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Abstract

Developing a successful theory of quantum gravity is one of the most complex challenges facing
theoretical physicists today. Some of the greatest jumps in our understanding of how gravity and
quantum mechanics interact, have come from studies of Quantum Field Theory (QFT) in curved
spacetime. This project studied how quantum fields propagating in different space-times can lead
to a plethora of intriguing results, particularly with regards to black holes. First the Unruh effect
[18] was studied to introduce how QFT can lead to particle creation for accelerated observers.
Next, building on this, Hawking’s original paper [13] on Hawking radiation was analysed to see
how this could be extended to black holes. Finally Raphael Bousso and Stephen Hawking’s 1997
paper “(Anti)Evaporation of Schwarzchild-de Sitter Black Holes” [3] was studied to see how a
Schwarzchild black hole immersed in a de Sitter background can evolve in the presence of quantum
fields, leading to interesting dynamics.
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“Consideration of particle emission from black holes would seem to
suggest that God not only plays dice, but also sometimes throws them

where they cannot be seen.”
-Stephen Hawking
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Chapter 1

Introduction & Background

The two pillars on which, most, if not all of modern theoretical physics stand on, are General Rel-
ativity (GR) and Quantum Field Theory (QFT). On one hand these theories are so fundamentally
different, that we have so far, been unsuccessful at creating a theory of quantum gravity. On the
other hand, these are both field theories and hence are somewhat compatible at a semi-classical
level. By studying instances where the effects of both quantum fields and gravity are present and
relevant, but not in a way that spacetime changes on a large scale; we can learn a lot about how
these two different theories interact. This type of analysis is important as it cannot only lead to
new and interesting physics, but it also gives us a outline, in the form of semi-classical limits, for
what an eventual theory of quantum gravity will look like. Studying the propagation of quan-
tum fields on a fixed, but curved background is possible and is known simply as QFT in curved
spacetime, the framework of which describes physics at low energies, far below the Planck scale.

The first promising results that displayed that QFT in curved spacetime could lead to new
physics came in the early 1970’s. In 1973, Jacob Bekenstein [1] proposed that Black holes have
entropy proportional to the area of their horizons. In an attempt to explain how this could fit into
the picture of thermodynamics Stephen W. Hawking in 1975 [13] applied QFT to the space time
surrounding a black hole, showing that they can in fact radiate as if they have a temperature. In
1976, a year later, William G. Unruh [18] showed that radiation could even be seen in flat time for
an observer accelerating through a vacuum.

By the late 1990’s many further techniques had developed for explaining and encoding evap-
oration and other quantum effects into models involving gravity. In 1997 Raphael Bousso and
Stephen W. Hawking [3] used some of these techniques to study the evolution of a Schwarzschild
black hole immersed in a de Sitter background.

The aim of this work is to gather and explore a selection of the results associated with QFT in
curved spacetime with a view to presenting them as a sort of technical history of the concept, the
structure of which is as follows. In the rest of this Chapter [I], a brief introduction to QFT and GR
is given as well as de Sitter spacetime. In Chapter [2, the Unruh effect is investigated to introduce
how temperature can arise from QFT, before using this as a base to understand Hawking’s original
paper in Chapter Finally Chapter |4] takes a look at Raphael Bousso and Stephen Hawking’s
1997 paper “(Anti-)Evaporation of Schwarzschild-de Sitter Black Holes”.
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Quantum Aspects of Black Holes in de Sitter Spacetime Chapter 1. Introduction & Background

1.1 Quantum Field Theory

Quantum field theory is the natural extension of quantum mechanics to incorporate special rela-
tivity. In quantum mechanics, quantities such as position are promoted to operators in order to
represent how measurements can affect the states they are acting on. However, time is not given
such treatment and is instead left as a background parameter. Einstein’s theory of special rela-
tivity tells us that we must treat space and time in the same way, contradicting this very notion.
Clearly to reconcile these two theories, something in quantum mechanics needs to change. There
are two ways of going about this. The first approach would be to promote time to an operator, but
this gets messy quite quickly. The other is to demote position x back to being a parameter. But
what are the consequences of this? It just means that what ever object we are using to describe
our system with must be a function of the continuous variable x and ¢. This is identical to how a
field is described and this fact forms the motivation for quantum field theory.

1.1.1 Klein Gordon Field

Once we have established that the fundamental objects needed to describe relativistic quantum
physics are fields ¢(x, t)ﬂ how do we proceed? The natural progression is to impose that these
fields must obey the relativistic energy equation. That is, they must satisfy E? = p? + m?. But
this is not in the language of quantum mechanics. To do that we need to change p — —iAV and
E — ihd,. Applying this version of the relativistic energy equation to our field ¢ gives us (in
four—notationﬂ) :

(07 — V?) o(x,t) = 9,0"¢ = m*¢ (1.1)
= (0,0" —m*) ¢ =0 (1.2)
This is whats is know as the Klein Gordon Equation and the fields that satisfy this are the

simplest fields one can study in QFT. Particles whose fields satisfy this equation turn out to be
spin 0 particles.

Solutions to the Klein Gordon Equation

Throughout this work, calculations can be made less complex by studying a massless spin 0 Klein
Gordon field, which will satisfy 0,0"¢ = O¢(x) = 0. This equation can be solved by assuming a
separable ansatz, namely ¢(x,t) = x(x)f(t). We can then plug this ansatz into the KG equation

and divide across by —¢ = —y¢:
1
f

Since x and t are independent, both the terms on the LHS of this equation must be equal to
constants. Thus we suggestively write:

!
f

1 .
_v2x — _p2 = Y x eizp-x
X

1
8,52]0 + ;VZX = m2

O}f = B = fox e

!Note that we have assumed here that our fields are scalar fields, meaning they just have a single number
attributed to them at each point in spacetime.
ZNote in this work we use natural units A = G = k = 1 and the mostly plus Minkowski metric (— + ++).
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Quantum Aspects of Black Holes in de Sitter Spacetime Chapter 1. Introduction & Background

Through imposing that the field ¢ must evolve through the standard unitary time evolution op-
erator of quantum mechanics, one finds that in the combination ¢ = x f, the exponents +iFt and
+ip - x must be of opposite sign. Hence, there are two types of modes for the KG to be made
up of. Following proper ODE methods, one can write down the most general combination as a
linear superposition of all possible values of the constants £ and p. Since they are related via
the equation E? = p? + m?, which we can now recognize as the energy equation, we only need to
sum over one of these parameters. Also, seeing as they can take on any values, the superposition
should be an integral, with the coefficients of the modes depending on pE|

_ d3p 1 —ip-x 1 ipx
Qb = / W\/Q—Tp [ape + ape } (13)

Notice here that we have also defined the coefficients of the modes with an extra factor of 1/,/2E,,
where EZ = p* +m?. This is added so that this field is correctly normalized with respect to the
KG inner product, which we introduce in section [A.1.4l We also have that the coefficients of the
two modes are related, since we have a and af. This is because these coefficients can be complex
but must take this form for the entire integral to be real, which we require for a real scalar field.

1.1.2 Second Quantization

To quantize the above presented field theory, ¢ needs to be promoted to an operator that satisfies
a set of commutation relations. We have not written down a Lagrange density yet, but it is
straightforward to show that it takes the form:

1 m? ,
L= Lo.0000 - (1.4)

The equations of motion of the Lagrange density Klein Gordon equation. With a Lagrangian
defined it is then sensible to interpret ¢ as playing the role of a position co-ordinate, meaning its
conjugate quantity, which we will call the momentum density, is defined as:

oL
"= 5500

For the above defined Lagrangian we can see that m = ¢ and hence 7 takes the following form
according to [L.3}

d3p E —ip-x ip-T
W:/(27T)3 TP[ape P —aLep ] (1.5)

With a conjugate quantity defined, that which is left to do is to define commutation relations
such that [¢(z), 7(y)] = id(x —y). If one plugs and above into this conditionl} then it is
equivalent to the coefficients ap and aL, which are now operators in the quantised theory, satisfying
the relations:

[ap, al] = (27)°5(p — q)
[ap, ag) = [al,al] =0

Making them creation and annihilation operators!

(1.6)

3Note here we switch to 4-vector notation and hence must recognize p¥ as Ep.
4For proof of this as well as a broader overview of QFT see these notes I made [4].
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Quantum Aspects of Black Holes in de Sitter Spacetime Chapter 1. Introduction & Background

1.2 General Relativity

General relativity is the extension of Einstein’s theory of special relativity to include gravity. It
continues to treat space and time on the same footing, but its main difference to special relativity is
that it allows time and space to “bend”, a drastically different approach to Newtons idea of a fixed
and absolute space. More formally, space and time together are treated as a manifold with the
curvature and bending of space encoded on this manifold in form of a metric. This metric tells us
how close together any two vectors defined at the same point are to each other. It must be a smooth
function so that these angles vary continuously as we move from point to point. This in turn fixes
the curvature of space as the tangent vectors of particles on trajectories change smoothly from
point to point, tracing out a path in spacetime that may no longer be straight. This description
of space and time allows gravity to be explained in a very elegant way. We simply require that
the curvature of spacetime is caused by the presence of mass. Then the particles moving in the
presence of massive objects follow curved paths, not because they are experiencing a force, but
because they are following ”straight” lines on the curved manifold of spacetime. These lines are
of course no longer straight, instead we classify them by the curves that are parallel transported
by their own tangent vectors. These paths are known as geodesics.

1.2.1 Tensors

There is another issue that needs to addressed in the formalism of general relativity. This theory
should, as in special relativity, not be dependent on any one set of co-ordinates to define our
physics with respect too. We should instead be able to make any co-ordinate transformation and
arrive at the same results. This can be achieved by imposing that the objects we use are tensors
(For example the metric we mentioned earlier is a tensor denoted g,,). These are defined by
their transformations that leave the total tensor invariant as the components and basis elements
transform in opposite ways. The components of an n-tensor transform under a change of co-
ordinates from the system z* to y” via:

Trn Oxh Oxtr i

ay V1 ayun

This independence on co-ordinate system makes general relativity a background independent the-
ory.

1.2.2 Christoffel Symbols

As in many theories we would like to be able to see how some of our parameters, such as the
components of vectors, change with respect to our co-ordinates. However, the partial derivative
of the component of a vector: 9,V” does not transform like a tensor, since when V* — %V” ,
the factor of g‘;‘: may depend on co-ordinates and hence the derivative will hit this creating an
extra term through the product rule. The best way to fix this is to define a so called co-variant
derivative which is the partial derivative plus a term that will exactly cancel this extra term from
the product rule. Consistently defining the derivative this way leads to the new following action

on the components of a vector:

Y,V =0,V + T,V

_4 -



Quantum Aspects of Black Holes in de Sitter Spacetime Chapter 1. Introduction & Background

Where we have defined the Christoffel symbols I'},,. 'The co-variant derivatives operation on higher
order tensors will involve more of these symbols as there are more of the product rule terms to
cancel. Notably the action of the co-variant derivative on a scalar is just the partial derivative as
a scalar does not transform. In terms of the metric tensor g,, it turns out that these symbols are
given by:

1
FZV = 59004 (augua + aug,ua - 8ag;w)

1.2.3 Riemann Curvature

To examine the structure of curved spacetime it is useful to attempt to describe how much it
"curves”. Curvature should classify how different a space is to being flat. One of the main
properties of curved space, that we may take for granted, is that the order of operations of things
does not matter. We can go this way and then that way, or that way and then this way and end
up at the same spot no matter what. If we note that the co-variant derivative of a vector in a
direction along which it is parallel transported is zero, then we can use the co-variant derivative
as a measure how much the path of a vector changes relative to how it would have been parallel
transported. The natural extension is to then consider the difference between between applying
the co-variant derivative in one direction then another, vs the other way round. This leads us to
define the following quantity:

[Vp,, vl/]vp = RPAMVVA
This tensor is known as the Riemann curvature tensor and encodes with in it everything we need
to know about the curvature of a space-time. If we evaluate out this commutator we find that in
terms of the Christoffel symbols:

Rp)\,uu = aﬂrgA - 8VFZ)\ + Fﬁa g)\ - Flljo— Z)\

Having a tensor with 4 indices is not always useful so we often consider contractions of this tensor.
The first is known as the Ricci tensor:

R,, = R

Apv

And further more we can contract this with the metric to get a scalar:
R — g/V“’RluV

This is know as the Ricci curvature.

There are not many scalar quantities we can think of to possibly use to write down an action
principle in GR. The contractions of the metric with itself just give us the dimension of the
spacetime, and we can always find co-ordinates such that the first derivatives of the metric vanish
so the first non trivial action must be made of a scalar made out of second derivatives of the metric.
This is exactly what the Ricci scalar is. It turns out that doing this works out exactly leading us
to the Einstein Hilbert action, which we will see later.

-5



Quantum Aspects of Black Holes in de Sitter Spacetime Chapter 1. Introduction & Background

1.2.4 Schwarzschild Black Holes

According to Birkhoff’s theorem (See pg 197 of [6] for proof), the Schwarzschild metric is the
unique, spherically symmetric solution to the vacuum Einstein equation: R, = 0. The Schwarzschild
metric takes the following form:

dr?
d82 = —f(r)dt2 + m

with dQ? = df? + sin? d¢?. We will try, where possible, to carry out the calculations using f(r)
such that the results may be easily generalized to other potentials of the same form, but with
different f(r). However, when specifically talking about Schwarzschild black holes, we must have
that f(r) = ( — %) as above. This solution does not specify that the source itself be static.
For example we could have the case of a collapsing star, and as long as the collapse is spherically
symmetric, the metric can still be of the form[I.7 This will be the scenario that will be considering

later in the chapter on Hawking Radiation [3]

r

+72dQ?, f(r) = <1 - ﬂ) (1.7)

1.2.5 Singularities

From the above metric, it can be seen[1.7 that there is a co-ordinate singularity, in that, as r — 2M
we have f(r) — 0, so the metric becomes undefined. We will see later that this is just due to our
choice of co-ordinates, and that there is a co-ordinate system in which the metric is well behaved.
There is also clearly a co-ordinate singularity at » = 0. This one, however, cannot be tamed by
any change of co-ordinates. In fact there are co-variant quantities, such as:

A8G? M?
R™P Rype = 6
T

These clearly blow up as r — 0, meaning r = 0 is a singularity. Hence, GR cannot accurately
describe what is happening at this point.

1.2.6 Null Geodesics

To best determine both the causal structure of spacetime and the paths followed by massless scalar
particles that make up the radiation seen later in this work, it is worth studying null geodesics.
Null geodesics satisfy ds? = 0, so by fixing the angles 6 and ¢, dQ) = 0 and the metric as:

dr?
0 =ds* = —f(r)dt* + 1)
dt 1 oM\ !

From this, it can be extrapolated that a massless particle on a geodesic that is traveling towards

the origin, as measured by a distant observer who is using the ¢ time co-ordinate, never seems
to get there. This is because if we integrate to solve for t we find (see appendix for

integration):

t—to=r+2MIn (ﬁ—l) (1.9)

_6-



Quantum Aspects of Black Holes in de Sitter Spacetime Chapter 1. Introduction & Background

From this it is clear that the total time for a massless particle to fall into the black hole diverges.
Furthermore, since z—’; — 0 as r — 2M, progress along a null geodesic gets slower and slower as
the massless particle travels into the black hole. Therefore, we need different co-ordinates to make
sense of this. By instead parametrising the geodesics by the time taken to fall in, we can use our
expression from to define the so called Tortoise co-ordinate r* where:

7 =7+ 2M1n (ﬁ - 1) (1.10)

With this, the issue of the singularity at » = 2M is lessened by placing it at infinity. In these
co-ordinates the metric takes the below, form using the fact that dr* = dr/ (1 —2M/r):

2M
ds® = (1 - T) [—dt? + dr*?] + r?dQ? (1.11)

Where here r should be thought of as a function of r*. If we want to be more general, to get any
f(r) metric to this form, we would require that f(r)dr*? = =dr? = r* ==+ [ ﬁdr + C.

f(r)
Which has the metric f(r) [—dt* + dr*?] 4+ r*dQ?.

