under which conditions
it is possible to construct a full-fledged ground state for the scalar field and
we have also verified that any global Hadamard state on BTZ exhibits a high-
energy thermal behaviour precisely at the Hawking temperature.

In detail, we presented the following results:

e we analysed a real massive scalar field in the exterior region of a rotating
BTZ spacetime by applying for the first time in literature Robin bound-
ary conditions, which guarantee that the spacetime can be regarded as
an isolated system. These are boundary conditions generalising the most
notorious Dirichlet and Neumann boundary conditions. In particular,
Robin boundary conditions are a linear combination of Dirichlet and
Neumann. The field equation has then been solved for any possible lin-
ear combination. We expressed all the possible linear combinations in
terms of a parameter ¢ € [0, 7);

e we constructed the two-point correlation function associated to the field
equation, by means of a mode-expansion with respect to the spacetime
coordinates. In particular, this result is obtained first by writing the
spectral representation of the radial identity operator and then by facing
the difficulty of dealing with a quadratic eigenvalue problem. Due to the
rotation of the underlying spacetime, the radial mode equation has in fact
both a linear and a quadratic dependence on the spectral parameter;
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5. Conclusions

e the physical meaning of the constructed two-point correlation functions
has been discussed. We found that, for values of the field parameter
p? € [0,00), there is no need to imposing any boundary condition at ra-
dial infinity and the two-point function built out of positive w-frequencies
represents indeed a legitimate ground-state satistfying the Hadamard con-
dition in the external region of the black hole.

When p? € (—1,0), on the contrary, Robin boundary boundary con-
ditions apply and it is possible to identify two different regimes: for
¢ €1[0,¢), ¢ € (5,m), the two-point function again represent a full
fledged ground state, while this is not true for the class of boundary con-
ditions ¢ € [(., 7). These are indeed the first examples of a ground state
for a quantum field theory in the exterior region of a rotating black hole;

e in the case ¢ € [(., ) the two-point function fails to represent a ground
state because of the presence of bound state mode solutions. These are
mode solutions with non-real frequency @ and they represent decaying
modes at radial infinity. The presence of bound states was an unexpected
feature and they seem to appear as a result of the rotation of the black
hole, since they are not present in the static scenario;

e in the last part of the thesis we analysed the high energy behaviour of
a physical state in the proximity of the event horizon. The analysis has
been performed by generalising to 2+ 1 dimension the limiting procedure
proposed by Moretti and Pinamonti [48] and we found that, as for the 3+
1 dimensional case, the state exhibits a thermal spectrum at the Hawking
temperature and that this thermal behaviour seems to be related to some
tunnelling processes through the horizon, in the sense of Parikh and
Wilczeck [47];

e subsequently we showed that this result is indeed applicable to the case of
a global KMS state for the scalar field in a rotating BTZ spacetime and,
by retrieving the results of the previous chapters, we wrote its explicit
form in the external region of the spacetime. This result was obtained by
applying a general argument [28] to prove the existence of such a KMS
state and again it is valid for a large class of admissible Robin boundary
conditions.

Despite the encouraging results obtained in this work, many issues remain
unsolved for the rotating case. One on the main open problems is the compu-
tation of physical observables and, first of all, the introduction of a legitimate
renormalization procedure for (®2), or the expectation value of the stress-
energy tensor (7),). These results might be obtained by extending the work
of [90] and it could be used in the analysis of the semiclassical Einstein field
equations, leading to the investigation of other physical phenomena, such as
the backreaction on the event horizon.
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Appendix A

Appendix A

A.1 Sturm-Liouville theory

In Chapter [3| the Klein-Gordon equation is reduced to a linear second
order ODE via a Fourier mode expansion. As a result one obtains Eq. (3.5,
defined in the interval z € (0,1). This type of equation can be dealt with
the Sturm-Liouville theory [62 64, 63] for formally self-adjoint second order
differential equations. A second order ODE is called of Sturm-Liouville type
if it reads
d d
7 (p(z)d—z> +q(z)u—As(z)u=0, fora<z<b,
where p,q and s are real valued, p,p’ and ¢ are continuous and p and s are
positive functions. Such a problem is called regular Sturm Liouville problem.
Here, the factor A can be interpreted as an eigenvalue parameter, that is the
equation
Lu—Mu=0 (A1)
with .
Lu = —[~(pu')" + qu] (A.2)

can be treated as an eigenvalue problem| and can be solved in terms of eigen-
functions. The operator is formally self-adjoint with respect to the inner
product

(u,v) ::/ s(z) u(z)v(z) dz

where the overline symbol denotes the complex conjugate of the eigenfunction
u. The space of solutions can therefore be equipped with the norm

fall = Tt = [ steutas).

