28 IFT - UNESP

DISSERTACAO DE MESTRADO

IFT-D.001 /2025

Black hole information loss issue

and the global hyperbolicity of spacetimes

Juan Vitor Oliveira Pégas

Orientador

George Emanuel Avraam Matsas

Fevereiro de 2025



Pégas, Juan Vitor Oliveira

P376b Black hole information loss issue and the global hyperbolicity of
spacetimes / Juan Vitor Oliveira Pégas. -- Sdo Paulo, 2025
74 f.il. color.

Dissertagdo (mestrado) — Universidade Estadual Paulista (Unesp),
Instituto de Fisica Tedrica (IFT), Sao Paulo
Orientador: George Emanuel Avraam Matsas

1. Teoria quantica de campos. 2. Buracos negros (Astronomia). 3.
Relatividade geral (Fisica) I. Titulo

Sistema de geracdo automatica de fichas catalograficas da Unesp. Biblioteca
do Instituto de Fisica Tedrica (IFT), Sdo Paulo. Dados fornecidos pelo
autor(a).




BLACK HOLE INFORMATION LOSS ISSUE AND THE
GLOBAL HYPERBOLICITY OF SPACETIMES

Dissertacdo de Mestrado apresentada ao
Instituto de Fisica Teérica do Campus de
Sao Paulo, da Universidade Estadual
Paulista “Julio de Mesquita Filho”, como
parte dos requisitos para obtengao do titulo
Mestre em Ciéncias, area: Fisica.

Comissao Examinadora:

Prof. Dr. GEORGE EMANUEL AVRAAM MATSAS (Orientador)
Instituto de Fisica Tedrica/UNESP

Prof. Dr. GIANLUCA GREGORI
University of Oxford

Prof. Dr. JORMA LOUKO
University of Nottingham

Conceito: Aprovado

Sao Paulo, 25 de fevereiro de 2025.



Acknowledgments

To my advisor, Professor George Matsas, for all of the enthusiastic and enlightening
discussions about how nature works. Thank you for taught me that “Semmi sem kénnyt!”.

To my partner, Ana Vitéria, for all of the countless hours discussing the curiosities and
the running of the universe, from HTTPS to light cones. Thank you for always showing
me that there is life outside physics.

To my parents, Elaine and Marcos, for all of the unrestricted love and support along
the years.

To my friend and colleague, Gabriel Aguiar, for all of the lunches discussions about
life, universe and the stock market.

To FAPESP for financial support under grant 2022 /14028-3.



Resumo

Na auséncia de uma teoria quantica de gravitagdo, a teoria quantica de campos
em espagos-tempos curvos fornece o arcabougo mais solido para estudarmos a
interagdo entre gravidade e mecanica quantica. Uma das consequéncias mais
marcantes dessa teoria é o efeito Hawking. Neste contexto, buracos negros iriam
evaporar completamente devido a emissdo de radia¢do térmica. Como consequén-
cia, um estado puro de um campo quantico preparado no passado assintético
que colapsasse em um buraco negro evoluiria para um estado misto no futuro
assintético, violando unitariedade. Este é o chamado "paradoxo da perda de
informagdo em buracos negros". Nesta dissertacdo, argumentamos que, longe de
ser paradoxal, a perda de informacédo é uma previsdo da teoria quantica de campos
em espagos-tempos curvos e ndo uma violacdo da mesma. Além disso, abordamos
o problema de como conciliar a evolug¢do unitaria de um campo quantico com o

efeito Hawking sem depender de um modelo especifico de gravitagdo quantica.

Palavras Chaves: teoria quantica de campos em espacos-tempos curvos; perda de

informagdo; buracos negros.

Areas do conhecimento: fisica; teoria quantica de campos em espagos-tempos
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Abstract

In the absence of a quantum theory of gravity, quantum field theory in curved
spacetimes provides the most solid framework to study the interplay between
gravity and quantum mechanics. One of the most striking consequences of this
theory is the Hawking effect. In this scenario, the fade of black holes is its complete
evaporation due to the emission of thermal radiation. As a consequence, a pure
state of a quantum field prepared in the asymptotic past that collapses in a black
hole will evolve into a mixed state in the asymptotic future, violating unitarity.
This is the so-called “black hole information loss paradox”. In this dissertation, we
argue that, far from paradoxical, the information loss is a prediction of quantum
field theory in curved spacetimes and not a violation. In addition, we address
the problem of how to conciliate the unitary evolution of a quantum field and the
Hawking effect without relying on a specific quantum gravity model.

Key-words: Quantum field theory in curved spacetimes; Information loss; Black
holes.

Field of knowledge: Physics; Quantum field theory in curved spacetimes; General
relativity.
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Chapter 1

Introduction

It is widely recognized that the main frameworks in the study of the fundamen-
tal interactions of nature are quantum field theory (QFT) and general relativity
(GR). Over the past century, both theories have provided astonishing agreement
with experimental tests in their regime of validity. However, the “big picture” is
incomplete, lacking an entirely consistent framework encompassing these two
successful physics branches in situations where the quantum nature of both fields
and spacetime must be considered. In this scenario, one can argue that the most
natural first step towards a quantum description of gravity is considering quan-
tum effects in contexts where gravity cannot be neglected using the so-called
quantum field theory in curved spacetimes (QFTCS). This approach considers the
propagation of quantum fields in a classical curved spacetime background. Due
to its classical approach to the metric, QFTCS can not be a fundamental theory
of nature, although it is expected to provide an accurate description of situations
where one can neglect the effects of quantum gravity. Since its development in
the 60s, QFTCS has provided not only a description of quantum phenomena oc-
curring in the early universe and near black holes, but it has also given a deeper
understanding of QFT in Minkowski spacetime, e.g., the Unruh effect [1].

The most known effect predicted by QFTCS is undoubtedly Hawking radia-
tion, which states that black holes could evaporate via the emission of thermal
radiation [2]. Although using modern technology, it is impossible to detect this ra-
diation, which, in the most favorable scenario, would have a temperature billions
of times smaller than the cosmic microwave background, it was recently detected
an analog effect using Bose-Einstein condensate [3]. Other analogs of the Unruh
and Hawking effect have been reviewed in Ref. [4] (see also references [58-62]).

Despite its theoretical success, the Hawking effect has been raising doubts
in the scientific community through the so-called “black hole information loss
paradox”, which can be stated as follows. Consider the evolution of a quantum
state ¢ in a spacetime describing a collapsing star. Under certain conditions,

the collapse will create a black hole, eventually evaporating due to the Hawking
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Chapter 1. Introduction 2

radiation. Assuming that the black hole evaporates completely, the final state of the
field is characterized by a thermal distribution, which is a mixed state. Therefore,
we have an evolution from a pure state to a mixed one, which is not allowed
for closed quantum systems. As a consequence, the scientific community has
been challenging Hawking'’s evaporation process due to this apparent violation of
quantum mechanics, leading to the term “paradox”. Past attempts to “resolve” this
“paradox” by disregarding the role played by the black hole singularity have led
to the introduction of all sorts of undesired features, such as violation of causality
and of other basic principles in low curvature regimes (see Ref. [5] for a review).

Far from paradoxical, the loss of information is a natural consequence of the
corresponding semiclassical spacetime not being globally hyperbolic. Enlight-
ening this scenario and showing how one can conciliate the Hawking process
with unitarity are the main goals of the present thesis. It should be stressed the
possibility (but certainly not the obligation) of quantum gravity resolving the
central spacelike singularity in the interior of black holes, recovering the unitary
evolution throughout spacetime.

In this work, we proceed as follows. Chapter 2 is a review of basic concepts of
general relativity relevant to the formulation of the Hawking process, focusing on
the symmetries present in stationary spacetimes, the causal structure of general
spacetimes, and the main features of black holes. Chapter 3 is concerned with
the derivation of the Hawking process. We offer a brief review of the canonical
quantization of scalar fields in curved spacetimes. The derivation of Hawking
temperature and discussion of the resulting flux of radiation are presented. Finally,
we discuss the formulation of the information loss “paradox”, arguing that it is
a prediction of the semiclassical theory. Chapter 4 is related to the conciliation
of black hole evaporation via thermal radiation with the unitary evolution of
quantum fields without relying on a specific quantum gravity model. We present
our conclusions in Chapter 5.

We assume metric signature (— + ++) and natural unitsh = G = c =k =1,
unless stated otherwise. Latin indexes (a, b,...) are used to denote tensorial
quantities in arbitrary coordinate systems, and Greek indexes (y, v,...) are used to

denote their value in a particular coordinate system.



Chapter 2

Basic concepts of general relativity

The fundamental ideas on which classical general relativity is based are that
(i) the spacetime is a manifold M endowed with a Lorentzian metric (a rank-two
tensor) gahl and (ii) the metric and matter fields are dynamical, evolving locally
by the Einstein’s field equation

1
Gap = Rap — ERgab = 87Ty (2.1)

This is a highly non-linear set of partial differential equations relating the metric
degrees of freedom with the ones of the matter fields. There is a very non-trivial
difference between Einstein’s equation and other differential equations in physics.
For instance, consider Maxwell’s equation in the Lorenz gauge

OA® = —471j°, V,A° =0,

where we can fix the 4-current j* and solve the above equation for A?. However,
in general, the stress-energy tensor T,;, depends on g,;, so we can not, in analogy
with the electromagnetic case, fix ad hoc the matter field and solve for the metric
in Eq. (2.1). In this way, we have to solve both sides of Einstein’s equation in a
self-consistent way.

The above discussion makes it clear that it can be very challenging to solve
Einstein’s equation and extract the physical information from the solutions of
Eq. (2.1). In this way, the study of symmetries and the causal structure of the
spacetimes often help to unveil the physical content of the spacetime (M, g,p).
In this chapter, we review some concepts concerning symmetries and the causal
structure of spacetimes, focusing on Minkowski and Schwarszchild solutions.
The former helps to illustrate the rather mathematical definitions used in those
contexts, while the latter is archetypal in studying black hole dynamics. We shall
also review the mathematical definition and the main properties of black holes in

1Some additional, physically motivated, causal features are demanded, see Sec. 2.2.
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classical general relativity, highlighting the main results of their structure.

2.1 Symmetries

The concept of symmetry is usually crucial in generating solutions of Eq. (2.1).
Intuitively, a symmetry is a “motion” in spacetime under which all the physics is
invariant. In this way, the protocol to search for symmetries is simply “comparing”
the physical quantities defined in events before and after this “motion”. If they
are the same, we say that the theory has a symmetry.

Let us be more precise about what we mean physically by “motion” and
“comparison”. Consider a physical theory described by a manifold M and tensor
fields T() defined on M. Let v” be a vector field on M. Suppose we displace each
point of M infinitesimally by an amount determined by the value of v” at that
point. Thus, v* defines the “motion” of spacetime along the direction defined by
the vector field. Now, we can have two sets of tensor fields: the original T() and
the one that results from subjecting T") to the motion defined by v”. We can, then,
compare these two sets, by subtracting one from the other and dividing by the
amount of sliding along v#, and conclude if they are the same. In case affirmative,
we say that v* defines a symmetry.

Now that we have an intuitive picture of what symmetry is, let us make this
notion mathematically precise. We follow here mainly the approach of Ref. [6]. Let
M and N be manifolds (not necessarily of the same dimension). Let ¢ : M — N be
a C*® map and let f : N — R be a function. We define the pull back of f to be the
composed function f o ¢ : M — R, see Fig. 2.1. Similarly, let p € M. For v, € V),
we define the push forward ¢*v € V) by (¢*v)(f) = v(f o ¢) for all smooth
f : N — R, where V), is the tangent space of p. In a similar manner, we can define
the pull back ¢ (wy,) of a covector wy,(,) € V;(p) by ¢ (Wp(p))v = wy(p) (¢*(0)).
The same construction can be done for tensors of arbitrary ranks, where now we
demand ¢ to be a diffeomorphism, i.e., bijective C* map with inverse C*. By

noticing that (¢—!)* goes from Vs (p) to Vp, we define the tensor (¢* T)bl"'bkaln_ul at

¢(p) by

(@ T o (1) (), (1) (1) = TPV (@i )y ([0 0) ™
(2.2)

Similarly, we could extend the action of the map ¢, to all tensors. However,
since ¢ = (¢~ 1)* we only need to consider ¢* and (¢ 1)*, see Ref. [6]. The
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M N R

Fp(p))

PN o(p)
\ P /

Figure 2.1: Ilustration of pull back.

notions of diffeomorphisms between manifolds and push forward of tensor fields
define the concept of gauge freedom in general relativity. Roughly speaking,
consider a physical theory described in terms of a manifold M and tensor fields
T() defined on M. Let ¢ : M — N be a diffeomorphism, which guarantees that
M and N have the same manifold structure. Then, the solution (N, ¢*T®) is
physically indistinguishable from the previous solution (M, T)), which means
that any physically well-posed statement about (M, T()) will equally hold for
(N, ¢*T).

Now, we can use the diffeomorphism ¢ to construct the “motion vector” v*
described earlier as follows. Let M be a manifold. A one-parameter group of diffeo-
morphisms is a C* map ¢; : R x M — M such that for fixed t, ¢; : M — Misa
diffeomorphism. We can associate to ¢; the notion of a vector field v as follows.
For fixed p € M and varying values of ¢, ¢:(p) : R — M is a curve, parameterized
by t, called an orbit of ¢, which passes through p at t = 0. Define v at p to be the
tangent to this curve at t = 0. Hence, we have established the association between

a one-parameter group of diffeomorphisms ¢; and a vector field v”. In this way,

we define the Lie derivative with respect to v*, £,, of a tensor field T”l“'akblmbl by
ai...aj ai...aj
T N T
E Tlll...ﬁk — llm 1..:0] 1eee l’ 23
v bi..by F50 t ( )

where all tensors in the equation above are evaluated at the same event p. The

Lie derivative gives the notion of comparing Tal"'”kblmbl with ¢* T

by DA
neighborhood of p for small values of t. In other words, the Lie derivative is the
mathematical structure used to “compare” the original tensor field with the one
“moved” along v*. Therefore, in the light of the previous discussion, v” defines

a symmetry if £,(T()) = 0. In particular, we have £,(g,;) = 0 if v* defines an
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isometry (i.e., spacetime symmetry). We can use this condition to study the special
properties a vector field should satisfy to define a symmetry.

