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Chapter 1

Preface and Introduction

This is a book on black holes written by the students that participated in the Student
Seminar of the Master Program Theoretical Physics at Utrecht University, during the first
semester of the academic year 2013-2014. At the start of the Seminar, I composed a list
of topics and organized them into chapters and sections that served as a lay-out of this
book. Groups of four to six students were composed, and each group wrote a corresponding
chapter. Presentations of each chapter were given during the Seminar meetings. Groups
were also asked to give feedback on chapters written by other groups, and to correct
possible mistakes. I have given further feedback and suggestions for improvement such
that the text got better iteration after iteration. All the teams were further assisted by
Riccardo Borsato, who moreover did a fantastic job in collecting all the files and putting

it all together in book format. Many thanks to him.

I am proud to present the authors of the book to the reader, and how the teams were

composed:

e Chapter 2: Pim Borman, Patrick Hooijer, Guido van Miert, Annelies Veen

e Chapter 3: Nikki Bisschop, Michaél Dagnelie, Stefano Lucat, Otto Rottier, Drian

van der Woude

e Chapter 4: Alexandros Aerakis, Bram van Dijk, Babis Lazaridis Patsalias, Bruno

Rodrigues, Angelos Tzetzias

e Chapter 5: Rob Klabbers, Daniel Medina Rincon, Nick Plantz, Tycho Sikkenk, Ben
Werkhoven, Erik van der Wurft
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e Chapter 6: Sjaak van Diepen, Tara Drwenski, Hamish Forbes, Roeland Koelewijn,
Mengxi Ren

e Chapter 7: Yassir Awwad, Flore Kunst, Bart de Leeuw, Xuewen Liu, Jorgos Papado-
manolakis, Yvette Welling

The main topic of the book is black hole physics, and the text requires knowledge on
General Relativity as a start. It is therefore ideal reading material for other students or
beginning researchers. At the time of writing, we are approaching the 100th anniversary of
the Schwarzschild black hole solution written down in 1916. Many things have happened
in the past century, and black hole physics remains a central field of study in theoretical

physics and astronomy.

This book is not meant to give a historical overview of all developments that have happened
in the last century. It is rather a selection of topics that are suitable for theoretical physics
students, starting from black hole solutions of Einsteins equations and no-hair theorems,
black hole formation and gravitational collapse, to topics on thermodynamics of black
holes, quasi-normal modes and Hawking radiation. In a number of chapters, we also
treat spacetimes with a cosmological constant, and pay particular attention to black holes
in asymptotically anti-de Sitter spacetime (AdS). The relevance and motivation for this
comes from the AdS/CFT correspondence that grew out of string theory, and by the fact

that thermodynamical ensembles for black holes are more conveniently studied in AdS.

Pretty much all of the material presented here can be found somewhere in the literature.
In many places, it was hard to avoid doing something different than the excellent textbooks
and reviews that are already available. However, I have tried as much as possible to make
the students present their own line of arguments, and made them solve some exercises
that were not obvious to copy from the textbooks. Therefore, in many places this book
contains more details or worked out derivations which you will not find in other textbooks
or reviews. This can be very useful for other students or beginning researchers. In other
places, our treatment here leaves still room for improvement, and we refer to other work

for a more elaborated and updated discussion.

Originally, I had planned to include a few more topics, such as greybody factors, phase
transitions of black holes in AdS, and black hole complementarity. This would bring the
book to the level of current research topics. Because of the limited time span of the Student
Seminar (about four months), this was a too ambitious plan. For the same reason, a number
of figures used in the book are copied from elsewhere in the literature, with references given.

Perhaps a newly improved and extended version of the book will be made in the near future
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with new figures made, new chapters added, and corrected mistakes. But I hope for now

you will enjoy reading this version as well.

Many thanks to all the students for their contribution and hard work. Due to their en-
thusiasm, motivation and engagement, this adventurous project turned out to be very
successful, beyond my original expectation. I hope you enjoyed it as much as I did, and

wish this book will also serve as a nice souvenir, useful for your future careers.

Stefan Vandoren, Utrecht, January 30, 2014
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CHAPTER 1. PREFACE AND INTRODUCTION

Some notations and conventions used throughout this book

The spacetime dimension will be 4 unless noted otherwise.
Schwarzschild coordinates are taken in the order z# = (¢, 7,6, ¢).
The signature of the metric in these coordinates is chosen to be (-,4+,+,+).

The length and mass units are redefined such that the speed of light in vacuum, ¢ = 1

and the gravitational constant, G = 1.

The factor in front of the cosmological constant is chosen such that the Hilbert-
Einstein action is [ V-9(R — A + Lyaster) and thus the resulting Einstein equation

equals

1 1
ij — ingj + §AQW = T,u,l/ (101)

(see Appendix [A)),(A1)).



Chapter 2

Black Hole Solutions and Penrose

Diagrams

Historically black holes were theorized before they were discovered empirically. Already in
1916, just one year after Einstein presented his theory of general relativity, Schwarzschild
published an exact solution to Einstein’s equations. This solution describes the gravita-
tional field produced by a spherically symmetric, non-rotating, uncharged body. It turned
out that this solution has two features which are intimately related to each other, the
event horizon and the singularity. Once an object passes the event horizon it is doomed
to end up in the singularity located at the center. This of course explains why we refer
to this solution as a Schwarzschild black hole. Later on the Reissner-Nordstrom and Kerr
solutions were found, describing the gravitational field of a charged and rotating body, re-
spectively. In this chapter we will analyze these three solutions in detail. We will introduce
the most important objects like the event horizon, singularities and Penrose diagrams in
the context of the Schwarzschild solution. Then we will also discuss these notions for the
Reissner-Nordstrom and Kerr solutions. Furthermore we will quickly introduce Einstein’s
equations with a cosmological constant, and see whether they still allow for black hole

solutions. Finally we try to generalize the notion of a black hole to a black brane.

Section 2.1 covers the Schwarzschild solution, Section 2.2 the Reissner-Nordstrom solutions,
and Section 2.3 covers the Kerr solution and the Kerr-Newman solution. Then in Section
2.4 we introduce Rindler space, i.e. the spacetime coordinates of an uniformly accelerated
observer in Minkowski spacetime. Rindler space does not contain a physical singularity, but
approximates the spacetime structure of a black hole near the event horizon. Section 2.5

will touch upon black branes, extensions of black holes solutions which are of importance

15
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to string theory and in particular the AdS/CFT correspondence.

2.1 The Schwarzschild Solutions

The Schwarzschild solution is the simplest non-trivial solution to Einstein’s equation and
is therefore extremely well suited to introduce some important concepts as the event hori-
zon, geodesics and Penrose diagrams. Note that in this section we will not derive the
Schwarzschild metric, but only state the metric. In the second part of this section we will
introduce de Sitter and anti-de Sitter space, in order to study black holes when Einstein’s

equations are modified by a cosmological constant.

2.1.1 Minkowski Space

Effhe Schwarzschild solution describes the simplest category of the black holes, i.e. with

only mass and no rotation nor charge. The metric is given by

2M oM\
ds® = — (1 — —) de® + (1 — —) dr? +r?dQ?, where dQ? = d#? + sin?(0)d¢*.
r r
(2.1.1)
Note that for r — oo we obtain the Minkowski metric, which justifies the title of this
subsection. The Schwarzschild solution has some interesting properties. This exact and
static solution to Einstein’s equation is according to Birkhoff’s theorem the most general

solution given the assumptions:

e vacuum energy distribution i.e. T* =0,
e spherically symmetric metric,
e and negative or zero cosmological constant.
Birkhoft’s theorem can be found in Section 3.1. Of importance to us now, is that Birkhoft’s

theorem states that all spherical symmetric vacuum solutions to Einstein’s equation are

static.

IThis subsection is based entirely on [1].
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Singularities and the event horizon

Characteristic for a black hole is the singularity located at r = 0. However since we
have not yet defined what we mean by a singularity this is somewhat vague. One may
be tempted to define a singularity as a point in spacetime where some components of the
metric tensor blow up. Note that such a definition not only incorporates the point r = 0
but also the sphere of radius r = 2M. Since a singularity should correspond to something
physical, it should not depend on your choice of coordinates whether we call a point a
singularity, this rules out the proposed definition. In the following we will refer to these
points as coordinate singularities. We define a physical singularity as a point in spacetime
where a scalar quantity which measures the gravitational field blows up. For example, we
find for the Schwarzschild metric that RF*7 R, ,, = 4%—]})-42 [1], marking » = 0 as a genuine
singularity. Note that R = 0 for the Schwarzschild metric, and it is thus by no means
sufficient to consider only the Ricci scalar. We lack the theoretical tools to answer any
questions on the r = 0 singularity with certainty. Due to the small scale combined with

high density, quantum gravity effects should play an important role at the origin.

Despite the fact that the sphere located at » = 2M does not exhibit a singularity, which
still has to be shown, it does define the event horizon. The event horizon is defined as
the set of spatial coordinates for which ggg = 0 EI The event horizon is a 2-dimensional
surface at r = 2M that separates r > 2M from r < 2M, where hitting the singularity
is inevitable. Before we deduce that, note first that an observer far away from the black
hole ,i.e. r > 2M, cannot see anything reaching this event horizon, because the light cone

closes up as r — 2M:

d 2M
radial light rays = ds* = 0 = d_:; == (1 - T) . (2.1.2)

Even though the light cone closes up, both light and matter can reach » = 2M in finite
lifetime. When the observer reaches r = 2M he does not experience anything strange,
even though his fate has been sealed and g,, blows up to infinity. The easiest way to prove
that the event horizon is just a coordinate singularity, is not by computing the values of
all possible curvature tensor contractions at that point, but by changing the coordinate
system to another one that does not entail this singularity.

First let us introduce the tortoise coordinates which solve the differential equation of the

light cone (2.1.2]) for » > 2M:

.
* 4 2M1 (— _ 1). 2.1,
r r 4+ n i (2.1.3)

2For more information on the coordinate independent way of defining horizons, see [Il p. 238]
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2M
d82 = (1 — T) (—dtZ + d?’*z) + TQdQQ- (214)

In these coordinates the light cone does not close up and no metric components tend to
infinity for r — 2M, therefore we conclude that r = 2M does not correspond to a phys-
ical singularity. Infalling and outgoing radial light rays travel along constant Eddington-

Finkelstein coordinates:

v="t+r", (2.1.5)
u=t-—r". (2.1.6)

In terms of Eddington-Finkelstein coordinates the metric reads

2M
ds* = — (1 - —) dv?® + 2drdv + r2dQ%. (2.1.7)
T
In terms of these coordinates the condition for radial null curves is satisfied if
@ _ 0 . infalli‘ng null curve (2.18)
dr 2 (1— 2 outgoing null curve

From this we immediately read off that dv/dr < 0 for r < 2M, hence for r < 2M all future
directed paths are in the direction of decreasing r, see figure 2.1} So indeed r = 2M shields

the inside of the black hole from the inside, and is therefore named the event horizon.

Segadanty—I #_— Padaly intaling

paticle

|/

[
|
|

| { $
[

r=0 e

Figure 2.1: Radial null rays in Schwarzschild solution in Eddington-Finkelstein coordinates.
Taken from [2]



2.1. THE SCHWARZSCHILD SOLUTIONS 19
Kruskal Szekeres

The most useful coordinates to describe the Schwarzschild black hole are the Kruskal-

Szekeres coordinates Pt

I t I r t
R:‘ﬁ—lrewcosh<m) andT:)ﬁ—llzeWSmh(m) for r > 2M,
(2.1.9)
R‘lT;fM'ht dT’lr%thtf<2]\/[
=1-— inh { — ) an =1-— — r .
ol €™ s o) @ ong| €™ cosh| - ) forr
(2.1.10)
In these coordinates the metric changes to
32M3 .
ds* = e~ 2 (AR? — dT?) + r2dQ?, (2.1.11)

where we have implicitly defined r from T2 — R? = (1 — r/2M)e’/? . In terms of these
coordinates radial null curves obey T' = +R+ constant. Furthermore we note that the
event horizon is located at T = +R. This follows from the condition ds? < 0 for time-
like and light-like curves. This causal structure can be seen in figure 2.2l The coordinate
transformation from r;t to T, R only describes regions I and II in figure In principle
we should allow for all values of T" and R that do not hit the singularity at » = 0. Since
the singularity corresponds to 7% = R? + 1, we should really require 7% < R? + 1, and
—o0 < R < oo. With these conditions the 7" and R coordinate also cover regions III and
IV. Note that the transformation only applies to regions I and II, and one should
thus not think of the other regions as corresponding to complex ¢. This only indicates that

our original coordinates cover just a patch of the whole spacetime.

In the maximally extended spacetime described, we can thus distinguish four different
regions. Region I corresponds to r > 2M. Region II corresponds to the black hole,
since once in there you cannot escape. Region III corresponds to a parallel universe, and is
causally disconnected from region I, our universe. Finally, region IV corresponds to a white
hole, a region of spacetime from which signals can reach all other points in spacetime, but

not the other way round.

Geodesics

We concluded that the singularity is the destiny for all time-like paths inside the event

horizon. But what about outside the horizon? Can we escape the gravitational pull?

3The reasoning behind these coordinates can be found in [I].
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7

r=2GM

t= —o0

\{r=2c;M

= +oo
I

4 [> ¢ = constant

h“

r = constant
Y

r=2GM

= —oo

r=2GM
t= 4+

Figure 2.2: Schwarzschild solution in Kruskal coordinates. Edited and extracted from [1]

Yes, we can. The event horizon marks the point of no return. Any time-like path could
accelerate away from the event horizon before it reaches it. But if the observer does not

have any access to rocket boosters what then? The answer is inside the geodesic equation:

A2zt L da dz?

dr2 = M dr dr

At first sight, this leads to four coupled differential equations, which are seemingly impos-

(2.1.12)

sible to solve. However symmetry reduces the problem to just one differential equation.

Since the metric is spherically symmetric and independent of time, we find two Killing
vectors Ki' = (1,0,0,0) and K%(0,0,0,1). The by using Killing’s equations

dat

"dr

one finds that angular momentum L and energy E are conserved. Therefore we may reduce

= constant, (2.1.13)

the geodesic equation to a problem of classical mechanics, since one has to solve:

1 /dr

: (EY V() = LR (2.1.14)

with V(r) = <e - L—2> <1 - ﬂ) , (2.1.15)

2
oM
E=(1——>
.

(2.1.16)
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do
dL=r>-2. 2.1.17
an r dT ( )

Where we have set § = 7 due to conservation of angular momentum (see [1]), £, L and €
are constants along the path. Here € being 1 for time-like, -1 for space-like and 0 for null
geodesics. From figure [2.3] we conclude that a freely falling observer starting at a finite
distance from the black hole without any spatial velocity, L = 0 is doomed to pass the event

horizon and perish consequentially in the singularity. Of course we should not only look

potentia
3r

Figure 2.3: Effective potential experienced by time-like geodesics in Schwarzschild metric
of M =1for L = 0,6, 12 illustrated by blue, red and yellow respectively. The green dashed
line is added for reference. It is the effective potential of M = 0 and L = 0, i.e. radial

time-like geodesic in Minkowski space.

at this very special case L = 0. Therefore we search for the roots of the derivative of the

effective potential and find a second order equation: e2f — {j—j + 31‘;{}2 = 0. We deduce that

time-like particles have two extremal points if L > 12M? namely ry = %(H:\/ L2 —12M7?)
which are a minimum and a maximum respectively. Null geodesics, i.e. light, have an

unstable stationary orbit at r = 3M if L > 0.

Penrose diagrams

We end this section with the introduction of Penrose diagrams. Penrose diagrams are
diagrams that map the entire spacetime structure onto a compact part of the 2 dimensional
space, thus suppressing a few dimensions, such that ds? = 0 entails that da = £db where
a and b are the coordinates of the Image space. This last requirement ensures that null
geodesics are depicted by lines at £45°. This makes Penrose diagrams especially suited to

show the causal structure of the spacetime at hand. We will first demonstrate this with an



22 CHAPTER 2. BLACK HOLE SOLUTIONS AND PENROSE DIAGRAMS

(a) Minkwoski spacetime,

(b) Maximally extended Schwarzschild

with two geodesics

Figure 2.4: Penrose Diagrams

easy example, see figure (a). To obtain the Penrose diagram for Minkowski space, one
simply takes the compactified radial increasing light coordinate ¢ = arctan(t + r) and the
compactified radial decreasing light coordinate p = arctan(¢ — r). The arctan ensure that
infinities get mapped to finite points 7. Similarly the Schwarzschild Penrose diagram,
see Figure (b), is obtained by taking the arctanh of the Kruskal coordinates describing
the light rays. The symbols in both diagrams are defined as:

1" = future time-like infinity,
i° = spatial infinity,

1~ = past time-like infinity,
It = future null infinity,

7~ = past null infinity.

2.1.2 (Anti-) de Sitter Space

If one extends Einstein-Hilbert action by adding a cosmological constant A to the Ricci

scalar then one obtains

S:/dx4\/—_g[R—A] : (2.1.18)
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The equations of motion are

1

1
2Rg;w + _Ag,uzz = T,uzz . (2119)

R, — 5
For the derivation see appendix A.l1. Minkowski spacetime is no longer a solution to
Einstein’s equation in vacuum, i.e. the cosmological constant changes the background of
the spacetime. There are several ways to interpret this cosmological constant. Putting
the cosmological constant on the right hand side of Einstein’s equation gives rise to the
interpretation of the cosmological constant as a universal yet constant matter distribution
with either an attractive or a repulsive force for A < 0 and A > 0 respectively. Due to the
matter, these spaces will have nonzero curvature. They are called de Sitter space (dS,)
and anti-de Sitter space (AdS,). dS4 has a positive constant curvature corresponding to
A > 0 and AdS, has a negative constant curvature corresponding to A < 0. We can embed
dSs and AdS, in the higher dimensional space R® with Minkowski metric. For d.S, this
embedding is defined as

4
—z2+ Z(IL‘,)Q =a* with a® > 0. (2.1.20)

i=1
For AdS, this embedding is defined as
3

— 2+ Z(xz)2 — 27 =a® with a* < 0. (2.1.21)

i=1

From this we see that the spatial part of dS, is spherical and the spatial part of AdS; is
hyperbolic. An explicit coordinate representation is given below.

The Minkowski metric on R® induces the following metric on AdS,

Coordinates on dSy: Coordinates on AdSy:
xo = Va? —r?sinh(t/a), o = Va? +r?sin(t/a),
x1 = rcos(f), x1 = rcos(f),
x9 = 1sin(f) sin(¢), xy = rsin(f) sin(¢),
x3 = rsin(f) cos(¢), x3 = rsin(f) cos(¢),

xqy = Va? —r?cosh(t/a). z4 = Va?+r2cos(t/a).

! Ar? Ar2\ !
=1
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where A = (%. AdSy and dS, are, like Minkowski spacetime, maximally symmetri(ﬂ and
thus the curvature tensor simplifies to R, = %(gmgw — Jpwuo). It follows that R =
12 _ 9,

Lastly note that dS; and AdS,; can be thought of as conformal rescaling of the Minkowski
metric, this will be used in Section 2.5. The so called Poincaré patch, which covers half of
AdSy, is ds? = L (—dt? + da? 4 dy? + dz?).

Properties of dS; and AdS,

Effective potential
10

. L L L~ Radius
05 10 15 0

0 . . L ! Radius
05 10 15 20

Figure 2.5: Characteristic function of the metric and effective potential for time-like par-
ticles for M =0 and L = 1.

Unlike AdS4 or Minkowski spacetime, d.S; has a horizon, goo = 0. The light cone closes

up at r = \/g analogous to the Schwarzschild case. A radial light ray passing through

the origin is described by r(t) = \/% | tanh(\/gt)\. From this formula we deduce that light
reaches the boundary at infinite coordinate time.

Consider a radial geodesic with E = 1 (i.e. the initial radial proper velocity is AR?, with R
the starting radial distance). The geodesic equation gives us that % = +/Ar, thus
r(r) = ReVA™ At T = —% the time-like geodesic reaches the horizon. Note how this
proper time diverges for R — 0, i.e. the horizon cannot be reached by time-like geodesics
starting at the origin. This type of event horizon is called a cosmological event horizon.
We will elaborate more on this feature of dS; when discussing the Penrose diagram.

A property of AdS, space is the presence of closed time-like curves. For example the curve

4Reminder: Maximally symmetric means that a spacetime structure has a maximal amount of isome-
tries, i.e. distance preserving functions. In four space-time dimension this is 10: 4 translations + 3 boosts

+ 3 rotations.



2.1. THE SCHWARZSCHILD SOLUTIONS 25

parameterized by xo(t) = asin(t) and z4(t) = acos(t) is a closed time-like curve that clearly
satisfies the defining equation of AdSy, . The presence of closed time-like curves
conflicts with our fundamental assumptions about physics like causality and therefore Ad.S,
is considered unphysical. Another feature is that light rays reach spatial infinity in finite

time. The differential equation

r(t) = [tan(y/ 20l

We used the boundary condition r(0) = 0 and have r (2 T ) = 00. One can heuristi-

is now solved by

A

6
cally interpret this result as if the curvature force of the cosmological constant contracts

spacetime so quickly that light rays seem to go quicker and quicker the farther they are

away from the origin.

Penrose Diagram for dS,

We used static coordinates to represent de Sitter space. To obtain the Penrose diagram
we need a whole bunch of other coordinates. Let us start with the global coordinates in

the embedding dimension, which satisfy the defining equation quite naturally:

X0 = asinh <Z> , (2.1.23)
a
X = aw® cosh <Z> for a=1,...,d =14, (2.1.24)
a
thus ds? = —d7? 4 a? cosh? ( ) doz. (2.1.25)

where w® parameterizes the S~ sphere of unit radius. Thus in our case w! = cos(6;),
w? = sin(f;) cos(y), w® = sin(fy)sin(fy) cos(63), w* = sin(f;) sin(fy) sin(f3) and dQ? =
d6? +sin?(0;)d02 +sin?(,) sin?(fy)dh2. Applying the transformation tan(7'/a) = tanh(7/a)
we obtain: ds? = sec? (L) (=dT?+a*dQ3_,). The maximally extended Kruskal coordinates

are then:
U:tan% <§+91 —g) (2.1.26)
V:tan% (%+91+g), (2.1.27)
thus ds® = ﬁ (—4dUdV + (1 + UV)?dQ3) . (2.1.28)
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The full story can be read in [3] and [4].

Taking the arctan we obtain the following Penrose Diagram, see Figure 2.6 Note that
in the picture the denoted future event horizon is the cosmological horizon we mentioned
earlier. Furthermore there is a particle horizon in the picture . A particle horizon is a
time reversed cosmological horizon, i.e. events outside of the particle horizon can never
influence observer O. Lastly note in the picture | = a and 0 < 6; < 7 and moreover

01 = m denotes the same spacetime points as ; = 0. We are going to give a more general

Observer O ™

northern causal diamond

Figure 2.6: de Sitter Penrose diagram

explanation of particle and cosmological horizons, based on [4] and [I]. Consider the past
light cone of a future time infinity, ¢*. All the events in this light cone are events that
could be seen by an observer on the worldline that ends in this ¢*. In Minkowski space
this past light cone encompasses the whole spacetime. In de Sitter space however this past
light cone does not encompass everything. There is a region that is never observable by
the world line. The boundary between the regions that are observable and that are not is
the cosmological event horizon, i.e. the future event horizon. Consider the future light of
a past time infinity, 7=. All the events in this light cone are events that could be casually
interfered with by an observer on the worldline. In Minkowski spacetime this future light
cone encompasses all of spacetime. Yet in de Sitter spacetime this future light cone does
not encompass everything. There is a region that is never causally connected to the world
line in the past direction. The boundary between the regions that are causally connected,

is the particle event horizon, 7.e. the past event horizon.
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Penrose Diagram for AdS,

AdS, cannot be conformally compactified to make a Penrose diagram without introducing
singularities [5]. One can compactify the r direction using once again the arctan of the r
coordinate. The spacelike surface » = oo is the conformal boundary of light. Due to the

0 is a surface now, instead of a point. Time-like

null geodesics behavior we deduced before, ¢
geodesics starting at » = 0 have the strange behavior of all being attracted back to the
origin which they will reach at the same time. All of this information is captured in the

Penrose diagram, see Figure [2.7]

r=0 =00

Figure 2.7: anti-de Sitter Penrose diagram. The colored lines are time-like geodesics

through the point p, while the most right one describes a light ray.

Schwarzschild (Anti-)de Sitter

Can we generalize Birkhoff’s Theorem to non zero cosmological constants? Yes, the proce-
dure of adding a cosmological constant to Birkhoft’s Theorem can be found in Section 3.1.
The main result is that the metric of the Schwarzschild (anti-)de Sitter spacetime, (SdS
and SAdS), is given by:

oM Ar? oM Ar?\ !
ds? = — (1 — = _T) de? + (1 - - —7") dr? 4 r2dQ2. (2.1.29)

Remember that A > 0 and A < 0 for dS; and AdS, space respectively. Note also that in
the case of A — 0, we obtain back the original Schwarzschild solution. On the other hand

if M — 0 then we obtain (A)dSs. SdS is also known as Kotler spacetime in the literature.
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Properties of Schwarzschild de Sitter Metric

The Schwarzschild metric has one horizon just as dS;. The number of horizons in SdS

depends on the relation between A and M. If %M 2 < A then there are two solutions, namely

horizons at ry = JL (1 +4/1 9M2A>, with R = cos(% cos™1(9M?A)) [6]. The first one

VA e 3
is the event horizon and the other one the already encountered cosmological horizon of
dSy. The singularity is called naked if there is no horizon, i.e. if gM 2 > A. The effective
potential can be found in figure 2.8 Obtaining the Penrose diagram of SdS is roughly

Effective potential
6 4r

>
(Il
o0 |

! Radius
0

Figure 2.8: Characteristic function of the metric and effective potential for time-like par-
ticles for M = % and L =1

a matter of pasting together the Penrose diagrams of dS, and Schwarzschild, see Figure

2.9] The copies of dS, are not causally connected. Time and space are exchanged because

r=>0 T~ (r=uon)

s

Figure 2.9: Penrose diagram of Schwarzschild de Sitter space time

the time and r component metric change sign when going through an event horizon. The

diagram can be extended infinitely long to the left and the right as one can glue several
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solutions to each other. These regions have then the same topological features. More

information on SdS can be found in e.g. [3| 7, [6].

Properties of Schwarzschild anti-de Sitter Metric

The addition of —Ar? to —ggy does not lead to extra horizons because A < 0 and V was
already greater than zero for large r. If L? > 113M? [] there is a stable point in the
effective potential. The Penrose diagram is given in figure 2.10] Note that the square
sections of the Schwarzschild Penrose diagram are replaced by diamonds with conformal
boundaries at both sides. This is due to the fact that all time-like paths get attracted
back to the origin and light rays hit the boundary in finite time as we saw before. More

information on SAdS can be found in e.g. [5] [7, [0].

Figure 2.10: Penrose diagram of Schwarzschild anti de Sitter space time

2.2 The Reissner-Nordstrom Solutions

Having seen in Section the solution for a black hole with only mass, we will now add

a constant electric charge.

This solution known as the Reissner-Nordstom solution can be found by starting with the
same shape of the metric, ds? = —Adt? + Bdr? + r3(d6? + sin? #d¢?), in Schwarzschild

coordinates, but now taking into account a static electric field, denoted by ﬁﬂ, in the radial

5To avoid confusion with energy which will be denoted by E.
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direction. This means we will have to combine the Maxwell fields with gravity, which gives

a few changes to the non-relativistic equations.

2.2.1 Maxwell Fields and Gravity

Based on the conventions we defined in the previous chapter, we add the appropriate
Maxwell fields to the action :

1
S = /dd‘x\/—g ((R —A) - ZgﬂaguﬁF,WFaﬁ) . (2.2.1)

Through easy calculations this then leads to the following defining relations

e The Bianchi Identitities stay the same when taking into account covariant deriva-

tivesﬁ Thus the equations are
87Fa5 -+ 8aF57 -+ aﬂF,ya =0, (2.2.2)

in which,
F.=0,A,—0,A,. (2.2.3)

The formula in (2.2.2)) stays true because the connection terms cancel out against

each other.
e The inhomogenous Maxwell equations now read
D,F" = ¢**D,Fs, = —J,, or (2.2.4)
Ou(—gF") = —/—gJ" (2.2.5)
leading to the conservation law
du(v/—gJ") = 0. (2.2.6)

The first can be found by varying A, and the second follows directly from the asy-
metric properties of F,, (F,, = —F,,).

e Finally the energy momentum distribution follows from the Langragian:

1
T = —FuaFJ + (ZFaﬂFaB = JaA") Gy (2:2.7)

50ne can read this in any general relativity book, and it can be easily derived explicitly via calculation.
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From these relations one can easily derive that

QVAB

r2

Frt:‘cf':

9

and if one uses these equations to also derive the line element one will again find that

A=

)

thus that
(2.2.8)

ﬁN}J‘Q |~

2.2.2 Minkowski Space

To find the line-element one can again follow Birkhoffs theoremﬂ but now with this new
element added. This is still possible as Birkhoffs theorem only requires that the black hole

has to be static and symmetric. One will then find
oM Q? oM Q*\
ds? = — (1 -—+ Q—Q) dt* + (1 -—+ Q_2) dr? +r?(d6? +sin® d¢?)  (2.2.9)
r r r r
as the line element for the Reissner-Nordstrom black hole in Minkowski background.

As was done for the Schwarzschild black hole in Section [2.1.1| we will look at g,, = oo and
show that the solutions do not represent physical singularities but rather event horizons of
the Reissner-Nordstrom black hole. However here we have very different cases depending on
our mass and charge. These three distinct options are M? < Q?, M? = Q? and M? > Q?.
The first one is physically considered impossibld®l The second one is a so called extremal

black hole with only one horizon. The last one has two horizons, as g,, = co then implies
re =M+ /M?— Q> (2.2.10)

This last situation is the one we will consider in the rest of this chapter.

Kruskal-Szekeres Coordinates. In order to define the Kruskal-Szekeres coordinates
we will first need the so-called tortoise coordinate, as was defined in (2.1.3)), in this metric

+ ! 1
o)
2K_ &

1
T =T+ log
2/€+

r—ry r—r_

2.2.11
- , (2.211)

"See Section
8In this situation one would only have a naked singularity at » = 0 which is not allowed by the cosmic

censorship conjecture. For more see Section @
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with:

rv+—7T
Ky = 271:2‘: ¥’ (2212)

the surface gravityﬂ of the black hole. Afterwards we define v =t +r, and u =t — r,, the
so called Eddington-Finkelstein coordinates as seen before in (2.1.5). We can then define

the Kruskal coordinates as: UT = —e #+% and V* = +ef+?,
Then we get
4T e2lr£lr r—r 1+‘%|
ds® = ———— <:|: ¢> AUV + r2dQ. (2.2.13)
KL T T+

Note that the coordinate combinations U, V* and U~,V~ correspond to two distinct
regions. In the positive region we have u,v as defined before and we can look at this for
r > r_, in so called outgoing Eddington Finkelstein coordinates.

In the second negative region we will use so called ingoing Eddington-Finkelstein coordi-
nates which implies ©u = v — 2r*, to have the region containing r < r.

This then gives us these two Kruskal diagrams.

O<rkr_

=0

1 ALMVINONE

SNGULARITY r

0

White Hole Black Hole

Figure 2.11: Kruskal diagram starting Figure 2.12: Kruskal diagram started
from outgoing Eddington Finkelstein co- from ingoing Eddington Finkelstein co-

ordinates ordinates

Now in figure[2.11|sector II is coupled to the sectors, I, III and IV in the past time direction.
Now by using time reversal principles we expect region III” (see figure [2.12]) to be coupled
in the forward direction to a region I’) 1T, TV".

And actually there is no physical reason for it not to be connected, as the black and white

9See Section 5.1.
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hole will make communication with our universe impossible from these areas. This will
thus give the same sort of regions as in the first diagram, which then again will couple to
the second diagram shifted and so on and so forth. We can thus create infinitely many

regions in this way.

Another thing to note is that there is indeed only one real singularity at » = 0 and it is

something we run into in both region V and VI. This is a so-called curvature singularity.

Geodesics Using the same equation for the geodesics as given in the previous section,

™

we get four differential equations of which one is canceled out by noting that § = 7 is still

allowed due to conservation of angular momentum.

d do
_ log — & log 12 2.2.14
0 dT(ong—l—ogr), ( )
d dt 2M  Q?
— log — + log(1 — — + *_ 2.2.1
0 dT(Ong+ o8 r * 7"2))’ ( )
d?r Q*—Mr dr, r do, Q*—Mr dt,
— () — — (=0 ()2 2.2.1
dr2 r3 g <d7'> grr(dT 7"3grr dT) ( 6)

Then by using the Killing vector, as given in (2.1.13)), and metric compatibility equations

this can be reduced to:

B — (ﬁ)z +V(r) (2.2.17)
— \dr : -
B 2M  Q*  dt
E o= (1-==+5)(1), (2.2.18)
L? 2M 2
V(r) = (r_2 +e)(1— - + %), (2.2.19)
L = 2% (2.2.20)
dr

with € being 1 for timelike, -1 for spacelike and 0 for null geodesics and E as the energy, as

defined in the previous chapter. Now note that for radial falling observers L = 0, we get

g:i<1_ﬂ+Q_2)l\/E2_e(l_ﬂ+Q_2)’ (2.2.21)

dt r r2 | B r r2

as the associated differential equation.
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The Penrose-Carter diagrams
By doing a conformal transforma-
tion, as explained in chapter 2.1,
we can go from Kruskal coordinates
to Penrose coordinates. Note that,

in order to do that, we have in-

r =0 curvature singularity

finitely many regions, as said before.
Thus there are infinitely many sets
Black hole of Kruskal coordinates that are cou-
pled per region to each other.

While the conformal transformation
has spatial and timelike infinities
transformed into a point, it cannot
cover all the Kruskal coordinates. In

other words, while the transforma-

tion creates a finite worldsheet for

Worm hole
Timelike

each region that exist, it cannot and
should not address the amount of
Black hole possible regions.

The Penrose diagram is therefore in-
Figure 2.13: Penrose diagram of finitely large. Yet since it is repet-
Reissner-Nordstrom — black  hole in  itive we will only show one of the

Minkowski coordinates parts.

2.2.3 Charged Black Holes in Anti de Sitter and de Sitter Space

For both Anti de Sitter and de Sitter spacetime the line element is
oM Q> A oM Q> AL\
ds? = — 1——+Q———r2 de* + 1——+Q———r2 + r2(d#* 4 sin? 0dp?).
r r2 6 r r2 6
(2.2.22)

Here the difference lies in the sign of the comological constant. For (Anti) de Sitter this is

positive (negative).

Now it is convenient to make everything dimensionless. Thus we choose (t,7) — (t/M, r/M),

y = tAM? and € = £. Then we can use

2 & 9
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to find the event horizons, as these are defined by g, = oo which in this case is the same

as gy = 0.

Thus for given constants this yields

P ks (2.2.24)

Tn
which, if we try to solve for r,, gives us a fourth order polynomial. This polynomial would
usually have four solutions, but there could be negative or complex solutions which are
non-physical. In order to only find the proper solutions one needs to give some constraints
on the constant. First of all we assume again that Q* < M? thus that 0 < ¢ < 1.

Furthermore we only consider something a horizon if » > 0.

For de Sitter space this implies that there are 3 horizons called r_ < r, < r, with the first
two black hole horizons and the other cosmological horizon, as was defined in Section 2.1.
Note that in order for this to have a physical solution we also need to put a bound on y

with respect to € as follows

(- (i-%)’
(B(-0-%)

For more on this we refer to [9].

2 _ 62. (2.2.25)

For Anti de Sitter space there are only two horizons, b_ < b,. In this case there is no
cosmological horizon. But in order for these r to have physical solutions we get the same
bounds on y with respect to the € . As the solutions are quite terrible to look at we will
not define them here. And we leave it up to the reader to use a numerical solving program

to construct them.

Geodesics The geodesic equations for the freefalling observers are given by nearly the

same equations as the case A = 0,

0 = 4 (log de + log r2) (2.2.26)
dr dr
d dt 2M  @Q* A
= — (log— +1log(1 — 222 4 = 22,2 2.2.2
0 dT(Ong+ ( +r2 GT)) ( 7
& Q* — Mr+ = (Q)Q_L(@V_W_MTJFT%A(ﬁ)? (2.2.28)
dr2 N r3 grr dr Grr dr " Grr dr -
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Note that, as these are nearly the same equations, we can again rewrite them as:

9 dr\?
o (d_T) V() (2.2.29)
B 2M  @Q* A,  dt
L? 2M 2 A
V(T) = (7’_2 + 6)(1 - T + % - Erz) (2‘2'31)
. - 210 (2.2.32)
dr

Hence we get similar differential equations, which have just become harder to solve because
of the 72 term. Now for the radial freefalling observer we get the same type of solution

with only this %r2 term added in the factor in front and the one for the € term, thus:

dr oM Q> A, 1 \/

—=1+(1——4+ =+ —-r)=/E?—e(1l— — + =+ —r2 2.2.33

dt ( r+r2+6r)E «l r+ 57 ( )
As done for the Schwarzschild black hole we can plot the potential and the metric, this is
done in figure[2.14] The old Schwarzschild metric was also showed to make the comparison

easier. Here one can clearly see the extra horizon of the Reissner-Nordstrom black hole.

Figure 2.14: Characteristic function of the metric and effective potential for time-like
particles for M = é and L =1

The Penrose-Carter diagrams The Penrose diagrams are a bit more complicated in
this case. In de Sitter space we need to take into account the extra horizon as well as the
singularity at zero.

Just as in the Minkowski space this diagram repeats in the vertical direction onto infinity.
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0
(S

N, o
” N

r =0 curvature singularity

1
o

r=0 r =0 curvature singularity r

Figure 2.15: Penrose diagram of  Figure 2.16: Penrose diagram of
Reissner-Nordstrom black hole in de Sit-  Reissner-Nordstrom black hole in

ter background Anti de Sitter Background

The new part is that this now also happens in the horizontal (aka space) direction. At the
cosmological horizon it couples to the next diagram.

Now in a similar way in Anti de Sitter space we have the I (r = o0) as a space like
infinity that is represented by a time like surface. As this is a vertical time like line we can
no longer speak of future and past on this line, and, as is known, the time like infinities
are disconnected. Where first we had a future and past spacelike infinity these have now

becomes inseparable.

In this section we have expanded on the previous section by now adding a constant electric
charge to our black hole. This took us from the Schwarzschild to the Reissner-Nordstrom
solution. In order to be able to talk about a charged black hole we have first looked at
the Maxwell fields in a relativistic situation. We then discussed the extra event horizons
that will occur and how this will be translated into Kruskal-Szekeres coordinates for a
Minkowski space background. The geodesics and the associated effective potentials as
well as the Penrose-Carter diagrams were discussed for both Minkowski, de Sitter and
Anti de Sitter backgrounds. Finally we have also spend some time on how the non-zero
cosmological constant changes the line-element and restricts our bounds on the charge and
mass of the black hole further.
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2.3 The Kerr Solution

2.3.1 Rotating Black Holes

So far we have only considered spherically symmetric vacuum solutions of the Einstein
equations, which is the geometry outside of a non-rotating black hole. However, we know

from astrophysical observations that stars rotate, thus breaking the spherical symmetry.

When a body is rotating sufficiently slowly that only deviations of the first order in the
angular momentum are of significance, the body is not rotationally distorted, since cen-
tripetal accelerations are of second order in angular momentumF_G] The exterior geometry
of spacetime does change because general relativity predicts that curvature is produced by
both the distribution of mass-energy and its kinetic energy. The metric outside of a slowly

rotating body is

4
ds® = ds% warsschild — ] sin® 0dodt + O(J?). (2.3.1)
r

This is an excellent approximation for almost any celestial body, but for bodies with a high

density or a high mass, this approximation is inadequate.

Physicists and mathematicians looked for an exact vacuum solution for a rotating body
for many years, and the solution was discovered by Kerr in 1963[10], 48 years after the
derivation of the Einstein field equations. The Kerr solution, as written by Kerr, is given
by

2M
ds? = — (1 —T) (du + asin® fde)?

124 a2 cos?f
+ 2(du + asin? 0de¢) (dr + asin?0d¢)
+ (r? + a* cos? 0)(d6” + sin? 6d¢?), (2.3.2)

where a = J/M and the metric is written in advanced Eddington-Finkelstein coordinates
(u=1t—r—2MIn|557 —1|).

The most commonly used form of the Kerr solution, however, uses Boyd-Lindquist coor-

dinates, which can be derived in two steps. First make the substitution u = t + r, then

10For a particle rotating in a circle around a body, its acceleration i is equal to & = R (‘31—‘2)2, where 6 is
the angle and R the radius of the circle. Thus, if 02 is negligible, the body is not distorted.
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make the following coordinate transformation

rdr
t=1 2M = ;
BL + /r2—2Mr+a2’ TBL;
ar (2.3.3)
¢:_¢BL_G/T2—2MT—CL2; QZQBL.

The Kerr solution in Boyer-Lindquist coordinates are (after dropping the BL subscript)

oM AM 0
ds? = — (1= 220 ) a2 — ﬂdd)dwr e
p? p? A

2.3.4
2Mra?sin®6 ( )

+ p*do* + (r2 + a® + pE

) sin? 0d¢?,
where a = J/M, p*> = r? + a®cos?0 and A = r? — 2Mr + a?. This form is often favoured
because it contains only one off-diagonal term, which makes it useful for analysing the
different properties of this metric: Limit a — 0. When setting the rotation to zero, we
notice that p — r and A — r?—2Mr, and thus reduces to : the Schwarzschild
metric in Minkowski space. Limit M — 0. When setting the mass to zero, while keeping

a finite, (2.3.4) reduces to:

2 1 a2 cos?f

ds? = —d* + T—:%dr2 + (r* 4+ a® cos? 0)d#* + (r* + a?) sin” fd¢? (2.3.5)
r*+a

With easy (but tedious) calculations, one can show that this describes flat Minkowski space

in oblate spheroidal coordinates plus a time dimension, see figure ; these coordinates

are given by
xr=vVr2+a?sinfcoso; y=Vr2+a’sinfsing; z = rcosfb. (2.3.6)

Limit r — oo. In the limit » — oo, the metric reduces to

IM oM\ !
ds? = — (1 _ _> de? + (1 + —> dr? + r2(d02 + sin® 0do)
T

r

(2.3.7)
4Masin® 0 1
_AMasin®0 4 o <_) |

;

r

which is equal to , the approximation of a slowly rotating black hole. Reverting
time and rotation. The metric is invariant under the simultaneous transformation of
both ' = —t and ¢’ = —¢. This is to be expected, because a rotating object going
backwards in time rotates in the opposite direction. The metric has singularities when
7?2 + a?sin?f = 0, that is, r = 0 and § = 7/2, or when A = 2 — 2mr + a® = 0, that is,
r=ry =m=++vm2?— a2 To investigate the nature of these singularities we use the same
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in oblate spheroidal coordinates as given  Figyre 2.18: Penrose diagram of the

in (2.3.6) when ¢ =0 Kerr solution

tactic as in the previous sections, namely we transform the metric and see if we can remove

these singularities. We do this by transforming to the Kerr coordinates (u.,r, 0, ¢, ), where
duy =dt + (r* +a®)A~dr; dé, = dé +aA'dr. (2.3.8)

The metric then transforms to:

2M
ds? = — (1 - 2T> du? + 2drduy — 4ap®Mrsin® 0deé du,
P L, (2.3.9)
. ) sin

— 2asin® fdrdey + p*d6” + ((r* 4 a®)* — Aa®sin® 6) 7d¢i.

In these coordinates the metric is not singular at r., and thus these surfaces are coordinate
singularities. However, just like in the Reissner-Nordstrom case, this transformation does
not cover the full spacetime globally. The coordinate patch can be extended however by

using a slightly modified version of (2.3.8]), using the coordinates (u_,r, 0, ¢_):
du_ =dt — (r* + a®)A™'dr; d¢_ =d¢ —aA'dr (2.3.10)

The metric takes the form of (2.3.9)), but with u, replaced by —u_ and ¢, replaced by
—¢_. The full metric can then be described with a combination of these two metrics, and
can be used to draw the Penrose diagram of the Kerr solution, see figure[2.18, This diagram

shows many similarities to the Penrose diagram of the Reissner-Nordstrom solution, except
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that there is a region past the r = 0 singularity, where negative values of r are possible.
This is because this singularity has the shape of a ring in the equatorial plane, which an
observer can pass through. The regions I (where r > r,) are the regions outside of the
black hole, and are asymptotically flat. The regions II (where r_ < r < r,) are between
the two event horizons, and the regions III (where r < r_, and can be negative) contain
the ring singularity at » = 0. The geodesics of the Kerr solution are tricky to calculate,
mainly because of the off-diagonal term in . We note that the metric has
no terms with ¢ and ¢ in it, and thus (1,0,0,0) and (0,0,0,1) are Killing vectors. The

corresponding conserved quantities are

OMr\ dt  2Marsin?6d
E= (1 - J) - e d—(b (2.3.11)
P T p T
2Mra?sin® 6 dt  2Marsin?6d
Lo (12 g ary 20N gt 2Marsin®odo g g o)
p? dr p? dr

A relatively simple geodesic to calculate is a particle with energy F infalling radially in the
equatorial plane from infinity. This means there is no angular momentum, thus (2.3.12))

with L = 0 reduces to
dg _ (a® +1%)p
dt ~ 2aMr
which is zero only if a = 0. Even though the particle has no angular momentum when

+ asin®0 (2.3.13)

we release it, it gains angular momentum from the black hole. This phenomenom is called
frame dragging. The quantity d¢/dr can be calculated as function of r by filling in (2.3.11])
and (2.3.13)) in (2.3.4)), the result is plotted in figure In this figure we see that the

particle, according to an observer at infinity, eventually rotates around the black hole close

to the surface of the outer horizon r,. There are also solutions for rotating black holes in

de Sitter and anti-de Sitter spaces, this is however outside of the scope of this chapter.

2.3.2 Rotating Charged Black Holes

A rotating black hole can also be charged. In 1965, two years after Kerr published his
solution, Newman found the solution for a rotating charged black hole [I1]. His solution
is very similar to Kerr’s solution (2.3.4), but with 2mr replaced by 2mr — Q.
2Mr — Q? 2a(2Mr — Q) sin* 6 2
ds® = — (1 - T—QQ) ar? — 2U@Mr = QS0 gy 4 P gy
p p A
(2Mr — Qj)cﬂ sin? 6) in? 0
p
where a = J/M, p? = r> + a®>cos?0, A = r? + a®> — 2Mr + Q? and Q is the charge of
the black hole. This solution has most of the properties of the non-charged case, with the

(2.3.14)

+ deH2 + (7"2 +a%+



42 CHAPTER 2. BLACK HOLE SOLUTIONS AND PENROSE DIAGRAMS

-15-

Figure 2.19: The geodesic of a particle infalling radially in a rotating black hole, according

to an observer at infinity, with m =1, a = 0.95 and £ = 1.

exception that when a — 0, the metric reduces to the Reissner-Nordstrém solution (2.2.9)),
rather than the Schwarzschild metric (2.1.1)). The singularities of this solution are at r =0
and A = r? —2Mr +a?+Q?* = 0, that is, 74 = M 4+ /M2 — a2 — Q2. When we transform

to the Kerr coordinates (uy,r, 0, ¢, ), the metric becomes

2Mr — Q2

ds? = — (1 _ r—2Q) du? + 2drduy — 2ap®(2Mr — Q) sin® 0de du
P _ (2.3.15)

sin

2
0
Ao,

— 2asin® fdrde, + p*d6” + ((r* + a®)* — Aa®sin® 0)

and a similar expression for (u_,r, 60, ¢_). From here we can see that the Penrose diagram of
the Kerr-Newman solution is equivalent to that of the Kerr solution, but with its horizons
moved to ry = M++/a? — M? — Q2. A charged black hole has an electromagnetic potential
given by

r

A, = <9,0,0, _aeM sin? 9> . (2.3.16)
T

Note that the metric does not contain a magnetic field in the r and 6 directions only if the
black hole does not rotate (a = 0) or if the black hole has no charge (Q = 0).
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-2k | X
-4 -2 0 2 4

Figure 2.20: The horizons r. = M + +/M? — a® and edges of the ergosphere r3 = M +
VM2 — a2 cos? § in oblate spheroidal coordinates (2.3.6) for m = 1, a = 0.95m and ¢ = 0.
The gray area is the ergosphere, and the dark gray area is the space between the horizons.

The points are the locations of the ring singularity at » = 0 and 6 = 7 /2.

2.3.3 The Ergosphere

Suppose an astronaut has a rocket ship and wants to stay stationary near a rotating black
hole with respect to an observer at infinity, that is, his position is X (t) = (¢, ¢, 0o, ¢o) and
his tangent vector is 7" = (1,0,0,0). His trajectory should be timelike (77" < 0), but
T,TH = g, T"TH = gy = —(1 — 292 -), which is positive for ry < r < r}; with

r2+a? cos? 0

rg =M 4+ VM2 — a2 cos? 0 (2.3.17)

If we compare this with the horizons of the rotating black hole, . = M 4+ vM? — a2, we
see that TE >ry >r_>rg > 0. So there is a region outside the outer horizon where it is
impossible to stand still in Boyer-Linquist coordinates, this region is called the ergosphere.
More interesting phenomena occur in the ergosphere, for example, it is impossible for an
observer to rotate around a black hole in the opposite orientation while in the ergosphere.

Assume a light ray is in the equatorial plane § = 7/2 and moves in the ¢ direction (so
dr = 0). Plugging this into the metric (2.3.4]) we get that:

2
(oo ) () 22 () ()0
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which has the solutions

d¢ 2a M Va2 —2Mr + r?

— = + : 2.3.19
dt  r(r2+a?(14+2M/r) — (r24a?(1+2M/r) ( )
Filling in rf = 2M, the ”—" solution equals 0, so % can never be negative in the ergo-

sphere.This means that in the ergosphere not even light can travel in the opposite direction
of the rotation. Another interesting property of the ergosphere is that it allows us to ex-
tract energy from a black hole through a mechanism called the Penrose Process. In 1971,
Penrose derived [12] that if a particle with mass-energy p, is dropped into the ergosphere,
and it decays into two particles p, = py, + p. such that the mass energy of one of them is
negative, p, < 0, particle ¢ then leaves the ergosphere to infinity with more mass-energy
than the original particle, p. > p,, while particle b falls into the black hole, and thus energy
has been extracted from the black hole. To see if it is possible to have a negative energy
solution, we use and look at the case £ = 0, which results in

d 2Mr — p?
(—‘ﬁ> = =T—F (2.3.20)
dt ) z_y 2aMrsin®0

If our particles are traveling at the speed of light, we can fill this in (2.3.18)) for a particle

moving in the ¢ direction in the equatorial plane, we get that

(1 —2M/r)(a®+ r*(1 +2M/r)
4a2M?

—0, (2.3.21)

which again has solution r = 2M, the edge of the ergosphere. We conclude that negative
energies can occur in the ergosphere, and thus the Penrose process could in principle
happen. In this section we studied the properties of the rotating black hole, known as the
Kerr solution. We have rewritten the original solution as given by Kerr in Boyer-Lindquist
coordinates, and looked at the singularities of the metric. By transforming the metric
again, we concluded that the metric consists of one curvature singularity and two horizons,
just as in the Reissner-Nordstrom solution. We also studied the geodesic of a radially
infalling observer, with as result that a radially infalling observer, according to an observer
at infinity, circles the black hole just outside the outer horizon till infinity. Then we looked
at the solution for a charged rotating black hole: the Kerr-Newman solution. Lastly, we
studied the ergosphere, a place with many interesting properties like a frame-dragging
effect so big that even light cannot rotate in the opposite direction of the black hole; and

the Penrose process where energy is extracted from the rotating black hole.
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2.4 Rindler Space

Rindler space, named after Wolfgang Rindler, describes a portion of Minkowski space as
seen by a uniformly accelerating observer, which we will refer to as a Rindler observer. In
the first part, we will show how to construct this coordinate chart. In this new coordinate
chart the metric exhibits a coordinate singularity, which is related to a horizon with respect
to the Rindler observers, this will be the subject of the second part. We conclude this

section, by showing how Rindler space can be used to study the Schwarzschild metric.