!Notice that Eq. cannot be treated as a linear eigenvalue problem, since it has a
quadratic dependence on the parameter w. This difference is deeply discussed in Section
3.3.3] and in Appendix [C] Despite this complication in the spectral resolution, any other
result relative to the Sturm-Liouville theory is applicable to our case.
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A. Appendix A

The inner product, therefore, provides the space of solutions with a Hilbert
space structure. A more definite notation is needed when dealing with the
endpoints of the interval. As already state in Chapter [3| endpoints are classi-
fied in the following way: we call the endpoint b (respectively a) limit cir-
cle if, for some A € C, all solutions lie in L?((zy,b); s(2)dz) (respectively
L*((a, z1); s(2)dz)) for some z; € (a,b); otherwise, we call it limit point. More-
over, if the properties about the functions p,p’, ¢ and s hold only in the open
interval (a,b), then the problem is called singular Sturm-Liouville problem.
Singular and regular Sturm-Liouville problems must be addressed with differ-
ent approaches, in particular when dealing with the choice of the boundary
conditions. In the following we will show how to select the principal solution
at the endpoint and how to impose boundary conditions of Robin type for a
regular problem and for a singular problem in which one of the endpoints, say
b, is limit circle.

A.2 Principal and non-principal solutions

A solution w of (A.1]) is called the principal solution at one endpoint, say b, if
o u(z) #0 for z € [d,b), with d € (a,b),

o lim, ,;u(z)/¥(z) = 0 for every solution U # 0 that is not a scalar
multiple of u.

By definition, if u is a principal solution at b, then any non zero real multiple
of u is also a principal solution. Therefore, if u; and us are two linearly
independent principal solutions, then 7132 =11in z € [d, b) for some d € (a,b).
Taking the limit for z — b one gets that, if the principal solution exists, this
is unique up to real multiplicative constant factors.

A solution v of is called non-principal solution at one endpoint, say

b, if
e v(z) #0 for z € [d,b), with d € (a,b),
e v is not a principal solution at b.

Non-principal solutions are not unique since, if u is a principal solution and v
is a non-principal solution, then v + cv is a non principal solution for any real
constant ¢ # 0.

A.3 Robin boundary conditions for a regular prob-
lem

Let us consider a second-order regular Sturm-Liouville problem defined
in a closed interval [a,b] and two eigenfunctions u and v, such that one of
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them is square-integrable at both endpoints a and b, while the other is square-
integrable only in a neighbourhood of b, but not of a.

Accordingly to the definition, the point a is limit point, while b is limit
circle and boundary conditions are required at b. Let us assume that we want
to identify a general solution by imposing homogeneous boundary conditions
of Robin type. This is tantamount to asking for a general solution

f = cos(Qu(z) +sin(Q)u(z) ¢ €[0,m)

to satisfy
By f = cos(¢) f(b) +sin(¢)0.f(b) =0 ¢ €0,7) . (A.3)

The parameter ¢ spans all possible linear combinations and selects all possible

ratios % Notice that the notable cases ¢ = 0 and ¢ = 7 correspond to the
Dirichlet and Neumann boundary conditions, respectively.

Given two solutions f, g, the following property holds true

gLf — fLg = ﬁ[p(Z)(f(Z)Q(Z) — f(2)9(2)] = wlz)az[p(Z)Wz(f,g, z)]

where W, (f, g, 2) := f0.9 — 0., fg is the Wronskian of f and g.

A.4 Robin boundary conditions for a singular
problem

If we are dealing with a singular problem, defined in the open interval (a,b),
where one of the endpoints, say b is limit circle and therefore boundary con-
ditions apply. Unfortunately the condition B,f = 0 introduced in (A.3) is
no longer valid, since one of the two solutions, say v, is expected to diverge
because of the non regularity of the endpoint. A natural way to implement a
Robin boundary condition for a singular limit circle endpoint b is to rewrite

(D) as

By f = lim cos(OOW:lu, f](2) +sin(OWe[v, f](2) =0 ¢ [0,m),  (A4)

which is also valid when the endpoint b is singular, since the Wronskians in
are non vanishing and independent from z. In particular, if one selects
u to be the principal solution, as defined in Section [3.2.2] then v prescribes
automatically the Dirichlet boundary condition, while u might be interpreted
as a generalization of the Neumann boundary condition, even though it is not
unique.