1.2.7 In/Out-going Geodesics

We can see from this metric that null geodesics now just have —dt? +dr*? = 0 = dt = +dr*,
which means tr* = const. So we have two co-ordinates that characterize the geodesics of massless
particles E:

u=t—r"
v=t+7r"

These are known as Fddington-Finkelstein co-ordinates. To see what is the difference between
these co-ordinates, notice that for u we have:
d d 2M
dt = dr* = dtzl—r — 2

— M dt r
-

Then seeing as these co-ordinates only make sense for » > 2M, we must have that 3_71: > 0. The
radius increasing in time means, these are outgoing solutions. For v we have the opposite as
dt = —dr*, meaning they correspond to ingoing solutions. We can note that the metric in these
co-ordinates takes the following form for v and r (see appendix :

2M
ds® = — <1 - T) dv® + 2drdv + r*d$)? (1.12)
Or in just v and v:
2M
ds® = — (1 - —> dudv + r*dQ? (1.13)
r

These co-ordinates correspond to the black hole equivalent of left and right moving modes and we
will later split our scalar field into this modes as we did for the left and right moving in [2.29

®Note that we have used the same notation for these co-ordinates as we did for the light-cone co-ordinates in
the last chapter. This is because if we take the limit as r >> 2M, we can see that [I.10] reduces to r* = r. So we
end up with the same co-ordinates far from the black hole.

-7



Quantum Aspects of Black Holes in de Sitter Spacetime Chapter 1. Introduction & Background

1.2.8 Kruskal co-ordinates

To talk about co-ordinates that are regular at the horizon, it is essential to “bring back” the
horizon at r = 2M from being infinitely far away, to having a finite value. ideal choices for these
are:

U= _e—u/4M

U it (1.14)

These are colloquially referred to as Kruskal-Szekeres co-ordinates, but technically these refer
toT =3 (V+U)and R = 5 (V —U), which are the corresponding time-like and space-like co-
ordinates respectively. This work however, will still often refer to U and V' as Kruskal co-ordinates.
The metric in these co-ordinates takes the following form (see appendix [B.1.3)):

32M3
r

ds? = ePMAUAV + r?dQ? (1.15)

Notice that this metric does not have a singularity at » = 2M, which means r = 2M is just
a co-ordinate singularity as previously mentioned. This also means that these co-ordinates are
suitable candidates for co-ordinates near r = 2M, but a more rigorous argument for this will be
made later in Chapter

1.2.9 Penrose Diagrams

Most of the above mentioned co-ordinate transformations are quite useful in describing different
sections and properties of black holes. However, with the horizon r = 2M, either being a singular
point of the metric, or infinitely far away it is difficult to visualize what spacetime looks like near the
black hole. Kruskal co-ordinates almost solve this problem except they do not fit all of spacetime
on a single diagram. To achieve this it is necessary to use a function such as arctan that takes
infinities to finite values. We also want to make sure to compactify along the light-cones, hence
removing the infinities in the light cone co-ordinates. This results in the preservation of light-cone
angles, meaning massless particles still travel at 45° in our new diagrams as the metric will become
conformally flat (ignoring angular co-ordinates). Let us thus posit the following variable:

v’ = arctan (U)

v' = arctan (V)

(1.16)

With these the metric takes the form:
32M° o—r/2M du'dv’

ds* = — a2 ) a2 ol
r cos® u’ cos® v’

+ 7r2d§)? (1.17)

With «’ and ¢’ it is then possible to separate them out into time-like and space-like co-ordinates
in the usual manner. 7= (v’ + ') and p = 3(v' — v'). Figure|l.1|shows a plot of these diagram
of these 7 and p co-ordinates along with lines of constant .

1.3 De Sitter spacetime

De Sitter spacetime is a maximally symmetric solution to Einstein’s gravitational field equations
involving a positive cosmological constant, which results in constant positive curvature. In physical
terms de Sitter space describes a universe undergoing accelerated expansion, which is known from
observations to be the case for our universe.
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i+

1
Figure 1.1: Penrose diagram of Schwarzschild space time. i+(7) is future (past) time-like infinity
and 4" is spatial infinity.
1.3.1 Cosmological Constant
The Einstein Hilbert action, with the addition of a cosmological constant, takes the following form

(ofFt

1 4

If one varies the action with respect to the metric it results in the following equations of motion:
1
R, — ng,R +Ag =0 (1.19)

Contracting both sides with g we get R — $(4)R + A(4) = 0 (since g"g,, = 4) which implies
that R = 4A. This makes the above EoM [L.19 become:

R,uu = Ag;u/ (120)

One can then proceed in the same manner as the Schwarzschild case (see chapter 5 of [6]), i.e. by
making a spherically symmetric ansatz of the metric, calculating the Ricci tensor and, using [1.20
to derive the form of the functions in the ansatz. For a positive cosmological constant as we have
in de Sitter space, the result is the following metri(ﬂ:

A
3

A 2
st = — (1= 22 a2y g2 420, (1.21)
3 1 72

5@ is here for aesthetic reasons we will subsequently set it to 1
"Note that the solution we present here is only the particular solution to R, = Agu,. We could still have a
2M /r term which is a solution to the homogeneous solution R, = 0, but you may consider that we have set M = 0.
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Quantum Aspects of Black Holes in de Sitter Spacetime Chapter 1. Introduction & Background

This bears resemblance to the Schwarzschild metric just with a different f(r) = 1 — %7"2.

This shows that there is a co-ordinate singularity at f(r) =0, so r = LA This corresponds to a
cosmological horizon and can be physically interpreted as the radius after which information would
need to propagate faster then the speed of light to overcome the affects of expansion.

1.3.2 Embedding Co-ordinates

n-dimensional de Sitter space is more often discussed in the context of it being embedded in an
n + 1 dimensional space. Typically de Sitter is described as a sub-manifold of n + 1-dimension
Minkowski space, which has the following metric:

ds® = —dX3 + Y dX}
In this space n—dimensional de Sitter space is described as the hyperbolic surface (see Figure :
—Xg+Y XP=X, XM =0

Where ¢ has dimensions of length and is the characteristic scale of the space. We can achieve this
metric and constraint for n = 4 from with the following change of co-ordinates:

/3 [A /3 /A
22y . — ]2 = R
X0 A r Smh( Bt)’ X A r cosh( 31&), X, =ry;

Where here y; are co-ordinates on the 2—sphere (i.e. yo = cos¢sinf, y3 = sin¢psinf, y, = cosh),
such that >, dy? = dQ,. With this it can be verified that X, X* =3 so { = \/%

Figure 1.2: Example of deSitter embedding for 1 + 1-d deSitter space. The orange surface is the
2-d deSitter space and the blue line depicts the path of a observer on a geodesic who sits stationary
at a constant position.

- 10 -



Chapter 2

The Unruh Effect

2.1 Introduction

From Einstein’s theory of Special Relativity we are used to the notion of physics being the same
in all inertial reference frames. That is, that the fundamental laws of physics are the same for
every observer moving at a constant velocity relative to one and other. What happens if we betray
Einstein and compare an inertial observer with a non-inertial (accelerating) frame; what effect will
we see? What laws of physics or fundamental concepts, we thought completely sound, cease to
hold?

The results of this are actually even more drastic then one might expect. This chapter seeks
to show that the entire concept of particles is an observer dependent quantity. In other words,
if a stationary observer, relative to some fixed origin, is sitting in what they perceive to be an
empty vacuum; completely devoid of particles. Then an accelerating observer passing by will not
see this same vacuum. Instead as will be shown, they will see space to have a Temperature T
proportional to their acceleration. This is the Unruh Effect As one might expect the constants of
proportionality of this temperature make it so that one would have to have a large acceleration to
see such a temperature, hence why we do not see this at low energies. There is still debate as to
whether we have already seen experimental evidence of the Unruh effect.

2.2 Uniform Acceleration

Before deriving this effect, let us consider the setup for our thought experiment (see Figure . We
start by considering flat 1 + 1-dimensional Minkowski spacetime. That is one spatial dimension
and one temporal. Upon this we study the fluctuations of a massless scalar field ¢ and will
consider the quantization of this scalar field in terms of two co-ordinate systems. The first is the
regular Minkowski co-ordinates (¢, x) that describe a stationary observer. The second set describe
constantly accelerating observers.

- 11 -
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Figure 2.1: Accelerating observer in a Minkowski diagram approaching the speed of light.

As is shown in Appendix [A.T] an observer with a constant acceleration a and proper time T,
moves in Minkowski space with:

t(r) = %sinh(aT)

x(r) = %cosh(ar)

We can generalize these to the so-called “Rindler co-ordinates” (7, ), which are related to (x,t)
via:

]_ (15 .

t = —e® sinh(an) (2.1)
a
Lo

x = —e” cosh(an) (2.2)
a

In these co-ordinates constant accelerating observers (with acceleration a) have £(7) = £ 1In(£) and
n(r) = 27 (7 their proper time). So for a = a, these reduce to the and and have £ =0

and 1 = 7. These are basically the co-ordinates of an accelerated frame.
The metric in these co-ordinates is, from [A.4}

ds® = e2¢ [—dn® + d€?] (2.3)
Letting n and £ range from —oo < 7,£ < oo, only covers a portion of the spacetime, as we can

see from [2.2) since coshan,e® > 0 = x > 0 for all £ and 5. This is shown in Figure
. This portion is called Region I. This region contains all accelerating observers with a > 0 and
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hyperbolic center at the origin. Any other observers accelerating the opposite direction a < 0 will
be restricted to region II.

Figure 2.2: Minkowski diagram showing Rindler co-ordinates, Hyperbolics are lines of constant 7
and straight lines are lines of constant . These co-ordinates only cover Regions I and I

This requires the introduction of a second set of co-ordinates to cover this other region of space:

1

t = ——e* sinh(an) (2.4)
a
1

r = ——e" cosh(an) (2.5)
a

These result in the same metric above 2.3] Note that while the sign in front of the ¢ co-ordinate
is not necessary to cover the right spacetime wedge , it is necessary to result in the same metric.

As we will see, the Unruh affect is dependent on having both of these sets of co-ordinates [2.1],
and ,[2.5 Tt is important to cover all of Minkowski space, so that later when we can equate
our two formulations of the same scalar field ¢.

2.3 Expansion in Rindler Co-ordinates
The next to quantize the scalar field ¢ in the Rindler co-ordinates, in order to see what the field

¢ looks like from the perspective of an accelerating observer. It is expected that like in the flat
space case, there will be some modes g; that obey the Klein-Gordan equation and that ¢ can be

- 13 -



Quantum Aspects of Black Holes in de Sitter Spacetime Chapter 2. The Unruh Effect

expressed as a linear combination of these modes. Subsequently when the field is quantised, we
find that these coefficients b, must satisfy the commutation relations of the annihilation operators
1.6l

This requires the solving of the massless Klein-Gordon equation U¢ = 9,0"¢ = 0,9""0,¢ = 0.
Using the form of g*” shown in [A.4] we can see that (¢ = 0 then takes the form:

O¢ = e (=02 + 0F) ¢ =
— (=02+3)9=0 (2.6)

Therefore it is clear that in the Rindler co-ordinates the solutions to the KG equation are the same
as they are in Minkowski co-ordinates. The solutions can therefore be used, as they are just
plane waves, so the modes take the form:

1 ezl:iwkn:tikf

Ik = VaTwy

Where for a massless scalar field wy, = |k| > 0.

However, recall that we need to be careful about what region of space time we are talking
about as our co-ordinates transformations take two different forms in the two regions I and II. To
account for this we define two sets of modes: gk (deﬁned to be the modes in region I) and g
(defined to be the modes in Region II).

To have proper modes they must have positive frequency with respect to the future directed
time-like killing vector. Appendix shows that the future directed time-like killing vector in
Region I is 0, and in Region II is J_,. However, a mode g; is said to have “positive frequency”

with respect to a given vector X if X¢g, = —iwggr. This means the two sets of modes take the
form:
1 —iwgn+ik€ Regi I
¢ egion
o = y 27)
0 Region 11
0 Region I
2
gl(c) = { 1 +iwgn+ikE Regi 1T (28)
W egion

Here each mode must be defined to be 0 in each others regions so that it remains okay to use the
two different relations between (x,t) and (n,£). Otherwise a mode is not positive frequency with
respect to a future directed time-like Killing vector. As can be verified, the signs in the exponential
have been chosen such that:

1 . 1
rl? = il
8,,79,22) = —iwkg,(f)

Meaning these are positive frequency modes across both Rindler regions.

With this it is possible to write down the entire scalar field expanded over these modes. The
coefficients of these modes will be creation and annihilation operators. These are denoted b,(:’z) as
we have two sets of modes to cover both Rindler wedges. We also need to include the complex
conjugates of these modes for completion.

¢ = / dk k gk +bk Tgl(cl +bk gl(f)"‘b@ﬁ 2 (2.9)
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These 4 modes cover not only the two Rindler wedges (Regions I & II) but can also be extended
to cover the entire Minkowski space. This appears strange as these modes have been written
explicitly in terms of  and £ which in their full range only cover Regions I & II, but what we can
do is analytically extend these modes with complex values if  and & to suitable cover all of the
space. In appendix it is shown that these modes are appropriately normalized with respect
to the KG inner product.

2.4 Extension to Minkowski modes

It has been shown how a scalar field ¢ can be expressed in terms of two sets of co-ordinates,
Minkowski and Rindler 2.9] that describe two different types of observers, stationary and
accelerating. We have seen that in each case the modes that ¢ is expanded over are different and
thus have different creation and annihilation operators. This motivates the question of how the
Rindler vacuum might differ from the Minkowski one. Recall that a Rindler observer (in Region
I) will observe a state |0g) to be a vacuum or devoid of particles if b,gl) |0g) = 0. Similarly the
same was done for the Minkowski vacuum, describing it as the state |05/) where ay|0y) = 0.
The question we want to ask is then, if we instead act the annihilation operator in the Rindler
expansion on the Minkowski vacuum b,(:) |0ar), what do we get? As we will see later the result is
non-zero meaning that from the perspective of a Rindler observer the Minkowski vacuum is not
empty.

To calculate b,(cl) |05s) one approach would be to try to find the appropriate form of |0,/) and
seeing what the operation of b,(cl) does to it. A faster way would be find some way of expressing b,(:)
in terms of the Minkowski creation and annihilation operators a; and a,t, after which the action
of b,(:) on |057) would follow. This is the approach we will now take.

Starting with the relations in Region I, and by linear combinations exponentials of 7
and £ can be constructed:

a(z —t) = %™ = &) (2.10)
a(z 4 t) = e%e™ = el (2.11)

This can also be done in Region II using relations [2.4] and [2.5}

a(—x +1) = e = &M (2.12)
a(—z —t) = e = &+ (2.13)
From these relations the Rindler modes can be expressed in terms of x and ¢. But first our modes
must be split into Right and Left moving modes. This can be achieved by writing the modes in

light-cone co-ordinates, &« = n — & and v = n 4+ £. This essentlally se%)arates out the modes into
two groups classified by £ > 0 and k£ < 0. This then produces g,,C = ng )+ gR (k’), where:

g (k) = O(k)gy” (2.14)
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This way the integral expansion [2.9] takes the form:
o= [k g0 + 6o ) + 62 g () + 6o ()
0
0
+ / ke [ g5 (k) + 0 g (k) + 6P g (k) + 6 g (k)| (2.16)

Now by examining form of these modes it is possible to see if they can be related to and
2.12 We will start by examining the right moving modes with £ > 0 but it will be clear that the
discussion will be similar for left moving modes. Recall that wy, = |k|, so for k > 0, w, = k = w,

so using [2.7 and [2.10}
V 47rwgg)(k) = ¢ = (qz — at)@

iw

(z —t)«

This is good, the mode is expressed purely in x and ¢, but it does not cover all of Minkowski space.
To achieve this modes from Region II must be included. Let us see what gR)(k:) looks like:

v 4ﬂwgg)(k) = ) — (—qz — at)%

sl

(2.17)

= a

(2.18)

This is not quite the same as what we had for gR1 ) (k), so they cannot be combined. The next most

obvious step would be to try use gl(L2 (k), but this changes both of the signs of = and ¢, where
as we only want to change the sign of x. Instead by taking the complex conjugate and reversing
the sign of £ we indeed get what we need. However, flipping the sign of £ means using a negative
value, meaning it is necessary to use one of the left moving modes. Since these are only defined
for k < 0, they must be evaluated at gL) (—k). To show this works, the following can be written
using w = k > 0O:

ViarmwgP (—k) = e @8 = (—az + at) @

= (- a5 (z—t)% (2.19)

In appendix it is shown that the two modes gg)(k’) and g 2)*( k) do not overlap and cover

the entire spacetime as intended [[} this means we can write them down as a combination:
Vims (g () + (—1)7% " (1)) = ¥ (a = )¢ (2:20)

From this expression here the “analytic extension” discussed earlier is clear, this expression is
simply used for all values of t and x in Regions III and IV. It is not necessary to say what values
of £ and 7 they correspond to.