2.4.1 Rindler Coordinates

For simplicity we consider two-dimensional Minkowski spacetime. We consider an observer,
which undergoes uniform acceleration. This implies that a,a* = o, where a, denotes the
proper acceleration, and « is a real constant. Since Minkowski spacetime is flat, all the

Christoffel symbols vanish, and hence the equation reads

2z\* [dx\®

This equation allows for several solutions, for example parabolic motion. However if we

demand 7 to be the observer’s proper time, then also the following equation has to be

satisfied ) )
dx dt
— — [ — = —1. 2.4.2
(dT) <d7) ( )

It is easily seen that the above two equations are solved by taking

xz (1) = cosh(ar) é — é, (2.4.3)
t(r) = sinh(ar) é. (2.4.4)

This describes a particle which at ¢t = 7 = 0, is at * = 0 and has then zero velocity.
This world-line is pictured by the black solid line in figure Next we would like to find
the proper coordinates corresponding to this observer. First we will outline the general
procedure, after which we will apply this to the Rindler observer. In the following we will
make use of several coordinate frames, for clarity we will first state these. First of all there
is the inertial frame which is described by the coordinates (¢, x), we call this the laboratory
frame. Then there is the proper frame, namely the coordinate system used by the Rindler
observer, with coordinates (7,£). Very important in the derivation below will be the set of

comoving coordinate frames. For each instant 7 we define the comoving coordinate frame
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Figure 2.21: Rindler space. The solid line corresponds to the worldline of the Rindler
observer. The future and past horizon cross at the point (0,—1/«). Figure edited and

extracted from [13].

as the inertial frame with velocity u*(7) relative to the laboratory frame, and whose origin
coincides with z#(7). We denote the comoving coordinates at time 7 by (¢, z,).
Note that the following relation between the comoving coordinates (¢, z,) and the proper

coordinates (7,¢) has to be satisfied:

22(r,€) = 0 (2.4.5)
Ang = €
Since we have now related the proper coordinates to the comoving coordinates at time 7,
we need to find the relation between the coordinates (22, z!) and (z,t). The comoving

coordinate frame at time 7 moves with a velocity u*(7) = dz* /dr, therefore we find

22, 2l)\  [2°(7) ) ul( .
(ajl(gy?_,xi)> - (351(7')) + <u1(7_> uo(T)> <$ ) (2.4.6)

Combining equations ([2.4.5)) and (12.4.6)), we find the following relation between the proper
coordinates (7,¢) and the inertial coordinates (¢, z):

<
©
\1
IS
=
)
Ak N0

t(r,&) = 2%r) + e 3 (2.4.7)
o(7,6) = x1(7)+d”“"df)g. (2.4.8)

If we now apply this to the worldline given by equation ([2.4.3]), we find

z(1,§) = cosh(ar)(E+1/a)—1/a (2.4.9)
t(r,§) = sinh(ar)(E+1/a). (2.4.10)
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For future use we also state the inverse relations

r(te) = J@+1/a) - —1/a (2.4.11)

€(t,z) — arctanh <x+t1 /a). (2.4.12)

If we express the metric in terms of these new coordinates we find
ds* = da? —dt? (2.4.13)
= o?sinh?(a7)(¢ + £)2d72 + cosh?(ar)dé¢?
+2 cosh(at) sinh(a7)(€ + é)def — cosh?(at) (€ + $)2d72
— sinh?(a1)dé? — 2 cosh(at)(€ + é) sinh(a7)drd¢
N é)szQ +de (2.4.14)
We notice that the proper distance between the different £ points remains constant. Since

we are free to change variables we introduce z = £ 4+ 1/«, then the metric changes to
ds? = —a?22dr? + d22. (2.4.15)

As a final check, we investigate how a Rindler observer experiences his own acceleration.
For this we will need the Christoffel symbols. The only nonvanishing Christoffel symbols
are given by I'?_ = a2z, ['T_ = ['7, = 1/2. The wordline of a Rindler observer expressed in
the coordinates 7, z reads (7(t), 2(t)) = (t/az, zo). It easily follows that the acceleration in

the z direction is given by
o =uD =u (0w + T2 u") =1/z (2.4.16)
The acceleration in the 7 direction vanishes since
a” = uDu =u (0 + Fzguf) = 0. (2.4.17)

Hence a Rindler observer experiences an acceleration in the z direction with a magnitude

inversely proportional to the distance to the horizon.

2.4.2 Rindler Horizon

When one studies the Rindler metric given by equation (2.4.14}), one immediately notices
that this exhibits a singularity at & = —é. This singularity is intimately related to the
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Rindler horizon. To study the singularity we divide the Minkowski spacetime in four
regions, I, II, ITI, and IV, as seen in figure [2.21] Note that the Rindler chart only describes
region I. We are interested in how events in regions II, III, and IV can influence region
I. Since for any timelike or lightlike curve v, we have || > 1, we immediately see that
events from region III are never connected to region I by any timelike or lightlike curve,
and vice versa, so these two regions are causally unrelated. Next we consider region IV;
since any Rindler wordline will approach the light cone, we can always find a timelike
curve which connects an event in region I to this wordline. When we consider region II
instead, the situation is completely opposite: we can always find a timelike curve, which
connects any Rindler wordline, to any event in region II. These observations lead us to
define the future horizon Hpywe = {(t,2)[t = (r + 1/a) > 0}, and the past horizon
Hoast = {(t,x)] —t = (x +1/a) > 0}. We note that the union of these horizons actually
corresponds to the coordinate £ = —é.

Just as an observer outside the Schwarzschild black hole never sees something entering the

1

Future timelike infinity
(£=+w) +m/2

Positive future
lightlike infinity

Negative future
lightlike infinity

Negative spacelike infinity / &
(x=-w) &

n/2 H

Positive spacelike infinity
(x=+w)
+1/2

Negative past
lightlike infinity

Positive past
lightlike infinity

3n/8

Past timelike infinity | —7/2
(=)

Figure 2.22: Penrose diagram for Rindler space, Rindler space is covered by region I. The

Bold line shows the trajectory of a Rindler observer. Figure extracted from [14].

black hole, the Rindler observer will never see something entering or leaving Rindler space.
This is due to the fact that in his coordinate system the object that approaches the future
horizon will slow down to zero velocity, and anything which enters via the past horizon
will start at zero velocity in his coordinate system. This we can elucidate by considering a

simple geodesic, which describes a static inertial observer in Minkowski space:

7(t) = arctanh (at) (2.4.18)

§(t) = (l)Q —eo L (2.4.19)
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where 7 is the proper time.—é <7< é, and lim, 1 7(t) = Zoo, hence the Rindler

observer will never actually see this real static observer entering or leaving the Rindler
space. To conclude we show the Carter Penrose diagram for Minkowski space, with Rindler
space embedded, see figure 2.22] Note that the Penrose diagram for Minkowski space is
obtained from the relation ¥ 4+ ¢ = arctan(x +¢). Note that = can also become negative,
this is due to the fact that we are not working in spherical coordinates. The embedding of

Rindler space is easily found, since the Rindler horizon defines a light-cone.

2.4.3 Black Holes and Rindler Space

It turns out that Rindler space can be used to study black holes. Near the horizon we can
approximate the Schwarzschild and Reissner-Nordstrom metric by the Rindler metric. To
prove this, we suppose we are given a metric

1
f(r)
where f is a real valued function with a zero at r = ry. Now if we write f(r) = f(ro+¢€) =
f'(r9)&, then this metric reads

ds? = —f(r)dt* + dr? + r2dQ?, (2.4.20)

ds* = —f'(ro)&dt* + Ldé + (ro + £)%dQ2. (2.4.21)
f'(ro)§

Note that we implicitly assumed that f'(ry) # 0, and have changed coordinates to r = ro+¢.
We like to approximate the metric near § = ¢ = 0, therefore we introduce the coordinates
x and y. They are given by x = rsin(f) cos(¢) and y = rsin(f) sin(¢). We may now write
r2dQ? ~ da? + dy?. Note that this approximation is only valid for £, , and y small. Our
next step is to make sure that all our spatial variables actually measure proper distance.
For this we switch to the coordinate z = fOE ds = 2, /%. Expressing the metric in terms

of t,z,x, and y we obtain
52
ds®* = —(f’(ro))2zdt2 + dz® + dy? + d2*. (2.4.22)

If we now compare this with equation we see that the metric is approximated
by the Rindler metric. Note that the acceleration at the point r is given by 1/z(r) =
V f'(ro)/(r —19)/2. We apply this to the Schwarzschild metric with f(r) = 1 — 2M/r.
Note that ro = 2M, and f’(r¢) = 1/2M. Therefore we find that in order to stay at fixed r
near the horizon, you have to undergo an acceleration of magnitude 1/ \/m .

In the argument above we assumed f'(rg) # 0, now suppose we find ourselves in the case
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f'(ro) =0 f"(rg). This corresponds to an extremal Reissner-Nordstrom black hole. This

can be seen from the following. For a Reissner-Nordstrom black hole f is given by

f(r )—1—¥+Q—2 (2.4.23)
_T= Q%T + (2.4.24)
_ = T—Zgr —+). (2.4.25)

As a result we find that f'(r_) = (r— —ry)/r2 and f'(r;) = (ry —r_)/ri. Hence for the
extremal case, with r, = r_ the first derivative is zero. Therefore we need to take into
account the second derivative, which is given by f”(r;) = 2/r2 for an extremal Reissner-
Nordstrom black hole.

Having seen where these geometries can arise, we now move on to further investigate this
metric. Using f(r) ~ f"(ro)&?, with € = r — ry we find

ds? = —% Fro)E2dt% + ———d€? + (ro + £)2dQ2. (2.4.26)

2
f"(ro)€?
Now instead of approximating (ro+£)2dQ? by dz?+dy?, we just use (ro+£)?dQ? ~ r2dQ2.

Therefore we end up with

1
= — 2 )EAE 4 e + 73D (24.27)

2
f"(ro)&?
The last part of the metric, which corresponds to the angular coordinates, describes S2.
The first part is recognized as the AdS; metric in terms of Poincaré coordinates. As a
result we find that the near-horizon geometry of an extremal Reissner-Nordstrom black
hole is described by the direct product of S? and AdS,. Since we know the precise form of
the function f we can easily compute the corresponding radii. The radius of S? is simply
given by v, = M. To find the radius a of AdS; we use that the AdS; metric is also given
by

52
ds? = —?dtQ + 2 & d§ (2.4.28)
hence we find @ = r, = M. In this section we introduced Rindler space, and have

shown how one can obtain the coordinate system corresponding to a non inertial observer.
Furthermore we have discussed the Rindler horizon, which clearly shows that an horizon
is always defined with respect to an observer, or coordinate system. We finished our
discussion by showing how Rindler space can be used to study the spacetime of a black

hole near the event horizon.
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2.5 Black Branes in AdS

Black brane solutions are an extension of black hole solutions. They are interesting if one
wants to study string theory, but via the AdS/CFT correspondence[I5] they can also tell
us something about strongly correlated condensed matter systems. Just as black holes, the

black branes can be thermal and have a horizon[16].

The idea of how to construct a black brane is to replace the spherical S? part in the metric
by R2. We will focus on Schwarzschild and Reissner-Nordstrom black branes in AdS, using
the method described in [I7]. Of course it is not obvious that such a replacement results
in a solution of the Einstein equations and describes a physical object, an object in the
universe that could be created by imploding matter. Evidence suggests (see Section
that naked singularities cannot be created from imploding matter. There will always be one
or more horizons. For example if we try to solve the Einstein equations for a Schwarzschild
Minkowski black brane, we find a metric that has a physical singularity at » = 0 but
no horizon. The cosmic censorship conjecture tells us it cannot exist. However in AdS
there are black branes with horizons. The motivation for looking at black branes is that
they have a planar horizon which can be linked to certain strongly coupled quantum field
theories. Here the topology of the horizon becomes important. The Schwarzschild black

hole has a spherical horizon whereas the compactification of the planar horizon is a torus.

In the following subsections we will discuss some properties of different kinds of black

branes.

2.5.1 Schwarzschild Black Branes in Minkowski Spacetime

The metric we will be working with in this section has the general form

1

ds? = —A(r)dt* + A0

dr? + r?(da? + dy?) . (2.5.1)
This follows from assuming that the solution has planar symmetry. Following exactly
the same reasoning as in the next section on Birkhoff’s theorem we can derive that the
solution is static and of the above form, and solves Einstein’s equations in vacuum with zero
cosmological constant. The appearance of the term r?(dz?+dy?) tells us that we are looking
for a translational symmetric planar solution (i.e. a brane). A = 0 means the background
is Minkowski space and 7}, = 0 means there is no electromagnetic field or any other kind

of energy. Together with the absence of other fields in the action and the assumed form of
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the metric this makes the solution analogous to the conventional Schwarzschild black hole.

By varying the Einstein-Hilbert action and plugging in the assumed metric we get

1 A A
Ry — 5gult = —A <? + ﬁ) =0, (2:5.2)
1 1 (A A
_ 2 AL 2 2.5.
Rrr 2gT‘T'R A (T + T2) O ) ( 5 3)
1 1 A A

From the first two equations we see that A+rA = 0 and differentiating this gives a solution

to the third equation. Therefore the solution reads

b
Alr) = —.
) ="
The metric then reads
b
ds? = —~dt? 4+ -dr? 77 (da? + dy?) (2.5.5)
r

This metric has no horizon but a naked singularity at » = 0. When we add a negative
cosmological constant the solution will have a horizon and will be asymptotically Anti-de

Sitter. This is explored in the next subsection.

2.5.2 Schwarzschild Black Branes in AdS

To find the solution of Einstein’s equations in vacuum with negative cosmological constant
we again assume the general form of equation (2.5.1). Plugging this into the Einstein

equations gives the following differential equations:

1 1 A A 1

Ry — §gttR + §gttA =-A (; + ) + 51\) =0 (2.5.6)
1 1 1 (A A 1
1 1 LA A 1)

Multiplying equation (2.5.7) by r? and differentiating, results in equation (2.5.8)) which is

b

therefore not independent. The homogeneous solution of equation (2.5.7) is Apom(r) = 2
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with b a constant and a particular solution of the inhomogeneous differential equation is
Apart(1) = —ATTQ. The full solution reads:
b Ar?

A(r):;—?.

In analogy with the conventional Schwarzschild solution, where we can take the Newtonian
limit, we relate b to the mass by b = —2M. The Schwarzschild AdS black brane metric

then takes the form:

—2M  Ar? 1
ds® = — ( . —%) dtz—i-—ﬂ_/\_ﬁer—i-?“Q(dxz—O—dyQ).
6

T

This metric has a physical singularity at » = 0 and a horizon at 2M + AT’B = 0. This last

equation only has a positive solution for A < 0:

[ —12M\ 3
T = A .

If we take the limit M — 0, absorb the cosmological constant in the coordinates, and make

a substitution r — —1/r we get AdS space in planar coordinates:

1
ds* = 2 [—dt2 +dr? + da® + dyQ] )

In de Sitter space, with A > 0, there is again no horizon and thus a naked singularity.
Evidence suggests that we live in a universe with a very small positive A, therefore this black
brane can not be created if the cosmic censorship conjecture holds. However, motivated by
the AdS/CFT correspondence, it is still very interesting to study solutions with negative
cosmological constant. The horizon of a black brane is an infinite plane. This translates
via the AdS/CFT correspondence into a quantum field theory propagating on a Minkowski
background. It is beyond the scope of this book to get into the details of this statement,
but it is the main motivation for studying black branes.

For massless particles we have ds? = 0. For this specific metric this means

2
M A i 1% (B 4 P

—2M
r _
6 T 6

with 7 differentiation with respect to t. At constant r we have

—2M A
2 2 _
oty = 3 6

From this we conclude that light rays can move in the xy-plane provided that r > ry.

Inside the black brane light rays will inevitably fall in the singularity.
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Let us now look at the geodesic equations of this space. The variational approach is the

easiest way to do this. We have to minimize the path length

l:/ds:/\/—gwi'“:t"’dT:/LdT,

where the dot now means differentiation with respect to proper time. The equations of

motion of the Lagrangian L determine the geodesic equations:
1 1/2
L=|—A t‘2 2 2 (2 -2 )
{ (r)t* + A(r)r +r? (2* + 9°)

Together with the definition of proper time, g,,2*%” = —1, the Euler-Langrange equations

for ¢, x, and y give the following conserved quantities:
At=F r’i = L, r*y =1L, .

The geodesic equation for r reads

L. AL, AA o .
r—ﬂr2+7t2—Ar($2+y2) =0

where the prime means differentiation with respect to r. Instead of solving the latter

equation we can use the definition of proper time, to write

—2M  Ar?\ .
r 6

2M
r

— 1 Ar27;2+r2(:t2+y2)'
T 6

In terms of the conserved quantities this becomes

OML? oM  Ar? LA
.9 .2 2
re— e 5 =r —|—V(r)—E +—6.

The form of the effective potential V' (r) is independent of its parameters and is plotted in
figure We see that, unlike in the conventional Schwarzschild black hole, there is no
stationary point and the potential blows up near infinity. This last property is characteristic
for all asymptotic AdS spaces. A particle will always fall into the black brane despite its
initial conditions. The Penrose diagram for a Schwarzschild black brane in AdS is the same
as for a black hole in AdS. By making the substitution » — 1/w we see that the metric is
conformally related to

—A 1
ds? = — | — —2Mw?® | dt* + —————dw?* +dz* + dy* .
S (6 w) +%A_2Mw3w+:c+y

This metric is regular at w = 0 so after compactification we get the Penrose diagram shown

in figure [2.10] again.
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V()

Figure 2.23: Effective radial potential of the Schwarzschild black brane

2.5.3 Reissner-Nordstrom Black Branes in AdS

The black brane found above can also carry an electric charge. Then we have to solve
the Einstein equations with a non-zero energy momentum tensor. The energy momentum
tensor reads

1
Ty = FuaF 9™ — ZgWF2 : (2.5.9)

There is no magnetic field, so Ag # 0 and A; = 0 for i = 1,2,3. Furthermore, because of
the supposed form of the metric in equation , Ap should be translation invariant in
the x and y direction. The black brane is also assumed static so Ag is only dependent on
r. Plugging this information in the above equation gives the nonzero components of the

energy-momentum tensor:

1 1 r?
TOO = §A(T)FO21, T11 = _WFOQD T22 = T33 = EFOQI

The Einstein-Hilbert action now includes the electric field:
1
S = /d$4\/—g {_ZFQ + (R — A)} : (2.5.10)

The Einstein equations then give the following differential equations:

1 1 A A A 1 )
Roo — 5900R + 5900/\ = -4 (? + r2 + 5) - §A<7")F01 ) (2.5.11)
1 1 1 (A A A 1
_Z g A==+ =+ = ——F? 2.5.12
Ry 2911R+2911 A<r+r2+2> 2A(r) 0L (2.5.12)

1 1 A A A r?
Ray — 59223 + 5922/\ =r? <§ + - + 5) = §F021 ' (2.5.13)
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Subtracting equation (2.5.11]) from equation ({2.5.13]) gives

A 24 A
L L A=0. 2.5.14
2 + r + r2 + ( )
Putting in the ansatz
a b 9
— t+-tct+dr+er,
r r
we find the conditions
0 d=20 e A
C = o = —
) ) 6 )
and the solution reads .
a r
Alr)= =+ - — — . 2.5.15
()=5+- - (25.15)

It is readily checked that the Maxwell equations are also satisfied. In analogy with the
conventional Reissner-Nordstrom black hole we relate b to the mass by b = —2M and a to

the charge by a = Q2. The metric then reads

—2M 2 Ar? 1
ds? = — ( . + % — %) de* + SN dr? +r? (dx2 + dyg) . (2.5.16)

r r2 6
This metric has a physical singularity at » = 0 and a horizon at
AN, 2M

Because A < 0 and M > 0 we see that there is exactly one solution if the derivative of the
above equation is zero:
4N 5 2M
67227“ + @ =0. (2.5.18)
This case is called an extremal black hole. Plugging this solution into equation

gives the following relation between & and %:

oM AN e\
i - 4 =
7 \Gz) (%)
We then obtain the following result for the horizons of the Reissner-Nordstrom black brane:
2M<4_ _A 1/3+4 602\ ] " .
— — — no horizon
o~ |\e —A
oM [/ AN\ L/3 60?2 1/37 —3/4 | 3\ /3
@ =4 6?22 +4 Ty one horizon at r, = A
- 1 -3/4
@ >4 (FQQ) +4 (%) two horizons at both sides of r},

Under suitable conditions (if the charge is not too big) there can exist two horizons just
like in the conventional Reissner-Nordstrom black hole, but now the horizons are planar

instead of spherical.
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2.5.4 Hyperbolic Black Holes in AdS

Apart from spherical symmetry (black hole) and planar symmetry (black brane) there can
be hyperbolic symmetry. As opposed to Minkowski space it is possible to construct a so
called hyperbolic black hole in AdS [I8]. We will show that it is related to Rindler space.

The following metric is a solution to Einstein’s equations

OM  Ar? dr?
2 2 21772
ds? = — (—1 - = 7) i + — T dH? | (2.5.19)

where dH3 = % is the unit metric on the 2-dimensional hyperbolic space. We now
show that for M = 0 this metric is isometric to AdS, but does not cover the whole manifold.
This can already be seen from the above equation; for M = 0 there is a horizon at r = _LA
analogous to the Rindler horizon in equation (2.4.14)). Therefore the coordinate patch is

only valid for r > , /5.

Starting from

1
ds* = ﬁ(—dt2 +dr? + da? + dy?)

and making the transformation » — 1/r while extracting a factor —A/6 we get AdS in

Poincaré coordinates:

Ar? 6
2 2 2 2 2
In light-cone coordinates u =t — y, v = t + y this looks like
Ar? 6
ds? = —% (—dudv + de) — A—er’I’Q .

Now make the changes

/6/A [1 . 6 /A% [, 6 ./ %
r=+—=6/A7/y, u=-—y 1+A—f2€7t MO u=y 1+A—7:26t A6

with 7 > 4 /_LA. The metric reads

A7 di? dy? + da?
dszz—(—l—%>dt2+ TM2+f2y+2x,

which is the same as equation (2.5.19)) with M = 0. In AdS/CFT one is always interested in
what happens on the boundary of some spacetime. In this case the boundary is at r, 7 — oc.
The metric becomes asymptotically AdS when approaching the boundary and the
transformation between Poincaré coordinates and hyperbolic coordinates becomes

r=/—6/AF/y, u=—ye VN y=yetVAC
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The induced metric on the boundary then transforms as

—Ar2 AR Ad? 4 da?
ds?y = ——(—dudv +dz?) — — (—dt2—gL2x)
y
A7"2 —A —A7"2
= ?<_y2?dt2+dy2+dx2) = — ds?, |

where ds% is the Rindler metric. From this we see that the boundary of a hyperbolic black

—6

hole in AdS is related to Rindler space by a conformal factor equal to r?/7* = i



Chapter 3

Black hole formation

In the previous chapter we investigated the remarkable black hole solutions that apparently
can exist according to the general theory of relativity. Before we put too much effort into
finding and understanding all the new physics these black hole solutions might exhibit, we
would like to know how likely, if possible at all, the existence of black holes in nature really

is. Therefore in this chapter we will study the various aspects of black hole formation.

In the first chapter we will show that a relatively big class of solutions (i.e. all spherically
symmetric vacuum solutions) to Einstein’s equations is inevitably the Schwarzschild solu-
tion. Next, we will discuss the likeliness of some spherical distribution of matter (like a
star) being unable to withstand its own gravitational pull. If this happens, the star will
collapse and create a black hole, which means that it will form a singularity and a horizon
as a consequence of its own gravitational field. Finally, we will more abstractly investigate
the sort of spacetimes that contain singularities and horizons. In particular, we will discuss
the relationship between the two. All of this is done to argue on theoretical grounds that
black hole solutions like the ones we studied in the previous chapter (and will study much

further in chapters to come) might indeed occur in nature.

3.1 Birkhoff’s Theorem

In this section we will consider the statement that the Schwarzschild metric is the unique
vacuum solution for a spherical symmetric manifold. This statement is called: Birkhoff’s
theorem, and the proof was published by Birkhoff in 1923. To rigorously prove this theorem

we would need to show that a spherically symmetric spacetime can be foliated by two-

59
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spheres — in other words, that (almost) every point lies on a unique sphere that is left
invariant by the generators of spherical symmetry. This will be beyond the scope of our
book and instead we will just give a short description of what we mean by spherically
symmetric. Furthermore, we would have to show that the metric on such a spacetime can

always, locally, be put in the form
ds* = A(a,b)da® + 2B(a, b)]dadb + C(a,b)db?® + r(a, b)*dQ?, (3.1.1)

where (a,b) are coordinates transverse to the 2-spheres used for the foliation, and r is a
function of these coordinates. We will just assume that we can use this general metric.
Places where these points are explicitly treated are Carroll [I], and more rigorously, Hawk-
ing and Ellis [4]. After deriving — or in our case assuming — , we have to plug this
metric into Einstein’s equation in vacuum. This we will do in detail. First we do this
for cosmological constant A = 0, from which we obtain the Schwarzschild metric as the
unique and static solution. After this we will generalise to A > 0 and A < 0, and we obtain
respectively Schwarzschild-de Sitter and Schwarzschild-Anti-de Sitter metrics. It will turn
out that for de Sitter there will be no Birkhoft’s theorem and for Anti-de Sitter there is.

We begin with describing what we mean by spherical symmetry. Suppose we have a four-
dimensional spherically symmetric manifold M. Spherically symmetric means having the
same symmetries as a two-sphere, S?. These symmetries are the same as the rotations
in three-dimensional Euclidean space, the special orthogonal group SO(3). If we have a
metric which is defined on the manifold, then symmetries are characterised by the existence

of Killing vectors. The three Killing vectors of S? in (6, ¢) coordinates are
R = 0,

S = cospdy — cotfsingy, (3.1.2)
T = —singdy — cotfcospy.

How these Killing vectors can be found is for example shown by [I]. The main point now is
that a manifold can be described as spherically symmetric manifold if it has the same three
Killing vector fields as those on S2. The challenge is to know when a set of Killing vectors
on one manifold is the same as that on some other manifold in a coordinate-independent
way. For this we can use commutation relations, because the structure of a set of sym-
metry transformations is given by the commutation relations of the transformations. The
commutation relations give the difference in performing two infinitesimal transformations
if their order is reversed. The commutation relations are expressed by the Lie algebra of
the symmetry generators, while in differential geometry they are expressed by the commu-

tators of the Killing vector fields. It can be shown that the commutators or the rotational
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Killing vectors (R, S,T) satisfy

R, 8] =T,
[5,T] = R, (3.1.3)
IT,R] = S.

This algebra of Killing vectors fully characterizes the kind of symmetry we have. Before,
we said that a manifold is spherically symmetric if it has the same symmetries as S?. Now,
we can be a little more precise: A manifold is spherical symmetric if and only if its metric

has three Killing fields satisfying the above algebra.

The next step would be to show that the metric on a spherically symmetric manifold is of
the form
ds* = A(a, b)da® 4 2B(a, b)dadb + C(a, b)db* + r(a, b)*dQ?. (3.1.4)

Here 2dadb = dadb + dbda and r(a,b) is some arbitrary function which has not yet been
interpreted and to which is merely given a suggestive label. By looking at this general
metric we can already see that the coefficients should not depend on the coordinates (6, ¢),
since otherwise the spherical symmetry would not exist. Again a more rigorous treatment

can be found in [1I, [4].

Now, starting from metric (3.1.4)), we can just change coordinates from (a,b) to (a,r) by

inverting r(a, b). The metric then becomes
ds? = A(a,r)da® + 2B(a,r)dadr + C(a, b)dr® 4+ r2dQ2. (3.1.5)

We would like to try to get rid of the remaining cross terms 2dadr in the metric. Our next
step is thus to find a function ¢(a, r) such that in the (¢,7) coordinate system there are no

cross terms anymore. If t = ¢(a,r) then

ot ot
dt = z-da+ 5-dr,

2 2
dt* = (%) da® +2 (?) (?) dadr + (?) dr?.
a a r T

In terms of this general function t(a,r) the metric looks like

and

(ds)? = A'(t,r)dt* + 2B'(t,r)*dtdr + C'(t,r)dr* 4+ r2dQ2. (3.1.6)

Because the line element is invariant under coordinate transformations, we know that

ds? = (ds')?. Using this and plugging in the expressions for ds? and (ds’)?, we can now
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write (3.1.6)) in the old coordinates:

(ds')? = ds* = A'(t,r) (%)Qdcﬂ + 2 {A’(t,r) <%) (%) + B'(t,7) <%)} dadr
A'(t,r) (%)2 + 2B’ (%) + C'(t,r)
If we now compare with metric (3.1.5), we see that:

()
por(2)(2)+m(2), ar

ot\? ot
—A (= oB [ == /|
c (a) + (ar)w

where the first coefficients are functions of (a,r) and the primed coefficients are functions

+ dr?.

(3.1.7)

of (t,r). The reason we introduced the new coordinate t(a,r) was to get rid of the cross
terms dadr. By looking at (3.1.6)) we see that this corresponds to putting B'(¢,7) = 0.

Our general conditions for the coordinate transformation now become
ot\?
A=A —
()
ot ot
B=A(—||= 3.1.9
(8@) (87") ’ ( )
2
C=A (ﬁ) +C".

or
With this choice we are now able to put metric (3.1.6|) in the form

(ds')? = A'(t, r)dt* + C'(t, r)dr® 4 r*dQ°. (3.1.10)

Important to note is that the two coordinates ¢ and r are still undetermined. The only
difference is that r is the function that is in front of the angular part in the metric. The
reason for doing this was that the metric for flat Minkowski space in spherical coordinates
can be written as ds? = —dt?*+dr?+r2dQ?, and because Minkowski space is itself spherically
symmetric, it will therefore be described by . Another point we would like to
mention is that the spacetime under consideration is Lorentzian, so either A" or C’ will have
to be negative. Again motivated by the form of Minkowki space in spherical coordinates,

let us choose the coefficient A’ in front of d¢? to be negative. This choice is not completely



3.1. BIRKHOFF’S THEOREM 63

trivial, but we will assume it for now. For more on this see [4]. With this choice we can
write A’ and C’ as exponentials of some new functions o and 3, so that the spherical

symmetric metric becomes
ds? = —e22t)qs? 4 20N dr? 4 12402, (3.1.11)

We can not go further using only geometry and transformations. The functions «(t,r) and
B(t,r) can not be further specified by using spherical symmetry. To give a more specific
form, we have to actually solve Einstein’s equation in vacuum, so this will be our next
step.

In solving the Einstein’s equation we follow the usual scheme. We compute the nonvan-
ishing Christoffel symbols and from them the nonvanishing components of the Riemann
tensor. Then we calculate the components of the Ricci tensor and ultimately the Ricci
scalar. I will just state the resulting non-zero components of the Ricci tensor, which can

the be used to specify the form of the functions a and .

Ry = (0}8+ (018)° — 0,a0,8) + >~ (aza +(8,a)® — 8,00,5 + %ara> :

R, = — (a,%a + (0,a)? — 0,00, — %m) + 20 (928 + (8,8)* — 0,0,f3)

2
Rtr = _atﬁa
T
Rgg = 6_2’8[7’<87«ﬁ — &a) — 1] + 1,
Ryy = Rgpsin®0). (3.1.12)
Then, we have to solve Einstein’s equation in vacuum, R,, = 0. From R, = 0 we get
o3 = 0. (3.1.13)

Now, if we take the time derivative of Ry and use 0;5 = 0, we find

00,0 = 0. (3.1.14)
We can therefore write
B = pB(r),
a= f(r)+g(t). (3.1.15)

The first term in the metric (3.1.11)) is thus —e?/(Me29®dt2. But we can always redefine
our time coordinate such that dt — e 9®dt. This means that we can always choose t in

such a manner that g(¢t) = 0, whence «(t,r) = f(r). So, we obtain

ds? = —e20M Qg2 4 o280 qp2 4 12402, (3.1.16)
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We see now that all of the metric coefficients are independent of ¢. This is very important,
since we have shown now that any spherically symmetric metric in vacuum possesses a
timelike Killing vector. A metric that has a Killing vector that is timelike near infinity is
called stationary. A metric that is also invariant under ¢ — —t is called static. You could
think of stationary as ‘doing exactly the same thing at every time’, while static means ‘not
doing anything at all’. For example, the static spherically symmetric (3.1.16)) will describe
non-rotating stars or black holes, while rotating systems that keep rotating in the same

way at all times will be described by metrics that are stationary but not static.”

By looking at the components of the Ricci tensor again, we see that since Ry = R, = 0

and because 0, = 0,3 = 0, we have
2
0=eF"YR,+R,, = ~(0rar + 0,9). (3.1.17)

We already know that @ = a(r) and § = §(r). Combining this with (3.1.17) we can now
conclude that a = —f + ¢, with some constant c. Like before, when we rescaled the g(t)
away, we can similarly rescale the time coordinate ¢t — e™“t, so that we effectively put ¢ to

zero. So, now we have

a=-—0. (3.1.18)

If we now put this in Rgg = 0, we get
e (2ro,a+1) =1, (3.1.19)

which is the same as

0. (re**) = 1. (3.1.20)
Integrating both sides with respect to r, then relabeling the integration constant ¢ = —R

and dividing both sides by 7 gives us:
et _p (3.1.21)

r

Plugging this result and o = — (3 into equation (3.1.16|) gives us

-1
ds® = — (1 -~ E) de* + (1 — E) dr? + r2dQ*. (3.1.22)
r r

We now have no freedom left except for the constant R. We interpret this R as the
Schwarzschild radius and we would like to express it in terms of some physical parameter.
Our metric should reduce to the situation with a weak field when r >> 2GM. From [I]
can be found that in such a weak field limit we have

2GM
Jir = — <1 X > ; (3.1.23)

r
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where G is Newton’s constant and M is a parameter, which we will interpret as the mass of
the object. Because the coefficients should be the same in the weak field limit, we can now
identify R = 2GM. Remember that in the last chapter we put G = 1, so we get R = 2M.
Plugging R = 2M into equation , gives us finally the Schwarzschild metric:

ds? = — (1 — g) dt* + (1 - ¥> 1 dr? + r2dQ2. (3.1.24)
Before we form a conclusion, we might check whether the answer makes sense.
We can do this by putting in R;; or R,,, because we used the linear combination
(3.1.17) (and all other components) and so we have one component left over from the linear
combination. Let’s choose R,., which then has to be equal to 0 if we plug in . We
first put 0,0 and a = —( already in R,, and obtain

Ry, = — {83& +2(0,a)* + %aa] : (3.1.25)

From (3.1.21)) we can then calculate

1/1 1

So that we then indeed obtain that R,, = 0.

From (3.1.24)) we can now form a conclusion. We found the unique, static, spherically
symmetric vacuum solution to Einstein’s equation. At this moment, you might wonder
why the solution we found should be unique. We will give a physical argument for this. We
arrived at by only using spherical symmetry and some coordinate transformations.
Because of general covariance, these different possible coordinates in which we can write
down the solution, do not make physical difference. After this, we just plugged in (3.1.16))
in the Einstein equations and we arrived at the solution in which we only had
the freedom to choose a constant. So, we derived the unique solution up to a constant.
To make sure we arrived at the right result in the weak field limit, we had to fix the
constant to R = 2GM. So, this is physically why we can consider the Schwarzschild
metric as the unique solution. Important to say is that we derived this result only from
the condition that the gravitational source exists in a spherically symmetric vacuum. In
particular the solution of the spherically symmetric gravitational source is static, but the
source itself doesn’t have to be static at all. An important example for us is the case of a
collapsing star; its exterior will still be described by the Schwarzschild metric! We will talk
about gravitational collapse in more detail in section 3.3. Note that in the Schwarzschild
metric, the parameter M can be interpreted as the Newtonian mass. However, it will

not just be the sum of the different components that are curving spacetime, because the
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gravitational binding energy also contributes to this curvature. Only in the weak field limit
the quantities Myewion and Mggr will be the same. Note also that, if we take M — 0, we
recover Minkowski space. And furthermore, if we take r — oo, the metric becomes more

and more like Minkowski, this last property is known as ‘asymptotic flatness’.

We found the unique solution for a spherically symmetric manifold in vacuum. We will
now attempt to generalize Birkhoff’s theorem to (Anti-)de Sitter spacetime by introducing
a non-zero cosmological constant. If we look back we see that until our derivation
was very general and the metric (3.1.11]) still holds in the case of adding a cosmological
constant. What changes are Einstein’s equations in vacuum, which as we already saw —
instead of I, = 0 — now become

1 1

Contracting this equation with the metric, we obtain

R, —

R =2A. (3.1.28)

Substituting this result into (3.1.27)) we get
1
R, = Aggw,. (3.1.29)

This is the generalized condition for the Ricci tensor for arbitrary values of A. Let’s start

now again from Ry,

Ry = ;@ﬁ = %Agtr = 0. (3.1.30)
Thus, we have § = (3(r), independent of the value of A. For Ryy we now have
Rog = ¢ *°[r(0,8 — 0ra) — 1] + 1. (3.1.31)
Taking the time-derivative of both sides, since 0;gg9 = 0, we get
e ?ro0,a = 0. (3.1.32)

from which we get that
a=f(r)+g(t). (3.1.33)

And we can transform the g(t) away, by taking the transformation dt — e 9(®dt. And

thus, we obtain that « = a(r). We have now (3.1.16|), which we proved to be the same
for A = 0 and A # 0. Let’s look at the other components of the Ricci tensor. From the

condition R, = %Agw we make a combination which vanishes once:

1
e Ry +e R, = A (e g + e *Pg,) = 0. (3.1.34)
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Equating this with the expressions for the Ricci tensor (3.1.12) and using d,a = 0,6 = 0,

we get:
0= %(ara +0.9). (3.1.35)

We already know that o = a(r) and § = [(r). Combining this with (3.1.35) we can
conclude that « = —f + ¢, with some constant ¢. Now, we can transform the constant

away by making the transformation dt — e~ “dt, so that we once again have that
a=—0, (3.1.36)

independent of the value of A! Incorporating this in Rgy = Aggg = Ar?, we now obtain

Op(re*) =1 — Ar®. (3.1.37)
Integrating both sides with respect to r, naming the integration constant ¢ = —R and
dividing both sides by r we obtain:
R A
=] - == P 3.1.38
‘ r 3 " ( )
Plugging this result and @ = —f3 into equation (3.1.16|) and interpreting R = 2M, gives us
oM A oM A L\
ds® = — (1 - = §r2) de? + (1 -— = grg) dr? + r2dQ2. (3.1.39)
r r

This is the Schwarzschild-de Sitter (Anti-de Sitter) solution if we introduce a A > 0 (A < 0).

To obtain Birkhoff’s theorem we would have to find not only a unique solution, but also a
static, unique solution. Let’s see whether gives us a static solution for both cases
A >0 and A < 0. For a metric to be static, it has to have a timelike Killing vector. For
such a Killing vector to exist, we first have to define what time is. The suggestion we will
follow here is that time is the part of the metric for which there is an additional total minus
sign. So, in (3.1.39) our time-coordinate would be ¢ (as usual). We will see however, that
something peculiar happens if A > 0. We can best see this if we let M — 0, after which
we obtain just the (Anti-)de Sitter metric:

2 Ao\ 2 AN e e
ds® = — 1—57“ dt® + 1—§7’ dr® + rdQ°. (3.1.40)

For A > 0 we see now that we have a cosmological horizon if r? = % Important to

see is that this horizon only exists for A > 0 and thus not for A < 0. What does such a
cosmological horizon mean? For r? > % in (3.1.40)), we see that —gys — g4 and g, — — gy

So, now we would define r to be our time-coordinate and not ¢ anymore. This cosmological
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horizon is not a real, intrinsic singularity, so it means that in order to cross the point r? = %,

we would have to use a coordinate transformation. But that also means that in (3.1.40))
no global time can be defined. And without a global time coordinate it is hard to see what
a timelike Killing vector would mean. Thus, we can not find a static metric-solution to
a spherically symmetric manifold with a cosmological constant A > 0, but we can find a
static solution if the cosmological constant A < 0! At this moment you might wonder that
in the Schwarzschild metric there also appears to be a coordinate singularity at R = 2M,
and thus in this case also no global time-coordinate can be defined. However, the Birkhoft’s
theorem only is about the exterior of the gravitational source, the massive object (star/
black hole, etc). It does not say anything about the interior of that source, so the static
solution is about the exterior. But in the case of the cosmological horizon of A > 0, there
is a part in the exterior (r? > %) in which the time-coordinate changes from ¢ to r. In
this case there’s no global time defined, no time Killing vector, no static solution and thus
no Birkhoff’s theorem for the spherical symmetric stationary manifold with a cosmological
constant A > 0. We can conclude now that from starting with a spherical manifold in
vacuum we can find a unique and static metric for A = 0 and A < 0, but we can not find
a static solution for A > 0 and thus in the latter case will be no Birkhoff’s theorem. We
only talked about the metric exterior of the gravitational source in this section; Birkhoff’s
theorem was valid independent of the dynamics of the gravitational source. In the next
two sections we will talk about what happens in the interior of the gravitational source.
In the next section we will talk about the conditions for a star to be in equilibrium or not.

And in the section after that we will talk about gravitational collapse.

3.2 The Tolman-Oppenheimer-Volkoff Equation

The Tolman-Oppenheimer-Volkoff equation (TOV equation), named after the authors of
the famous papers [19, 20] 21], governs the hydrostatic equilibrium of a perfect fluid in gen-
eral relativity. Therefore it can be applied to stellar objects that are static and henceforth

can predict certain limits on star mass and size.

For most of its lifetime, a star is in a static situation where protons in the core are fused
to a bound state. The bound state has a lower energy than the two separated particles, so
highly energetic photons are emitted. It is important to note that these photons generate
an outward pressure: the radation pressure. This outward pressure plays a large role in
counteracting the inward gravitational force. That is why active stars have essentially no

upper limit for the mass.
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From astronomical observations it appears that there are several possibilities for the ‘end’
of the star. This is when the efficient fusion processes can no longer be maintained. We
use the name ‘progenitor star’ for the original star, i.e. the star in its normal phase. What
follows is a simplified categorization of stellar remnants. More info on stellar evolution can
be found in e.g. [22].

e [f the progenitor star is lighter than roughly 8 solar masses M, the star will collapse
to a white dwarf: The star does not produce energy anymore and cools down slowly.
The electron degeneracy at the core counteracts the gravitational force by means of

the Pauli exclusion principle.

e If the white dwarf grows heavier than 1.44 M, (if the progenitor mass is larger than
8 Mg, or if a white dwarf gathers mass from a neighbouring star), the inward gravita-
tional force is larger than the force outwards resulting from the electron degeneracy.
This means the static situation can no longer be maintained and as a consequence
the electrons in the core fuse with the protons and become neutrons. This releases a
catastrophic amount of gravitational potential energy so generally a large part of the
star’s outer layers are blown away and a static neutron star is born. This explosion

is called a supernova.

The mass limit of a white dwarf (1.44 M) is called the Chandrasekhar limit, named
after the physicist who derived it quantitatively[23].

e If the progenitor star was heavier than 15 to 20 M, there is no stable solution for
a neutron star since even the neutron degeneracy and strong nuclear interactions
cannot cope with the gravitational force. No force in Nature can withstand the
inward force so the neutron star collapses as well and a black hole is born. This can

also happen if a neutron star gathers mass from a neighbouring star.

This limit corresponds to a mass of 1.5 — 3.0 M, for the neutron star and is called
the TOV limit[21].

The Chandrasekhar and TOV limit can be calculated by using the TOV equation, which

we derive in the next section.

3.2.1 Derivation of the Tolman-Oppenheimer-Volkoff Equation

Let us take a metric of the following form:

ds? = —e®dt? + 2 dr? + r2d0?, (3.2.1)
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dQ? = d#?* + sin® 6d¢?, (3.2.2)

where ® and A\ are functions of r only since we try to describe a static, spherically symmetric
case. Additionally, we have left out any drdt product since that can be removed by a

coordinate transformation, as shown in the previous section.

With this metric, we will use Einstein’s equations to determine the equations for the
structure of the star, so we can calculate the limits on the size and mass of the star. First
we need some parameters to describe the star itself. We will use a perfect fluid to model
the star’s distribution of matter, since shear stresses, viscosity, or heat conduction are
negligible on a hydrodynamic time scale because all fermion states are already occupied
(full electron or neutron degeneracy). Therefore the star can be described in its rest frame

by just two parameters: the mass density p(r) and isotropic pressure p(r).

We define
da# . .
ut(r) = T The 4-velocity of the fluid, (3.2.3)
T
T (r) = (p + p)uru” + pgh” The energy-momentum tensor. (3.2.4)

Because the star is static, the only nonzero component of u is u!, whose value is determined
by the fact that it is time-like:

—1= uu’ = —e*®utut 3.2.5
Guv )

ut =e . (3.2.6)

This makes the energy momentum tensor (3.2.4)) very simple:

T = —p, (3.2.7)
T =T\ =T%=p, (3.2.8)
T =0 otherwise. (3.2.9)

Now we can use Einstein’s equation, R, — %ng, + %Agm, = 8nT,,, to solve for the

s
pressure and density function (please note that we deviate here from the definition of
Einstein’s equation used earlier by including the factor 8w, since in this way the physical
quantities will appear in a more natural way). We will ignore the cosmological constant
A in this case because in our universe the presumed small and positive value of A will not
have a notable influence on the hydrostatic equilibrium. However, as an academic exercise
or as a useful result for AdS/CFT, solutions have been calculated for the TOV equation

with nonzero cosmological constant [24].
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Einstein’s equations without cosmological constant give (prime denotes derivative with

respect to r):

oy —1+ e+ 2r)\

—8mp = —e” = ) (3.2.10)
S — —1+ 62;§1 + 27@’)7 (32.1)
srp = - ZX = ®) <1r+ re) +ret (3.2.12)
Rewriting the (¢,t) component of Einstein’s field equations yields
G, = 7“_2% (r(1—e)) = 8mp. (3.2.13)

This suggests that the quantity inside the brackets looks somewhat like an enclosed mass.

Defining 2m(r) = r(1 — e=2*), this is confirmed for Newtonian physics:

m(r) = /OT 4 p(r')dr’. (3.2.14)

However, we cannot use Newtonian physics if we are describing the inside of the star since
we need to take the metric into account. It would be naive to just assume that m(r) is the
enclosed mass, but we will try to provide some evidence that it really is the case. Only
then we can relate this quantity to astronomical observations of stellar objects, and use its
boundary conditions. To prove this, we first notice that the total energy of a star consists
of the rest mass, the internal energy and the potential energy. We split up the energy
density p,

p = pion + (p — pron), (3.2.15)

in which the first term is the total rest mass of n particles per unit volume with mass py,
and the second term consists of the internal energy density. We will investigate what this

means for the potential energy.
In general relativity, the proper volume of a spherical shell of thickness dr is

AV = 47r2\/|gye|dr = 4mr?(1 — 2m/r)~Y2dr. (3.2.16)

The total rest mass and the internal energy inside a sphere of radius r are then
mo :/ pondV :/ prondmr®(1 — 2m /') =Y 2ds (3.2.17)
0 0

U= / (p — pon)dV = / (p — pon)dmr(1 — 2m/r") =Y 2dr. (3.2.18)
0 0
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That means that if we subtract the two quantities from m, we should end up with the

potential energy.

m(r) — (energy calculated from GR)

= /T drr?p(1 — (1 = 2m/r)~Y?)dr (3.2.19)

~ /07“ 47r?(pm /r)dr. (3.2.20)

The latter approximation is the Newtonian limit. It appears to be equal to the gravitational
potential energy. This hints that we can take m(r) for the value of the total enclosed mass-
energy in a sphere of radius . We will use this interpretation in the next section, where
we build a model of a star and derive some conclusions on limits on the star’s mass and

size.

We continue the derivation of the TOV equation by looking at the (r,7) component of the
field equations:
G" = ’)"72(—1 + 672)\ + 27-672)‘(1)/) = 87rp. (3221)

T

This yields the equation for the gradient of ®, after using the freshly defined enclosed mass:

de _ m(r) + dnr3p(r)
dr r(r —2m(r))

(3.2.22)

In the Newtonian limit, m/r = 1 — e72* < 1, and ignoring the pressure contribution, this

reduces to d®/dr = m/r? which is the classical gravitational force.

After combining the equation for p, the conservation of the energy-momentum tensor
V,.T" =0 (because of the Bianchi identity for the Einstein tensor) giveq'}

B dp do

L lprp) (3.2.23)

We can substitute the equation for ® into (3.2.23)), yielding the famous TOV equation:

dp  (p+p)(m+47r’p)
R (3.2.24)

Let us cast this in a more suggestive form using dm(r) = 4wr?p(r)dr, to be able to read

what this equation really tells.

wlaplr) =09 (1 20 (4 00 (Bl .

r2 p(r) m(r) r

Force acting on the shell R
! & Newtonian

(3.2.25)

IFor a rigorous derivation, see for example [25].
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The left hand side tells us what force is exerted by the pressure on a specific radius inside
the star. If the star is in equilibrium, this outward pressure is counteracted with the
gravitational force. This is the right hand side of the equation. We recognize the Newtonian
gravitational attraction in the first term, and three correction terms due to relativistic
effects. From the first and second correction terms it appears that not only mass but also

pressure causes gravitational attraction.

The TOV equation has a larger numerator and a smaller denominator than the Newtonian
equation so we expect higher pressure inside the star. Additionally the rise of the pressure is
accelerated because of the pressure correction term in the numerator. This will ultimately
imply that there are fundamental limits on masses for strongly gravitating objects. This
is most easily seen from the fact that the star cannot be in equilibrium if 2m(r) > r since

the pressure gradient would blow up.

3.2.2 Physical Solutions of the Tolman-Oppenheimer-Volkoff Equa-

tion

Let us construct a stellar model with radius R and constant density py. This is not very
realistic because it is known that stars do not have a constant density (see Section [3.2.3]
for work on a more realistic approach). For now, the constant density will help us to keep

the equation clean and focus on the physics.

A constant density means the following holds for the enclosed stellar mass:

4/3mpor® r<R
m(r) = /370 (3.2.26)
4/3tpoR*=M r >R

The line element, using the definition of m(7) in terms of A, then takes the following form,

ds® = —e?®dt* + o + r?d0%. (3.2.27)
1—=2m(r)/r
We will use the equations derived in the previous section to learn about the metric and hy-
drostatic properties of the star. These equations are the mass equation , with
boundary condition m(0) = 0, The TOV equation , with boundary condition
p(R) = 0 (no pressure at the boundary of the star), and the source equation for ® (3.2.22)),
with boundary condition ®(co) = 0 (flat spacetime at infinity)
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Outside the star The boundary of the star is defined as the point where p becomes zero
(and stays zero due to the TOV equation because at the boundary also p is zero). Outside
the star there is only vacuum, so only ® and X\ are of relevance in this case. Integrating

the equation for ® (|3.2.22)), we see:

1
O(r) = B log(1 —2M/r) (3.2.28)
Using this, the geometry reduces to the Schwarzschild metric in accordance with Birkhoft’s
theorem: )
2M 2M N\
ds? = — <1 — —) dt* + (1 - —> dr? + r?dQ? (3.2.29)
r r

Inside the star We can solve the TOV equation after plugging in the equation for m(r)
(using e.g. Mathematica):

(3.2.30)

(1—2M7r?/R%)'? — (1 - 2M/R)"/?
P(r) = po {3(1 —2M/R)Y/2 — (1 — 2M7“2/R3)1/2}

This is an important result, because now the physical bounds on the star mass and size

arise explicitly. Let us focus at first on the pressure at the core of the star:

1—(1—2M/R)"? }

pe = p(0) = po {3(1 “oM/R)E 1 (3.2.31)

This reaches infinity for a limiting value of M/R = 4/9 (this is an additional requirement
for the star, alongside m(r)/2 > r). This means the star can no longer be in equilibrium
and thus something must happen. This will be the collapse of the stellar object. In Figure
this can be seen explicitly. The pressure inside a star is plotted for various mass/radius
ratios. For M/R < 4/9 the pressure at the core stays finite, and for M/R = 4/9 the

pressure scales like 1/r%] yielding an unphysical situation at the core.

In Figure one can see how the central pressure develops as a function of the mass/radius
ratio. The critical value, M/R = 4/9, is clearly visible. Interesting to see is how steep the
central pressure increases near this threshold value. This is due to the occurence of p(r)
at the right hand side of the TOV equation. If p(r) is already large, it will increase even

faster because its gradient (the left hand side) will also be large.

The precise meaning of the fundamental limit on the star’s mass takes some effort to
analyze, because one needs an equation of state, relating the pressure and density inside
the star. Additionally, a star will of course collapse long before the pressure has reached

infinity, because the fermion repulsion force is finite. The calculation of the TOV limit is
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Figure 3.1: The pressure p exerted at a shell at radial position r inside the star for various
ratios M/R. The green line corresponds to M/R = 4/9 ~ 0.44 (this value causes the
pressure to become infinite), yellow M/R = 0.42, red M /R = 0.4, blue M/R = 0.3.

ple
7

(]

Figure 3.2: The pressure at the core of the star plotted against the mass/radius ratio M/R.
The fundamental limit of this ratio is M/R = 4/9.
Pclp

20} |

done in detail in [2I] for neutron stars. The final result is that the mass of a neutron star

cannot exceed 0.7 solar masses. Later this has been corrected to 1.5-3.0 due to increased
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knowledge on the neutron star formation[26]. This uncertainty is largely due to the fact
that we do not really know the structure of the neutron star. There might be a quark-
gluon plasma inside, surrounded by a fermi liquid. For white dwarfs this limit is 1.44 solar
masses. This outcome has been calculated by Chandrasekhar by other means before the

TOV equation was discovered.

In Section 3.3 we will use a simplified model of a collapsing neutron star to check if a

collapse into a black hole is a physically acceptable solution to Einstein’s equations.

3.2.3 Realistic Stellar Models

So far we have treated a highly simplified model of a star. To achieve more realistic results,
one needs to take extra factors into account. First of all, the density inside a star will not
be constant (there is no such thing as an incompressible fluid). Secondly, a model of a
stellar object that is rotating is of relevance because most neutrons stars are known to
rotate very fast. Finally, also a charged star can be considered. However, charged stellar

objects are not common because they neutralize by attracting oppositely charged particles.

Extension of the TOV equation for the charged case is done in e.g. [27]. By taking the
Reissner-Nordstrom metric outside the star and assuming that the relation ggpg;; = —1 also
holds for the interior solution for the metric, the equation of structure gets the following

correction:
dp _ (p+p)(m+47mr’p) 1 d

= —q 2.32
dr r(r —2m) —g (r), (3232)

with ¢(r) the enclosed charge. This equation can be solved for a given charge distribution
o(r), but then it appears that the total gravitational mass of the stellar object scales with
this parameter. For ¢ = 0, also m(r) = 0. This means the gravitational mass is of purely
electromagnetic origin, which is not the case for white dwarfs and neutron stars (made
of hadrons). Unfortunately, this is the only case where one can solve the TOV equation

explicitly for a charged stellar object.

Numerical analysis on normal (massive) charged stars has been performed [28]. It appears
that a charge of 102°C is needed to have any noticable effect on the star’s structure. If
these highly charged compact stars exist, they need to be isolated systems since outside the
star, the Coulomb force would overwhelm the gravitational force. Any oppositely charged
particle in the stellar atmosphere will be attracted and similarly charged particles will be

repulsed by the charged star.