Notice that in the case of a regular eigenvalue problem with Robin boundary
conditions, if u(b) = 0,v(b) = 0, 0,u = ¢ and v(b) = —¢, Eq. (A.4]) provides a
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natural generalization of Eq. (A.3):
0= Byf —limsin(C)W.lo, 1(2) + cos(Wilu 71(2) —
=lim sin(¢)[v(2) f(2) — 0(2) f(2)] + cos(¢)[u(2) f(2) — @(2) f(2)] = 0

z—b

= lim[sin(¢)v(2) + cos(Q)u(2)]f(2) — [sin(¢)o(z) + cos(¢)i(2)] f(2) = 0

A.5 Green’s functions and eigenfunctions

Let us consider a Green function gy(z, 2’) satisfying the equation

—@(P(z)az!h(za Z,)) + q(Z)g/\(Z, Z/) - )‘S(Z)gk(za Z/) = 5(2 - Z,) Bb =0

for z, 2’ € (a,b). The Green function can be Fourier expanded in eigenfunctions

z) of Eq. as
) =3 0l N al2) o = (ga fu) = / S(2)gr(2 ) ful2)lz

or as / fnzfnz/
- B

Such an expansion can be constructed if the sets of eigenvalues {\,} and the
corresponding eigenfunctions { f,} are known. The previous series shows that
ga(z,2'), as a function of the complex parameter A has singularities at A = \,,.
The identity operator can then be expressed as

0(z,2) 1 )
S(Z) - 270 /Coog)\ Z, an fn )

where the circle C,, positively oriented surrounds all the complex A plane.
Whenever the spectrum is only discrete, this formula takes into account all
simple poles in the complex plane, and by the residues formula one gets

L- g)\Z Z an fn

27 Jeo,

When the spectrum is at least partly continuous, a branch cut for g,(z,2’)
must be taken into account and the integral around the large circle C',, can be
divided in two parts: one relative to the contribution coming from the single
poles the other given by a branch-cut integral over the continuous part of the
spectrum. Hence one obtains

— | 9(z7?) an ) ful(2 fo(2) fu(2)dv

211 Coo b.cut
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A.5. Green's functions and eigenfunctions

The construction of g,(z,2’) proceed by considering a product of square-
integrable solutions of the Sturm-Liouville problem at both the endpoints z =
a and z = b, so to ensure the continuity at z = 2z’. Let u(z) be square
integrable at z = a, v(z) square-integrable at z = b and satisfying the boundary

conditions Byv = 0. Then

9 (z,2") = Nua(z<)ua(2s)

where z. = min(z, 2’) and 2z~ = max(z, 2’). The jump condition on g,(z, 2’) is

don - don 1

dz |e=zt  dZ |z=z- p(z")’
or equivalently

1
NW, (u,v) = —
(%) p(2)
Finally one gets that
g)\(27 Z/> _ _U’A(Z<),U)\(Z>)
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Appendix B

B.1 Hypergeometric functions and hypergeomet-
ric equation

In Chapter[3] the radial Sturm-Liouville equation (3.5]) deriving from the Klein-
Gordon equation of motion is transformed, by means of the ansatz (3.6)), into
a Gaussian hypergeometric equation [67] of the form

2

d d
z(l—z)d—;]—i—[c—(a—l—b—l—l)z]d—j—abw(z) =0 z€(0,1), a,b,ceR. (B.1)

The hypergeometric differential equation has regular singualrities at
z = 0,1. Tts closed form solutions are provided by Gaussian hypergeomet-
ric functions, depending on the three parameters a, b and c.

Gaussian hypergeometric functions are special functions defined via a Gauss
series of other special functions via the general formula

2l <1,

o (@s0)s o T(e) ~Llat+s)b+s) |
F(a,b, C; Z) - ; (c)SS! = F(Q)F(b) ;0 F(C—l—s)s! z

where (z)s := z(x+1)...(x+ s —1) indicates the rising factorial (also known
as Pochhammer symbol) while I'(z) is the Gamma function. Generally speak-
ing F(a,b,c;z) does not exist when ¢ =0, —1, —2,... and its definition can be
extended elswhere by analytic continuation. A principal branch can be intro-
duced by cutting the z plane from 1 to +o00 on the real axis, which lies in the
sector | ph(1—z)| < . Moreover, in the disk of radius |z| < 1, the Gauss series
converges absolutely whenever Re{c — a — b} > 0, converges conditionally for
—1 < Re{c—a—0} <0 and z # 1, diverges for Re{c —a — b} < —1. The
case z = 1 takes the follwing form. If Re{c —a — b} > 0, then

I'(e)l'(¢c—a—Db)
['(c—a)l(c—1b)