Firstly, from Eq. (2.3), it follows directly that £, is a linear map from smooth
tensor fields of rank (k, ) to smooth tensor fields of the same rank. Furthermore,
for functions f : M — R we have

Ly(f) = v(f)- (2.4)

Secondly, the action of the Lie derivative in general tensor fields can be simplified
if we introduce a coordinate system adapted to v* in the sense that if x° is one of
the coordinates, then v* = (9/ axo)“. The action of ¢_; then corresponds to the
transformation x# — (x° +t,x"), where v = 1,2,3. Then, it follows that

ot Tt (0, xh, o2, x3) = T L (04t 22, 28). (2.5)

ai...aj

As a consequence, the components of L, T p,..b, N this adapted coordinate

system are given by

H1---Hi
EvTﬂl...yk — aT V1...V] )
V1...1] axo

We can use this approach to find a coordinate-independent expression for the

(2.6)

Lie derivative of tensor fields. From Eq. (2.6) we have

owH

;CUWF = W

(2.7)
Besides, defining the commutator [v, w] between the vector fields v* and w” to be

[0, w]f = o[w(f)] = wlv(f)]. (2.8)

One can easily see that the commutator of any two vector fields is again a vector
field. Using that v(f) = vV, f we have

[v,w]f = (v"vawb - w“Vavb) Vuf. (2.9)
Thus, we can write the commutator in terms of the covariant derivative
[0, w] = v"V,w’ — w'V, o’ (2.10)

It follows then, that in any coordinate system {x*}, one can write the components
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of the commutator in this coordinate system as

owh oot
[o,w]# = 0" ET w Py (2.11)

Thus, in the coordinate system adapted to v* we have

owH

=0 (2.12)

[o,w]¥ =

Therefore, the components of L,w* and [v, w|* are equal. However, since both
the Lie derivative and the commutator are defined in a coordinate-independent

manner, we obtain
a

Low* = [v,w]". (2.13)

We can now derive the action of the Lie derivative in a dual vector w,. From
Eq. (2.4) we have

Lo(wau®) = v(wau)

= vbwavbu” + vbu”waa
Using now that £, (w,u”) = u?Lyw, + w,Lou? with Egs. (2.10) and (2.13) we get
Low, = vbvbwa + wbvavb. (2.14)

We can generalize Eq. (2.14) for covectors by induction, arriving at

i=k j=I
ai...aj _..C ay...aj _ ai...C...Aay a; ay...aj c
EUT blmbl =v VCT blmbl Z T bl...b[ vcv S ZT blcblvij :
1

]
(2.15)

Finally, we can evaluate £,(g,;) = 0 using Eq. (2.15)
vcvcgab + gcbvavc + gacvbvc = 0. (2.16)

where we have supposed that v* defines an isometry. Now, using the fact that V,
is compatible with the metric, i.e., V9, = 0, we arrive at

vdvb + vaa - 0. (2.17)

This equation is called Killing’s equation and v* is called a Killing vector field. There-

fore, the necessary and sufficient condition to v* be a generator of an isometry is
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that it satisfies Killing’s equation (2.17).

From a more mathematical point of view, we say that ¢ is a symmetry transfor-
mation for a tensor field T if ¢p*T = T. In the case of the metric tensor, a symmetry
transformation is called an isometry. It follows directly from Eq. (2.3) that if ¢;
is a symmetry transformation, then £,T = 0. One can immediately see from
Eq. (2.6) that if T is independent of one of the adopted coordinates, for example,

0, we have a symmetry generated by v* = (9/9x°)* = 9*/9x". Therefore, if

x
Qap = gab(xi),i = 1,2,3, then we have a Killing field v* = 9"/ 9x0. Conversely,

choosing a coordinate system x#, Eq. (2.16) reads
0" 00y + uadv0” + guadyv" = 0. (2.18)
Now, let x* be a coordinate system and v” = 9”/9x". Then, from Eq. (2.18) we get
dpoguw = 0= gap = guv(¥'), i=1,2,3.

So far, we have established the concept of symmetry and its relation with
Killing vector fields. We know from Noether’s theorem that symmetries are
associated with conserved quantities, so it is expected that Killing vectors lead
to conserved quantities. These come in two ways. First, let * be a Killing vector
tield and -y a geodesic with tangent vector u?. Then, ¢,u” is constant along 7. To

show this, we simply note that

U o (Epu®) = iV ou® + ubu V¢,
=0

since the first term vanishes due to the geodesic equation and the second one by
Killing’s equation.

The second type of conserved quantities comes from the stress-energy tensor
T%. Again, assuming that ¢ is a Killing vector field, we have the conserved
four-current J* = T%&,:

Va]® = Va(T?E) = (VaT™)& + TVay =0,

since the first term vanishes because T% is divergence-free and the second one
due to Killing’s equation. Now, suppose we have an isolated body. Let S and S’ be

three-dimensional surfaces that cross the world-tube of the body. It follows from
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Gauss’ theorem that
/ T%&,dS), — / T"&dS, = / Va(TE)dV = / V.J%dV =0,
s’ S 1% 1%

where V is the portion of the world-tube between S and S’. Therefore, f S Tab CpdSs
is independent of the surface S and, thus, it is a conserved quantity.

Beyond conserved quantities, Killing vector fields can also characterize the
spacetime itself. A spacetime is said to be stationary if it possesses an everywhere
timelike Killing vector field ¢”. It is said to be static if, in addition, there is a
spacelike hypersurface £ which is orthogonal to the orbits of the isometry, see
Fig. 2.2. By Frobenius’s theorem?, this is equivalent to the requirement that
the corresponding timelike Killing vector, ¢*, satisfies |, V&, = 0. Physically
speaking, stationarity means invariance by “time” translation, where “time” means
the parameter f of the isometry, while, in addition to time invariance, staticity
means invariance by time reflection. For instance, if we consider the spacetime
of the Earth (an axisymmetric sphere, in vacuum, rotating uniformly) it is clear
that nothing happens in time, but in a time reversion, the Earth would rotate in
the opposite direction. Therefore, in this simple example, the spacetime generated
by Earth is stationary, but not static. In order to make it static, one should consider
a non-rotating Earth.

Figure 2.2: Representation of the timelike Killing vector ¢* orthogonal to a space-
like surface .

2See Appendix B of Ref.[6] for the statement of Frobeniu’s theorem.
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One can give a general form of the metric tensor of a static spacetime using
the above results as follows. Let ¢; be a one-parameter group of diffeomorphisms
whose orbits are timelike. Let ¢* be the corresponding timelike Killing vector field
and X the spacelike surface to which ¢ is orthogonal. Assuming that ¢* # 0 on %,
we can define a family of hypersurfaces, ¥, using the action of the isometry ¢; on
z

Zt = (Pt(Z)

Since ¢ is an isometry, X is isometric to £ and, thus, ¢* is orthogonal to each X,
see Fg. 2.3. Now, let x/ = (, xi), i =1,2,3, be a coordinate system in 2. We can

Figure 2.3: Representation of the family of hypersurfaces ;.

use it to describe each ¥; by means of the action of ¢ on each p € X demanding
that

X (¢e(p)) = x'(p), (2.19)

i.e., the coordinates describing a point p in one of the hypersurfaces %; are the
same as the coordinates describing the image of this point under the action of ¢,
which lies in other ;. Therefore, every event can be described by {t, x'}. Using
now the fact that g,,, = gab(a;ag) along with the fact that of is orthogonal to 97,
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the line element of such spacetime reads
ds* = goo(x')dt? + gk]-(xi)dxkdxj, (2.20)

where we have used the fact that if 97 is a Killing vector, the components of the
metric in this coordinate basis are independent of t. Eq. (2.20) is the general form
of the metric components adapted to ¢ in a static spacetime. Note that one can
find an expression for ggo(x') in terms of the Killing vector field by noticing that
¢Ca = goo- A stationary spacetime will inevitably have cross terms of the kind
dtdx! but, still, the components of the metric will be independent of ¢.

Finally, we mention the notion of conformal isometry which will be important
in the study of causal structure. Let (M, g,,) and (M’,g/,) be spacetimes. A
conformal isometry, ¢, between these spacetimes is a diffeomorphism ¢ : M — M’
for which there is a function ¢, called conformal factor, such that ¢*g,, = ¢>g’,.
Since ¢ is a diffeomorphism, ¢ is non-vanishing. Physically speaking, a conformal
isometry is a transformation that leaves the causal structure of the spacetime
unaltered, which is the same as saying that a null vector in (M, g,;) is again a null
vector in (M’, g/, )—this fact can readily be seen from the definition of conformal

isometry.

2.2 Causal structure

As previously outlined, spacetime is a four-dimensional manifold endowed
with a Lorentzian metric, dynamically coupled to the matter distribution via Ein-
stein’s equation. However, not all solutions of Eq. (2.1) are physically reasonable.
For instance, Godel’s universe, an exact solution of Einstein’s equation describ-
ing a pressure-free perfect fluid, allows one to travel back in time, which is a
non-expected property for a physical universe [7]. Hence, one should impose ad-
ditional conditions on the spacetime to ensure that it really describes the physical
world. In this manner, the study of the causal structure of spacetime has proved
to be a powerful way to analyze scenarios that should be discarded as physically
unreasonable. In fact, a causally well-behaved spacetime has an intrinsic relation
with the unitary evolution of quantum fields, as we will show in a moment (see
also Chap. 3). In this section, we discuss the most important of these conditions

for general spacetimes.
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2.2.1 Time-orientable spacetimes

The first condition that we should demand for our physical spacetime is a
global notion of future and past. Let (M, g,,) be a spacetime. The tangent vector
space V,, of each p € M is isomorphic to Minkowski spacetime (this comes directly
from the definition of manifolds). Thus, we can refer to the light cone of p as the
light cone of the origin of V,,. In this way, as in special relativity, we may designate
half of the light cone as the future and the other half as the past; see Fig. 2.4. If
a continuous definition of future and past for the light cone at each p € M can
be made, then we say that (M, g,;) is a time-orientable spacetime. It can be shown
that every spacetime based on a simply connected manifold is time-orientable [8].

From now on, we will only consider time-orientable spacetimes.

future

past

Figure 2.4: Lightcone of an event p € M as the lightcone of the origin of V),

2.2.2 Causality conditions

The notion of time-orientable spacetimes does not rule out situations that go
against our intuitive thinking of how nature should behave. Consider, for instance,
a simply connected spacetime (M, g,,). From the last section, (M, g,;) is time-
orientable. Let y be a closed timelike curve. Now, consider an observer O joining
7 at some event p € M and leaving it at some g € M, see Fig. 2.5. However, since
the curve is everywhere timelike and it continues from g to p, the observer could
prepare a rocket ship to travel from g to p, arriving at the instant of departure,
and prevent the observer from setting out in the first place. It should be stressed
that this paradoxical situation has nothing to do with the topology of spacetime,
namely that 7y is homotopic to the trivial closed curve at p, which prevents it from
ruining the time orientation. Although this could appear an arbitrary example,
Godel’s universe, as commented above, has closed timelike curves but has the
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Figure 2.5: Example of an observer O crossing a closed timelike curve through p.

manifold structure of R%, i.e., it is time-orientable. This is an example of an exact
solution of Einstein’s equation that is time-orientable but has closed timelike
curves [7]. In this way, other physically motivated conditions, named causality
conditions, should be imposed on spacetimes to prevent the existence of closed
timelike curves. In this section, we address the mathematical formulation of such
conditions and their relation with unitarity. We follow here mainly the approach
of Ref. [6].

Let y(t) be a curve parameterized by t and let u” be its tangent. We say that
v(t) is a timelike future directed (resp. past directed) curve if, at each p € 7(t), the
vector field u? is timelike and it is inside the future (resp. past) light cone of p.
Besides, we say that y(t) is a causal future directed (resp. past directed) curve if, at
each p € 7(t), the vector field u” is either timelike or null and is in the future (resp.
past) light cone of p. One can use these definitions to describe causal relations
between events in M. Let p, g € M. We say that g is in the chronological future of
p, and denote this relation by p < g, if there exists everywhere a future-directed
timelike curve y(f) such that 7(0) = p and (1) = g. These causal relations of
events in (M, g,) define causal sets in spacetime. We define the chronological future
of p € M, I'*(p), as the set of events that are in the chronological future of p

I"(p) ={q€M,p=<q} (2.21)
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The same definition holds for the chronological past I~ (p) of p by changing future
with past in the above definition. We define the chronological future of a set
S C M by

I7(S) = UpesI* (p). (2.22)

An analogous definition holds for I~ (S).

The notions of chronological future and past of a set can be used to define the
general notion of horizons, ubiquitously present in the study of black holes. Let «
be a timelike curve. The future horizon, h™, of vy is defined to be the boundary of
I~ (), written as I~ () (see Fig. 2.6). Analogously, we can define the past horizon,
h~. Note that one can define h™ and ki~ for a family of observers. In addition, one
can define Killing horizons. Let ¢* be a Killing vector field. A Killing horizon, h, is
a null surface having the property that ¢* is normal to it.

ht
W =h"=Q
gt
v
(a) (b)

Figure 2.6: Example of past and future horizons for a inextendible timelike curve
7. In figure (a), we have a timelike curve in Minkowski spacetime with no past nor
future horizons. In figure (b), we have a timelike curve in Minkowski spacetime
with an event removed; in this case, 7 has only a future horizon.

In addition, we say that g is in the causal future of p, and denote this relation
by p < g, if there exists everywhere a future-directed causal curve () such that
v(0) = pand (1) = g. Analogously, we define the causal future of p, J*(p), as the
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set of events that are in the causal future of p

I (p) ={q€ M,p<q} (2.23)

Again, the causal past of p, ]~ (p), can be defined in the same manner just changing
future by past in the above definition. We define the causal future of aset S C M
by

JT(S) = Upes] " (p)- (2.24)

As before, an analogous definition holds for ]~ (S). See Fig. 2.7 illustrating the
causal future of a closed set S. Physically, the set [ (S) consists of events that
can be influenced by signals traveling slower than the speed of light coming from
S, while J*(S) consists of events that can be influenced by signals traveling at
a speed lower than or equal to the speed of light coming from S. Besides, the
existence of a future horizon ™ of some timelike curve ¥ means that there are
events that can not influence <y using signals traveling at a speed lower than the
speed of light.