3.3. GRAVITATIONAL COLLAPSE 7

Rigidly rotating stars are treated in [29], but one has to resort to numerical methods to
find solutions of the structure equation. It appears that in the rotating case, the mass can
be about 20% larger than in the nonrotating case. However, the analysis of rigid rotation
is limited by the spin rate at which the fluid at the equator moves on a geodesic, and any
further speedup would lead to mass shedding of the stellar object. Therefore, so called
‘differentially rotating stars’ must be considered, further complicating the problem. This

is treated in e.g. [30].

3.3 Gravitational Collapse

In the previous two sections, we have basically treated two prerequisites for the possibility
of actually forming black holes in nature: first we have seen that under certain (physical)
circumstances a star’s pressure is not big enough to keep it in equilibrium, and second we
have seen that once a spherical distribution of matter is contained within its Schwarzschild
radius, we can only find the Schwarzschild metric outside with its familiar “black hole”
horizon. The part that is still lacking in order to argue that black holes might actually
form in nature is the part in between: can we show the transition from a star that cannot
withstand its gravitational pull, to a situation where all matter is within the Schwarzschild

radius and the metric outside is Schwarzschild, is indeed a physical process?

Before we look at the particular example of a gravitationally collapsing spherical shell
of dust that leaves behind the Schwarzschild metric, let’s quickly discuss the Newtonian
analogue in order to appreciate the differences from a general relativistic treatment. To
the reader it might seem obvious that in Newtonian theory a spherically symmetric body
of dust (pressure p = 0), will collapse to some sort of singularity at » = 0 (the gravitational
force will blow up). However, we expect from Kepler’s laws of orbital motion, that as soon
as we depart from perfect spherical symmetry, the dust particles will not fall all the way
to r = 0, but will rather loop around it in some way (of course exact solutions in a non
spherical case are hard to find). Also notice that the Newtonian solution to this problem is
already less trivial than simply investigating the motion of a particle in some background
gravitational field, because the background field is itself changing as a consequence of the
motion of the dust particles. Like usually is the case, a full general relativistic treatment
of this dynamic solution will result in a more complicated spacetime curvature and will
require us to carefully define and treat the coordinates we use. Moreover, there are some
fundamental physical differences too. First of all, we know that the Schwarzschild radius

has some interesting physical implications and we want to make sure that we can properly
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describe collapse through this radius, for which the horizon properties appear. Second, the
sensitivity to a departure from spherical symmetry is much less. A first hint that this is
the case can of course be found from the study of an infalling test particle in a background
Schwarzschild metric: if the energy is large enough compared to the angular momentum,
the particle will always fall into the singularity. Also, we have seen that once any matter
passes the Schwarzschild radius, there is no returning: another aspect that clearly indicates
the different nature of gravitational collapse in general relativity. A comprehensive figure

that illustrates most features of gravitational collapse is included at the end of this section.

Having argued why we are interested in studying examples of gravitational collapse, we will
next treat a first example of a solution to Einstein’s equation that describes gravitational
collapse. Later on we will briefly discuss what happens when we depart from this idealized
situation, by considering different non spherical setups. A technical treatment of these,

however, is outside the scope of this book and so we will stick to a qualitative discussion.

3.3.1 Infalling Spherical Shell of Dust

In general relativity language, the task of showing the reality of gravitational collapse,

comes down to finding a metric that:

1. allows for a horizon in terms of the selected coordinates;

2. yields an energy momentum tensor, by means of the Einstein equation, that describes

the motion of collapsing matter through a horizon.

This metric is actually relatively easily found in the case of a spherically symmetric, in-
finitely thin dust shell, radially falling in at the speed of light. The reason for this is that
we can exploit the power of Birkhoff’s theorem. Namely, in looking for a solution to the
infalling spherical shell of dust, we already know that if we are going to find a solution, the
interior as well as the exterior solution has to be Schwarzschild. In what follows, we shall
start with the exterior Schwarzschild coordinates, transform them to new coordinates that
describe the entire spacetime, and assume that the form of the metric in the interior region
is very similar to the transformed Schwarzschild metric outside. Below we will display
what exactly we mean by this statement and show that this way we indeed find a metric

that describes gravitational collapse of dust infalling at almost the speed of light.
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Let us first discuss the properties we want to find for the shell of dust. By definition, the
energy momentum tensor of dust is

o
Codr

Note that dust is defined as a pressureless gas of non interacting massive particles, which

T = —plx)ufv” 5 u” (3.3.1)

means that formally it cannot move at the speed of light. What we will do is to consider dust
that approaches the speed of light. This means that in terms of the exterior Schwarzschild
coordinates u” = —A goes to infinity. In order to be able to take a proper limit, i.e. without
blowing up the energy momentum tensor, we will simultaneously be treating an ever less
dense collection of particles: if the original rest mass was M, we will consider the speeded
up dust to have rest mass M/A? Then, using u*u, = —1 and solving for u’, the four

velocity in terms of the Schwarzschild coordinates becomes

H= A + ! A,0,0
BN NEE N ER S N

which in the limit A — oo becomes

1
F=A|l ————,-1,0,0 .
Uu (1—R8/r’ 77)

The initial condition of a shell of dust infalling at (almost) the speed of light from r = oo

at t = —oo can be translated into the statement that at ¢ — —oo, the energy momentum
tensor looks like:

T, = 5(r—+1), (3.3.2)

4Amr? A2
where the 1/4mr? term was inserted so that at infinity, where spacetime is just Minkowski
spacetime (for which we have a good understanding of what energy conservation means),

we have

E:/iwmﬁmmw:M, (3.3.3)
0
where we use that at t — —o0, p(x) = §(r + t)M/(47r?A?).

Now that we know what the energy momentum tensor in this setup looks like, our task is
to find a metric that yields this energy momentum tensor in Schwarzschild coordinates. As
we mentioned above, we are particularly interested in understanding gravitational collapse
through the Schwarzschild radius. We have seen in the previous chapter that Schwarzschild
coordinates are not the desired coordinates if we want to calculate the Einstein tensor in the
entire spacetime. Therefore we change the exterior Schwarzschild coordinates to ingoing
Eddington-Finkelstein coordinates, introduced in chapter 2, which are very convenient

for infalling null geodesics. Then, because we know that the interior solution has to be
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Schwarzschild too, we expect it to be a good choice to extend these coordinates to the
entire spacetime, and assume that the only thing that will change from one region to the
other is the mass parameter in the metric. We recall that these coordinates are defined by

replacing the exterior Schwarzschild ¢ with
v=t+r+ Rslog(r — Ry). (3.3.4)

Note that v has the nice property that on null rays

dv 1 dt

ey e (3:3.5)

which means that the dust shell will approximately move on paths defined by v(s) =
constant. This property becomes manifest by choosing the following metric in terms of the

new coordinates:

<m;:-41—§Eﬁyw2+2mﬁr+r%Q2 (3.3.6a)
T
RS ou
dsgy = —(1— =2)dv” + 2dvdr +r°dQ2?, (3.3.6b)

for which the radial lightcone, ds? = 0 has the two legs:

dv dv 2
W, Yoo
dr dr  1—Rs/r

(3.3.7)

Then our dust shell moves on the path v = 0 (and possible subsequent shells will all move
on paths given by v =constant). This means that the parameter R, should be a function

of v only:

ds® = — (1 — RS—(U)) dv? + 2dvdr + r2dQ2. (3.3.8)

r

In the slightly more general case of several dust shells radially infalling at the speed of
light, we have
Rs(v) = 0(v — v;)2M oyt + 0(—v + v;)2M;,, (3.3.9)

where M,,;, — M;,, = M;, the mass of the i-th shell, and © is the step function. Relating the
Schwarzschild radius, which is formally just a parameter in Birkhoff’s theorem, to the mass
in this way is suggested by considering the asymptotic regime, where the r-component of
some shell becomes very large and the weak field approximations are valid. The metric

components in these coordinates are thus:

go=—-1+RJ/r gun=gi0=1 g1 =0 ge=1% gs3=r2sin*(0)
GU=1—RJr M =g0=1 0= g2=1 B___1

r2 r2sin?(0)

(3.3.10)
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Now it is just a matter of calculating the Einstein tensor. Denoting Ry = dR, /dv, we find

the nonzero Christoffel symbols:

X ; . R2
[0 = 50 My =Tlo=—35 To=1%2+33— 55
1 2 2 2 1 3 3 1 (3.3.11)
[y = (Rs — 7)sin”(0) F122112122 F13:F31:;
To shorten the calculation, we note that
1
@p(log V—g) = 59““ G = ng , (3.3.12)
so that we can write the Ricci tensor as
R,ul/ = _<10g V _g>,,u,1/ + F;oju,a - Fgurgu + qu(log \% _g)7a ) (3313>

where log /=g = 2logr + log(sin #). Using this, we find that the only nonzero component
of the Ricci tensor is )
R,
Ry = = (3.3.14)
Hence the Ricci scalar is zero and upon inserting the factors of 87 and using (3.3.9)), the

nontrivial part of the Einstein equation becomes:

This we compare to the the energy momentum tensor of the dust shell. Note that our new
coordinates are chosen such that the four momentum of the shell becomes u#* = (0, —A, 0, 0)

and thus u, = (—A,0,0,0). Substituting this into the Einstein equation yields

2M. )
8rGp(r)A\? = # (3.3.16)
i.e. Mib(v3)
10\ V4

In particular, for ¢ — —oo, d(v;) can be replaced by d(r + t) in terms of the exterior
Schwarzschild coordinates, which shows that the geometry is due to dust of mass M;/A?
that was initially falling in at the speed of light and subsequently moves along a geodesic
(constant v;) of this geometry. In other words, the shell of dust falls in as a consequence of
its own gravitational field. Also, paths of constant v clearly cross the Schwarzschild radius.
Figure schematically shows what happens to the metric, in particular the horizon, when

several spherical shells of mass fall in on paths of constant v.

Thus, we see that at least this idealized version of gravitational collapse through the
Schwarzschild horizon is a viable solution to the Einstein field equation. The original
example, that of a uniform-density ball of dust actually moving along non-null geodesics,

can be found in the classic paper by Oppenheimer and Snyder [31].
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Figure 3.3: Schematic gravitational collapse of several shells of dust along null geodesics

(v = constant).
3.3.2 Realistic Gravitational Collapse

Like we mentioned before, one of the important differences between relativistic and New-
tonian collapse lies in the “robustness” of the solutions with respect to non spherical
perturbations. Generically, it is rather hard to solve Einstein’s equations in the presence of
non spherical perturbations. This was the reason for a period of doubt in the 1960’s as to
what the effects of such a perturbation would be. One viewpoint was that initially small
perturbations would grow without bound, stopping the collapse or destroying the event
horizon. Note that this means that the existence of black holes in nature was still highly
doubted at that time. The opposite viewpoint was that collapse in case of non spherical
perturbations behaves qualitatively the same as spherical collapse (below we will comment
briefly on what the qualitative features of spherical collapse are). The most conclusive
work that largely settled the issue seems to be [32]. In it he shows first and foremost that
the perturbations neither disappear nor halt the collapse through the gravitational radius.
Secondly, he shows that to an observer outside of the Schwarzschild radius, the metric

approaches the spherical Schwarzschild solution as time goes to infinity, where we have to
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keep in mind that to an outside observer it will take infinite time for matter to reach the
Schwarzschild radius. Moreover, in later papers [33] [34] he shows that if we consider the
small perturbations to be due to a spin-s field (spin-1 for electromagnetism and spin-2 for
gravitational perturbations), the final field outside the horizon can only have contributions
from multipoles with [ < s. In other words, all multipole contributions to the outside field
with [ > s get radiated away to infinity or back to the black hole, as the nearly spherical
mass collapses to a black hole. The latter goes under the name of Price’s Theorem. Note
that this is directly related to the “No Hair Theorems” discussed in the next chapter, stat-
ing that the only nonvanishing contribution to the electromagnetic field is the monopole
Coulomb field and the only nonvanishing contributions to the gravitational field are the
monopole field determined by the mass parameter and the dipole field determined by the
angular momentum parameter. This is in accordance with the general solutions we found
in the previous chapters and it shows that physical collapsing bodies will indeed leave
behind those solutions as they cross the horizon. For a lengthier qualitative discussion of

non spherical collapse we refer the reader to [25].

3.3.3 Consequences

The main differences between the Newtonian and relativistic treatments are the existence
of a horizon and the nature of the singularity. The issue of singularities and their relation
to the existence of a horizon will be investigated more generically in the next sections. Here
we will just briefly comment on the physical implications of the horizon in gravitational
collapse. First of all, as we have seen in the previous chapter, but as can also be seen from
the “outgoing” leg in (3.3.7]), the Schwarzschild radius really is a point of no return for
the collapsing matter: as soon as it passes it, the only way is inward. Second, an outside
observer sees the matter slow down and approach the horizon infinitely close, as can be
inferred from the outgoing null geodesics of light sent from the matter. A question we
therefore have to ask is in what sense a black hole actually can be called a black hole, if
an outside observer will always see light coming from the object (see §33.1 in [25]). The
argument here is that the signals coming from the surface of a collapsing star are strongly
redshifted and hence the total observed luminosity of the star will decay rapidly: it goes
dark. The original work on this is also the 1939 Oppenheimer and Snyder paper. A nice

comprehensive image of what happens during gravitational collapse can be obtained from

figure [3.4]
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Figure 3.4: Gravitational collapse in ingoing Eddington-Finkelstein coordinates.

3.4 Singularity Theorems

After some exact solutions of the Einstein’s equations were found, a fundamental question

arose: are singularities in General Relativity characteristics of highly symmetric solutions
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only, or are they actually present in the real world? Can it be, like in Newtonian mechanics,
that as soon as perturbations are introduced, the singularities disappear from the theory?
The singularities theorems by R. Penrose and S. Hawking answer these questions, by
showing that, under certain conditions, singularities always arise, regardless of the details

of their formation.

3.4.1 Conjugate Points and Definition of Singularity

To develop the framework in which such theorems can be proven the first step is to give
a suitable definition of what a singularity actually is: naively one would claim that singu-
larities are the points where the metric fails to be continuous (or differentiable). However
the problem with this definition is that, in order to build a mathematical structure for
the space-time, we have to assume it is everywhere C?, and thus every allowed space-time
has no singularities by the above definition. To have a precise definition of singularity one
should think that it is a point outside the theory, which means that the future (or the
past) of that point cannot be predicted with the means of the theory. We can make the
intuition precise by requiring that any geodesic, the trajectory of a free falling body, must
be extendable to arbitrary values of its affine parameter, then we say that space-time is
g-complete. If the condition is not met, the space-time is g-incomplete and we shall say
that our space contains a singularity. As an example one could consider the Schwarzschild
black hole, where the origin of the coordinates is a singularity: an infalling body or photon
will reach the singularity after finite value of the affine parameter and thus its geodesic

will be inextensible after that point.

The second concept we are interested in is the notion of conjugate points: points p and ¢
along a geodesic y(s) are said to be conjugate iff nearby geodesics at p eventually collide at
q. Since gravity is an attractive force, it focuses geodesics, and if the generated curvature
is strong enough, conjugate points always develop, provided we can extend the geodesics

arbitrarily far in the past and in the future.

To prove the above claim, we are going to look at a family of curves, A(t) with tangent
vector Z%. We will then define a vector field V* whose integral curves are geodesics, either
time-like or light-like, and parallel transport A(¢) along V. This construction generates
a family of curves, \(¢,s), where “s” is the coordinate along which we parallel transport,
called a congruence of geodesics. We want to look at the separation of nearby curves and

for the conditions in which conjugate points arise if we assume extensibility. We have [4]

D Z% = 7PV 3V, (3.4.1)



86 CHAPTER 3. BLACK HOLE FORMATION

minimal geodesic

q -\\$<vithout conjugate points
AV ‘

\
geodesic Y \I \
| \
‘ \
-
point conjugate \ 1 ‘,'
to p along Y [ da |
neighbouring /
<7 geodesic /

point conjugate to p

Figure 3.5: Schematic idea of conjugate points: on the left, nearby geodesics leaving p
eventually meet at r; on the right the example of a sphere, whose north and south poles

are an example of conjugate points (but on a non lorentzian manifold).

where Dg means the covariant derivative of Z¢ along the coordinate s. We are interested
in the separation between neighboring geodesics, not between points on the same geodesic,

which means projecting the above equation on the subspace orthogonal to V¢:
Z$ = (05 +VVp) 2P = h 2" (3.4.2)

As it can be easily checked, the tensor hj projects any vector onto the subspace orthogonal
to V@, if V¢ is time-like. The situation is slightly different if the geodesics are null, and it
will be analyzed separately. The perpendicular part of Z¢ satisfies ([3.4.1)):

D.Z% = Zivve. (3.4.3)

If we project this onto the subspace perpendicular to V¢ and then take the covariant

derivative, and project once more we get:
h3Ds (h2 (DsZ])) = —R3.sVPV°Z7, (3.4.4)

where we used that, for a geodesic’s tangent vector, VAV 3V = 0. We now redefine our
coordinate basis as {eq}a—01.23, where the basis elements are orthogonal. If we parallel
transport this basis along the vector field V¢, it will stay orthogonal because A(tg, s) is
a geodesic. The definition of this new basis is given by V%, = V%,. We have that
Z, = /%, where a = 1,2,3 an Dy = d%. The above equations simplify into:
dz~
ds

2For a more detailed analysis of this claim see [4] .

= VsVZh, (3.4.5)
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d?z«
ds?
Note that here, the sum with Z% runs for o = 1,2,3, and we used the fact that R{;, =
ngvﬂ V9. The covariant derivative of V' has components for o, 3 = 1, 2, 3 in the equation.
We shall then rewrite:

= —Rj3Z° = =R VIV 27, (3.4.6)

1
VaVs = Sap + Aag + 30hap. (3.4.7)

As a representation of a tensor into its symmetric traceless, antisymmetric and trace parts.
Here V3V, is a 3 x 3 matrix. To understand the physical meaning of this decomposition
we make an analogy with fluid dynamics, and attribute to the vector field V¢ the meaning

of flow lines, along which the curve A(t) is flowing:

e A,p, represents the vorticity of the lines and it is zero along geodesics, as they are

“straight lines” in a geometrical sense [35].

o S, represents the shear, the change in shape of a small neighborhood of curves.
However since it is traceless it does not contain information about the actual change

of the volume.

e O represents the divergence of nearby geodesics, and thus the change in volume of a

small neighborhood of curves. It is the quantity we are interested in.

Plugging ([3.4.5) into (3.4.6) and substituting the above decomposition we then get:

do
R e (343)
Typically known as the Raychaudhuri equation or focusing theorem.

For light-like geodesics the situation is slightly different, as the vector field along which
we are transporting the curves, K¢, satisfy K*K, = 0. Thus the subspace orthogonal to
K% actually includes K*. However we can do the same analysis as before, but now we are
interested in the projection of Z% onto the subspace orthogonal to K¢ not including K*.
The basis e, has again ej parallel to K<, but Z, = Z%¢,, where a = 1, 2. This also implies
that the decomposition is done using 2 x 2 matrices. (3.4.8]) will then be:

de 62
— = aB _ KYKP — —. 4.
& aBS R.gs 5 (3.4.9)

Since 6 represents the divergence of nearby geodesics, when it becomes —oo, all the neigh-
boring curves will converge, meaning that conjugate points will form. From equation (3.4.8
3.4.9) we can see that, when R,3V*V? > 0 the divergence of neighboring geodesics always
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decreases. In particular, if for some s; the density 6;<0, then § — —oo for s € [s1, s1 — %]
ﬂif we can extend the curve that far: this can be proven from the Raychaudhuri equation,
by considering only the term % and integrating both side. It can be also shown that
when R,gV*V# > 0 holds at point 7, then there exists a conjugate point in the past of r

and one in its future [4].

However, if we do not assume g-completeness, we may not be able to extend all geodesics
until finding the conjugate point, given that the above conditions are respected. In other
words, the existence of conjugate points along all geodesics requires RosV*V? > 0 and

that space-time is g-complete.

3.4.2 Energy Conditions

Let us give a closer look at the condition on the Riemann tensor for which conjugate points
form. From Einstein’s equations we can express the condition on the curvature in terms

of the energy momentum tensor, to get:

T A
Ropg =Top — 5908+ 5 9as;

where T is the trace of the energy momentum tensor.

e if the geodesic is null we have T,3K*K? > 0. We shall call this the weak energy
condition. It can also be expressed by saying that the energy density is positive in
any reference frame. This is physically very reasonable and holds for most known
matter scalar fields, electro-magnetic radiation and fluids with reasonable equation
of state [36].

e if the geodesic is time-like we find T,5VVF > VaVa(% — %), which is stronger,
but still met in most realistic physical systems. We shall call this the strong energy
condition. This is less likely to hold than the weak energy condition, but it is still
met, in an average sense, by most known space-times [36]. Note that the strong

energy condition implies the weak for A < 0, but not otherwise.

Note that a pair of conjugate points can exist on null geodesics, but not on time-like

geodesics, if the weak energy condition holds, but not the strong one. This means that a

3n = 2 for null geodesics, n = 3 for time-like geodesics.

4We will then get 0 < ==y, Which implies the above claim.

— Ty
(31 91)
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space-time can be null geodesically incomplete, but time-like geodesically complete, and

the other way around.

3.4.3 The Swarzschild Example

In this section, we illustrate the concepts developed in the previous one, by considering the
geodesics of the Swarzschild space-time, and show that they will converge at the singularity.
In this case, the existence of conjugate points is implied by the Raychaudhuri equation, but
the geodesics cannot be extended to find the conjugate point because of the singularity. For
simplicity, we restrict ourselves to radial motion only. We also note that, in the Swarzschild

space-time, the energy conditions both hold with the equality sign.

Consider at first a massive particle falling from infinity towards the singularity. It will

follow the geodesic equations

du? 2M .
—_— = " 3.4.10
dr r2(1 — ¥)u o ( )
du” 2M\ M 9 M 2
=—(1—— | =" — (u")". 3.4.11
= (1220 00 s () (3.4.11)
Where u® is the 4-velocity, and therefore the vector field generating the congruence of
geodesics. Furthermore, we have the condition that the geodesic is time-like, u,u® = —1,
which means )
2M 2M N\
—1=- (1 — —) (u")? + (1 — —) (u")?. (3.4.12)
r r
From (3.4.10) we get, integrating in u'
oM\
ut = (1 — —) Cy. (3.4.13)
r

We find, by imposing that the particle has no radial motion at spatial infinity, that C'; = 1.

This condition can be derived from: —1 = u,u!, evaluated at radial infinity.

From (3.4.12)) we can derive the expression for u", which turns out to be

2M
u" =+ —. (3.4.14)
r
As we want to analyze particles falling into the singularity, we pick the solution with the

minus sign. We now have all the ingredients to calculate the divergencdﬂ

- 3 [2M
0 =T u + o + 170" +T5u" +T%u = 5\ 5 (3.4.15)
r

5The tilde sign on the divergence is only introduced to distinguish it from the coordinate 6.
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As expected, § — —oo, as r — 0. This implies that nearby geodesics at infinity converge
at r = 0, however, since the point » = 0 is a singularity, the geodesic is not extendable
that far. In principle, one could also check that the Raychaudhuri equation holds, using

the non zero components of the shear

2M 2M
Sy = — 3

ror

2M 1
Srr - 7"3 (1 2M)2’

" (3.4.16)

g _ 2M
-y

1 Mr
Sy — g T
% sin?(9) "%’ 2’

obtained with the formula

1 0
Sag = §(VQUB + Vgua> — ghag.

Note that S, is not a 3 x 3 matrix, because we are expressing it in the usual coordinates

{t,r,0,¢} and not in the basis transported along the geodesics.

We now analyze the case of light-like geodesics: the above derivation holds for uf, which

will be then given by (3.4.13)), but now equation (3.4.12)) becomes
2M oM\ !
0=— (1 - —) (u')? + (1 - —) (u")?, (3.4.17)

r r

which implies
u" = £|Cy]. (3.4.18)

Again we pick the solution with the minus sign and find the divergence

g _AGl (3.4.19)

r

Which proves that also light-like geodesics converge at » = 0, but cannot be extended that

far. For completeness we give the non zero components of the shear, which will be:

MC
Stt = 2 17
r
o MG
ey (3.4.20)
MC
St'r - .
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3.4.4 Trapped Surfaces

The last ingredient for the singularity theorem is the existence of trapped surfaces, which
marks the presence of horizons. One should think that what is hidden behind an horizon
can never go out, at least in a classical theory, in other words there exists some regions that
are indeed trapped, because not even light can escape from them. To illustrate this, let us
consider a closed, convex space-like surface S and a congruence of geodesics, orthogonal to
S, leaving it at ¢t = 0. At time ¢t = € there will be three regions that can be distinguished:

e the causal future of S, namely the set that can be reached by time-like or null geodesics

leaving S and traveling for € proper time, which we shall call V3;
e the region inside S, which we shall call V5;

e the region outside S whose points are not contained in the closure of V3, which we
call Vy(see fig. 3.6)).

At any point ¢ of S, we can introduce the basis formed by two space-like vectors tangent
to S, 11, and 75, and two null vectors orthogonal to S, Ny, and N3 ,, which define two
congruences of null geodesics normal to SH We shall introduce two tensors on the surface
S:

hop =T T g+ 15012 g, (3.4.21)

Xnap = = (VsNny) hLRG. (3.4.22)

Which are called the induced metric, used to calculate the area of the surface and to project
vectors onto the surface, and the second fundamental form, which represents the change of
the area as it is moved on the null geodesics. There are two second fundamental forms, as
there are two families of null geodesics leaving orthogonal to S, from now on labelled as
1,2. We will then define 0, 5 = XLQ,aggaB , representing the divergence of the surface area
as we start moving it along the geodesics. We say that S is a trapped surface if 6,5 < 0.

We say it is marginally trapped if the equality holdsﬂ

This means that all of the causal future of § is shrinking and going back to S itself. For

trapped surfaces we can prove the following theorem:

6The light-cones from S will have these 2 congruences as border.
"We also have that the largest trapped surface, which will be also the border of the trapped region,
must be marginally trapped.
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Figure 3.6: Representation of the idea behind a trapped surface: the region V3 represents
the part of space-time that can be influenced by what happens at S at time ¢t = 0. If the
boundary of V3 is to shrink back to S, then S is a trapped surface.

Theorem 3.4.1: If everywhere in the closure of the trapped region the energy density
T,sK*K” > 0, then the trapped region remains trapped forever and the area of the
largest trapped surface must stay constant or increase.

To illustrate this theorem we will apply the Raychaudhuri equation to a trapped surface.
and hold for T 5 ,, and as a consequence we can analyze the problem as before,
only now with the congruence of geodesics the ones leaving orthogonal to S and the curve
A(t) lying on the surface. Thus we have that 6; 5 is non increasing if TaﬁijQNf:Q >0, as
implied by the Raychaudhuri equation. This means that it cannot become positive if it
was negative and the surface will stay trapped forever. If the surface is marginally trapped
(612 = 0) then implies that 60, 5 either stays constant, in which case the largest
trapped surface stays constant, or decrease, in which case the trapped region becomes
larger.

As a consequence of this we see that, as long as matter respecting the weak energy condition
is thrown into a black hole, the value of T,s K*K” will be bigger or equal, so the largest
trapped surface can either stay constant or start increasing, in which case the black hole

has become larger. However, this result is a consequence of general relativity only and
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does not take into account quantum effects, as the Hawking radiation, that actually allows

a black hole to evaporate.

3.4.5 The Theorem

This concludes the necessary remarks, and we can state the singularity theorem in its most
general form: Theorem 3.4.2, Hawking-Penrose(1970): Space-time cannot satisfy all the

following at the same time:

i) There are no closed time-like curves.

ii) Any geodesic contains a pair of conjugate points.

iii) There exists a trapped surface.

The first condition is a general requirement on the causal structure of the universe and
it should be true in all causal space-times, since the interpretative difficulties that arises
in space-times containing closed time-like curves already characterize those space-times as
singular. The second, as we saw before, is a consequence of the energy conditions and

geodesic completeness, while the third describes the existence of an horizon.

There are several remarks that should be made. Firstly, one would hope that a space is
g-complete for time-like geodesics, if and only if it is also g-complete for null geodesics.
Unfortunately, this is not always the case. As we already pointed out an exception is when
the weak energy condition is respected, but not the strong one. Furthermore, in deSitter
space-time, we could have that the strong energy condition holds, but not the weak one.
This suggests that time-like and light-like singularities are distinct concepts and are to be
treated separately. Secondly, the theorem states that, in the presence of a trapped surface
and when the energy conditions are met, the space-time is geodesically incomplete. It
doesn’t say anything about the character of the singularities themselves, nor if they are in
the past or in the future. Thirdly, if there are no trapped surfaces there could still be a
singularity according to the theorem, in which case we would say it is a naked singularity.

In the next chapter we shall see how the naked singularities problem can be approached.
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3.5 Cosmic Censorship

The Schwarzschild metric initially caused some concern among physicists. Though it was
an exact solution to Einstein’s equations, the infinite curvature at the singularity made
it seem unphysical. Later on it was realised that such singularities were a generic feature
of general relativity. Because there is an event horizon that ‘shields’ the singularity, the
physics in the origin may get unpredictable, but it does not lead to any unpredictable

situations outside the horizon.

Solutions to the Einstein equations which possess not-shielded, or naked, singularities
are not difficult to find. Take for example the Reissner-Nordstrom solution of a charged
spherically symmetric black hole with the radius of the event horizon given by equation
, rgy = M + \/m We see that if @ is larger than M, the event horizon
disappears, though the singularity at the origin remains and the metric is still a solution
of the Einstein equations. If such a naked singularity existed, information from near the
origin, where the physics gets unpredictable, could reach distant observers and it would
spoil our view of general relativity as a deterministic theory. In 1969, Roger Penrose
therefore came up with the hypothesis that naked singularities do not occur in Nature.
This is what we now call the weak cosmic censorship conjecture. More precisely it states
that singularities formed after physical gravitational collapse will not be visible to distant
observers and thus realistic space-time is predictable and asymptotically flat. ‘Physical” in
this context means that we should impose an energy condition and that the initial data

satisfies some appropriate boundary conditions.

If there is a weak, there is of course also a strong cosmic censorship conjecture. This
would mean no singularities are visible for observers at future infinity, so even an observer
falling past the horizon of a black hole will never see the singularity. More technically it
means that all physically reasonable space-times are globally hyperbolic. This may sound
stronger, because it applies to all observers, not only the distant ones. However, if the
strong condition is met, this does not mean weak censorship is automatically satisfied.
Imagine for example a singularity is formed which propagates to infinity. This destroys

asymptotic flatness, but preserves global hyperbolicity.
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3.5.1 Arguments for the Validity of the Weak Cosmic Censorship

Conjecture

Though almost all physicists believe naked singularities can not exist in nature, cosmic
censorship is still conjectural. It can be very hard to decide whether a solution to the
Einstein equations is physical or not, thus it is not surprising that no one so far has
managed to prove that any physical realizable solution can not contain naked singularities,
or to put it differently, that any solution to Einstein’s equations which contains naked

singularities is unphysical.

The arguments for cosmic censorship are mostly philosophical. We want general relativity
to be a deterministic theory, so any unpredictable situations should be hidden from any
distant observers. Also, the theory of black holes is so beautiful, it would be a shame if
it is not physically relevant. We also have some circumstantial proof for the hypothesis.
We can try to make naked singularities starting from physical initial conditions and see
if we succeed. All the attempts to find counterexamples to cosmic censorship in the past
failed, as if there is some kind of conspiracy of Nature. As we look for example at a slightly
perturbed Schwarzschild metric, we see that perturbations do not grow in time, but in fact
disappear. Therefore it is a stable solution and the event horizon will not disappear when
the black hole is slightly spherically asymmetric. Two other examples which we work out

below are the attempts to overspin or overcharge a black hole.

Some other efforts trying to find counterexamples were more successful. For example the
collapse of an inhomogeneous spherical dust cloud. This problem can be solved in an exact
manner and then certainly leads to a naked singularity. At first sight this is a physical
solution, but if we look closer we find out that the assumption of dust, pressureless matter,

might not be an appropriate approximation for collapsing matter as the density blows up.

This is the way how research on the cosmic censorship conjecture is proceeding: trying
to find another counterexample and thereafter, proof or argue it is not physically realiz-
able after all. Every time another possible counterexample is found and disproved, this

strengthens our belief in cosmic censorship, but it cannot be called a proof.

3.5.2 Overspinning a Kerr Black Hole

We saw in Section [2.3] that the solution to the Einstein equations for a rotating black hole

is the Kerr metric, equation 1' It has an event horizon at ry = M ++/M? — (J/M)?,
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if and only if a := J/M < M. However, for a > M it still satisfies the Einstein equations.

We start with an extremal black hole, i.e. @ = M. One would think that if something is
dropped in with enough angular momentum compared to its mass, the angular momentum
of the new state becomes larger, such that a > M. If this could be done, we would end

with a naked singularity, a violation of cosmic censorship.

We look at an object in the equatorial plane (§ = 7/2) of the Kerr black hole, where the

metric reduces to,

(-2 0 0 -2
0 2o 0
v = 0 3 2 0 ) (351)
_27% 0 0 T2+a2+21\/r[a2

where A := r2 — 2Mr + a2.

The metric is independent of ¢ and ¢, therefore we have two conserved quantities along a

geodesic:
1 0L
€= = o = gl = gy’ — geou”, (3.5.2)
1 0L
= g = et = Goou® + gort', (3.5.3)

. M . . .
with u# := ddiT the four-velocity. Because we can normalize the four-velocity we have, for

timelike trajectories u - u = —1,
~l=u-u=guuu = gu(u)? + 2g;5u’u’ + goes(u®)?. (3.5.4)

Combining this with equations (3.5.2)) and (3.5.3) and plugging in the metric (3.5.1)), we
find eventually

e? —1 1 /dr\?
5 = 5 (E) + %ff(neag)? <355)

where the effective potential is

2 20,2 . 2
Vig(ret) = M Ezale =) M(E—ae)” (3.5.6)

r 272 73

If you threw a particle with rest mass m in, the mass of the black hole would increase by

0M = me, the angular momentum would increase by §J = m/f. The difference in a is then

J+0J 1 oM

¢ Y, (1 - 2\ _
6G_M—|—5M a (J+5J)M(1 M+O(5M)) a
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Figure 3.7: The effective potential of an extremal Kerr Black hole for different
values of /. We can see that for a particle with angular momentum ¢ < 2Me (dotted lines)
the effective potential is smaller than (e? — 1)/2 (the solid gray line) everywhere outside
the black hole (the gray region). For ¢ > 2Me (dashed lines) there is a barrier which is
too high to overcome outside the black hole, such that the particle will scatter. In the case
of £ = 2Me the potential at the horizon is just high enough to restrain the particle from
falling in.

= %(5(] —o0Ma) = %(6 — ae),

which is at the extremal case (a = M) greater than 0M if and only if £ > 2Me. So we
want to throw in a particle with rest mass m and angular momentum greater than 2Me
to blow off the horizon, but then the effective potential has a maximum outside the
horizon above (e? —1)/2 such that the particle will scatter off the black hole (figure[3.5.2)).

3.5.3 Supercharging a Reissner-Nordstrom Black Hole

In a very similar way we attempt to drop a charged particle in a charged black hole, such
that the horizon disappears. We saw in Section that a charged black hole has metric
(2.2.9) with an event horizon at ry = M + \/m , so we take the extremal case where
() = M as a starting point. We will look at a particle again in the equatorial plane and

now infalling radially. With the Lagrangian of the particle of mass m and charge ¢,

L= émg,wu“u” + qA ",
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with the field strength A, = (Q/r,0,0,0). Because this metric is also time-independent,

we can define the conserved quantity again,

19L q qQ
e=——o— = —gpu'+ —Ay = —guu’ + gu—,
m ou m mr

and use u - u = —1
—l=u-u= g,wuuuy = gtzt(ut)2 + g?"r(ur)Qv

from which we find

with the effective potential

M = Qeq/m Q*(1 — ¢*/m?)
r 2r2 ’

‘/ef‘f(ra q/m, 6) = =

which in the extremal case, i.e. () = M is

M M?2 2
i -1 5)+ 15 (- 5)

r

which has a maximum

1(1—eq/m)?
V:aﬁ”,extr,max(q/mv 6) - _5 1 — q2/m2 )

If we want to overcharge our extremal black hole, we should add a particle such that
dQ > 0M, q > me, but for these values of ¢, Ve extrmax(q/m, €) > GQT’l Hence, a particle
that is sufficiently charged to let the event horizon disappear will not fall into the black
hole, because the repulsive electric force is larger than the attractive gravitational force. If
you try to push harder, e.g. by attaching rockets to the particle, the energy and thus the
mass will become higher, so this will not resolve your inability to overcharge an extremal
charged black hole.

3.5.4 Censorship Violation in the Non-Homogeneous Dust Cloud

A famous example of a violation of cosmic censorship is found in the collapse of a spherical

symmetric non-homogeneous dust cloud. For some density functions a light ray emanated
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from the singular point at the origin of the collapsing dust cloud can escape to a distant

observer.

We will use co-moving coordinates to describe this situation. R labels the infalling spherical
dust shells and 7 is the proper time along the world lines of such shells. We choose the

labels R such that at 7 = 0, R equals the radius r(7, R) which is given by the parametric

R /3
r:E(l—f—COST]), T = —327Ta(77+81nn),

with 0 <17 < 7 and

equation

R
3m(R
m(R) = 4 / dSp(S)S2, o(R) = 2
0 47 R3
the initial mass distribution and mean density, respectively. For n = 0 we are at the initial
surface r = R and 7 = 0. The value n = 7 corresponds to the final singular surface, where

r = 0, which is an essential singularity with
3T
s(R) = . 3.5.7
o(R) \ 32a(R) (3:5.7)

2 2 r? 2 2 102
- _ -
ds dre + 1 2m/RdR + r<dQ”,

The metric of our space-time is

and therefore an outgoing light ray satisfies

dr 1 /1_2m and thus dT—7*+r’dR—— 2m_2m+ 1_2m
dr o R’ " dr dr r R R’

From this equation we see that for r greater (smaller) than 2m, the light rays diverge

(converge). Hence, r(7, R) = 2m(R) defines the turning points of the light rays, i.e. the

apparent horizon

O B S N RT (CB

This apparent horizon lies to the past of the singular surface of (3.5.7) for every R > 0,
but for R = 0 they are equal.

For weak cosmic censorship to be violated, a light ray should propagate from the singular

surface to infinity. Therefore it should be earlier than the apparent horizon at the surface
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of the cloud, R = Ry. Then it should be also earlier than the apparent horizon at all
other 0 < R < Ry. The only point on the singular surface where this light ray could have
been emanated from is then the central point R = 0, where the singular surface and the

apparent horizon coincide.

In the simplest case of a spherically symmetric homogeneous dust cloud no null geodesic
emanated from the centre reaches spatial infinity. If we impose some conditions on the
initial density however, such escaping light rays do exist. This was shown analytically by
Christodoulou in 1984 [37] for an open set of spherically symmetric density functions p(R).

The few conditions he used all look physically very reasonable:

o [f extended to the negative R-axis as an even function, the initial density distribution

should be analytic everywhere;

e The density distribution must have compact support (there must be an Ry such that

p(R) =0 for every R > Ry);
e In the initial dust cloud there is no horizon (2m(R) < R for all R);
e The density is ever decreasing (p'(R) < 0 for all R > 0);

e The second derivative of the density at the centre is negative (p”(0) < 0).

This might seem to indicate that the cosmic censorship conjecture is violated in Nature,
but we have to take a closer look at the first assumption we made in the description of
our model: it is made of dust, pressureless matter. Though this might be a good enough
approximation in the initial matter cloud, when it is collapsing and the density is blowing
up, the pressure is most likely not negligible any more. If we change dust for a perfect
fluid, P = wp, Ori and Piran [38] showed that the existence of naked singularities depends
on the value of w: if w > 0.011 the naked singularities disappear. At this time we do not
know whether we should rule out w < 0.011 as being unphysical, because we do not know

the equation of state of collapsing matter just before the formation of a singularity.



Chapter 4

No-hair Theorems

We have discussed the gravitational collapse that led us into black hole formation. In the
following chapter we concern ourselves with the properties of a fully formed black hole
and how we can describe such structures. For all purposes we must discuss the conjecture
proposed by Wheeler in 1971 stating that quantum numbers such as baryon number or
strangeness can have no place in the external description of a black hole [39]. This is now
known as the statement that“black holes have no hair”. Originally inspired by Israel’s
uniqueness theorems for Schwarzschild and Reissner-Nordstrom black holes [40] as well as
the Kerr black hole uniqueness theorem by Carter and Wald [41], Wheeler figured that
gravitational collapse would lead to a black hole described by its mass, charge and angular
momentum and no other free parameters. The conjecture has long been regarded as a

theorem by most, although no formal proof exists.

These unique parameters are all conserved quantities subject to a Gauss law which allows
us to measure them from afar. One must also include the magnetic charge as a fourth
parameter, but it is generally left out of discussion. We can obviously also make measure-
ments of the position and momentum of the black hole, but these can be set to zero by

choosing an appropriate reference frame and therefore they are not considered.

From here the need to probe for the existence or non-existence of “hair” arises. We define
hair as any field not of gravitational or electromagnetic nature which is associated with
the black hole. One may also define it as a set of free parameters which are not subject
to a Gauss law. Finding the existence of solutions that allow the existence of hair would
be interesting not just to disprove the conjecture, but also due to the fact that one cannot

infer to the matter content of the black hole just by using the three parameters mentioned

101
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by Wheeler.

In this chapter we will explore some examples for the non existence of hair in a variety of
models, which are in agreement with the conjecture. The discussion of possible exceptions
will also be done, however we shall see that these solutions are mostly unstable and do not
qualify as sufficient to disprove the theorem. Finally we will discuss the probing of hair on

a black hole with a cosmological background.

4.1 Bekenstein’s Method

Many of the no-hair proofs for classical field theories utilize an elegant and powerful method
first developed by Jacob Bekenstein [42]. We proceed to describe the formalism he used as
well as his arguments so that we can apply it to some well known examples. In essence, it

allows us to probe the behaviour of fields outside the event horizon.

We start by considering the exterior of a stationary black hole to be asymptotically flat,
devoid of matter and any other fields that are not intrinsically associated to the black hole.

These are standard assumptions since we will be dealing with Reissner-Nordstrom types.

Our asymptotically flat geometry is described by a coordinate system x* spanning the
black hole exterior and a metric tensor g,, which is time independent. This metric reduces
to flat space-time at infinity. The horizon is described by the equation F(x%) = 0, where
F is some function. Its normal n,, given by n, = 0,F, as well as its surface element dsS,

have vanishing time components.

Now consider the action for a set of arbitrary local fields ®, which are associated with the

black hole exterior in a gravitational background:
S = /d%fz /d4x\/—g£. (4.1.1)

The variational principle § [ d*zy/=gL = 0 yields the familiar Euler-Lagrange equations.
We then multiply them by d4x<1>k and integrate by parts to get:

Z/d%a {% 50,50) } Z/d x {a Dy, 8£<I>k) +®k§<§k . (4.1.2)

The left side of this equation can be expressed as a surface integral [ dS,b, where dS, is
o0
the boundary element of the volume €2 over which we integrate, and

oL
I N
b = %j@ka(aﬂk). (4.1.3)
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Since we want to consider the admission of black hole solutions for our system and choose
the four-volume where we integrate to be the black hole exterior, then 02 consists of
the event horizon, spatial infinity as well as future and past timelike infinities. It is then
important to infer on the behaviour of b*. For all physically relevant fields it is easy to verify
what happens through the use of the field equations and the asymptotic form of the metric.
For massless fields, b* vanishes asymptotically as 1/73 and for massive fields it vanishes
exponentiallyﬂ. Thus there are no contributions at spatial infinity to the left side of .
Since dS,, is proportional to the hypersurface normal n,, which we chose to satisfy n; = 0
as t — o] dS,b" will also vanish at timelike infinity when b° = 0. This condition for #°
is satisfied by static fields, therefore we have no non-horizon contributions to the surface
integral in equation . From the fact that the horizon is a null hypersurface (satisfying
the relation ¢;;dS*dS? = 0) and that g;; is positive semi-definite on the horizonﬂ, it can be
shown that dS,b" vanishes on the boundary when b,0* is bounded there. Thus, for static
fields with finite b,b" on the event horizon, equation reduces to the following form:

oL oL
4 o d =0. 414
Zk:/d ! [a“ “9(0,%4) - "0, ! (4.1.4)
Q

Having completed the formalism it is now clear how to probe for the non-existence of “hair”:

if one can demonstrate that the integrand in (4.1.4)) is negative or positive definite, then
the only finite energy solutions satisfying the equation are those for which the integrand
simply vanishes. For most physical Lagrangians, this implies that the fields must take on

constant values over the black hole exterior, and so there is no hair.

We shall now use this method on some rather simple examples that establish the non

existence of black hole hair, as shown by Bekenstein.

4.1.1 Scalar Fields

As a simple example, consider a massive, neutral and real valued scalar field ¢. The

Lagrangian density used to describe this system is of the form
L= —%(aﬂqsa% +m?¢?). (4.1.5)

With the use of equation (4.1.2) we get the equation of motion
D, D"¢ —m*¢ =0, (4.1.6)

'This must be specifically seen according to the case that is being considered, although the procedure
still involves simply plugging in the asymptotically flat form of the metric in the field equations.

2This is chosen so it is in agreement with staticity.

3See the Appendix.
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which is simply the Klein-Gordon equation.

We find that the energy-momentum tensor is given by

T = 0,00,¢ — gW( D00 + m*¢?). (4.1.7)

Since we shall be dealing with the static case, dy¢ = 0, and T}, is static. The expression
(4.1.7) allows us to obtain the relations

1
0,006 = \/ T Tw) = T2, (4.1.8)
and
1 /4 1 1

where T' = g"'T,,,,.

We now point out that b* = —¢d, ¢ and therefore o° = 0. Relations (4.1.8)) and (4.1.9] - are
used to verify our argument that b,b" = ¢?0,¢00"¢ is bounded at the hOI“lZOI]E|.

We then meet the criteria to vanish the right hand side of equation (4.1.2)):
/d4x\/—g(gij3i¢8j¢ +m?¢?) = 0. (4.1.10)

The spatial metric g;; is positive definite in the black hole exterior at all timeﬂ Therefore
the above integral can only vanish if ¢ goes to zero as well in the black hole exterior. This
essentially means that the field ¢ is in its ground state outside of the black hole and cannot
be considered as a measurable quantity that characterizes the black hole, that is, it does

not qualify as “hair”.

A treatment for the massless case is of increased subtlety. We take exactly the same
equations computed above for the massive case but now set m = 0. Equation (4.1.9)) will
no longer insure that the quantity ¢* is bounded at the event horizon. Also, equation
no longer has a mass term and determines ¢ up to an additive constant. We impose
the boundary condition ourselves: ¢ should vanish at infinity and we interpret ¢* as the

invariant probability density for scalar mesonsﬂ

41t is relevant to point out that physical scalars in general, and T' and also T,/ T* in particular, are
bounded on a non-singular horizon. An extensive discussion of this is made by Bekenstein in his original
article: see reference [42].

5For now convince yourself of this statement; an extensive proof is present in the Appendix.

6The full argument for this interpretation is present in section VI of [42].
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In this way, we can use exactly the same procedure as before and get that the field ¢ must
vanish outside the black hole in the same way as the massive scalar field. The additive
constant mentioned above does not necessarily need to vanish, but it makes no appearance
in any physical quantity, being unobservable. Since the massless field ¢ is at its ground
state outside the black hole, just like before, we establish the non-existence of hair for both
classical massive and massless scalar fields. This result is in agreement with Wheeler’s

statement of the Israel-Carter conjecture.

4.1.2 Massive Vector Fields

The method that has been set out in the previous section will also be the guideline for the
treatment of no-hair vector fields, following D. Bekenstein in his article Nonezistence of
Baryon Number for Static Black Holes ([42]). The various assumptions made are still active
and thus form the framework of our conclusion. We will first discuss a massive, neutral,
real vector field B, followed by a massless vector field A,. The latter will obviously
correspond to the appearance of an electromagnetic field. Without jumping to conclusions
it is clear that the Reissner-Nordstrom solution of Einsteins field equations represents a
static, spherically symmetric black hole with an exterior electromagnetic field. Therefore
we expect the treatment of the massless case to break down. In the final three sections we

will consider a different Lagrangian, with general scalar couplings.

Massive Vector Field

First we start by considering the Proca Lagrangian density
L=F,F" —m?B,B"

where we take F,, = 0,B, — 0,B,.

Just as in the scalar case we proceed by varying £ (Euler-Lagrange equations) and obtaining

the Proca field equations
8, " + m*B" = 0.

Since B, is not subject to any gauge transformation, unlike A, which we will encounter

later on, B, is a physical field.
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In the scalar case we found the following equation

oL oc. .,
—fb“dsu—l—zk:/(ﬁuqﬁkarqﬁk%)d x=0.

i
where b =", gbk%

Analogous to this scalar case we multiply the Proca field equations with B, d*z, integrate
over the black-hole exterior, convert one term to a surface integral and use partial integra-
tion, to find:

oL oL
— b B B i =
]{b dSM+/(8“ aa(a#Ba)—i_ aaBa)da: 0,

which will take the following form:
— Jq{b" ds, + /(GHBQ)FW d*x — /mQBaBa d*zr =0, (4.1.11)

_ oL _ o
where b = Bam = BaF# .

We want to apply the same reasoning as we did in the scalar case where we concluded that
the boundary term is zero if b#b, is a physical scalar and if b° = 0. One way to see the
boundary term vanish on the horizon is to assume regularity of B, F'** at the horizon. This
means that the vector field and its derivative cannot be infinite at the horizon. The explicit
way to see this is by trying to construct physical scalars from the energy-momentum tensor,

e.g. 1), 7" and T}. The energy-momentum tensor can be found using:

e
V=g o9

In our case the energy-momentum tensor is given as follows:

T,

= GuFapF®® — AF7F,, —m*g,,B.B* + 2m*B,B,.

And we can construct a physical scalar from the energy-momentum tensor, for example:

— v _ 2 a
T =g"T,., = —2m”B,B".

pv

Now, using these equations, we can express B, F** in physical scalars, which is left as an
exercise for the reader. Thus, b*b, is a physical scalar and is bounded on the horizon. In the
static case we have at hand here, b° = 0. Also assuming that b* falls of as 7%3, and following
the same reasoning that is applied in the scalar case, the boundary term will then give a

zero contribution at infinity. The conditions are met to conclude that the boundary term
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is zero. A more mathematical explanation is given in the article by Eloy Ayo’'n Beato ([43]).

The Proca Lagrangian has a few symmetries, one of which is time reversal, meaning it is

invariant under: ¢ — —t. We assume this same time reversal symmetry in the metric and

require it in the Proca field equations. In the metric this looks as follows:

daidr’ — da'da?, dtdt — dtdt, da'dt — —dzidt

Now writing the field equations explicitly we find:

—m2B° = 9y(3°B° — 8"B°) + 9,(°B' — &' B),

and
—m?’B’ = 9;(0" B' — 0'BY).

These equations remain unchanged if B® — —B® and if B — B°. What follows is that

Fr will be invariant if (there are two ways to do this, we choose one) [| F% — F% and

Fii — —F%._ Since in this static situation it is required that no physical quantities should

change, we can conclude that F'¥ = 0 and B* = 0.

Let us now return to equation (4.1.11f); the boundary term vanishes, the third term remains

the same, but the second term we will rewrite.

(0,Ba) F** = 8,B,0°B* — 9, Bo0"B* = —%(@Ba — 0,B,)(0"B* — 9°B")

Using this we can write (4.1.11)) as follows:

1
/(éFWFW +m?B,B*)d*r = 0.

Since we concluded that F¥ = 0 and B = 0, we can write:

1 .
/<§F01'F01 + szoBO) d4.§lf = 0,

1 o
/goo(ggijFOJFoz +m?*(B°)?)d*z = 0.

1 o
- —§FuaFu .

"The condition of time reversal invariance for Proca equations demands that the components B° and

FY% remain unchanged while B? and F“ change sign, or the opposite scheme, i.e., B® and F%change sign

as long as B* and F'¥ remain unchanged under time reversal. Therefore, for a time reversal invariant Proca

field the components B* and F'¥/ must vanish in the first case mentioned above, and the components B

and F° vanish in the second one. Hence, time reversal invariance implies the existence of two separated

cases: a purely electric case and a purely magnetic case.
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In the second equation we introduced the metric. Since g;; > 0 and goo < O the integral
will only vanish if F% = 0 and if B® = 0. Because all the other components of these terms

were already zero, we conclude that B* is zero in the black-hole exterior.

Massless Vector Field

Let’s see what happens if we consider the massless case. Again we start from the Proca

action leading to the Proca field equations:
8, " + m*B" = 0.

Our field B, is subject to a transformation: B, — B, + 0,¢. Here, ¢ is a scalar function.
Subsequently we see that the field F*” is gauge invariant and the Proca field equations
become:
0, F" = —m?(B" + 0"¢).

We can see that the transformation changes our field equations. When we then consider
a massless vector field, m = 0, the right hand side will be zero, and the action and field
equations will be unchanged by our gauge transformation. This results in making B* an
unphysical field. Yet, we know that the photon is the force carrier of the electromagnetic
field and the Reissner-Nordstrom metric is a solution for the Einstein equations having
exactly this massless field incorporated. This massless field makes the no hair theorem

break down. The only known massless, neutral (abelian)ﬂ vector field is the electromagnetic
field.