F(a,b,¢;1) =

If c—a—0b=0, then

lim F(a,b,a+b;z) _ ['(a+0b)
1= —In(l —2) L(a)T(b)
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B. Appendix B

If Re{c—a—b} =0and ¢ —a—b#0, then

lim (1 — 2)**o~¢ (F(a, b,c;z) —

z—1—

I'(e)l(c—a— b)> _ I'(e)l(a+b—c)
I'(c—a)l'(c—Db) ['(a)l(b) '

If Re(c — a —b) < 0, then

lim F(a,b,c;2) _ F(e)'(a+b—c)

o1 (1 — 2)e—a—b) T(a)D(b)

Finally we stress that F'(a,b, ¢; z) is symmetric under exchange of a and b and
we denote

F(a,b,c;z) :=

B.2 Fundamental solutions

When none of ¢, c —a — b, a — b is an integer, Eq. has the following
pairs of fundamental solutions. Each of these pairs is numerically satisfactory
at the corresponding endpoint, meaning that one solution is recessive, while
the other exhibits a dominant behaviour in the limit.

Singularity at z =0

fl(z) = F(CL, b,C; Z) )

fol2) =2 Fla—c+1,b—c+ 1,2 —¢;2).
Singularity at z =1

f3(2) = F(a,b,a+b—c+1;1—2),
faz) =1 =2 Flc—a,c—bc—a—b+1;1—2).

For the the case of interest it is worth noticing that if a + b+ 1 —cis a
positive integer n, then the fundamental solutions at z = 1 are

Singularity at z =1

fs(z) =F(a,b,n;1 —z2) ,

n—1

_ . (n—1lp—1)! _p
fe(2) —Zfﬂ(oz,b,n,l—z)ln(l—z)—pz1 (n—p—1)!(1—a)p(1—b)p(2_1)
+ (2’;22}’(1 —2)’(Pla+p) + ¢ +p) — (1 —p) —P(n+p)) .
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B.3. Useful relations

Other solutions

The pairs of fundamental solutions can be transformed into other solutions,
dubbed Kummer solutions [67], via the linear transformation

"2 —1

—(1—2)"F (c—a,bc;—
(1= 97F (e- b= )

(1—2)""F(c—a,c—b,c;z), for|arg(l—2z2)|<m.

F(a,b,c;z) =(1—2)"°F (a,c—b,c & )

In particular it is worth noticing that (see [67, Eq. 15.10.13|)

Fla,ba+b—c+1;1—2)=2z"Fa—c+1,b—c+l,a+b—c+1;1—2)

(B.2)
and, if Wy, U, W3 and ¥, are the solutions listed in |3| for the radial Sturm-
Liouville equation (3.5)), then the following relations hold

Vs (2) I'(c—a)T'(c—10) Vilz)
I'(c)l(a+b—c)
U, (2) = '2—-col(c—a—>b) (2)

Wo(2). (B.3b)

B.3 Useful relations

With respect to the Gaussian hypergeometric equation (3.9), the parameters
(3.10), with « and /3 defined as (3.8)), satisfy the following relations

a=a+ 4+, (B.4)
b=a+p -7, (B.5)
c=1+ 20, (B.6)
N iT_W— TR (B.7)

=5 .2 2

We also note that under the substitution & — @, these parameters behave

as
ar—~rb—c+1, a— —a,
b—a—c+1, B f, (B.8)
c—2—c.
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Appendix C

C.1 Resolution of the identity for a quadratic
eigenvalue problem

In this appendix we build an expansion of the delta distribution for a quadratic
operator pencil [91] 92] defined on a Hilbert space H as in Eq. (3.33). Namely,
let us consider a family of operators defined on a Hilbert space H in the form

Sp =P+ &R, + &*Ra, (C.1)

where (S1) Ri, R and R;' are bounded and self-adjoint, while P is un-
bounded, closed and hermitian on a dense domain D(S;) C H. These are
differential operators with quadratic dependence on the spectral parameter. In
particular we are concerned with obtaining the spectral resolution of the iden-
tity operator for the case of unbounded operators [93], 94] coming from Sturm-
Liouville ODEs as in (3.5), where S; = J 'Lz on H = L*((0,1); J(2) dz) and
J(z) is as in in (3.19). We start by defining the resolvent set of S, dubbed
p(Sz) C C as the set of all values of @ € C such that Ty = S exists and
is a bounded operator. Our first goal is to show that when (S2) the spectrum
0(Sz) = C\ p(S;) consists only of a subset of R together with a finite number
of isolated points in C\ R symmetric with respect to complex conjugation, the
identity operator can be represented by the integral

S ~

d
I = lim _CU lim Q(sz—ie - T@_H‘g)RQ

oo J_ 2T e—0t

o
" fc T (C.2)

The contour C is illustrated in Figure It is positively oriented and it
surrounds the non-real part of the spectrum. The inner ¢ — 07 limit is taken
in the sense of distributions in @ (boundary values of holomorphic functions
define a special kind of distribution [95, Ch.IX]) and the outer ¢ — oo limit is
taken in the sense of the strong operator topology.
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C. Appendix C

Figure C.1: Contour for the integral representation of the identity operator

in (C:2).