Similarly for Region II the same procedure can be carried out to get modes of the same form

as [2. 18k

sl

Vi (g (k) + (-1) "% g (k) = ¥ (-2 - 1) (2.21)

!Note that we have not stated the value of (fl)iTw as there are multiple choice, we choose one of these later in

section @
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These are also non-overlapping and cover all of spacetime. This discussion has been for right
moving modes, the exact same procedure can be done for left moving modes. Here wy = |k|, so
for k< 0; wp=—-k=w:

_iw
a

\/47rwg(Ll)(k) = ™) = (qx + at)

Taking inspiration from the construction of g,(:)* a relation of the same form can be constructed:

\/47ngg)*(_k,) = e W) = (—qp — at)_%w

iw )

= a_T(—x — t) @

The same idea holds for g(Lz) so the two combinations can be written as:

trw (=) % g (k) + 9" (—h)) = ¥~ —)7¥ (2.22)
and
17w (=) g2 (k) + 9" (k) =0 F (@ )% (2.23)

We can then recognize these as complex conjugates of and respectively. This means [2.20
and are modes that cover all of Minkowski space for all values of k, so we can combine [2.20]
and the conjugate of to write:
1 _dw o (2)x* w iw

Vanw <g,§ )y (1) % g® ) — (e —t)% (2.24)

And similarly, and the conjugate of to write:
Vinw (g,(f) + (—1)‘%992*) — o~ —t)% (2.25)
The combinations [2.24] and [2.25], along with their complex conjugates always need to be in-

cluded, then give enough to expand our scalar field ¢ over all of space time. This expansion takes
the form:

o= [ [0 VA PR (226)
— 00

Where the modes h,(cl’Q) are defined as:

1 Tw *

P = ——— o+ (-] (2.27)

l—e"a

1 w *

O = 97+ (1% g (2.28)

— e a
Where the factor of A(w) = ———— is for normalisation, which is derived in Appendix [A.1.7]
l—e  "a
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2.5 “Good” Minkowski Modes

The modes that have just been constructed are orthonormal and cover all of spacetime. But how
do we know that these are appropriate Minkowski modes?. “Good” modes are ones which are
positive frequency with respect to a future directed time-like killing vector. This, for example,
rules out our Rindler modes and as we is showed in Appendix the future directed
time-like killing vector is different in the two Regions I and II. This means there is no way for a
single Rindler mode to be written in terms of positive frequency Minkowski modes. What will
now be shown is that the combinations [2.20f and are in fact made of combinations of positive
frequency Minkowski modes.

As a reminder let us consider the Minkowski modes. In[L.3] we had that the scalar field can be
expanded over the modesﬂ:

o= | dplae a0y = )
e 0
= /o dp [dpe_ip(t_w) + &;ei”(t—x)] + / dp [dpeip(t+“f) + &Le_“’(t”)]

—00

The integration variable in the second integral is then changed from p — —p, however, since this
is for p < 0, which means A = |p| = —p, then this is just changing the integration variable to A,
while in the first integral A = |p| = p. These two integrals can be combined to give:

_ A d\ [&pe—i)\(t—z) + d;[)ei)\(t—;c) + &pe—i)\(t—i-z) + d;[)ei)\(t-‘r;t)]
— / X [ape™ " + ale™ + a,e™ + af e (2.29)
0
These are the right and left moving modes in Minkowski co-ordinates.
Now we need to analyze the RHS of and as complex functions. This is made clear by

writing these modes in terms of the light-cone co—ordinatesﬂ v=t+xand u=1t—x . Then by
considering the Fourier transforms of these functions:

iw iw iw iw 1 R .
ae(r—t)e =aa(—u)e = by h(N)e=d\ (2.30)
a —0o0
iw iw iw w 1 R .
aa(—x—t)a =aa(—v)a = by h(X)e ™ d\ (2.31)
™ —00

We can notice that if it happened to be the case that for A < 0, 71()\) = 0. Subsequently these
modes would in fact be sums of positive frequency Minkowski modes. Using some complex analysis
it will now be shown that this is indeed the case for (z —t)@ and (—z —t)%.

2Here we use the notation of p being momentum and A\, = |p| the frequency for the Minkowski co-ordinates to
distinguish from the Rindler momentum £ and frequency wy.

3We can see from this that the ability of these modes to be written in terms of light-cone co-ordinates is the key
factor that lets us construct proper Minkowski modes
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2.5.1 Complex Analysis Trick
We begin by stating the following theorem (See theorem 19.2 of [16]):

A function is a combination of only positive frequency modes iff as a

complex function it is analytic and bounded in the lower half complex plane.

Why this theorem is true is discussed in appendix[A.1.8 The theorem provides that if as a complex
functions and are analytic and bounded in the lower half complex plane then they must
be combinations of only positive frequencies, i.e. 71(/\) =0, V A < 0. This is all that is needed to
prove these are “good” modes. This begins by writing the in the following way. Following [9]
we notice that is essentially the same function with u < v:

Now since this considers u as a complex number, there is the issue that the function In(—u) is
multi-valued. To fix a branch cut is applied and hence the way in which we rotate around the
origin is picked. Since we are interested in just the real parts of u and the lower half plane it
suffices to say that we want to pick the branch cut in the upper half plane. We can expand In(—u)
in polar co-ordinates as follows:

In(—u) =In| —u| +40 +i(2k — 1)m (2.32)

Here, In | — u] is the single valued natural log that acts on real numbers, as the magnitude of u is
real. 6 is the angle of w in the complex plane and it is the i(2k 4+ 1)7 that gives this function its
multi-valued nature. Note we are used to seeing this as 2k, i.e. an addition of an even multiple
of 7 since k € Z. However, the analytic function chosen is expected to have Ln(1) = 2n7 (n € Z),
which happens when ©v = —1, since in this case it is the lower half complex plane we are interested
in. This corresponds to |u| = | — 1| = 1 and § = —af} in polar co-ordinates. This results in
In(1) =In|l| —ir +i(2k — 1)mr = ((2k — 1) — )7 = 2(k — 1)m = 2n7 (setting n = k — 1), which
would not be the case if an even multiple was chosen for addition.

With this established the simplest case &k = 0 is then chosen, so that our single valued function
is:

arom

In(—u) =In|—u|+i(0 —7), 0¢€ (—7, 5)

(2.33)
With this choice of restriction on 6 it is clear that the branch cut is along the imaginary axis in
the upper half complex plane as needed. With this choice it is possible to check that:

aTez;ln(—u) _ a7623[1n|—u|+1(9—7r)]

i In i12i(0—m)

Is now clearly bounded in the lower half plane as e’s ™I=“l is purely oscillatory and e is
bounded as # is bounded. Finally a version of In(—u) has been constructed that is analytic. As
well as this the exponential function is analytic, and the composition of analytic functions is itself
an analytic function. Hence, we have function that is analytic and bounded in the lower half

4This means rotation is clockwise through the complex plane, # = m would be a anti-clockwise rotation in the
upper half plane.
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complex plane. This is all we needed to confirm that the h,(glg) are “Good” Minkowski modes as
they are functions of positive frequency modes only.

As a final note it is Clear that the choice made to get a single valued log in [2.33] helps av01d an
ambiguity. In and [2.21| we have the factor (— 1)’1‘: which can now be calculated using |2

(_1)—% _ omi%In(=1) _ =i [In|-1[+i(0—m)] (u,v=1 = 0 =0)

— e (2.34)

2.6 Unruh Temperature

At this point_almost everything needed to perform the calculation is accounted for. Recall as
discussed in , what we are looking for is a relation between the the Rindler b,(gl) and Minkowski
¢ creation and annihilation operators. This can be achieved by expanding the same scalar field ¢
over the Rindler modes as in and the newly constructed Minkowski modes in [2.26;

¢ = / dk kgk +bk 9 —|—b(2)g +bk gy, )}

:/ dk[ D 4 D0 Dy Th(2)*}

- [ () e )

2 2 _mw (1)« w (1
—i—c()(g,(c)%—e ag(_,Z)—i—C,(g) <g,(§) +e ag(_,zﬂ

The KG inner product [A.7] can be used to 1solate the creatlon and annihilation operators. From
the first expansion of ¢ it is clear that (gk, L) = , but if this calculated using the second
expansion we see that:

1 / /
by = (9, 0) = ——— (V00 — ) + e %5k + 1))

27w

l—ea

1 mw
— L (e ) (2.35)

l—e

Where relations [A.8 and [A.9] have been used. Similar identifications can be made for the other
operators.

Now we are able to perform the calculation. Returning to our opening thought experiment we
have a Rindler observer accelerating in Region I of the space time and we want to know what this
observer would see if they accelerated through a Minkowski vacuum [0;/). What they “see” can
be quantified by the expectation value of the particle number operator, which in this Region is
just (Ni) = (0n] b,(gl)Tb,(:) |0a7). Then using our above calculated and remembering that since

the hk1 %) modes are perfectly valid Minkowski modes, then the creation and annihilation operators

(1) O

¢, and ¢, " interact regularly with the Minkowski vacuum |0y/), in that ¢ 1047) = (0n] c,(:)T = 0.
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This means:

(N = (O] b T05" 10ar)

1 W TW
— T (Op| (c,(gl)T + e*Tc(_Q,D (c,(;) + e’Tc(f,)j) 10ar)
— e a
27w
e a 2 2
== (Onr| 2T J0n)

Then seQeingQas c,(;) z;nd g,(:ﬁ satisfy the commutation relations , we must have that, (0| c,(f)c,(f)T 05) =
(Ourl 67, 67"+ ¢7ei? 0as) = 6(0) (One] [00r) = 5(0):

6(0)

<Nk>=€a T

(2.36)

This divergent factor is due to the fact that we are considering the volume of an unbounded space.
If instead this calculation was repeated in a finite box, the momenta k& would be discrete and the
factor 6(0) would be equal to the volume V. This can be seen from the fact that the delta function
arises from §(k — k), where k is the momentum. If this is expanded through the integral definition
of the delta function, which must be an integral over space as that is the conjugate of momentum:

5(0) = / e k=k) = / de =V
v v

Where we are still in one spatial dimension so the volume is a length, but the result holds in
higher spatial dimensions. What we should really concern ourselves with is the number density of
particles defined as:

= = 2.37
() = 5 = (2.57)

This is the occupancy number for a Planck distribution with temperature:

T=— 2.
. (2.38)

So an accelerating observer will see the Minkowski vacuum as a thermal bath with a temperature!
Returning to SI units and restoring the factors we get that this temperature is:

ha

= ~ 4.055 x 107%q [K
2mck % a [K]

For any reasonable value of acceleration (must be in m/s? ) this temperature is tiny, hence why it
has been so hard to experimentally detect.
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Chapter 3

Hawking Radiation

3.1 Introduction

The Unruh affect, while in flat spacetime teaches an important lesson about QFT in curved space-
time, that being that the idea of the “vacuum” and “particles” are observer dependent quantities
rather than fundamental concepts [6]. Hawking Radiation as will be shown is a similar phe-
nomenum. Here, two different notions of a vacuum arise, due to their natural co-ordinates being
different. This time however, the difference in co-ordinate systems arises, not just because one
observer is accelerating, but due to the geometry of spacetime as the presence of a black hole gives
rise to an event horizon.

The approach taken for the Unruh affect made use of the ease of calculation in directly con-
structing Minkowski modes and the ability to show that they are “good” positive frequency modes
that cover all of spacetime. In the case of the Hawking radiation, this is not so easy. So a
more general approach will have to be taken that will rely on some tricks to get around direct
calculations.

The scenario we will be considering is the same as Hawking in his original paper [13]. This
scenario consists of a massless scalar field in the classical spacetime background of a spherically
symmetric dust cloud that collapses to form a Schwarzschild black hole. It will be found that if no
particles were present at past infinity, (i.e. there was a vacuum), then a distant observer at future
infinity will observe a spectrum of particles, owing to the fact that the spacetime close to the black
hole, where the particles appear to come, has a different notion of a vacuum to past infinity.

3.2 Wave equation

In flat space-time the wave equation [y = 0 was utilized, for our massless scalar ﬁeld[]. In order to
generalize this to curved space time we need to look at the Lagrangian. The scalar Klein Gordon
field was discussed in [I.I.T} These KG fields satisfy the KG equation [I.1], which has the following

!Note in this section we use ¢ to refer to the scalar field to avoid confusion with the azimuthal angle ¢.

- 929 _



Quantum Aspects of Black Holes in de Sitter Spacetime Chapter 3. Hawking Radiation

corresponding Lagrange density:

1 1
L= 3 0" — §m2ap2 (3.1)

It can then be recalled that in order for a theory to be transported to curved space time, two
things need to happen. First we need to make sure that our Lagrangian is a scalar. That is, it is
invariant under co-ordinate transformations, that may have different determinants of the metric
g. We showed in section [2| that in order for the volume element to transform like a tensor we need
to multiply it by \/m . This means in the action we have:

S:/ﬁd"x%/\/|g|£dnx

When we translate to curved spacetime. Note that in the Minkowski case \/m = 1 and the
Lagrange density is the same as above 3.1 The second thing we need to do in curved spacetime
is to take our laws of physics in flat spacetime and replace the partial derivatives with co-variant
derivatives. This makes the equations tensor equations and means they account for any curvature
of space. This means our Lagrange density becomesE|:

1
L= 5\/m (QWVMSOVVSO - m2§02) (32>

We show in appendix that in curved space-time the equations of motion for the action with
a Lagrange density £, varied with respect to a scalar field ¢ are:

oL oL
()
dp 9 (Vyup)
We can easily then compute from that % = —/lglm?p and &~ = \/|g|g"'V .87 =

(Vo)
V1919"°V . Which mean the EoM are:

1

Vidl

It can be shown (see appendix [B.1.6)) that this first term is equal to:

0o ( !glg“avuso) —m*p =0 (3.3)

1

Vidl

So we can see with this extension of the definition of the I operator to ¢**'V,V, E| we get the same
EoM for a massless scalar field that we had in flat space-time Uy = 0.

0o ( Iglg“"VusD) = g"' V.V, =0p

2Note that we are choosing the case of minimal coupling, meaning there is no term linking ¢ to the Ricci scalar
R, so no back reaction of the field on the metric.