Now we can address the causality conditions. At the beginning of this section,
we view that one should rule out the existence of closed timelike curves from the
spacetime, this is called chronological condition [7]. However, even if the spacetime
has no closed timelike curves, it could be “on the verge” of violating causality,
i.e., there could be timelike curves that come arbitrarily close to intersecting
themselves, although none of them actually do. One can, then, simply make an
arbitrarily small perturbation on the metric of such spacetimes to generate closed
timelike curves. In this manner, we should regard such spacetimes as physically
unreasonable. One can rule out this kind of situation as follows. Let (M, g.)
be a spacetime. If for all p € M and every neighborhood, O, of p there is a
neighborhood V), of p contained in O, such that no causal curve intersects V),
more than once, then the previous situation can not occur. If (M, g, ) satisfies this
condition, then it is strongly causal. Thus, if a spacetime violates strong causality
at p, there exist causal curves near p that come arbitrarily close to intersecting
themselves.

However, one can still have a strongly causal spacetime but a modification of
gqp in an arbitrarily small neighborhood of two or more events produces closed
causal curves. Thus, we need to impose some other condition to guarantee that the

spacetime is not “on the verge” to produce closed timelike curves. Such conditions
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can be constructed as follows. Let t* be a timelike vector at p € M. Define g,;, by

Sab = 8ab — tatp,

where g, is the spacetime metric. It is easy to see that g, is also a Lorentzian
signature metric at p: Let 7* be a spacelike vector orthogonal to t* with respect
to gup at p. Then, §upr?r? = gur?r? > 0. Besides, §opt™? = gupt™? — tat*tyt? =
ta,t"(1 — t,t?) < 0. Finally, we have §,,tr" = g,,t*r’ = 0. So §,; is a Lorentzian
signature metric at p. Moreover, the light cone of §,, is larger than the one of g,
i.e., every timelike vector and null vector of g, is a timelike vector of §,,. We
already showed the first part of the claim. Now let k* be a null vector of g,;, thus,
gubk’*kb = gabk“kb — tak®tkb = —tkt,kb < 0. Therefore, if spacetime is “on the
verge” of having closed timelike curves, then by “enlarging” the light cone at each
point, we should be able to produce closed timelike curves. Thus, we define a
spacetime (M, g,p) to be stably causal if there exists a continuous non-vanishing
timelike vector field t* such that the spacetime (M, §,;,) possess no closed timelike
curves. It follows that stable causality implies strong causality [6, 7]. Henceforth,
every spacetime (M, g,;) considered in this thesis is presumed to satisfy all the
causality conditions discussed so far.

Now that we have described the physically reasonable conditions that a space-
time with no causal pathologies should possess, we can turn to the problem of
what this causally well-behaved spacetime has to do with unitary evolution. In
the previous definitions, attention was focused on the collections of events that
could be influenced by a set S of events. Now we shall focus on the collection of
events that can completely be determined by a set of events S.

First, we need the notion of extendible curves. Let y(¢) be a future-directed
causal curve. We say that p € M is a future endpoint of y(t) if for every neighbor-
hood O, of p, there exists a tq such that y(t) € O, for all > ty. The curve 7(f) is
said to be future inextendible if it has no future endpoints. Second, it is necessary
to introduce the notion of achronal sets. A subset S C M is said to be achronal if
IT(S)NS = @, i.e., no pair of points p,q € S can be joined by a timelike curve.
A simple example of an achronal set is the surface of t = const in Minkowski
spacetime, where t is the usual Cartesian coordinate.

Now, let S be a closed, achronal set. We define the future domain of dependence
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J*(S)

(b)

Figure 2.7: Example of the (a) causal future and (b) future domain of dependence
of a closed set S.

of S, denoted D*(S), by

DT (S) = {q € M, every past inextendible causal curve

through p intersects S once and only once}.

(In fact, we could drop the imposition “once and only once” since we are only
considering spacetimes with no closed causal curves). An analogous definition can
be made for the past domain of dependence, D~ (S) (see Fig. 2.7). The set D' (S)
is fundamental in formulating unitary physical theories. Since information can
not travel faster than light any signal sent to p € D" (S) from the past of S must
be registered on S. In this way, using the information in S as initial conditions, one
should be able to predict what happens at p € D7 (S) (provided unitary evolution
of the fields is given). Conversely, if p € IT(S) but p ¢ D7(S), then it would
be possible to send a signal to p from the past of S without influencing S, and
the complete knowledge of S will not be enough to determine conditions at p.
A similar analysis holds for D~ (S), where in this case, from the knowledge of
conditions on S we expect to be able to retrodict conditions at all g € D~ (S). The
domain of dependence of S, denoted D(S), is defined simply by D(S) = D*(S) U
D~ (S). In the light of the previous discussion, D(S) represents the complete
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set of events for which all conditions should be determined by a knowledge of
conditions on S.

A closed achronal set X for which D(X) = M is called a Cauchy surface. Cauchy
surfaces represent “instants of time” throughout the spacetime. A spacetime
(M, g4») which possesses a Cauchy surface X is said to be globally hyperbolic. There-
fore, in globally hyperbolic spacetimes the entire future and past of (M, g,;) can be
determined by data on . An important property of a globally hyperbolic space-
time is that M can be foliated by Cauchy surfaces and the topology of M is R x %,
where X denotes any Cauchy surface used in the foliation [9]. Therefore, from the
previous discussion, it follows that global hyperbolicity is a much-desired condi-
tion for well-posed initial value formulation of physical field equations [6, 10]. It is
challenging to conceive how information, and thus unitarity, could be conserved
in non-globally hyperbolic spacetimes.

Finally, we comment on the relation between causality conditions and the well-
posed unitarity in our spacetime. Let (M, g,;,) be a globally hyperbolic spacetime.
Then (M, g,) is stably causal. Hence, (M, g,3) is strongly causal. Therefore, the
unitary evolution of physical systems is directly related to a causally well-behaved
spacetime.

2.2.3 Carter-Penrose diagrams

Finally, we review the basic construction and properties of Cartan-Penrose
diagrams, which are very useful in the study of the causal structure of spacetime
since it has the nice feature of representing all null curves with a 7t /4-angle with
the vertical. Consider the Minkowski spacetime (IR*, 7,;,) with the line-element
cast in spherical coordinates (t,7,0, ¢)

ds? = —dt* + dr* 4+ r?dQ)?, (2.25)

where dO)? = d6? + sin §%d¢? is the solid angle element. Consider the case of radial

(dO? = 0) null curves in Minkowski spacetime
—dt* +dr* =0,
whose solution is given by

t = £r 4 constant, (2.26)
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where the plus sign corresponds to outgoing (r increasing with ¢) null curves and
the minus sign (v decreasing with t) to ingoing ones. One can show that solutions
of the type (2.26) imposed to the coordinates of a null vector field k* imply k*
satisfying the geodesic equation. Therefore, the curves given by Eq. (2.26) are
radial null geodesics in the Minkowski spacetime.

Using these solutions, define the following coordinates transformation

u=t—r
(2.27)
v=t+r

which gives
ds? = —ldvdu + E <u2 — vz> dQ0? (2.28)
4 4 ’

The coordinates (u,v) are called null coordinates since u = const and v = const are
solutions of the radial null geodesic equation. Note that since t € R and r > 0,
we have u,v € (—oo, +0). Besides, it is important to stress that for any functions
f(u) and g(v) it is still true that f(u) = const (resp. g(v) = const) corresponds
to outgoing (resp. ingoing) radial null geodesics in Minkowski spacetime. Now,
define a new set of coordinates (U, V) by

u=tanlU
(2.29)
v=tanV
where now U,V € (71/2,71/2). The metric then reads
, sec?Usec®V ) 9
ds? = T (—dUdV+ sin2(U — V)dQ ) . (2.30)

Considering now only the radial components of the metric, we can readily extract
the conformal factor ¢? = sec? Usec? V /4. The conformally related metric is
clearly ds'> = —dUdV. We stress that ds’? should be regarded as the unphysical
metric since it is not required to satisfy the field equations. However, the Carter-
Penrose diagram will be formulated from ds’? instead of ds?, which will allow us
to use the unphysical metric (generally easier to treat) to study the causal structure
of the physical metric (generally more complicated to treat).

Before moving to the diagram, it is convenient to define a new set of coordinates
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(T,R) given by

U=T-R,
V=T+R,

(2.31)

where T € (—7/2,77/2)and R € [0, 7/2). Now, using (T, R) we can represent the
whole spacetime, including its different types of infinities (see the comments in the
next paragraph) in a finite diagram, shown in Fig. 2.8, which is the Carter-Penrose
diagram of the Minkowski spacetime, where each point on it corresponds to a
2-sphere.

There are several regions of interest in this picture: (1) The past timelike infinity
i~ givenby T = —7t/2and R = 0. (2) The spatial infinity i° givenby T = 0and R =
7t/2. (3) The future timelike infinity i+ given by T = 71/2 and R = 0. (4) The past
null infinity J ~ given by the relation T — R = —7t/2. (5) The future null infinity J+
given by the relation T + R = 77/2. Note that all spacelike geodesics in Minkowski
spacetime begin and end at i, all the timelike geodesics come from i~ and end at
it and all null geodesics come from J~ and end at J *. Furthermore, we have
depicted a few additional structures to illustrate the previously made discussion:
(i) Spacelike hypersurfaces ¥; and ¥,. (ii) Curves of constant u and v. (iii) A
curve <. Firstly, note that because of the construction of the diagram, all null
geodesics make a 77 /4-angle with the vertical, which illustrates the point made at
the beginning of this discussion. Secondly, using this property we can immediately
see that - is in fact a timelike curve since one could easily draw the light cones
along < and verify that it is always inside of them. Lastly, if we pick any point
of the diagram in the future (resp. past) of X1 and trace all the past (resp. future)
inextendible curves from it, we see that they all intersect ¥, so ¥; is a Cauchy
surface of the Minkowski spacetime. The same argument holds for ¥,.

Now that we have established the causal conditions one should have on a
physical spacetime and illustrated it in the simple case of Minkowski spacetime, we
can now move on to a case of major interest in general relativity: the Schwarzschild

metric.

2.3 Schwarzschild spacetime

One of the most known (non-trivial) solution of Einstein’s equation is the

Schwarzschild metric. It is a spherically symmetric, static, and vacuum solution,
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Figure 2.8: Carter-Penrose diagram of Minkowski spacetime
whose line element is most usually cast as

2M dr?
2 . 2 2 2
ds® = (1 — > dt- + —<1 - 2M) + r°dQ)”, (2.32)

r

where M = const is the single parameter characterizing the spacetime. A known
result, named Birkhoff’s theorem, states that the Schwarzschild spacetime is the only
spherically symmetric solution of Einstein’s vacuum equation.

To unveil the causal structure of Schwarzschild spacetime we proceed in the
same manner as in the Minkowski case. We start by analyzing the equation of null

radial curves
dr?
2M )\ 2
(1-2%)

dt* =
whose solution is given by

t==+ (r +2Mlog ‘ﬁ — 1‘) + const. (2.33)
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Defining the “tortoise coordinate” r* by
(2.34)

7

r* :r+2Mlog’ﬁ—1

we can write the equation for null radial curves in Schwarzschild metric

t = +r* 4 const. (2.35)

Following the procedure applied in the Minkowski case, we define the null coor-

dinates
*
(2.36)

(a1 <
I
~ ~
+
= =~

and cast the line element as

ds? = — <1 — g) dads + r*d0?, (2.37)

where r should now be viewed as a function of 7 and ¢ given implicitly by

r+2M10g‘ﬁ—1’:U;u. (2.38)

One can see that for finite values of ¢, the value of r = 2M is equivalent to

(1 — oo, 7) and (i1, 7 — —o0).
Using Eq. (2.38) we can write
2M _ 2Me" ™ o
M

1— == e,
r r

where the plus sign refers to r > 2M and the minus sign to r < 2M. Then, the line

element reads .
2 T2M i
ds? = :Fwewmidﬁ + 2402, (2.39)

Defining the new set (1, v) of null coordinates
U= :Fe_ﬁ,
(2.40)

v = e4M’

where, again, the upper sign refers to r > 2M and the lower one to r < 2M, the
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Schwarzschild metric reads

3
_3IMe W o+ P02, (2.41)

ds* =
Note that now the region r = 2M is equivalent to (z = 0,v) and (1,7 = 0). In this
way, r = 2M is a (bifurcating) null surface.
Finally, define the set (U, V) of null coordinates by

u=tanlU,
(2.42)
v=tanV,
with which the line element in the U — V plane reads
2M3e~2m
ds? = _2ME M 2 se? VLAY (2.43)

7

In this way, the conformal factor is now ¢? = M sec? Usec? V and the
unphysical metric is simply ds’ 2 — _dUdV,where U,V € (—7/2,7/2).
In order to draw the Carter-Penrose diagram of Schwarzschild spacetime we

should note first that from the definition of (u,v) it follows that

Then, we have
uv <1, (2.44)

which gives
tanUtanV <1, (2.45)

where the equality holds at r = 0. Note, however, from Eq. (2.41) that ds? is
ill-defined at r = 0. This is because r = 0 is a true singularity of the Schwarzschild
metric. This fact can readily be seen by computing the Krestchmann scalar K =
R,peg RO = 487—]2/12 and noticing that K diverges as r — 0. The term “singularity
means, in a loose sense, a breakdown in ordinary dynamical evolution. Next,

4
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define the coordinates (T, R) by

U=T-R,
(2.46)
V=T+R,
where T, R € (—m/2,71/2). Now Eq. (2.45) reads
tan(T + R) tan(T — R) < 1. (2.47)

We can use trigonometric relations in the above equation to conclude that the
singularity » = 0 is located at T = +7/4, so we can only have T € (—7mt/4,7t/4).
We can use these new ranges to draw the Carter-Penrose diagram for Schwarzschild
spacetime, depicted in Fig. 2.9. The diagram shows four regions: I, I1,I1I, and IV.
Region IV is given by U, V < 0 and it is causally connected with all other regions
in the sense that it can influence (but not be influenced by) all the rest of spacetime.
This region is called a white hole. Region I, given by U < 0,V > 0, is causally
disconnected from region I (given by U > 0,V < 0) and vice-versa, so none of
these regions can affect the other. Furthermore, region I1, givenby U > 0,V > 0,
is causally connected with the rest of the spacetime, so that it can be influenced
by the other regions. Since light travels with a 77/4 angle, one can readily see that
once light has entered region II it can never leave. In fact, since all information
travels in timelike or lightlike trajectories, everything that enters region II can no
longer leave it. This looks like the intuitive notion of a black hole. Indeed, as we
will see in the next section, region II satisfies the topological definition of black
holes. In addition, one can see that the future and past event horizons of the black
hole are located respectively at U = 0 and V = 0, i.e., at r = 2M. Besides, once
inside the black hole, one head inevitably to the singularity at » = 0, and it is
destroyed by it®. In fact, since the singularity is completely inside Region I, no
external observer can actually be influenced by it.