4.1.3 A Complex Scalar Field Minimally Coupled with Electro-

magnetism

Consider now the case of a charged (complex) scalar field 1) which is minimally coupled to an
electromagnetic field described by a vector potential A, and an associated electromagnetic
tensor F),,. Its Lagrangian density is of the form

FWE

h 4.1.12
o (4.1.12)

where D, = 0,9 —ieA 1y and e is simply the elementary charge. The energy-momentum

E — _(Da¢Da¢* +m21/}¢*) o

tensor associated with 1 is then given by

T = Dy DA™ + Dytp* Dotp — G (DY Dotp™ + m*4pp). (4.1.13)

8Non-abelian gluon fields are also massless and have spin 1.
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This theory is invariant under the gauge transformation
Y — Yexp(ied), A, — A, + A, (4.1.14)

where A is an arbitrary real scalar function. This gauge invariance gives rise to a conserved

electric current

ju = ie($ D" — 4 D). (4.1.15)

Once again we consider the static case giving that dyAy = 0, and we can take the gauge
choice A; = 0. Staticity will also lead to j° = 0 and 95" = 0. It then follows from equation
that ¢»1)* must be time independent and the phase of ) must be of the form wz®+¢,
where w and ¢ are real constants. We can now make a second gauge transformation with
A = —(wz® + ¢)/e that makes 1) real and time-independent without making any change
on our conditions for Aﬂ. We can then calculate " by doing the explicit sum in (4.1.3))
over ¢ and ¢*, which gives b, = —(¢¥D,¢* + ¢*D,1). It is quite easy to see that b° =0

and b® is real.

To show that b, is bounded to our horizon we once again go to the energy-momentum
tensor (4.1.13]) to obtain the following relations

T = —2D"D,p* — 4m>hap* (4.1.16)
and 5 ) .
T, T" = 2| D" D,p|* + 1 TP D" + ET2 + §<D”77/)DH1/1*)2. (4.1.17)

Since both T" and T),,T"" are physical scalars they are bounded on the horizon by assump-
tion. To make the statement that b*b, is indeed bounded on the horizon totally clear we
proceed with a more thorough explanation: we see that both of the terms in equation
(4.1.17) which are explicitly fourth order in D, 1) are positive. It is therefore necessary that
both D, D and DD, " be bounded on the horizon since if either one of them or
both became unbounded, the same would happen to 7,,, 7. It then follows from equation
that ¢* is also bounded on the horizon. Recall that in our gauge v is real so
that bb, = Y* (D" D, ) + DHp*D,p* + 2DHp D,1p*).

Since all the necessary requirements are now met to apply our method, we can now write

equation in the form
/d4x\/—g {9:;00 ) + [m® + goo(eA°)?] |¢*|} = 0. (4.1.18)

9Specifically, Ay gets shifted by a factor w.
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The metric components satisfy goo < 0 and g;; is positive definite in the black hole exterior.
The integrand of equation (4.1.18)) is not positive definite if A # 0, however A must vanish
in our gauge if the scalar field is present. This can be proven as follows: in our gauge we
obtain from equation that jO = —2e2A°%¢?|. |¢?| is interpreted as the invariant
probability density for charged scalar mesons. Since \/T“ju is the invariant charge density
we can see that the specific charge per meson of the field, given by \/T“]u /2], is also a
physical scalar and must be bounded on the horizon. Since j* = 0, the quantity goo(A°)? is
also bounded. The quantity F),, F'*" is itself a physical scalar, and therefore for the static

case, googi; F"F% will also be bounded.

Now we compute the sum (4.1.3) for the electromagnetic field over A,, giving us b* =
—F" A, /47 so that in our gauge »° = 0. From all these results it follows immediately
that b, is bounded on the horizon. This allows us to use the formalism of (4.1.4]) for the

electromagnetic field;

/d4x\/—ggoo (9 F"FY [4m + 2(e A°)*|[¢?) = 0. (4.1.19)

From the properties of the metric if follows that the above integrand is negative definite
in the black hole exterior, so the only way for it to vanish is for A° to vanish throughout
the exterior. Returning now to equation we can see that its integrand is positive
definite, so 1) must vanish identically over the entire black hole exterior. It follows from
that this is true up to a gauge choice, which is not obviously observable.

It is also possible to treat the case of an electrically neutral but complex scalar field in the
way shown above by coupling ¢ minimally to a fictitious A, which is itself a gradient. This
ghost field makes no contribution to any physical quantity by virtue of gauge invariance,

but does allow us to take over our results for the charged scalar field.

We therefore conclude by stating that a static, bare black hole has no exterior scalar field

of any type.

4.1.4 Different Couplings to Scalar Field Functions

Consider the following Lagrangian:

L= f(Q)FuwF" + 9()0.00"d = V(9).

In this section we will work out Bekenstein’s theorem for the more general Lagrangian,
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setting first f(¢) = 0, then g(¢) = 0, subsequently £(¢) # 0, g(6) # 0. Here f(9), g(¢)
and V' (¢) are functions of multiple scalar fields, not constant. We will try to find if hair is

possible in each configuration, and whether there are any restrictions on the result.

The case where f(¢) =0

In this configuration the Lagrangian has the following basic form:

£ = g(9)8,00"6 — V(9).

The equations of motion resulting from this Lagrangian are:

dg(¢) L V(g
— —gg w0 e+ =5 = =0,

20a(9(0)0%¢) 9

We apply the same method as before: assuming only dependence on the radial component
r of the scalar field, we multiply the equation by ¢, then we integrate from the boundary of
the horizon, rp,, to infinity, and apply partial integration. From this we find the following

equation:

> 0
~toatorrals + [ dp (20,0000 - 6% 0,00+ o

Vo) g

When looking solely at the boundary term we note that since the scalar field only depends

on p we can rewrite it as:

—leg(9)0°¢ls, = —¢g(¢)9"dp0)r.

Then we can reason as before. Since we have by definition that ¢g?” at the boundary, rp, is
zero, the term is zero on the boundary. Also, if we look at this term at infinity, it is again

zero. See the section on scalar fields for a full explanation.

We are left with the following equation:

/ dp (20u¢g(¢)8a¢ - qb%—?ama% + ¢—‘gf)) = 0.

Before, we tried to reason that the only way for this integral to be zero is for ¢ to be zero.

However, this reasoning breaks down in this case. Note that we now have an extra term
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in the integral in comparison with the scalar case treated in a previous section. Of course,

one way for the integral to vanish everywhere is when ¢ = 0, and V (¢) is of the form V (¢?)

V()
962

in the integral can cancel the other two terms in the integral for some ¢(p). Therefore we

and obtains its extremum =0, at ¢ = 0 . There are other ways. The second term
can not conclude that in the exterior of the black hole the scalar field takes some trivial
form, constant or zero. This last result is obtained by considering a potential of any form.
Also, the functions f(¢) = 0 and g(¢) have no restrictions on them. From this result we
can deduce that the possibility of finding scalar hair is present. This result, in any case,

needs further research.

The case where g(¢) =0

From this condition the Lagrangian takes the form:

L= f(o)Fu " = V(o).

Again, we write the equations of motion. However, we now have equations of motion with
respect to the scalar field ¢ and with respect to the vector field A,. Hence for the scalar
eld 0f(9) oV (9)
————F, F" 4+ ———= =0,
20 Tt T
and for the vector field:

Ou(F" f(9)) = 0.

We multiply the equation by ¢ or A, respectively, then we integrate from the boundary of
the horizon, 75, to infinity, and apply partial integration. From this we find the following

two equations. For the scalar case, the Bekenstein procedure gives the following:

[ a2, ¢a‘g(<;zs>

5 | =0.

And in the case of A, we find:

SAFIONE+ [ dpuAF @) =0

Th

By reasoning the same way as in the complex scalar case discussed before, we can set the

boundary term to zero in this last expression, leaving us with:

/m@m@ww@:a
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Then by rewriting 0, A, F** as —31 F,,, **, the equation looks like: f:j dp =3 Fo For f(¢) =
0, from which we can conclude that F),, has to be zero (We do not want to consider f(¢) =0

here). Using this condition on the scalar equation (4 , we end up with:

—/ dpcﬁa‘(;—g(f)zo.

So, the only way for the integral to be zero, is for ¢ = 0. This implies no scalar hair in this
case, if we have the condition that our potential V(¢) is not constant. However, we only
have a restriction on F,, and not on A,, so we can not exclude in this case the possibility

of finding hairy solutions for A, # 0.

The More General Lagrangian

In this section we combine our previously found results and try to see if it is possible to

find hair using the more general Lagrangian:

L= f(@)FuF" +g(4)0.00"¢ — V(e).

Again we have two sets of equations of motion, one for the scalar field ¢ and one for
the vector field A,. First consider the equations of motion for the scalar field for this

Lagrangian:

@) g, 2900),

a(b a(b M¢a#¢ -

Dalg($)0°6) — ( ‘WW) 0.

d¢

As we have seen multiple times by now, we apply Bekenstein’s procedure and find the

following equation for the scalar field in the exterior of the black hole:

[bg($)O I+ / " dp (2aa¢g<¢>0a¢+¢< of ;>F Py ag(f 0,006 — avfb@)) )

As we showed before, we can rewrite the boundary term in such a way that it includes
a ¢°?, which by definition is zero at the boundary. And since the fields fall of as % they

vanish at infinity, such that our boundary term drops. This leaves:

0f(9) 1, FW+89(¢) 0,606 — av(¢))> — 0,

/ ap (2aa¢g<¢)aa¢+¢< L ¢ -
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Lets now try to do the same for the vector field, starting with the equations of motion with

respect to A,, we immediately write the corresponding integral over the exterior and the

i
boundary term:

—[A " F(D)7 + / dp(9uAaF f(¢)) = 0.
Th

For the same reasons as in the previous section, the boundary term drops. Then rewriting

(O A FH) = —%FWF ot we can conclude that the only way this integral vanishes, is for

F,,, = 0. This however does not imply that A, = 0. Now going back to our scalar equation,

setting F),, = 0, we find:

b 0 oV
/ dp (2%@59(@5)0% + (b%—?@w% - ¢_a;¢>) —0.

This is exactly the same equation we found earlier. There we concluded that there are
non-trivial forms of ¢, not constant nor zero, that could make this integral vanish. Thus
it leaves the option to find scalar hair for this Lagrangian open. Additionally, since we

cannot conclude that A, is zero, there is a possibility to find vector hair.

4.2 No-hair theorem for Spinor Fields

In this section we will follow a very different but rather physical way of investigating
the problem of black hole hair. It is based on the idea that the observable properties
characterizing a black hole should normally be possible to be measured with an experiment,

let it be the trajectory of a charged particle or the scattering off a black hole for instance.

As shown in the previous sections, massive vector fields induce a short-range Yukawa po-
tential Vyyrawe ~ # and yield no-hair on the black hole. On the other hand, masslessness
favors infinite range interactions. That’s the case for the photon field which also charges
the Kerr-Newman black hole. The rest of the quantum interactions of the Standard Model
are significantly weak in magnitude and range. However, Wheeler’s conjecture that a black
hole carries no information about the fermionic identity of the imploded star is extremely
hard to chew. A star consisting of an enormous number of leptons and baryons cannot just
“delete” all of them to form a black hole. Could there be a way to check that? As proved
by Feinberg and Sucher, there is a classical component of the weak interaction, mediated by
the exchange of a virtual neutrino-antineutrino pair, that survives and propagates in large

distances as they were considered massless in the 70's. More specifically, it is shown['"] that

10A complete treatment of this long range interaction can be found in [44].
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the weak potential mediated between two static lumps of matter with leptonic numbers L,

2
and Ly is V (r) = fTVgL;?. However small the interaction, it could be used to deduce the

lepton content of a star collapsing to a black hole. This renders checking if this flat space

interaction survives in the background of a black hole quite interesting.

The physical question our model will try to answer is if matter decouples from interaction as
it approaches the event horizon. To simplify things, matter’s backreaction will be neglected
so in practice we will have field perturbations in a standard Schwarzschild geometryﬂ. In
addition, while the force field will be quantized, the source will be treated classically, thus
neglecting processes as pair production or annihilation. Calculations get also easier if the
source will not be geodesically falling but quasistatically falling, thus reducing the full

problem to a sequence of static identical problems.

On general grounds, the quantum field can always be written as

V(@) = Ypree(r) + ()

where 1 ,¢.(x) is the field propagating in curved background without any other external

coupling while (z) captures this external interaction. Namely,

0e) = [ da /=g @) Sunlasa) (o) (42.1)

where J(z') is the classical source while Sg(z;2’) is the retarded propagator in curved

background.

The question of decoupling now is translated as the study of the limit of the above integral
as the source is on the horizon, that is v — 2M. The conversation gets more specific in

our case of right-handed neutrinos interacting with classical leptons. A covariant effective

action™ is

5 / A/ =Gy Dyt + iG—};’Nm)wu 7))

where ¢ is a Dirac spinor and the vector potential N,(x) describes the lepton current.
The equation of motion for v reads
Gw
V() D+ i—=" (2) Nu(2) (1 +77)]¢ = 0.
V2
Equation (4.2.1)) now is

F(z) = —z‘% da /=g (@) Sl (2 N, (') (L + 7)),

1 The Kerr-Newman case will be calculation-wise more involved but follows the same lines.
12To see how spinor fields couple covariantly to gravity you are referred to the Appendix A3.
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which can be solved with a perturbative expansion. We will restrict to first order, namely

we will calculate
i) =~V / A’ /g (@) Sr(w; P (@I Nu () (L + Y bpree (), (422)
with Sg(x;2’) the retarded propagator satisfying the normal equation
Y (2)D,Sr(w;2") = 8W (x — ') Lyua, (4.2.3)

with the boundary conditions discussed soon. For L leptons at rest on a spherical shell of
radius R we have N,(z) = Lot 21 Plugging this into (4.2.2)

iz rzsm0

di(e) = LY / 4046 O g(R, ) S R, ) (R, )1+ 2 bee (R, 1)
(4.2.4)
where () guv 1s the induced metric on the » = R hypersurface.

Suppressing the angular integration for notational convenience and exploiting the staticity

of the set-up to Fourier transform time as

oo dw
2V 27T

¢@v:/tf§i (@),

Slr;') = Sl 5 w)e ),

the previous equation reads

~ +OO .
wx>=—w%% dwe ! [Og(R)Sp(@ R (R)(L + 7 ) prec(Riw).  (4:25)

Formulation of the boundary conditions on the retarded propagator in a general spherical

symmetric black hole metric such as

1
2 2, L 42 2 102
ds? = — f(r)dt + Foydrt + i

is facilitated by using the “tortoise coordinate” =r+2M In(55;—1),

r*:ff(r |f7') 1-2M/r
which extends the problem to the entire r* real line.

The desired behavior of the retarded Green’s function of a massless field at the space
boundaries is
CON1/2) 2
explt(w r w* >0
SR(f,f';w sz p[ ( ) | H7

r*—400 exp[—(—w2)1/2|r*|], w2<0
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The exponential damping for superluminal propagation is a general property required for
physical Green’s functions. The wave-like propagation for w? > 0 corresponds to the

specific retarded Green’s function.

Since we seek expressions for Sk and s, we need to solve their differential equations. To

begin with, the source-free (N, = 0) and massless Dirac equation in curved spacetime is

V(@) Dyip(x) = 0 — ()]0 + Tpu(2)]ib(x) = 0. (4.2.6)

where the connection is I'y = §[v*, 7]e%[0.e5 — I, €45]. One can easily derive the frame

fields

1 1 1
el = diag A f(r), = — :
f(r) r’ rsind
The general coordinate gamma matrices are
Y= 0 7 = ST A = 2P 4P =
Fir) ' ’ r rsinf '

We choose the following representation of the Clifford Algebra

0 —i 0 ; 0 —iot 0123 (01
- A= =1 = .
Y < 0 2) Y <ZJ’ 0 ) ’7 T <1 0
Consequently, the connection coefficients are

= f (r )’Yo’h, r=0,Ty = %\/ f(T)%”VQ, Ly = %[S’m@\/ f(r)’h + Cos 972]’73

Substituting this in (4.2.6])
f/
at—l-\/_’h(a + +4f

)+ 2 (69+C°2w) 5 _9,)¢ =0,

rsing ¢

G
1
making the transformation ¢(z) = - i(r) (), and using the tortoise coordinate r* we get

2 cot ¢ 3 _
- \/_at+\/— T(89+ 2 >+rsin08¢}®_0'

Looking for positive energy solutions and definite (k,m) stateﬂ

() = it [ FRlrXE(6:9) )
Gr(r)x™.(6, ¢)

3 To be more specific,

LY 0.0) | |
X?(07¢)( .2] : l( ) forj:l+§,k:j+,
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The reason for using the new integer quantum numbeﬂ k is for practical convenience as

it summarizes the total angular momentum j and the parity (—1)! into

. 1 . | sen(k)
J = Ik| = 5, parity = (1)’ ER

More specifically, while s, j?, j. and not 1> commute with the Dirac Hamiltonian, the
operator k = 7%(L.s + 1) commutes with j and relates with parity in the manner above.
Parity in the presence of the weak interaction is not a good quantum number but chirality
is. For practical simplicity we will turn to the chirality basis only in the end of the whole

calculation.

The resulting equations are

dF k

Y, f(T)F +(.UG,
dr* T
dG k&

= —/ —wk.
dr* r fnG —w

Differentiating once more we decouple the two variables

d*F
gz T =) F =0, (4.2.7)
d*G
Tzt [w? = V_(r)] G = 0, (4.2.8)
without ever forgetting that G = L[4£ 4 £\ /FF].

Now we have a scattering problem (4.2.7)) in the real line —oo < r* < +o00 with effective

potential
1 1
M\ 2 [Kk? 2M\2z & 2M M
Vi(ry=(1—- — —(1-——) +=(1—— | 4+ —
r 72 r r2 r 73

where we explicitly used the Schwarzschild metric f(r) =1 — %

and

SIS

+1—m m—3%
m V j2j+2 Yl 2(
X—k(97 (Z)) = j+1+my, m+
V2 Y,
J+2

[ X0, 9)
Yem(8:9) = <xmk<e,¢>>

define the spinor harmonics

which satisfy the eigenvalue equation

to
[72 (39 + 002) + S:Tje%] Viem (0,0) = kYm0, 0).

4Details to be found in [45].
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Figure 4.1: Plot of Vi(r) for M =1 and k = 2,1 and — 1 in order of decreasing V.

Equation (4.2.7) has two linearly independent solutions and the vanishing of V. at the
asymptotic regions enables us to formulate them as two different scattering scenarios and
assign two quantum numberg”| @ = =+: at the first a neutrino wave is coming from the

horizon (« = +) which reflects back to 7* — —oo and transmits partially to infinity:

F(+) eiwr* + R](g—i-)(w)efiwr* , r* — —00
kw — I
Tk(—i-) (w)ezwr 7 r* — 400
At the second case we have a neutrino incoming from spatial infinity (a = —):
O [mem e
From = Care | pO)ygier
e wr + Rk (w)ezwr , ’I"* — 400
Through the relation between F' and G one easily shows that iG,(s:) = —aFS'zL and conse-

quently T,ﬁH = T,g_) = Tﬁﬂ,z) = T and R,(f) = —R(_‘“,j.

Finally, we obtain the full set of solutions of the Dirac equation with energy w
1
o oM\ i1 [ F%ym
Yo () = (1 - —> - R
T r\ —aF" e X
Now the neutrino field has an eigenmodes expansion in creation and annihilation operators

+o00
Vpree() = (8m) 1Y / dwle™@) (@) + e (HdD]. (4.2.9)
0

kma

15This quantum number exists in contrast with flat space where regularity of the solutions is required

at the origin.
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The field is quantized with anticommutation relations on an equal-time spacelike hyper-

surface
{($a(@,1), (@, 1)} = 80(F — 7)Pg 2

yielding the fermionic creation-annihilation algebra on the operators

{bkmuﬂ k'm ’ } - {dkmw7 k’ ’ } aa/ékk/émm/(s(w - w/)
with all the rest vanishing, therefore b annihilates a neutrino and d' creates an antineutrino.

Besides the expansion for 9., we need an expansion for Sy in terms of the free solutions
above. From (4.2.3)) it is clear that Sr will be discontinuous at the singularity at z’. The

solutions to this equation which satisfies the boundary conditions have branches
T ), r*>r
S(@;d5w) =) w'(”_”)w< M’;j?)“;( ) / (4.2.10)
k,m wkmw<x)¢kmw(:p/)a <t

with the spinor ¢ defined as

1
oM\ "i1 Flxym
%=O~—>%mel o X )
r r —akaw X"

We are ready to calculate the first order correction 4 to the neutrino field by plugging
- into srestore the angular integration and use the orthonormality re-
lation f dQXk Xk’ = (Skklémm/. The result is cutely neat

~ +o0
s | ST L R () + aF S LRF ()]
X {eT g (&) = 0 (@b + € [ (&) — 0 (@)L}

(4.2.11)

We will be interested to what happens when the lepton source sits near the horizon, that
is R — 2M or ' — —oo. Hartle [46] has shown that F,f;)(R) B2 T(w)e —wRI] 4

O(/1— %)} It follows that the a = — term in (4.2.11) will die as 4/1 — %. On the
other hand, the a = + term gives a finite contribution and in total we have a residual

value for 1;1

: n . G - e —iw —
RliglMd}l(aj) = _ZLTMQ/(87TM2) ! %n:/o dw[e t kmw( ) ,lvb( kmw(x)) gg—:rzw

ettt (@) — oW (@)dT).
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+

Finally, we switch to chirality states A = +1 by defining the normalized states 1

Jmiw
(+)

)y pH) _p(H) " 4 g

) kmw b—kmu kmw —kmw
7 and normalized annihilation operators b]m . = 7 and d' i = 7

Ultimately, only positive chirality states survive

G 2 +OO 71,wt (+) (+) iwt . (+) +)T
Rliglel( T) = _ZLE(ZL mM7) Z / Jmkwbymkw +e wamA w JmAw]

>\ +1
(4.2.12)

So for a spherical source situated at the event horizon, only the positive chirality part of the
incoming from the horizon neutrino field gets modified. More specifically, by contrasting

the zeroth order to the weak coupling field

+oo
@Dfree 47T Z / _ZWt ]m/\w( )by:n)\w + eZWt j(m))\ w( )dgfn)\w]

jmia

with (4.2.12) it follows that the & = +, A\ = +1 states get just augmented by a factor of

—iL \/Cl'%Q Iterating this first order perturbative correction we conclude that this part of

the neutrino field is multiplied by a constant phase factor Exp[—i\g}”\%].

Even though the neutrino field does not decouple from the source, this field phase shift is
not observable because in any general coordinate bilinear quantity of physical relevance,
such as the potential < 0tb(z)v*(z)(1 + )1 (x)|0 >, will yield identity. Thus, the resid-
ual field cannot be detected in the vacuum. Thereafter the lepton properties, if any, of a
Schwarzschild black hole are not measurable. On the contrary, they should be “hidden”
and not counted as the hair we already know. The result is also not significantly altered
when taking into account higher-order corrections because they only give non-trivial con-
tributions such as frequency-dependent phase factor, which would cause a time delay in

neutrino scattering.

To conclude, the same method based on the concept of near-horizon decoupling has been

applied to other kind of fields, proving that scalars and massive vector fields do decouple

R R
a massless vector field does not decouple thanks to gauge invariance and the Gauss Law.

from sources on the horizon as y/1 — 2 and ( — M) respectively. On the other hand,

Those results support our treatment as being complementary to the one used in the previous

section.
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4.3 Hairy Black Hole Solutions

This section is devoted to the analysis and explanation of counter-examples on the original
no-hair conjecture. Ever since the 70’s when the conjecture was formed, people have
contemplated on proofs. Some special cases have been explicitly shown above, but even
the most general of proofs make certain assumptions, usually about the form of the action.
This intrigued people to try and find counter-examples of the no hair theorem, i.e. hairy
solutions (or just hair) as we shall call them hence forth. Not much had been done, until
suddenly in the early 90’s a plethora of hairy solutions was discovered. Since then more
than 20 years have passed and it has been shown that hairy solutions are present with any

kind of fields (scalars, vectors, fermions etc.).

In order to make sense out of this abundance of literature, we will attempt a kind of
categorization and further discuss specific educative examples. We will be restricted to
models with scalar fields and/or vector fields. First, we want to group together all gauge
fields, Abelian like electromagnetism or non-Abelian like the Yang Mills fields, which were
the main block of the hairy solutions discovered during the early 90s [47, 48,149, 50, 51, 52].
From these 90s references, reference [53] with Skyrme hair is of particular importance, since
it is a hairy example that you can find and is not an unstable solution [53] hence it is a
true counter example (another nice example of stable hair, although not asymptotically
flat, is that of global monopole [54]). We will not treat those examples because of their

complexity.

A general remark is in order before we go into details in some educative examples. The no
hair conjecture is conceptually connected to black hole thermodynamics, since if we would
have a small finite amount of parameters that characterized our black hole, we could
associate an entropy to it. That is why we are looking for static and stable solutions, since
they would be the equivalent of equilibrium states of thermodynamics. Because unstable
solutions will decay into stable ones, they cannot correspond to equilibrium thermodynamic
states, as a result they do not really limit the conjecture. Also, we want to mention that
in the literature there are some solutions with non-zero fields outside the event horizon,
but measuring them does not give any information about the black hole. So the fields do
not characterize the black hole, but rather the space time outside the black hole. This
categorizes them as “dressing”, or secondary hair when the value of the field is dependent
only on ) and M, which is not true hair. True hair or “primary hair”, as they are often
called in literature, are hairy solutions which add at least one more independent parameter

in our black hole solution. The distinction is made because if you do not get any extra
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information from the fields about the structure of the black hole, the “entropy” remains

unchanged.

4.3.1 BBM(B) Model

A really pedagogical hairy solution is that of the BBM(B) model, named after Bocharova,
Bronnikov and Melnikov, who first discovered it [55]. The paper was in Russian and
unknown to the west, so some time after them Bekenstein rediscovered the solution (hence
the B in parenthesis).What characterizes this kind of solution is that the field is singular

at the horizon. The generic action for an Abelian scalar field theory is
1 * * *
S = Spa — / oy =gl(Dat)) (D) + ERG'Y + V()] . (431)

Where Sgp s is the standard Einstein-Hilbert-Maxwell action used previously (2.2.1)). Now

this action, for the specific value of the conformal coupling & = 1/6 has the following

solution
ds® = —(1 — M/r)?dt* + (1 — M/r)"2dr? + r*dQ?, (4.3.2)
F,, = Qr’2(625f, — 0,0, for Q < M, (4.3.3)
Y = +(3/4m)(M? — QH)Y2(r — M)~1. (4.3.4)

Remember that since we are looking for counter examples it is just enough to make an
ansatz and then check that it satisfies the equations of motion. One can easily verify that
in our case. A useful remark here is that the metric form (4.3.2)) is very similar to that
of the ordinary Schwarzschild solution, apart for the square in the first two terms and the
fact that the horizon is at r = M and not at r = 2M.

When looking at this solution, two comments are in order. First, one might wonder why
this solution qualifies as a counter example, since its only parameters are the M and
(), which is in compliance with the no-hair conjecture. On a closer inspection though
one notices the + in front of the scalar field which is a dichotomic parameter but still
represents some freedom in our solution even if it is discontinuous and discrete. Second,
when inspecting the form of the scalar field, one observes that it is divergent at the horizon
r = M , after which we are tempted to say, that, by virtue of the divergence, our solution
is non-physical. It turns out that this is wrong; in order to conclude that a solution is
non-physical we have to actually think of a physical observable that would be divergent
or a thought-experiment that will give physically unacceptable results. It turns out that

for our solution every experiment we expected to go wrong does not and we mention three
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illustrative examples, the first two of which we work out. Trajectories of (charged or not)
particles do not terminate abruptly; in finite proper time, particles coupled to the scalar
field do not encounter an infinite potential barrier and finally, it can also be proven that
tidal forces between pairs of nearby trajectories do not diverge. We look for all that on the
horizon, since that is where the field diverges; hence where one would expect non-physical
results. Also, using the obvious similarity of our solution to a Reissner-Nordstrom black
hole. we only need to check what happens for particles with scalar charge. We will now

proceed proving some of the statements.

We start by specifying the action for the test particle coupled to the scalar field

dz® dzP 1/2
5:—/d/\(ﬂ+f¢)(—gaﬁﬁﬁ) ;

so p is the rest mass of the particle and f is the the coupling to the scalar field ¢ (z)(scalar

(4.3.5)

charge of the particle). This action is the most natural one (it is like the minimal coupling of
electromagnetism). It is the simplest coupling that is invariant under the same symmetries

as the free field action [56]. Varying the action with respect to = gives

dz® | dz”

D%z 1 d ,
(t fh)— = [g(w ) oy A = faawﬁ} o~ fADY (4.3.6)
dz® dxP
where A= _gaﬁﬁﬁ . (437)

Now we have the freedom to choose A so for A = 7 (proper time) we get A =1 and (4.3.6)

becomes

D2z dz® dz”
- V —— ) 4.3.
(1)~ f<w +w,d76h) (435)
This is the most common choice, used in text books. We will be using a different \, we

can set what multyplies dz”/d\ in (4.3.6) equal to zero then A = p=2(u + f1)? so the

equations of motion give

D%z

=W O (139)

dz® da” dr _
9B N (5)2:/1 2+ fo)? . (4.3.10)

For our solution we can find that we have a constant of motion £

E=(1—M/r)*(dt/d\) . (4.3.11)

The easiest way to see that is by using a timelike killing vector. If for simplicity we restrict
our motion to be radial (and define ¢ = (3/47)(M? — Q%)2) we have that (4.3.10) gives

o [mr - - aapey (1428 1)Tm. (43.12)

d\ wr—M
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So we see that for sufficiently small f (or |fq/(uM)]), then dr/dX never becomes zero (for
r > M) so from this its clear that we do not get an infinite potential barrier. Since for
small scalar charge of the particle (f) the particle speed never becomes zero (for r > M),

the particle does not encounter a potential wall to bounce back.

Now, to check what happens with the particle trajectories in finite proper time we start

from (4.3.10f), which in our problem can now be recast as

dr fq 1
—=x(1+= 4.3.1
dA ( - pr— M> (4:3.13)
and s
g 1 o dt
E=1+— 1—M/r)" — 4.3.14
(1+ 202 a-aaeg (4.3.14)
solving using (4.3.12)), near r = M we have
dr Ep\? 1/2
—==|(—) -1 M'(r-M). 4.3.15
i ==\(5) ] e 4319

Which shows that the particle approaches the horizon only asymptotically at infinite proper
time, so the trajectory never terminates. Thus this solution cannot be dimmed non-physical
yet, but it is proven to be linearly unstable [57] so it not important for our purposes, since
as we discussed earlier we can not assign to an unstable solution the “role” of an equilibrium

thermodynamic state.

4.3.2 Nielsen-Olesen Vortex

The other hairy example we want to mention here is that of a black hole threaded or pierced
by a string-like object for example a cosmic string or a Nielsen Olesen vortex. This hairy
solution has the privilege of resembling actual hair (since it is a line (hair) that is connected
to a spherical black hole (head)). The existence of the Nielsen-Olesen vortex married to
a Schwarzschild black hole has been proven numerically [58], so we will not go into more
detail apart mentioning that it is proven to be linearly unstable [59]. We will however
attempt to explain a little what a Nielsen-Olesen vortex is, so that the interested reader
can follow the discussion on the papers, and also because it is useful to know not only in
black hole physics but in various other examples as well. For that reason we consider an

Abelian Higgs model (in flat space at the moment)

L= —iFWF“” + (Duo)” (D*¢) — V(). (4.3.16)
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With a Mexican hat potential

1
V(6) = A9 — a2, (13.07)
where as always
D, =0, +ieA,, (4.3.18)
F,=0,A,—0,A,. (4.3.19)

In canonical form we recast the Hamiltonian density as

H= %(EQ +B?) + 7'+ (Do) (Dg) + V(¢) ; H= /d%H(f) : (4.3.20)

It is standard procedure to re-parametrize our scalar field as follows
O(Z) = p(7)e?@. (4.3.21)

Looking at (4.3.20]) in order to have finite energy we need our fields to satisfy asymptotically

as |x| — oo

B(%) — 0,
Do(7) = (V —ieA(T))d(T) — 0,
o(7) — e,
Where first line comes from first term in (4.3.20)), the next comes from the third and the
last line comes from the potential term (thus a is the same a of the potential). Since each

term in (4.3.20)) is positive it means that each term separately must vanish. So from the
above we get the asymptotic behaviour for the gauge field

1 1
We go to cylindrical coordinates and check boundary conditions
() = p(r, p) "= ae?¥) | eiflet2m — pible) (4.3.23)

0:5" — S', 0(p+2m)=0(p) + 2nm . (4.3.24)

Trying to compute the magnetic flux and taking the surface bounded by an asymptotic

curve C gives

1 2
o, = / d?zB = 7{ dsA = - 7{ dsVo(z) = n=" . (4.3.25)
% C

e e
Which for the trivial case n = 0, flux is zero, but when we have non-zero n, we have flux

for example for n = 1 we get
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In general it will also look like a vortex; hence the name Nielsen-Olesen vortex. This n is

kind of a winding number (for the string enthusiasts out there).

Having explained the name we will now attempt to show why it looks like a string. In
order to see that the scalar fields have cylindrical symmetry (this will be useful also later
in order to explore their coupling to gravity, if the interested reader decides to explore it)

we will redefine

®(z%) = aX (z%)eXE) | (4.3.26)
A, () = % P, (x%) — V,x(zY)] . (4.3.27)

When we write our equations of motion with those fields and choose n = 1 and our gauge
such that
® = aXy(R)e” ; P, = Py(R)V,0 . (4.3.28)

For R = v/\ar the equations of motion take the form

. X, P:X, 1
., P
Py + EO + B XEP =0 . (4.3.30)

Where we see that the Nielsen-Olesen vortex solution represents an infinite straight static
solution with cylindrical symmetry. What people did [58] in order to marry it with a
black hole and get hair, is put it on a Schwarzschild background metric and numerically
study back reaction. They get some nice numerical results, however this solution is also
proven to be linearly unstable. One important aspect of this solution, is that it is also not
asymptotically flat, even if we start with Schwarzschild metric. The solution asymptotically
has an angle deficit, a trade that is also shared by the global monopole hair. A space with

deficit solid angle has the following metric :
ds® = —dt* + dr* + (1 — 87Gn*)r?dQ>. (4.3.31)

One can see this metric as a metric that is asymptotically de-Sitter so it is equivalent
to having a non-zero cosmological constant A. This is a very interesting aspect of those
solutions, since you couple the vortex, string or monopole with an asymptotically flat
Schwarzschild metric but you end up with a metric that is asymptotically de-Sitter. The

de-Sitter and anti-de-Sitter cases reserve a complete treatment, since measurements put us
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in a universe with non-zero cosmological constant. So our next section is devoted on those

cases.

4.3.3 Final remarks

To conclude this section we would like to stress what is worth taking home. First that
there exist stable solutions which are hairy and have yet to show any pathologies. Second
that you can not say if your solution is non-physical just by having a divergent field like
we discussed on the BBM(B) model. Last but not least the value of the no hair conjecture
increases if we have a thermodynamic point of view. Since it makes the analogy between
stable black hole solutions and equilibrium states in thermodynamics natural. As we will
see further on black hole thermodynamics is one of the most important parts of black hole

physics.

4.4 No-hair theorems and Hairy Black Holes for A # 0

As we have already mentioned, the no hair theorem states that we need, at most, three
different variables to describe a black hole. These variables are the mass, the angular
momentum and the electric charge of the black hole. All the examples we have seen
until now, are based on the assumption that the space-time is asymptotically flat. But
what if the Universe has a non zero cosmological constant and so the space-time is either
asymptotically de-Sitter (A > 0) or Anti-de Sitter (A < 0)7 In this section we consider
%
proof to the no-hair theorem that extends both to de Sitter and anti-de Sitter space-times.

a scalar field in a convex potential ( > 0) coupled to gravity and give a more general

4.4.1 A Black Hole with a Scalar Field in both the dS and AdS

Case

We consider the action of a scalar field coupled to gravity with non zero cosmological

constant

s= [ {@(H M- Lo -vie)| (44.1)
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and because we want spherical symmetry we assume a form similar to the Schwarzschild

metric as done by Takashi, Kengo and Makoto [60]:
ds® = —fe 2 + fldr? 4+ r%dQ? | (4.4.2)

with f =1 — QGmT(”) — 272, Moreover, § = §(r,t) and m = m(r,t) are just functions of
distance and time. From now on we are going to use the dimensionless variables in order
to simplify our work, given by
G
At — ¢, Alr —r, VGp— ¢ and |T’V—ﬂ/ :
such that f =1 — 27’” + %. By varying (4.4.1) with respect to the metric we can find the

stress energy-tensor

2 48
V=909
It’s then possible, with the help of Einstein’s equations, to find the metric which correspond
to the above action. By comparing this metric with our assumption , we get the

following field equations

T =

m = 47rr2(% Fle2gR % F62+V(9)) | (4.4.3)
0 = —dmr(f2e® ¢ 4+ ¢?) | (4.4.4)
m = 47 fod | (4.4.5)
d 14 v
- GG+ ety = T (446

where we use the dot and the prime to show derivatives of dimensionless variables ¢ and r

respectively.

4.4.2 Boundary Conditions

Since we are studying a black hole we expect a regular black hole event horizon at r = ry,
we also demand regularity for r > r,. Furthermore when we consider the AdS case we
don’t expect a cosmic event horizon while in dS case we do. We find r;, by taking f =0

and so we get:
3
2m(ry) =1y — %’ . (4.4.7)

In the dS case there will also be a Cosmic event horizon at » = r.. The condition f = 0

also holds in this case, and so we get:

(4.4.8)

2m(r.) =r. —

NP



130 CHAPTER 4. NO-HAIR THEOREMS
In the AdS case, there is no other horizon apart from the Black hole event horizon and so
the regularity condition reads f(r) > 0 for r > r;, , hence:

7,3

2m(r) <r — i (4.4.9)

In addition, we impose smoothness of ¢ everywhere, apart from the singularity (r = 0).

We define the effective cosmological constant to be
Aerr =8V (o) =1, ( where V(¢oo) = limg—.acV(9)). (4.4.10)

We end up having 3 different possibilities for the asymptotic behaviour of our system,

depending on the value of A.s:

o N\ <0 — AdS case,
e \jss>0— dS case,
o )\ = 0 — asymptotically flat case.

Let’s start by considering static solutions within an AdS asymptotic structure. For our

metric functions it is reasonable to define, for spatial infinity (lim, . ):

(@) frArt=>1-22— % ~ Ar? = m < (lower or the same order of) Br?, where A is a

3

positive constant and B < 1—12 in the case that m ~ r° or simply a constant otherwise;

(b) d — o where 0 is just a constant.

For more details about the asymptotic behavior of the metric return to the second chapter
at formulas 2.1.19-2.1.20. To continue we integrate the equation (4.4.3]) which gives us:

m = 4m / dr (%fcb’? + v(cb)) ~ 47 / Cdr (%Ar”xb’? + V(gb)r2) . (4.4.11)

However, as we have already mentioned, m < Br? = ¢/ < O(r~!) otherwise m would be
of higher order than r3. We also have that

J= —47T/ dr (r¢”) + 65 | (4.4.12)
Tb

and because of the boundary condition (b) we get that ¢/ < O(r~'). If ¢/ was of the same or
higher order than O(r~!) then § would diverge at infinity, but as we said before § approaches
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a constant value at infinity. Therefore, when V' (¢4,) > 0, the gradient contribution to m
becomes asymptotically sub-dominant implying that lim, .., (m(r)) ~ 4m frz drV (¢)r?. To
proceed further we impose staticity on equation (4.4.6|) giving us

d d
Ar*¢/ + 4Arg’ — _d‘; =0= Ar'¢’ +4Ar3¢ = rQ—dZ :
and by integrating both parts we get:
1%
Art¢ = [ dr <r2£> : (4.4.13)

We have already found that ¢/ < O(r~!) = r*¢/ < O(r®) and so [dr <r2%> <O(r®) =

% < O(r=¢) (where >, < and ~ refer to higher, lower or same order, respectively),

therefore: qv

P — 0 asr — 00 = limyg_oV (), (4.4.14)
is an extremum. Due to equation (4.4.10), V(do) < %, otherwise A.s¢ ceases being
negative and the space-time approaches dS or another exotic one. By using this asymptotic

&2V
a2
both de Sitter and anti-de Sitter cases. No-hair theorems hold if there are not any non-

behaviour, we can prove the non existence of hair for a convex potential ( > 0) in
trivial solutions for the field equationﬂ The existence of trivial solutions (¢ constant
everywhere) does not violate the no-hair theorem because it does not give and additional
parameter for the description of the black hole. There are two types of convex potentials:
one with a minimum somewhere and one which approaches its minimum asymptotically

i.e. V(¢) =e?. We are going to study them separately.

4.4.3 Potential with Minimum at Finite ¢

For simplicity we set the minimum at ¢ = 0 and we also consider ¢(r,) # 0 to avoid trivial
solutions. Without loss of generality we take ¢(r,) > 0. Then we consider equation (4.4.6)

and impose staticity to get:
(P f) = —, (4.4.15)
and for the case of r = r, = f = 0 we end up with:

4

fle = o (4.4.16)

16Tf there were non-trivial solutions, an additional parameter ¢ = ¢(r) would be necessary for the
description of the black hole, and the no-hair theorem would not hold.
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The quantity f’ turns out to be always positive. Moreover, we have taken ¢(r;,) > 0, since
the minimum of the potential is at ¢ = 0 and the potential is convex. For positive ¢ we
have that % > 0, but then both f’ and % are positive and so ¢’ should also be positive,
hence ¢ increases at the horizon, while by considering equation at ¢ =0 we take

dv
fo' =

-4 (4.4.17)

As long as we have no cosmic event horizon, f > 0 everywhere outside the black hole event

horizon. Furthermore i—‘qﬁ is positive for ¢ > 0 making ¢” also positive. The above analysis
shows that ¢ is a monotonically increasing function. Since ¢ does not diverge, we can have

three cases for the asymptotic behaviour of the scalar field:

1. ¢ > ¢o (where V(go) = 5-) ,

2. ¢oo < ¢ (Where ¢, is the asymptotic value of the scalar field) ,

3. ¢oo:¢0'

We are going to look at these three cases separately.

Case 1
In this case V(¢) becomes larger than V(¢y) at some finite 7. As a result, the
effective cosmological constant (A.sr = 87V (¢) — 1) becomes positive, hence the
cosmic event horizon appears at finite r. Equation holds on the cosmic event
horizon (f = 0), nevertheless we have that f’ < 0 while % is still positive, meaning

that we should also have ¢ < 0 which ends up contradicting our previous analysis.

Case 2
For this case, V(¢) never becomes higher than V' (¢g) and so A.sf is always negative.
We can use the AdS asymptotic behaviour here: f ~ Ar? (with A > 0) and § = finite
and, because of equation (4.4.12)), ¢’ is of lower order than O(r~!) (otherwise § would
diverge). This implies that r2¢/e™° f = Art¢’e™? is of lower order than O(r®) and so
4 (Art¢'e™?) is of lower order than O(r=2). As a result lim, o531 (Art¢'e™%) — 0.
The left hand side of equation goes to zero as r — oo while the right hand

side remains positive and so we reach again a Contradictionm.

1

1"When we say ¢’ is of lower order than O(r~!) it is enough for ¢’ to be proportional to r~!~¢ where €

is an infinitesimal constant.
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Case 3

Here the space-time becomes asymptotically flat, since Ay = 0 at 7 — oo and also
f=1-— 27’” is of the same order as O(r°) at infinity. The quantity d is finite and due
to equation ¢ should be of lower order than O(r~'). This means that the
left hand side of equation (4.4.15)) is again equal to 0 at infinity while the right hand

side is positive. Thus, again we reach a contradiction.

So by supposing that there exists non-trivial solutions for the field equations we have
reached a contradiction in all three cases. Hence there are no non-trivial solutions for the
case of convex potential with a minimum at finite . Now we will show that the same holds

for the case where we have a convex potential with a minimum at infinity i.e V(¢) = e?

4.4.4 Scalar field in a Convex Potential which Approaches its

Minimum at ¢ — oo

We treat a potential which approaches its extremum at infinity, meaning that % — 0 at
infinity, but % is a monotonically increasing function because ?127‘; > (. Hence % should
start by a negative value. Furthermore, equation should hold again at the horizon.
Since now f’ > 0 while (é—‘qf < 0, we get that ¢’ < 0 at the horizon. On top of that
still holds at the extremum of the scalar field. Nevertheless, we find that ¢” < 0. Therefore,
we have shown that in this case the scalar field is a monotonically decreasing function. We
can also notice that the potential is a monotonically decreasing function of ¢ because i—g
is always negative. Again we have three different possibilities, depending on the value of
Aess. In the first case we have V(¢) > V(¢o) and so Acyy > 0 which makes the cosmic
event horizon appear. Equation should also hold in this case. However, f’ becomes
negative on the horizon and % is also negative, hence ¢ should be positive (increasing ¢),
but we have already shown that ¢ is a monotonically decreasing function for this kind of
potential, so again we reach a contradiction. We can also treat the other two cases in the
same way as before which leads us to contradictions. Finally we have shown that there
are no non-trivial solutions for the case of static black hole with a scalar field in a convex

potential which implies that the no-hair theorem holds.
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4.4.5 Example of a Hairy black hole Coupled to a Scalar Field
in AdS

We will consider a neutral scalar field minimally coupled to gravity in a self-interacting
potential V(¢) as done in [61]. We will also take the cosmological constant to be A = — & 2
where [ is the length of the AdS space and k = 87Gy the Newton Constant. We will

incorporate the cosmological constant in the potential as A = V'(0). The action then is:

1
/ dhay/= < R = 59"V oVt — V(qﬁ)) (4.4.18)
and the energy momentum tensor:
1 loa
T =V,uoVid — g {2,6/” V0V + V(¢)1 , (4.4.19)

and by substituting and to Einstein’s equations we get:
Ry — £(0,90,0 + g,V (9)) = 0, (4.4.20)
We will consider the metric ansatz:
ds? = —f(r)dt* + f~(r)dr? 4 o (r)dQ? (4.4.21)

By using the ansatz to (4.4.20)) we get the following differential equations:

f(r) + 2(;((:)) F'(r) +2V(¢) =0 (4.4.22)

o/(r) ¢ (2(r))* | o"(r) ko _
a(r) Fn+ ( o?(r ) a(r) ) f(r) a2(r) +V(¢)=0 (4.4.23)
fr(r) + 2%]@(@ + (40;((7“)) +2(¢/ (1)) ) f(r)+2V(g)=0 (4.4.24)

where k denotes the curvature of the spatial 2-section. We eliminate the potential to the

above equations and we obtain:
a"(r) = 5(¢'(r)*a(r) =0 (4.4.25)

oo (@) 2
F(r) 2( 20 o ) flr)+ 0 0 (4.4.26)

To find exact hairy black hole solutions the differential equations (4.4.22))-(4.4.24]) have to
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be supplemented with the Klein Gordon equation of the scalar field which in general reads

as: AV
¢ —

do

There is a well known solution of the above differential equations [62] with:

(4.4.27)

r(r+ 2GN/L>T2

a2(r) = T ICaT (4.4.28)

_r(r+2GNp)
f(T) - (7“ + 2GNH)2

(1 + G—N’i) The scalar field is given by:

[ 3 Gy
= A S 4.4,
1) O rctcmhr et (4.4.30)

where the potential is found to be:

F(r) (4.4.29)

2

with F(r) =

o . (4.4.31)

This is the simplest known hairy black hole solution of a scalar field coupled conformally
to gravity. Now if we want to abandon the conformal gravity with a curvature one we can
still find the solutions of the differential equations (4.4.22))-(4.4.26|). They have the form:

a?(r) = 1r?, (4.4.32)
(r + 2rp)
flr) =N F(r) (4.4.33)

r? o r2

2
To To 27“0
F(r) =155 - l2r—1—l—gl2 (1—2912) i (2+ T) +97ln (1+2—) |
The potential is:

A X 47TGN A
h2
Gy OF GrCn

1
x[21/37G ycosh ( bmGiy gb)
_gsinh ( 16mGy gb)

—ésmh(élx/ 3rGN)).

V(o) =
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4.4.6 Final Remarks

We have studied the case of a scalar field in a convex potential which couples to gravity
in a more general way. We found out that for this case the no-hair theorem holds for
both dS and AdS space-times as well as the asymptotically flat space-time. It essentially
generalizes Bekenstein’s procedure for the scalar field presented at the beginning of this
chapter, which is also taken for convex potentials. We have shown this more general
proof by supposing that the field equations have non-trivial solutions and contradicting
our starting assumptions. It should be mentioned that the whole analysis holds only if we
have a scalar field in a convex potential. In the case of a non-convex potential, or another
kind of fields, it is possible to find hairy solutions. An example of this is when we couple
a Higgs field to gravity [63]. However such solution is regarded unstable and therefore not

a threat to the Israel-Carter conjecture.



Chapter 5

The Laws of Black Hole Mechanics

In this chapter we will discuss one of the most intricate equivalences in theoretical physics,
namely the idea that black holes can be considered as thermodynamic systems. This field
of study has appropriately been named “black hole thermodynamics”, as for every law of
thermodynamics there is a law of black hole mechanics. In this chapter we consider the laws
of black hole mechanics in a purely classical sense. This means that the equivalence between
black hole and thermodynamics is only an analogy. This comes from the fact that classical
black holes cannot radiate and thus do not have a temperature. The quantum mechanical
treatment is postponed until Chapter [7l The first four paragraphs will introduce the four
laws of black hole mechanics. Subsequently, paragraph five will present the analogy between
black holes and thermodynamics, focussing on the first and second laws of thermodynamics.

The final paragraph will do the same for the zeroth and third law.

5.1 Zeroth Law: Surface Gravity

In this section we will introduce the concept of surface gravity, an important idea in the
study of black hole thermodynamics which, as we will see later, is associated with the
temperature of a black hole. Before introducing this concept it is necessary to introduce
the definition of Null-hypersurface and Killing horizon. After doing this we will explain the
relation between event horizons and Killing horizons. Then we proceed stating and giving
a brief account of the proof of the zeroth law of black mechanics, which states that the
surface gravity is constant along the event horizon. Finally, we will show how to calculate

the surface gravity for the case of the Schwarzschild solution.

137
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In this section we will make an effort not to be too technical in the mathematical intricacies.
For readers interested in these details we will refer you to references where these topics are

studied in more detail.

5.1.1 Null-Hypersurfaces and Killing Horizons

A hypersurface in the 4-dimensional space-time of general relativity is basically a 3-
dimensional sub-manifold. Families of hypersurfaces can be defined by imposing a con-

dition of the form:
S(z) = Const,

where S(z) is a smooth function depending on the coordinates x*.

A hypersurface that is part of such a family has a normal vector which can be written as

| = N(z)0"S 0, = N(z)g"" 0,50, (5.1.1)
I = N(x)o"S = N(z)g"0,9, (5.1.2)
where N(z) is an arbitrary function that sets the normalization of [, while 0, is a basis

vector for the vector space of directional derivatives (recall [I]). Here we also used the fact

that 0,5 is normal to the hypersurface.

A null-hypersurface ¥ is defined as a hypersurface ¥ for which its normal vector [ satisfies

the following condition
Pl =1",]z=0. (5.1.3)
This equation implies that [ is orthogonal to itself and therefore [ is also a tangent vector

to the hypersurface.

A Killing horizon is a null-hypersurface X, for which there exists a Killing vector £ that
is normal to . Since £ is normal to X, at the Killing horizon it is clear that the Killing
vector and normal vector satisfy

§=flat X, (5.1.4)
for some function f. From this we see that
)y = f2P|x = 0. (5.1.5)

We will now use a result often derived in the literature (see [64] [65]), which is the fact that
we have the freedom to choose N(x) in equation (5.1.2)) such that

17V, 145, = 0,
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for a null-hypersurface X.

From this expression and equation it is easy to verify that
V! |y = K", (5.1.6)
where x is known as the surface gravity and it is given by
k=&0,Inf .

For the case of a static asymptotically flat space-time, k will correspond to the acceleration
of a static observer near the horizon, as it is seen by a static observer at infinity (for
more details see [I]). In Section 5.6 we will see that this quantity is associated with the
temperature of a black hole, consequently it will play a very important role in black hole

thermodynamics.

We will now proceed to rewrite equation (5.1.6)). For this we use Frobenius’ theorem, which
states that a sufficient and necessary condition in order for a vector field A to be orthogonal

to a surface, is that
A VgAyls = 0.

Using this property for the Killing vector ¢ and the Killing equation, it is possible (after
some lengthy algebra) to rewrite equation ([5.1.6)) in the following way

R = (V) (Vabo)ls (5.1.7)

From this equation it is clear that for a given Killing horizon the value of x? will depend on
the normalization of £. In order to avoid this ambiguity, and thus guarantee the unique-
ness of k for a given Killing horizon, we will choose a specific normalization for £. The
normalization that we will use corresponds to fixing £ such that

lim ¢ = —1 .

r—00
This particular choice of normalization is motivated by the fact that we are interested
in spacetimes that are asymptotically flat, thus we want the normalization of ¢ for large

values of r to correspond to the one used for 9, in Minkowski space.

5.1.2 Killing Horizons and Event Horizons

As we saw in the previous section, the concept of a Killing horizon is in itself a mathematical
construct independent of our definition of event horizon. However, these different concepts

are very related in the case of space-times with time translational symmetry.
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The connection between these two topics has been achieved by means of the “rigidity
theorems”, the first of which was proven by Carter [66]. He showed using only geometrical
concepts that: For a static black hole £ = 9, is normal to the event horizon, while for an

axisymmetric stationary black hole the linear combination
§=0+Qu0y , (5.1.8)

with Qg some constant related to the angular velocity of the black hole, is normal to the
event horizon [67]. Therefore, for any black hole having one of these symmetries, the event

horizon would be a Killing horizon, provided it is a null-surface.

For this the following simple argument holds: Choose coordinates such that the event
horizons are surfaces of constant r, therefore the vector 9, will be normal to them. For the

event horizon to be a null-hypersurface it is then needed that
0= 8#7“81,7' gMV’Horizon = ng’Horizon s

but this is always true since this is basically the recipe for finding the horizon once a
specific metric is given (recall [I]). As a final comment it is important to point out that
this theorem proves that for stationary axisymmetric and static black holes, the event

horizons are Killing horizons, but the converse is not true.