3You can see this is indeed an extension, as in the absence of curved spacetime this reduced to partial derivatives
as normal.
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3.2.1 Schwarzschild Wave Equation

We can now plug in the Schwarzschild solution |1.7}into ﬁ@o < lg] g“Uqub> = 0. Using the fact
g

that the determinant of the metric is ¢ = —r*sin” @, term by term this is:

Opp 1 9 2M sin @ 1
2 il 1222 =
at ( (1 _ g) ) + 7,2 ar (T ( r ) a’r‘@) 1 689 ( 6990) + a¢ ( 9 Sln ead)@) 0

We can recognize that the last two terms give us the familiar angular equation for the spherical
harmonics. This motivates us to make the ansatz:

o= 1, Yim(0,0) (34

Where we have added the factor of 1/r is added to make things simpler. We can then plug this in
to our wave equation:

Yim Yom 2M f f
1 _¥)a§f+ —5 0 ( (1—7)8 M)+ 5V oY =0 (3.5)

Where Vj , = =50 (sin00y) + = 505. The spherical harmonics satisfy:

sm@
Vi.Yom = —L({ +1)Yop, (3.6)

Where ¢ is the angular quantum number, ¢ must be a non-negative integer and —¢ < m < ¢. In

appendix we show that when we use the tortoise co-ordinate r* reduces to:
2M 2M 00+ 1
— O f+OAf—(1— + (£+1) f=0
r r3 r2

[0} + 0% —V(r)] f=0 (3.7)

We will see when we go too look at the radiation from the black hole the two ranges of r we will be
interested in, will be  >> 2M and r ~ 2M. In both cases we can see that, V(r >> 2M) = 0 as
the 5 and 12 vanish, and V(r ~ 2M) = 0 as here ( %) ~ (0. This means in the two regimes of
mterest when using the tortoise co-ordinate 7*, the solutions to the the wave equation, for f(t,r*),
are just plane waves.

3.3 Hawking’s Calculation

We will now proceed to outline Hawking’s original calculation [15]. The setup we will be describing
is shown in a Penrose diagram in Figure 3.1} As outlined before what we will be measuring is the
spectrum of particles that appear at future null infinity, which is denoted .#* in Figure In
the conformal Penrose diagram light rays still travel at 45° ﬂ Hawking used this fact to trace a
light ray backwards in time, starting at some point on future null infinity .#* back to r = 0, where
the light ray bounced of the center of the star and traveled all the back to some point past null
infinity .# . This path is denoted by the co-ordinate v as can be seen in [3.1, The latest possible
path is denoted by vy, this path traces out the event horizon at r = 2M before propagating to
future time-like infinity.

4By “light rays travel at 45°” we mean lines of constant phase are always at 45°. In appendix we outlined
that lines of constant phase represent the direction the waves are traveling in
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r =20 it

[/

Figure 3.1: Penrose diagram of the collapsing star. Curved line shows the exterior of the collapsing
star. Line labeled vy is the latest possible light ray that could escape the collapsing body, this is
at 7 = 2M, v is the general light ray that escapes. i*(7) is future (past) time-like infinity, ° is
spatial infinity and .#+(7) is future (past) null infinity. ﬁ

3.3.1 Field Expansion In The Past

We now want to figure out how the fields can be expanded in the two limits we are interested
in. The first limit is far outside the collapsing body in the past (close to .#~). This is where we
expect the incoming ray to come from. Here, the scalar field ¢ that we will be talking about is only
comprised of ingoing solutions. This is because these modes are the only modes that can reach the
black hole and become relevant for the thermal spectrum from the black hole. The outgoing modes
on .~ never near the black hole. As outlined in these ingoing modes are characterized by
having constant v = t + r*. We can then write down the positive frequency modes of energy w,
which we know from the ansatz and the wave equation [3.7], will asymptotically take the form:

677,0.}1) }/Em

fwocr\l/a
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Where we have added the 1//w as we expect the normalization via the scalar product to involve
such a factor, but we have neglected the overall normalization factor as it is constant and unnec-
essary for or following procedure. We can then expand the the scalar field ¢ over these modes,
for all frequencies. Note that we can use frequency here as our integration variable instead of the
momenta k as we are only dealing with inward moving modes, which have k£ < 0, so there is no
ambiguity about w = 4|k|. This means ¢ takes the form:

o / s [anf + b f] (3.8)

Where the coefficients a,, and a] are interpreted as creation and annihilation operators on %~ as
long as the modes are normalized with the KG inner product [A.7] with (f,, fo/) = 6(w — &').

3.3.2 Cauchy Horizons

When talking about where particular modes of a field come from or where they are defined, it is
often useful to talk about a Cauchy surface. A Cauchy surface is a surface which intersects every
past and future causal curve. For time like curves it must only possible to intersect once. This is
important for defining our fields as if we want to form a complete set of mode solutions, we need to
be able to define their boundary conditions for all possible time-like and null paths. This condition
is satisfied by a defining the boundary conditions on a Cauchy surface! As every time-like or null
curve must intersect it.

3.3.3 Field Expansion In The Future

This understanding of Cauchy surfaces raises an issue for the defining of our scalar field ¢ in the
far future. We are unable to simply use .# " to define the boundary conditions of our modes as we
did with .~ as due to the presence of the black hole, .#% is not a Cauchy horizon as there are
now time-like and null paths which enter the black hole and never end up on .#*. This means in
order to construct a proper basis we need to consider the Cauchy horizon .+ N H', where H" is
the black hole horizon denoted with » = 2M in Bl

It is then clear to us that it is the modes that end up on .#* are outgoing modes characterized
by u and the modes that end up on H' are ingoing modes characterized by v. This means for
the future expansion we need two sets of modes. Let us use p, to denote outgoing modes and g,
for ingoing modes. With this we can expand our scalar field ¢ over this basis, once again using
frequency w as our integration variable:

= / dw [bupe + cogu + bLpL + L] (3.9)
0

Since p,, are the modes that propagate to .# 7, it is the expression of these modes in terms of
the past modes on .#~, f, and f, that we are interested in. As these lead to the thermal emission
spectrum. Since the p, modes are outgoing, they are characterized by having constant w. This
means asymptotically on £, these modes take the form:

1
ry/w

—iwy
€ Im

Po X

We will now go on to see how we can compare these modes to the modes of the past.

SNote that the fact that the star appears to come from a single point in the far past is an artifact of the conformal
mapping.
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3.3.4 Comparison Of u and v

The question we need to answer is how the vacuum in the far past, outside the collapsing body
compares to the vacuum in the far future far from the collapsed black hole. We can recall that for
the Unruh affect the way we quantify this is by calculating the expected particle number, which
may not vanish for the annihilation operators of the far future. To check that this holds for the
black hole case we need way of comparing the modes in the future with the modes in the past. To
do this we follow what Hawking did as mentioned earlier. If we trace the path of a null geodesic,
from .#* back to where it bounced of » = 0, and back out to .#~. We can see that the geodesic
started out as an incoming mode characterized by a certain value of v, but after bouncing of the
center of r = 0 it becomes and outward traveling mode characterized by having a constant wu.
What we need then to know is how these values of v and u are related.

To do this the natural approach is to lean on our diagram in Figure|3.1] From this diagram it
may appear that these distances are the same and that simply u(v) — u(vg) = v — vy ﬂ However,
this will give us the wrong result as due to the different curvature of space-time in these regions
we have to measure distances differently. To appropriately compare distance we need to measure
the paths affinely. In principle we can parametrize a curve in space-time by any monotonically
increasing function, however there is only a certain subset of these parameterizations that also
preserve the geodesic equation that make these curves geodesics. The affine parametrization in
the past far from the collapsing body may not be the same as that close to the black-hole’s horizon.

r =0 i+

\\
v = const

Figure 3.2: the

To find out what the two affine parameterizations are we need to solve the geodesic equation, in
the two regions. The first region, in the future close to the black hole. For this calculation we can
make use of the Eddington Finkelstein co-ordinates, as we are measuring the separation of u(v)
from the horizon, the line of measurement will be along an ingoing null geodesic with v = const.
This is shown in Figure This means in the co-ordinate system x* = (u, v, 6, ¢) described in
[1.2.7, we will have v,0, ¢ constant and only u will vary. With this we can see that the tangent

"We can immediately see that this is wrong as although v will be some finite value for the incoming geodesic,
since u(vp) is on the horizon r = 2M, it cannot be finite, since u(vg) must blow up as u(r = 2M) — co.
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vector to our curve parametrized by the affine parameter A is V# = df; = (jﬁ(, 0,0,0) and satisfies:
VyVY =VEV, VY =0
d p
5’ VY + Vi Ve
d2 v dm , dx°
A2 d)\ Lo d\ =0

du :

We can see that the since only Ciz =

is for v = 0. This corresponds to:

is non-vanishing, the only interesting one of these equations

Pad | det o de? P def L, de

PR N U VIR e Ll s

The Christoffel symbol ')y = —1 f’(r) is calculated in appendix , where f(r) is defined in .
This means the geodesic equation results in the following differential equation for u, where we

denote differentiation wrt A with a dot: © = ilh/(
1
i — §f’(r)u2 =0 (3.10)

If we want to solve this ODE we need to be careful as r will depend on A, so f’(r) is not a constant
along this geodesic. We can resolve this issue by finding some constants of the motion involving
r. From our discussion in section we know that if we have a geodesic z#(\) and the metric
has a killing vector &, then the scalar quantity @L%, will be conserved. Since this is a scalar, this
must hold for all co-ordinate systems.

We can for instance take the Schwarzschild metric [I.7, which clearly is independent of of the
time co-ordinate ¢. This means as we discussed in section [B.4.4] that the vector £ = 9, must be a
killing vector of this metric. This means along our geodesic z#(\), there is a constant:

x , dzt dt
éuﬁ —f guuﬁ - _f( )5 = —FE = const

Where we have used the fact that the components of & must be £ = §;. We also know that by
definition this geodesic has v =t + r* = const,which means we can write:

dv B dt  dr* dr dt 1 dr

N N T N R T P
dr dt

_ = _ = —E fr—
= - f(r)d)\ const
This is a useful result that will now let us solve this ODE |3.10l If we let g = %¢ = @ we can write
B.I0 as:
A dg 1df , _
= =03~ 3a9 =0
dg 1 1df d\ dg 1 /
_—— = —— _— = —— d
7 INg  2drdr :>/92 on )Y
1 1 du FrN\
_Z - — = |e— A1
= g—l—c 2Ef(r) = = <c QE) (3.11)
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We can fix this integration constant ¢ by simply requiring that A remain finite as we approach
r = 2M, (clearly this must be the case if dr/d\ = const) this way since we know u(r = 2M) = oo,
then we must have that 2%(r = 2M) = co. This can only happen for ¢ = 0 as then f(r =2M) =0
and the whole term goes to oo as needed. So we have ¢ = 0.

We can use the fact that dr/d\ = —FE = const to write: r — 2M = —FE\, which fixes A\(r =
2M) = 0. This lets us write:

1 oM\ ! oM Lo — e oM
—(1-==) =(1-—2"_) =2"_"_1

f(r) r 9M — E) —EX B\
With this we can see that the ODE B.11] is reduced to:
du B 2F B aM
dx — f(r) A

:>u:2E>\—4Mln( A )
—C

Where we have absorbed the constant of integration into the logarithm. C; > 0, so that the
argument of the logarithm is positive, as A < 0 (this can be seen as we must have that A — 0~
if du/dX is to go to +00 on r = 2M). In the region close to the black hole, A << 1 = u =

—4M In <%Cl> This means solving for the affine parameter, we have:

A= —Cleiu/[lM

We can see that letting C; = 1 gives us the Kruskal co-ordinates we had in [1.2.8] Meaning these
are the natural co-ordinates for describing geodesics near the event horizon.

In the second region in the past, far from the black hole, spacetime is approximately Minkowski.
This means the metric reduces to ds? = —dudv + r?dQ? so we can clearly see that in the co-
ordinate system a* = (u,v,0,¢) the Christoffel symbols with lower indices u or v will vanish as
the derivatives of the metric vanish for any indice involving w or v. This means for the v =1 =wv
component, the geodesic equation, ##V 2" = 0, reads:

.1 2.1 2
PV — e — dx* Oz _ d“z _ d*v _0
d\ Oxt  dN2  dN\?
— v=a\+b

We can fix the constant b by requiring that the ingoing null geodesic vy which results in the
outgoing geodesic that co-insides with the horizon r = 20, and since in this region we fixed A = 0
this means that b = vg. With this we can finally we can equate the two affine parameters A\ to get
our relation between u and v:

u(v) = —4M In (”&;:) (3.12)

Where we have relabeled the constant a — Cy > 0. We do not need to specify these constants as
they do not impact the following calculation.
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3.4 Comparison Of Modes

We now are in a position to compare our modes in the past, far from the black hole, with the modes
in the future, close to the black hole, where outgoing particles appear to be created. Through
and we have two sets of modes that we can expand our scalar field ¢ over. Then because these
modes satisfy the same equation [Jp = 0 and are orthonormal sets we can express the modes in
terms of the other. This means the outgoing modes pq in terms of the ingoing modes f, EL via:

Pa = / du [aQw’fw’ + /BQw’fij’]
0

Since these two modes have the same dependence on 1/r and Y}, as well as the same overall
normalization factors, we can ignore these and just write down:

1 —iQu /OO dw’ [ —iw'v + 5 iw'vi|
—C = Q€ w' €
NG 0o Ve LY ¢

e*™v and integrate from —oo to oo we find in the plus case:

We can then multiply by 5 5

_ dU/ e —iv(wFw') _ < dw' O[le(s(WiW) %
0o V' 0

e v(wtw’) dw 0

/d“/ T = | fﬁ““’a(”w/):{‘%

Meaning we can concisely write:

AQw 1 w [ —iQu i
I el d U wv
ﬁm} QW\/Q/OO ve e

Note that we have changed the upper bound of the integral from co — vy, as although the functions
Qqu, BQw are in principle not functions of v and v, we know physically they will have a cut off
relationship, where by they vanish for any geodesic with v > vy, as these cannot escape the black
hole. This change does not affect the above integrals as we only removed parts that were already
0. We can then use our relation between u and v from [3.12] to write:

\/7/ doetion Z4an(”0 ”)
Qw 27'('

We can then make a change of variables to s = F(v — vp):
I Jw ; ® UMQIn (=)
o, = —4 [ =€ dse "%e G102
“ 2\ Q /0‘

1w _; 0 s AAMQIn( =5
e L [T [ gt
2\ Q oo

We can now analyze these integrals in the complex plane. For agq, we can see that the integrand
has no poles in the lower complex plane, so we can take as a contour a quarter circle that goes from

8Note from here on, we use w to denote the frequency of the incoming solutions and € for the frequency of the
outgoing solutions.

- 30 -



Quantum Aspects of Black Holes in de Sitter Spacetime Chapter 3. Hawking Radiation

0 to 400, then around in an arc to —ioo and back to 0. The integral around this closed contour
must be 0 as there are no poles. Then seeing also that the integrand vanishes on the arc of the
quarter circle as e = e~@Re(s)ewIm(s) " hich vanishes as Im(s) — —oo, the integral along the
negative portion of the imaginary axis must be the same as (minus) the integral along the positive
part of the real axis. This means we can makes the substitution s’ = is and get:

)

. 0 ’

? w ! G AMQIn( <

o, = —— Z etwvo dslews e (C’102
21\ Q oo

We can repeat the exact same procedure for (g, this time however, the quarter circle is on the
other side of the lower half complex plane. This is once again equal to the integral along the
negative portion of the imaginary axis. resulting in:

-/
—1S8

, 0
i Jw o, ;
Bow = =—1/ =€ " ds'e”s M9 in(e5)
2\ Q oo

We then have to deal with the complex valued logarithm. To do this we can pick the standard
branch cut along the negative real axis, that is In(z) = In|z| + 6. This means:

In i) _ In 15 _m
CiCy) C1Cy 2

In —_iS/ =In —‘S/| —1—2'—7T
CiCy) C1Cs 2

Meaning we can write:

. 0 /
LW 1 i4MQIn( S
gy = —— Z ptwvo 62MQ7T / ds'evs e (Clc2)
2\ Q oo
i W iwvg ,—2MQn ’ 1 ws' i4Man( 1+ )
Baw = =—1/ =€ “"e ds'e* e G102
2\ Q oo

From which we have the nice result that:
‘OCQw|2 — 687TMQ|/BQLU|2

This result can then be inserted into the frequency form of the relation (derived in appendix
B.3.1), with £ = k" and thus Q = Q"

/OO dw [0y, — BawBa,] = 0(2 — )

0

— / deo [Jva|? — Bal?] = / ol B [ — 1] = 5(0) (3.13)
0 0

We show in appendix that the form of the expectation value of the number operator using
Bogolubov transformations is just the integral of |Bq.|? over w. This means we can manipulate

B-13] to get:

00 0(0
(Nq) = /0 dw| Bou|* = eSTrM(—Q)_l
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We can get rid of the §(0) in the same manner that we did in section by arguing that we have
been considering all of space and this divergence is related to the volume of space considered. The
physically meaningful quantity is the number density:

(3.14)

This is once again the occupancy number for a Planck distribution with temperature:

1 K

- 8t M - 2T

Where k = 1/4M is the surface gravity of the Schwarzschild black hole.
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Chapter 4

Anti-Evaporation

4.1 Introduction

We will now turn our attention to Raphael Bousso and Stephen W. Hawking’s 1997 paper titled
“(Anti-)Evaporation of Schwarzschild-de Sitter Black Holes” [3]. As the name suggests this paper
builds on Hawking’s previous work on the evaporation of black holes by analyzing the stability of
a specific type of black hole, namely a Schwarzschild de Sitter black hole. This is just a regular
Schwarzschild black hole immersed in a de Sitter background. In this space time it can be shown
that the metric gives rise to two horizons, one is the original black hole horizon and the other is a
cosmological horizon that arises due to the expansion of the universe.