In order to clarify the above discussion, we have depicted in the diagram two
timelike curves: 71, which goes safely to the asymptotic future, and 7y, which
enters the black hole and reaches the singularity in finite proper time. Finally, in
this diagram, we have the same asymptotic (timelike, space-like and null) regions
as the ones depicted in the Minkowski case, characterizing the asymptotic flatness

feature of the Schwarzschild metric*. In addition, we have depicted a spacelike

3This is what physically characterizes a spacelike singularity.
4 Asymptotically flat spacetimes has the property of “looking like” flat spacetime at space-like
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hypersurface 2 that is also a Cauchy surface for the Schwarzschild spacetime, as

can be seen from the same arguments made in the previous section.

i+ r=20 it

Figure 2.9: Carter-Penrose diagram of Schwarzschild spacetime.

Finally, we would like to address the characteristics of Killing vector fields
in Schwarzschild spacetime, as they will play a fundamental role in quantum
field theories. It is straightforward to see from Eq. (2.32) that Suv, i.e., the metric
components in the coordinate system adopted, is independent of t. From the
results of Sec. 2.1, it follows that {* = 9"/t is a Killing vector field. From the line

element, we get
2M

§'Ca = — (1 - 7) - (2.48)
In this way, ¢” is timelike for r > 2M, space-like for r < 2M and null at r = 2M.
But we already have seen that r = 2M is a null hypersurface (the event horizon),
so the event horizon is a Killing horizon. In the next section, we will see that this
is the case for stationary spacetimes.

2.4 Black holes

e intuitive notion of a black hole is of a “region of no return", i.e., a region
The intuit t f a black hol fa” f turn"

of spacetime where gravity is so strong that no particle nor light rays could ever

and null infinities, see Ref. [6] for a precise mathematical definition of it.
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escape from it after entering. We have already seen that a black hole is present
in the static, spherically symmetric, vacuum solution of Einstein’s equation. The
purpose of this section is to generalize the intuitive idea about black holes.

From the simple example we have treated, one would be tempted to define
black holes in a spacetime (M, g,;) to be simply a subset A C M such that for any
p € Awehave [T(p) C A. If this was the case, Region II of Fig. 2.9 could not
be regarded as a black hole, since it contains the spacelike singularity at r = 0,
which is not a subset of M. Moreover, with that definition, the causal future of any
set of any spacetime would be a black hole. Therefore, this is not the definition
that encodes the “no escaping” property of black holes. The striking feature of
Region II in Fig. 2.9 is that it is confined to r < 2M, i.e., it does not extend
“out to infinity”. Hence, for asymptotically flat spacetimes, the impossibility of
escaping to J " seems to provide an appropriate characterization of black holes.
Comparing Figs. 2.8 and 2.9 we see that ]~ (J ) in both cases is nonsingular, but
for the Schwarzschild case, it does not include the entire physical spacetime, in
contrast to the Minkowski case. Hence, the idea that ]~ (7 ) is well-behaved but
does not include the entire spacetime realizes the physical intuition of a black hole.

We can now use the above discussion to motivate the mathematical definition
of black holes as follows. Let (M, g,5) be an asymptotically flat spacetime. Let
(M, g!,) be the associated unphysical spacetime. We say that (M, g,) is strongly
asymptotically predictable if in (M’, gl ) there is an open region V' C M’ with
MNT(J+) C V'such that (V/, g, ) is globally hyperbolic. In this way, a strongly
asymptotically spacetime is said to contain a black hole if M is not contained in
J=(JT). Thus, the black hole region B of such spacetime is defined to be

B=M-] (J"). (2.49)

The boundary of B in M is called the event horizon. The same definition of a
black hole could be given for asymptotically flat spacetimes that are not strongly
predictable, see Ref. [6].

This definition of a black hole allows the existence of naked singularities, i.e.,
singularities present in the outside of the event horizon, which, therefore, could
influence observers at large distances from the black hole. A more accurate defi-
nition of naked singularities can be given as follows. An inextendible spacetime
(M, g) is said to be future nakedly singular if admits a future inextendible causal

curve which lies entirely in the past of some point x € M. From the definition
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of singularities, the existence of naked singularities results in a breakdown of
predictability for external observers. Hence, a spacetime with naked singularities
can not be globally hyperbolic. However, it is widely accepted that no such sin-
gularities occur in physically reasonable gravitational collapses. This conjecture
is known as the cosmic censor hypothesis, which states that all physical spacetimes
are globally hyperbolic. The validity of the cosmic censor would ensure that any
outside observer could not be influenced by naked singularities. Thus, one would
have a strongly asymptotically predictable spacetime. Therefore, if the cosmic
censor conjecture holds, then every physical black hole is predictable despite the
presence of the spacelike singularity in its interior (or any other type of singularity
inside of more general black holes [6, 7]).

Let us now introduce the notion of a black hole at a given instant of time.
Let (M, g,p) be a strongly asymptotically predictable spacetime, with globally
hyperbolic region V' in the unphysical spacetime. Let B= M — ]~ (J ") be the
black hole region of the spacetime. Let X be a Cauchy surface of V'. We shall refer
to X N B as the black hole region at time ¥. Thus, each connected component of XN B
is called black hole at time X. We then have the following theorem due to Hawking
[11]. Let (M, g,) be a strongly predictable spacetime satisfying R,,k"k? > 0 for
all null k%. Let £1 and X, be spacelike Cauchy surfaces for the globally hyperbolic
region V' with ¥y C I'T(Xq). Let hy = hNXy and hy = h N Xy, where £ is the event
horizon. Then the area of 5, is greater than or equal to the area of 7.

To conclude this section, we shall present a striking property of event horizons
of stationary spacetimes due to Hawking, known as the strong rigidity theorem.
Let (M, g,») be a strongly asymptotically predictable stationary spacetime that
satisfies Einstein’s equation such that the metric and the matter fields are analytic.
Then, the event horizon is a Killing horizon.

Once explored the key aspects of general relativity relevant to understanding
the information loss issue, the next step is to discuss the framework of quantum
field theory, where the principles and tools outlined in this chapter will find their

application.



Chapter 3

Quantum field theory in curved space-

times

In flat spacetime, it is usual to use the plane-wave decomposition of the field
to construct the Fock space representation of the canonical commutation relations
of our quantum field. However, even in this simple case, this construction is not
unique, leading to different particle contents in the same state [1, 12]. In curved
spacetimes, the situation is more dramatic, since the existence of solutions with

time dependence e*'«*

is only guaranteed if the spacetime is stationary. In the
absence of timelike symmetry, there is no way to favor one Fock representation
over any other and, thus, we have to abandon the particle concept. However, the
theory must be well-posed even in this type of broader case. In this section, we
review the formulation of the quantum field theory in curved spacetime without

reference to the concept of particles.

3.1 Canonical quantization in curved spacetimes

Consider a globally hyperbolic spacetime (M, g,;). Let £ be the Lagrangian
density describing the classical theory and {x*} some coordinate system for the
spacetime. The equation of motion of the field ¢(x#) is given via the extremization
of the action

Slgyr 9] = [ dx/=8L(9.Vug), @)
which gives
oL oL
— = Vulz=—) =0 3.2
op " (B(qub)) 62

This is the well-known Euler-Lagrange equation. Now, consider the scalar field
¢(x#) described by the Lagrangian

L= —% [vwvycp + (m* + gR)gbZ} , (3.3)

28
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where ¢ € R is a constant and R = R/ is the Ricci scalar, which leads to the
Klein-Gordon equation
—0¢ + (m* +§R)¢p =0, (34)

where O = V,;V* is the d’Alambertian operator.

The well-posedness of Eq. (3.4) in globally hyperbolic spacetimes follows
from the following theorem [10]: Let (M, g,5) be a globally hyperbolic spacetime
with smooth, spacelike Cauchy surface . Then the Klein-Gordon equation has a
well-posed initial value formulation in the following sense. Given any pair of C*
functions (¢o, o) on X, there exists a unique solution, ¢, to Eq. (3.4), defined on
all of M, such that on X we have ¢ = ¢p and n"V,¢p = ¢, where n” denotes the
unit, future-directed, normal to X. Furthermore, for any closed subset S C %, the
solution ¢ restricted to D(S) depends only upon the initial data on S. In addition,
¢ is smooth and varies continuously with the initial data.

Now, Eq. (3.4) can be cast in a more suitable form. Consider, first, the term
O¢ = V,V#¢. Since ¢ is a scalar, V¥¢ = d"¢. Next, let v/ = 9/¢. Then,

where

The = %g"ﬁ (918x + 9u8up — Op&ua)
= % (9850 + 8"0ugup — 9" gy
= %guﬁaagyﬁ‘

Now, note that if A is a matrix, we have
Tr(A719,A) = 9, In | A,

where |A| is the determinant of A. Using this result for the metric tensor, we have

8" 0aguy = dxIn (—g).
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Applying this result in the expression for I’ga

1

=0dyIny/—¢
1

= ——ds\/— 8-
—=o/~8

Thus, the d’Alambertian reads
1
O¢ = 90" + —Tg(au\/ —8)9"¢.

Finally, see that

O [V/=89"9] = (0" ¢)au/~g + \/=89,9"9

Then, we have
1
Op = ——9 —gote]| .
=0 (V50"
Therefore, in general coordinates, the Klein-Gordon equation reads

1
—ﬁay [\/—58" v + (m* + ER)p = 0. (3.5)

Concerning the canonical quantization of the field ¢, we need to define the
momentum 77 associated with it. For this purpose, let X be a Cauchy surface for
(M, Q). Lett € R be the label of the different Cauchy surfaces used to foliate
the spacetime, i.e., Xy = {t} x X. Let n” be the normal, unit vector field to each
Yt and let hy, = g4 + 141y be the metric induced on each X¢. Thus, we define the
canonical conjugate momentum 7 by

oL

The canonical quantization follows from promoting ¢ and 7 to operators ¢
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and 7t and imposing the canonical commutation relations

B(p). A(@)]| =6y (p.a)i,
H (3.7)
[9(p). d(@)]| = I[7(p),7(9)]| =0,
Xy p

where p,q € X; and 60 is the Dirac-delta distribution on X;

50 () = S50 - x1<q>>5<x2<p>¢—% 2@PEE) -L@)

with x# being an arbitrary coordinate system for ¥; and & the determinant of h,
in these coordinates.

The construction of a representation of the canonical commutation in terms of
the Fock space is given as follows. Let S be the space of complex solutions of Eq.
(3.4). Define, next, the following form on S¢

(pr92)xc =i | Vi (§iV,2 = 42V,07) =i [ VR (9im — gort)),
t t
(3.9)
called Klein-Gordon form. It follows directly from the above definition that

L (14 ¢, ¢33+ pa)kc = (@1, 93)kG + (P1, Pa)xG + (P2, P3)kG + (2, Pa)xG,
2. (ag1, BP2)kc = a*B(¢1, ¢2),
3. (¢1,92)kc = (P2, ¢1)kc = — (97, 3 )xG,

where ¢, € S€ n = 1,2,3,4 and a,p € C. Then, we say that (-, - )xg is a
sesquilinear map on S€. One can also show that Eq. (3.9) is independent on ¢, i.e.,
independent of the choice of the Cauchy surface. To see this, consider the quantity

Ju = 1V g2 — 92V gy (3.10)
Note that V,J# =0
Vil = Vupi Vi + ¢10¢2 — Vo VHPT — ¢o0¢7

= (m* 4+ ER)¢ 2 — (m* + ER)pop}
=0,



Chapter 3. Quantum field theory in curved spacetimes 32

where we have used Eq. (3.4) in the second line. Next, let U C M be a region of
the spacetime. Then, the Gauss’s theorem reads

/au Pxv/h ], = /ud‘}x\/gvy]" —0, 3.11)

where 1/ is a normal unit vector to the boundary oU of U and 4 is the determinant
of the induced metric on oU. Let 0U be composed of two Cauchy surfaces ¥; and
¥, and a spatial volume V. Let n} = n* and n}, = —n*. Then, we have

/ BxVi '], :/ Pxv/h ], —/ de\/ﬁn"]H—k/ #BxV ], = 0.
ou iy i) 14
Assuming that J# decays rapidly near spatial infinity, we have
/ d>x hnt], :/ d*xvh ntJ,
iy i)

which is the same as
(3.12)

= (¢1,$2)xG

X

(91, P2)xG

2]
Therefore, (-, - )xG is independent of the choice of the Cauchy surface.
Next, we can use the canonical commutation relations to show that, for ¢, ¢ €

S, we have
(61, P)xa, (@, p2)xa] = 1(¢1, P2)xa- (3.13)

To see this, we simply evaluate the left-hand side, using the fact that ¢(x) is real
along with Eq. (3.7)

[
— in / dPxd®x’ Vi) (x — XY (¢F (x) 2 (x") — o () 705 (%)
=i [ dx V(i (x)m(x) = g ()7} (x))
= h(¢1, $2)xG-

This identity would be important in the establishment of the annihilation and

creation operators soon.
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The space S€ can be decomposed as a direct sum of two subspaces,
St =sCass,

where on S¢ the Klein-Gordon form is positive definite and on S¢ is negative
definite. Now, let { f, } be complete set of solutions of S¢ and {f;} of S€ such that

(fur fp)xe = —(fa, fg)xg = 0(a — B),

(3.14)
(fur fp)xG = 0.

Solutions in S¢ are called positive-norm solution while the ones in S€, negative-norm
solution. The subspace S¢ can be made a Hilbert space, 7, where ( -, - )kg is the
inner product on H. Using this representation, we can decompose the quantum
field by

b = [ du [aufulx) +alfulx)"], 615)

where 4, is an operator defined on S¢ and 4" is its adjoint. It follows directly from
the orthonormality conditions of (f, f) that

ﬁa = (le/ @)KG/ ﬁl = ((ﬁlf“)KG‘ (316)

Besides, from the definition, the momentum operator reads

A= /da w6V fo+ ALV (3.17)

Finally, from the canonical commutation relations (3.7) and Eq. (3.13) follow that

To see this, we compute, using Eq. (3.13)

(a0, 8f) = [(fa, f)xc, (§, fp)xal

The other relations can be derived similarly.

The operators 4, and 4}, are called annihilation and creation operators, respectively.
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They define a vacuum state |0) characterized by
a,|0) =0, Va. (3.18)

Note that since the vacuum state is defined by the annihilation operator, which
is given by the functions f, via Eq. (3.16), the choice of f, satisfying Eq. (3.14)
determines the vacuum state. In this way, an important inquiry is to understand
how to compare these different vacua for different choices of f,.