Following a standard approach, we linearize the quadratic operator pencil
to a linear operator pencil S, and in the process we double the size of the
Hilbert space, so that the spectral problems of S; and Sz remain equivalent.

Therefore, we consider the following linear operator pencil defined on H? =

HoH,
P 0 Ri R
S; =P+aR = +ao |t (C.3)
0 —R, Ry O
which is related to Sz by the identities
I I
w 0
1\ _ Y
Ss []1 o} [@ = [H w} S (C.5)

Among all possibilities, this linearization preserves the following self-adjointness
properties. When R; and R, are bounded and self-adjoint, so is R, and when
in addition P is closed and hermitian on D(S;), sois P on D(Sg) = D(S;)®H.
We define, when it exists, the resolvent Ty = S;l and the ensuing spectrum
0(Sz) and resolvent set p(S;) C C are defined in the usual way, essentially
exactly as above. The resolvents of S; and S; are related to each other by

T, = _2 T [I[ (D] + 8 _722_1]
T, 5T
ot @2T:,u ~ Ry (©6)
T =1 0] Ts g :%[]I 0| T (]; (C.7)
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C.1. Resolution of the identity for a quadratic eigenvalue problem

These formulas show that T exists and is bounded if and only if this is true
for T;. Therefore, p(S;) = p(Sz) and, consequently, o(S;) = o(Sg), and
the two spectral problems are equivalent. Once p(Sz) is found, we can use the
boundedness{] of R to show that Ty is analytic on p(S5) = p(Sw). This implies
that T} is also analytic on p(S;).

Let v € p(Sz) = p(Sz) and let C, C p(Sz) = p(Sz) be a contour encircling
v in the negative direction. Upon deformation, C), is positively oriented and
it is a simple curve which surrounds o(S;). When o(S;) is unbounded, the
deformation of the contour must go through a limiting procedure, by taking
a connected component of C, in each connected component of p(S;). If the
resolvent G is analytic on p(S;), the Cauchy residue formula yelds

a1

TVR:_ s
c, 2miw — v

T:R. (C.8)

Multiplying both sides by R~!S,,, one gets

dw I
1_7502m<T R—w_y), (C.9)

where the contour C), can be deformed at will, as long as it remains within
p(Sa) \ {v}.

At this point, the contour C, can be deformed to the needed limiting form
in . Let us consider the abstract spectral representation for the operator
R™'P, that is (S3) there exists a projection operator valued measure E(v)
on o(Sg), which satisfies the usual commutation and monotonicity conditions
and it gives the spectral representation R™'P = fo(s@) vdE(v). Consequently,

we obtain also the spectral representation TR = fa(s@) H%dE(u). Let now
E. = E({r € C| |v| <<}). Then E. — I strongly as ¢ — oo and the set
Ucso ran B¢ is dense in H?.

As a consequence we also obtain that T;REc is analytic for |@| > ¢ and
it has the strong asymptotic expansion T;RE, = %Eg + O(%) Multiplying
both sides of by E. one gets

Egzjf do (ET R L= )— dwl-E
CQm w—v c, 2T W — v

Notice now that the contour C, in the first integral can be deformed to the
contour C}UC’;UCD’ , as illustrated in Figure . Because the asymptotical eval-
uation of E. mentioned above, the integral over anlarged circle C¢ contributes
as (’)( ). On the other hand, the term =< is analytic over the contours ) O

and also in their interior. Hence its Contrlbutlon vanishes identically. We are
left with the follwing expression

I—j[—T RE, +7§§—“T RE. + O(cY). (C.10)
€ C

21 )

1See Theorem VL5 of [93].
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C. Appendix C

We multiply both sides of (C.10) by an arbitrary v, € H?, such that
v = Ecvy for any ¢ > ¢’. In this way we obtain

da da
Vg = j{ _w T,RE- vy +]{ _w T;RE vy + O(g_l)
27{'@ Iod 271—7/

S dN
—/ R lim (T@,ie — T@+ie)RE§V§/

¢ 2T 0t

gy
+ f _W TLDRE<V</ —+ O(g_l)
& 2T
S d’“
—lim [ = lim (Tooie — Tori) Ry

s—oo . 271 e—0+

da
+ % _W T@Rvgf .
¢

We take the limits ¢ — 0™ and ¢ — oo, where the first limit is in the distri-
butional sense with respect to w while the second is in a strong sense. The

following result is obtained?] using a variant of the Banach-Steinhaus theorem
(Theorem 2.11.4 of [96]).