Bousso and Hawking study in particular, the scenario where the black hole horizon is near its
maximal mass meaning the black hole horizon is close to the same size as the cosmological horizon.
The degenerate solution where the two horizon are the same is known as the Nariai solution. In the
limit where the black hole is slightly smaller then the cosmological horizon Bousso and Hawking
studied the evolution of the black hole horizon due to quantum effects. Their model includes the
one-loop effective action in the s-wave and large N approximation. Meaning they add effective
action terms to incorporate the quantum effects due to the presence of a large number of fields.
In analyzing the stability of the black hole, they find that when perturbed from the maximal
size there is in fact a stable mode that returns the black hole to the Nariai point, hence the title
anti-evaporation. However, the presence of other modes that are not stable leads them to conclude
that this solution is overall unstable to evaporation.

4.2 Schwarzschild de Sitter Metric

We now look at the aforementioned Schwarzschild de Sitter metric, which is is a combination of
the two metrics, [[.7]and 4.1 This is the most general spherically symmetric metric which satisfies
the Einstein Hilbert action with a cosmological constant [1.18] The metric takes the form:

20 A dr?
ds® = — <1 — T — §T2) dt? + 1—2—“——%7“2dr2 + T2d92 (41>

- 33 -



Quantum Aspects of Black Holes in de Sitter Spacetime Chapter 4. Anti-Evaporation

Here p is a mass parameter H that controls the size of the black hole. We can see that y can range
from 0 < pu < ﬁ, with this upper bound corresponding to the degenerate Nariai limit.

To parametrize the behavior of the solution close to the Nariai limit, Bousso and Hawking
followed Ginsparg and Perry [11] in writing the following co-ordinates. First they parametrized p

by 9u?A = 1 — 3€2, then defined the co-ordinates:

1 1 1
t=—=1h, 7=—=|1—ccosy— =€ 4.2
o = 1oy - ¢ (42)
In these co-ordinates the metric can be shown (see appendix |C.1]) to take the following form for
first order in e:

1 2 1 2 1

A <1 + € cos X) sin? ydi® + I <1 — gecos X) dx® + A (1 — 2ecos x) dQs (4.3)
This metric [4.3] is obtained by expanding up to cubic order in epsilon. We show in appendix
that at this order f(r) = sin®1 (1 + %e COS X) €2, so we can see there are two horizons corresponding
to x = 0, which is the black hole horizon (as then r < %) and y = 7 which is the cosmological

horizon (as then r > \%A)

4.2.1 Two Dimensional Model

In their paper Bousso and Hawking reduce a four dimensional model to a two dimensional model.
This is based on previous papers in which simple 1 4 1-d black hole models had been studied with
the introduction of evaporation [5] [17] [17]. Bousso and Hawking obtain their two dimensional
model by starting with the regular 4-dimensional Einstein-Hilbert action (with the addition
of scalar fields), before integrating out the angular variables to obtain a 2-d action. In using this
action Bousso and Hawking make a spherically symmetric ansatz for the metric that takes the
following form:

ds* = €* [—dt® + dz”] + e *%dSd, (4.4)

Our goal in this section will be to motivate the choice of this metric based on the expansion near
the maximal mass given by the metric [4.3]

Embedding Co-ordinates
In the maximal black hole case ¢ = 0] here the metric reduces tof}

1
ds® = I [— sin® xdi® + dx* + d€)] (4.5)

We can then proceed to manipulate this metric further by defining z = cos y = x = arccos(z)
then we have that:

dz dz?
dX:—:>dX2:1 3
—z

V11— 22

LAll though it is not straighforward to define mass in asymtopically de Sitter space times, it can be shown that
this parameter u is exactly mass [8].

2We should note that we are not fully setting e — 0 here as this would make the new time co-ordinate 1) — oo.
This is better thought of as taking the metric to the next leading order, i.e. ignoring any contributions of O(e).

3If we were to make the time co-ordinate euclidean, i.e. g = 1), then this metric becomes exactly S! x S2.
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And sin y = V1 — 22, so we can write as:

1 1 dz? 1
2 _ Lo oy L L
ds® = A(l 2%)dy +A1—z2 +AdQQ (4.6)

This looks very like the de Sitter space metric , except for the lack of a 22 term in front of
dS)y. We can still use the fact that this is similar to the de Sitter metric to write the first two
co-ordinates as an embedding in a 3-d space, as we discussed in [1.3.2] If we define:

1—22 . 1— 22 Z
Xo =1/ 1 sinh¢), Xy =4/ A cosh 1), X2:K (4.7)

With these X, X* = ¢ and it can be shown (see Appendix |C.1.1)) that dX,dX* matches the first
two terms of [4.6

Global Co-ordinates

Since this places our first two co-ordinates into an embedding like de Sitter spacetime, we can
then proceed to use the transformations that apply to de Sitter space time. Following Hartman
in [12] we can define what are known as global co-ordinates, which are called global as they cover
the entire hyperbola. These are defined as:

L —Lcos y :L
ﬁsmh(\/KT), X, = v h(VAT)G, X, 7

Where here ¢;, i = 1,2 are co-ordinates on the one sphere S!, i.e. 4, =sinwx, 7, = cosz so that
>, 47 = 1 which implies Y, §;dy; = 0. These co-ordinates clearly satisfy the necessary condition
X, Xt = % and their differentials are given by:

X, = Cosh(\/KT)gjg

|
dXy = cosh (\/KT) dT,  dX; = sinh(VAT)gidt + = cosh(VAT)dj;

Which means this part of the metric is:

—dX2 + dX? + dX2 = — cosh?(VAT)dT? + sinh®(VAT) (2 + §2) dT>
——

1

0
+ % sinh(V/AT) cosh(vVAT) M + %coshZ(\/KT) (di? + di2)

= —dT? + %COShQ(\/KT)dZEQ (4.8)

dz?

Conformal Co-ordinates

With this we are almost at the form of 1.4} what is left is to make these two co-ordinates conformally
flat. We can achieve this from the above global co-ordinates in the following way. Again following
Hartman we can define the following co-ordinates:

cosh(VAT) = ﬁ = 1/ coiQt — 1 = sinh(VAT)
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Which means:

\/_— smh(\/_T) sin tdt = dT = sin ¢

cos2t VAcos2t [ 1 - \/K cost

Plugging this in to the global co-ordinate metric we get:

1
—dT? + + cosh® (VAT )d® = [—dt* + da”]

Acos?t

Since we have shown this 2d metric is the same as the first two terms in we can finally write

fully as:

1
ds* = —dt* + da*] + —d 4.9
* 7 Acostt [ tar ] * AP (4.9)
This is the exact form of [£.4] and we can see that near the maximal point we have that:
1 1
2% = 2= 4.10
¢ Acos?t’ © A (4.10)

This will be useful as a starting point for introducing perturbations later. But for now we will
keep the exponentials.

Relation Between y and z

We should also notice that in the above co-ordinate system =z is the co-ordinate on the one sphere.
This is because x is the angle that we wrote our co-ordinates g; on the one sphere in terms of. In
fact if we write down both the co-ordinate transformations involving the embedding co-ordinate
X1, we see that:

— 22 1

— sin y cosh¢) = cosh VAT sin x
= siny =asinz, a >0

Where we have remembered that z = cosz = /1 — 22 = siny and that § = sinz. Since
cosh w,cosh(\/KT ) > 1 this means y and z are closely related and more importantly have the
same value at the horizons at ¢ = 0 as then a = 1. The black hole horizon located at x = 0 has
sin(y = 0) =0 = sinz = 0 must also corresponds to x = 0 and the cosmological horizon at
X =7 = sin(x = m) = 0 must also correspond to x = 7 as  must have increased and 7 is the
next possible root of the sin function.

We are now ready to use this metric to write down the action.

4.3 Classical Action

4.3.1 Dimension Reduction

As stated earlier Bousso and Hawking start with the 4-dimensional Einstein Hilbert action with
a cosmological constant with the addition of N different free scalar fields denoted f;. Being
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free fields they only have a kinetic term in the Lagrangian so the action takes the following form:

1 1
S = 16—7T/d4x\/—_g R—2A — 5;(Vfi)2 (4.11)

Here (Vf)? = ¢" (V. f:) (V. fi). Many different scalar fields are introduced as later it is useful to
take some limits involving large N. As discussed in section [4.2.1| an appropriate ansatz for the
4d metric is 4.4 The next step is to integrate out the spherical co-ordinates on the 2-sphere, to
do this we first need to notice that the only part of the above action that depends on the
angular co-ordinates 6 and ¢ is the determinant of the metric g. From [.4 we can read off that the
determinant of g is:

g = det(g,,) = —e*e *?sin*0

This means that the angular part of the above action integral is:

2w ™
/ do / sin 0df = 4n
0 0

It appears however that in order to make their model more akin to the 2d models Bousso and
Hawking rescale the gravitational constant to account for this 47 so that the action still has an
overall factor of 1/16m. This is what the factor would be if a 2d model was considered from the
start. To make it clear when we are talking about the 2-d metric and the 4-d metric we will place
a ~ on any 2-d quantities.Once the angular co-ordinates have been integrated out we are left with
only the first two components of the metric 4.4

ds* = e* [—dt* + da”] (4.12)

This metric has an 2d determinant: § = —e% = (/=g = \/—gsinfe >*. Also in reducing the
action form 4-d to 2t-d the value of the Ricci scalar R changes to R. We show in appendix via
Mathematica that for the two metrics and these Ricci scalars (R and R respectively) are:

R =2¢* + 66 [(0,0)* — (0:0)%] +4e™ [02¢ — 0} | +2¢7* [0} p — O2p]
R=2e7%[0}p— 02p] (4.13)

= R=R+2* —6(Ve)® —4de  [0}¢ — 92¢]

Where we have used the fact that since in the metric |4.12} €% = gy = oo = ¢ = ¢°* = %
(as the metric is diagonal) which implies that (V¢)? = g**(0,0)(8,0) = e~ [(9,6)> — (0:¢)?].

With these considerations the action can be written as follows after integrating out the
angular co-ordinates:

N
R+2¢* —6(Vg)? —de * [0}¢ — 02¢] — 2\ — %Z(Wy)? (4.14)

=1

_ L e Sre2
5_167r/dx\/§e

Where we can notice that we don’t have any change to the scalar fields as we are not interested
in any angular effects of these fields so we can assume they are all in the first spherical harmonic
(the only spherically symmetric one) such that the derivative wrt to 6 and ¢ vanish. This is waht
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is meant by the s wave approximation, as for low energy scattering the terms in the s orbital are
the only relevant terms.

We can deal with the middle term in this action in the following way. Writing down only this
term and remembering that /g = €2” we have:

= b oot e 00— 020)) =~k [ e oo - 20

We can then integrate each of these terms by parts picking up a minus sign:

I= ﬁ / &x [(9:0)D(e7*) = (0.0)0u ()]
_ —% / P [R) — ) e = —16% / d’ze* e [0) — 7] e
1 - ~
= [ @ /5o [s(90y]

Where we assume that the fields vanish at infinity.
Plugging this into the action we have the 2-dimensional action that Bousso and Hawking
use:

N
R+ 2% +2(Ve)? —2A — % > (V) (4.15)

=1

1
_ 2 = 29
S T6m r\/ —ge

We can now notice that the the parameter ¢ which controls the radius of the two sphere (as
r = e %) now has the form of the kinetic part of a scalar field. This scalar field is known as a
dilaton field and appears in many instances where certain co-ordinates are integrated out, as is
done in many compactification schemes in string theory.

4.4 Effective Action

In this section we discuss the motivation for Bousso and Hawking’s addition of an effective action
term to the action .15 This addition is an alternate way of adding quantum effects such as
evaporation to our model. We saw in Chapter |3| that a semi-classical treatment of a scalar field
in the presence of a black hole gives rise to radiation, but the derivation we used made the
approximation that the black hole mass stayed constant through out the evaporation. This model
had no way of accounting for back reaction [ and in turn was only able to posit that the mass of
the black hole decreased because energy was leaving the system. The approach we outline below
introduces quantum effects through the energy momentum tensor, which ensures that evaporation
is associated with a flow of energy, allowing for a description involving a back reaction.

4.4.1 Conformal anomaly

If we want to introduce quantum effects to our action in then instead of using the classical 7},,, we

should instead deal with its expectation value (7},,). When we quantize fields, like the ones already

4Note by back reaction we mean the process by which evaporation actually changes the background geometry
of the spacetime, by say changing the mass of the black hole.
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introduced in our action, we formally find that the value of (7),,) is divergent. Hence there is a
need for some sort of re-normalization scheme to get rid of these infinities while obtaining finite
and physically meaningful results. There are several possible re-normalization schemes, we will see
that in an earlier paper [2] Bousso and Hawking use a method known as zeta function method. Tt
turns out that when we re-normalize the expectation value of the stress energy tensor in this way,
the process introduces a non vanishing trace to the stress energy tensor; g"*7T,, # 0. Since this was
a quantity that vanished classically (as is showed in Appendix , we call this non-vanishing
term a trace anomaly. Since the trace of T}, was expected to vanish due to conformal symmetry,
we call this particular anomaly a conformal anomaly.

4.4.2 Path Integral

In order to to properly include the description of evaporation involving back reaction in our model
a re-normalized stress energy tensor must be included. In [7] it was shown that the amount of
radiation at infinity is proportional to the trace anomaly. Hence this is something we need to
calculate. If we want to calculate the expectation value of the stress energy tensor as part of this
radiation we cannot simply use the definition with the classical action. To have a quantum
expectation value we need to consider all possible field configurations weighted by some factor that
determines how likely those configurations are. This is given through the path integral formulation
ﬂ In this formalism the integral is over all possible configurations of the fields, the bare integral
times the weight factor can be used as a generating functional. Denoted Z; it is defined for a field
v as follows:

7 = / Dyp|e¥! (4.16)

Where S is the classical action. The path integral leads to a natural interpretation of the
classical limit of quantum mechanics, which we outline in Appendix [C.2.2]

4.4.3 Effective Action

We can then consider defining a quantity I" such that ¢!’ = Z. Taking the functional derivative of
Z with respect to g"” then results in the following:

0z oS .
— [ Dlpli——iSl¥l
Sgi / Mlégwe

0 oy O p
_5g,ulz (6 >_25g,u1/6

Re-arranging this we have:

o0 [ Dlplsme™
Sgr fD STl
2 oF [Pl - Fswe™ [ DT,
\/—_gdglﬂ/ o f’l) 625[90 o f’D[Sp]eZS[@]

5For a formal introduction to path integral formulation of quantum field theory see chapter 9 of Peskin &
Schroeder

(4.17)
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This can then be recognized as a good definition of (7},,), since it takes into account the value of T},
for each field configuration, normalized by the total amount of these configurations. Furthermore,
looking at the LHS of [4.17], we can see that this takes the exact same form as the classical definition
of the stress energy tensor [C.3] Except now the classical action S is replaced by this new quantity
I'. In this regard I' is called the effective action as it can be used to calculate the quantum
expectation value of (7),,). With this, the procedure for including quantum effects in the action
becomes clear, we simply add to our classical action this effective action, then the evaporation and
back reaction effects will be automatically included in the model. There is one caveat to this, when
this particular effective action in SI units is proportional to A, which is negligible in the classical
limit & — 0. This makes sense as the effects of evaporation are very small. One way to make the
effects of evaporation larger is to have N scalar fields, then N effective action terms will not vanish
if N is large enough to keep Nh fixed.