Consider two complete sets of functions { fy, fo } and {F,, F,*} satisfying con-
ditions (3.14). Since the two sets are complete, we can write one in terms of the
other

F, — / da [ fu + dua f1]. (3.19)

From the orthonormality conditions, we have

Colg = (fﬂélFa’)KG = (Fa’/fﬂé)ik(G

. . (3.20)
drx’zx = _(fa/P[x/)KG - ( p//ftx)KG'
Thus, we can invert Eq. (3.19), obtaining
fu = / du’ [ Fy — dyo 5. (3.21)
Then, we can use the two sets to decompose the field 43
b= / du [aa fotat f‘ﬂ _ / da! [BMF,X/ + B;,P;,} . (3.22)

Using Eq. (3.19) we can write
/d“ [ﬁzxfoc +ﬁif;} = /d“/d“/ [fﬂt (sz’zxgoc’ +d2’o¢sz’) —J’_fof <d¢x’zx?)a’ +CZ’ucIA7jx-’>] ’

from which we have
By = / da’ (cunbe + 7,51 (3.23)
and

it — / d! (cj;,aég, +da/“13a/> . (3.24)

One can do the same procedure and extract the inverted relations

by = / e (Clalin — dig it (3.25)
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and
@ﬁ:/da@mm;—%%@). (3.26)

These transformations mixing annihilation and creation operators relative to the
two complete sets of modes are called Bogolubov transformations, with the co-
efficients ¢y, and d,, being the Bogolubov coefficients. One can show that the
Bogolubov coefficients satisfy

/doc (CaraCiny — Auralion,) = 6(a’ — &), (3.27)

/dOC (Ca’adzx”a — da/aca//a) =0. (328)

The vacuum states corresponding to the two sets of orthonormal basis are
distinct if d,/, do not vanish for all &’ and «. To see this, let |0,) and |0,/) be the
vacua corresponding to f, and F,/, respectively. Let N, = 44, and N = at,a, be
the number operators. Then, from Eqgs. (3.23) and (3.24) it follows that

(O K 0) = [ d|d? (629)

analogously for (0,| N,/ |0,). So we see that although the number of excitations of
fa in |04) is zero, the excitations of Fs in |0,) can be arbitrarily greater than zero,
depending exclusively on the value of d,,.

From the previous discussion, we see that the choice of vacuum states depends
on the choice of the functions f, used to decompose the field. Since one could
have infinite basis functions, one expects no natural choice of vacuum. However,
there is a preferred vacuum state in static spacetimes, which can be constructed as
follows. Let (M, ¢,;) be a static spacetime. Let ¢ be a quantum field decomposed
in terms of a complete set { f,, fo } as described above. First, we cast Eq. (2.20) as

ds? = —V2(x")df + G;j(x*)dx'dx/ (3.30)

and note that \/—g = V+/G, where G is the determinant of gij- Then, the Klein-
Gordon equation (3.5) reads

3fu = VVGglajfu| - (m* + ER) V2. (331)

%4
—; |
VG
Then, it is natural to let f, have a t-dependence of the form e~ Wit where w, are
positive constants related to the energy of the particle with respect to the Killing
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vector 9" /dt. Therefore, in a static spacetime, this is the natural choice of f,, and
thus of vacuum state, i.e., the one that preserves the time-translation symmetry.
The state defined in this way is called static vacuum. Our next task is to show how
these non-uniqueness of vacuum states can lead to different particle contents for
different families of observers when gravitational collapse comes into play, which
leads to the well-known Hawking effect.

3.2 Black hole evaporation: the Hawking effect

We are now in position to derive Hawking radiation [2]. We will concentrate
on the case of a massless scalar field in the Schwarzschild spacetime, but the
fundamental ideas can be applied to any quantum field in a general black hole
spacetime. The physical setup is the following. We consider a black hole formed in
the past by gravitational collapse as illustrated in Fig. 3.1. In addition, we consider
a massless scalar field ¢ prepared, in the asymptotic past, in the vacuum state
|0) 7-. The changing background geometry can lead to particle creation, as was
the case in expanding universes [13]. In this way, our task is to determine how the
in-vacuum is perceived by asymptotic observers in the future.

When no horizon is present, all the ingoing modes that left 7~ propagate out
to J . However, when a horizon is present, part of the modes from the asymp-
totic past can propagate into the black hole, eventually reaching the spacelike
singularity and, thus never reaching the future null infinity. In other words, all
null geodesics have a past endpoint at 7 —, but their future endpoint can be the
central singularity or J . Hence, a complete description of the quantum state
after the formation of the black hole is made in terms of modes that reach J+
and the ones that go into the black hole. In this manner, since all modes that fell
into the black hole have crossed the event horizon, it is natural to describe these
modes in terms of solutions of the Klein-Gordon equation at the event horizon.
However, since the Killing vector field is null at the event horizon, no preferred set
of orthonormal modes at the event horizon exists. Nonetheless, the quantum field
can be decomposed in terms of two sets of solutions of the Klein-Gordon equation:
the modes that represent “event-horizon particles states” according to “observers
at the horizon” and modes that represent “asymptotic-observers particles states”
according to static observers at 7, in a way similar to the case of the Unruh
effect [1]. However, in the case of the Unruh effect, both sets of solutions have an

unambiguous, physically well-defined, particle interpretation. On the other hand,
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the physical interpretation of the “event-horizon particles states” is not clear. First
of all, as already discussed, since the Killing vector field at the horizon is null,
there is no way to favor one Fock representation over any other. Besides, there is
no such thing as “an observer at the horizon”, since the horizon is a null surface
and physical observers travel in timelike trajectories, so it is not even clear who
would detect such particles and via what kind of measurements. Therefore, one is
primarily interested in the results of measurements made by static observers in
the asymptotic future [14, 15].

Now that the physical situation is established, we can translate it into the
mathematical framework developed in the last section. Let { f,/, f.’, } be a complete
set at 7~ for the quantum field 43 From previous discussion, the in-modes, f,,
that are purely positive frequency in J ~ are of the form ~ e~™'t at 7—, where t is
the proper time of static asymptotic observers in the past. Let 4, be the anihilation

operator associated with f,. Hence, the field can be decomposed as

Bx) = [ 4’ (s fur(x) + 8Ly () (3.32)

In a similar manner, let {F,,, F};} be a orthonormal set at 7 for ¢. The out-modes,
F,,, that are purely positive frequency in J, are of the form ~ e’i“’tl, where t' is
the proper time for static asymptotic observers in the future. We have seen that the
complete decomposition of the field is made in terms of {F, F,;} and the modes
at the event horizon. Thus, let {u, u,} be a orthonormal set at the event horizon.
In addition, let b, and &, be, respectively, the anihilation operator associated with

F, and u,,. Hence, the field can be decomposed as

P(x) = /dw (Ewa(x) + b FY (%) 4 Cotteo(x) + éi,ué(x)) ) (3.33)

As commented above, we are interested in measurements made by static observers
in the asymptotic future, so we disregard any considerations from the set {u,,, 1}, }.
Since the set {f,, f,} is complete, we can use it to decompose the modes at

JT as
L, — / ' (Coou for + Auor 1) (3.34)

Thus, the spectrum of created particles according to observers at 7 is computed
from Eq. (3.29) to be

7 (0] Bt by [0) ;- = / d’ |dyy | (3.35)
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Figure 3.1: Carter-Penrose diagram for the spacetime of a collapsing spherical
matter 2. The line u = upy represents the event horizon.

Our next task is to compute the Bogolubov coefficients c,,,, and d, to evaluate
Eq. (3.35). The massless Klein-Gordon equation with { = 0 in Schwarzschild

[ 2M\ P9 10 (5[, 2M
r o2 r2or r

2
1 i (sin@a—(i)) — 1 8_4) =0,

 12sin 600 72 sin? 0 02

spacetime reads

(3.36)

where we have used Eq. (3.5). Due to the time and spherical symmetry of the

metric, we use as an ansatz for the normal modes, the functions

fw’lm ~ \/%Ylm (91 (P)e—iw’t@’ (3.37)

where Y},,,(0, ¢) are the usual spherical harmonics and g(r) satisfies

) )
2M (5 oty — 80 (12 2MY (20) 2an (3.38)
Bl 2200

=0.
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Note that here M = const since we are in the asymptotic region.

Event Horizon

|
|
|
|
|
|
|
|
|
|

Figure 3.2: Illustration of the ingoing modes propagating to 7 or into the sin-
gularity in the spacetime of gravitational collapse of a body X. These modes are
very high blue-shifted close to the event horizon. The limit ingoing ray is given by
0 = 70y.

The above equation has no closed form. However, as discussed above, we are
only interested in three sets of solutions: the one at 7~ (given by t — —oco and
r — o), the one at J* (given by t — oo and r — ©0), and the one at the event
horizon (r = 2M). For static observers in the asymptotic past, we have

02¢(r) + wg(r) = 0. (3.39)

We choose as solution g(r) = e~ because we are interested in ingoing modes,
i.e., the ones propagating from r > 2M to r = 0. Therefore, the asymptotic form

of the past modes is
1 p—iw'v

fw/lm ~ Wylm (91 47) 7 (3.40)

where v = t + r. The same reasoning with respect to the infinite future (t — +o0)
gives us the asymptotic form of the future modes

1 e—iwu
Pwlm ~ ﬁylm(gz (P)T/ (3.41)
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whereu =t —r.

Now, consider the out-mode propagating backward from J*. Part of the
solution will be scattered and reach J~ with a frequency similar to the one it
had when it was “emitted” in J . The other part will pass through the center
of the collapsing body and emerge as an incoming solution, reaching J~ with a
frequency much greater than the one it had when left 7. This comes from the
fact that these solutions pile up just outside the event horizon (see Fig. 3.2). In
other words, F,,, suffers a very high blue shift near the event horizon. In this way,
Fo1m propagates by geometric optics back through the collapsing body and out to
J~. However, we can see that there is a limiting value for v, namely, v = vy such
that ingoing rays with v > vy do not escape the black hole and eventually reach
the singularity. Thus, our out-mode F,,, is valid only for v < vy, i.e.,

1 e~ iwu(v)

Form ~ ﬁylm (0, (P)T@(UH - 0), (3.42)
where @(vy — v) is the Heaviside function. All we need to know now is how
an ingoing geodesic coming from J ~ emerges as an outgoing one after passing
through the center of the collapsing body.

Consider radial null geodesics of the Schwarzschild spacetime. The equation
describing these curves is given by

2M\ dt dr
<L"T)%:i%, (3.43)

where  is the affine parameter along radial null geodesics and the plus (resp.
minus) sign is along outgoing (resp. ingoing) ones. Let E be the conserved quantity
associated with the Killing vector odf

2M\ dt
(Lu7>%_5 (3.44)
Hence, Eq. (3.43) reads
dr
d_C = *+E, (3.45)

where again the plus sign is along outgoing null geodesics and the minus sign is
along ingoing null ones. Therefore, we have

r({) = +E{ +ax, ax€R. (3.46)
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i~

Figure 3.3: Carter-Penrose diagram for the spacetime of a collapsing spherical
matter . An ingoing null ray with v < vy from J~ passes through %, it is
reflected at = 0 and escapes to J as a u = u(v) outgoing null ray. Ingoing
rays with v > vy do not escape after reflecting at r = 0 and reach the spacelike
singularity. The line u = up represents the event horizon.

Consider now the ingoing ray v = v; = const that crosses the event horizon,
as in Fig. 3.3. We want to find u(A) along this geodesic, where u = t — r* and
we choose { = A as the affine parameter. Choosing r(A = 0) = 2M and using
Eq. (3.46), we have

r(A) = —EA +2M. (3.47)

Hence, from Eq.(3.44) and the fact that dr* /dr = (1 —2M/r)~! we have

du B dt dr*

dr T~ dr o dA
_de _drdr
T AN dr dA
_2E (3.48)
_ 2M
1=7%

4M
= ———+2E
A 45

where we have used Eq. (3.47). Therefore,

u(A) =2EA —4MlogA/b, b <O. (3.49)
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The condition b < 0 comes from the fact that A < 0 outside the black hole. Close

to the event horizon, A ~ 0, we have
u(A) =~ —4Mlog A/b. (3.50)

This is the equation describing all the outgoing geodesics close to the event horizon
that intersect the ray v = v;.

We can use Eq. (3.50) to find the function u(v), where v is the ingoing ray
that emerges when u = const is reflected at r = 0, using the following reasoning.
Consider a fixed value of A along v = vy, that is, choose any outgoing ray u(A)
that crosses v = v1. If we take the integration constant b to be the same along any
ingoing geodesic that crosses 1(A), then A will describe the same outgoing ray
along all such geodesics. In other words, fixing A along any ingoing geodesic that
crosses the event horizon also fixes the corresponding outgoing ray. Since this is
valid for any outgoing geodesic, the same holds for the event horizon, which is
given by A = 0. Therefore, the affine distance between any outgoing ray u(A) and
the event horizon is given simply by A. Since A is the same along any ingoing
geodesic crossing u(A ), this separation remains constant along the entire length of
u(A) and the event horizon, extending all the way to J .

Now, along u(A), the coordinate v is a function of the affine parameter { = y,
so we write v = v(p). Next, let u and up be, respectively, the value of the affine
parameter corresponding to the reflected ingoing ray v () and the generator of the
event horizon vy, see Fig. 3.3. As with u(A), we can always choose the integration
constant of v(y) to be the same along any outgoing ray crossing v(y) such that
the value of y is the same along all outgoing rays that cross v(y). The same holds
for vy. Hence, the affine separation y — pp remains constant along v(y) and vy,
extending all the way to J . Let a be such value, i.e., y — ug = «. If we rescale
the affine parameter u by

u—au+b,
Mg — apy +b,

we end up with

W— U — a.