¢ da dz
R = lim [ 2 lim (Tsoi — Top) + 7{ dl;
C

s—=o0 | 271 =0t )

The desired result (C.2)) is finally obtained by using the formula

-1

_ Ri Ro 0 Rt

1 2

R — e (C.11)
RQ 0 RQ RQ RIRQ

and the second equality in (C.6). This argument for the linear operator pencil
mimicks that of [63, Ch.9]|, the only difference being that the existence of the
spectral measure E(v) from the spectral theorem for self-adjoint operators on
a Krein space K = (H? [—,—]), where the inner product [v,u] = (v,Ru)
is indefinite [97, O8|. Nevertheless the spectral theorem is still applicable,
provided that the operator R™'P is definitizable. This is indeed the case for
the specific operators defined in Appendix [3.3.3] The hypotheses (51,52,53)
are verified in Appendices [C.2] [C.3] and [C.4], respectively.

C.2 Check of hypothesis (S1)

In this Appendix we prove that hypothesis (S1) of Appendix is verified
for the quadratic operator pencil Sg, coming from Sturm-Liouville ODEs as
in (3.5), where S; = J'Ls on H = L?((0,1); J(2) dz) and J(z) is as in

2Here we recall that finite linear combinations of vectors like vo/ are dense in H 2 and note
that due to (C.10) the norms of the integrals ffg 49 im0+ (Toie — Taie) + b S—Tfi T,
are uniformly bounded for large o.
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C.2. Check of hypothesis (S1)

in (3.19). We verify that R;, R and R;" are bounded and self-adjoint, while
P is unbounded, closed and hermitian on a dense domain D(S;) C H

The domain of Sz, D(Sz) C H = L*((0,1); J(2) dz), is strictly related to
the choice of boundary conditions for L in (3.35). In fact [63, Ch.3|, each
choice of boundary conditions defines a closed operator on a dense domain
D(S;). Let us assume that there exists at least one @ € C such that ©,@ €
p(S;z) and that the corresponding bounded resolvents are self-adjoint 77 =
T=. Then, the closed operator S; will be self-adjoint, that is S = Sz with
D(S5) = D(S5).

Therefore, we need to check the following properties:

(a) the Green distribution associated to Lg, dubbed G, exists for at least
one @ € C,

(b) Ty = GzJ is bounded for at least one @ € C,

(¢) Ga(z,2') = G5(2/, 2) and consequently T2 = T%.

Properties (a) and (c) have been verified in Section for each choice of
Robin boundary conditions.

In order for property (b) to hold, the resolvent T, = G5 J must be bounded.
Let us now consider the functions u; and ¥g ¢ introduced in and
of Section [3.3.3] For any given & with Im[w] # 0, these functions are linearly
independent, that is A, in Eq. does not vanish. Moreover let us
consider the asymptotic estimates

ua(2)] S 21— 2) 77, (C.12a)
. Zﬁ)\(l_z)ﬁa CZO,
Vs c(2)] S M1— )P (20, (C.12b)
1

T2 Sz (1=2)" (C.12¢)

where A\ = ¢*r; |Im{@}| /2(r3 — r2), the symbol < denotes an inequality up
to a multiplicative constant, uniform over z € (0, 1), while the constant € > 0
takes care of the cases with logarithmic singularities.

In order to prove the boundedness of T, we apply the weighted Schur test
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(see Theorem 5.2 of [99]). Let us consider the following chain of inequalities,

175w

:/Oldzj(z)
< [aac ( [ VEGI@aG >\/|g@<z,z'>|£ii',)) |\If<z'>\2dz'>

< /O dz 7 (=) < /O dz'|Q@(2,2’)|J(z’)j1(z’)) ( /0 42 (G2 )] :;1 ((";1 |\I’(z)]2>

< /d (/ 02 T(2)70(2) Ga = z')\) TP

/~73() / |2
< [0 2956 we)

Here ||T5%||> < || ¥||%, only if there exist three functions J1(z), Ja(2), J3(2)
satisfying the following estimates