4.4.4 Calculation of Effective Action

From the action we can see that after the dimension reduction to a 2-d system the action for
each of the N scalar fields f takes the form:

Sp = 32% d*x+\/—ge 2 (Vf)? (4.18)

Since the scalar fields were introduced in the 4-d action they noticeably picked up a coupling
to the dilaton field ¢, through e~2?. This is something that does not happen in models that start
out as 2-d and introduce scalar fields from there. This action Sy can be written in a more appealing

way. Note that (Vf)? =V, (f@“f) — fV2f, hence the action becomes:

Y a2 o (pomr) _ o2
5= 5o | dEV e [V“<fv f) fo]
Y e (e pom ) (6020 (fOn) — o2 pe2
- R () - () (1900) 5
This first term is then just a total derivative, so we are left with:
Sy :/d%\/_—gff)f
Where:
1

e 2(Vi0) V-V

D

This form of the action is useful as it is possible to carry out integrals of the form [ D] fle=%7, when
the action is quadratic in the fields f. To carry out the integral the operator D is diagonalised
and after a change of variables what is left over is just a product of Gaussian integrals over the
eigenvalues of the operator D. This evaluates to a product of the eigenvalues which is nothing
more then the determinant of the operator D. For more details on this calculation see pg 189 of

[15]. This all means the effective action is related to the operator D via:

ol — /D[f]e—fd%\/?gfff)f -~ (detf?)# _ e#mdetb _ e#tr[lnf)]
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Where in the last line we have used the identity Indet(D) = tr[ln D]. This identifies T’ ~ tr[In D],
which in principle allows the calculation of I' though this is not straightforward. Since computing
this result exactly is difficult, it is common to expand tr[ln 15] in a Taylor series and analyse the
quantum corrections term by term, just like the Feynman diagram approach to QFT. This is why
the action Bousso and Hawking use is called the one-loop effective action as they expand to the
one loop level.

Bousso and Hawking compute the one loop effective action for dilaton coupled scalars in [2].
They do this by noticing that the trace anomaly they are trying to add to their model must only
consist of co-variant terms with two metric derivatives. There are only three quantities for the
action they are considering that satisfy this, meaning:

T = ChR + CI2(@¢)2 + ¢3¢

Where the ¢; are undetermined coefficients. In [2] Bousso and Hawking consider several scenarios
in order to calculate these coefficients, where they find ¢; = ﬁ, Q2 = —% and g3 = —ﬁ. With
this all is left to do is find the effective action that gives rise to this trace anomaly (i.e. through

4.17)). It can be shown that this is the following effective action:
* 2 ~ 11 o
W*=—— [ dx\/—§ |=R=R — 6(V¢)? R 20R
T

Bousso and Hawking then add this N copies this effective action to the classical action, one for each
of the scalar fields f considered. The middle term containing 6(V¢)2 LR is not carried through
the calculation by Bousso and Hawking as it does not contribute to the final equation |4.37] u H

i N
1 - ~ 1 ~ N
Stor = —— [ d*x/—§ [e7* (R +26% +2(Vo) 20— ) f<sz-)2> 3 (ZRDR - 2¢R>
L =1

N

Y e e N (a2 ) £ 26T )2 _ INe-2 _ LN (T f
= 1o dPx\/—§ (e 6(DR)+3¢>R+2—0—26 (Vo)? — 2Ae 22(%2)

i=1

Defining k = % and w = 2, integrating out the f fields:
1 -~ . .
Siot = / d*r\/—§ K -7 (ER) + gqu) R+42+2e72(Ve)? — 2Ae_2¢} (4.19)

4.4.5 Rendering the Action Local

The action with the addition of the effective action terms, contains the greens function of
the [J operator, which is not a local function as it contains in its Taylor expansion infinitely
many derivatives of the spatial co-ordinates ﬂ Containing infinitely many derivatives makes this
function non-local as it needs infinitely many initial conditions, which amounts to needing non
local information ﬂ In order to render this action local Bousso and Hawking followed Hayward in

6This is because it enters the equation of motion as a 3%¢ term and as can be seen from equation this term
is always of order O(e?).

"Recall that the greens function of (1 is & ~ W(S(t —t' =Lz —a'])

8Think of a lattice where the nth pomt away from the current point adds an initial condition for the nth
derivative, in this way infinity many derivatives requires you to be non-locally far away.
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[14] in introducing a new scalar field Z that mimics these non local terms. It does this by having
its equation of motion be such that when they are subbed back into the Lagrangian, result exactly
in these non-local terms

In the above action [4.19) the only non-local term is (lf%) To render this local consider the

0
following addition to the action 4.19}

1= e [ oy [z 5927 = L [ a5z (0,00 - 027
1 1

2 | 2 2 2
= [ &2 ["ZRJr [aza}} o

d2a;\/—_g[gZR+ = (02) Z} (4.20)

Where we have integrated by parts the second term and used the fact that e [02Z — 92Z] =
(0Z. In equation 4.25 we show that varying this action wrt Z results in the equation of motion
0Z = 2e~% [0%p — 9?p] = —R. This means we can use the greens function of [ to solve for Z. By
the definition of the integral operator é:

7 =__
DR

Using this we can write our S, action |4.20] as:

S, dzx\/_[ ZR——RZ] éﬁ dzx\/—_g[gzzﬂ
1

= — | Pa/—G|——=
167 g g[ R]

41

This is exactly the non local term that appears in the action [£.19] so we can safely replace it with
our ansatz for the Z action, the first term in [4.20l With this the total action is now:

St = — [ d’x\/=§ [( Sz + wgb)) R- ZNZ)? 24 272(V)2 — 20672 (4.21)

4.5 Equations of Motion

Now that we have obtained a non-local action we can begin to vary the fields and find the equations
of motion. For this we can use the curved spacetime Lagrange density equations we found in [B.3]
Since all the fields we are dealing with scalar fields we can just replace the co-variant derivative
with partial derivatives in this equation. ﬂ This means for some scalar field ¢ our EoM will take

the following form:
oL oL
— =0, | ==—=]=0 4.22
7~ (70.9) 22

Some Notation

We would quickly like to define some notation that will allow us to write cleaner expressions in the
following equations of motion. We follow Hawking and Bousso in denoting derivatives wrt ¢ with

9This is because by definition of the co-variant derivative, for a scalar function f: V,f = 9, f.
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a dot (i.e. 0,0 = ¢) and derivatives wrt z with a prime (i.e. 9,¢ = ¢'). Furthermore we define the
following shorthand:

0fog=—fg+fg, Pf=—f"+f"

These are essentially just contractions of the partial derivatives with the 2-d Minkowski metric, so
we will often denote intermediate steps of the calculations involving these terms with the Minkowski
metric 7,,.

It will also be useful to define:

5fog=fa+fq, Pf=Ff+f"

4.5.1 Lagrangian Density

Before we can find the EoM, we need to properly write down our Lagrangian. If we look at the
action and remember that /—g§ = ¢? and that per R = —2e7%9?p, then the Lagrange
density is:

L=e* [(e_% - g (Z + w(b)) (—2e7%0%p) — g(@Zﬁ +242e72(Ve)? — 2A€_2¢]

If we then remember that for any field p: (V)? = ¢"(9,0)(0,p) = e 2 [(00p)? — (Orp)?] =
e 2P(Dp)?, then we can write this Lagrange density cleanly as:

L=-2 (e—2¢ - g (Z + w¢)> (&2p) — g(aZ)2 126 1 2e729(9g)? — 2Ae2P~9) (4.23)

4.5.2 7 Field EoM

We are now ready to derive the EoM. The Lagrange density equation for the Z field as per [4.22
and Lagrangian is:

oL 5 oL 5 oL k
_:2__2 — Z = :__ZZ
oz =200 Gy T T = <a(au2)> 57

— —k0’p+ gﬁ2Z: 0

— 0’2 -20°p=0 (4.24)

Note that if we multiply this last expression by e~2” and use the fact that from[4.13} R = —2e2P9%p
and O = ¢"70,0, = e~ ?9?, then we can see that this equation can be written as:

07 =—-R (4.25)
Which we used above in the introduction of the Z field.
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4.5.3 ¢ Field EoM
For the dilaton field ¢ the EoM from Lagrangian are:

gg = 4e _2¢(82 ) — (8%p)kw + 4eX P9\ — 4e~*(0¢)*
oL op oL e —20 2 420492
50n0) de™ "0, = 0, (—8(8N¢)) =8¢ *?(0¢)” — de “?0°¢

— 4e72%(0%p) — (0%p)rw + 42PN — 4e72(9p)? — 8e (D)2 + 4e 0% = 0
Dividing through by 4e~2? we have:

(1 - %e%) 8%p — (820) + (9¢)? + €A = 0 (4.26)

4.5.4 p Field EoM

We need to be a little more careful when trying to find the equations of motion of the p field.
If we look closely at the Lagrangian density we can see that it contains 9?p which in turn
contains second derivatives of p. We usually do not expect to see such terms in our Lagrangian.
This is mainly because it was shown in the 1800’s by Mikhail Vasilyevich Ostrogradsky that any
non-degenerate Lagrangian that is a function of 2nd time derivatives or higher will lead to an
unstable Hamiltonian. Thankfully this is dependent on the Lagrangian being non-degenerate but
the Lagrangian density is degenerate (as there are no quadratic terms or higher in dp or §%p).
This means this is a constrained system and indeed the fields must satisfy constraints which are
written down in Bousso’s and Hawking’s paper [3].

While not unstable like the systems Ostrogradsky dealt with, we still have to treat our La-
grangian as Ostrogradsky did due to the presence of the 9%p term. In appendix we show
that a Lagrangian depending on such second order derivatives of a field results in the equations of
motion [C.4 Thus using yields the following:

oL oL oL
— 42—\ 4 ge2P — = 92 7
o A S0~ o) (7% + 52 +we)
oL
2 420920 o —20 2 a2, 2
0 (8(82/))) 4e™%0°¢p — 8¢ “?(0¢)° — KO Z — Kwd ¢

— (4e7 % — kw) 8¢ — 8¢ **(9¢)* — kI’ Z + 4e* (1 — Ae™®) =0
Dividing through by —4e~2? we are left with:

(1= 1) 0+ 20000 + P2 4 4% (A7 —1) =0 (4.27)

4.5.5 Constraint Equations

As mentioned before there are equations of constraint associated with the Lagrangian These
come from varying the Lagrangian wrt to the metric elements go; and gyp. i.e. these constraints
make sure the metric stays diagonal. This variant results in the following constraints:

(1= 50) (76— 25069) — 6oy = e (627 +2°7 46250 (429
(1= 55e®) (9 =90/ = 93) — b0/ = gew 27+ 27 =252 +42)]. (429)
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4.6 Stability of Perturbations

We are now able to discuss the main purpose of Bousso and Hawking’s paper, that is analyzing
the stability of perturbations to the near maximal mass limit (i.e. near the Nariai solution). In
we showed that very close to the Nariai limit the geometry of the becomes that of the metric
(4.9, comparing this to the ansatz we made in [4.4] we noticed that this gave us the relations for
the coefficients of our ansatz. We can now use these relations along with the previously calculated
equations of motion 4.24] [4.26|and [4.27] to calculate how these relations change under the addition
of quantum effects. Initially near the maximal solution, the radius of the two sphere e~¢ will
remain constant, the value how-ever will no longer be 1/v/A, similarly the 1/A in the ¢* term
(Which is the radius of the one sphere squared), will be shifted. We can solve for the changes to
these terms by the following ansatz:

1

e = ———
Ay cos?t’

e*? = A, (4.30)

The values these take will be governed by the equations of motion. Before we plug in it is useful to
consider what limits we will be taking later so as to help us define some useful parameters. Bousso
and Hawking, as we will see later, take the large N limit, where NV is the number of different scalar
fields introduced to our metric. This is so that the quantum fluctuations of metric are dominated
by these fields. Large N means the parameter k = 2N/3 is large k >> 1. While it is desired for
quantum effects to have notable change, we still want the changes to be small compared to the
whole spacetime as we are still using a semi-classical approach that does not consider any theory
of quantum gravity. Hence while & is large, b = kA will be small b << 1. It will be useful to write
our quantities in terms of b where we can so that we may expand in this parameter later on.

4.6.1 Calculating Shifts in A

We can now proceed to sue the equations of motion [£.24], [4.26] and [£.27], to calculate the values of
A; and A,. We start by noticing that we can calculate 9?p in the following way. using the ansatz
for p:

1 1 1 tant
at (€2p) = 2p€2p — p = 56_2p8t (€2p) = §A1 COS2 tat <m) = COS2 t- an : =tant
1 COS

—_— p = = A1€2p

cos?t
(4.31)

From the ansatz [£.30| we can see that p = p(t), so *p = —p+ p" = —p = —A;e?.

The Z equation of motion can be used to eliminate Z from the p equation of motion [4.27]
by replacing 0?7 with 9%p. Since the in ansatz ¢ is a constant, all the derivatives vanish so
we can neglect the (9¢)? and 9%¢ terms. Using all of this the p equation of motion becomes:

e (20°p) 440 (e — 1) = 0

R 2p A_ —
:>28p+e (A2 1) 0

Using the above derived expression for 9?p = —Ae?” we have:
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K A
——A — —1= 4.32
5 1+A2 0 (4.32)

In a similar manner the ¢ equation of motion can be written as:
(1 — %6%’) Pp+e*AN=0
— — (1= e+ eA =0
So we have the second relation:

. (1 . %M) A+ A=0 (4.33)

We now, with 4.32| and [4.33| have a system of two equations and two unknowns, which can be
easily solved. Seeing as these equations are not linear but rather quadratic, there are two sets of
solutions. However, only one of these corresponds to 1/A; > 0 and Ay > 0. The solutions are:

Ail _ SLA (4~ (w4 2)b+ /16— 8w — 2)b+ (w+ 2% (4.34)
And:
Ay = ﬁ [4 4w+ 2)b— /16 — 8(w — 2)b + (w + 2)2192] (4.35)

If we expand these up to first order in b we find that:
L1 wb 9 B b 9
A—l_A(l 4)+O(b), AQ_A(l 2)+(9(b)

So we see that in the presence of at least small quantum effects, both the radii of the one sphere

and two sphere are smaller then the classical case of \/LK

4.6.2 Perturbing Two Sphere Radius

The main stability Bousso and Hawking wish to analyze is the effect of perturbing the 2-sphere
radius e~?. Changing this radius changes the original 4 dimensional radius and in turn changes
the radii of the two horizons as we will see later. We discussed at the end of subsection [£.2.1] that
the co-ordinates y and x are closely related as they are both co-ordinates along the one sphere and
have the same values at both of the horizons. Thus for a small perturbation along the two sphere
we can consider the change in this radius as a function of the compact co-ordinate = to be very
similar as the change we see in equation In this equation when the black hole is just below
the maximal mass, the radius squared r? is, to first order in epsilon r? = ¢ = (1 — 2ecos x).
Bousso and Hawking use this fact to make the following ansatz for the perturbation along the two
sphere:

e*® = Ny [1 + 2¢0(t) cos 7] (4.36)

Where o(t) is called the metric perturbation. Notice also that this is 1/r? and that we have
expanded to first order in epsilon, hence the sign change compared to the term in We could
also make a similar perturbation of the radius of the one sphere e”, but as it is pointed out by
Bousso and Hawking, and as we will show later, this perturbation would not enter the equations
of motion for o at first order in e.
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Metric Perturbation

We can use our equations of motion for the fields to determine the form of this metric perturbation
o(t). These will give us a differential equation that we can then solve by considering different
scenarios. This differential equation is derived in appendix [C.3] The calculation is performed by
using the Z and ¢ equations of motion, and to write 027 in terms of 9?p and then in
turn 0%p in terms of the field ¢ and other terms. The p equation of motion is then used to solve
for the differential equation for leading order in €. The result is as follows:

- —1 (4.37)

Where:

_ 2y/16 — 8(w — 2)b + (w + 2)?b?
N 4 —wb

a

(4.38)

Expanding this to first order in b we find that:

a=2+b+ 0O

4.6.3 Horizon Tracing

The next step of the stability analysis is to locate the position of the black hole and cosmological
horizons. It is a little non-trivial to locate the positions of the horizons once quantum effects
have been introduced. In terms of our conformal co-ordinates x and ¢, we do not simply have
a function f(r) that vanishes at special points of the metric. Instead we can recall some other
special properties of horizons. Horizons are the points where it becomes impossible to stay at a
constant radius. Such an observer is called static and has their velocity vector u* proportional to
the vecto™] 0,.