5.1.3 Zeroth Law

The zeroth law of black hole mechanics states that the surface gravity s is constant along
the event horizon. A rigorous proof of this statement is beyond the scope of this text,

however, we will try to give a sketch of the proof (for more details see [64], 65 [68]).

From the field equations of Einstein we have that

1
RHV — §g#VR = Tl“’ .

We now introduce the Killing vector £ normal to the horizon. Multiplying by £#£” on both
sides this becomes
§'E Ry, — R =T, "¢ . (5.1.9)
We now evaluate this expression at the horizon . From equation ([5.1.5) we have that
&% = 0. On the other hand, Raychaudhuri’s identity (recall Section 3.4.1) at the horizon
states that:
Ru&'Els =0



5.1. ZEROTH LAW: SURFACE GRAVITY 141
Thus the left hand side of ([5.1.9)) vanishes, leaving us with
T ]s =0 . (5.1.10)

Since the Killing vector is normal to the horizon, the equation above implies that {7}, is

a vector tangent to the Killing horizon.

Recall that the Killing horizon is a 3-dimensional null-hypersurface made of vectors or-
thogonal to the normal vector [: Because we are in a null-hypersurface, [ will be among
these vectors. By choosing 2 other vectors ¢t and ¢(® that are orthogonal to [, we can
create a basis in which we can decompose any vector orthogonal to [. Doing this for £"7),,
we get:

guTuV _ a@ + bgﬁl) + CC;(f) ’
where a, b, ¢ are coefficients and we used the fact that at the horizon £ and [ are parallel

(recall equation ([5.1.4))).

For null-hypersurfaces it turns out that the tangent space at any point is made of space-
like vectors except in one direction (in this case ) [69]. This implies that ¢(*) and ¢
are space-like vectors. This, combined with equation (5.1.5) implies that £T),, is either a

space-like or a null vector (the latter only if b = ¢ = 0).

If we assume the dominant energy condition we have that {7, must be a time-like or null
vector. Therefore, for this two conditions to be compatible it is needed that b = ¢ = 0.
Consequently we have that "7}, oc £#. This implies that this 2 vectors are proportional

to each other and therefore commute
g[pTgﬁgA'E =0.

Using Einstein’s field equation and equation ({5.1.5)), this becomes
EpRyéls =0

After using several identities for Killing vectors and some lengthy algebra (see [64]) it is

possible to write this in the following way:

f[aR,A,]f,\b = {,0,klx =0 .

This expression implies that £ and 0k commute and therefore ¢ o Ok. Since £ is normal
to the horizon this means that the change in x (0k) is normal to the horizon, therefore for

any vector t tangent to the horizon it holds that:

t, 0% =0 .

Since this holds for all ¢ tangent to the horizon, x is therefore constant along the horizon.
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5.1.4 Surface Gravity of the Schwarzschild Solution

Let us now give an example on how to calculate the surface gravity for the simplest case,
the Schwarzschild solution. Instead of using coordinates (r,t, 0, ¢) for the calculation, we

will use incoming Eddington-Finkelstein coordinates:

r—2M
=1 . ith r, = 2M1 .
v —+r w1 r r -+ n( i )

In this coordinates the line element looks like:

2M
ds* = — (1 — T) dv? + 2dvdr + r*dQ? |

and the inverse metric is given by:

0 1 0 0
w |1 1=23 0 0
700 0 L o

0 0 0 i

We will be interested in hypersurfaces of the form S(z) = r = const, since this family of
hypersurfaces has the same structure as the event horizon r = 2M. From equation ([5.1.2))

we have that:
2M
| = N(x)g’"ﬁu — N(:L“) [gvrav + g”’ar] = N(q}) {81] + <1 - T) 871 . (5.1.11)
We will now check under which conditions S(x) = r defines a null-surfaces:
> =1""g,, = N*(x)g"" 9,5(x) ¢"* 9,5(z) g

2M
= NQ(J;)gurgurguy — N2(-T)QTT = NQ(ZE) (]_ — —) .

r

Therefore, the event horizon r = 2M will correspond to a null-hypersurface, which we will
denote by X.

Since the metric is time independent we have that ¢ = 0, is a Killing vector. In incoming
Eddington-Finkelstein coordinates it becomes
dv 0
=——=20,.
dt Ov
From this result and the result for [ we see that indeed ¢ o [ at the Killing horizon

(r = 2M), just as in equation (5.1.4]).

gz(‘)t
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Taking this into account we now proceed to calculate the surface gravity by using equation

(5.1.6):

1
€ava§v|z = garngpkl = FZU|E = _gva (avgva + avgav - aagvv) |E

2

1 M 1 1

:_2a'uvr_arvv = = = v
3 (2090 = Ohgw) I = o = 757 = 1a7°
Comparing with equation (5.1.6)), we conclude that the surface gravity is
! (5.1.12)
K=—-—". 1.
AM

Using a similar procedure one can calculate the surface gravity for the Reissner-Nordstrom

(already introduced in equation (2.3.12)) and Kerr solutions, which are presented in the

Appendix [A4]

5.2 First Law of Black Hole Mechanics

The first law of black hole mechanics is based on the following question: what is the mass
difference between two solutions of the Einstein equation, when these solutions have a
infinitesimally different area, charge and angular momentum? A more physical way of
stating this question is: how does the mass/area of a black hole change if we throw in a

particle with a certain mass, charge and angular momentum?

To answer the question we will first need to define mass is general relativity, because we
need a rigorous definition of the mass of a black hole in order to answer the above question.
For this we will introduce the Komar mass [70], which is a geometric expression for the mass
contained inside a closed surface. Analogous to this we will introduce how to define the
angular momentum of a black hole. With this new definition of mass we are in a position
to calculate the mass of a black hole. Then we can see what happens to the mass if we
vary the parameters in the expression by an infinitesimal amount. This is a very general
derivation of the first law, which holds for every axisymmetric stationary asymptotically

flat solution to the Einstein equation. The first law will take the following form:

_ k(M, J,Q)

™

dM dA + Q(M, J,Q)dJ + (M, J,Q)dQ. (5.2.1)

However, by now the physical interpretation of the parameters present in this equation is
not yet clear, they are just some functions that appear in front of dA,dJ and d@. To give
the functions a physical interpretation we use a simpler way to derive the first law for a

more specific example, namely by calculating dM of a Kerr-Newman black hole. Then we



144 CHAPTER 5. THE LAWS OF BLACK HOLE MECHANICS

have the opportunity to give a physical interpretation to the quantities «, 2 and ® is. Our
starting point for this is a Kerr-Newman black hole with mass M, charge ) and angular
momentum J. With the relatively simple derivation for the first law of a Kerr-Newman
black hole, we will determine that x is the surface gravity of the previous section, €2 the
angular velocity of the black hole and ® the electrostatic potential difference between the

horizon and infinity.

5.2.1 Mass in GR

When we try to define the mass of a black hole, we run into several problems (for a nice
discussion, see [70]). Usually we try to define the mass using the energy-momentum tensor
T,,. However, for a black hole all matter is inside the event horizon, an inaccessible region.
Therefore we can not really define a 7}, for a black hole. Our only option then is to define
the mass (energy) of the black hole as energy contained in the gravitational field. This is
where we run into difficulties, because there is (yet) no way to get a well defined energy-
momentum tensor of the gravitational field itself. This is mainly because the gravitational
field itself is determined by the energy-momentum tensor via Einstein’s equation. With
the energy-momentum eliminated as a way to define the mass of a black hole, we try to
use the Ricci tensor R,,. We make this choice because we know that the information
about the gravitational field in contained in this tensor, and that it is related to the energy

momentum tensor via the field equations.

In this section we will define the mass of a black hole via the quantity known as the Komar
quantity. There are other ways to define the mass of a black hole, but we will not go into

details for this section (some of the different definitions even turn out to be equal [70]).

Let us first define the notations. S is a space-like hypersurface, which is obtained after
taking a time-slice of our 3+1 spacetime (S is then just the 3d space at a certain time)
with a time-like unit normal vector a,. The metric of our 3+1 space-time is g,,. Define
the induced metric on the hypersurface S as 7,,,. We then define 05 as a closed 2-surface
embedded in S with a space-like unit normal vector b,. We can choose a, and b, to be
orthogonal (a,b" = 0). We define the induced metric on S as 7, and on 0S5 as g, given

by the following formulae:

® Vi = Guv + a,Qy,

® G = Y — buby.
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When integrating tensors over 0.5 or S it is useful to define the surface or volume elements

as tensors. We can do this in the following way:

o dS,, = (bya, — bya,)\/qd*z,

o dS, = au\/ﬁd?’m.
Here dS,, is a surface element of 95, dS, is a volume element of S and ¢ and v are the
determinants of g, and 7, respectively.

With this notation we can define the Komar quantity in the following way

1
=—— ds,, VY, 5.2.2
QK A o % 5 ( )
where & is a Killing vector of the 341 space-time and the factor —ﬁ is a normaliza-

tion factor, determined in such a way that we get the right physical quantities from this

mathematical expression. We can rewrite this quantity by using Gauss’ law in GR,

/ ds, VvV, A" = / ds,, A", (5.2.3)
S as
and the useful identity for Killing vectors,

VvV, VY = REEY, (5.2.4)

to write the Komar quantity as

1 1
= —— Hev e M eV
Qi =~ /S dS,V, Vi - /S ds, e, (5.2.5)

One can derive that REEY is a conserved quantity

Vu(RE) = V.V, Vre,
V,V,VHE 4 RY

apy

V,V, VA =0,

Ve + Ry,

vhee, (5.2.6)

In the second line we have used the commutator of covariant derivatives when working
on a 2-tensor. The last two terms in the second line vanish because the Riemann tensors
reduce to a Ricci tensor. The Ricci tensor is symmetric but from the Killing equation we
know that V#£” is anti-symmetric, thus these terms vanish. From the above equation we

see that this expression is symmetric in switching the first 2 covariant derivatives, but we
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know that V#£" is anti-symmetric. Therefore we can conclude that V,V,V#£” must equal

0, verifying that REY is a conserved quantity.

This tells us that we can relate a conserved quantity to a Killing vector via the Ricci-
tensor. An important property of this conserved quantity is that we can write it as a
surface integral. The advantage is that we then do not have to worry about what happens
inside the surface. The Komar quantity is a perfect candidate to define the mass of a black
hole. Note also that the conserved quantity contains the Ricci-tensor, which is what we

were looking for when we wanted to define mass/energy.

Since the metric of a static and axisymmetric black hole is independent on ¢ and ¢, we
know that it has the following two Killing vectors: § = 0;, and £ = 0,. Now it is very
straightforward to define the mass as the (conserved) Komar quantity associated with
the time-like Killing vector. We choose the time like Killing vector because of the fact
that energy density is the 7)) component of the energy-momentum tensor and that energy
conservation is associated with time-translation symmetry. The definition of the Komar

mass is then
1

Mg = —— ds,, V*E", (5.2.7)
4 a8

where we have defined k* as the Killing vector associated to J;. In the same way we

can define the angular momentum as the Komar quantity associated with the rotational

killing vector, since conservation of angular momentum is associated with symmetry under

¢ translations. the definitions of the Komar angular momentum is then

1 .
Jr = —— ds,., V*E", 5.2.8
K 87T 85 2 ( )
where we have defined k* as the Killing vector associated to 0p. The definition of the

angular momentum has a extra factor of % which is another normalization factor.

It is important to realize that, since R, is 0 in vacuum, we have a freedom in choosing
our surface. We can alter 05 as we like without changing the value of the integral, as long
as we do not include new matter inside the new surface 05. In other words: if we want to
change the surface we only have to be careful that there is no non-zero R,,, (so no non-zero

T,,) inside the new surface, because that will alter the outcome of the integral.

Lastly let us note two important points. First, this definition of mass and angular mo-
mentum is purely geometric in the sense that it is coordinate independent. Second, this
definition does not refer to the particular embedding in S, it only depends on the closed

2-surface that is chosen.
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5.2.2 Mass of an Axisymmetric Black Hole

With this definition of the mass of a black hole we are ready to calculate it. In this section
we will confine ourselves to a stationary axisymmetric asymptotically flat space. We know
that in such a space we have two Killing vectors, a time-translational and a rotational
Killing vector associated with 0, and 04 respectively. Remember that in the previous
section we defined k* as the Killing vector associated to d, and k" as the Killing vector
associated to J,. We will start by taking the identity for k* and integrate both
sides over hypersurface S. We can then use Gauss law to write it as follows

- / dS, RIK = / S, V" k. (5.2.9)
S oS

We will choose S to contain the whole 3 dimensional space except for the interior of the
black hole. The surface of S then consists of a surface at infinity and a surface where S
crosses the horizon of the black hole, 9B. We have excluded the interior of the black hole
since it is inaccessible. According to the newly given definition of mass , the right
hand side integrated over the surface at infinity will be equal to the total mass inside S,

M, times —4m and the integral over 0B equals the mass of the black hole

1 1
M=— [ dS,REE" + — ds,., V*E". 5.2.10
= [asure - o [ as, (5.210)
If we now substitute k* = &* — Qk* (remember £ = 8, + Q0,) in the expression for the
black hole mass, this term then splits in two. The term involving k" is twice the Komar
angular momentum according to the definition making this term equal to 2QJgy. If

we then use Einstein’s equation to rewrite the Ricci tensor we get

M = /(ZTﬂ — ToME*dS, + 2QJpg + L VHEYAS . (5.2.11)
s 4m Jop
Now let us look at the last term. We know that dS,, can be expressed using the normal
vectors to the surface. We have already seen that £ is orthogonal to the event horizon.
Let us call the other null-vector orthogonal to 0B n*, which we can choose such that
§#n, = —1. We can now use the two normal vectors {u and n# in our expression for d.S,,.
We can also rewrite the equation for x by multiplying it with n, and get:

k= —n,&VEN. (5.2.12)

Now we see that, since V¥&# is anti-symmetric, the last term in ((5.2.11)) is simply the

surface gravity integrated over the area. This term is equal to the surface gravity x, which
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is constant over the area according to the zeroth law. This term then equals k times the

area and we get for the total mass M inside S:
M = / (2TF — T6")kPAS, + 20T gy + fA. (5.2.13)
S m

Here the first term is the contribution from the mass outside the black hole and the last

two terms form the mass of the black hole itself.

5.2.3 The First Law

Now we can calculate what happens to this expression if take a small variation of the
parameters. The full calculation is done in [68], which is long and cumbersome, so here we
will only give a rough outline and the results. By varying the mass formula we actually
compare two slightly different stationary axisymmetric black holes. Therefore we have
a freedom in choosing which points will correspond. A convenient choice is letting the
surfaces S and 0B of the two different solutions coincide, as well as the Killing vectors k*

and k*. This gives us the following equations:

Skt = 8k* =0, Ok, = 6g,,k", ok, = 0g, k", (5.2.14)
0 = SQUH, 66, = hu & + 0Qk,. -

If we rewrite T' = —SiﬁR and use the variation of the Ricci scalar, it can be shown that the
variation of the term involving 7" in ([5.2.13)) can be converted in a surface integral. The
integral over infinity gives —0M and the integral over 0B gives _fl_fr —20QJpy, which will
obviously cancel with two other terms when taking the variation of . The variation
of the term involving T* will give contributions from the matter surrounding the black
hole (which is assumed not to fall into the black hole). We will take this to be zero in our
discussion (the interested reader can see [68] for a discussion when this term in not taken

to be zero). Putting all of this together in one equation we get

OM = —oM — 5—,1 — 200 gy + 26(QJBH) + (5(ﬂ), (5.2.15)
47 47
SM = Q6 Jpy + 8£5A. (5.2.16)
T

This equation is the first law of black hole mechanics.

5.2.4 The First law for the Kerr-Newman Black Hole

In the previous section we have done a formal derivation of the first law, where we only

assumed an axisymmetric stationary asymptotically flat black hole. However, charge was
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not yet included and the physical interpretation of €2 is yet unclear. In this section we will
derive the first law assuming that we have the Kerr-Newman solution. We will start by
calculating the area of the event horizon of a Kerr-Newman black hole. This is the area of
the 2-surface created by fixing t = tg and r = r. = M + /M2 — Q% — J2/M?2, both t, and
ry are a constant, in the metric of a Kerr-Newman black hole. The induced metric £, on

0
I : (5.2.17)
0 goo

where ggo and g4 are components of the Kerr-Newman metric. The area is then given by

_ / Jdet(h)dodo. (5.2.18)

Using the expressions for ggg and gy, (2.3.2)), and evaluating them at the horizon r =,

this 2-surface is then as follows

we get det(h,,) = (r2 + a?)?sin?(#), where a = 2. Now we can calculate the area

s 2w
A= / d9/ do(r? + a®)sin(0) = 4n(r + a?), (5.2.19)
0 0
that can be expressed in terms of M, J and @):
A=drx <2M2 QoMM a2) . (5.2.20)

Now we can set up dA = ‘M s dM + 55 oA dQ + gﬁdJ by simply determining the derivatives:

3 _ 902
0A . AM? —2Q°M ’
oM VME = Q2 M? — J?
_ 2
04 A oo, 2QM |
0Q \/M4—Q2M2—J2

% B —8nJ
0J  /M*— QM2 — J%
Then rewrite the differential for dA, using some simple algebra, as a differential for dM

1
T+ — SdA+ 5——dJ + Qrs
167r7"+—|—a2 1 +a? i+ a?

dM = dQ. (5.2.21)

5.2.5 Physical Interpretations

We can see by comparing equations (5.2.1)) and (5.2.21) that x = ” "—. In the appendix
the surface gravity of the Kerr-Newmann black hole is calculated, inf . Comparing our
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expression with the result we see that our k equals £, of equation (A.4.2)). The physical

interpretation of this term is then the surface gravity of the black hole.

The coefficient in front of dJ, T{ﬁ = (2, may also be familiar. In the appendix it
has been calculated that this is the coefficient that makes the Killing vector £ a null factor
on the horizon, by solving £? = 0. However, we can also give a nice physical interpretation
to this coefficient: the angular velocity of the black hole. At first it might seem strange to
even give an angular velocity to a black hole, but we can define the angular velocity of the
black hole using the frame dragging effect of the Kerr solution. In section [2.3| we saw that
if you throw in a particle at rest with 0 angular momentum, it will gain an angular velocity
with respect to infinity. A definition we can then give to the angular velocity of a black
hole is the angular velocity that a particle has once it reaches the horizon, if it started
from rest with zero angular momentum at infinity. Let us calculate this quantity. Since
the Kerr-Newman metric does not depend on ¢t and ¢, there are two conserved quantities

related to this:

E =294t 4 20160, L = 2gist + 20440 (5.2.22)
Here the dot denotes differentiation with respect to the proper time. These expressions can
be solved for { and ¢. Dividing these two quantities then gives us %, the angular velocity

of the particle with respect to an observer stationary with respect to the black hole. If we
then set L = 0 (initially the particle goes straight towards the black hole) we see that the

particle still gets an angular velocity due to the g4 term, equal to:

dd g a(r? +a* — A)

= 5.2.23
dt  gep (1?24 a?)? — Aasin®(0)’ ( )

where A = (r —ry)(r —r_). The phenomenon for which the particle starts to rotate along
with the black hole even though it had no angular momentum is called the frame dragging

effect, which can be seen as that the black hole 'drags’ the space-time along with it.

According to an observer at infinity the particle will never cross the horizon, but we can

take the limit » — r,, A — 0, and get the following result:

do a

dt 2 +a

(5.2.24)

From this we immediately recognize the term in front of dJ in (5.2.21)). Note that this is
a quantity constant over the horizon (independent of #). Therefore we can say this is a

property of the black hole, confirming the name ’angular momentum of the black hole’.

Lastly we want to know what ® is. As we will see this quantity is the electrostatic potential

of the black hole (with respect to infinity). This is a very logical way of interpreting this
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quantity since taking a charge from infinity to the event horizon will give it an extra
energy equal to the potential difference. However, we can make this more concrete. In
electrodynamics the electrostatic potential is the t-component of the electromagnetic 4-
vector A,. We can write it more formally as k#A,,, where k* is the time-like Killing vector.
As argued before, this Killing vector is related to the energy. But there is a problem if we
want to define the electrostatic potential on the event horizon. We know that an observer
can not follow a path along the time translational Killing vector inside the ergosphere.
However, we have seen that for a rotating black hole frame dragging occurs where the
space-time is dragged along with the black hole. This changes our Killing vector and

therefore the definition of the electrostatic potential:
A, =1+ Qo (5.2.25)

with t* and ¢* the unit vectors in the ¢ and ¢ directions respectively. Now we can define
the electrostatic potential of the black hole as the difference in £# A, between infinity and
the horizon. We know the electromagnetic potential of a Kerr-Newman black hole from a
previous chapter, equation (2.3.16)), which has the property that it is 0 at infinity. Putting

this all together gives us the following expression for the potential difference:

Qry a’>  Qary sin?(0) Qry
@ g A QA r=r frg — = 22
(A + QA )=, r2 +a?cos?(0) 12 +a?r? +a’cos?(f) r? 4 a? (5.2.26)

This is the same as the term in front of dQ), verifying that this is the electrostatic potential

of the black hole. Note that this too is constant over the event horizon.

5.3 The Second Law: the Area Theorem

After seeing the first law of black hole mechanics written in full generality in equation
(5.2.1]), one could wonder whether there are any restrictions on the possible changes in the
mass, area, charge or angular momentum of a black hole. From a given set of initial values,

can these quantities be tuned to become any value?

It turns out that the answer is no: not all of these quantities can be tuned at will. There
is at least one restriction: the area A of the event horizon of a black hole cannot decrease
in time, thus % > 0, under a couple of fairly general conditions. This result was obtained
by Stephen Hawking and goes by the name of (Hawking’s) Area Theorem [4]. It is a very
general result and holds in any asymptotically flat spacetime containing a black hole, if
the cosmic censorship conjecture is true and the weak energy condition is obeyed. It is,

however, a classical result and does not account for quantum effects. We will see in Chapter
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that the area of the event horizon can shrink due to Hawking radiation. In order to go
in depth into the proof, we do need some concepts, which we will introduce in the next
two sections. After that, we can see the validity of a very interesting theorem by Penrose,
which we can then use to prove the Area Theorem. Lastly, we revisit the Penrose process,

to see whether it violates the Area Theorem.

5.3.1 Causality

In Section 3.4.1, we already started thinking about congruences of geodesics in a spacetime
and the causal future and past of subsets of spacetime. These concepts will be very useful
to formalize, because we will use them often in the remainder of the section and can also
be found in [65].

By a causal curve we mean a curve in a spacetime M that is nowhere space-like. If two
points p and ¢ in spacetime are connected by a causal curve from p to ¢, we say that p lies
in the causal past of ¢ and write p < ¢. Similarly, if this curve goes from ¢ to p we say that
p lies in the causal future of ¢ and write ¢ < p. Using these definitions we can also define

the causal past and future of a subset S:

causal past of S: J7(S) = {x € M|3s € S such that s € S s.t. x < s}
causal future of S': JT(S) ={x € M|3s € S such that s € S s.t. s < z}.(5.3.1)

Similarly, we can define a chronological curve as a curve that is time-like everywhere and
use this to define the chronological future and chronological past of a given subset S in
complete analogy with the causal case treated above: we write p < ¢ when there exists a

chronological curve from p to q. Now we can define also the following sets:

chronological past of S: I7(S) = {x € M|3s € S such that s € S such that * < s}
chronological future of S : I*T(S) = {x € M|3s € S such that s < z}. (5.3.2)

It follows straight from the definitions that I* C J*, since every time-like curve is also
nowhere space-like. From this observation, we can define the boundary of the causal past
of a set as the set 9J(S) = J(5) \ I7(S). This set contains points which can only
be connected to U by a null geodesic; we say that 0.J~(S) is generated by a set of null
geodesics, the null geodesic generators of 9J~(S). Also, we can observe the following facts

about relations between points in spacetime:

1. f p< qgand g < r, then also p < r.



5.3. THE SECOND LAW: THE AREA THEOREM 153
2. If p<qand g <r, then also p < 7.
3. If p< qand g < r, then also p < r.
r y ]
r r

e //p
If p< qand ¢ < r, then
also p < r.
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If p < qand g < r, then
also p < r.

/
,
S
o -
>
\/ga
p
p
p

p

If p< qand g < r, then
also p < r.

Figure 5.1: Spacetime diagrams to give some intuition to the abstract relations between
different points in spacetime given above. The dashed lines indicate the lightcone, the solid

lines indicate paths between points.

Using these definitions, we can already prove an important result, first proven by Roger
Penrose in 1967 [71]:

Lemma 5.3.1 for any subset S C M, a null geodesic generator of 0J~(S) cannot have a
future endpoint on 0J~(S).

This means that null geodesic generators may indeed enter 9J~(S), but cannot leave
0J7(S). The proof of this claim formally requires some mathematical theorems, but noth-
ing we cannot tackle using physical intuition. In addition, the breakthroughs in this field
were all accomplished by arguments such as the ones in the proof of Penrose and it would

be a shame not to let the reader taste these arguments.

Proof . Suppose that v is a null geodesic generator of dJ(S) and suppose that p €
0J~(S) is a future endpoint of v. We can find a patch V' around p with Riemann normal
coordinates, such that the causal relations in V' are those of Minkowski space. This V is
usually small, but we can always make it such that it has compact boundaryﬂ We can
then find a sequence of points p; € V N I~(S) such that they converge to p as i — oc.

For these p;, there exist time-like geodesics p; connecting the p; to S. These geodesics

Formally, we can do this because every manifold is locally compact.
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leave the region V' at points which we call ¢;. Because we had ensured that the boundary
of V' is compact, the sequence of points ¢; has a convergent subsequence which converges
to a point ¢. Also the curves pu; belonging to this subsequence converge to a curve u. We
cannot be sure that this curve is still time-like, but continuity ensures that is at least not
space-like anywhere: the limit of all these curves must lie in the closure of I~(S). The
curve i shows that p < ¢. Also, we assumed that p is an endpoint of a null geodesic, thus
q & 0J(S). Since the ¢; were elements of 17(S), it follows that also ¢ € I7(S). This
implies that ¢ < S, which is shorthand for stating that there is a point s € S for which
q < s. By the relations given above, we find that p < S. However, this means that there
exists a time-like curve from p to S, implying that p ¢ J~(.5). This is a contradiction, thus
our assumption that p is an endpoint of v must be false. We may conclude that v has no

future endpoint on J~(.5).

5.3.2 Horizons

The Area Theorem is a statement about the area of the event horizon of a black hole.
In Section 3.4, we have already seen that the area of the largest trapped surface cannot
decrease, which seems to be a very similar statement. However, there is a distinction in
the various definitions. A trapped surface was defined as a surface on which ;5 < 0,
i.e. all the null geodesics leaving such a surface converge. In general trapped surfaces are
closed surfaces inside the event horizon. The largest trapped surface is called the apparent
horizonf| and one can wonder whether this is actually also the event horizon. Although
this is the case in some simple examples, this is not true in general. The most important
difference between these two types of horizons is that the apparent horizon is observer
dependent, whereas the event horizon is not. Indeed, Robert Wald and Vivek Iyer [72]
showed that in the case of the Schwarzschild black hole, the trapped surfaces (and thus
also the apparent horizon) can be transformed away by a suitable transformation, whereas
the true event horizon is a topological property of the spacetime. We will therefore not use

trapped surfaces to define the event horizon.

We can define a black hole as the collection of points in spacetime from which light cannot
escape, which we can write as M \ J~(Z1), where we defined Z% as future null infinity
already in Chapter 2. The event horizon then lies at the edge of this set and is thus char-

acterized by 0J (Z1) ﬂ This definition is very useful in our context, since it allows us

20r more precise: the boundary of the collection of all the trapped surfaces is called the apparent

horizon.
3The event horizon characterized in this way does not overlap with J~(ZT), because one can prove that
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to talk about spacetimes with an arbitrary number of black holes in any possible config-
uration, as long as it is asymptotically flat. However, it is prudent to also indicate a few
drawbacks: it is firstly highly unpractical to use in reality, since it is quite impossible to
actually reconstruct all light-like geodesics ending up in Z+. This means it is impossible
using this definition to actually find the event horizon. Secondly, there is a somewhat
philosophical issue: the event horizon given in this definition seems to respond in advance
to future events. Finally, this definition is unlocal, which makes it very difficult to use it

in local theories such as quantum gravity [4].

We have thus defined the event horizon as the causal past of a set and thus, by the Penrose

theorem, we see that null geodesic generators of 0J~(Z) cannot leave 0J~(Z7F).

5.3.3 Hawking’s Area Theorem

Equipped with all the terminology and the theorems of the previous sections, we can now
tackle Hawking’s Area Theorem. The area of the event horizon is actually the area of the
intersection of the event horizon 0J~(Z") with a space-like hypersurface, i.e. the spatial
area of the event horizon at some point in time. From now on, this is what we mean by
the area of the event horizon. For this area, the following is true, as has been proven by
Hawking E|:

Theorem 5.3.2 For an asymptotically flat black hole spacetz'meﬂ the area of the event
horizon 0J~(Z) cannot decrease in time, if the weak energy condition holds and the cosmic

censorship conjecture is true.

Using the theorems we saw before and the machinery that was already set up in Chapter

3, it is not very difficult to prove this theorem:

Proof . The area of the even horizon is closely related to the divergence of the null
geodesics on this surface, which we indicated by 6 (see Section 3.4). If §# > 0 everywhere

on the event horizon, this means that the area is nowhere shrinking, thus the area cannot

this set is open.
4The original paper on the area theorem [73] proves the area theorem for the case of two colliding black

holes. It can however be proven for a more general case, the proof of which can be found in [4]. The proof

presented here can be found in [65].
5This ensures that the compactification of spacetime is such that every null geodesic has future endpoints

on the boundary of the compactified spacetime.
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decrease as a whole. Suppose on the contrary that there is a point p on the event horizon
for which # < 0. If we assume the cosmic censorship conjecture holds, then the region in
spacetime outside the black hole is geodesically complete. Also, the null geodesic generators
of 0J~(Z") form a geodesic congruence (as defined in Chapter 3.4). Then, as was already
stated in Section (p, there is a finite parameter value for which § — —oo, if also
the weak energy condition holds. This means that there is full convergence of all the null
geodesics from a neighbourhood of p at a conjugate point ¢ to p, which is connected to p by a
null geodesic v. It can be shown that not all the null geodesics converging at ¢ can continue
[71], thus there is at least one null geodesic that ends at ¢. Now, if ¢ lies in 0J~(Z"), this
immediately leads to a contradiction, since Penrose’s theorem showed that null geodesic
generators cannot have future endpoints on 0J~(Z1). However, if ¢ ¢ 9J (Z"), this
means that v left the event horizon at some point ¢’ earlier in time. This would then be
an endpoint for the light-like geodesic v and also run into contradiction using Penrose’s
theorem. Hence, it must be that § > 0 everywhere on the event horizon and so the area of

the event horizon cannot shrink.

This proves the Area Theorem, also known as the second law of black hole mechanics.

5.3.4 Penrose Process

After coming across the Area Theorem for the first time, it is natural to try to come up
with physical processes in which the Area Theorem might be false after all. In Chapter
2, we came across a process which was intended to do just this for the statement that the
energy of a black hole cannot decrease: the Penrose process. We showed there that using
the Penrose process it is possible to extract rotational energy from a Kerr black hole. What

happens to the area of the event horizon of the black hole in such a case?

Since the particle that travels away from the black hole takes with it some of the rotational
energy, it must be that the particle falling into the black hole has angular momentum
opposite to that of the black hole. To see whether the area of the event horizon can
decrease, we must investigate the maximum efficiency of this process. Let the particle
that falls into the black hole have four-momentum p* = (E,0,0, L)T, which must be a
future-pointing time-like vector (or null if the particle has no mass). Here E' is the energy
and L is the angular momentum of the particle. We already found in Section 5.1 that the
vector § = 0; + 0, is normal to the event horizon, a null hypersurface. This implies
that &, which incidentally generates translations along the null geodesic generators of the

event horizon, is also a null vector. As the particle crosses the horizon, its four-momentum
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must still be future-pointing, thus it must be that p- ¢ > 0. This leads to the estimate
E—QuL >0, thus L < E/Qp. In the previous section, we found that

K

which holds for the black hole. We can rearrange this to give

K
——0A=0M — QudJ. 5.3.4
8¢ " ( )

By identifying 0M = E and 6J = L, we see that the right-hand side cannot be smaller

than zero, because we saw E — QgL > 0. Thus the area A cannot decrease during this

process. This shows that the Penrose process does obey the Area Theorem [, p. 214].

The fact that the area of the event horizon of a black hole cannot decrease in any classical
process is already very interesting in itself. Its proof relies only on the truth of the weak
energy condition and the Cosmic Censorship Conjecture and is true for any asymptotically
flat black hole spacetime. We will see in Section 5.5, however, that the second law has a

much deeper interpretation.

5.4 The Third Law of Black Hole Mechanics
Historically, the third law of black hole dynamics was first stated as the fact that [6§]

“It is 1tmpossible by any process, no matter how idealised, to reduce the surface

gravity K to zero in a finite sequence of operations.”

Although this first formulation lacks the mathematical rigour ostentiated in the derivations
of the other laws, it should be possible to arrive at a more precise restatement by considering
the dynamical processes that could potentially lead to a vanishing surface gravity. In
order to come to this conclusion we will take a graphical approach based on the Penrose
diagrams of such situations and formalise the methods to extract the required information
from them. Finally, we will also consider a process in which a charged black hole emits
chargeless particles as Hawking radiation. We will show such a procedure cannot make

vanish either, in spite of the fact that this is not a classical phenomenon.
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5.4.1 Extremal Black Holes Cannot Be Formed Continuously

The surface gravity of, for example, the Reissner-Nordstrom solution is given by

V/ M? — Q? Ty —1r_
==+ ==+ 4.1
K/RN:{: (M :t \/M>2 27"2i ) (5 )

where r refers to the outer horizon and inner horizon respectively. It is obvious that the

situation k = 0 corresponds to the description of an extremal black hole with |Q| = M
and coinciding horizons, r, = r_. Let us take a closer look at extremal black holes and
how they may be formed by interaction with the environment. For simplicity, we take
these black holes to be Reissner-Nordstrom, although the conclusions can be generalised
and so applies to Kerr-Newmann black holes as well [68, [74]. First of all, a simple thought
experiment shows that extremisation can be achieved in finite advanced time in some highly
idealised, discrete processes that are not subjected to the third law. Consider a spherically
symmetric, extremally charged (|Q| = M) infinitesimally thin shell with a supercritical
mass M larger than the commonly accepted Chandrasekhar limit for black hole formation.
The black hole resulting from the gravitational collapse of such a shell will certainly be
extremal. Furthermore, it will become clear that extremal black holes can be realised by
the injection of neutral matter with a negative energy density into a subextremal black
hole, so that it will shrink in size but maintain a constant charge. However, this process
will give way to other mechanisms that can lead to the creation of naked singularities, so
that it is also in contradiction with the widely-accepted cosmic censorship conjecture that

was argued for in Section ((3.5]).

In more realistic scenarios, absorption of an (overcharged) thick spherical shell causes the
charge/mass ratio of an ordinary charged black hole to increase gradually, but never quite
reach unity. Two such processes are depicted in the Penrose diagrams of Figures [5.2
.3l These diagrams that are essentially an adaptation of the canonical diagram for the
Reissner-Nordstrom solution that reflects the fact that the black hole was formed by the
collapse of the matter on the left-hand side. The diagram for a normal RN black hole
is mirror symmetric in the vertical axis, which separates the non-black hole regions into
a universe on the right hand side and a copy on the left. If we now stipulate that the
black hole is formed through gravitational collapse of matter in the right universe, only
the causal future of the matter will have interesting effects and so the left hand side of
the diagram is duly neglected. Before the matter passes the (coordinate r, of the) outer
horizon, the coordinate r = 0 is just the centre of the spherical shell. Afterwards, however,

it will be the location of the singularity. Remember that the normal diagram has two lines
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designating the singularity. In this adaptation, the left hand one of the two is still present,

but obfuscated by the surrounding matter.

Now, the interaction of the black hole with the thick mass shell will cause the black hole to
change in size by contracting or expanding its horizon. In order to create an extremal black
hole then, we wish to add matter in such a way that the inner and outer apparent horizons
move closer together, squeezing out the trapped surfaces in between. This situation is
shown in Figure , where 7, and r_ have indeed approached each other (i.e. smaller
distance Au = r_(u) — ro(u)) after the mass shell has passed through both the outer and
inner outgoing horizon. However, this will have significant repercussions for the fate of a
radially outgoing light ray, moving towards the upper right corner in the Penrose diagram,
that crosses the inner apparent horizon in the transition region. Preceding the crossing
of the matter shell over the inner horizon, such a light ray will certainly end up at the
singularity to the right as depicted by the blue arrow in the figure. After the crossing,
however, the light ray will no longer be doomed to converge to the singularity but instead
is able to escape from the black hole and diverge to infinity like the red arrow. Therefore,
we must conclude that the horizon displacement caused by the matter shell has a strongly
diverging effect. By Raychaudhuri’s equation this implies that the energy density of
the infalling matter is negative, at least locally when it passes the inner horizon. Therefore,
any relevant crossing over the outgoing sheet of the inner horizon would violate the Weak
Energy Condition (WEC) [74].

Notice from the equations

ry =M+ +/M?—Q? ro=M—+/M?—-(Q? (5.4.2)

that it is, in fact, possible to throw in a particle with a charge ¢ that is larger than its
(positive) mass m and reduce the distance Ar = r, — r_ between the inner and outer
horizon. This situation clearly cannot correspond to Figure 5.2} since there the horizons
will only approach each other if the energy density of the matter is negative. Therefore,
consider the alternate scenario, in which the matter shell falls through the ingoing sheet
of the inner horizon. If we demand the matter to respect the WEC at the moment of
crossing, we obtain the situation of Figure [5.3] The positive energy density of the matter
has a converging action, so that the inner horizon is deformed upwards in the diagram.
Evidently, r is perpendicular to the ingoing sheet of r_, so that the two will never coincide.
The exception is future spacelike infinity i*, where they meet. We must conclude that
extremisation, which occurs only when the inner and outer horizons coalesce and all trapped
surfaces are squeezed out, is deferred until an infinite amount of advanced time has passed

[74]. This behaviour inspires the following informal reformulation of the third law [74]:
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Figure 5.2: The crossing of matter through the outgoing sheet of the inner horizon has
a diverging effect on outgoing light rays. By Raychaudhuri’s equation, this implies that
the absorbed matter must locally have a negative energy density when crossing the inner
horizon, violating the WEC [74].
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Figure 5.3: The crossing of matter with a positive energy density through the ingoing inner
horizon has a converging action on ingoing light rays, so that the inner horizon is shifted

upwards and extremisation will take an infinite amount of advanced time to attain [74].

“A non-extremal black hole cannot become extremal (i.e. lose its trapped
surfaces) at a finite advanced time in any continuous process in which the
stress-enerqgy tensor of accreted matter stays bounded and satisfies the Weak

Energy Condition in a neighbourhood of the outer apparent horizon.”



5.4. THE THIRD LAW OF BLACK HOLE MECHANICS 161
5.4.2 Formalisation of the Third Law

In what follows, we will develop the mathematical framework to formalise this statement
of the third law. We will be required to introduce the notion of strongly future asymptotic
predictability [74].

Definition We say a spacetime is strongly future asymptotically predictable if the domain
of dependence DT (S) of some partial Cauchy surface S (i.e. the causal future of S) contains
not only future timelike infinity J* and a complete future segment of the event horizon
as required for canonical asymptotic predictability, but also encompasses the outermost

trapped surfaces closest to the outer horizon.

With this definition, it becomes possible to foliate this enhanced domain of dependence
DT(S) by a collection of partial Cauchy surfaces S(7). In other words, D(S) is divided
into an infinite amount of spacelike hypersurfaces S(7), or slicings of the particular region
of spacetime. These partial Cauchy surfaces intersect J* in such a way that for each
positive 7 after S itself, S(7) serves as a complete Cauchy surface for D*(S(r)), i.e. for
the part of DT(S) that lies to its future. As such, the parameter 7 can be interpreted as
some (non)-unique time function that is globally defined over all of D*(S). All evolution
between surfaces DT (S(7)) is completely described by ordinary quantum field theory with
7 as guiding time coordinate. It is this parameter 7 that can be interpreted as the ‘advanced
time’ a network of observers surrounding the black hole’s horizon at various distances will
see tick away on their clocks. A more formal statement of the third law can then be given
by [74]

“In a strongly future asymptotically predictable black hole spacetime, let there be
a continuous process in which S(7) contains trapped surfaces for all T < Tepy, but
none for T > Teu. Then the Weak Energy Condition is necessarily violated in a

neighbourhood of the apparent horizon on S(7).”

A simple way to see that this will indeed hold is to apply a lemma that is based strongly

on Raychaudhuri’s equation of null congruences [74]:

Lemma 5.4.1 Let Sy be a trapped 2-surface. Consider then an extension of Sy to a 3-
cylinder ¥ composed of slicings formed by 2-sections S(7), which has the three properties
that (i) - the extension ¥ is ‘semi-rigid’, i.e. the area of the 2-sections S(T) is locally

preserved, and such that the ingoing light rays orthogonal to S(T) converge. (ii) - X is
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reqular (1ii) - the Weak Energy Condition holds on 3. Such an extension X is everywhere

spacelike, so that all subsequent 2-sections S(7) are trapped.

With this lemma, we can easily check if a certain process is eligible for the extremisation
of a charged black hole. We first choose a trapped 2-surface Sy, from which we will try to
draw spacelike extensions ¥ that change their nature and become timelike upon crossing
the inner horizon (where the signature of the spacetime itself will also flip!), like in Figure
.4l The conclusion of the lemma may hereby be avoided and the process will have caused
a dichotomy of the extension into a piece with and a piece without trapped surfaces, so
that extremisation is achieved. However, this will not go by impunatively, since one of the
premisses of the lemma will have to be violated in order for its conclusion to be rendered
void. While ingoing light rays starting from ¥ will surely converge and the extension is
regular, we will indeed find the WEC is not satisfied on Y. If, however, we try to construct
a similar spacelike-becoming-timelike extension through the ingoing inner horizon as in
Figure the WEC will be satisfied but the ingoing convergence condition (i) will no
longer hold. In that case, the spacetime is no longer strongly asymptotically predictable
and the third law no longer applies. This enables the extremisation of the charged black

hole, albeit only in infinite advanced time.
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Figure 5.4: An extension Y of a trapped surface Sy that starts out with spacelike nature,
consisting of trapped surface S(7) for 7 before the crossing of the outgoing inner horizon,
and continues as a timelike curve without trapped surfaces for 7 after the crossing, must
violate one of the premises of lemma (5.4.1)). Indeed, the WEC is not satisfied [74].
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Figure 5.5: An extension ¥ of a trapped surface Sy that starts with spacelike nature,
consisting of trapped surface S(7) for 7 before the crossing of the outgoing inner horizon,
and continues as a timelike curve without trapped surfaces for 7 after the crossing, must
violate one of the premises of lemma . Indeed, the first prerequisite (%) is not satisfied
[74].

5.4.3 Surface Gravity Cannot Become Zero by Hawking Radia-

tion

Although hitherto we have kept to a classical treatment of black holes and have not yet
arrived at the phenomenon of Hawking radiation, we here include a short paragraph on
the validity of the third law when including such quantum effects. The full semi-classical
derivation of Hawking radiation will be presented in Chapter 7. Only by sending out
a particle with a lower charge/mass ratio will a RN black hole become more extremal.
Consider therefore the situation in which the black hole sends out an uncharged but massive
particle, so that its charge ) remains constant but its mass M decreases. It will turn
out that the temperature at which a black hole emits its Hawking radiation is given by
T = k/27 = 1/87 M, so that by the Stefan-Boltzmann’s law we obtain

aM- (M? —@Q*)?
- = —CAT" = (J(M+ o

where C' is some numerical constant. In this fashion, the evaporation time up to a certain

(5.4.3)

point in the evolution of a black hole can be computed by the integral

t_/dt_/dM LM M2 = Q2 (5.4.4)

C (M? — Q?)?
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Now, we have that a similar integral over x yields

(r + Va2 —1)° 3223 T 64  322° 6
— [ dz ] —Vaz -1

= —16z — +

(22 — 1) 3 2(x2 — 1 3 3 2 —1
35 I+
—1 4.
+ n(1_$), (5.4.5)

which will certainly diverge when x — 1. Hence, putting x = |Q|/M shows conclusively
that the time it takes for the black hole to radiate in such a way that it becomes extremal

(when |Q|/M = 1) is in fact infinite [75], and such a process is unattainable.

5.5 Black Holes and Entropy

In the previous four sections of this chapter, we have treated the four laws of black hole
mechanics. In this section and the following section we will make plausible that the laws of
black hole mechanics all have a corresponding law of thermodynamics. This is really just
an analogy at the classical level, as we will argue that classical, non-radiating black holes
have zero temperature. The analogy becomes much deeper when we consider a quantum
mechanical treatment of black holes, which shall yield Hawking radiation and a non-zero

black hole temperature. This treatment will be done in Chapter 7.

In this section we shall focus on the first and second law, in the following section on
the zeroth and third law. The title of this section is not coincidentally the same as the
article by Bekenstein from 1973 [76]. In this beautifully written article the correspondence
between black hole mechanics and thermodynamics was laid out thoroughly for the first
time. We shall follow the article closely here. In the following we use units in which
c= Gy =kp =1, but A # 1. This last choice will turn out to be crucial in the treatment,
as we will be talking about fundamental units of information, which have a true quantum

mechanical behaviour.

5.5.1 Relating Black Hole Physics to Thermodynamics

We have already seen several hints at the intricate relation between black holes and ther-
modynamics. A first hint is given by the no-hair theorems which we discussed in Chapter
4. Effectively the theorem states that a highly complicated object like a black hole can be
characterized by just three parameters: its mass M, its electric charge () and its angular

momentum J. Putting aside the possible flaws of the no-hair theorem, we can compare



5.5. BLACK HOLES AND ENTROPY 165

this to the situation in statistical mechanics. From statistical mechanics we know that
we can describe a system of a gigantic amount of particles with just three macroscopic
parameters, for instance p, V', T for the grand canonical ensemble. Noting that both the
complicated black hole and the enormous number of particles can be described by just
three macroscopic parameters is a first clue of the relation between black hole mechanics

and thermodynamics.

Furthermore, we can compare the first law of thermodynamics in infinitesimal form:
dE =TdS — pdV, (5.5.1)

where T is temperature, S entropy, p pressure and V' volume, to the first law of black hole

mechanics derived in the second paragraph of this chapter:
dM = Oda + QdJ + PdQ), (5.5.2)

where o := A/4r is the rationalized area and ©, €2 and ¢ are functions of the available
parameters. Noting that £ = m (remember ¢ = 1) we are tempted to identify the above
equations with one another. We know from thermodynamics that —pdV represents the
work done on the system. What should we identify as the work terms in the first law of
black hole mechanics? This is a priori not clear, it could be any term from equation ([5.5.2)).
Luckily, we have another piece of information. From Hawking’s area theorem we know that
dA x da > 0. Recalling that the second law of thermodynamics states that dS > 0, this
gives us a reason to associate the area of a black hole to some kind of entropy. If we reason
further like this, the terms QdJ + ®d(@) should represent the work done on the black hole,
i.,e. —pdV. As discussed before, ) plays the role of rotational angular frequency and ® the

role of electric potential of the black hole.

As another source of inspiration, recall the Penrose process: the idea is that an object falls
into a Kerr black hole and once it is in the ergosphere, it splits up. One part of the object
moves against the rotation of the black hole and has negative energy, whereas the other
part moves out of the ergosphere again, towards infinity, with a larger energy than the
composite object had before it entered the black hole. The energy is extracted from the
black hole by decreasing the angular momentum. In discussing the Penrose process, one

can introduce the concept of irreducible mass:

. A

irr T ﬁ

(5.5.3)

It can be shown that dM;.. > 0 for any process and we shall use this later. Note that we

can interpret this irreducible mass as the analogue of energy which cannot be converted
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into work in the case of thermodynamics! This is another hint at the relation between

black holes and thermodynamics.

The following table summarizes the analogy between black hole mechanics and thermody-

namics{]

Law | Thermodynamics Black Holes

Oth A system in thermal equilibrium | A stationary black hole has a con-

has a constant temperature 7" ev- | stant surface gravity x over its

erywhere. event horizon.
Ist dE =TdS — pdV + p;dN* dM = Odao + QdL + &dQ)
2nd || dS >0 da >0

3rd || T cannot be brought to zero by a | k cannot be brought to zero by a

finite number of operations. finite number of operations.

We shall elaborate more on the first and second law in this paragraph. The following
paragraph will treat the zeroth and third law. Before we continue, it is important to note
that the correspondence between classical black holes and thermodynamics is really an
analogy. To illustrate this, consider a black hole which is in thermal equilibrium with an
external 'normal” body. The normal body will emit radiation, of which a part is absorbed
by the black hole. However, the black hole cannot emit radiation by its very definition,
rendering the total system out of equilibrium. This is a contradiction, such that the
temperature of the classical black hole must be zero. When one considers quantum effects,
black holes can radiate and then the correspondence becomes formal. We shall see this in

Chapter 7 explicitly.

Having made the relation between the laws of black holes and the laws of thermodynamics,
we now turn to a formal discussion of information theory, enabling us to derive an explicit

expression for the black hole entropy.

5.5.2 The Relation Between Entropy and Information

When the concept of entropy is introduced in a bachelor course on thermodynamics, the
interpretation of order/disorder is often given: the entropy is high when the amount of
disorder of the system is high. On the other hand, one might identify the amount of order

of a system with the amount of information one has on the system. Consider a system

SInspired by a similar table in Fay Dowker’s lecture notes [65] on black holes.
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which can be in N different states. In the thermodynamic limit we have of course N — oc.
Suppose now that the probability p, indicates that the system is in the nth state. We can

then associate the Von Neumann entropy to the system given by:
S==> paln(p.) pa€l0l ) p=1, (5.5.4)

which is an analogue of the Gibbs entropy in statistical mechanics. Note that the formula

above is completely generic: it does not depend on the system under consideration at all.

Suppose now that we obtain some new information A/l on the system. This means that we
have some constraints on the p,’s. Effectively, this will mean that some of the p,,’s are zero.
The fact that you have more information on the system means that some states are not
occupied any more, such that their probabilities are zero. As p, In(p,) < 0 for p, € (0,1),
all terms in the entropy are strictly larger than zero and thus we have a decrease in the
entropy under the new constraints: AI = —AS. From this point of view entropy can
be understood easily: when a non-equilibrium system evolves, its initial conditions get
washed out, reducing the available information on the system (Al < 0), thus increasing

the entropy of the system.

The smallest unit of information is called a bit and is the amount of information available
when the answer to a yes-or-no question is known. Noting that the smallest amount of
information corresponds to a maximum entropy, we can calculate the maximum of our

freshly introduced entropy function. Firstly, we can write it in terms of py.s only, using

Pno + Pyes = 1:
S - _pyes 1n(pyes) — Pno ln(pno) - _pyes hl(pyes) - (1 - pyes> 111(1 - pyes>-

Now we take the derivative and set it to zero:

oS
apyes

= —In(pyes) = 1 +1In(1 = Pyes) + 1 =0 = Pyes = Pno = 1/2.

Plugging this back into the entropy function, we find that one bit is equal to In(2) of

information.

What does the concept of information have to do with black hole mechanics? Recall that
a thermodynamic system in equilibrium can be described by a few macroscopic quantities,
e.g. temperature and pressure. From the no-hair theorems we know that the same is the
case for black holes: in most cases they are described by their mass M, charge () and
angular momentum J. Effectively we have already seen this in equation ({5.5.2)). However,

exactly because we cannot cross the event horizon, obtain information, and return, black
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holes with the same set (Mo, Qo, Jo) may still have different internal configurations. Of
course, we expect that the internal structure of a black hole formed by the collapse of
a neutron star is different from the collapse of, say, our moon. The entropy we want
to assign to the black hole is a measure of the inaccessibility of this information on the
internal configuration. It is very important to understand that for a given set of equivalent
black holes, all with the same set of parameters (Mg, Qo, Jy), we consider the entropy to

distinguish between the different possible internal situations.

Inspired by Hawking’s theorem of the non-decreasing area of a black hole, we conjecture
that the entropy of a black hole must be a monotonically increasing function of the ra-
tionalized area « of the black hole. Because da > 0, we know that d(a)™ > 0, for some
n € Qsg. Of course, this also holds for n € R.g, but let us apply Occam’s razor for
now. How do we know what n to choose? Bekenstein presents in his article only a counter
argument for the choice n = 1/2 and then simply continues with the choice n = 1, as it is
“the next simplest choice”. Because of Hawking’s later result, we know that the latter is
the correct choice, but Bekenstein did not really give a solid argument. However, we can
argue why n = 1/2 is impossible. Suppose we have two black holes in a vacuum with mass
M, and M,. After merging, we have S; + Sz < Sherged- Because S o< /a o< My, we also
have M; + My < Mpergea- But that is impossible, as we just merge two black holes in a
vacuum: where should the additional mass come from? This contradiction does not hold
yielding M? + Mz < M2 As

we always have (M; + My)? > M? + M2, we have no contradiction. Let us thus continue

in the n = 1 case, because we then have S oc o oc M2,

erged*

with the choice of n = 1:
SBH = YQ, (555)

where v is a positive constant. We assume that we may introduce Sgy for an arbitrary
black hole.

In our units the entropy is dimensionless (kg = 1), thus we must have [y] = m™2. The

only constant with the correct units would be A~[]] So we have:

Spi = 12, (5.5.6)

h
where 77 is a dimensionless constant which we will estimate in the next section. Note
that at this point, the occurrence of A in the above equation is just based on dimensional
arguments. Intuitively, we know that its occurrence makes sense: the entropy is a count
of the states of the system and such states are always ‘quantum’. In the next section we

shall use the expression for the Compton wavelength in a qualitative way. Again, this

"This is exactly the reason why we chose a unit system with 7 # 1.
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points us to the quantum mechanical nature of the problem at hand, but a full quantum
mechanical treatment, in which we can associate the known value to A, was given a year

after Bekenstein by Hawking.