2

/0 dz' Gs(z,2") T (2)¥(2)

2

/o d2"|Go (2, ) TN () < Fa(z),

/0 dz J(2)7(2) [Galz 2)] S Ta(#),

\73(2/) <
Ji(z') ~
A deeper analysis shows that the lower bounds of J5 and J3 are in fact deter-

mined by the properties of G;(z,2’) and that the only free choice is actually
the function ;. Given the estimates (C.12|) and formula (3.38]), one sees that

boundedness is obtained with the following choices:

\71(2) = ]-)

C=0: ¢ Joz) = (1 — z)min(B1-20) (C.13)
jg(Z) — (1 _ z)mm (B,2— 45)
(J1(2) =1,

C£0: { To(z) = (1 — 2)1-F, (C.14)
(J3(2) = (1= 2)' 777,

where, in the case ¢ # 0, we select f € (3,1) and e < 1 — 3.

C.3 Check of hypothesis (S2)

In this Appendix we prove that hypothesis (S2) of Appendix is verified
for the quadratic operator pencil S5, coming from Sturm-Liouville ODEs as
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C.3. Check of hypothesis (S2)

in (3.5), where S; = J 'L on H = L?((0,1); J7(2) dz) and J(z) is as in
in ([3.19). We verify that the spectrum of S is real with at most two isolated
points in C \ R, displaced symmetrically with respect to the real axis.

Notice that the Green distribution Gz computed in Section has a
branch cut at Im[©] = 0 and that, only for certain values of (, it can have
poles with Im[@] # 0. As seen in Section [3.3.3] these poles coincide with the
zeros of the coefficient N in (3.39).

A direct inspection shows that the coefficient N ¢ has at most isolated
zeros and that they are reflection symmetric about the real axis. These zeros
can be interpreted as bound state frequencies and they form a set BS, C C,
which can be divided in BS; = BS!UBS! with Im[BS] > 0. Therefore,
0(Sz) = RUBS,. Also notice that, by Appendix , the resolvent, T = S;*
is analytic on p(Sz) = C\ o(S;).

The structure of BS; can be inferred by looking at the zeros of A ¢ from
Section which are defined precisely as the solutions of the transcendental

equationf’

o | &

tan(¢) = = =: O(@) (C.15)

in the upper half complex plane, Im[w] > 0, { € [0,7), together with their
complex conjugates.

As we will see, BST = ) or BS{ = {@}, consisting only of a single point.
In the case ( = 7/2, any @ at which ©(®) has a pole can be interpreted as a
solution of (C.15). The RHS of is a ratio of products of gamma functions
with @-dependent parameters. For generic values of these parameters, the
function has only simple zeros at &.(n) and simple poles at ©*(n) for n =
0,1,2,..., where

k (re Fr_)

&% (n) :i%—kQH—Zi(nqu—ﬁ)%. (C.17)

Its asymptotic behaviour for |@| — oo can be inferred from the Stirling asymp-
totic formula, which yeldd]

TR (i TV
Wm_re¢ﬁiﬂ<4ﬁ—ﬁ0 1+0(a ™). (C18)

The zeros and poles of ©(w) correspond to the explicit solutions of (C.15)),
for ¢ = 0 (Dirichlet) and ¢ = 7/2 (Neumann) boundary conditions, respec-
tively.

3See Eq. (3.48). Here A and B are again as in (3.46)).

4The branch of the power function must agree with the principal branch whenever —i@ >
0. Notice that some of the poles or zeros may merge for special values of the parameters.
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At the same time, explicit solutiong’| for a generic value of ¢ cannot be
obtained, due to the transcendental nature of equation . Nonetheless,
we can make few qualitative remarks.

Firstly, ¢ is always real. Therefore @ € C for which ©(®) ¢ R is never a
solution of (C.15). Conversely, when ©(w) is real, equation (C.15)) is satisfied
for ¢ = arctan(©(w)). Hence, given a fixed (, the solutions of exist and
they lie in the regions with real phase arg[O(@)] = 0 or 7.

Physically speaking, one can reach the following conclusions.

In the case u? > 0, the only allowed boundary condition (see Section
is the case ¢ = 0 (Dirichlet), which corresponds to zeros of O(@). As it can
be inferred from (C.16)), all of the zeros lie on the lower half complex plane.
Therefore, no solutions of with Im[@] > 0 can be found and there are
no bound state frequencies, that is BS} = @.

In the case —1 < p? < 0, all the poles and zeros lie in the lower half
complex plane. The closest pole to the real axis is

@*(0):%—kQH—z(1—\/,T+1)%.