Horizon locations

With this consideration we can proceed to find the locations of the horizons in the conformal
co-ordinates. We follow [10] in noticing that a sensible definition of the apparent horizon is where
(V¢)? becomes null. This is because when this vector becomes space-like one is inevitable dragged
to stronger and stronger coupling as in a classical black hole. Notice that in the action [4.21]
e? takes on the role of the gravitational coupling as its inverse square appears in front of the
gravitational terms.

10This is because they are stationary wrt to an observer at spatial infinity, who’s co-ordinates are the exactly the
t and r found in the Schwarzschild metric.
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Horizon Perturbation

With this condition we can see using ¢’ and ¢ from we can see that:
(V) =" [(0:0)" — (09)°] =0

e2o?sin’r — 262 cos x 0

1+ 2e0cosx

= | — =tan“z
o

This only takes place for the values of = that correspond to the horizons, there are two solutions
to this equation; £ = £ tanx. The positive solution has:

g

(4.39)

xp(t) = arctan

And will always correspond to the black hole horizon as arctan ‘%‘ < 7. To make the other solution
have z € [0, 7]t we can write — tanz as tan(m — z), then the z corresponding to the cosmological
horizon is:

o

z.(t) = m — x(t) = m — arctan

With these values of x we can find the radii of the horizons by plugging into since r = e~ 2.
This tells us that:
1

—— = Xm0l = Ay [1 + 2e0(t 4.40
rp(t)? ’ 2 [ 2e0(t)] (4.40)
Where we have defined the horizon perturbation §(t) as:
d(t) = ocosxy = 7 (4.41)
o\ 2
1+(3)

Where in the last step we have used and the fact that cosarctan = (1 + z)~1/2. |4.40| tells us
the radius of the black hole; the radius of the cosmological horizon can be found by simply replacing
§(t) with —d(t) as cos(m — arctan ) = — cosarctan = —(1 4 x)~/2. This gives rise to a smaller
T% and hence a larger radius as expected. We can also see from and that if the horizon
perturbation grows then the two horizons grow further apart, corresponding to evaporation.

All that is left to do is to solve for o(t) and plug it into the above equations to get the
evolution of the horizons. Since is a seconder order ODE, it will have two initial conditions
that need to be fixed.

e

@

Figure 4.1: Black hole and cosmological horizon separation

HRecall that we require z € [0, 7] as the horizons are initially located at # = 0 and x = 7.
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4.6.4 Classical Evolution

As a sanity check, Bousso and Hawking check the classical case with no scalar fields, meaning
k =0 (ans so b = 0 also). This implies that a = 2, making it possible to solve the ODE 4.37 Since
k = 0 it is actually possible to use the constraint equations to simplify the differential equation

M3T7 For k = 0428 reads:
82 — 26¢08p — (0¢)* =0 (4.42)

We can recall from [C.6 that (6¢)2 = ¢2 + ¢ = O(€2?) and 626 = ¢ + ¢ = 2=20=0] From l4.31

1+2€0 cosx

08T _tant. This means |4.42
14+2€0 cos x

we also have that p = tant and p/ = 0, meaning d¢dp = ¢p =
becomes:

2ecosx [§ — 0] €0 COS X 9
-2 tant + O =0
1+ 2e0cosx 1+ 2e0cosx ant +O(€)

— G —0—20tant =0

From we have, since a = 2: § = o (a/ cos®t + 1). This means & — o — 20 tant = 0 becomes:

2
a( 5 +2)—2dtant—()
cos*t

— 20 tan’t — 26 tant = 0
— o =octant

This equation fixes one of the initial conditions of the second order ODE 4.37, in that we must
now have that g = 0. We can then directly solve this equation by integrating using the u-sub
u = cost, where we find:

00

o= —
cost

We can then plug this into to find very nicely that:
el
O(t) = —8t_ — g, = const
Q V1 +tan?t
So in the presence of no quantum fields, no evaporation occurs and the horizons stay fixed in place.
As would be expected.

4.6.5 Quantum Evolution

With the classical case well understood and consistent with our expectations we can proceed to
examine the case where k > 0 and the quantum fields are turned on. When a > 0 it is very
difficult to obtain analytic expression. Instead Bousso and Hawking solve the sigma equation
in a power series in t to see what the early stages of evaporation look like. We will solve for ¢ and
hence § using a power series. It turns out that the leading, non trivial order is quadratic in ¢, so
we do not need to expand further then that for these purposes. We can make the ansatz that o
takes the following form:

1
O'(t) = 0g + Uot + §é0t2
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We can then plug this into [£.37, which to leading order fixes the value of the constant dy as it
reads Gy = op(a — 1). With this fixed, o can be plugged into to find 6(¢).

It is useful at this point to consider the possible different initial conditions. Since x > 0, the
constraint equations and [4.29no longer fix any of the initial conditions as the Z fields can now
be involved. Thus we are left with two, totally separate initial conditions for ¢ fixed by the values
of o9 and gy. It is thus useful to consider the two “modes” of excitation, that is the solutions of
o(t) where only one of oy and &y is non vanishing. These are Dirichlet and Neumann boundary
condition respectively.

Initial Perturbation

Let us first examine the same conditions we had for the classical case, i.e. o9 > 0 and ¢y = O.

With this consideration we can see that ¢/0 = m Plugging this into [4.41| we get:

&ﬂ— 7 (1+5(a 1ﬁ% (1+;m—dﬂﬁ{1—EM—dfﬁ}+O@ﬂ

\/1 (a 1)%2 2

~ {1 - %(a ~ 1Yo — 2)t2} + O

1
~ 0 [1 - §bt2:|

Where we have used the fact that a = 2 + b+ O(b*) and have ignored any terms of order b?.
This result is very surprising. What it tells us is that in this particular mode when oy > 0 and
0o = 0, the black hole horizon, when perturbed from the maximal mass, will grow instead of
shrink. Thus it can be said that the black hole Anti-evaporates! The reason this is surprising is
that as we calculated in Chapter 3, the temperature of a black hole in inversely proportional to its
mass, so as the black hole shrinks, losing mass, we expect its temperature to increase and hence
for it evaporate even faster. What we have shown here is the opposite, the black hole seems to
mediate, at least initially through radiation with the cosmological horizon; returning back towards
the maximal size. This would seem to imply that these type of black holes are stable. However,
this is not the only mode and the other modes do in fact lead to instabilities.

Initial “Push”

The other possible type of initial perturbation is when g > 0 and og = 0. This describes the
scenario where the two horizons start coincided but are given a initial “push” that make them grow
apart after some time. With this initial condition to leading order in ¢, o(t) = &¢t so 6/o = 1/t.

This means () from “ 1| becomes:

oot

§(t) = ——— = 5ot> + O(th)
1+ & i

This is very different to the previous case, once the black hole horizon is given this push, it begins
to grow and will, at least initially, mean the continued evaporation of the black hole. This means
this mode of initial conditions is unstable. If a system has at least one mode of conditions that
lead it to being unstable we are forced to call that system unstable as there is always at least one
mechanism for its collapse.
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This analysis of these two modes of perturbation conclude the main results of Bousso and
Hawking’s paper [3]. In the last section there is also a discussion involving the no boundary
condition, a cosmological model invented by Hawking along with James Hartle, that posits “before”
the big bang time was just another spatial dimension that then diverged to become what it is today.
In this final section Bousso Hawking analyse the Nariai limit in the context of this no boundary
model. They do this as a Nariai black hole is most likely to form from a pair creation process
subject to the no boundary condition. In studying this no boundary condition, they find that it
selects a linear combination of the two types of perturbations that were discussed above. Hence,
it is concluded that primordial black holes are unstable. Further discussion of this is beyond the
scope of this work.
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Conclusion

In conclusion, this project has explored and documented key aspects of quantum field theory in
curved spacetime, with a focus on black hole dynamics. Starting with the Unruh effect, accelerating
observers perceiving particle creation in a vacuum were examined, leading to the understanding
that particle and vacuum states are observer-dependent. Building on this foundation, the work
analysed Hawking radiation, demonstrating how black holes emit radiation due to quantum effects
near their event horizons. Finally, the concept of black hole anti-evaporation in the Schwarzschild-
de Sitter spacetime was investigated, where quantum corrections can lead to unexpected dynamics,
such as the black hole’s expansion after perturbations. These results underscore that even in the
absence of a theory of quantum gravity, black holes and horizons in general can be studied using
a variety of methods, each one enriching our knowledge and understanding of them and further
paving the way for future advancements towards such a theory.
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Appendix A
The Unruh Effect

A.1 Accelerating Observers

The goal here is to find the co-ordinates that best describe an constant accelerating observer. We
work in 1 + 1-dimensional Minkowski space to simplify calculations. If we have an observer at the
origin in the frame S and a constant accelerating observer (constant acceleration & in their own
frame), whose frame is denoted S’. Then the four acceleration is defined as:

d d
= gt = T
« —dTu o (v(l,v) )

From the definition of proper time we have % = 7%, S0:

o =3 | T 440, 2] = 5 [ ) (L )T 4 5(0,)7)

= (y'(v-a),y'(v-a)v + %)

dry

— — dv
Where we have used the fact that dy/dt = v3v - a. Here a = o

Then the two 4-accelerations a* and o/ = (0, k) are related via a Lorentz Transformation
which is a function of the relative velocity v:

a™ = A (v) o
In 2-dimensions a — a is a scalar, so:
i (N —w 7 (va)
K o Y v (va)v +v2a
— k= —"via +yv%a + Pa = 7a (A.1)

So the stationary observer sees the constant accelerating observer, accelerating with an acceleration
of ky~3. We can now use this to solve for the trajectories that the accelerating observer must be
following. From we have:

@_/{_3: @—d_U—H_Q
a7 Tat T a7
1 dv
— T_TOZE/_(l—’UQ)’ (U:tanh¢)

1 1 1
= /d¢ = Ew = Earctan (v)
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Where we have used the fact that 1 —v? =1 — szﬁz:i = cos}112 7= % and dv = mdw. This
means that:
d
v = d_: = tanh (k(7 — 79))
dv  dv

- Y == sinh (k(7 — 7)), (7! = cosh)
— (1) =29+ %COSh(KJ(T —T70))

This is the trajectory the particle follows with respect to its own proper time. We would also like
to know how this proper time relates to the time of the stationary observer. Returning to we
have that:

dv

= Ky, (recall: v = tanhi))

1 dv 1 TR e
kJ (1 —02?) K cosh” v

1 1
= t—ty= —/cosh tdip = — sinh (arctan (v))
K K

But we know that 7 — 75 = Larctan (v) so we can write that:
1.
t —ty = —sinh(k(r — 719))
K

These two equations describe how for how an observer with a constant acceleration x, moves
through spacetime wrt to a stationary observer with local time ¢ and position x. We can write
these cleanly by setting 79 = tg = g = 0 and relabeling the constant acceleration from k — a:

t(r) = %sinh(aT) (A.2)
2(r) = écosh(m') (A3)

A.1.1 Rindler metric

We can calculate the induced metric in Minkowski space (¢, x), due to the Rindler co-ordinates
and [2.2] by inserting them into the Minkowski metric:

ds® = —dt* + da* = — (cosh(an)e*Sdn + e sinh(ar)d€)” + (cosh(an)e®SdE + ¢ sinh(ar)dn)’
= g2 [(coshQ(Om) - Sinh2(0”7)) dg® — (COShz(m?) - SinhQ(O‘n)) dn]

= ds® = &> [—dn* + d&°] ¢t ] (A.4)

From this we can see that we consider 7 the time co-ordinate and £ the space co-ordinate. We can
use this line element to read off the components of the metric. In matrix form this is:

o= (5 ) = =7 ) (A5)
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A.1.2 Time-like Killing Vectors

We have stated already that 7 is the “time” co-ordinate for the Rindler co-ordinates, now we check
that it is indeed a time-like Killing vector. Let us first do this for Region I, i.e. using co-ordinates

and Using the chain rule since = n(t, z) we can writd'}

= %&r + ﬁﬁt = e™ sinh(an)0, + e cosh(an)d, = a (t0, + x0;)

In In
It is easy to show that the same holds for the co-ordinates and [2.5] So this expression holds
for Region II.

To check whether 0, is a time-like Killing vector we have to look at its norm. This is independent
of co-ordinate system but is most easily seen in regular Minkowski co-ords (t,x):

I

(O)"(O) 0 = Gur(0)"(0,)" = a*(—2* +t*) < 0 (In Region I & II |z| > ¢) (A.6)

Thus since the norm is always negative in Region I & II, 9, is time-like. It then follows from the
definition of a Killing vector as K* such that V(,K,) = V,K, + V, K, = 0, that 9, is also a
Killing vector as we can writd’}

Viu(O)v = Vi (900(9y)7) = 0, (—ax5f, + atél‘f)
= —a5f,5ﬁ + a§ff(5z = [aéﬁéﬁ - aéféﬂ = —V.(0y),

So 0, is a Time-like Killing Vector in Region I & II .

A.1.3 Future Directed Vectors

There is now the small issue of future directedness. For a given manifold M all vectors X,Y € T,M
the tangent space of the manifold at every point p can be split up into two equivalence classes,
given by X ~Y <= ¢(X,Y) < 0. We then call one of these classes future directed and the other
past directed. It obviously makes sense to call 0; future directed, so we just have to check when
g(0,,0;) < 0 to find out when 9, is future directed.

9(9, 0h) = 9w (0y)"(00)" = g (9y)"(6¢) = (=1)(ax)(1) = —ax

So we can see that this is future directed in Region I where > 0, but is past directed in Region
IT where x < 0. To fix this we have to use 0_, = —0, as this has the same norm as in and is
still a Killing vector, but has ¢(9,,d;) = ax < 0 in Region II.

This means our time-like future directed Killing vectors are 0, in Region I and 0_, in Region II.

A.1.4 Klein Gordon Inner Product

We can think of our expression of the scalar field ¢ in terms of the plane wave modes in as
the expansion of the scalar field over a basis. I.e. we have just performed a change of basis. But
since this is just a Fourier transform into momentum space, we are familiar with how to calculate

'From this form we can actually recognize 9, as just a times the boost vector in the +z direction, which is
expected for an observer that constantly has to boost to accelerate.
2Note that this calculation was in Minkowski co-ordinates, where all Christoffel symbols are 0.
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the form of ¢(p) (which are essentially the creation and annihilation operators) in the momentum
basis, we just have to perform an inverse Fourier transform. in this sense we can think of this
“operation of inverse transform” as an inner product over the vector space of plane wave modes
that gives us non-vector quantities, the ¢(p).