5.5.3 Estimating the Black Hole Entropy

As a thought experiment, consider an elementary particle which falls into the black hole.
The minimum amount of information we have of the particle before it falls into the black
hole is that it exists. Recall that we defined a bit as the answer to a yes or no question. In
this case this question would be: “Does the particle exist?”. Before it has fallen into the
black hole, the answer is yes. After it has fallen in, we do not know this any more. Having

lost at least one bit of information, we expect the entropy to have increased.

We thus want to calculate the minimum possible increase in the area of the black hole, due
to the absorption of one particle. Christodoulowf|showed that if a point particle falls freely
into a black hole, the area of the black hole is left unchanged. We shall therefore consider
a spherical particle with a finite radius b > 0 and mass u. Bekenstein derives in his article
that

(A i = 241b. (5.5.7)

The derivation uses the Kerr metric and considers a point just outside of the horizon,
ro = r4 + 0, such that it is located a proper distance b outside the horizon. Using the
first integrals of the metric and some specific inequalities for the Kerr black hole (like
a*Q? < 1/4), one can then show equation to first order in b.

Having found the minimum possible increase in the black hole area, we must think about
the values b can take on. Two length scales are important here: the Compton wavelength
A = h/p and the Schwarzschild radius A = 2u of the particle. Demanding that b > X
ensures that we are not dealing with a little black hole falling into a bigger black hole and
demanding b > A ensures that we can really consider our particle to be a particle instead
of a wave. We have A > X\ for p < \/h_/2, but A > X for pu > \/h_/2 In both cases, we
obtain the smallest possible increase in the black hole area (Aa)min = (2u0)min = 2k, due

to the loss of one bit of information.

We can now calculate the dimensionless constant 7 from equation ((5.5.6)). We just use the

8He did this in his PhD thesis, to which Bekenstein refers. Unfortunately, it cannot be found in your

standard library or web shop.



170 CHAPTER 5. THE LAWS OF BLACK HOLE MECHANICS
fact that we found that one bit is equal to In(2) of information:

1
In(2) = (ASpi)on = H(Ac)un =0 20 = p=sh@). (558)

We must note that the calculation for the value of 7 is crucially based on the assumption
that the smallest possible radius of particle is exactly equal to its Compton wavelength.
The actual radius is not so sharply defined. Doing a truly quantum mechanical calculation,
one will find a different value, but it is close to S ~ 0.11A/(4h). Indeed, a year after
Bekenstein’s article, Hawking showed (by doing a full quantum mechanical treatment)
that S = an/h = A/(4h). We will do this calculation explicitly in Chapter 7.

We have thus found the entropy of a black hole. Upon reintroducing the elementary

constants, we obtain:

In(2)kpc?
8ThG
To get a feeling for the numbers, let us consider the sun collapsing to form a Schwarzschild
black hole. The area of the black hole is then given by A = 4w (r3 +a?)|q—0,0=0 = 167M?* =

167 M?G?c=* and the entropy becomes:

Spi = (5.5.9)

In(2), 4 G*M?
S Sk kBC G 61 A
_ 2In(2)GM?kp
B he
~ 10°J/K,

which is quite large.

5.5.4 The Generalized Second Law of Black Hole Thermodynam-

1CS

If one throws a box of entropy into a black hole, the total entropy of the universe minus
the black hole has decreased, seemingly violating the second law of thermodynamics. We
can easily solve this by requiring that “The common entropy in the black-hole exterior
plus the black-hole entropy never decreases”. We call this the generalized law of black hole
thermodynamics. Note that a consequence of this statement is that we really consider the
entropy of a black hole to be a genuine contribution to the entropy content of the universe.
At this point, this formulation of the second law does not make so much sense yet, because
we argued that classically the black hole temperature should be zero. After Hawking’s

treatment, this statement is formally true.
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Let us write this generalized second law down mathematically. Consider an object with
entropy S. If we add this body to the black hole, the information about the internal
configuration of the body become inaccessible. We thus expect the black hole entropy to

increase by at least S. Defining AS. = —S the generalized second law becomes

ASBH + ASC > 0. (5510)

5.6 Temperature and Euclidean Gravity

In the first four sections of this chapter, the four laws of black hole mechanics were dis-
cussed. These laws appear to be very similar to the laws of thermodynamics. In Section
5.5 we started discussing this correspondence in greater detail. Here, we will continue this
discussion. While the previous section mainly concentrated on defining the entropy of a

black hole, in this section we will focus on the concept of black hole temperature.

The black hole temperature is related to the surface gravity of the black hole. We will start
this section by arguing this. Subsequently, we will relate the zeroth and the third law of
black hole mechanics to the ones of thermodynamics, thereby strengthening the relationship
between temperature and surface gravity. After this, we will review the introduction of
temperature in quantum field theories. Finally we will apply this to derive a relation

between temperature and surface gravity by means of Euclidean gravity.

5.6.1 Surface Gravity as Black Hole Temperature

In the previous section, we argued that the area of a black hole plays the role of the black
hole entropy. Similarly, we will argue here that the surface gravity is related to the black
hole temperature. By viewing the entropy as a measure of the amount of inaccessible
information, the relation to the black hole area became manifest. Unfortunately, the

relation between surface gravity and black hole temperature is less intuitive.

One can name a few similarities, e.g. the surface gravity of a stationary black hole is
positive, as is the temperature in thermodynamics (at least classically). Furthermore, we
have seen that the surface gravity can be interpreted as the gravitational acceleration of
an object near the event horizon as measured by an observer at infinity, but only for a
stationary black hole. For a dynamical black hole, this interpretation does not hold, since

the event horizon is no Killing horizon (see also Section 5.1). Similarly, it is harder to define
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thermodynamic temperature for non-equilibrium systems. Recall that the thermodynamic

temperature is defined in terms of the entropy S and the internal energy U of the system

by
1 [8S
1= (_8U>Ny’ (5.6.1)

for constant number of particles N and at a constant volume V.

The easiest way to see the relation between the surface gravity x and the temperature T
is by looking at the first law of black hole mechanics, given by equation (5.2.1). Ignoring

the terms that represent the work done, we get

K
dM = —dA 5.6.2
8t ( )

whilst the first law of thermodynamics is
dE =TdS. (5.6.3)

As the area A is related to the entropy S, it follows that the surface gravity s is the

analogue of the temperature T', up to a constant.

The previous argument of relating the surface gravity to the temperature was proposed in
a paper by Bardeen, Carter and Hawking a paper from 1973 [68]. However, they emphasize
that this temperature must not be considered a thermodynamic temperature of the black
hole. Their motivation is that a black hole can never be in equilibrium with a body at a
finite temperature. Indeed, in this case black body radiation would be emitted into the
black hole, while the black hole cannot emit any radiation itself. Thus, the classical black
hole temperature must be zero. It was Hawking himself who two years later showed that
black holes actually do radiate [77] (see also Chapter 7). Therefore they do have a finite

temperature, which can be related to the surface gravity.

Black hole radiation is a quantum mechanical effect. Hence, we require a quantum me-
chanical treatment of black holes to obtain the exact relation between the temperature and
the surface gravity. Such a treatment is done in Hawking’s paper from 1975 [77] and his
approach shall be treated in Chapter 7. Here, we will pursue the analogy between the laws

of black hole mechanics and the laws of thermodynamics.
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5.6.2 Black hole mechanics and Thermodynamics: Zeroth and
Third Law

In Section 5.1, we showed that the surface gravity x of a stationary black hole is constant
along its event horizon. This is the zeroth law of black hole mechanics. The zeroth law of
thermodynamics states that the temperature T' is constant over a set of systems in thermal

equilibrium. Again, one can clearly see that k is the analogue of the temperature T here.

In Section 5.4, we covered the third law of black hole mechanics. As explained there,
this law states that the surface gravity cannot be brought to zero by a finite number of
operations. Similarly, a version of the third law of thermodynamics is that it is impossible
to reach the absolute zero 7' = 0 by a finite number of operations, making again clear the

analogy between x and T

Classically, the correspondence between the laws of black hole mechanics and thermody-
namics is nothing more than an analogy. Indeed, as stated above, a classical black hole has
zero temperature. Also, if the no-hair theorem holds, then S = 0, since there is only one
classical state of the black hole for a given mass, angular momentum and charge. Hence
we cannot identify the temperature with the surface gravity, or the entropy with the area.
Only if we incorporate quantum mechanics we will be able to make the exact identifica-
tions. In the next subsections, we will derive the temperature for the Schwarzschild and

the Reissner-Nordstrom black holes, using the Euclidean gravity approach.

5.6.3 Introducing Temperature in Quantum Field Theory

Shortly after Hawking derived the exact relation between the black hole temperature and
the surface gravity, the same result was derived again with a back-of-the-envelop calcula-
tion, e.g. in [78]. We will present this calculation in the next subsections for two specific
cases. However, we first review how to introduce finite temperature in a quantum field

theory.

We start with the path integral formulation of quantum mechanics. Consider a Hamiltonian

operator

H(q,p) = o T V(q) (5.6.4)

and quantum states |g) of a particle at position ¢. Then the amplitude for the particle to



174 CHAPTER 5. THE LAWS OF BLACK HOLE MECHANICS

go from position ¢; to ¢ in a time ¢; is given in the path integral formulation by

<q1 ‘e—z‘Htol q2> _ /Dq(t)eis[q(t” (5.6.5)

where the path integral is over all paths such that ¢(0) = ¢; and ¢(t9) = ¢» and where
Slq(t)] is the classical action (here i = 1). We now perform a Wick rotation by replacing

the time ¢ by the imaginary time 7 = ¢, such that we get

<q1 ‘efoo

q2> - / Da(r)e Sl (5.6.6)

where £y = ity. The minus in the exponent is due to the definition of the action in imaginary

Slq(r)] = /050 (% (%)2 _|_V(q(7'))> dr, (5.6.7)

% = im%. To study the system at finite temperature, we must look at the

partition function of the system. The partition function for a system in thermal equilibrium

time

with p = m

with a heat bath at temperature 7T is given by

Z =Tele ™ => (n|e|n). (5.6.8)

where 3 =T~ (kg = 1). The sum is over a complete set of states {|n)}. Evaluating this
further by inserting (5.6.6) evaluated at imaginary time ¢, = 3 in (5.6.8)) with |¢;) = |g) =
|n) yields

7 = / Dy(r)e 5] (5.6.9)

where because of the sum in , the path integral is now over all paths such that
q(0) = q(B) = q, where we integrate over all positions q. Note that we used here that
the states |¢) form a complete set in the sense that [ dg|g) (¢| = 1. Thus, we have found
a path integral representation of the partition function. The extension to a field theory
happens in the same way as for the usual quantum mechanical path integral. It is easy to
show that this yields

7 = / Dpe S (5.6.10)

where the path integral is over all paths such that ¢(x,0) = ¢(x, 3). Note that the action is
now an integral of the Lagrangian density over space and over the imaginary-time interval
[0, 5]/ ~. Here the ~ is an equivalence relation which makes the two boundary points of
the interval equivalent. This means we have compactified range of the imaginary time to
the circle. We have now introduced the temperature in the quantum field theory, noticing

that (8 is the inverse temperature.
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To summarize, we can introduce a temperature in our theory by performing a Wick rotation
and subsequently compactifying the imaginary time dimension to the circle, such that the

inverse temperature is identified with the circumference 3 of this circle.

5.6.4 Euclidean Gravity: Schwarzschild Solution

We now present an extremely simple derivation of the black hole temperature. This ap-
proach is also found in [78], for example. As stated before, we require a quantum mechanical
description for this. Let us ignore all details for the moment and just assume that we have
quantized our theory. Then we can introduce a temperature in our theory by perform-
ing the steps above. Hence, we perform a Wick rotation and compactify the imaginary
time coordinate 7 € [0, 5]/ ~. We then get a Euclidean metric (signature ++-++) where
3 =T~ is the inverse temperature of a heat bath with which the black hole is in thermal
equilibrium. Equation then becomes

oM oM\ !
ds? = (1 — —> dr? + (1 - —) dr? 4 r2dQ2. (5.6.11)

r r
We are interested in the black hole temperature, so we determine the behaviour near the
event horizon r = 2M. Define a new coordinate & = r — 2M, so that £ | 0 as we approach

the event horizon from outside the black hole. Expanding the metric tensor components

to lowest order in £ then yields

§

ds? = Sdr? o 2do? 470

~ § 2 2M 2 2 102
~ 2MdT + : d&” + (2M)=dQ”. (5.6.12)

We now define a new coordinate p* = 8M¢, p € R, such that we get

p2

2 _
ds” = 75072

dr? 4 dp?. (5.6.13)

where we ignored the S? part of the metric. We see that the result is just a conical metric
ds? = r2d¢? +dr?, if we identify the angle ¢ with 137+ This means that we also have conical
singularities ﬂ unless we require that ¢ € [0,27]/ ~, in which case our metric just describes
flat space in polar coordinates. Comparing with , we then see that here we should

9To see this, suppose ¢ € [0,a]/ ~ and a = 7. The resulting spacetime then looks like a half-plane,
say {(z,y) € R%|y > 0}, with the rays x > 0 and = < 0 glued together. Due to this gluing, the point (0, 0)
will look like the apex of a cone. Such a singularity occurs for any a # 27. Manifolds with such conical

singularities are sometimes called conifolds.
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require that 7 € [0,87M]/ ~. But we already compactified the imaginary time coordinate
such that 7 € [0, 8]/ ~. Hence we find that

B =8rM (5.6.14)
or, using that the surface gravity for the Schwarzschild black hole is given by x = ﬁ (see
equation ([5.1.12))),

K
T=—. 5.6.15
o ( )

This is exactly the result Hawking found by using much more difficult methods which will
be explained in Chapter 7. Note that, consistent with our interpretation of the surface
gravity, this is the temperature as measured by an observer at infinity. Like frequency
(inverse real time), the temperature (inverse imaginary time) also experiences a redshift
[78].

From this we can calculate that the entropy is given by

dM A
dS = —— = 8rMdM = S = 4rM? =R = T (5.6.16)

using that the radius of the black hole is R = 2M. This result corresponds to the entropy

Hawking found, as stated in Section 5.5.

Restoring the physical constants, the temperature is given by
A 3
T=_—°
87TGM]€B
According to this formula, the temperature of a black hole with the mass of the sun in

(5.6.17)

thermal equilibrium would be approximately 6-10~%K, which is negligible compared to the
cosmic microwave background (= 2.7 K). A black hole with a temperature which approx-
imately corresponds to the cosmic microwave background would have a mass comparable
to that of our Moon.

The above result yields evidence for the thermal nature of quantum field theory in a black
hole background. Therefore, this result led to many physicists striving for an understand-
ing of the statistical mechanics of black holes. One hopes that this will yield a deeper
understanding of quantum gravity, in much the same way as understanding the statistical

mechanics of black body radiation led to a greater understanding of quantum mechanics.

5.6.5 FEuclidean Gravity: Reissner-Nordstrom Solution

Here, we will derive the black hole temperature once more, using the same Euclidean

gravity approach, but this time for the Reissner-Nordstrom black hole. We consider the
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case M? > (%, which is the physical solution, as explained in Section 2.2. First, we write
the metric (2.2.9)) in the form

1 r?
—=(r— —r_)dt?

72 (r=ry)(r —r-)d"+ (r—ry)(r—r_)

where we ignored the S? part of the metric and where . and r_ are defined by (2.2.10)).
Performing the Wick rotation and compactifying the imaginary time to 7 € [0, 8]/ ~ yields

ds? =

dr?, (5.6.18)

ds? = T—lz(r —ry)(r—r_)dr? + = 735(7“ - r_)dTQ. (5.6.19)

We determine the behaviour near the outer event horizon r,. Therefore we define a new
coordinate ( = r — ry, so that { | 0 as we approach the event horizon from outside the

black hole. Using 6 = ry — r_, the metric now reads

C(€+9) ar? o (S r+)2d<2' (5.6.20)

(C+ry)? C(C+6)

Expanding the metric tensor components to lowest order in ¢ then yields

ds? =

0C r2
ds? ~ —=dr? + —£d¢2. 5.6.21

Now note that we can write this in terms of the surface gravity x at the outer horizon,

)

which is equal to x = 7% (see equation (A.4.1])), as follows:
+

1
ds? = 2k¢dT? + mdc?. (5.6.22)

But this is exactly the same as equation (5.6.12]), since there k = ﬁ! Therefore, following

the exact same steps as in the previous subsection, the end result will also be the same:

T (5.6.23)

o’

but the value of k is different from the Schwarzschild case, of course.

Being able to derive these intricate results from such elementary computations seems almost
too good to be true. As expected, there are a few subtleties we ignored. The most
important of these subtleties concerns the Wick rotation. In quantum field theory in
Minkowski spacetime, performing Wick rotation can be justified as follows. Propagators
in quantum field theory are integrals over momentum space and have poles on the real
p? axis. The divergence of these integrals is resolved by adding an arbitrarily small but
nonzero contribution +ie to the poles, with ¢ > 0. After doing so, the integral over p° can

be treated as a contour integral in the complex plane. The Wick rotation is then just a
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particular deformation of this contour. This deformation is allowed, if no poles are crossed
when deforming the contour. This is true, provided the poles were shifted in the way which

defines the Feynman propagator.

However, in quantum gravity, it is far less obvious whether performing a Wick rotation is
allowed. One of the reasons is that in the path integral approach in curved spacetime we
must also include a path integral over the metric tensor. In the approach followed above,
all seems to work out well for the Schwarzschild metric, the charged Reissner-Nordstrom
metric and as shown in appendix [A.5] also for the Kerr metric. However, it is not a priori
clear that a path integral over Euclidean spacetime should be equivalent to a path integral
over Lorentzian spacetime. Therefore unsurprisingly, Euclidean quantum gravity is still a
hot topic in physics.



Chapter 6

Perturbations of Black Hole

Geometries

In this chapter we study the effect of perturbing the various spacetime geometries that
were considered in the previous chapters. We have already seen that isolated black holes
in equilibrium are intrinsically simple objects as they can be completely described by their
mass, angular momentum and charge. A real black hole on the other hand, such as those
at the centre of a galaxy, is always in a perturbed state. By analysing these perturbations
one can investigate how a black hole will interact with its astrophysical environment and
whether or not the system will in fact be stable. In particular one may study the oscillations
of a newly formed black hole, which due to its compactness, can be strong enough to be
detected by existing gravitational-wave observatories. Since our current understanding
of the universe outside the Solar System comes almost exclusively from observations of
electromagnetic radiation, neutrinos and cosmic rays, the advent of gravitational-wave
physics would open up an entirely new window onto energetic phenomena in the distant
universe. Furthermore on the theoretical side, the motivation has a more transcendent
interest: it provides insight, in its simplest and purest context, into the deeper aspects of

space and time as conceived by general relativity.

A black hole can be perturbed in a variety of ways, a few examples being by incident
gravitational waves, in-falling objects or by the accretion of matter surrounding it. The
question one would like to ask is then as follows: Do black holes possess a distinct set
of 'pure tones’ representing the time evolution of some initial displacement from their
equilibrium state? Several numerical analyses have proven that indeed they do; during a

certain time interval, the evolution of some initial perturbation is dominated by damped

179
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single frequency oscillations, namely quasinormal modes. In contrast to a idealised closed
system, perturbed black hole systems are intrinsically dissipative due to the presence of
an event horizon. This precludes a normal-mode analysis because the system is time-
asymmetric and therefore the associated boundary value problem is not Hermitian. In
general, quasinormal modes will have complex characteristic frequencies, with the real
part representing the frequency of the oscillation and the imaginary part representing the
damping. Similar to the normal-mode analysis one finds that the frequencies and decay
rates of the quasinormal modes are independent of the particular perturbation and depend
only on the parameters of the black hole. At first sight the existence of these modes may
seem bemusing, as a black hole does not posses any material which could sustain such
oscillations. Furthermore the horizon, although often regarded as a kind of membrane,
is also not the main carrier of these oscillations. The oscillations essentially involve the
metric outside the horizon, illustrating the fact that in general relativity the spacetime is

not merely a stage where physical processes occur, rather it is a dynamical entity itself.

In normal-mode analysis one usually has a system of ordinary differential equations, and
imposes boundary conditions to the effect that the wave function must vanish outside a
finite region of space. This system is described by a self-adjoint operator with a discrete
spectrum and a complete set of normal modes. In the system under consideration the
perturbation of the black hole will propagate throughout all space, we cannot therefore
demand that they should be zero outside a finite region. Instead we must impose that no
gravitational radiation unrelated to the initial perturbation disturbs the system at a later
time. Specifically this means that nothing is supposed to come in from spatial infinity or
to come out of the black hole’s horizon. Consequently, the spectrum of the corresponding
operator is continuous, this seems to contradict the existence of the single quasinormal
frequencies. The issue pertains to the fact that the quasinormal modes will generally not
form a complete set, meaning that we are unable to describe the time evolution of any initial
perturbation as a superposition of such quasinormal modes that has existed forever and
will continue to exist forever without changing. Instead one should regard the quasinormal
modes as quasi-stationary states and hence consider them as a solution only at a particular

instant in time.
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6.1 Quasinormal Modes of a Schwarzschild Black Hole

6.1.1 Normal Modes and Quasinormal Modes

Because quasinormal modes have a couple of properties in common with normal modes,

we begin with recalling what normal modes are.

Normal modes (also called harmonics) are periodic solutions of oscillating systems without
dissipation (hence no energy loss), which can be fully specified by their frequency and

amplitude. Normal modes can be expressed as

Un(t, ) = ey (2), (6.1.1)

where 1, () is some complex-valued field and wy, is real. The general solution to the system

can be expressed by
Ut ) = antn(t,z). (6.1.2)
n=1

A well-known example of a system, for which the solutions are normal modes, is a string

which is fixed at its endpoints. The normal modes then describe how the string vibrates.

Now consider quasinormal modes. They differ from normal modes because they are not

stationary but damped. Quasinormal modes depend on time as
D(t) ~ e, (6.1.3)

with w a complex number. The real part of w is responsible for the oscillating behavior of

the quasinormal modes and the imaginary part of w causes the damping.

An example of quasinormal modes, which will be familiar to everyone, is the ringing of
a glass after we have (gently) hit it with a knife or a spoon. We hear the modes of the
glass, which almost sound like normal modes only that they do not live on forever but they

damp.

6.1.2 Perturbing a Schwarzschild Black Hole

In this section we will show how we can describe the behavior of perturbations of a

Schwarzschild black hole as a one-dimensional wave equation with a potential term.
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We start out with the familiar Schwarzschild metric, see equation (2.1.1]). We perturb this

equilibrium state. We can do that in several different ways. We can perturb the metric,
include a scalar field, include an electromagnetic field, etc. Here we will derive the earlier
mentioned wave equation by considering a perturbation in the metric and then linearize
the Einstein equations. If we would include a matter field, for example a scalar field, we
would deduce the wave equation by solving the equations of motion. That is if we would
assume that there is no back-reaction, thus the metric is not changed by adding the matter

field and we do not have to solve the Einstein equations again.
Consider a small gravitational perturbation, k,,, on the Schwarzschild metric background
guu = Guv + h/w- (614)

Now we will calculate the Ricci tensor up to linear order in the perturbation. We already
know that the background metric solves the Einstein equations. We also want the perturbed

metric, G, to be a solution to the Einstein equations (in vacuum), hence we get that

R}U/ = 07 (615)
SR, = 0. (6.1.6)

We now want to write out an expansion for h,, by using properties of the background
metric. We can reduce the complexity of the deduced perturbation equations by using that
our background metric, the Schwarzschild metric, is spherically symmetric. We expand h,,,,

in the following way

hMV = Z Z Z Clim(tr)(yﬁn)uu(ev ¢)7 (617)

where (V}},),, (0, ¢) are tensor spherical harmonics and Cj,, (¢, r) are expansion coefficients.
We have a summation from ¢ = 1 to ¢ = 10 because h,, is symmetric, hence has ten inde-
pendent components. This tensor function expansion is a generalization of the expansion
for a scalar function in terms of spherical harmonics, which we know from for example
the motion of an electron in an hydrogen atom. We have to use tensor spherical harmon-
ics because h,, should transform as a rank two tensor under rotations. More about this

expansion for h,, can be found in [79, [80)].

We can simplify the problem by considering a gravitational perturbation with a specific [.
We can do that because, due to spherical symmetry in the background metric, perturba-
tions with different [ will not mix in the perturbation equations. The same holds for m.

Actually when we work out the perturbation equations (as is done in [79]) we find that the



6.1. QUASINORMAL MODES OF A SCHWARZSCHILD BLACK HOLE 183

equations for the time and radial component will not depend on m, hence we just leave m
out. On top of that we can distinguish two types of perturbations by looking at how they

transform under space inversion
0,0) — (mr — 0,7+ ). (6.1.8)

When a perturbation gets a factor (—1)! under space inversion we call it a polar perturba-
tion. When it gets a factor (—1)"*! we call it an axial perturbation. Since our background
metric is invariant under space inversions the perturbation equations do not mix polar and

axial contributions, hence we can consider them separately.

After quite some calculational work, see Section 2 in [79], we get the time-dependent master

wave equation. In this master wave equation our wavefunction is of the form

1 2M
Y(t,r) = - (1 - —) C(t,r). (6.1.9)
r r
Here C'(t,7) is a specific expansion coefficient from the decomposition of h,,. We get this,
because during our derivation it turned out that the other expansion coefficients can be
expressed in terms of C(¢,r), see Section 2 in [79]. Now we find the master wave equation
itself

0? o
(@ gt V(T*)) Y(t,r*) =0, (6.1.10)

where r* is the tortoise coordinate, which is given in equation (2.1.3)). The tortoise coordi-
nate maps the horizon, r = 2M, to —oo, hence we only look at the spacetime outside the
horizon. In the next section we give the explicit form of the potential V (r*) for different

types of perturbations.

6.1.3 Perturbations and Their Effective Potentials

In the foregoing section we saw the reduction of a complicated system involving a black
hole in a perturbed state, to a relatively simple system analogous to a one-dimensional
scattering problem of a particle in the presence of a potential. Moreover it is a remarkable
fact that the same wave equation will describe the evolution of different perturbations with
only the effective potential differing. For the axial and polar perturbations considered, we

find the Regge-Wheeler and Zerilli potentials respectively [81], [80]

Vi (1) = <1 - QM) (th) - GM) | (6.1.11)

r r 73
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Figure 6.1: Regge-Wheeler and Zerilli potentials as a function of the normalized tortoise
co-ordinate r*/2M for 1=2 and 3.

{z(z — 1)(17;;)(”2)}’ (6.1.12)

where A =1[(l+1) —2+6M/r.

The Regge-Wheeler and Zerilli potentials (see figure show that despite the functional

form of the potentials being quite different, the shape of the curves are almost the same.

As an alternative to perturbing the black hole metric itself, one may introduce a matter
field to the spacetime. That is we study the dynamics of the matter field on the fixed
background metric, ignoring the influence that the corresponding energy-momentum tensor
will have on the metric. As with the metric tensor we decompose the matter field into the
appropriate spherical harmonic functions and again find that the expansion coefficients
satisfy the same wave equation. Furthermore, if one considers a scalar or electromagnetic
test field as the source of the perturbation, astonishingly we find that the potential is
exactly of the Regge-Wheeler type

Vi) = (1 - 2M> (z<z+ 1), 2M(1- 52>> | 6113

r 72 73

where s € {0, 1,2} denotes the electromagnetic, scalar and axial gravitational perturbation

respectively [82].
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6.1.4 Quasinormal Modes as an Eigenvalue Problem

From the previous sections we have seen that in a spherically symmetric background, the
study of black hole perturbations due to linearized fields of spin s, can be reduced to the
study of a second order partial differential equation, namely the wave equation with a
potential. The numerically observed single-frequency oscillation suggests that we could
assume a harmonic time dependence for our perturbation and study the conditions which
allow such a solution to exist. In other words, we will attempt to carry out a normal-mode
analysis of black hole perturbations and will see why and how this approach fails. We
will assume that the solution of the perturbation equation has the harmonic dependence
Y(t,r*) = exp(iwt)p(r*). Substituting this into the wave equation yields an ordinary
differential equation in the radial co-ordinate (the time-independent wave equation),

g:i = V() = w’)e. (6.1.14)

To determine the oscillation modes of a black hole, which correspond to the solutions of this
ordinary differential equation, one must impose physically appropriate boundary conditions
at the horizon (r* — —o0) and at spatial infinity (r* — oo). It is these boundary conditions
and their consequences for the solutions of the time-independent wave equation that we

turn to now.

6.1.5 Boundary Conditions

In a normal-mode analysis, a general perturbation can be represented as a continuous
Fourier transform of solutions to the wave equation . For a Sturm-Liouville type
problem, such as the finite string, one can reduce the continuous Fourier transform to a
sum over individual frequencies, will this be possible for our system? From the considera-
tions of the preceding chapters we suspect not, and this is indeed the case. The potentials
under consideration are positive everywhere, vanishing towards the horizon and towards
spatial infinity. Consequently they will not admit bound states and therefore we cannot
impose that the solutions vanish at the boundary. This therefore precludes a normal-mode
analysis, however let us press on with this procedure and see what problems will arise from
it. As |r*| — oo the asymptotic solutions to equation ([6.1.14) will be a combination of
in and out-going plane waves. Our boundary conditions come from the physical consid-
erations that we do not want gravitational radiation to enter from spatial infinity or to

appear from the black hole horizon. We must therefore impose that asymptotic solutions
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should resemble purely out-going waves (where out-going means falling into the black hole
thereby leaving the domain we are studying), i.e. ¢(r*) ~ e as r* — 4oo thus dis-
carding unphysical waves entering from spatial infinity and non-classical waves emerging
from the horizon. The solutions to equation are precisely the quasinormal modes
with discrete quasinormal frequencies w. Their normal-ness relates to the fact they are de-
termined in a similar fashion to normal modes, whereas their quasi-ness expresses the fact

that, unlike normal modes, they are not stationary solutions due to their strong damping.

6.1.6 The Mashhoon Method and Approximation With the Poschl-
Teller Potential

In this section we analytically compute the quasinormal modes by solving the wave equation
with the so called Poschl-Teller potential, which will serve as a prototype model to illustrate
the physical essence of the problem. The original solution was found via the Mashhoon
method, which is physically quite transparent [83]. The idea is asfollows: Let R(w) and
T(w) be the reflection and transmission amplitudes for the potential under consideration.
The quasinormal frequencies correspond to those singular points of R(z), the analytically
continued R(w) to the complex plane, for which R(z) # 0 and T'(z)/R(z) is neither zero
nor infinite. Heisenberg taught us that the singularities of the scattering amplitude are
related to bound states. We can then extend this idea to barrier potentials by establishing
a correspondence between the quasinormal modes and the bound states of the inverted
potential. All we then have to do is to approximate this inverted potential by a potential
for which we know there exists an analytic solution to the wave equation. One such example
is the Poschl-Teller potential,
Vo

cosh?[a(z — 2')]
where Vy = V(2/) is the maximum of the potential such that OVpr(z')/0z = 0 and

—2Voa = 0*Vpr(2')/0x? is the curvature of the potential at its maximum. This potential

therefore contains free parameters which can be adjusted to approximate the black hole

effective potential near its maximum. The time independent wave equation becomes

6, (2 Vo -
87"*2 + (w - COShQ[Oé('r'* B T’*/)]) ¢ = 0. (6116)

The solutions of equation ((6.1.16|) are precisely the quasinormal modes, to find them we

will take a more direct route. We start by defining a new independent variable £ =
’ —1
<1 + 720l )> , such that & € (0,1). Substituting this into equation (6.1.16)) we find
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1

73“‘

Figure 6.2: The Péschl-Teller potential for Vp =1, 2’ =0 and o = 1.

82
52(1 - 5)28 ?

(1—5)(25—1)2—?+ (W—Q—f( 5)%) ¢ =0. (6.1.17)

Our wave equation now looks unnecessarily complicated, however if we redefine our un-

known function in terms of a new unknown function ¢ = y (£(1 — €))"“/**, and make

the definitions a = (a ++/a? -4V, — 2iw) /20, b = (a —Va?—4V, — in) /2a and ¢ =

1 —iw/a, we find that our wave equation has an identical form to Euler’s hypergeometric

differential equation for a hypergeometric function y,
9%y

5(1—6)8—62+(0—(a+b+1)5)

Jy

o€ —aby = 0. (6.1.18)

Solutions to equation (6.1.18)) are built out of the hypergeometric series

o0

oFi(a,bye; &) = Z Jn €] < 1, (6.1.19)

n=0 Cn

with

1 n=>0
Do = { gg+1)-(g+n—1) n>0.
If ¢ is not a non-positive integer, the two independent solutions around the point & = 0
(i.e. the horizon) are o Fi(a,b;c;€) and & “Fi(14+a —c¢,1 +b—c;2 — ¢;€). The general
solution can therefore be represented as the following linear combination
¢ = A1 — ) WU (1+a—c,1+b—¢2—cf)
+ B (£(1 =€)y Fi(a,b; ;) (6.1.20)

with A and B constant coefficients.
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From equation (6.1.19) we find that 5 F(a,b;c;0) = 1 and near the horizon £&/2% ~ 7",
we notice therefore that the first term represents, according to our convention, a wave
emerging from the horizon which is classically forbidden, as a consequence A = 0. The
second term represents an out-going wave at the horizon, and therefore by our boundary
conditions it should vanish at spatial infinity. Here one may use the transformation law
& — 1 —¢ for the hypergeometric function, which inverts the domain of £ such that spatial
infinity is now at £ = 0.
o Fi(a, b;¢;6) = (1 — f)c_a_bF(C)rlj((g)Rz) 2
oFi(c—a,c—bjc—a—b+1;1—-¢)
[(e)l(c—a—10)
['(c—a)l'(c—10)
The boundary condition at spatial infinity implies that either 1/T'(a) = 0 or 1/T'(b) = 0,

which are satisfied when the quasinormal frequencies are as follows,

w==1vVo—a?/4—ia(2n+1)/2, n=0,1,2..., (6.1.22)

where n is the overtone indez.

We have found that the out-going mode solutions to equation oscillate at quasinor-
mal frequencies given by , which are quantised in their imaginary part, but their
real part is independent of n. The free parameters may now be used to approximate the
black-hole potential near its maximum, resulting in a good approximation of the lowest fre-
quencies, and in particular the fundamental frequency. However the highly damped modes
remain elusive due to the fact that they are more sensitive to changes in the potential far

from the maximum, and consequently are less well approximated.

It seems as though we have almost succeeded in analysing the perturbations of a Schwarzschild
black hole in terms of their characteristic modes and frequencies. However there is a big
caveat here, alluded to in the introduction to the chapter. The boundary conditions given
in section diverge exponentially near the horizon and at spatial infinity. The upshot
of this is that the solutions satisfying these boundary conditions are not to be consid-
ered as solutions at any point in space, but rather as asymptotic solutions specifying the
behaviour as we approach the boundaries. This then explains the incompleteness of the
quasinormal modes mentioned in the introduction to this chapter. The incompleteness of
the quasinormal modes can be seen in our approximation by the fact that their frequencies
are limited in their real parts. It is therefore unlikely that an initial perturbation contain-

ing high-frequency components, will be completely represented as a sum over such a set of
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incomplete quasinormal modes. It has been argued in [79] that any potential, falling off
faster than exponentially towards infinity in the tortoise coordinate, will admit a complete
set of quasinormal modes. Unfortunately both the Regge-Wheeler and Zerilli potentials
decay with a power law dependence towards spatial infinity as shown by figure [6.1] As a
result we must modify equation as follows,

W(t,x) = Z an Yy (t, x) + (other contributions). (6.1.23)
n=1

The most important of the other contributions is the late time power-law tail. In the next
section we will discuss this power-law tail and some other features that can be seen from

the result of numerically integrating the time-dependent wave equation.

6.1.7 Numerical Results

In figure [6.3] an example of the waveform of a quasinormal mode is shown. In this example
the observer is at » = 400 % 2M. This figure was obtained from numerical integration
of the time-dependent wave equation for a Schwarzschild black hole with a gravitational
perturbation, caused by a close limit approximation for a head-on black hole collision, [84].
We can clearly distinguish three different phases in the solution plotted on logarithmic
scale. The first phase, which lasts until ﬁ = 400, describes the propagation of the initial
perturbation to the distant observer. The second phase, which starts around ﬁ = 400,
contains the quasinormal modes. The third phase, which starts around ﬁ = 480, consists
of a power law tail, which as previously mentioned, comes from other contributions in the
solution of the wave equation, and dominates the behavior of the gravitational wave after
a while. The power law tail is present throughout the whole signal but remained hidden

until the quasinormal modes had decayed enough for it to take over.

In figure [6.4] quasinormal frequencies obtained from numerical calculations are depicted.
We may notice that the frequencies are countably infinite and quantized in their imagi-
nary part, in agreement with the analytical calculation presented in Section [6.1.6 Also
mentioned in the previous section was that the frequencies are bounded in their real parts,
which we can also clearly see from the numerical calculation. The fundamental (n = 0)
mode is the most interesting from an experimental point of view because it is the most
likely mode to be detected from far away distances. This is due to it being the least damped
mode because it has the smallest imaginary part. It will also oscillate the fastest because

it has the largest real part. We can also see that both [ = 2 and [ = 3 have one special
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Figure 6.3: Taken from [79]. The typical form of a quasinormal mode, on a) linear scale
and on b) in absolute value on a logarithmic scale, as seen by an observer at r = 400%.

All values are in the geometric unit system.

mode which has zero real part, so meaning it actually does not oscillate. There is some
discussion whether or not this solution should be seen as a quasinormal frequency. We see,
clearly for [ = 2, that for increasing modes the real part of the frequency remains constant
while the imaginary part increases proportionally to the number of the mode. From this we
see that the Poschl-Teller potential is not a good approximation for lower modes, because
it gives constant real part for all the modes. In this figure both the positive and negative
solutions to the real part of the frequency are shown, this is only because they both are
correct mathematical solutions but from the physics point of view only one of them already

gives us all the information.

A very interesting numerical result, taken from [82], is

wM = 0.3737 — 0.08904, (6.1.24)
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Figure 6.4: Taken from [85]. Numerical solutions of quasinormal frequencies for [ = 2
(diamonds) and [ = 3 (crosses) for the Schwarzschild black hole. On the horizontal axis
is the real part of the frequency and on the vertical axis is the imaginary part of the
frequency. The different points correspond to different modes. The frequencies are given

in geometrical units and for conversion into kHz one should multiply by 27 (5142Hz) * %.

with w the frequency of the quasinormal fundamental mode in geometrical units and M
the mass of the Schwarzschild black hole in geometrical units. If we want to express the
frequency in kHz (physical units) one should multiply by 27 (5142Hz) * %, in agreement
with figure . We get equation from a WKB method like approximation for the
frequency of the fundamental mode. Since equation tells us that the frequency
of the fundamental mode is inversely proportional to the mass of the Schwarzschild black
hole we could derive the mass of the black hole if we could measure the frequency of the

fundamental mode.

6.2 Quasinormal Modes in AdS

In this section we will look at quasinormal modes in asymptotically AdS. This turns out
to be a very useful topic through the AdS/CFT correspondence. First, we will look at
a massive scalar field perturbation to Schwarzschild AdS (SAdS) and how to derive the

wave equation. Then we will examine the pure AdS case, which gives the exact result of
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normal modes. Next, we will see another exact solution of the wave equation, namely the
BTZ (241 dimensional) black hole. We will then give some analytical arguments about
the quasinormal modes we find in SAdS. Finally, we will explain the interpretation of

quasinormal modes in the AdS/CFT correspondence.

6.2.1 Scalar Field Perturbations in AdS

Following [86], we will now look at a scalar field perturbation in the AdS vacuum, that is
d = P 4 ¢ with ¢PC = 0.

Our general metric for SAdS, is given by
ds? = —fdt? +f 1 dr* +r2dQ3,  f(r) =1+71*/L* +1ry/7, (6.2.1)

where d€2% is the metric of the 2-sphere. The AdS curvature radius L is related to the
cosmological constant by L? = —3/A and r is related to the mass by M = ry/2. This

metric describes pure AdS; when ry = 0.

We assume that there is no “backreaction,” that is, we assume 7, = 0 in Einstein’s

equations. The action for the scalar field is then given by

Smatter - / d4l’ V _g (a,uq) aﬂq) - m2q)2) . (622)

The equation of motion for the scalar field is the Klein-Gordon equation in its covariant

form

(V. V¥ —m?) & =0. (6.2.3)

We can write this with explicit metric dependence in terms of the fluctuation ¢ as

\/L__gaﬂ (V=99" 0,0) —m’¢ = 0. (6.2.4)

Since the metric is time independent and spherically symmetric we can decompose ¢ as
¢ (t,7,0s) = / dw Y 182 (1) Vi, (Q2) e, (6.2.5)
im

where Y, are the spherical harmonics on S?; satisfying A, Yy, = —I (I + 1) Y}, with Ag,

the Laplace operator on the two angles, .

Now, plugging (6.2.5) into (6.2.4)), we can write a wave equation for the radial function
¥ (r)
P fIY + (0P = V)Y =0, (6.2.6)
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with the radial potential V' given by

w+y  f 2]. (6.2.7)

V(r):f{ 3 —l—?—i-m

It is convenient to use the “tortoise” coordinate r,, which is defined by dr,/dr = 1/f. Now
we can rewrite the wave equation (/6.2.6))

d*y 2§
_+(w _VT*> —0, 6.2.8
2 (r) v (6.2.8)
with V' denoting the potential in the new coordinate r,. Since quasinormal modes describe
the decay of the field, we must impose certain boundary conditions on this wave equation.
We demand that the solution at the horizon is purely outgoing (into the black hole) ™7

— W

and at infinity it is purely outgoing e (no incoming wave is allowed at infinity). For
asymptotically AdS, the potential diverges near infinity, in contrast to the asymptotically
flat case where the potential vanishes near infinity. Therefore we demand that ® vanishes

at infinity.

6.2.2 Pure AdS

Pure AdS (equation (6.2.1)) with 7o = 0) is interesting to study not only because it is one
of the few exact solutions, but also because it is something quite different from what we

find in flat space. First let us look at the “tortoise” coordinate in this space. We have

dr, 1
—_— = 6.2.9
dr 1+7r2/L% ( )
which gives us
r. = LArctan (%) . (6.2.10)

Since r, has a finite range, we may deduce from the wave equation (6.2.8)) that our w will

correspond to normal (real) modes.

These normal modes were originally calculated for a scalar field perturbation by Burgess
and Liitken [87]. In d = 4, the scalar field modes satisfy

Lw=2n+1+3, n=01,2,... (6.2.11)

It is also interesting to note that the exact solutions for gravitational perturbations have

a similar form [86]

Lw=2n+1+3, n=0,1,2,... tensor-type (6.2.12)
Lw=2n+1+2, n=20,1,2... vector-type, scalar-type. (6.2.13)
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6.2.3 BTZ Black Hole

We will now look at a second exact solution for quasinormal modes following [88]. This is for
massless scalar perturbations in the BTZ (2+1 dimensional) black hole in asymptotically
AdS. The analytic solution for scalar perturbations, as well as electromagnetic and Weyl,

was first found by Cardoso and Lemos [88]. The metric is given by

7“2

ds® = —fdf* + f7dr 4020, f = =M+ o,

(6.2.14)

where M is the black hole mass. The horizon radius is r, = MY2L. The equation of
motion is given by ([6.2.4)) with m = 0. The ansatz we make for our scalar field is simpler

since we only have one angular coordinate

1 —iwt 1
6= —5¥ (r) e”™tei? (6.2.15)

with [ the angular number. We define the “tortoise” coordinate as before through the
relation dr,/dr = 1/ f, which gives

r=—M"2coth (M"*r,). (6.2.16)
Note that r, — —oo corresponds to r = r, and r, = 0 corresponds to r — oo.

The wave equation can be written in the same form as equation ((6.2.8]) with

VO =i aE T e (0210

By making a coordinate transformation followed by a transformation of the wavefunction
1, we can put this wave equation in the form of a standard hypergeometric equation. Then,
enforcing the boundary conditions as discussed in section [6.2.1], we find the relation for the

quasinormal modes to be

Lw =+l —2iMY? (n+1), n=0,1,2,... (6.2.18)

6.2.4 Schwarzschild AdS

Following [89], we will examine the quasinormal modes of SAdS, using the metric (6.2.1)).
We will now consider the scalar field perturbations to be massless and since the solutions

can only be found numerically, we will restrict ourselves to a summary of some results. The
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equation of motion of the scalar fluctuation is equation (6.2.3|) with m = 0. The Hawking

temperature is given by

f(ry)  3ri+L?
T=i = (6.2.19)

The wave equation can be written in the standard form 1} The potential V is positive
and vanishes exponentially at the horizon of the black hole which corresponds to r, — —oo
and diverges at r — oo which corresponds to a finite value of r,. Since the potential

vanishes at the horizon, there is no power law tail for the quasinormal modes in SAdS [89).

In SAdS there are two dimensionful parameters: the AdS radius L and the black hole radius
r4+. Therefore we can examine large black holes (ry > L), small black holes (r; < L),
and intermediate black holes (r; ~ L). In [89] it is shown that for large black holes,
the quasinormal modes only depend on temperature T' ~ r, /L?. However, if you start
decreasing r, below L, though the temperature begins to increase, the imaginary part of
the frequency continues to decrease approximately linearly with r,. This is not how a
black hole in asymptotically flat space behaves, since in that case the quasinormal modes

must be multiples of the temperature, the only dimensionful parameter.

AdS/CFT Interpretation

The famous AdS/CFT correspondence relates an operator O in a d-dimensional conformal
field theory with a field ¢ in AdS;y;. The interpretation of quasinormal modes of an
asymptotically AdSy,, space is that they correspond to the poles of the retarded Green’s
functions of the dual d-dimensional field theory. Additionally, when the field theory has a
finite temperature, the dual gravitational background must have a horizon and the Hawking
temperature corresponds to the temperature of the field theory [82]. As first presented by
Horowitz and Hubeny [89], the perturbation of a black hole corresponds to the perturbation
of the thermal state of the field theory. The imaginary part of the quasinormal modes will

give the thermalization time scale on the field theory side.

Unfortunately, this proposition for the interpretation of quasinormal modes in AdS/CFT
is difficult to prove since the Green’s functions on the field theory side are in general hard
to calculate for four dimensions and higher. But there have been confirmations of this
nevertheless. For instance, the results of Birmingham, Sachs, and Solodukhim [90] show
that there is an exact agreement of the quasinormal modes for the BTZ black hole in
equation (|6.2.18)) and the poles of the retarded Green’s functions in the two dimensional
CFT.
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6.3 Breitenlohner Freedman Bound

In this section we are going to discuss the perturbative stable solutions for a massive scalar
field in AdS space, from which we will see that a negative m? does not neccessarily lead
to any instabilities, as long as it is not too negative. The negative lower bound for m?,
guaranteeing at least one stable solution, is called the Breitenlohner Freedman Bound. In
AdS, space the BF Bound reads: m? > —%[91, 92], where L is the AdS length, which we
will set to 1 in the rest of the section.

6.3.1 Stability Bound in Minkowski Space

To get a clue for the perturbative stability problem in AdS space, we first consider that
in a simpler Minkowski space. Here we consider a massive scalar field in 4-dimensional

Minkowski spacetime. The simplest solutions for Klein-Gorden equation are plane waves

¢ = exp(—iwt + ik - z);

m? = w? — k?;

(6.3.1)

w = kg.

When m? < 0, in the range k2 < —m?, w is pure imaginary, hence the solution ¢ grows
exponentially in time. Thus we obtain a tachyonic unstable solution. By setting k=0 we

achieve the stability bound for massive scalar field in Minkowski space as m? > 0.

Equivalently, consider energy-momentum tensor

1
T = 0,00,¢ — §9W[a¢ 09 + m2¢2] + x[gw 8 — V.0, + RW]a (6.3.2)

where y originates from a conformal coupling of ¢ to the scalar curvature R of background
spacetime, and can be setted as any arbitrary value[91, 03]. In Minkowski space energy

momentum tensor for the plane wave simplifies to

T,, = 2k,k, (6.3.3)

Energy density Ty is negative for m? + k2 < 0, suggesting the presence of instability.
Therefore by analysing the energy momentum tensor we get the same stability bound as
m? > 0.
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6.3.2 Stability Bound in AdS Space

We can use the same idea as in last subsection to find the stability bound in AdS space.
However the AdS case is much more complicated since we cannot find a solution as simple as
. Using a proper coordinate system, Poincaré coordinates in this case, does simplify
things a bit. First we introduce the metric for Poincaré coordinates in AdSy

,  dZ? +ndx,dz,
= —

ds (6.3.4)

2z € [0, 00) is the radial AdS coordinate. Assuming a space time dependence exp(—iwt + ik - Z)

of our solutions, the equation of motion simplifies to

02 — %az¢> — T—qu = k2. (6.3.5)

A standard way to solve this differential equation is to write ¢(z) = A(z)1(z), substitute
it back into (6.3.5)), and find a proper A(z) to let the first order derivative of ¢ vanish, to
arrive at a Schrodinger like quation. We can choose A(z) = z x Const, and we set k=0.

Then the equation of motion for ¢ becomes

m2 4+ 2
22

— %)+ ) = k. (6.3.6)

This is a 1-dimensional Schrodinger equation with inverse square potential of strength
a = m? 42, and with energy E = k? = w? — k2[94].

In analogy with Minkowski case, an imaginary w will cause instablity, which in the quantum
mechanical language corresponds to £ = w? < 0 (See [94] for more detailed discussion in
how stability of solution for AdS wave equation is related to normalizability in quantum

mechanical sense), and we can find the stability bound as o > —%, ie:

m? > —= (6.3.7)
4
The above inequality is the celebrated Breitenlohner Freedman Bound. When this condi-

tion is satisfied, we have a repulsion (for a > 0)or weak attracking(for —3 < a < 0), which

gives stable modes.

Another way to arrive at Breitenlohner Freedman Bound is to check the solutions directly.

Solutions to the Schrodinger equation of form (6.3.6)) can be expressed in terms of Bessel
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functions

V(2) = V2[CrJu(wz) + Oy Y, (wz)],
ay = i%\/9 + 4m?2,

where C,C5 are constants, J,,Y, are order a Bessel functions of first and second kind

(6.3.8)

respectively.

Extensive works on (/6.3.6) [95], 96, 7] tells us that only real value of a gives us convergent

¥(2), which is a stable solution. This is also a manifestation of the Breitenlohner Freedman

Bound ([6.3.7)).

6.3.3 Another Derivation of the BF Bound

We have already found the solution for Schrédinger like wave equation , from
which we can see there exist two different modes for a massive scalar field in AdS space,
namely /zJ,(wz) and \/zY,(wz). The Breitenlohner Freedman Bound guarantees that we
have at least one mode that is stable. However, we have difficulties in analysing the Bessel
functions for large z asymptotically, because of the zeros all the way out the infinity[08].
So here we are going back to the original work of Breitenlohner and Freedman[91], [92], and
try to find out an explicit expression for the wave equation. There we introduce a new
metric for AdS,

ds® = (cosp) 2[dt* — dp* — sin’p(dB? + sin®0dp?)] (6.3.9)

where 0 < 0 < 7w and 0 < ¢ < 27 are angles, 0 < p < 7/2. r = 0 maps to p = 0, while

r = 0o maps to p = /2.
Then if substitute the ansatz
6 = e Y0, 6) Ruulp) (6.3.10)

into the wave equation, we find an equation for radial function R,,;(p), which can be written

in terms of hypergeometric equation, and then gives an analytic solution as [911 [92] Q9]

Ry (p) = (sinp)'(cosp)**5Fi(a, b, ¢, sin’p),
a= %(l + A —w),
1 (6.3.11)

l+3
c= —
27
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31
e =5 £ VO +dm?, (6.3.12)

where o F is the hypergeomtric function. The stability of above modes demands the con-
servation and positivity of the energy for scalar fluctuations. Global energy is actually

conserved only if its flux at spatial infinity vanishes. The flux is given by

/ dSi/3Ti = / QP /GnT] (6.3.13)

Substituting in the energy momentum tensor and analysing asymptotically for o F (a, b, ¢, sin?(p))at

p =7/2, we get the following two equations [99]

w=A+1+2n, nl=0,1,2,..., (6.3.14)

[(cosp)®* ] =2 = 0. (6.3.15)

We have already argued that complex frequency w leads to instabilities, thus from Eq.(6.3.14]),
we see that A must be real. Using this condition for (6.3.12)), we find again the Breitenloher

Freedman Bound (6.3.7)).

Now we see that actually the frequency is discrete, therefore we can express hypergeometric
functions in terms of Jacobi polynomials

1
RE,(p) = N(sinp)! (cosp)rs PLEYO T /23] (6.3.16)

where NN is a normalization factor.

Notice now we have two seperate sets of modes, as for AL. The question is: do they all
appear in (6.3.16)? To answer this question we have to go back to , where we see,
as p — m/2, i.e. cosp — 0, the equation only holds for 2\ — 1 > 0. As from ((6.3.12)), for
A this inequality always holds; for A_, however, we need an extra condition

5
m? < 7 (6.3.17)

The A\, modes are sometimes called regular modes, and A_ ones irregular modes[100]. For

5

—2 <m? < —2 both regular and irregular modes exist for stable solutions; when m? > —2,

the irregular modes are not stable, only regular modes exist.
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Connection with AdS/CFT Correspondence

Eq (6.3.12) may actually be familiar for people who know AdS/CFT. In fact, the equation
for A is

A\ —3) =m?, (6.3.18)

which is the same as the famous equation for conformal dimension of C'F'T; operators (here

we still discuss AdSy). It was shown in [I0I] that if we have m? < —2, a single gravity
theory in the bulk describes one conformal field theory CFT,, the CFT operator O dual
to the scalar field has scaling dimension A,. When —% <m?< —%, a single gravity theory
in the bulk describes two different conformal field theories, CFT, and CFT_, which have

A; and A_ respectively as scaling dimensions.