In this case, the solutions with Im[w] > 0 are parametrized by ¢ € [(.,7) and
lie on the single line of real phase stretching from this pole. This phase line
crosses the Im[@] = 0 axis at @ = 0, where

r(25—1)‘r(1—5+¢f§>‘2

@(0) = 2
T(1-28) ‘r (BJrM%)’

= tan((.) .

Since —1 < p? < 0, then 8 € (%, 1), which implies (. € (3, 7). Furthermore,
we notice that the solution @ = @, is isolated and simple®’} Therefore, in this
case BS; = {@¢,@¢}. In Figure we plotted the real and the imaginary
parts of the frequency @, as a function of ¢ for some sample values of the other
involved parameters.

C.4 Check of hypothesis (S3)

In this Appendix we prove that hypothesis (S3) of Appendix is verified
for the quadratic operator pencil S;, coming from Sturm-Liouville ODEs as
in (3.5), where S; = J'Lg on H = L?((0,1); J(2) dz) and J(z) is as in

A solution can be found numerically for any value of the parameters u?, ¢, r,, r_ and
k describing the scalar field and the BTZ black hole.

6This could be rigorously established by a careful application of the argument principle,
which we omit for brevity, to the function f(@) = tan({)—©(@), which confirms the existence
of a single simple zero &¢ € Im[@] provided the integrals § ];/((g)) % stabilize to the value
1 over a sequence of simple closed and positive contours whose interior exhausts the upper

half complex plane.
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in (3.19). We show that there exists a spectral measure for the linearised
pencil S; in (C.3)).

In the following we adopt the notation of Appendix Therefore, let
K = (H? |-, —]), be Krein space [97, 98] with bounded inner product [v,u] =
(v,Ru). As already stated, the spectral problem of the linear operator pencil
S; = P + @R is equivalent to the spectral problem —R™!'P = @I, where now
the operator A = —R™!'P is self-adjoint with respect to the inner product
[_7 _]'

Even if no general spectral theorem is available for an arbitrary self-adjoint
operator on a Krein space, there are some special cases where it is possible
to prove the existence of a spectral measure E(v). In these cases, hypothesis
(S3) of Appendix is verified. As already stated, hypothesis (S3) is veri-
fiable whenever the operator A is deﬁmtizableﬂ that is, when there exists a
polynomial p(©) of degree k with real coefficients such that

[u,p(A)u] >0 for each u € D(A*) .

In order to prove that the operator A defined as in Appendices and Sec-
tion is definitizable, we proceed as follows.

Firstly, since
[u, (=Ap)u] >0 forallue D(Ay),

we suppose that there exists a definitizable closed restriction Ag of A to a
subdomain D(Ay) C D(A). The restricted operator Ay may no longer be self-
adjoint with respect to the Krein inner product, but it is possible to find [101]
a Friedrichs self-adjoint extension A, satisfying [u, (—A;)u] on its domain.
Secondly, we notice that the operator A is defined as an ordinary differential
operator. Therefore the difference of the resolvents

(A; — D)™ — (A — &) (C.19)

is a finite rank operatorff] This difference is therefore described by the so-called
Krein resolvent formula [102, §106].

Thirdly, we observe that [103], when at least one of the Krein self-adjoint
operators A; or A is definitizable and the difference of their resolvents
is of finite rank for at least one @ € p(A;) N p(A), then both operators are
definitizable.

In the case of interest, H = L*((0,1); J(z) dz). let us consider

u:= [0 " € D(Ay)

"The corresponding spectral theorem can be found in [98] and [100].
8In order to prove that the ranks is finite, it is sufficient to notice that an ordinary
differential operator has a finite dimensional space of solutions.
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consisting of smooth functions with compact support. We can then write
explicitly [u, (—A)u]. Integration by parts leads to the following result

(U, (=T " La=0)¥) + (P, Ry®) = /1 dz |z ‘d\f]i,(;)
() TR

412 (1 — 2)? ) (=) + 4(r2 —r2)

Let us analyse the two relevant regimes. When —1 < p? < 0, since the
term proportional to k% in the integrand is strictly greater than 0, in view of
and of the results of Appendix[C.1} —J ' Lz—, is a self-adjoint operator
with strictly positive spectrum.. Therefore it is a positive operator and the
integral is non-negative When p? > 0, all terms appearing under the integral
are manifestly non-negative, and so is the whole integral. Thus, the restriction
of A to D(Ay) satisfies the relation

[u, (—Ap)u] >0 forallue D(Ay) .

This implies that A is definitizable.
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