Remembering that any affine function of an affine parameter is still an affine
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parameter, we can always choose a such that

H—pg=A, (3.51)

i.e., the affine separation is preserved when ingoing geodesics are turned into
outgoing ones. Using Eqs. (3.44) and (3.46) at 7~ (4 — —o0) we have

t(y) = Eu—+c
(v) = Ep+cr (352)
r(w) = Ep +c2,
where ¢y, ¢ are constants. Finally, using that v ~ t +r at 7~ we have
v(u) =2Epu+c3, c3€R. (3.53)
Hence, v — vy = 2E(pu — uy ), which gives
A= 1(0—0 ) (3.54)
T 2F " '

We can now cast the above equation as vy — v = C1A, where C; < O since A < 0.
Therefore, close to the horizon where the geometric optic limit holds, we have
from Eq. (3.50) that an ingoing light ray with fixed v gives rise to an outgoing light
ray with fixed u by

u(v) = —4Mlog (UHC_ U>, C € RT, (3.55)

where C = bCy. Therefore, we see from Eq. (3.42) that the mode in the asymptotic
future, when traced back to 7~ has the form
Futn ~ —=Yiu(6,9)¢™<% (5 ) 00y — v). (3.56)
Vwr
To obtain the Bogolubov coefficients we must expand F,;;,, in terms of f,,,. Due
to spherical symmetry, only modes with the same {/,m} are coupled. Therefore,
our focus will be the w part of the expansion. From Eq. (3.19) we have

+o0
lem = /0 dw/(cww’lmfw’lm + dww’lmf:/lm) (3-57)
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Multiplying both sides by e~@"? /277 and integrating over v using Eq. (3.40) gives

400 —iw'v 1 ©  do' 400 o 400
[ [ 8 e )
/ T (cwwimd (W' + ') + d im0 (W' — "))

M

- N

where we have discarded the first term since both «w’ and w” are positive. Hence
using Eq. (3.56), we have
” +o00 —iw'"v . VU
ewim bt o LeA‘Mwllog( e >@(0H —0)
v w! —0 27 \/5

—iw”v . UV —U
e 1 e4szlog <T>

:/—oodv 27 \/5

Proceeding in the same manner, substituting g iw"v by ' ?, we get ¢ 1. There-
fore, the Bogolubov coefficients for the out-mode (3.57) are given by

1 (U/ UH . . V-
ot [ [ s on (),
27V w J-
. P o (UH_U) (3.58)
w _iw'v 4Mwilog
d. oc—\/—/ dve Wl c /.
wa'lm =57 N w0 e

Let us focus on the ¢, integral. Making a change of variables of the form

v/ = vy — vleads to

1 Jw' [t ! (0r—o') AMwilog (2
wa/lmcxﬁ Z/O dvl elw (UH U)e 0g<c>.

Since the integrand is analytic in the lower right quadrant of the complex plane
we can use a quarter-circle contour with radius R to evaluate the integral, see Fig.

3.4a. For R — oo, region C; does not contribute. Thus, we have

w' /) 4Mwilo (1’
Cow'lm X —=— dv’ e iw' (vg—0v )e & C>.
7100
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Im(v")
Im(v")

C, G

Re(v")

Re(v")
Cs Cs

C, G,

\ /

[oe]

(a) Contour for ¢, (b) Contour for d,,

Figure 3.4: Contour of integration on the complex plane for evaluating the Bogol-
ubov coeficcients.

Making v’ = is gives

i Jw' 0 i (vp—is) AMwilog (&
O X — | — ds '@ (vH—zs)e wi og(c)-
ww'lm 7 w0 /_Oo

Besides, in the region of integration, we have

log (g) = log (’ic‘) —im/2,

which makes the integral becomes

i | won [° s 4Mwilog (L&l
Cowollm & —=— 1] — MWl vH / ds e“ °e & ( c ) (3.59)
27T w —00

A similar reasoning applied to d ., Where now we use the contour depicted in

Fig. 3.4b, gives

i W . 0 4Mwilog (1!
Qeoe'im 27V W 2Mre o—iw'vy / ds 5" °g<c). (3.60)
—00

Comparison of these results leads to

’wa’lm‘ = *Mw ‘dww’lm’- (3.61)

We can use this result to evaluate the mean number of particles the observers in
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the asymptotic future attribute to the vacuum of the observers in the asymptotic
past, |0) 7-. Applying Eq. (3.61) in Eq. (3.27) we have

lim lim L/T/z dt eitlw—w') — /dw' <|c > —|d /|2>
Te0 /e 27T )12 “e “e (3.62)

= (ESHMCU — 1) /dw,|dww’1m|2'

Hence, we have

. T _ STMw ! 2
lim 5~ = (c 1) / o' |y (3.63)

Therefore, from Eq. (3.29), the mean number of particles per unit of proper time

for asymptotic observers in the future is given by

1 dw

(Nojdw = > 87Mw _ 1’

(3.64)

which is the thermal distribution of a blackbody radiating at a temperature given
by
1
Ty = ——.
H™ 8aMm
Essentially, these results translate in the fact that, due to quantum effects,

(3.65)

stationary black holes can create and emit particles as if they were hot bodies
with temperature given by Eq. (3.65)'. This effective particle creation by black
holes with thermal spectrum is known as the Hawking effect. This particle creation
is related to thermal radiation, i.e., an energy flux of particles seen by static
observers at future infinity, known as Hawking radiation. In fact, if we consider
the (renormalized)? expectation value of the stress energy tensor, (Ty,), in the

in-vacuum, i.e., the vacuum according to static observers at past infinity, for the

IWe emphasize the fact that although black holes emit as if they were black bodies, a black hole
could not be more different than an ordinary thermodynamical system. See Sec. 4.3 for more
details on this issue.

2Here, renormalized stands for a renormalization of the cosmological constant, see Ref [16].
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case of a spherically collapsing null shell, we end up with

1 /3M2 M
1 3IM?2 M
(Too) = 5, (—2r4 - r—3> , (3.67)
1 /2M2 M
<Tuv> = <Tvu> = m (1’_4 - r_3> ’ (3-68)

for times long before the collapse, and

1 /3M?* M 1
T) = — [ oo — &+ —— .
(Tuu) = 5~ ( o 5t 32M2), (3.69)
1 /3M2 M
(Tyo) = Y= <—2r4 - r—3> , (3.70)
1 /2M? M
<Tvu> = <Tuv> = 24 <T_4 - 1’_3> . (3.71)

for times long after the collapse [16]. Comparison between Egs. (3.66) and (3.69)
reveal that the effect of the collapse is to add a term proportional to M2, which is
precisely the term that makes the energy flux, for long times, at infinity (r — co)

be non-vanishing and equal to

1

Ty = ——
{Tuw) 7687w M2’

(3.72)

Hence, asymptotic observers see a positive energy flux of radiation that they
attribute as coming from the black hole. Furthermore, from both Egs. (3.67) and
(3.70), close to the black hole event horizon, the energy flux is given by

1

Tpp) = ————
(Tow) 7687t M2’

(3.73)

which is a negative energy flux of radiation going into the black hole.

This negative energy flux makes the area of the black hole shrink at a rate
consistent with the energy flux observed at infinity, i.e., the black hole loses mass.
One can then ask what the fate of the black hole is due to this mass loss. Due to

the radiation being approximately thermal, we can use the Stefan-Boltzmann law
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to estimate the decrease of M for a chargeless black hole:

‘Z—Af = —0ATY, (3.74)

where o = 71%/60 is the Stefan-Boltzmann constant (in natural units), A = 167t M?
is the area of the EH, and t is the proper time of asymptotic static observers. From
Eq. (3.65), we have

dM M2
= 3.75
dt 15,360’ (3.79)

which can be integrated to give
At
3 3
— = _ 7

M3(t) — M3 5 120" (3.76)

where At = t — ty with My and ¢ty being, respectively, the initial mass of the
black hole and the initial time of measurement. If we ignore the fact that the
semiclassical picture discussed so far can change drastically in the final moments
of the evaporation, it follows that the black hole will evaporate in a finite proper
time given by

At = 5,120M3. (3.77)

After this time, the final spacetime configuration will be, approximately, that of
Minkowski space together with the thermal radiation emitted by the black hole.
Since the spectrum of emitted particles is independent of the collapse details, the
same conclusions hold for a general collapsing process resulting in a black hole. A
spacetime diagram depicting the black hole formation and evaporation process is
shown in Fig. 3.5.

3.3 Information loss

The idea that black holes evaporate gives rise to a striking consequence: the
loss of quantum coherence. Consider the spacetime depicted in Fig. 3.5. Consider
that a pure quantum state, |¢), of a quantum field, ¢, is prepared at time ¥4, i.e.,
before the black hole has formed. Assuming that the laws used to evolve ¢ through
the spacetime are unitary, the total state of the quantum field is still pure at some
later time X, after the formation of the black hole. Now, consider the time X3
after the total evaporation of the black hole. From the previous discussion, the
Hawking radiation carries a positive-energy flux of particles to [, according to



Chapter 3. Quantum field theory in curved spacetimes 49

i

Figure 3.5: Carter-Penrose diagram illustrating the formation and evaporation of a
black hole due to Hawking radiation. The surfaces %;, i = 1,2, 3 are spacelike.

asymptotic static observers, to which there is a corresponding negative-energy
flux of particles going into the black hole. Hence, the quantum state at X3 will
remain entangled with the quantum field observables inside the (now) past black
hole even though the black hole no longer exists. Therefore, although the system
was initially in a pure state, the entire system at later times (after the complete
evaporation) is described by a mixed state, so evolution from a pure to a mixed
state has occurred. In other words, information was lost.

One can also see the information loss from the causal structure of the spacetime.
Consider the spacelike surface X3 of Fig. 3.5. One can easily see that X3 ¢ D' (X,),
so Y3 is not a Cauchy surface. One could expect that we could not predict what
happens to ¢ after the evaporation of the black hole, say, at ¥3, from complete
knowledge of the state of the field at X;. That this does not need to be the case
can be illustrated as follows. Consider a massless scalar field ¢ propagating in
Minkowski spacetime with an event p removed, see Fig. 3.6. In this case, the
spacetime is no longer globally hyperbolic. Thus, apparently, the values of the
tield inside the future light cone of p would be undetermined. However, the
value of the quantum field at p can be determined by continuity, allowing us to
evolve ¢ inside the future light cone of p. Hence, even in this simple example of

a non-globally hyperbolic spacetime, the field evolution is determined uniquely
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from the initial data set {¢o, o} on a spacelike surface (t = const, for instance). In

Figure 3.6: A initial data set {¢, §p} at a non-Cauchy surface ¥ of t = const for
the quantum field ¢ in Minkowski spacetime with a point p removed.

our scenario, the event removed is the naked singularity Sy [17]. The semiclassical
theory assumes that this naked singularity does not influence the spacetime. As
a result, from initial data on ¥, we can evolve uniquely the quantum field both
to the future and to the past. Now, consider the surface 5. Again, this is not a
Cauchy surface since D™ (£3) does not include any portion from inside the black
hole. Therefore, the degrees of freedom from the field that fell into the black hole
have been destroyed by the spacelike singularity, leaving the outside degrees of
freedom in a mixed state. In other words, the spacelike singularity has opened the
quantum system. Therefore, once again, we have the evolution from a pure state
to a mixed state.

It is clear from the previous discussion that the pure-to-mixed-state evolution
comes from the geometrical property of the spacetime of not being globally hy-
perbolic. However, the exact same sort of phenomenon occurs in a quantum field
in flat spacetime if one considers its evolution from an initial Cauchy surface >,
to a final surface ¥, which fails to be a Cauchy surface for Minkowski spacetime
(see Fig. 3.7). In this case, the quantum field inside D(X;) will be correlated with
radiation propagating out to infinity. Hence, the final state of the (initial pure)
quantum state is mixed. Thus, again, there is a loss of quantum coherence, not
because the spacetime fails to be globally hyperbolic, but because the final surface
considered fails to be a Cauchy one. To physically illustrate this situation, consider
that an atom in a laboratory emits a photon at some given instant of proper time
t = 0. If that photon escapes out the window and is not absorbed (nor reflected)
by any matter in the universe, then, as far as we are concerned, it is lost forever.
Thus, the laboratory is forever correlated to degrees of freedom that it does not
have access to anymore. Therefore, the state of the laboratory is mixed. Hence,
any initial pure state in any accessible region around the laboratory will have been

converted into a mixed state. In this way, information will be lost.
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Figure 3.7: Carter-Penrose diagram of Minkowski spacetime depicting a Cauchy
surface X and a spacelike surface X, that fails to be a Cauchy surface.

We emphasize that during the process of black hole formation and evaporation,
the quantum field obeys well-posed (local unitary and causal) equations of motion.
At no stage, except at the singularity, there is a breakdown of any known laws
of physics. The information loss comes simply from the fact that the black hole
acts as a “sink” for degrees of freedom of quantum fields. In this way, the pure-to-
mixed-state evolution in the context of black hole evaporation is a prediction of the
semiclassical theory and not a paradox.



Chapter 4

Globally hyperbolic evaporating black

hole and the information loss issue

In the last section, we have discussed how the non-globally hyperbolicity of
spacetimes can lead to loss of quantum coherence in the context of black hole
evaporation. In this chapter, we discuss the possibility that the usual semiclassical
spacetime of Figs. 4.3 and 4.4 is replaced by a globally hyperbolic one preserving
all classical and semiclassical physics far from the Planck region. The simplest
possibility would be given by a black hole that evaporates as usual until it reaches
the Planck size, after which it would freeze out as shown in Fig. 4.2. Here, however,
we look for a situation where the black hole completely evaporates in addition to
being globally hyperbolic (see Figs. 4.5 and 4.6). To do so, instead of replacing the
spacelike singularity of Figs. 4.3 and 4.4 with a super-curved spacetime region as
was done in Fig. 4.1, we substitute the naked singularity with a null (thunderbolt)
singularity. As a consequence, the corresponding spacetime preserves (i) the event
horizon (EH) null surface, (ii) all the expected classical and semiclassical features
(including Hawking radiation) far from the Planck region, and (iii) information
over the Cauchy surfaces.

It must be stressed, however, that because parts of the late-time Cauchy surfaces
are inside the EH (see X, in Figs. 4.5 and 4.6), late-time external observers will only
have access to part of the information contained in the asymptotic past (see X1 in
Figs. 4.5 and 4.6), vindicating the mixed state of Hawking radiation. This is not any
worse than what is found in the more familiar case where a black hole remnant is
left at the end, Fig. 4.2, in which case observers outside the EH can always “blame”
the black hole for the information they do not have access to. (Nevertheless, in
our case, the black hole fully evaporates, as in the usual semiclassical scenario,
in the sense that no massive remnant is left over at the end. Note that there are
light rays from 7~ that do not enter the horizon.) Whether Figs. 4.5 and 4.6 of a

completely evaporating black hole are correct depends on what quantum gravity

52
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will say about the “last breath” of a Planck mass black hole.