6.4 Quasinormal Modes in Astrophysics

In this section we will discuss the applications of quasinormal modes (QNMs) to astro-
physics. Today there is strong evidence of the astrophysical reality of black holes from
electromagnetic observations [102]. Gravitational wave observation, will incontrovertibly
show if these compact objects are indeed Kerr black holes as predicted by general rela-
tivity or some exotic alternative like a boson star [L03]. Furthermore QNMs can be used
to test the no-hair theorem [103]. The two detectors that are considered in this chapter
are the (advanced) Laser Interferometer Gravitational-Wave Observatory (LIGO), with a
frequency range between 20 — 7000Hz [104] and the planned Laser Interferometer Space
Antenna (LISA) with a frequency range of 107> — 10~ 'Hz [105].

6.4.1 Quasinormal Modes of Astrophysical Black Holes

The most general solution describing stationary axisymmetric black holes is the Kerr-
Newman metric. However astrophysical black holes are not found in isolation and the
astrophysical environment of a black hole e.g. a massive accretion disk is thought to short
out the electric charge of a black hole. Thus the charge of a black hole is negligible in the
astrophysical context, which leaves us with the Kerr metric. Therefore we can characterize
any astrophysical black hole solely by its mass M and angular momentum parameter a. The
complex frequency of a QNM yields two observables, the frequency fi, = Re(wimn)/(27)

and the damping time 7, = |[Im(wp,,)| of the oscillation. The QNM frequencies are
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sorted by increasing imaginary part with index n, called overtones, where n = 0 is the
least damped mode. Furthermore the frequencies carry indices [ and m from the spherical
harmonics decomposition . For a thorough discussion of the theory behind these
modes see Section [6.1] For each mode these two observables depend only on M and a.
Thus if we can perform a measurement of the frequency and damping time of a QNM we
can find the mass and angular momentum of a black hole with potentially high accuracy.

There are three types of black holes considered in astrophysics:

o Stellar-mass black holes with M ~ 5 — 20Mg,
e Intermediate-mass black holes with M ~ 10? — 10° M,

e Supermassive black holes with M ~ 105 — 10%5M,.

There is strong and growing observational evidence for stellar mass and supermassive
black holes. No such observational evidence exists for intermediate black holes. Stellar-
mass black holes are usually found in X-ray binaries, whereas supermassive black holes are

found in the center of galaxies in particular in Active Galactic Nuclei (AGN).

When black holes form or are excited they are expected to emit a characteristic radiation
called ringdown waves. Since the various modes have complex frequencies we expect the
QNM frequencies with small imaginary parts (low n-modes) to have the longest damping
time. According to the literature [106] [ = m = 2 modes, corresponding to gravitational
perturbations, have the longest damping time and thus should dominate the signal. Black

holes can form or be excited in various ways:

e Excitation by accretion,
e Stellar collapse to a black hole,

e Mergers of compact objects.

It is important to stress that the QNMs do not depend on the initial physical process that
caused the black hole to form or be excited. However the phase and amplitude do depend
on the initial perturbation (see Section . Even though the QNMs may in principle fall
inside the frequency range of our detectors the amplitude may be too small to detect the
signal. As an example we consider a ~ 2.7 — 2.9M, neutron star - neutron star (NS-NS)
merger with subsequent collapse into a black hole. The frequency of the [ = m = 2 mode
is ~ 6.5 — TkHz with an amplitude of ~ 107%*m at a distance of 50 Mpc [86]. While the
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frequency lies within LIGOs range (barely) the amplitude of the signal is incredibly small.
This makes it unlikely that we will be able to detect ringdown waves from NS-NS mergers
with current and plannend observatories. For the remainder of this chapter we will not

consider the initial physical process and focus on the QNMs of astrophysical objects.

6.4.2 Important Quantities for Detection

Detecting ringdown waves from these black holes depends on the sensitivity of the detector
and the extent to which QNMs are excited in an astrophysical setting. The frequency of
the ringdown waves depend only on the mass and the angular momentum of the black hole
and not on the source of the excitation. Gravitational wave detectors like LIGO and in the
future LISA are located at very large distances from astrophysical black holes. Therefore a
QNM measured by a detector is well approximated by its asymptotic behaviour at spacial
infinity ¢ (¢, r) ~ e+,

The waveform measured at the detector can be expressed as a linear superposition of the

gauge-invariant polarization amplitudes A, and h,. We have

M .
h+ = 7 Z Re [A;nnel(wlmnt‘i‘(z)?;nn)e_t/Tlmn Slmn(l/, /8>i| ; (641)
Imn
M . x
hy = 7 % Im [Aﬁnnel(wlmnt+¢lmn)e_t/Tlm'n Slmn(b, ﬁ)} 7 (642)

where Afmz and (blfnz are the real amplitude and phase, which are determined by the specific
process that formed the final black hole [103]. Sy, (¢, 3) are the spin-weighted spheroidal
harmonics of spin-weight -2 [107]. The angles ¢ and § are adapted to the source such that
the z-axis is aligned with the spin of the black hole. Detectors are sensitive to the so called

effective strain defined by
h - h+F+ + hXFX, (643)

where Fl . are the so called pattern function which depend on the orientation of the

detector, the direction of the source and the polarization angle.

Another important quantity for gravitational wave detection is the signal-to-noise ratio

(SNR) defined as
L 1/2
_ = (f)h(f)
P (4 /0 o df) , (6.4.4)
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where h(f) is the Fourier transform of the waveform and Sy, (f) is the noise spectral density
of the detector. Measurement errors scale inversely proportionally with the SNR making

this a very important quantity.

The ringdown efficiency is defined as the fraction of the total mass-energy of the system

radiated away in ringdown waves and is denoted €,4, which is well approximated by

lenMwlmn
e [(Af)? + (An)?] s (6.4.5)

where Qun, = Re(w)/(2Im(w)) is the quality factor. Note that for weakly damped modes
the quality factor is large.

6.4.3 Detectability of Fundamental Modes

The ringdown efficiency together with the mass and angular momentum are the three main
parameters that determine whether we can detect the ringdown waves. In most cases the
frequency and damping time of the emitted radiation will be dominated by the fundamental
mode. For a Schwarzschild black hole the frequency and damping time of the fundamental

mode are given by [86], 103]

Jfa0o = 1.207 - 107(10° M, /M) Hz, (6.4.6)
Tooo = 55.37(M/(10°My,))s. (6.4.7)

Earth-based detectors are limited by a seismic cutoff frequency f,. For advanced LIGO
the seismic cutoff is estimated at fs ~ 20Hz. Solving (6.4.6)) for M we find

M < 1.27-10*(Hz/ f) Mg ~ 0.63 - 10° M. (6.4.8)

Therefore in principle advanced LIGO should be able to detect non-rotating stellar-mass
black holes and low mass intermediate-mass black holes. For a more realistic black hole
we want to look at the frequencies of the fundamental mode of Kerr black holes. From
Table [T08] we see that in principle LIGO will be able to detect astrophysical realistic
stellar-mass black holes and lower intermediate-mass black holes. LISA will be able to
detect ringdown waves from supermassive black holes. For example a supermassive black
hole with a/M = 0.8 and M ~ 4-10°M, that radiates 1% of its mass at a luminosity
distance of 3 Gpc and redshift z = 0.54 will be detected by LISA with p ~ 10* [10§]. Since
the measurement error is inversely proportional to the SNR these measurements of the

QNM frequencies should be very precise.
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Table 6.1: Upper limit on detectable black hole mass
for which the fundamental QNM [ = m = 2 would be
detectable by LISA and LIGO for rotation parameter a.
With f, ~ 20Hz

a/M =0 a/M = 0.6 a/M = 0.7 a/M =0.98
LIGO  1200Mp(*5%) 1600My(¥52)  1720Mo(1F2)  2670Mo(*52)
LISA  4-10%M, 53-10°M,  5.7-105My,  8.9-10°M,

6.4.4 A Black hole Versus a Boson Star

By the no-hair theorem the Kerr spacetime is completely specified by the first two multipole
moments, the mass and angular momentum. An alternative to a supermassive Kerr black
hole, that is not ruled out by experiment and is compatible with general relativity, is
a rotating boson star [I03]. Boson stars are very compact objects (without an event
horizon) and deviations in the properties of orbiting objects occur close to the Schwarzschild
radius. This makes it very hard to distinguish between a boson star and a black hole by
electromagnetic observations. Numerical calculations indicate that the spacetime of a
rotating boson star is determined by three multipole moments. The maximum boson star
mass, for a non-interacting scalar field, and the Chandrasekhar mass for regular fermion

stars in terms of the Planck mass are given by

Mpaz poson ~ 0.633m2 [, (6.4.9)
Mey, ~m3 /m3;, (6.4.10)

where m;, and my are the boson particle mass and fermion (hydrogen) particle mass
respectively. For a non-interacting scalar field the maximum boson star mass is much
smaller than the Chandrasekhar mass. As a numerical example we find for a supermas-
sive black hole with a mass ~ 10M,, My =~ 1.12 - 10°"GeV an ultralight boson mass
my = 8.41 - 1072%(10° M, / Minaz poson)GeV [103]. Thus to have an astrophysical sized ob-
ject we require ultralight bosons. To get around this requirement we can consider a self-
interacting scalar field with a quartic interaction term A\¢*/4 with a coupling constant
A >> (my/m,)?. This gives [109]

Mmax,boson ~ 0062)\1/27712/7712 (6411)

Plugging in the same numbers as before we find that astrophysical supermassive objects
can exist for m = 3.2- 10*4/\1/4(106M@/Mmax7boson)1/2GeV. There are other self-interacting
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potentials we can choose to obtain different boson masses m. As we can see from the two
examples above the boson masses needed to support supermassive objects differ by many

orders of magnitude.

To test a boson star against a suspected astrophysical (Kerr) black hole we must consider
rotating boson stars. Stable rotating boson stars were obtained by Ryan [109] who showed
that for a pure state for a scalar field of the form ¢ = ®(r,0)e**~%) the structure was
completely determined by the three independent parameters A\'/2/m?, Q=0 /m and § =
s/(A/2/m)*. Ryan’s numerical calculations showed that these three parameters correspond
to the first three multipole moments of the star, the mass, spin and quadrupole moment.
To test the boson star against a Kerr blackhole we require the QNM frequencies for rotating
boson stars. Unfortunately these QNM frequencies have not yet been calculated to our
knowledge so we take an alternative approach. We consider a non-rotating miniboson star,
for which the QNM frequencies are known and compare it to and . The
dominant modes are given by w/my, = 2.3 4+ 0.13¢ [103], which gives

f=47-10"(10°Ms /M maz boson)Hz, (6.4.12)

T = 60( M mazposon/ (10°M))s. (6.4.13)

Naively setting the boson mass equal to the mass of a typical supermassive black hole brings
the QNM frequency in the range where LISA could detect it. Finding QNM frequencies
consistent with a black hole would give us confirmation of general relativity in the strong-
field regime. If instead they correspond to frequencies of a boson star measuring two QNMs

would be enough to determine all three boson star parameters.

We have seen that with LIGO and LISA, once operational, we should be able to get
very precise gravitational measurements of black hole masses and angular momenta. In
combination with electromagnetic observations this will lead to a broader understanding
of black hole physics.
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Chapter 7

Hawking Radiation

In this section we will focus on the quantum field theory (QFT) in a Schwarzschild space-
time in order to understand the main ingredients of Hawking radiation. We start with a
recap of the quantum theory of a free scalar field in flat spacetime. It might sound irrele-
vant to the scope of this book because applications of QFT in flat spacetime (like particle
physics and condensed matter physics) focus on interaction between fields, while we are
primarily interested in studying the effects of gravity on these fields. But by generalizing
this theory to curved spacetime later in this chapter we can do exactly that and work

towards a derivation of the famed Hawking radiation.

We do not (and cannot) generalize to a full theory of quantum gravity, but since we are
working on sufficiently large scales we assume we can work instead with an effective semi-
classical theory. This is accomplished by splitting the metric into a background spacetime
and a perturbation which represents the gravitational wave. The perturbation field will be
treated as part of the energy momentum tensor. Then the background spacetime is taken

to be fixed but the matter fields propagate on the curved spacetime and are quantized.

Particle creation by gravity can be accomplished when the metric is time-dependent or for
a spacetime in which a horizon is present. Particle creation due to the presence of a horizon

is the one we will only consider in this chapter and arises in case of a Schwarzschild black

holdl.

In this section we will focus on QFT in a Schwarzschild spacetime in order to understand

'For an example of particle creation completely due to the time-dependence of the metric one can think

of an expanding universe as described by the Friedmann Robertson Walker metric.

207
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the main ingredients of Hawking radiation?, We will see that the vacuum and particles
are observer dependent objects whereas in QFT in flat spacetime they are unambiguously
defined in the inertial frame. Also the importance of a horizon will be highlighted. An
intuitive picture to keep in mind is that the vacuum constantly creates particles and anti-
particles borrowing energy from the gravitational field. Due to the horizon one escapes to
infinity and is detected by a far away observer while the other particle falls into the black
hole. We start with recapping QFT in flat spacetime and focus on the vacuum and particle
concepts. Finally we use a similar analysis in the Schwarzschild spacetime and see how the
horizon obscures the notion of a vacuum and particles. This obscurity of the vacuum leads
to the fact that different observers do not agree on the vacuum state and thus can detect

particles in each others vacuum state.

To keep matters manageable we will restrict ourselves to the simplest case of dynamic
spinless scalar fields propagating in a classical spacetime background. While these may
not give the most realistic description, they allow us to illustrate the processes involved

without obscuring the facts by dense calculations.

Readers interested in the reason for turning to the second quantization formalism can refer

to Appendix for a broader context.

7.1 Recap: Quantization of a Scalar Field in Quantum Field The-

ory

In this subsection we briefly recap the quantum theory of a free scalar field in flat space-
timd—f]. We will generalize the theory to curved spacetime in the next subsection and we
are primarily interested in the effects of gravity on the fields and not in the interactions
between the matter fields. We will see that in curved spacetime the notions of the vacuum
and particles become ambiguous, therefore in this subsection we pay special attention to

the vacuum and particle states in QFT in flat spacetime.

2For the interested reader: this theoretical framework is also used in the field of cosmology. The theory
of inflation predicts that vacuum fluctuations of the quantum fields in the early universe are responsible
for cosmological perturbations which are the seeds for the large scale structure in our universe. The
cosmological perturbations have been mapped among other things by the detection of the cosmic microwave
background radiation and galaxy distribution. Therefore in cosmology we might be able to probe effects

of strong gravity.
3This section is based on [, Sec. 9.1, 9.3, 9.4] [110, Ch. 4] and [I11, Ch. 3.3].
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We start with a classical theory of a free scalar field as described by the action
S[¢] = —% / d'z [ 0,00,0 + m*¢?] . (7.1.1)
Using inertial coordinates (t,x) the equations of motion become
0= Vip+m’p =0,
which can be rewritten as an infinite set of decoupled harmonic oscillators
b+ (kK2 +m?) g = 0, (7.1.2)

by making a Fourier transformation of the field

o1 = [ e ont)

Next we canonically quantize the field by promoting the classical field and its conjugate
momentum 7(t,x) = 0;¢(t,x) to operators and impose the equal-time commutation rela-

tions

Ot,x) 7 (L y)| =id(x—y), [8(t.%).d(t,y)| = [F(t.x),7(ty)] =0, (7.13)
By using the Fourier transformation we can equivalently introduce the mode operators ék
and 7, and we reduce the problem to quantizing a simple harmonic oscillator for each
k. We know from quantum mechanics it is useful to introduce creation and annihilation
operators which can be expressed in terms of quSk and 7. Instead of going through all the
algebra we proceed by making directly an ansatz for the the expansion of the field operator

in creation and annihilation operators

n d’k * ikex A — —ik-x
o(t,x) = / R [vp(t)e™ ™y + vie(t)e ™™ ag | . (7.1.4)
where we impose the appropriate commutation relations

iy a5] =0k —p), |4 dp) = [ag.a}] = 0. (7.1.5)

In order to make them compatible with the commutation relations (7.1.3)) the Wronskian
of the mode functions vy and v;; equals

U (t) v (t) — () vk (t) = 2i.

Furthermore the mode functions should satisfy the equations of motion ([7.1.2)) as well.
Analogous to quantum mechanics we would like to assume there exists a vacuum state

which is annihilated by each ay
a, 10) =0, Vk
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and we can build the Fock basis which spans the entire Hilbert space by repeatedly act-
ing with creation operators on the vacuum. But note that the mode functions are not
completely defined by these constraints, which means that the operators G, and a, are
ambiguous and hence the vacuum state |0) is undefined. To solve the problem we assume
in addition that the vacuum is the lowest energy eigenstate of the Hamiltonian, which
corresponds to the intuitive picture of the vacuum. The Hamiltonian expressed in terms

of the mode functions and creation and annihilation operators becomes

- 1 . i ) o
H(t) = §/d3k [(Uﬁ + wkvi) a:afk + h.c. + (|Uk|2 + wk|vk|2) (2alfafk + 5(0))}

Computing the expectation value of the energy
O1710) = [ &k ([ + walonf?) 50),

using the fact that §(0) represents the infinite total volume of space [110, p. 72], the energy

density becomes
. — /d3k(|ok|2+wk|vk|2).
This yields the additional constraints on the mode functions
||? + wilvk|?  is minimized,

which can be solved together with the other constraints to yield

1
ka

Ve = wwit

Because we take wy, to be positive, the mode functions vy are said to be negative frequency
Uk = Wk Vk,

and vy, are said to be positive frequency
U = —iWgy,.

The positive and negative frequency modes are coefficients of respectively the annihilation
and the creation operators. Note that you would get a similar decomposition for another
inertial observer. For our purposes if you start with an action of the form ([7.1.1)) where
coordinates are chosen such that ds* = —dt? + dx?, you can directly expand the field into
creation and annihilation operators by use of the positive and negative frequency modes
with respect to these coordinates. This defines a vacuum as the lowest energy eigenstate

of the Hamiltonian according to an observer described by these coordinates. We will use
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this fact in the next subsections when we go to curved spacetimes where we are able to
rewrite the action in the form by using an appropriate set of coordinates. In general
for stationary spacetimes there exists a timelike Killing vector which makes it possible to
define a global time coordinate resulting into well-defined positive and negative frequency

modes with respect to that.

The total energy of the vacuum Ey, = (0| H |0) is divergent but since we neglect gravity we
are only interested in energy differences between the states and therefore we renormalize

it to zero. The Hamiltonian becomes
H(t) = / dPkwyaga”,,

furthermore one can define a momentum operator by using Noether’s theorem for spatial

translations:

i Pi d’p -
P :—/d3x7rai¢—>P Z—/(Q—gpa;ap

)
It turns out that the exited states @, |0) have an energy of wy and a momentum k which ex-
actly correspond to the energy-momentum relation of a particle. Therefore we say that the
state G, |0) contains a particle with momentum k (although it is not a localized particle).

The Fock basis consists of the following states

1

n1!n2! s

()™ (@)™ -+ 10),

which contain n, particles of momentum ky, n, particles of momentum ko etcetera.

|ni, ng,...) =

In order to emphasize the privileged position of the vacuum and particle states we con-
sider how they behave under Poincaré transformations. Suppose we have another inertial
observer described by the coordinates (#',x’) which are related to (¢,x) by a Poincaré
transformation. She would get the following expansion of the field operator in terms of its

annihilation and creation operators b, and by

Qg(t/ X/) :/ d3k 1 [eik-x’—iwt’g— + 6—ik-x’+iwt’g+
X= | e v ‘ <

Now it turns out that the coefficient in front of a;; given by \/%e*"k"‘”‘”t i

is proportional to

\/%e’ik/'x/”w/t/, where the prime indicates the corresponding Poincaré transformed quan-
tity with respect to the first inertial coordinate system. Therefore, according to the second
g

observer a; corresponds to b, and hence creates a particle with Poincaré transformed mo-

mentum k’ and energy w’. We will show this in case of a Lorentz boost of velocity v, such

that the coordinates of the two observers are related by

t=~t' +yv-X/, x = vx' + yvt',
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and likewise the four-momenta are related by
W =yw —v -k, k' = vk — yvw.

We can deduce:

k-x—wt=k -x—u?t,

which means that every positive (negative) frequency mode with respect to one observer
corresponds to another positive (negative) frequency mode with respect to the other ob-
server. Therefore, the excited states contain particles with Lorentz transformed four-
momenta, but because the modes do not mix, all inertial observers agree on the number of
particles in each state. Furthermore, all inertial observers agree on the vacuum state which
explains the special status of the vacuum of QFT in flat spacetime. In general relativity
however, there is in general no preferred coordinate system. If one observer defines parti-
cles with respect to a set of positive and negative frequency modes and another observer
with respect to a second set, then they do in general not agree on the particle content
of a state. Actually this phenomenon already manifests itself in the Unruh effect, where
an accelerated observer in flat spacetime associates a thermal spectrum of particles in the
vacuum state of an inertial observer, which we will see in section [7.3] Moreover, in general
it is not possible to find plane wave solutions to the field equations of motion, which makes
the idea of a particle even harder to grasp. Therefore in curved spacetime one could instead
think about what a particle detector would detect and relate that to particles. To give an
idea, a particle detector traverses some trajectory in spacetime with proper time as its time
coordinate. This enables it to define positive and negative frequency modes which can be
used to determine what kind of particles it detects in a certain state. Again this turns out

only makes sense when the proper time of the detector is proportional to a Killing time.

We have seen that QFT in flat spacetime allows for an unambiguously defined vacuum
state and particle states. In the next section we will use the groundwork we have just laid
to more elaborately discuss the Unruh effect and later on we will generalize these results
to curved spacetime. We will see that the vacuum state and particle states will fall of their

pedestal in Schwarzschild spacetime and how this leads to particle creation.

7.2 Quantum Field Theory in Schwarzschild Spacetime

In this subsection, we will introduce quantum field theory on curved spacetime by consid-

ering the specific example of the Schwarzschild solution in two—dimensionsf_f] We restrict

4This section is based on [I, Chapter 9], [I11, Ch. 3] and [I10, Ch. 5, 8, 9].



7.2. QUANTUM FIELD THEORY IN SCHWARZSCHILD SPACETIME 213

ourselves to two dimensions for the purpose of providing the reader with an understanding
of the concepts that are important for defining the theory. We will follow the previous
section closely to construct the theory on this background and will make the similarities
and differences between QFT on flat and curved spacetime explicit. The section starts
off with the introduction of different metrics that we have seen in previous chapters. By
applying a coordinate change, we can go from one metric to another such that we can
define a metric that describes the entire Schwarzschild spacetime. Moreover, as we will be
able to write our action in the shape of equation ([7.1.1]), we can immediately use the field
expansion (see equation ([7.1.4)) as derived in the previous section. Next, we will define
a general action for a massless scalar field in curved spacetime. From this action, we will
determine the field equations using the different coordinate systems. These equations allow
us to write a solution for the fields in terms of creation and annihilation operators. We will
use these operators to define different vacua which we use to show that choosing a vacuum
is not as unambiguous as one would think. We conclude the section by showing that what
is perceived as a vacuum by one observer, is not necessarily perceived as a vacuum by

another observer.

7.2.1 Review of Relevant Metrics

We start with the Schwarzschild metric, equation , for a nonrotating black hole
without electric charge. We will consider the two-dimensional case so we neglect the
angular part in the metric. We look at the two-dimensional case instead of the four-
dimensional one for pedagogical reasons as our calculations will be more straightforward
and comprehensible for the reader. Were we to treat the more realistic four-dimensional
case, we would find that there is an extra contribution from the angles § and ¢ to the
mode functions we will retrieve later. However, because we are considering a symmetric
black hole, we can renormalize to make these contributions disappear. In the section on
Hawking radiation, the more realistic case of the collapsing black hole will be considered.
We introduce the tortoise coordinates as seen in equation so we can rewrite the

metric

ds? — (1 _ f(‘;‘f)) de2 — dr?]. (7.2.1)

The tortoise coordinate r* is only defined for » > 2M. To simplify our metric, we will

rewrite it in terms of the tortoise lightcone coordinates which were introduced in chapter



214 CHAPTER 7. HAWKING RADIATION

2 such that we find]
9 2M o

r(a, v
Our first metric in Schwarzschild coordinates is singular at the black hole horizon r = 2M,
and our metric in tortoise lightcone coordinates is only defined for » > 2M. These metrics
thus only describe the exterior of the black hole.

We will now rewrite this metric in another coordinate system that allows us to describe

the entire spacetime. Rewriting the relation for r* and inserting u and v gives

2M  2M r U—1u
- 22 =27 (1 ~ —) , 2.
r r P om ) P ( AM ) (7.2.3)
leading to the following metric
2M r U—u
2 _ = o ~ ~
ds® = ——exp (1 5 >exp ( i ) dudo. (7.2.4)

Finally, we will use the Kruskal-Szekeres lightcone coordinates of which a variation was
seen in chapter 2,

U v
u = —4Mexp (—m) ,v = 4Mexp (M) (7.2.5)
to write 011 ()
ds? = 1- 287 Qudv. 2.
s T<u’v)exp( i udv (7.2.6)

This metric is regular at » = 2M in accordance with what we have seen for the Kruskal-
Szekeres coordinates. The interval of the coordinates can be deduced from equation
and they are —oo < u < 0 and 0 < v < +00. However, they can be analytically extended
such that they have ranges —oo < u < +00 and —oo < v < +00. We have thus managed
to write down a metric that is well-defined over the entire Schwarzschild spacetime except
at the true singularity of the black hole, r = 0.

7.2.2 Evaluation of Action

We will now consider the action of a scalar field in two-dimensions as in equation (|6.2.2))
where we will neglect the massive part. This action is conformally invariant. A conformal

transformation looks like

Jap — ga,@ = (x'y) Jap (727)

5Note here that in Chapter 2 they are written as u = ¢t — 7* and v = ¢ 4 r*. In this chapter, we will
denote these coordinates by u = u and v = v.
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such that we find for the determinant and the contravariant metric

g_} / —Q2 g _)gaﬁ_Q2a6

Clearly, the Q? factors cancel out when these two expressions are reinserted in the action.
We have thus shown that our general action for a massless scalar field in two-dimensions for
curved spacetime is conformally invariant. This invariance will reappear in later sections.
Now a relevant question to ask is whether the results we derive using this two-dimensional
specific invariance are still relevant for us in a four-dimensional case. The answer is yes.
Upon taking the angles into consideration, we would still have that this invariance counts
for part of the space, as long as we restrict ourselves to two coordinates. Moreover, as
argued before, the contribution of the angles to the field ¢ can be normalized out as we

are dealing with a rotationally symmetric black hole.

This invariance has an important consequence as it means that all metrics that are confor-
mally connected’| give us the same equations of motion resulting from this action. Going
back to our metrics, we see that the metrics expressed in tortoise lightcone coordinates in
equation (|7 and the metric in equation (|7 of the Kruskal-Szekeres lightcone coor-
dinates are indeed conformally connected and will thus yield field equations of the same
form. We will make this statement explicit. Looking at the metric in equation of
the tortoise lightcone coordinates we see that we only have a non-zero term with gz;. We

find the following action
Slo| = /dﬂdf)&ﬁ&;qx (7.2.8)

such that its field equations are
03056 = 0. (7.2.9)

If we now look at Kruskal-Szekeres lightcone metric in equation ([7.2.6)) we again find that

guv 7 0 only if 1 # v such that the action and the field equations are
S[g] = / dudvd, 60,6, and  9udyé = 0. (7.2.10)

These field equations coincide with the equations of motion found in the previous section
and have the same shape. This means that we can write the same field expansion as in
equation . We can thus proceed in the same way as before by stating the solutions to
these scalar field equations. We can write ¢ in terms of the tortoise lightcone coordinates

¢=A(@)+ B(d), (7.2.11)

6This means that the metrics have coinciding coordinate dependence and only differ by a prefactor.
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or, equivalently in Kruskal-Szekeres lightcone coordinates
¢ = A(u) + B(v). (7.2.12)

The solution for A (@) looks like

¢ x efiwﬂ _ efiw(tfr*)
- )

and describes a right-moving positive-frequency mode with respect to ¢t which we will later

on relate to particles propagating away from the black hole so from now on we will refer

to them as outgoing modes. Likewise, for B (#) we find

b ox e — it

which then naturally describes the left-moving modes, or the ingoing modes. Upon realizing
that v = w(u) and that v = v (0) and that the solutions of the wave equation are as in
equations and , we can conclude that the left- and right-moving modes do
not affect each other and can be considered independently. One might wonder, why we
expand our field in left- and right-moving modes for curved spacetime. The reasons for

this will become apparent later on.

7.2.3 Solutions to Field Equations

We will now consider two cases. An observer far away from the black hole, described by
the tortoise lightcone coordinates, and an observer in the vicinity of the horizon which is
described by the Kruskal-Szekeres coordinates. For the first we find as we move far away
from the black hole, i.e. » — o0, from equation that

ds? — dado = dt* — dr*?

which implies that the proper time of an observer at rest located far away from the black
hole coincides with t. We will now promote our field ¢ to the operator gE We expand
equation ([7.1.4) for two-dimensions in terms of ingoing and outgoing modes as follows

“+o0

o =

—jwt+ik-r* 7 iwt—ik-r* 7.t
27‘(‘ 1/2 [6 bk +e bk]

—iwt+ik-r* ] iwt—ik-r* 71
27r 1/2 [ b +¢ bk]

’ dk jwt+ik-r* ] iwt—ik-r* 7
—iwt+ik-r iwt—ik-r* 7.t
+/ em72V 20 g bt e ]

w

ﬁ\
ﬁﬁ
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o e dk 1 fiwt+ik-r*l; iwt—ik-r* I;T 7iwt7ik-r*[; iwt+ik-r* BT
=/ —(27)1/2 ﬂ[e ke p € -k te _k}.

We will now let (w, k) — €2 where we have constructed the integral such that Q is strictly

positive. We can send k to 2, because w? = k? + m2|m i.e. k = w, such that we find

=0’

I +00 dQ 1 ; *\ 5 ; *\ & . *) 2 ; *\ &
¢ _ / e, 2 { [efzﬂ(tfr )bQ + ezQ(tfr )bTi| + |:€71,Q(t+r )b,Q + e'LQ(t+r )bT, ]}
o (2m)*V20 “ ¢

_ /+Oo e 1 { [e—iQaBQ n emaj;r} n [e—m% A }} (7.2.13)

0 (27r)1/2 NGTY) Q ) _al (> 2.
where 5}2 and bq are the creation and annihilation operators respectively of the outgoing
particle, and I;iﬂ and b_q the creation and annihilation operator of the ingoing particles.
These operators obey the relations in equation . In the previous section, the operator
IA)L created a particle with momentum k& which could be either positive or negative. Now,
we have split the expansion up in in- and outgoing modes, which means that we associate
l;}) with the outgoing particle with momentum €2 which is now strictly positive, and IA)EQ
with the ingoing particle with momentum — (where € is still strictly positive). The
reason for making the in- and outgoing modes explicit is because the observer at infinity

can only measure the outgoing particles. Due to the horizon, all the ingoing particles will
be absorbed by the black hole.

Following the preceding section on QFT in flat spacetime, we now proceed to defining
the vacuum. We will see that the vacuum in curved spacetime is not as straightforwardly

defined as in flat spacetime. We start by defining the eigenstate |0g)
bo |05) =0, VQ >0,

which is called the Boulware vacuum. This vacuum does not contain any particles from
the point of view of the far away observer. However, the Boulware vacuum is singular on
the black hole horizon as the tortoise lightcone coordinates only hold for » > 2M. One
might ask the question at this point, why we include this vacuum in this section, if it is an
unphysical state. We have included it with the main purpose of showing the reader, that
one cannot just define any vacuum in curved spacetime. To find a vacuum, we need to be

very careful to check that it is indeed a proper physical state.

We will now define a vacuum that is physical by considering the Kruskal-Szekeres which
are well-defined on the horizon and cover the entire Schwarzschild spacetime except at its
true singularity at » = 0. This makes these coordinates similar to the inertial coordinates
in Minkowski spacetime. Near the horizon, when » — 2M, we find for equation

ds? — dudv = dT? — dR?.
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In analogy with what we have seen before, we now say that an observer passing the horizon
of the black hole associates particles with the positive-frequency modes with respect to the

time T'. Expanding the field now gives the following very similar operator expansion

~ © dw 1 . , . A
b= / . { e, + etal ] + [e_“’“d_w + ematw} } , (7.2.14)
0 (27_‘_)1/2 /2w [ i|

where G/ and a,, are the creation and annihilation operators for the outgoing modes, and
dT_w and a_,, are the creation and annihilation operators of the ingoing modes. We can use

these operators to define the Kruskal vacuum state, i.e.
a, |0x) =0, Yw>0.

Unlike the Boulware vacuum, this state is regular on the horizon, because the Kruskal-
Szekeres coordinates are well defined everywhere except at the true singularity at » = 0.
For this reason, we find a natural candidate in the Kruskal state |0x) for the true physical

vacuum in the presence of a black hole.

7.2.4 Ambiguity of The Vacuum

We can relate the operators al, a,, 6}2, and bq via the Bogolyobov transformations:

bo = / dw [anub, — Boudl) - (7.2.15)
0

As the tortoise lightcone coordinates only describe the exterior of the black hole and not the
entire Schwarzschild spacetime, we cannot define the inverse Bogolyobov transformation.

The transformation has the following normalization condition

/ (Aot — BouBiy.) = 6 (2 — Q). (7.2.16)
0
We can use this Bogolyobov transformation to relate the two different vacua to each other.

We can now make an interesting observation namely that the observer far away detects
particles in the Kruskal vacuum which seems counterintuitive. The Kruskal vacuum is
a vacuum of a-particles so there can be b-particles in the vacuum. This can be seen by

applying the b-outgoing particle number operator Nq = Z;}ZZ;Q to the Kruskal vacuum:
(Ok| No [0x) = (0x| byba [0x)

= <0K| (/0 dw [Oé;)wdl - 6;2“)&(4)])
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X (/ dw’ [agw/dw/ - ﬁﬂw’&:[/]) |OK>
0

= /dwdw/ﬁéwﬁg/w (0g| dde, 0x)
= /dwdw'ﬂ?}wﬁgwfs (w—u')
_ /dw Boul?, (7.2.17)

which we interpret as the mean number of particles with frequency €2 as seen by the
far away observer.m Note that we have computed the particle number denisty for the
outgoing particles only. We have thus seen that what is a vacuum to one observer, is not
necessarily a vacuum to another observer. More specific examples of this will be seen for

the consideration of the Unruh effect and Hawking radiation.

Before we end this subsection, we would like to discuss the notion of particles. The word
has been used a couple times throughout the chapter and so far it has nowhere been
made clear what this term actually means. It is important to realize that for Minkowski
space (i.e. flat spacetime) there is not one uniquely defined vacuum, but that the vacuum
introduced in the previous section is conventionally agreed upon to be the vacuum for all
intertial measuring devices. This is so because this vacuum is Poincaré invariant just as the
inertial observers in Minkowski space. For curved spacetime, it is not as straightforward.
The fact that a vacuum for one observer is not necessarily a vacuum for another observer
in curved spacetime is an indication that the ”state of motion” of an observer measuring
particles plays a significant role in the observation of particles as we will see in the next
section [I11l p. 48]. Therefore, the definition of a vacuum and thus a particle is highly

non-trivial.

7.3 The Unruh Effect

In the previous section the idea of particles with positive energy being associated with
positive frequencies was presented. With the necessary tools available we will now present
the effect of positive and negative frequency mixing in flat spacetime due to acceleration.
This is called the Unruh effect and it can be stated as follows: while a stationary observer in
flat Minkowski space will measure the state of the fields to be a pure vacuum an accelerated

one will measure particles with a thermal spectrum. To derive it without complications

7Just as a reminder, as we cannot invert the Bogolyobov transformation, we cannot calculate the mean
number of particles as seen by the observer close to the black hole horizon.
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we will consider a massless scalar field in 14+1 dimensional spacetime. It shall be studied
in both Minkowski and Rindler coordinatesf]

7.3.1 Rindler space Revisited

In Chapter two we presented the Rindler space. Here we will use the derived Rindler
metric, equation (2.4.12), and bring it into its conformally flat form. Firstly by using a

translation & — & — é we obtain:
ds? = —(aé)?dr? + d¢? (7.3.1)

The Rindler horizon is now translated to & = 0 and the observer with acceleration a will
be at the position £ = é for 7 = 0. This metric can be used for both Regions I and III
of Fig.(2.21). This can be seen by putting a minus sign in front of the transformations
(2.4.3), (2.4.4) and following the same procedure. As a result of the relative minus sign
between the Minkowski time coordinate ¢ and the Rindler one 7 the timelike Killing vector

is —0; in Region III. The final conformal form is obtained by the transformation

£ — %“5, (732)
yielding:
ds® = €' [~ (dg°)? + (d¢")?] (7.3.3)

It is now convenient to shift to the lightcone coordinates in both Minkowski and Rindler

space. This amounts to the following redefinition of the coordinates:

u=t—mz, u=¢ ¢, (7.3.4)
v=t+z, =864+ (7.3.5)
where u,v and @, stand for Minkowski and Rindler lightcone coordinates respectively.

As both metrics describe the same Minkowski spacetime in different coordinates we can

equate the two line elements which gives:
ds? = —dudv = —e*C~Ddady. (7.3.6)

To conclude we want to find the relations between these two coordinate systems hence find
how u(@, v) and v(u, v) depend on the respective Rindler coordinates. Now we can see that

each of the Minkowski coordinates will depend on only one of the two arguments. If this

8The derivation proceeds along the lines of Chapter 8 out of [T10].
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was not the case we would have da? and do? terms in the Rindler metric. Thus, without
loss of generality, we choose
u=u(a), v=vD), (7.3.7)

and we see from ((7.3.6)) that the following relations hold:

e v e
u=— , U=
I} «

(7.3.8)

This concludes the necessary reformulation of the Rindler space formalism for the purposes

of this chapter.

7.3.2 The Effect

Starting from a massless scalar field in 141 dimensions we will derive the mode expansions
for the field in both Minkowski and Rindler spacetime. As seen in the previous subsection
the fact that we work in 1+1 dimensional spacetime implies that the action is conformally
invariant and hence we can discard the conformal factor of the Rindler metric. Now we

consider the action (6.2.2) for a massless case. In Subsection it was shown that a

conformal transformations of the following form:
G — LGy (7.3.9)

leaves the action invariant. Therefore the conformal factors will always cancel and we have

the following form in Minkowski and Rindler space coordinates respectively:

53 [ dal-@0 + @07 (7.3.10)
=3 / o[ (006) + (90 )’] (7.3.11)

It is now convenient to rewrite the action in the lightcone coordinates

S=-2 / dudvd, ¢yt = —2 / Aid50; 036, (7.3.12)

After applying the variational method to the actions we obtain the Klein-Gordon equation

formulated in Lightcone coordinates in the two coordinate frames:
0,0, =0, 0z0;0 =0 (7.3.13)

The Klein Gordon equations have well known solutions which in the Minkowksi space are
of the form

¢ x e—zw(t—x) — e—zwu’ ¢ x e—zw(t—}—x) — g
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The first solution is the right moving positive frequency mode and the second is the left
moving one. In the case of the Rindler coordinates we have to make a distinction between
regions I and III. As stated before, the Killing vector in region III has an overall minus
sign difference with respect to the Killing vector in region I implying that different modes
have to be defined in each region. Thus a basis satisfying the KG-Gordon equation and

this peculiarity will be of the following form:

¢ ~ e*iw(fofgl) _ e—iwﬂ, L (7314)
¢ - e—iw(—EO—ﬁl) _ eiwﬁ’ 111 (7.3.15)

Each set forms a complete basis of their respective region but do not cover the entire
Minkowski space. On the other hand when the two are combined they are complete and
the lines

€% = constant

are Cauchy surfaces. This means that the modes can be analytically continued into the
regions II and IV where « is imaginary. Therefore this is as good a basis for the scalar

field as the usual Minkowski modes.

After this intermezzo about Rindler modes we shall restrict the calculations to region I. In
both spacetimes the derivation of the mode expansion precedes as presented in Section [7.1

and the result is the following:

® dw 1

T —iwu A iwu AT — W A iwv AT
= ———e a, +e“tal, +e a_, +e“"al, 7.3.16
(b o V2m A 2w [ ] ( )
< dQ 1

= —_— e’imi)g + Syl 4 e’imi),g + eim’l;i . 7.3.17
Here, following the procedure of semiclassical quantization, the coefficients associated with
the modes have been uplifted to creation and annihilation operators satisfying the usual

commutation relations

Associated with the annihilation and creation operator comes the notion of a vacuum.
Here the Minkowski vacuum will be denoted by |03/) and the Rindler one by |0g) and the
annihilation operators act as follows

Go|00) =0,  bal0g) = 0. (7.3.18)

In contrast to the examples seen in the previous section these two vacua are not the
same modulo a Lorentz transformation. This follows from the structure of the Rindler
modes which are not analytic at the origin of the Minkowski spacetime(u = 0 or v = 0).

Rindler modes in region I do not go over smoothly to modes in region III and vice versa
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in contrast to the Minkowski modes which do [I11, p. 115]. This implies that mixing
of positive and negative frequencies must occur when one expresses the Rindler modes in
terms of Minkowski modes as a superposition of positive Minkowski frequencies maintain
their analyticity. Therefore a Rindler observer in the Minkowski vacuum will measure
particles. This is the Unruh effect.

7.3.3 Unruh Temperature

To determine what an accelerating observer measures when the field is in the Minkowski
vacuum, it is necessary to relate the Rindler creation and annihilation operators with
the corresponding Minkowski operators. This can be done for the right and left moving
modes separately. One can see that this is possible by looking at the mode expansion and
remembering that « = u(@) and v = v(9) holds. Therefore from now on we will focus on
the right moving modes as the derivation for the left moving modes proceeds in a similar
way. In Section we presented how we can relate operators in different bases through a
Bogolyubov transformation. For our operators d,IA) the transformation takes the following

form:
bo = / dw[ogwb, — Bawal)] (7.3.19)
0

l;}l:/o dwlag,al, — B4, a.] (7.3.20)

with « and 3 being complex coefficients. It is important to note that these transforma-
tions cannot be inverted due to the non analyticity of the Rindler modes. As usual the

transformation coefficients are properly normalized according to

/ dw(awad, — BawBa,) = 0(2 — Q) (7.3.21)
0

It is now a matter of finding the corresponding coefficients. Substituting the Bogolyubov

transformation ([7.3.19) into the mode expansion yields
etn o0 dY e

(OéQ/ Q4

Ve o Jo VO

Inverting this relation yields the coefficients and they have the form

;Qw :/ eq:zwu+zQud~ — :|: ‘/ / au %_le:Fiwudu (7323)
Qw —0o0

]. Q s 2
=+ /ZeFhaea s r(——) (7.3.24)

2ra V w o

— B, ). (7.3.22)
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To get this result we multiplied ((7.3.22)) with e*% used the definition of the §- function
and integrated over . Finally in the second equality of m we used the relation
between u and u as given in ( . Now it is clear that the following relationship between

the two coefficients holds
27

|l = €« | Baul® (7.3.25)
As we can now express the Rindler creation and annihilation operators in the respective
Minkowski ones we are able to compute the expectation value of the Rindler number
operator when the field is in the Minkowski vacuum. Then, as foretold, it will become
evident that the Minkowski vacuum contains particles from the point of view of the Rindle

observer. The number operator is Nq = 8}269 and the resulting expectation value is

(V) = (Ou /mdw[aawaz—ﬁawaw]>< /wdw[amw BondiDlOn)  (7.3.26)
0 0
_ / dw|Bew (7.3.27)
0

Now rewriting the normalization condition ([7.3.21) for Q' = Q and using the relation
between the Bogolyubov coefficients, eq. ([7.3.25)), we have

/Ooodwuam ) = 6(0) > / Aol ~ Dldacl? =60) (7329

Inserting this result in the expectation value of the number operator yields the
final result
- > 27 4

(%) = [ dulfuf? = fexp(2) = 11750) (7.329)
This shows our claim. The Minkowski vacuum is not devoid of particles from the point of
view of a Rindler observer. It actually diverges. This divergence is a result of the use of
plane wave basis modes which are non-square integrable. If we had used normalized wave
packets we would not have encountered this. Another way of looking at this is seeing the
divergence as a result of the infinite volume of the Rindler slice. If we had quantized our
field in a box it would be equal to the volume. Hence it is more relevant to look at the

mean particle density per frequency:

{

V9> = [exp(?) —1]! (7.3.30)

ng =

Here the Unruh effect is shown in all its glory. If we uniformly accelerate a detector in the
Minkowski vacuum it will result in particles being measured which obey the Bose-Einstein
distribution with a temperature

T=_— 3.31
o (7.3.31)
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called the Unruh temperature. Therefore it is shown that the acceleration of the detector

exactly determines the temperature modulo a constant.

Having derived this result it is natural to consider its physical implications. A Minkowski
observer describes the Minkowski vacuum state as a state of zero energy or in other words
with a vanishing expectation value of the energy momentum tensor. This seems to con-
tradict the measurement of the Rindler observer which measures positive energy particles.
This can be explained by considering what must be done to keep an observer uniformly
accelerating. It is necessary to do constant work on the Rindler observer hence energy is
not conserved! This means that in the Rindler spacetime there exists a source of energy
which couples to the quantum field and excites it in such a way that the detector is in a
thermal bath with a temperature proportional to the acceleration. From the point of view
of a Minkowski observer the detector emits and absorbs particle at a continuous rate as a
result of the coupling which necessarily enters the action to facilitate the acceleration. So
in the end it is clear that the energy measured by the Rindler observer is an artifact of the

work done to keep it uniformly accelerating.[110, p. 108] [1, p. 412].

7.4 Hawking radiation

In this section, different ways to derive Hawking radiation are presented. Then some

physical aspects of Hawking radiation are revealed.

7.4.1 The Unruh effect in extended Schwarzschild spacetime

There is also an Unruh effect in extended Schwarzschild spacetime. This effect is very
analogous to the effect in Minkowski spacetime derived above. The derivation in this
subsection follows Mukhanov’s book [110, Sec. 9.1]. We consider a massless Klein-Gordon
field in extended Schwarzschild spacetime. The equations of motion and how to quantize
field in curved spacetime are introduced at the beginning of this chapter. Just like in the
case of the Minkowski Unruh effect, we consider two different observers. One observer uses
the tortoise coordinate system. The other observer uses the Kruskal coordinate system. We
can now perform a mode expansion in terms of tortoise and in terms of Kruskal coordinates,
and obtain two different vacua in this way. The vacuum obtained by doing the mode
expansion with respect to the tortoise coordinates is called the Boulware vacuum and

the vacuum obtained with the mode expansion for the Kruskal coordinates is the Hartle-
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Rindler Schwarzschild
Inertial observers: vacuum |0y7) | Free falling observers: vacuum |Ok)
Accelerated observers: |Og) Observers at constant radius: [0r)
Proper acceleration a Proper acceleration (4M)~!

Table 7.1: Hawking Radiation

Hawking vacuum. If the annihilation operators for the Kruskal coordinates are denoted by
ay,, and the annihilation operators for the tortoise coordinates by l;;w, where w denotes

the frequency, the vacua are specified by:
iz, [0x) =0; by, |07) =0. (7.4.1)

We can compare the vacua obtained here to the case treated in the section on the Unruh
effect. Rindler spacetime only covers part of Minkowski spacetime, so does Schwarzchild
spacetime in tortoise coordinate to Schwarzchild spacetime in Kruskal coordinates. There-
fore the Boulware vacuum corresponds to the Rindler vacuum and the Hartle-Hawking
vacuum corresponds to the Minkowski vacuum. The derivation is analogous to the deriva-
tion of the Unruh effect in Minkowski spacetime, with the identification a = (4M)~t. We
note that this similarity only holds in extended Scharzschild spacetime in 1+ 1 dimensions.

An overview of the correspondence is shown in table [7.4.1| (table taken from [110]):

Using this similarity and recalling section on Unruh effect, we find that the remote ob-

server must see particles with the thermal spectrum,

- aln 272
(Nia) = (0| bt 10x) = fexp(Z) — 1]75(0), (142)
corresponding to the temperature
K 1
T = — =, 4.
= on = &M (743)

Now that we know Hawking radiation temperature T, we can easily derive the Hawking-
Bekenstein entropy. According to the first law of thermodynamics of black holes, dM =
TdS, which leads to S = 47 M? = iA, A is the area of event horizon. Upon reintroducing

elementary constant, we obtain:

kgcd
4:h =4 (7.4.4)

which verifies the entropy deduced in Chapter 5.

SBH =

Note that the state |0x) contains not only outgoing (right-moving) particles, but also the

incoming (left moving) particles with the same thermal spectrum. Only in this case the
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Kruskal vacuum is non-singular on the past horizon (v = 0) of the eternal Schwarzschild
spacetime. Therefore, in the presence of quantum fields the picture of an eternal black hole
is consistent only if the black hole is placed in a thermal reservoir with the temperature
Ty. Because the black hole absorbs particles, it should also emit them to maintain the
equilibrium. It then follows that the black hole placed in an empty space must evaporate

by emitting thermal radiation with the temperature given above.

If we consider a black hole formed as a result of gravitational collapse, the past hori-
zon at v = 0 does not exist, and therefore there is no need to choose for the left-moving
v-modes the Kruskal state annihilated simultaneously by the operators a~ for both right-
and left-moving modes. Instead, it is more natural to choose the state annihilated by
the operators a~ for the right-moving modes and by the operators b~ for the left-moving
modes. Because there is no past horizon, this state is also non-singular and does not con-
tain incoming particles from the point of view of the remote observer. Hence this observer
sees only thermal radiation coming from the black hole. The corresponding choice of the
quantum state is justified by the consideration of the black hole formed as a result of a
spherical shell collapse [112]. In the following section, we give a detailed treatment of

Hawking radiation from a collapsing black hole.

7.4.2 The Hawking Effect for a Collapse to a Schwarzschild Black
Hole

We now consider the case where matter undergoes a collapse to a Schwarzschild black hole
of mass M. We will show that at sufficiently late times, the black hole emits Planckian
radiation at temperature T = 5=, where x is the surface gravity of the black hole, given
by . The derivation given here follows the original paper by Hawking [77], but is
clarified using aspects from the derivations in the books “General Relativity” [113] and
“Quantum Field Theory in Curved Spacetime and Black Hole Thermodynamics” [114],

both by Wald.

A scalar field in collapsing Schwarzschild geometry

Assume any geometry corresponding to matter collapsing to a Schwarzschild black holeﬂ

Without essential loss of generality we can assume the matter to be spherically symmetric.

9Collapses to more general black holes are discussed at the end of this subsection.
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We are interested in the behaviour at asymptotically late times, at which the black hole has
settled down and the effects of the details of the collapse will be asymptotically small. Out-
side of the collapsing body, the spacetime is isomorphic to a part of extended Schwarzschild
spacetime. A picture of the spactime is shown in figure We note that the spacetime

is asymptotically static in the past and future outside the collapsing matter and black hole.

We will again consider a massless Klein-Gordon field. In this geometry, we make the

following ansat7'”] for the solution outside the collapsing matter (cf. equs. (6.2.5) - (6.2.7)
or [IT1] eqns. (8.1)-(8.2))

—iwt
¢@rﬁb6g::/;:dwer Ry t(r) Y (61, 65), (7.4.5)
AR,
St V)R =0, (7.4.6)
T
m:r+2Mh4Zg—1L (7.4.7)
(I+1) 2M oM

In the above equations, we labelled the spherical spatial coordinates r, 6,0, and time

coordinate ¢ and we used spherical harmonics Y ,,.

Semiclassical quantisation

We can define in-states by considering the Cauchy surface that coincides with the past
infinity J~ (marked in blue in figure and constructing the Fock space in the manner
described in previous sections. This leads to the following representation of ¢ in terms
of a complete family of orthonormal positive frequency solutions {f;};cn and creation and

annihilation operators {a;' }ien, {a; }ien
6= fa;+ fal. (7.4.9)

Another Cauchy surface (marked in red) X is shown in the picture: it intersects the horizon
outside the collapsing matter. The massless Klein-Gordon field satisfies the “asymptotic
completeness” property in the sense that every incoming state propagates either out into
future infinity or into the black hole and any state that enters either the black hole or

10This is essentially the same ansatz as in section 6.2
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singularity

__event borizon

r=0
origin of -
coordingies
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i S —— —— — —

\ceEiupsing bocy

Figure 7.1: Collapse of spherical matter to form a Schwarzschild black hole. Picture edited
from [77].

future infinity can be traced back to past infinity [I15]. We can define the [ate-states
by considering states that are only supported on the Cauchy surface ¥ outside the event
horizon and complete the description by adding early-states that are only supported on
¥ inside the horizon. If we let {p;}icn be a late-complete family of orthonormal positive

frequency solutions and {¢; };en an early-complete family of orthonormal solutions, then

¢ = pbi+ pibl + gic; + Gicl. (7.4.10)

where {b!};en, {b; }ien are creation and annihilation operators for the late-particles and no

meaningful particle interpretation for {c! }ien, {c; }ien is claimed [77, [114].

The two expressions for ¢ should of course coincide, so the solutions and operators can be

expressed as linear combinations of each other
pi = Z%‘jfg’ + B, (7.4.11)
J
¢ = Z i f5 + mig fis (7.4.12)
J

bi = Z &ijaj - Bija;, (7413)
J
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C;, = Z ’_yl-jaj — ﬁija;. (7414)
J

We can immediately see E that the expectation value of the [ate number operator for the

1th mode in the in-vacuum is given by
(Oin| NI 105) =) " 183l (7.4.15)
J

Going to the continuum case, in which our Fourier components are no longer discrete,
we write f; = f.1m, where w' is now a continuous frequency, and p,;.,, with another
continuous frequency w. If we fix the radial indices [,m, and omit them from future

notation, we obtain the following expression for p,,

pw = / dw/aww’fw’ + 60.)&)’][:)" (7416)
0

Scattering by the black hole

In the following, we make use of Eddington-Finkelstein coordinates, given by (in-
coming Eddington-Finkelstein coordinates are denoted by v and outgoing Finkelstein co-
ordinates are denoted by u). Let z be a point on the intersection of the event horizon with
3} and ~ the null geodesic generator of the horizon that goes through . We can continue
into the past, and define vy as the incoming Eddington-Finkelstein time at which v inter-
sects past infinity J . In figure 7 is marked in green. We define 7i® as a (normalised

[77]) future- and radially inward directed null vector at x.