M~1

L 111111
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Figure 4.1: Possible conformal Carter-Penrose diagram associated with the total
collapse of a spherically symmetric null shell (v = v;) in a quantum gravity
scenario. The spacelike singularity is replaced by a regular (yet super-curved
spacetime) region. Regions I, I, III, IV, and V are similar to the corresponding
ones in the semiclassical picture (although, stricto-sensu, there would be no EH).
Nevertheless, the collapse would not give rise to a black hole in this scenario
since information would leak to the full quantum gravity region VI. The dashed
spacelike hypersurfaces ¥; and X, represent Cauchy surfaces of this globally
hyperbolic spacetime. Information could be preserved along the whole spacetime
depending on the equations that evolve the quantum gravity degrees of freedom.

Instead of considering specific quantum-gravity models (see, e.g., Refs. [18,
19, 20]), we focus on unveiling general conditions to allow for the appearance
of the final thunderbolt singularity. (See, e.g., Ref. [21] for other spacetimes
investigated irrespective of specific quantum-gravity theories.) We comply with
Einstein and semiclassical equations everywhere in the low-curvature regions but
not necessarily at the Planck scale, where we only assume the spacetime to possess
a Lorentzian metric arbitrarily close to the singularity. This presumes that the
forthcoming quantum-gravity theory will provide an effective description of the
entire spacetime as a manifold endowed with metric, enabling the discrimination
between spacetimes that only differ at the Planck scale.

We must acknowledge the possibility that quantum gravity changes the semi-



Chapter 4. Globally hyperbolic evaporating black hole and the information loss issue 54

Figure 4.2: Conformal Carter-Penrose diagram associated with the total collapse
of a spherically symmetric light null (v = v5) with emission of Hawking radiation.
This is a globally hyperbolic spacetime but in contrast to the usual semiclassical
picture of Figs. 4.3 and 4.4, a black hole remnant is left out at the end.

classical picture by resolving the singularity, possibly altering the spacetime of
Fig. 4.3 as, e.g., the one of Fig. 4.1. By replacing the singularity with a regular,
yet super-curved, spacetime region, the quantum-gravity spacetime would gain
a full quantum-gravity region, region VI, but would be deprived of the event
horizon. Still, the quantum-gravity spacetime should preserve the classical and
semiclassical (including Hawking radiation) features far from the Planck scale
region. Importantly, the spacetime shown in Fig. 4.1 is supposed to be globally
hyperbolic in contrast to the one of Figs. 4.3 and 4.4. We note, however, that
even if quantum gravity turns the spacetime globally hyperbolic as in Fig. 4.1, it
must comply with other nontrivial requirements to avoid loss of information. For
instance, assuming that the black hole thermally evaporates until its mass reaches
the Planck scale, quantum gravity should allow the storage of an arbitrarily large
number of degrees of freedom in a Planck-mass object that would be entangled
with the ones of Hawking radiation.

We start by elaborating on a simple model for the usual non-globally hyperbolic
evaporating spacetime, which will be useful to describe some of the machinery
used in the globally hyperbolic case. We then discuss how to change the naked
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singularity by a thunderbolt one and describe the model for the globally hyperbolic

scenario.
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Figure 4.3: Conformal Carter-Penrose diagram associated with the total collapse of
a spherically symmetric light shell (v = vs). This leads to a black hole with mass My
that evaporates into Hawking radiation. The spacetime inside the shell, region I,
is flat. Event B characterizes the crossing of the ingoing collapsing shell with the
outgoing EH. The spacetime is not globally hyperbolic, and the dashed spacelike
hypersurfaces Y, i = 1,2,3, are not Cauchy surfaces. The timelike curve D,
ending at the naked singularity S,, separates regions II and III approximated by
metrics (4.3) and (4.4) of ingoing negative-energy and outgoing positive-energy
Hawking radiation, respectively. Region IV represents a distant region where the
spacetime is well approximated by a vacuum Schwarzschild metric. Hawking
radiation is depicted by the translucent strip u < 0 at region III, and is assumed
to carry out all black hole energy. Region V is a Minkowski spacetime in its own
right, which emerges after the complete black hole evaporation.
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IV

Figure 4.4: Sketch of the Finkelstein diagram corresponding to the Carter-Penrose
one shown in Fig. 4.3. The diagram is axially symmetric around the » = 0 axis,
but we have avoided repeating information in order not to overload the figure.
One can see that ¥, cannot be continuously deformed into ¥3 without crossing
the singularity. There is nothing impeding information on P dropping in the
singularity instead of reaching ¥3. We also show, here, the AH contained in
region II depicted with a dashed-double-dotted line.

4.1 Nonglobally hyperbolic evaporating black hole

Let us consider a spherically symmetric thin shell with mass My collapsing at
the speed of light (with null coordinate v = v;) to form a black hole, as shown in
Figs. 4.3 and 4.4. We initially consider the usual semiclassical scenario where the
black hole completely evaporates with the emission of Hawking radiation, leaving
a Minkowski spacetime, region V. (We shall disregard possible massive particles
that enter region V, making the metric deviate from flatness.) We shall broadly
follow Ref. [22] in this section, which will serve to put in context our results of
Sec. 4.2.

The spacetime inside the shell (v < v;), region 1, is flat and the metric can be
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cast as
ds? = —dv® + 2dvdr + r?dQ)?, (4.1)

where r > 0, d0)? = d6? + r?d¢?, and v = constant denotes ingoing null geodesics.

Concerning the metric outside the shell, let us assume that the evaporation
of the black hole is negligible for u < 1, where 1y = constant represents some
outgoing null geodesic. As a consequence, Birkhoft’s theorem guarantees that
the spacetime in region IV, defined by u < 1y N v > vs, will be endowed with the

usual Schwarzschild vacuum metric:

ds%v = — (1 — ZTMO) du? — 2dudr + r*dQ2. 4.2)
Then, the evaporation process starts (or becomes important) at u = 1y, where
the original mass My of the shell begins its gradual conversion into a positive-
energy-density outgoing flux of radiation filling region III (associated with a
negative-energy-density ingoing flux in region II flowing down into the black hole,
as discussed in Sec. 3.2). Following Hiscock [22], regions II and III are assumed
to share a common timelike hypersurface D (see Figs. 4.3 and 4.4) whose radius
monotonically decreases from some r = rg, at u = upNv = vs, tor = 0, at the
naked singularity S,.
Hence, regions II and III should be well described by the ingoing and outgoing

Vaidya metrics

dst = — (1 - w> dv? + 2dvdr + r*dQ? (4.3)
and oM
dsi; = — (1 - %) du? — 2dudr + r2d0)?, (4.4)
respectively, where My(v) and My (u) are monotonically decreasing mass func-
tions:
dMy(v)/dv <0 (vs < v < 1), (4.5)
dMHI(u)/du <0 (Ll() <u< 0), (4.6)

and the coordinate r must have the same value at every point on the common
boundary D, as defined in regions II and III, to ensure continuity of the 2-sphere

areas. The dependence of the mass functions was chosen to reflect that Hawking ra-
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diation is dominated by the emission of massless particles, rendering My constant
along the u = constant null rays. An analogous reasoning for the negative-energy-
density ingoing flux in region II drives My to be constant along the v = constant
null rays. Indeed, black holes are not expected to emit non-relativistic particles
(say, neutrinos with energies of the order of 1 eV) before their Schwarzschild
radius gets as minuscule as 10~8 m. Note, then, that

My (vs) = Mmi(uo) = Mo, My(vg) = Mm(0) = 0. (4.7)

We draw attention to the fact that we have set u = 0 at the final evaporation of the
black hole. This is the same as setting the event horizon at u = 0, which is different
from the divergent behavior (1 — o) of u that we have in the Schwarzschild case.
This is a feature of the Vaidya metric, where now the coordinate u is not defined
by u =t — r* with r* given by Eq. (2.34), but rather by

du — ( fur(t,7) ))1 df — (1 _ M) - dr, (4.8)

1_ 2My (t,r r
r

where My (t,7) is the mass function My () written in terms of {t,7} and fiy (¢, 7)

is the function used to write the Vaidya metric (4.4) as

1 2Mm(t,7)

1
» ) dr? + r2d02.

dSz = —fIH(f, V)dtz — (
(The analytical form of fi(¢,7) is not known for non-linear mass functions).
Since the spacetime is no longer stationary, the event horizon is not located at
r = 2Myy (1), but rather inside the surface r = 2Myy(u) [26]. Hence, there is no
divergence in Eq. (4.8) at the event horizon, as it is the case in the Schwarzschild
metric. However, close to the junction between regions III and IV, we have
My (u) ~ My, which gives

du = dt — (1—%) dr,

where we have used the fact that near region IV, fi(t,7) ~ 1 —2My/r. Thus, we

u=t—r—2Mlog (1—2—]}\’40),

which is the same definition of the Eddington-Finkelstein coordinate u. Therefore,

arrive at
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we see that we can cover region III with a null coordinate u that is zero at the event
horizon, but can be continuously matched with the usual Eddington-Finkelstein
coordinate of Schwarzschild metric when approaching region IV. More details
concerning the matching of the regions will follow next.

Now, in order to ensure the correct matching of the Vaidya metrics (4.3)
and (4.4) along the boundary of regions II and III, we shall demand the first
junction condition [23]

Moy = M, (4.9)

where /1, is the induced metric on the tridimensional hypersurface D. (Because D
is the region where positive- and negative- energy “particles” going to J and
entering the black hole are assumed to pop up, respectively, there is no reason to
expect the transition between the regions to be smooth on the stress-energy tensor
and, thus, to impose the second junction condition KI} = KU for the extrinsic
curvature K, on D.) Let D be covered with coordinates & = (A, 6, ¢), where 9, is
a future-pointing timelike vector. Thus, we can map the ¢ coordinates to the ones
defined in regions Il and IIT on D as

(A,0,¢) = (v(A),r(A), 6, ¢) (4.10)

and
(A, 0,¢) > (u(r),r(7),0,9), (4.11)

respectively. Hence, the induced metrics are

s 2 — {(1 — w> 0 — 2@#} dA? + r?d0)? (4.12)
and oM
dsiy 2 — {(1 - —If(”)> i+ m} dA? + r2d 07, (4.13)

where a dot represents derivative with respect to A. Imposing the first junction

condition (4.9) gives

fg;[(l_w)zﬁ_(pw)uz} (4.14)

2(0+u) r r

Using in the above equation the fact that 7 < 0 [see discussion below Eq. (4.2)]
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with © > 0 and # > 0 (see Fig. 4.3), we get

1/2
(1 —2M111(“)/V) 4o (4.15)

1—2My(v)/r du

The D surface will be timelike if ds> < 0 for 6, ¢ = constant. Imposing this in Eq.

(4.13), we obtain
(1 — M) u> =2 >0, (4.16)

because 7 < 0. Recalling that 11 > 0, the surface D will be timelike provided that
r > 2Myy(u) (4.17)
along D. Applying condition (4.17) in Eq. (4.15), we get along D
r > 2My(v). (4.18)

Equation (4.18) turns out particularly convenient when comparing the relative
positions of D and the apparent horizon (AH). The latter is given by the geometric
location where outgoing null geodesics have vanishing expansion 6. In the co-
ordinates being used, this translates into the geometric location where outgoing
null geodesics stem with dr/dv = 0. Let us make the ansatz (to be confirmed just
ahead) that the AH is within region II. In this case, we consider the equation for

outgoing null geodesics (0, ¢ = constant) given by metric (4.3):

dr o 1 2MH(U)
%_5(1_—r ) (4.19)

By imposing above dr/dv = 0, we obtain the equation for the AH:
7’(’(}) Ig{ ZMH(Z)), Vs < U < 0. (4.20)

By comparing Egs. (4.18) and (4.20), we see that the AH is inside the bound-
ary D and, thus, dwells in region II, confirming the ansatz (see Fig. 4.4). Then,
the AH pops up at the light shell with » = 2M [see Eq. (4.7)] and diminishes
monotonically as ruled by Eq. (4.5), eventually vanishing at S,.

Although the precise form of My(v) and My(u) depends on the evaporation
details (that we do not address here), we know that the late stage of the evaporation
process is dominated by Hawking radiation represented by the translucent strips
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in Figs. 4.3 and 4.4. Hence, we can give an explicit form for Myy(u) in this
region based on Hawking’s prediction. Assuming that the radiation reaching the
asymptotic future is purely null outgoing [i.e., M = My (u)], Eq. (3.75) reads

dMm(u) — Mm(u)~2

—dn 15360 (4.21)
This can be integrated, leading to
_y \1/3
M (u) = < 5120) , (4.22)

where we note that the end of the evaporation here is at u = 0. We emphasize
that Eq. (4.22) is only a good approximation in the domain of region III where the
optical geometric approximation used to derive Hawking’s effect is valid.

4.2 Globally hyperbolic fully evaporating black hole

While the semiclassical theory provides a reliable description of the evaporation
process for macroscopic black holes, its predictions are expected to break down
when the black hole reaches a mass of the order of the Planck mass. After that, the
black hole evaporation is governed by quantum gravity, which would supposedly
describe the process in the so-called Planck scale. We shall look for a modification
of the spacetime in this regime to make it globally hyperbolic (taking care of
not jeopardizing any classical or semiclassical results). The simplest example
would be a black hole that evaporates via Hawking radiation until it reaches the
Planck size, after which it would freeze out (see Fig. 4.2). Here, however, we
look for an instance where the black hole fully evaporates (in the sense that no
massive remnant is left over at the end) in addition to being globally hyperbolic,
as described by Figs. 4.5 and 4.6. (By construction any spacetimes that maintain
unaltered classical and semiclassical physics can only be distinguished by their
Planck scale different properties.)

In this token, we shall choose the metric in region V of Figs. 4.5 and 4.6 (v >
v1 Nr S 1) to make the spacetime globally hyperbolic as depicted in the diagrams,
while the evaporation model discussed in Sec. 4.1 will be valid everywhere outside
region V. Note that P at (1,v) = (11, v1), representing a 2-sphere with an area of
the Planck order, is the meeting point of regions II, IIl and V. It is interesting to note
that observers in the far future visiting the asymptotically flat region 0 < u < uy



Chapter 4. Globally hyperbolic evaporating black hole and the information loss issue 62

will be influenced (but not governed) by quantum gravity. Hence, we assume
that we can also describe this region by metric (4.4) with a general mass function
My (u) that should approach the Planck mass,

M (ug) ~ 1, (4.23)

asu — uj.

Now, let us investigate the conditions that the metric in region V should satisfy
to replace the naked singularity S, in Figs. 4.3 and 4.4 by a null (thunderbolt)
singularity as in Figs. 4.5 and 4.6. Previous investigations, e.g. Ref. [18], have
examined the Planck-scale region at the end of black hole evaporation and its
connection to thunderbolt singularities based on specific quantum-gravity models.
In contrast, we seek to uncover general conditions for the occurrence of a thun-
derbolt singularity and its prevailing features in a model-independent manner. In
this way, let us begin considering a general ingoing Vaidya metric in region V but,
now, with the mass function M = My (v, r) depending on v and r:

ds? = — (1 - 2M+(w)) do* + 2dvdr + r*dQ)?, (4.24)

where we use the same radial coordinate r to ensure the continuity of the 2-sphere

areas. Let us cast My (v,r) as

>
My(o,r) = 4 (o), vz, (4.25)

pa(v,7), vo =0 >y,
with y;(v,r), i = 1,2, being monotonic positive functions:
dupi(v,r) <0, 9rui(v,r) > 0. (4.26)
Also, continuity of My (v, ) at v = vy is ensured by imposing
1(vo, 1) = p2(vo, 7). (4.27)

The rise of the null singularity depends on choosing Eq. (4.25) such that r = 0
is identified with an outgoing singular null ray, © = 0, for v > vy. To achieve
this, let us consider a one-parameter family of spherically symmetric timelike
hypersurfaces S;, defined by ¢;(x#) = constant, namely, r = r; = constant for
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different values of r;, and let us assume that V,¢; V*¢; rii? 0. Then, in ther; — 0
limit, S; degenerates into a null surface spanned by the null dual vector V,r. Since
Vaur=(0,1,0,0) and

0 1 0 0
o = é 1- 2M\6(v,r)/r r?z 8 (4.28)
0 0 0 (rsinf) 2
for metric (4.24), we obtain
VaurVir =1—-2My(v,r) /1. (4.29)

Therefore, a null outgoing ray (labeled by u = 0) stems in region V from the

evaporation endpoint S; at r = 0 provided
lim [1 —2My(v,r)/r] = 0. (4.30)
r—0

Combining Egs. (4.30) and (4.25) for v > ©vg leads us to the conclusion that the

existence of a zero-mass null singularity, My (v, r) -y (for v > ©vy), requires
lim pqi(v,r)/r=1/2. (4.31)
r—0

(Note that the above requirement is not satisfied, e.g., by linear mass models for
evaporating black holes [22, 24, 25].)

The singular nature of the outgoing null ray departing from S, at u = 0
(r = 0) inregion V (v > vg) can be investigated using the Kretschmann scalar
K= RabcdRude:

K = 4r=% 1242 — 16 7 10, i1 + 4r°1102 17 + 8r%(9,p1)% + r*(9%p1)? — 41’3(8,;11)(83;41)} .
(4.32)
Equation (4.31) ensures the divergence of the term pq(v,7)?/1® for r — 0 and,
consequently, of K (provided the other terms are not fine-tuned to cancel out this
divergence).
Finally, we must impose the mandatory continuity of the induced metrics, h,
on the boundaries of region V. (We do not impose the matching of the extrinsic
curvatures, as there is no reason to expect the transition of the stress-energy tensor

from semiclassical to quantum-gravity regions to be smooth.) The condition
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Figure 4.5: Conformal Carter-Penrose diagram associated with the total collapse of
a spherically symmetric light shell into a black hole with mass My. This spacetime
is similar to the usual semiclassical one except for the quantum-gravity naked
singularity that is replaced by a null singularity. The timelike curve D separates
regions II and III ruled by metrics (4.3) and (4.4) of ingoing negative-energy and
outgoing positive-energy radiation, respectively. The mass of the black hole is of
the order of the Planck mass, M ~ 1, at the event P. The Planck-scale region near
the null singularity is represented by region V that is delimited by the null line
v = 1 joining P to the spacelike singularity at r = 0, and the timelike curve with
Planck radius = 1 joining P to i*. The spacetime is globally hyperbolic, and the
dashed spacelike hypersurfaces ¥ and X, are Cauchy surfaces. Information is
preserved on each Cauchy hypersurface, although observers will not have access
to the information that enters the black hole. It is worth noting that the black hole
will still be held responsible for any information that observers outside the event
horizon cannot access.

hlL = 1Y, is automatically satisfied, since the corresponding induced metrics at
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Figure 4.6: Sketch of the Finkelstein diagram corresponding to the Carter-Penrose
one shown in Fig. 4.5. The diagram is axially symmetric around the » = 0 axis, but
we have avoided repeating information to not overload it. An observer extending
from i~ toi" (as depicted here and in Fig. 4.5 by long-dashed lines) would perceive
no particles in regions I and IV but this would continuously change in region III
building up into Hawking radiation at u < uy, eventually. After that, the observer
would accuse the presence of a black hole with Planck mass (decreasing as ruled by
quantum gravity). It is particularly illuminating to see how the Cauchy surface X,
curves itself, collecting information from past Cauchy surfaces.

v = vp are

dsg =" r2dQ?, (4.33)
ds? =" 2d0>. (4.34)

Concerning the matching between regions IIl and V, we cover the corresponding
boundary at r = 1 (in natural units) with coordinates &= (1,0, ¢), where d- is a

future-pointing timelike vector. Thus, we can map accordingly the ¢ coordinates
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on the surface to the ones defined in regions Ill and V as

7,0,¢) (v(7),1,0,¢9), (4.35)
(1,0,¢) = (u(1),1,6,9) (4.36)
In this way, the induced metrics are
2 r=l1 du\? 2 2
and
2 r=1 dv 2 2 2
ds = —[1—2My(v,1)] ( 7 | de* +d0% (4.38)
Then, the junction condition, hgg = h;’b, reads
i 1 (1= 2My(o,1)) 2 (4.39)
dv B 1-— 2M1H(u) ’ .

where we impose My, My < 1/2 at the event P, (1,v) = (u1,v1). This, combined
with 0,My(v,1) <0, 9,Mp(u) < 0, is enough to guarantee that Eq. (4.39) is well
behaved on the whole boundary. A discussion about the behavior of the apparent
and event horizon in this spacetime can be found in Ref. [26]

4.3 Black holes not as ordinary black boxes

The goal of this section is to clarify the distinction between the two prevailing
issues concerning the black hole information loss:

A. the information loss observed at the final stages of the evaporation due to
the black hole internal singularity expected to eventually erase information
that enters the horizon, and

B. the paradox that arises (much earlier) in the semiclassical regime (after the
Page time) if one imposes that black holes must behave as any other ordinary
thermodynamical system (an imposition called “central dogma”, see Ref.
[27]).

Global hyperbolicity of the spacetime of Fig. 4.5 and the ensuing conservation
of information at each Cauchy surface may not be enough to make supporters of
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the “central dogma” feel comfortable since they would like all this information to
be accessible to external observers. In fact, it has been argued that if information
that falls into the black hole does not begin to be accessible to external observers
after some given (Page) time, a paradoxical situation would arise in the semiclassi-
cal regime when the black hole would still be macroscopic. The argument goes as
follows (see, e.g., Ref. [27]).

Let X7 be a spacelike foliation of region [UIIUIIIUIV (of any of Figs. 4.3-
4.6) with { € R being a labeling increasing to the future. Now, let Zé” be the
intersection of ¥, with the black hole and Zg”t = Zg\Zé”. Then, tracing out the
degrees of freedom of the quantum fields in the region Zé” [resp., Zg”t ] leads to the
reduced fields’ state pout({) [resp., Pin ()], whose corresponding von Neumann
entropy we call S2(7) [resp., SYN(Z)]. It is well known that if the state of the
fields on ¥ is pure (hence, with vanishing von Neumann entropy), then

Somt(2) = SiN(2), (4.40)

after proper regularization and renormalization.!

Now, the assumption that Hawking radiation does not encode information that
falls into the black hole implies that

SYUIN(Z) is a strictly increasing function of . (4.41)

In particular, if we assume that Hawking radiation is truly a thermal state at

Hawking temperature Ty, then S?(Z) can be evaluated from the same (black
hole) parameters that determine Tg.

On the other hand, if one associates the thermodynamical entropy of the black

IFor free fields in d spacetime dimensions, the von Neumann entropy for general Hadamard
states associated with a (spatial) region X with boundary 90X can usually be cast as

; 0%
stV =Y" ngzfz + f(0%) loge + So (),
n<d-2

where € is a short-distance cutoff, n = 0,1, - - - are positive integers, f and f,, are state-independent
constants (although the f,’s depend on the regularization process chosen) expressed as integrals
on 0%, and Sy(X) is a finite state-dependent term. Ind = 4, (%) «x A(JdX), where A(dX) is the
area of d%, giving an area law for the leading term of von Neumann entropy divergences. If one
is interested in variations of the entropy, one can renormalize SZV by subtracting its value with
respect to some reference (Hadamard) state. For more details (including interacting theories), see
Refs. [28, 29, 30, 31] and references therein.
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hole, Stherm as due to fy,({) at Zé”, we would have
S (©) < SEYlpl| |+ SITE) = A /4, (442)

where the first inequality is the trivial statement that S’V is limited by the supre-
mum of the von Neumann entropy among all possible states g (satisfying the
relevant coarse-grained constraints), and ‘<—" stands for the assumption that
SYN|p] ‘Sup equals the thermodynamical entropy of the black hole given by the
Bekenstein-Hawking formula with A({) being the area of the event horizon on ;.

It is quite obvious that Egs. (4.40), (4.41), and (4.42) are in tension: a strictly in-

creasing function SYN(7) bounded from above by the decreasing function A({) /4.

7

This is the essence of the reasoning used by the followers of the “central dogma’
to argue that Eq. (4.41) should be violated after some (Page) time; i.e., that Hawk-
ing radiation should eventually carry away information that fell into the black
hole, “purifying” p,.+({) for sufficiently large values of {. Yet, subtle as it may
be, the identification in Eq. (4.42) depends on assuming that black holes are like
any common (“black box”) thermodynamical system, which is a quite nontrivial
assumption.

While the walls of a “black box” do not have to “react” to attempts of external
observers to “hide” entropy in its interior, the event horizon (being a dynamical
entity) “denounces” any such attempt by changing its area. Therefore, while the
entropy of a “black box” must be due to whatever it contains (to ensure a meaning-
ful second law of thermodynamics), this is not so for black holes (being consistent
with the standard view that modes falling into the black hole are inaccessible to
external observers). According to the standard semiclassical description, the event
horizon should be seen as a causal boundary separating degrees of freedom that
(i) escape to the future null infinity and account for Hawking radiation from those
that (ii) fall into the black hole (being both entangled with each other). In this way,
the tension among Egs. (4.40), (4.41), and (4.42) is avoided, not due to informa-
tion “leaking” from the black hole [i.e., violation of Eq. (4.41)], but because the
identification in Eq. (4.42) would not be valid for black holes.

Indeed, in the semiclassical realm, Eq. (4.41) is necessary to maintain the
generalized second law true. This can be already seen from a simple calculation.
Assuming that Hawking radiation as measured by asymptotic Killing observers is
thermal with temperature Ty as given by Eq. (3.65), each electromagnetic radiation
energy element d My carries an entropy element dSy; = (4/3) x dMpy/Ty. This
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increase of external-to-the-horizon entropy is accompanied by a decrease of the
black hole thermodynamical entropy of dsg,;erm = —8mMdM, leading to

dSy
dSltjl}llerm

:§>1. (4.43)

A more detailed analysis taking into account the full density matrix p,,; describing
Hawking radiation (including grey-body factors) leads to [32]

dSy
d Szl'}llerm

=R>1, (4.44)

which ensures the validity of the generalized second law of thermodynamics.

In summary, if one adopts the “central dogma” and assumes that black holes
must behave as any other ordinary thermal system, Hawking radiation should
begin to deviate from thermality yet in the semiclassical domain (after some Page
time), which is considered paradoxical for being at odds with the semiclassical
derivation of the Hawking effect. On the other hand, if one does not adopt the
“central dogma,” the black-hole degrees of freedom (and thus its Hilbert space), do
not need to be associated with the modes that fell into the black hole. In this case,
black holes (with their horizons) must be seen as independent dynamical entities
with their own Hilbert spaces, existing no contradiction between A /4 being the
logarithm of the dimension of the black-hole Hilbert space (e.g., representing
qubits encoded in each quantum of area) and the much larger Hilbert space

associated with the swallowed matter/radiation.
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Conclusions

As discussed, quantum particle creation during the process of gravitational
collapse and formation of black holes would lead to the emission of a thermal
energy flux, as seen by asymptotic static observers, eventually resulting in the
complete evaporation of the black hole. Semiclassical arguments strongly suggest
that, in the process of black hole formation and complete evaporation, a pure
quantum state will evolve to a mixed state, violating unitary evolution. In other
words, information will be lost. Despite its theoretical robustness, this scenario
is still posed as a paradox, even after fifty years of its discovery. Past attempts to
solve this nonexistent paradox have led to all sorts of undesired features, such as
a violation of causality and other basic principles in low curvature regimes.

As we have seen, far from paradoxical, the information loss is a natural conse-
quence of the fact that the spacetime usually considered is not globally hyperbolic,
i.e., the past domain of dependence of spacelike surfaces after the evaporation
does not include the interior of the past black hole. In this way, the quantum state
will remain entangled with the quantum field observables inside the (now) past
black hole, even though the black hole no longer exists.

Nevertheless, quantum gravity may modify the semiclassical picture depend-
ing on its impact on the Planck scale physics. In this manner, we have also
discussed the case where the final naked singularity of the usual semiclassical
spacetime is replaced by a null (thunderbolt) singularity. All classical and semi-
classical features are preserved in small curvature regions. In particular, late-time
observers will experience Hawking radiation at u < uq, after which they accuse
the presence of a Planck-mass black hole (decreasing as ruled by quantum gravity).
A pleasant feature of this spacetime is that it is globally hyperbolic. As a result,
information is preserved on each Cauchy hypersurface, where the evolution is
assumed to be unitary. Despite this, the fact that late-time Cauchy surfaces “in-
vade” the EH prevents late-time observers from accessing complete early-time
information. Thus, even after late-time observers (those ending at i™) do not see

Hawking radiation anymore, they can still “blame” the hole for the thermal state

70
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of Hawking radiation since its degrees of freedom will be still entangled with
the ones inside the hole. Without a full quantum gravity theory, nothing can
be said about the robustness of the conditions that lead to this scenario, neither
in favor nor against it. Hence, the very fact that a fully evaporating black hole
scenario exists, where information (and unitarity) can be preserved with “minimal”

deviations from the semiclassical picture, is worthy of attention.
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