We decompose p,, = pful) + pg). The subscript (1) denotes the part of the wave that travels

directly from past to future infinity. We will be interested in the part pff) that originated
on J~, with v close to but smaller than vy, and that propagated through the collapsing
matter, where it was scattered or reflected. We will use the geometric optics approximation
E|. We are interested in waves that propagated through space-time points “close” to the
black hole horizon. Near the horizon the waves will have been blue-shifted, and their high
wave numbers justify the geometric optics approximation. Because of asymptotic freedom
and because p,, is purely outgoing, we assume that p, ~ e~** for observers at sufficiently
late times. For more details and motivations for the definitions and approach above, please

consult [77, [113].

HThe derivation is completely analogous to that of (7.2.17)) or (7.3.26]).
12j.e. the wave will travel along a null surface, see [I13], Sec. 4.3].
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Let € be small and positive. Then the vector —ern® connects x to a null surface of constant
u and hence of constant phase of the wave pg). At late times the geometry outside the
collapsing body is (almost) isomorphic to a portion of extended Schwarzschild spacetime, by
Birkhoff’s theorem (see Section [114]. We will exploit this isomorphism by looking at
the analogous situation in extended Schwarzschild spacetime. A picture of the embedding
of our actual spacetime into extended Schwarzschild spacetime is shown in figure In
this picture, the collapsing matter is shown in brown, other coloured lines are the same as
in [7.1] and black and white hole horizons are labeled with “r = 2GM”.

Figure 7.2: An embedding of [7.1] into extended Schwarzschild spacetime. Picture edited
from 2.1.11

We can parallelly transport the vector —en® along the black hole horizon, until it lies along
the white hole horizon. We note that —en® will still connect a null surface of constant
phase to the black hole horizon.

An affine parametrization of the white hole horizon is given by the Kruskal coordinate
U = —e . We can choose U to be zero at the intersection of black and white hole hori-

zons. We now perform an affine re-parametrisation A = CU (with C a positive constant),

such that the length of 7 with respect to A is 1. We conclude that u = —@. It is clear
.(wln(e/C)

that we now have that p, ~ e (=% ). We conclude that —en® connects the black hole

wln(e/C) (2)

horizon with the null surface of constant phase — of pi;’.
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We now return to the collapsing geometry, where the phase is still the same as above.
We can parallelly transport the vector 77 along v until the begin of v at vy. It is clear that
the vector 77* will end up along J~. The affine parameter along the null geodesic generator
of J~ is in fact the incoming Eddington-Finkelstein coordinate v, so we can proceed as

above to conclude that our null surface has constant phase

w—v
uw:—WhI(CD),

K

(with D a positive constant) for p&z), where vy — v is small and positive.

It follows[[] (see [77, [116]) from the above analysis, that for sufficiently large w’ the following
relation holdd™]

2 Tw 2
a2 = exp (22) 182, (7.4.17)
This is a situation that looks very much like the one encountered in the section on the
Unruh effect.

Derivation of black body radiation using wave packets

We demonstratd™® how to use normalised wave packets to obtain that the Black hole radi-

ates as a perfect black body at temperature 3-.

Define a wave packet pj,, for positive integers j,n and 0 < e << 1, byﬁ

1 (J+1)E —2minw

Pjn = 6_2/ e < podw. (7.4.18)
Jje

These wave packets have frequency ~ je, width ~ € and are at outgoing Eddinton-

Finkelstein time u ~ 27wne~!. Expansion in terms of in-mode functions is straightforward:

Pjn = / (aj,n,w’fw’ + 6j,n,w’fw’)dw,7 (7419)
0

where

N

(j+1)€ —2minw
/ e ¢ ayydw etc. (7.4.20)
j

13

Qjpw =€

13We have to fill in our asymptotic approximation for p&z) into (|7.4.16]) and then perform a computation
analogous to the computation done for the Unruh effect, ¢f. (7.3.22), (7.3.23)) and (|7.3.25))

@) and 5(5}2(3, can be given, cf.

14Tn addition to this, asymptotic expressions (in the big w’ limit) for o'

[T7] eqns. (2.19) and (2.20). These expressions are analogous to ([7.3.25)).
S5Following [77].
16This is in general a different € then the vector length above.
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For sufficiently large n (i.e. at late outgoing Eddington-Finkelstein time) we can use the

asymptotic expression for a'?, to compute Qjnw (cf [T7), eqns. (2.19), (2.20) and (2.25)).

w,w’

In particular, we still have, for w := je

‘agnw ’ = €xp ( > |6jnw | (7421)

When we consider a late wave packet, we can trace it back into the past. The flux into the

collapsing body will be given by
D= [l = 182 P (7422

The minus sign in front of | ﬁ§27w,\2 appears because this term corresponds to a flux out of
the collapsing matter. If we combine (7.4.21)) and ([7.4.22)), we obtain

2 2
L= [ (a2 - Iﬁj(-,n),w/|2)dw’
0

= [ - s

= (™ 1) / 182 1) dw’ (7.4.23)
0
= (e — 1) (04| N9 0, . (7.4.24)

However, since there is no direct contribution from the in-vacuum to the late number

operator expectation value, we have
\rlate(2) _ \7late

Another observation is that the part of the late wave packet that enters the collapsing
matter is almost the same as the part that would have entered the white hole in the
extended Schwarzschild spacetime, which is the same as the part of an incoming wave
packet that would enter the black hole (in extended Schwarzschild spacetime), by time
reversal symmetry. This means that we can identify I';, with the absorption cross section
of the black hole, so, using , we obtain our conclusion: at asymptotically late times,

the black hole emits Planckian radiation of temperature ;.

7.4.3 The Hawking effect for a Collapse to a Kerr(-Newman)
Black Hole

There is also a Hawking effect for collapses to black holes that have non-zero charge or

angular momentum. The derivations are essentially the same [77]. The two main changes
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in the results are that the surface gravity x will be different (see appendix A.4 and section
5.1) and that the frequency w will be shifted. For (massless, scalar) fields that are not
charged, we have to replace

w — w —mf,

in ([7.4.24]), where m is the axial quantum number and 2 the black hole angular momentum.
We note that the Hawking radiation will decrease the net angular momentum of the black
hole, since for a fixed w, more particles will be emitted if m and {2 carry the same sign,
as opposed to if they carry a different sign. Conservation of angular momentum will now
dictate that  will go to 0. We also note that if w — m€ < 0, then (e @™ — 1) < 0.
This is no cause for concern, since by the area theorem (see section 5.3), the absorption
cross-section of the black hole will also be negative for modes like this. This classical effect
is called “superradiant scattering” and was already encountered in section 2.4. Hence, even

for w < m€, the amount of particles observed far away remains positive [77].
If the fields are charged, we have to replace
w—w—mf —ed,

in ([7.4.24)), where e is the charge of the wave packet and ® is the electrostatic potential of
the black hole [77]. By the same arguments as above, the charge of the black hole will go
to 0 and the area theorem guarantees that the far away observer will encounter a positive

flux of particles.

7.4.4 Physical aspects of Black hole emission

At first sight, black hole radiance seems paradoxical, for nothing can apparently escape
from within the event horizon. However, inspection of the radiation spectrum shows that
the average wavelength of the emitted quanta is ~ M, i.e., comparable with the size of the
hole. As it is not possible to localize a quantum to within one wavelength, it is therefore
meaningless to trace the origin of the particles to any particular region near the horizon.
The particle concept, which is basically global, is only useful near 5*. In the vicinity of the
hole, the spacetime curvature is comparable with the radiation wavelength in the energy

range of interest, and the concept of locally-defined particles breaks down.

Heuristically, one can envisage the emergent quanta as ‘tunnelling’ out through the event
horizon. Alternatively, the continuous, spontaneous creation of virtual particle-antiparticle

pairs around the black hole can be used to explain the Hawking radiation. Virtual particle
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pairs created with wavelength A separate temporarily to a distance ~ A. For A ~ M, the
size of the hole, strong tidal forces operate to prevent re-annihilation. One particle escapes
to infinity with positive energy to contribute to the Hawking flux, while its corresponding
antiparticle enters the black hole trapped by the deep gravitational potential well on a
timelike path of negative energy relative to infinity. Thus the hole radiates quanta with
wavelength ~ M. For charged black hole, Schwinger-pair production was proposed to

produce particles in a strong electric field.

In spite of the ill-defined nature of particles near the horizon, it is clear that the thermal
emission will carry away energy to j*, and the question arises as to what is the source
of this energy. It can only come from the gravitational field itself, which must lose mass
as a consequence. To study this steady depletion of mass-energy, we can investigate the
stress-tensor expectation value, (T),,(z)), in the vicinity of the hole. Unlike the particle
concept, the stress-tensor is a local object, and hence may be used to probe the physics
close to, and within, the black hole itself.

The collapsing process has already been treated in section 3.3. For simplicity, 1 + 1 di-
mension is considered. And the construction of stress-tensor basically follows Chapter 6 of
Birrell and Davies’s book [111]. Here we consider a freely-falling observer with two-velocity

C’%(l, 0). C is the conformal factor in Kruskal coordinates and is given by
C = 2Mr~te"/?M, (7.4.25)

Using Kruskal coordinates to compute the energy density measured by the observer

C (0| Ty (x)[0) = (0| T2 + T 4 2777 |0) (7.4.26)
where (24m) ()2 Py ,
.- 24m) (v)%e™" AM 12M
(0173 |0) = T (1 3 > , (7.4.27)
oo (24m) Tt (1 3M
(0] 75 |0) = T2 \z2 9m ) (7.4.28)
. R M
TE0) = — = — _ . 4.2
(OIT310) 487 12773 (7.4.29)

It is clear that for a free-falling observer near the event horizon, the energy density is finite
as 4 — 00, because v remains finite on the future horizon. Hence we conclude that an
observer who crosses the event horizon along a constant Kruskal position line measures a

finite energy density.

These considerations resolve an apparent paradox concerning the Hawking effect. The

proper time for a freely-falling observer to reach the event horizon from a finite distance
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is finite, yet the time as measured at infinity is infinite. Ignoring back-reaction, the black
hole will emit an infinite amount of radiation during the time that the falling observer is
seen, from a distance, to reach the event horizon. Hence it would appear, that in the falling
frame, the observer should encounter an infinite amount of radiation in a finite time, and
so be destroyed. On the other hand, the event horizon is a global construct, and has no
local significance, so it is absurd to conclude that it acts as a physical barrier to the falling

observer.

The paradox is resolved when a careful distinction is made between particle number and
energy density. When the observer approaches the horizon, the notion of a well-defined
particle number loses its meaning at the wavelengths of interest in the Hawking radiation
since the observer is ‘inside’ the particles. We need not, therefore, worry about the observer
encountering an infinite quantity of particles. On the other hand, energy does have a local
significance. In this case, however, although the Hawking flux does diverge as the horizon is
approached, so does the static vacuum polarization, and the latter is negative. The falling
observer cannot distinguish operationally between the energy flux due to the oncoming
Hawking radiation and that due to the fact that he is sweeping through the cloud of
vacuum polarization. The net effect is to cancel the divergence on the event horizon, and

yield a finite result.

The present analysis also solves the mystery of how the black hole can lose mass without
matter crossing from the interior of the black hole into the outside universe. Inspection of
(0] T () |0) = —4’% at the event horizon shows that it is negative and equal to minus the
Hawking flux at infinity. This is necessarily true because covariant conservation was built
into the construction of (7),,). As (Ti.) represents a null flux crossing the event horizon,
one can see that the steady loss of mass-energy by the Hawking flux is balanced by an
equal negative energy flux crossing into the black hole from outside. The hole therefore

loses mass, not by emitting quanta, but by absorbing negative energy.

In the above analysis, we have assumed that the quantum state is the conventional vacuum
state in the in-region. One might wonder to what extent the presence of initial quanta will
change the Hawking effect. The form of the outgoing modes in the out region is given
by U = —e™™*, from which one readily sees that the effect of initial quanta fades out
exponentially on the same timescale as any surface luminosity, and the black hole soon
settles down to thermal equilibrium, having ‘forgotten’ the details of the initial state. We
may therefore conclude that the Hawking effect is extremely general, and independent of
any physically reasonable initial quantum state. This conclusion is consistent with the

statement by Hawking that how a black hole collapses does not effect Hawking radiation.
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The above discussion about black hole radiance persists in the full four-dimensional treat-
ment. Now we go into evolution of black hole due to Hawking radiation, which might offer

some observational effects.

7.4.5 Evolution of black holes

As already discussed in Chapter 5, Hawking radiation provides a strong connection between
black holes and thermodynamics. We might ask how a black hole evolves in an ideal
environment, that’s to say, nothing surrounds the black hole. The following part presents

some features of the evolution of a black hole as a thermodynamical object.

Since for Schwarzschild black holes with T" ~ 1/M, they have a negative specific heat:
they get hotter while radiating. As the black hole is evaporating, the back-reaction effect,
which is ignored while deriving Hawking radiation, might become important and is not
negligible. As a consequence of back-reaction, the horizon evolution equation is nonlinear,
which makes it difficult to predict the final state of black hole evaporation.

In Chapter 5, it was proved that the surface gravity cannot become zero by Hawking
radiation according to the third law of black hole dynamics. It has been conjectured
that the end result of the Hawking evaporation process is an explosive disappearance, a
naked singularity, or perhaps a Planck mass object.Whatever the outcome, the detailed
behavior of the hole in the final stages will depend on the nature of subatomic particles
at high energies. For example, if there are a small number of truly elementary particles,
then the emission rate does not escalate as fast as if the number of particles species rises
rapidly at high masses, suggested by Hagedorn [I117]. These could affect the observational
consequences. Thus a study of black hole evaporation could provide a unique opportunity

for us to probe the physics of ultra-high energy particles.

Now we present some implications of Hawking radiation. During the final tenth of a second
of its life, a black hole will emit in excess of 10%° ergs, or the equivalent of 10° megaton
thermonuclear bombs, a significant fraction of which will be in the form of ~-radiation.
The fact that such bursts have not been detected with current equipment enables an upper
limit to be placed on the black hole explosion rate of about 107> pc=3 yr—1.

Another interesting feature of black holes is that the quantum black hole enables some
of the laws of particle physics to be transcended. In spite of the fact that a quantum

black hole creates elementary particles and antiparticles in pairs, some of the subatomic
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conservation laws are violated. For example, a hole that forms from the collapse of a star
swallows up mainly baryons, but emits mainly neutrinos and photons, as for the greater
part of its life its temperature is too low for massive particle emission. Thus, the law of
baryon number conservation is transcended. Another example discussed by Hawking [118)]
is u= — black hole — e* + v, which is otherwise forbidden by conservation of muon lepton

number.

It is possible to develop a complete theory of black hole thermodynamics including features
such as phase transitions, Carnot cycles, stability analysis, etc, and even extend the theory
to non-equilibrium situations. Some problems remain, however: What is the relation
between information loss due to the imploded star and the internal microstates of an
eternal black hole, such as described by the Kruskal solution that is everywhere a vacuum
solution of Einstein’s equation? Can the notion of black hole entropy be extended to
arbitrary gravitational fields? Will Hawking radiation always be precisely thermal, even
in the presence of interactions and recoil of the hole? Does the Hawking process imply
time-reversal symmetry violation in quantum gravity? Many of these questions are still
under active investigation. The following part will treat one of the greatest mysteries of
black holes.

7.5 Information Loss Paradox

7.5.1 The Paradox

We saw in that we can treat black holes as thermodynamic systems and assign entropy
to them. For convenience we reprint eq ((7.4.4) here,

kBC3
Spn = 4hG

Although this thermodynamic quantity is a little awkward to interpret, in we chose to

view it as a measure of the inaccessibility of information on the internal configuration. From

A (7.5.1)

the point of view of statistical mechanics it counts the number of (internal) microstates,
but since these are hidden from us due to the lack of haif™l on a black hole we assume
entropy tells us how much information is unknown to us. The fact that this information is
inaccessible to and that the nature of the underlying microstates is unknown to us does not,

in principle, pose an insurmountable problem. However, a far worse problem appears when

17See Chapter [4| for more details.
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we try to reconcile this notion of a black hole carrying information with the phenomenon

of Hawking Radiation described earlier in this chapter.

Hawking’s calculations show that the spectrum of particles radiated by a black hole is
exactly thermal. This distribution of outgoing particles is insensitive to the internal state
of the black hole or, more importantly, the initial state of whatever body that collapsed
to form the hole. As the black hole evaporates its area will decrease and along with it the
amount of information contained within, according to . If we wait long enough for the
black hole to evaporate all that remains are thermal spectra, we have lost all information
about the initial state of the collapsing body.

Information is constantly lost as entropy increases in the universe. Indeed, a gas that
initially only occupies half of the volume of its container and expands to fill the entire
container increases its entropy. So why should we be surprised that information is lost

when a black hole evaporates?

The point is that information on the initial state of an expanding gas only lost in practice.
If were able to measure the microstate of the expanded gas to sufficient accuracy we could
recover the initial state by applying Newton’s laws backwards in time. Unlike the individual
gas particles, thermal spectra radiated by a black hole do not carry any information about

the initial state of the collapsing body and the information is lost in principle.

We can emphasize this point by stating the paradox more sharply. In our current un-
derstanding of quantum mechanics the time evolutions operator exp(iHt/h) is a unitary
operator from the Hilbert space H to itself. Unitarity of the time evolution operator im-
plies that if we know the precise quantum state [¢)(g)) at some time ¢, then we know this

state for all ¢ by the appropriate time evolution.

We remind the reader that a general state can be described by a density matrix

p= Z ¢ |[¥i) (Yl where [1;) € H, ¢; € C and Tr(p) = 1. (7.5.2)

7

States described by these density matrices are pure if p? = p (or equivalently Tr(p?) = 1)
and are otherwise mixedﬁ (then Tr(p?) < 1). A density matrix describing a pure state

can be written as pg = |¢) (¢|, where |¢p) is a vector in H. The same is not possible for

18Mixed states differ subtly from a superposition of pure states; consider for example a two-state Hilbert
space H = {[¢1), |12)} and the two density matrices p1 = § (|th1) (1| + |12) (¥2]) and ps = |¢) (¢ for the
superposition |¢) = %(Wl) + |t2)). We leave it as an exercise to the reader to show the first represents
a mixed state while the second represents a pure state.
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mixed states because a mixed state represents a statistical ensemble of quantum states in

‘H, which itself is not a state vector.

In the language of density matrices the paradox states that the initially pure state quantum
of the collapsing has evolved into an mixed state of radiation with a thermal spectrum
[119, [120], thereby leaving the Hilbert space H entirely! This fact is impossible to reconcile
with a time evolution operator that is unitary as such an operator will always evolve a

pure state to a pure state.

In going from a pure state to a mixed state we have lost the ability to evolve back in time
in the conventional manner, in a sense the mixed state does not contain all the information
necessary to do so. The paradox invites us to explain where this information has gone or
otherwise come up with a scheme that preserves unitarity. To date satisfying explanation
has yet been found that can fully account for this, although many attempts have been
made. If we stay within the framework of semiclassical quantization there are, roughly

speaking, three responses to this paradox.

e The information did actually come out with the radiation.
e The information stays in the black hole.

e The information goes somewhere else, but is not lost.

We will give a brief overview of several attempts, as well as some of the problems they
encounter, following the example of [121] for through [7.5.4. We will be grossly over-

simplifying matters as a thorough discussion is well beyond the scope of this chapter.

7.5.2 Information Comes Out With the Radiation

A pragmatic physicist might draw a comparison with setting fire to a book. The chemical
reactions by which the book burns are governed by the laws of quantum mechanics under an
appropriately complex Hamiltonian and so time evolution should be unitary. The initially
pure state of the unburnt book will evolve to a ground state of smoke and ash, plus a
thermal spectrum of radiation. The information contained in the book is not lost as the
radiation state will be entangled with the states of the smoke and ash. This entanglement
precisely encodes the information we are “missing” and ensures that the final state is still

pure.
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While it is prohibitively difficult to recover the contents of the book, by measuring the
quantum state of the system at any point during or after the burning process to sufficient
accuracy should in principle allow us to reconstruct the entire text. Why should things be
any different when instead of setting the book on fire, we throw it into a black hole? If we
suppose that the process of the book falling into a black hole and being radiated away is
unitary, then we should be able to apply the same logic. We argue that, since Hawking
radiation is all that remains once the black hole has evaporate, the information must be

contained in entanglement between radiation quanta emitted at different times [121].

This means that particles emitted earlier during evaporation must be carry information
about the internal state of the black hole in order for them to be entangled to particles
emitted some time later. This goes against the no hair theorems from Chapter [ which
state that no information other than the black hole’s mass, charge and angular momentum

is accessible to outside observers.

However if no such information is carried by the earlier quanta then violation of causality is
required to induce the desired correlations when the later quanta are emitted to transport

the information.

Should we want to keep our no hair theorems and preserve causality we must conclude that
no information ever entered the black hole in the first place. Some mechanism must erase
the pages of the book before it reaches the horizon and somehow store this information
outside the horizon before radiating it away [120]. Such a process seems unlikely as there

is nothing special about the horizon locally.

7.5.3 Information Stays in the Black Hole

If a black hole does carry information and the view that it comes out with the emitted ra-
diation is untenable, then perhaps the information simply stays in a black hole. Hawking’s
calculations tell us that the black hole must continue to evaporate within the semiclassical
regime down to the Planck scale, at which point our understand of quantum theory breaks
down. The idea proposed is that some quantum gravity effect could stop the black hole
from evaporating, leaving behind a stable black hole remnant (with mass of order Mpjqcx)

that contains all the information about the collapsing body.

There is no upper limit to the size of the original body that collapsed to form the black
hole. By eq. (7.5.1]) it follows we must be able to store an arbitrary amount of information
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in a black hole remnant. 't Hooft argues in [122] that we can construct such a Planck-scale,
non-radiating remnant as a “particle” for which the density of states is infinite. However
the contributions of such infinitely degenerate particles to the graviton propagator and

scattering amplitudes become divergent.

Essentially, if the remnants couple to the gravitational field in the usual way, the theory
admits creation of pairs of such remnants whenever a Planck-scale amount of energy is
available [120]. Even if this probability is tiny the total rate will still diverge on account
of the infinite density of states.

However it is perhaps presumptuous of us to treat such Planck-scale objects using our
understanding of physics on a much larger scale and we should not dismiss the possibility
of stable remnants out of hand. Yet since these objects will be governed by physics unknown

to us at the present we cannot really know what will happen until such a theory is found.

7.5.4 Information Goes Somewhere Else

It seems that neither putting the information in the radiation, nor hiding it in a stable
black hole remnant can resolve the paradox. There is a third, rather poetic alternative
that says that a collapsing body does not form a true singularity inside the black hole.
Rather, much like a droplet falling on a flat surface of water causes a backjet to jump up,
the collapse creates a closed “baby universe” separate from our own that carries away the
collapsing matter and with it the information. For all intents and purposes the information
is lost to observers in our universe as the baby universe is causally disconnected from ours,
but in the context of a quantum mechanical multiverse the information is still available to

a “superobserver” that has access to both universes [123, [124].

Yet this explanation is still not entirely satisfactory as we cannot hope to retrieve the
information for ourselves, nor does it describe the mechanism by which this new universe
nucleates and carries away the information. We would also be tasked with proving such
baby universes exist, but this is impossible to do as they are unobservable to us. In the
end this point of view amounts to little more than explaining away the problem and invites
us to invoke Ockham’s razor as it adds very little to our understanding but presupposes

much.
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7.5.5 Outlook

Despite ongoing efforts to resolve the Information Loss Paradox, no satisfactory solution
has yet been found. While a discussion of the more advanced attempts is beyond the scope
of this work, we would like to point the interested reader towards Black Hole Complemen-
tarity, a solution proposed by Susskind et al [125] and 't Hooft [126].

This proposal spawned a further paradox known as the Firewall Paradox described by
Almbheiri et al [127]. The discussion is still ongoing with publications as recent as January
2014 by Hawking [128], where it is questioned whether true singularities and horizons occur
at all.

Perhaps the paradox is simply a feature inherent to the semiclassical picture and is a sign
that it does not provide a complete description of physics involved. It has been suggested

that to fully resolve the paradox we must quantize gravity as well.

This is a task easier said than done as there are many obstacles that have so far prevented

a successful quantum theory of gravity from emerging.

To highlight some of the difficulties involved, consider a quantization scheme where we

start by promoting the metric g,, to an operator g,, and in first instance require that

[guV<x>7gpo(xl>] =0, (7.5.3)

for x and x’ spacelike related, in analogy to the procedure that we apply to quantize ordi-
nary fields. However, the interpretation of this quantization requirement remains obscure.
We cannot say which points are spacelike related prior to measuring g, yet at the same
time is an operator equation that should hold regardless of the state or distribu-
tion of the metric [I13]. The notion of causality loses its meaning if we treat the metric

nonclassically and it is not obvious how to apply a proper quantization procedure.
Alternatively we might try to treat quantization perturbatively by writing

Juv = M + Yy (754)

where 7, is the Minkowski spacetime metric (treated classically) and 7, is a quantum
correction that encodes interaction of a spin-2 field of gravitons. In this scheme it is possible
to obtain formal power series expansions for physical observables. Unfortunately, Feynman
diagrams associated with the interaction of two or more gravitons will diverge. The degree
of divergence increases as the order of perturbation goes up, meaning a perturbative theory

of quantum gravity is non-renormalizable.
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It is clear that the information paradox remains a difficult problem to tackle. As black holes
are some of the more extreme objects in the universe it is not surprising that it is a hard
problem. The difficulty is compounded by our obvious lack of experimental capabilities,
restricting all work to the theoretical domain. Whatever new ideas will eventually resolve
the paradox, the road to reaching a satisfying conclusion is already paved with interesting

new physics and is bound to produce even more.



Appendix A

A.1 Varying the Einstein-Hilbert Action

The Einstein equation can be derived from the Euler-Lagrange equation of the Einstein-
Hilbert action. The convention used for the cosmological constant in the Einstein-Hilbert
action restricts ergo the convention of the cosmological constant in the Einstein equation.

Choose the cosmological constant factor such that the Einstein-Hilbert action reads

with ¢ the determinant of the metric tensor, R the Ricci scalar and A the cosmological
constant. What is the corresponding Euler-Lagrange equation? Coupling this action to

mattelﬂ and varying the action gives

1 1
0= 5Smatter + §5SEH = 6Smatter + 5 / ((R — A)(S\/ —g + —g 5R) (A].Z)
Remember that

1
5\/—g = _5\/__gg#V5gMV (A.1.3)

dR = 6(Ruwg") = R,,0g" + some total derivative term (A.1.4)
2 4S8
Ty =———— (A.1.5)
T V=gagm
Putting the identities together and setting the variation at the boundary to zero, we find
that

1 1
0= 5Smatter -+ (5SEH = 5 / vV —g (_TNV + Ruu — §(R — A)g/“/) 59“” (A16)

n literature the coupling factor is often chosen to be ﬁ instead of % In this book we chose % to

drop the 87 factor from the Einstein equation for simplicity.
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We conclude that the corresponding Euler-Lagrange equation reads
1 1
Rw/ — §ng/ + §Agwj = T,u,l/- (Al?)

This will be our convention for the Einstein equation throughout the book.

A.2 Properties of the Metric Tensor in Asymptotically Flat Black

Hole Exterior.

We have chosen a coordinate system where the time component of any asymptomatic flat
metric which admits a black hole solution becomes goy = —1 at spacial infinity. This gg
is the square of the Killing vector responsible for time translations in our static geometry.
Should no singularities be present then the invariant ggg is continuous in the black hole

exterior. This value will never become positive at any given point of the exterior.

Assume that a surface that allows the sign change from negative to positive in the exterior
exists. This would allow for the existence of a surface which admits goo = 0. It cannot
extend itself to infinity (where ggg = —1) so it must either close in on itself surrounding
a region exterior to the horizon, or it will intersect with the horizon and close in on itself
outside of it, or close about the horizon. It cannot remain an open surface because of the

opposite signs of ggg on either side.

A proof exists that states that any gog = 0 surface of a static metric is always null [129]. This
means our surface is null. In addition it is non-singular by hypothesis so it corresponds to
the horizon or at the very least part of it. It is then clear that goo < 0 in the exterior except
for a possible isolated surface which has ggg negative on either side and zero somewhere
in between (so that it could be an open surface). In any case ggpo < 0 on and outside
the horizon. When gy < 0 a static coordinate system such as ours is realizable with test
particles or photons, and so the spatial distance dl between two given points separated by

the coordinate interval dz’ is well defined as
di* = g;;dx'da’.

It’s quite clear that g;; is a positive definite matrix except on the horizon, since it is a null

there according to

gUdSldSJ = 0,
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and therefore it is positive semi-definite only. So for an arbitrary real number A\ and real
b and dS?,

Should we pick A = —g;;dSV /(g;;b'¥’) (providing that the denominator does not vanish),

we arrive at the Schwarz inequality:

(9:;d5)* < (gidS'dS?)(gnmb™b™).

A.3 Tetrads and Spinors in Curved Spacetime

As it is known, a (Pseudo)Riemmanian manifold M is locally Euclidean. We can exploit
this property and define a family of inertial observers at each point of the space time. Each
one of them will be carrying their own coordinate system. Mathematically, we postulate a

coordinate chart independent orthogonal basis of vector e®(z) of Tp() M.

Figure A.1: Picture used with the kind courtesy of Bruno Rodrigues.

In a local frame {2"} point of view, we have of course e*(z) = e (x)dz" where the coeffi-

cients are called tetrads, vierbeins or frame fields.

Orthogonality is meant in the Minkowski sense. Namely,

e (x)g" (x)ey(x) = n™ (A.3.1)

m v

It’s natural to interpret the Latin indices as Local Lorentz or “flat” while the Greek ones

label the general spacetime coordinates. Assuming inversabilityﬂ for the d x d matrices

2This simply amounts to det g # 0.
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et (), namely efe; = op and ellej = 6} , we invert ((A.3.1)
() = €5 () 1apey (). (A.3.2)

This relation is the cornerstone of the following discussion. First of all, it denotes the
conversion from a local Minkowski spacetime to a curved one and vice versa with the use

of the frame fields. The index structure of ej; is further justified by its transformation laws:

e Under a general coordinate transformation(GCT), g,,,(2") = %%g@(w) induces

B ox”

e’; (') = e el(x).

Therefore the Greek indices stand for GL[d, R] transformations as usual.

e The freedom to jump from one local Lorentz observer to the other encloses a Local

Lorentz Symmetry

e (x) = (AT)j(@)ep ().

B I3

Note that({A.3.2) stays invariant under the above Local Lorentz Transformation(LLT).

So the Latin indices correspond to SO(d — 1, 1) gauge transformations.

These new “toys” we just defined can help us transform from general coordinate system
to local ones. More explicitly, an arbitrary vector V' can be expressed in the tetrad basis
as V' = Vy(x)e® = V,(z)e,(v)dz" while in coordinate basis V' = V,,(z)dx*, thus yielding
the law V() = e (2)Va(z) and its inverse V,(z) = el(z)V,(z). In addition, we can also

construct GCT and LLT scalars by contracting the proper indices of the quantities at hand.

It is accustomed to say that from the frame fields are the “square root” of the
metric. That’s true since after diagonalisation we can solve for e, in terms of g,,,. We
are inevitably tempted to ask if the inverse is possible. Can we build the spacetime from
the frame fields? The answer is yes with a subtlety regarding the degrees of freedom. In
particular, the metric has @ components whereas e () has d? which after the help of
the SO(d — 1,1) internal symmetry agrees with the metric. This establishes the Cartan

formalism of General Relativity.

From now on the Local Lorentz Symmetry should be carried in every calculation. We will
not get into full detail of how we can construct formally this gauge theory but will mention

the basic elements [

3 A physicist-friendly presentation can be found in Supergravity by Freedman and Van Proeyen.
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As it is always the case with having a gauge symmetry, we have to introduce a connection
to remedy the non-local Lorentz invariance of the exterior derivative dX®. we define an
enhanced exterior derivative

DX® =dX* +wi A X"
The new object w® is a 2-form called Spin Connection. In a coordinate basis this is
translated to

D, X% =0, X"+ wi, X"

Demanding the new 1-form to transform as a LLT vector we deduce the transformation

law for the spin connection
W = (A™H%WIAE — Af(dA)e. (A.3.3)
The resemblance of wj to a gauge field is most compelling nowﬁ.

Now we turn on the general coordinate indices. Once again, diffeomorphism invariance

asks for an affine connection I". The induced covariant derivative V acts as
V. X" =0,X"+ FZPX”.
This is an LLT scalar so it can only be obtained as

VX" =eD, X" = el[0, X" + wiy, X"
=e 0, X"+ engbXb
= LX) + e X
= ele50, X + €2 (9,e5) X + egwgbef’\X’\

=0, X" + e, (0,€5 + wzbel)’\)X)‘

But on the other hand, V, X" = 9, X" + I, X A, We just discovered a relation between

the affine and spin connection
v v a a b
Iy = eq(0ues + wypey)

or written differently as

oue;, + wzbeg —I7,e5=0
This is called the Vielbein Postulate and it means basically that Vel = 0. We can
extend the covariant derivative to act also on d-forms with general coordinate dependence.

For instance,

ab _ C ab __ ¢ ab a db b ad d ab) __
V. X, =e,D,X —el,(auXC + wig X+ w, X — wl Xy ) =

4The analysis can be paved almost in the same lines as in the Yang-Mills theories.
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= X" — X20ue; + €5 (Wi X + wpy Xo4 — wil X§¥) =
= 0, X" = XP[—wpael + T eq] + € (wa X+ wia X2t — vl X{') =
= 0u X"+ T, X504 Wi XJP o+ ) X1

where we used a partial differentiation and the vielbein postulate.

From standard General Relativity we know that we can fully determine the affine connec-

tion if it is metric compatible and torsion-free. Let us impose the former

Voguw =0 = Vu(egel;)nab) =0
— eﬁeZDuﬁab =0
= 636b[—wﬁaﬁcb - WbenaC] =0
— e,‘jeﬁ[—wuba — Wyap) =0
— w/‘ib = —wza

Therefore, antisymmetry of the spin connection ensures metric compatibility and metric

preservation along parallel transport.

ab

Ultimately, for a given frame field ef,(z) we can solve for a spin connection wf’, antisym-
metric in [ab]. The unique solution is the following

Walup] = Wilp)(€) + Kl

Wyvp) (€) = Wuapeiel = %[Q[W}p = Q) + Qo]

wzb(e) = 26”[a8[uelj] —eleetloe  0,ec

Ky = _%[T[#V]P — Tpju + T[pMV]

Tiwip = Qpuulp + Wpfor] = Wofpn)

Quuyp = (Ouey, — 8,,62)%,,
where wzb(e) is the torsion-free spin connection while K¥, = — K is related to the torsion

of the spacetime. Substituting the above knowledge to the definition of I'},, we get
Ffw = Ffw[g] - sz

where T [g] = 1977(0,900 + 0190 — O] are the familiar Christoffel symbols. At last,

we managed to suggest the equivalence below

(es(x), wi (@) = (g (), 1%, (7)) .



A.3. TETRADS AND SPINORS IN CURVED SPACETIME 251

We should also note that throughout the discussion the connection is torsion-free.

The orthonormal group SO(d — 1,1) possesses two distinct representations, the tensorial
and the spinor one with the former being trivially generalized to the larger group GL(d,R)

while the latter needs special care.

We only know how a spinor behaves in a D-dimensional flat spacetime. It has 23] compo-

ab — 1

nents and the generators of the Lorentz transformations are $% = 14 = 1[y* ~*] where

the gamma matrices satisfy the Clifford algebra

(77"} = 21”1 (A.3.4)

The first step to covariantize the Dirac equation (v*0, —m)y(z) = 0 is to promote (A.3.4))

to
{(7"(2),7" ()} = 29" ()1
which can be solved for v*(z) = e (z)* which transforms as a general coordinate vector.

Next, the covariant derivative on the spinor is defined

Vuh(z) = Dyip(x) = [0, + Tultb(x) = [0, + iwﬁb(fﬂ)%b}%ﬁ(w) (A.3.5)

with w(z) = e**(x) [del(x) — T9, (z)eb (2)] from the vielbein postulate. V1 transforms

as a general coordinate vector and also as a Local Lorentz vector.

A proof of this is in order. Under a Local Lorentz transformation z# = A(\)fz? with

A\%(z2) denoting the parameters of the transformation,

V;L@//(x) = (8M + iwzab%b)L(/\)_I@/) =

1
= L0 + 0, L7 + Zw’ RO ) (A.3.6)

I

where L(A\)™! is the spin—% representation of the transformation. Using the standard prop-

erty Ly?L~' = 47 A? we manipulate the third term to pass L™ to the left,
Yol ™ = LT A e = LT AGA e
SO

YabL ™t = [Ya, WL = LT AS A Ysve — ASASYsYe) = LM ASAS [vsve — Yevs)
= LilAZA,f’yse.

Substituting this into (A.3.6)) we have

1 a
Vi = L7'0 +0,L " + ZL_lw’ b NSNSyt
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Next step is to use (A.3.3))
W, PAIAG = (A1 00 AT + AT W, IAT) AL AG =
= (= AP(O AT+ AT G AN ASAG =
= — (B AT NS 4w,

Finally we get,

1 1 ae
V;ﬂﬂ, = L_l (au + Zwusevse)w + (auL_l - ZL_lauA_l AZ’Vse)w =

1
= L'V, + (9,L7" — ZL—I(a“A—I)“A;%e)zp

The last unwanted term can be easily shown to be zero for infinitesimal transformations.
This suffices to claim that

Vi = L) (2)V 0.

Equipped with a covariant derivative for spinors, we arrive to the minimally coupled to

gravity Dirac field action

Smatter — / 0w/ =gi(z) (1" D,y — M) ().

A.4 Surface Gravity of the Reissner-Nordstrom and Kerr Solu-

tions

A.4.1 Reissner-Nordstrom Solution

By defining;:
N=r=2Mr+Q*=(r—r)(r—r_),

we can write the Reissner-Nordstrom line element as:

A 2
A2+ dr? 412402

2—__
ds® = 2 N

Our calculation will follow the same steps that we did for Schwarzchild solution. In this
case we will focus on the M > |@Q| case since this is the most stable physical solution out
of all 3 cases [1].
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For this we will use once again the incoming Eddington-Finkenstein coordinates (v, r, 6, ¢)
where:
v==t+71, ,

2 _ 2 _
re =7+ T+ ln(’r T+‘)+ = ln(’r r\) .
(ry —r-) n (r— —ry) r_

In these coordinates the line element is given by:

and

A
ds? = —ﬁdqﬂ + 2dvdr + r*dQ? |

and the inverse metric is given by:

010 0
w |15 0 0
g 00 1 0

00 0 oo

We are interested in hypersurfaces of the form S(z) = r = const. Now we proceed to

calculate the normal vector for such hypersurfaces, by means of equation (5.1.2)):
T Tr or A
= N(x)g"0,= N(x)[g"0r+ ¢ 0, = N(x) L—Q&JL@U} :
Now we will look for null-hypersurfaces:
A
0= 1" = N*(2)gu (9" 058)(9"0,5) = 99" 9" N*(x) = N*(x)g" = N*(x) 3.

Therefore the hypersurfaces defined by » = r4, the event horizons of the Reissner-Nordstrom

solution, will be null-hypersurfaces.

Due to the fact that the components of the metric are independent on time, we have that
& = 0y will be a Killing vector. In the incoming Eddington-Finkenstein coordinates this

translates into the fact that:

0 dvd

o T a@on
Comparing this result with our result for [ we see that at the Killing horizon & o [ since
A = 0 there.

Now we proceed to calculate the surface gravity using equation ([5.1.6)):

a v v o v 1 v
5 VO&& ‘T=Ti = f“wa ‘r=ri = Fyvl’f’:’f’i = 59 A (avgv)\ + avg)\v - a/\gvv> |r:ri

_ % {&A - A} =)= (HZZf)gU

?

2 3 2
T () 2ry —ry
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where we used the fact that £V = 1. Comparing this equation with equation ([5.1.6) we find

the following expression for the surface gravity:

rv —7T
Ky = 27»:2‘: i , (A41)

where the subindex in k4 corresponds to the surface gravity at r = r4 respectively.

A.4.2 Kerr Solution

We now proceed to calculate the surface gravity for the Kerr solution satisfying M > a,
since this is the case of more physical interest. For this we will start by introducing the so

called “Kerr coordinates” (v,r,0, x):

()

dv = dt + A

dr dxzdgb—l—%dr.

Using this coordinates the line element looks like [64]:

(A — aisin2 Q)dUQ + 2dudr — 2a sin’ 9(T22+ a’— AN)
p p

[(r2 + a?)® — Aa’sin6]
2

ds® = — dvdy

— 2asin® Odydr + sin?0dx? + p*db?

where we recall that A = (r —ry)(r —r_).
Just as we did before, we will consider hypersurfaces of the type S(x) = r = Const. From

equation ([5.1.2) we have that normal vectors can be written as:

l=N(z)g" 0, = N(x)g" 9y = N(x)[9" 0, + 9" 0, + g*" O]

2(a* +r?)
=N
() a? + 2r? + a? cos(26)

A 2a
Oy + —0; Oy | -
* p? * a? + 2r? + a® cos(26) X]

We see that at » = ry this reduces to:

(a® +12) [ a 8}(}‘

Oy
r3 + a? cos?(0) + a?+ri

ly=ry = N(x)

We will now look for null-hypersurfaces. We have that the norm of the normal vector is
given by:
T VT Tr A
I = N*(2)g" ¢ g, = N*(X)g"" = N2(az)ﬁ :
From this it is clear that {? vanishes when A vanishes, therefore the hypersurfaces defined

by r = ry are null.
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Now we proceed to construct the Killing vectors for this coordinates. As was mentioned
before we have that { = 0, + QyJd,. In order to specify completely our Killing vector we

will calculate Qg by using coordinates (t, 7,6, ¢):

0= 52’7*:& = gufyguuh:& = [.gtt + 2Qp g1 + QHQQMJ |

2mry dmarysin®6
= 1-— | - ——— | Qy
ri2 + a2cos?6 ri2 + a2cos?6
2ma’rysin®d \ .,
———— | sin”0
ri? + a%cos?6

r=r4

42 (T:l:2 Lata
=a® — dmarsQpy + Q3 (re? +a*)? .

Solving this equation for 25 one finds that:

a
O =——.
ry? + a?

In “Kerr coordinates” (v,r, 0, x) the Killing vector becomes:

dv dx
5 = %av + QH%(?X = 3v -+ QH@X .

From the equation for Qp and our result for [|,—,. we see that £ and [ are indeed propor-
tional at the horizon.
Now we sketch the calculation of the surface gravity, for this we start from equation (5.1.6)):

favo§M|T:ri = fargv + 2F5XQH + F;XQ%’ :

We are interested in the components © = v and p = y. As we see in the equation above, it
is necessary to calculate the inverse Kerr metric in “Kerr coordinates” and then calculate
the Christoffel symbols that are needed. Clearly this is a lengthy task for this metric and
we won'’t get into the details. However, using a computer one can show that:

=— T A4.2
it 2(r3 +a?)’ ( )

where £ (k_) corresponds to the surface gravity at r =r, (r =r_).

A.5 Euclidean Gravity: Kerr Solution

In this appendix we calculate the temperature of the Kerr black hole using the Euclidean
gravity approach, as was done in Section 5.6 for the Schwarzschild and Reissner-Nordstrom

solutions. Here we closely follow [130].



256 APPENDIX A.

We start with the Kerr metric (2.3.4]), which we write in the form

A—aQsinQGd2 2asin? 0 (r? 4+ a% — A)
P2 " P2
(12 + a?)? — Ad®sin 0

5 ) sin? Ado?,
p

ds? = —

p2
dgdt + Tdr®
(A5.1)

+ p2d92 + <r2 +a®+

where a = J/M, p*> = r?> + a*cos? and A = r> — 2Mr + a®. Unlike the metric tensors
we considered in Section 5.6, the Kerr metric is not diagonal. If we now perform a Wick
rotation to imaginary time 7 = 7t, we see that the off-diagonal component g, becomes
imaginary. The way to fix this is to simultaneously introduce the complex angular mo-
mentum per unit mass a = a. When all calculations are done, we can perform analytic

continuation back to a real-valued a. The Euclidean metric then reads

A+a251n29d 2+2asin20(r2—a2—A)
=—————dr

2
ds? i g dgdt + 2dr?
P P A (A5.2)
2 _ 022 £ Aol sin? 6 -0
+ p2d6? + (7“2 —a?+ (r" = a”) t @ om ) sin? 0d¢?,
p
where now p? = 1> — a?cos?§ and A = r* — 2Mr — o?.
Next, we introduce the following one-forms:
2 — o2 .
w= p (d7 — arsin” do) (A.5.3)
_or2—a? a
o= 2 (dgb + R dT) . (A.5.4)

The reason for introducing these one-forms is that they are precisely the dual forms to the
orthogonal Killing vectors { = 0, — %50, and £ = asin?60, + 0, of the Kerr solution.
Compare this to the case of the Schwarzschild metric. There, the one-forms d¢ and d¢ are
the dual forms to the Killing vectors 0. and 0y, so we express the Schwarzschild metric in
{t,r, ¢,0} coordinates. Similarly, we can write the Kerr metric using dual forms w and @

as 9 9
A e
(7‘2 _ a2)2 A

Using the abovementioned similarity between d¢ and w and between d¢ and @, one could

ds? = dr® + p* (d6? + sin® 0 &%) . (A.5.5)

think that we have diagonalized the Kerr metric here. However, we did not: unlike d¢
and d¢, the one-forms w and @ are not exact, which means that we cannot write them as

differentials of some coordinate function.
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In Section it was shown that the Kerr black hole has event horizons at ro = M +
VM? + 2. We now introduce the coordinate & = r — r such that £ | 0 as we approach
the black hole from the outside. Noting that A = (r —r)(r — r_), it is an easy task to
expand the metric tensor components around the outer event horizon. To lowest orders in
¢ this yields

2 2

2 P
W (ry —r2)¢

where p, w and @ are now evaluated at the outer horizon r,.

(ry —7r-)p

ds’ ~ ~———2
BNGETYE

dé€? + p*(df? + sin® 00%), (A.5.6)

As in Chapter 5, the last two terms in are just a two-sphere. To see this, note
that as @ is now being evaluated at ry, it can be written as a differential. Indeed, we can
write @ = dvy, where 1) = * o ((;5 + 2 > Then last two terms of the above metric
read p?(df? + sin? 0dw?), Wthh is mdeed Just a two-sphere. To avoid singularities at the
points = 0 and § = 7, we must have ¢ € [0, 27]/ ~E|

Introducing xy = 7 — arsin® f¢, such that w = *p dx, we can write the metric (A.5.6)) as

2

T Sl i SO N P A A5.T

? (ry —ro)¢ ( )

where we ignored the S? part of the metric. Now define the coordinate ¢ by ¢? = ij%f_.
In terms of this new coordinate, the metric reads
_ 2

s = U =) g e g (A5.8)

4p*
Using the same argument as in section 5.6, we see that in order to avoid a conical singularity

4”’ —]/ ~. However, notice that in this case p depends on

we must demand that x € [0, -
the angle #. In order for the requlred periodicity of x to hold for all 6, we must require
that points (7, ¢) are identified with the points (7’ - L — AT ) Note that with

Ty—T_
this identification v is still a well-defined coordinate, i.e. identified points have the same

47 ( T+—a
I

value of 1. As usual, the inverse temperature is equal to the period of the 7 coordinate.
Therefore we find
Ty —1r_ K
- - v A5.9
dm(rd —a?) 2w ( )
where we used equation (A.4.2) for the surface gravity of the Kerr black hole. Thus, we

indeed find that the Hawking temperature also holds for the Kerr black hole. In terms of

®The argument here is similar to the argument used in Section 5.6 concerning the conical singularities.
In this case, if ¥ is not periodic in 27, the resulting topological space will look like a rugby ball rather

than a cone, since we have two conical singularities.
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the mass M and the angular momentum J of the black hole, the temperature reads

. VI — ]2
AnM (M2 + VM= J2)

which indeed reduces to the temperature of the Schwarzschild black hole when J = 0.

(A.5.10)

A.6 The Reason for Quantum Field Theory

It is good to remind ourselves why we formulate relativistic quantum mechanics in terms

of fields using the second quantization scheme. To this end we will follow the structure of
[131], Ch. 2].

To quantize relativity, or to relativistically extend quantum mechanics, one might start by

considering the mass-shell identity
E? = p* +m? (A.6.1)

and try to apply the familiar correspondence principle

FE — 2% (A.6.2)
p — —iV.

This will lead us directly the the Klein-Gordon equation

(g—; -Vt m2) Y(t,x) =0, (A.6.3)

which was Schrodinger’s first attempt to find an equation that describes a relativistic

particle. We might naively write down plane wave solutions to this equation as
Y(t,x) = e BT E =++/p?+m2. (A.6.4)

But now something strange happens. To form a complete basis of the Hilbert space of
solutions must include both positive- and negative-energy solutions to equation (A.6.3)).
The energy spectrum of the theory is therefore unbounded from below, which will lead to

all sorts of complications — the least of which is the absence of a ground state.

If we were to couple this theory to the electromagnetic field, any state of the relativistic
particle described by the Klein-Gordon equation (A.6.3) is unstable, as nothing prevents
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decay of any particular state to a lower-energy state by emission of a photon. In partic-
ular, positive energy particles cannot exist as stable solutions to (A.6.3)), which seems to
contradict our notions of reality.

This problem can be at least heuristically tackled in the case of the Dirac equation, which
describes spin—% particles. Dirac argued that, since fermions obey the Pauli exclusion
principle, we could construct the ground state vacuum of the system as the state in which
all negative-energy states are occupied — an interpretation called the Dirac Sea. In this
picture a sufficiently energetic photon can excite a particle to a positive-energy state, which
we interpret as an electron, leaving behind a ’hole’” in the vacuum that can be interpreted

as a positron; a process that indeed occurs in semiconductors.

However this explanation is not entirely satisfactory, as it would require that the ’bare’
vacuum has an infinity positive charge to compensate and runs into other problems, most
notably Klein’s Paradox152 @

What this issue tells us is that it is quintessentially wrong to interpret the Dirac equation
as a single-particle equation. Indeed, the famous E = mc? in fact demands that in order
to marry relativity and quantum mechanics we should set up a formalism that is equipped

from the very beginning with the tools to describe multiparticle systems.

Another hint towards this comes from relativistic considerations. In ordinary quantum me-
chanics we consider the object [1(t,x)|? to describe a probability amplitude in space. This
view is unfortunately untenable in a relativistic context as the conservation of probability

is not a covariant equation.

Lastly, in quantum mechanics we describe observables as self-adjointt operators acting on
some Hilbert space. These operators are, at worst, dependent on time in the Heisenberg
picture. However relativity tells us that no information can travel faster than the speed
of light and we should truly consider a measurement of an observable to be localized in
space as well as in time. Causality then requires that two spacelike separated measurements
cannot affect one another, hence the observables O; and O, that describe two measurements

should satisfy
[01<$1), OQ(IQ)] =0 (.Il — JIQ)Q > 0. (A65)

In a relativistic quantum theory, operators in the Heisenberg picture must also depend on
the space-time position z,. This view demotes the position x to a label similar to time,

rather than an observable in and of itself.

SFor more pedagogical reviews refer to [133], [134] and [135].



260 APPENDIX A.

In light of these considerations it is very natural to turn to the second quantization for-

malism.

A.7 Evaluation of Action in Curved Spacetime

We have included this appendix to provide the reader with tools of how to find and work
with an action in curved spacetime. To construct a general action, we will use the ac-
tion defined in equation ([7.1.1) and apply the following set of rules that describe how to

transform an action on flat spacetime to one on curved spacetime:

i. replace the metric for flat spacetime n*” for that for curved spacetime, g";
ii. write covariant derivatives instead of ordinary derivativesﬂ;

iii. instead of using the usual volume element dxdt, insert the covariant volume element

d*z/=g, with g = det (g,,).

These rules allow us to rewrite the action of equation (7.1.1)) in the familiar formff]

1

Smatter [(b] 2

/ d*zv/=g (9" 0,00,¢ + m¢®) . (A.7.1)

This action is the matter part of the Hilbert-Einstein action mentioned in chapter 1. We
can add extra terms to this action such as for example the generalized Maxwell action to

curved spacetime
1 vo
Shaxwell[A] = —;l/d%v —9(9"9" FruFlo)

where F,, = 0,A, — 0,A, describes the familiar electromagnetic field tensor with A,
the electromagnetic field Vector.ﬂ Another example is the coupling of the field ¢ to the

curvature scalar R

Scurvature[¢] = —/d4l'\/—_g€R¢2,

where £ is the coupling constant H It is important to realize here that whereas an action for

flat spacetime must be Poincaré invariant to preserve translational and Lorentz invariance,

"Remember here that the first covariant derivative coincides with an ordinary derivative because ¢ is a
scalar.

8Notice here that we went back to four-dimensions, because we want to provide the reader with a
general explanation. Later on we will return to our two-dimensional example.

9For more information on the origin of this action [I10, Ch. 5].

0For more information, see [1, Ch. 9.
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the presence of gravity takes away this condition for the action in curved spacetime. How-
ever, the action in an arbitrarily chosen curved spacetime does have to be invariant under
general coordinate transformations as to ensure coordinate independence of the physical
properties. Moreover, the conservation of charges is related to presence of internal sym-
metries such that the action must also obey these symmetries. We have thus promoted
the action we had for flat spacetime to curved spacetime and seen some examples of extra

terms that can be added to the action that describe different physics.
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