However if we change to a different co-ordinate system and the scalar field ¢ is no longer
expressible in terms of plane waves, we will need to develop a proper criteria for choosing modes
and calculating creation and annihilation operators. One thing we certainly expect from this inner
product is that it should be independent of time. So the question is can we construct a quadratic
(inner product needs to be bi-linear) combination of two fields ¢; and ¢ that is time independent.
Recall that as part of Noether’s theorem, if there exists a conserved 4-current d,7* = 0 then since
this takes the form of a continuity equation the integral of Oth component of the 4-current must
be a conserved “Noether charge”. So all we need to do is find a conserved current, or equivalently
a continuity equation for the Klein Gordan scalar field.

If we start with what we know ¢ satisfies, the Klein Gordan equation:

(0,0 +m*) ¢ =0

Now we want to get a quadratic combination, so lets multiply by the complex conjugate ¢* E] and
subtract the complex conjugate of the same :

¢*0,0") — $0,0"¢" + (¢"¢ — ¢¢") m* = 0

The second term will vanish as these are scalar fields. Notice that we can then pull out a derivative
from the first term as the cross terms vanish:

0u (070" — ¢0"¢") = 0
Which gives us a conserved current J* = ¢*0*¢p — ¢0*¢*. From this the conserved charge is:
e = [ @ a0 - o) s

Which has been constructed to be conserved. Now we can notice that since ¢pdy¢* = (¢*0p¢)*, this
is a complex number minus its conjugate, which is always imaginary. So to make this quantity real
we have to multiply by ¢. This is then naturally what we should choose to be our inner product.
It is called the Klein Gordon inner product:

(1, 02) = i/(qffao(?z — $2000}) A’ (A7)

It can be checked that if we take the time derivative of this equation it vanishes as long as both
fields satisfy the KG equation.

A.1.5 Orthogonality of Rindler Modes

Here we check that the Rindler modes defined in[2.7|and 2.8 are properly orthogonal and normalized
with respect to the Klein Gordan inner product In the 1 + 1 dimensional case, the integral

3Even if we deal with real scalar fields the expansion over modes can be complex as it is for plane waves.

- 56 -



Quantum Aspects of Black Holes in de Sitter Spacetime Appendix A. The Unruh Effect

over space, with measure d®x becomes just a single integral over the spatial Rindler co-ordinate .
So:

1 1 . 1)* 1 1 1)%
(g, gy = z/d«S [g,i) (Dy9) — 9 (3,910%)

d . ) ) ., . -, ) .

= ’L/ M—(fkwkl [ezwkn—zkﬁ(_iwk/)e—zwkm—mk§ o e—zwk/n—i-zk §(l~wk)ezwkn—zk§
W+ WK inw—wy) / ei—k) _ Wkt OV in ) /

— in(wr—wpr deet — n(wk=we') (905 (k' — k
47‘(‘\ / WEWE! c fe 47'('\ f WEW! c ( m ( ))

—5(k — )

In a similar manner one can prove (g,(f), g,(j)) = 0(k—Fk'). The product ( g,gl), g,(j)) is clearly vanishing
in Regions I and II as at least one of the modes vanish in each region. It is questionable whether
they vanish in Regions IIT and IV, but we will show later that we can construct them to vanish.
This means we can collectively write:

(g, gy = o(k — )
(9, 95y = 6(k — ) (A.8)
(9", 98" =0

A.1.6 Left and Right Rindler Modes

When we split the Rindler modes into right and left moving in [2.16| we actually solve our problem
of covering Regions III and IV of spacetime. Here is how. We want to figure out what lines of
constant phases for these modes look like as lines of positive phase represent the direction the
waves are traveling in. Think of this as following a point on a wave as it moves, if you follow in
the direction its traveling at the same speed as the wave the phase appears not to change. We
saw that in that right moving modes in Region I are functions of z — ¢, which means lines of
constant phase of this mode have x — ¢t = const, i.e. these are 45° lines with positive slope. What
this means is that in Region I right moving modes can only come from Region IV, meaning they
must have x +t < 0.

Similarly if we look at we see that these modes which are part of Region II also have line
of constant phase with x —¢ = const and thus also are 45° lines with positive slope. How ever since
these modes must be part of Region II, these modes can only occupy Regions I and III, meaning
they have z 4+t > 0.

This discussion shows that the two modes and cover all of Minkowski space and are
non-overlapping. The exact same argument can be repeated for the left moving modes, in this case
one would find that lines of constant phase have x +¢ = const and that the two modes occupy the
regions with x —¢ > 0 and x — ¢t < 0, leading again to two non-overlapping modes that cover all
of spacetime. This is that given a fixed k£ the modes g,(:’?) and g(_Q,;I) are defined in separate, non
overlapping regions, so we can write:

(9", g% =0 (A.9)
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A.1.7 Normalization of h,(:’z) Modes

Here we derive the normalization of the modes and according to the Klein Gordon inner
product as defined in . We know from the discussion of in Section that h,(:) must take the
form:

P = Alwr) gl (k) + (=1)% 9" (k) (A.10)

Where A(w) is the normalization factor, which is a function of the frequency w = wy. We can make

TW

use of the choice of logarithm which gets rid of the ambiguity by setting (—1)"« = e "o,

from For this mode to be properly normalized we must have that (h,(cl), h,(j)) =k — k') as
we had for the Rindler modes in To avoid calculating an integral we can simply use this
expression along with the orthogonality of the Rindler modes in This means:

() hiy') = Alwn) A ) (0 () e~ 5 " () L gl () e g2 (K))

= Al A" (wn) [ (98 0), 9 (K)) + 5 (927 (k) 927 (H) )|

Where here we don’t have any cross terms as gg)(k‘) and gf)*(k‘) do not overlap, as discussed in

[A.T.6] We can then go ahead and use the results of along with the property ?? of of the KG
inner product to find:

m(wptwyr)

= Al A" () [0k — k) 5 (k- )
= |A(wr) PGk — 1) [1 — 5]

This must be equal to §(k — k'), so choosing A(w) to be real and positive we find:

(A.11)

A.1.8 Complex Theorem

Here we discuss why the Theorem in [2.5.1] is true. We can think about this using the Fourier
transform, let us consider some complex function f(u), we can write down the Fourier transform
as:

f(u) = / T F(ePax

Then if f(\) is non-zero for any A < 0 then in the lower half plane (Im(u) < 0) we can split the
exponential factor into e~ = eMmWARe(w) — o(=AD(=MmwW))o—ARe(w) — pA[Im(u)|g=ARe(w) = Gp e
can see that as Im(u) — —oo this factor diverges. Since this holds for any A < 0, this condition
is sufficient and we can say that f(u) being a function of positive frequencies is equivalent to it
being analytic (as it needs to behave well, be smooth ect) and bounded in the lower half complex

plane.
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Appendix B
Hawking Radiation

B.1 Black Holes

B.1.1 Null Geodesic integral
Here we compute the integral in [I.8}

To do this we can integrate by parts, using u = r, = du =dr and v =In(r — 2M) = dv =
dr/(r —2M). This means:
t—tozuv—/vdu:rln(r—QM)—/1n(7~_2M)dr
=rln(r—2M)— (r—2M)In(r —2M) + (r —2M) =2M1In (r — 2M) + (r — 2M)
r
— 4+ 2M1 (__1) C
T+ n Wi +

.
t—tozr—i—ZMln(m—l) (B.1)

Where in the last step we have absorbed the constant into the definition of 4.

B.1.2 Eddington-Finkelstein metric

Here we show that the Eddington-Finkelstein metric is indeed [1.13] 'We can start from the tortoise

metric and notice that ¢ = 3 (u+v) and r* = 3 (v — u), so we have:

dt* = [du2 + dudv + dvﬂ

e

dr*? = [du2 — 2dudv + dvﬂ

4
— —dt’ 4+ dr* = —dudv

Plugging this into gives us the metric [1.13, If we instead want v and r we can use the fact
that %:dr*:%(dv—du) = du:dv—d—:) so:

I
—f(r)dudv = — f(r)dv? + 2dvdr
This gives us [1.12]
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Christoffel Symbols

Here we calculate the Christoffel symbol '), in the Eddington-Finkelstein co-ordinate system
(u,v,0,¢), as it is used in the calculation of We can see that the metric in matrix form

1S:

0 —1f(tr) 0© 0 0 —55 0 0
1 2
~1fe) 0 0 0 - 0 0 0
_ |72 (g™ 7
(g/w) 0 O 7,2 0 (g ) 0 0 1% 0
0 0 0 r2sin®0 0 0 0 —lrs

Using the definition of the Christoffel symbols as I',, = 297 (0, 9ar + OuGap — Ouguy), We can

2
see that:
1
Fgo = §g0a (009a0 + 09a0 — Oalboo)

_ 01 _ 2 —f(r) 1 -
=g g0 = f(r)au( 5 >_f(r)auf()

To calculate 9, f(r), we need to employ the partial derivative chain rule, Since we can write
u = v — 2r*, we can consider u a function of v and r*, this way g = PO 4 I 9 gince v is
U Oou Ov Ou Or*?

constant along this geodesic, we must have that 9,7 = 0 = 0,f(r) = 0. We can also see that

since 7* = (v — u) = (%’:)U:—l/z So we can write:
o _ Lo L (o r) = — LWy iy = L,
= 150000 = 05 (3001 0) =3 1000 =50 | B2

Where we have used the fact that 0« = f(r)d,, from

B.1.3 Kruskal Metric

Here we calculate the Kruskal metric [1.15] To do this we start with the Eddington-Finkelstein
metric then using the defining relations we find that dU = —Udu/4M and dV =
Vdv/4M, plugging these into we find:

16M*? 2M
2 _ 1 — 2 QZ
ds il < )dUdV+rd

.
M3
= —3Te—T/2MdUdv + r2dO?

Where in the last step we have used, UV = —e(=W/4M = or*/2M — or/2M (v /2] — 1)
— ﬁe”ﬂM (1 — QM/T).

B.1.4 Penrose Metric

Here we derive the metric for Penrose diagrams[1.17, To do this we start with the Kruskal metric
, then using the relations we can see that since -= (arctan(U)) = 7oz, then:

AU dU
d (arctan(U)) = 14+ U2 1 + tan? u/
= cos® u'dU
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Since the same holds for v" = arctan (V'), we can plug these into the metric to obtain [1.17]

B.1.5 EoM in Curved Space-Time

Here we want to vary the action S wrt to a scalar field ¢, noting that the action, since we are in
curved space-time, the Lagrange density L(y, V) is a function of the co-variant derivative of the
scalar field, this means when we integrate by parts, where we previously had a four derivative in
the flat space-time case, we will now have a covariant derivative. This means varying the actions
such that 05 = 0, implies:

oL oL oL oL
5S:/d4x5£:/d4x( 0o+ ——OV )z/d4 ( -0 (—))5
90" T (V)Y o~ "oV, )) "

Where we have integrated by parts the second term (Using the fact that 0V, = 00,9 as ¢ is a
scalar) and assumed the fields vanish at infinity.

B.1.6 d’Alembertian in Curved Space-Time

Here we show that the term that comes from variation of the part of the action quadratic in
the covariant derivative of a scalar field ¢, is equivalent to the extended d’Alembertian operator
O = ¢"V,V,. We will start with this term and expand, using the fact that since ¢ is a scalar
field the action of the covariant derivative reduces to the partial derivative V,¢ = 0,¢:

O = gwjv,uvu@ = guyvu(gﬂp) =g" (8 81/90 FW,8VQD>

Where we have used the definition of the covariant derivative in the last step. The Christoffel
symbols are defined as I'], = 297 (8u9ux + 0ugrw — Orgyw). This allows us to expand Oy as:

v 1 o v v v
DQP = gﬂ 3uau90 - Eg A [gM aug,u)\ + g,u, aug)\u - gH a)\g,u,u] 8090

1
= 9" 0u0p = 979" 0,910050 + 597 9" 020,00 (B.4)
Where we have relabeled the indices on the second and third terms. We can find forms for each

of these terms through the following arguments. First we establish the fact that since the metric
is its own inverse ¢"”g,, = 0¥ = const, then this means that d\(¢"g,,) = 0, this then means:

(akg )guo = _guy(gkgvo)
- a)\gua'5 = (a )gllagup — aAgW55 = _<a)\gucr)glwggp
- a)\gpa - _( )guagllp — a)\g“p - _(a/\gya)guugap (B5)

We know one of the terms will involve a dx+/|g|, we need to figure out what this term looks like
when expanded. We can see that since the metric always has a negative determinant, /|g| = /—¢:

oav/Iol = 0n [(=g7) 7] = =2 [(=g™) ] an(=g7) (B.6)
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To calculate 0y(—g~') we can use the fact that about matrices that e™“) = det(e?) which is
equivalent to Tr(In(M)) = In(detM), where In M = A and M = "M, We can then calculate [T}

O\Tr(In M) = Tr(0y(M)M ™)

OxIn(det(M)) = %t%»

(et (M)

— Tr(M~'0\(M)) = det (M) (B.7)

We can then let M = g" = det(M) = é. From [B.7| we then have that Tr(g,,0,(¢")) = %;1)
so we have:

B 1 1 1 1
M(—=g") = =90\ (9") = =gw0x(95,)9"° 9" = =97 (0r95+) = =¢" (0rGyw)
g g 2 2

Where we have dropped the trace as the repeated indices imply it (only because g, is diagonal)
and the second step here makes use of the relation Plugging this into [B.6}

1 51,10 1 )
VIol = =5 [(9)] (19" 0x(g) = 51910 Org

From this we can recognize the third term in is:

—97° 9" OrguO0sp = —=g"" O\ |9]0sp = 9" 9,/ 1910, (B.8)
V19l varl

2
For the second term in [B.4] we can use [B.Al to write it as:
979" 091000 = =97 9" 0,9 453 Ootp = —050,9°705 0,0 = —0,4"Dyp = =g Dpp (B.9)

This means plugging [B.§ and [B.9] into [B.4] we get:

1
Op = ¢""V, Voo = ¢"0,0,¢ + 0,9" 0,0 + 9" 0,V 1910,

Vol

\/%% [ lglg"” wp]

As needed.

'To see why the first calculation here holds, consider dM/M = d (Y - ,(In M)™/n!) /M = d(In(M))
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B.2 Wave Equation

B.2.1 Tortoise Wave equation

Here we derive the wave equation with the Tortoise co-ordinate r*. We show that it reduces to
the wave equation with some potential V' (r). If we divide by %ng and use , we can write:

OZ—(1—¥>_laff+%ar((r — 2Mr) {8f fD (e,

——(1—ﬂ> 0 + lr = M [ f——] [32f Of 0Ly T _le)f
r r T r T T T
B S T T

We can then change the radial co-ordinate r to the tortoise co-ordinate r* defined in [1.10} With
this the partial derivative change via:

X -1
o=, = (1 - ﬂ) 0.

dr r

-1
afzar<(1—ﬂ> aT*> (B.12)
T
) —2
(B (Y g (1220
r T r

With this we can see the middle two terms of [B.11] become:
(-2 22 o - 1) -
r
-1
) (s 2 ) e
r r r r

oM\ oM
T T

So we can write [B.11] as:

—Rf+Of - (1_2M) (2M+€(€+1)>f:0

r r3 r2

[ [0} + 8% V()] [=0 ] (B.13)

As needed.
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B.3 Bogolubov Transformations

Often we can expand a scalar field ¢ over two sets of basis modes, f; and gx:
¢ = / dk [akfk + GZfI:]

- / A’ [bk/ g + bl g;;,}

Then if both these basis modes satisfy the same form of the [J¢ = 0 equation, and are themselves
a complete orthonormal set, then it is always possible to express one mode in terms of the other:

oo
g = / Ak oo fio + B £1) (B.14)
—0o0

Here oy and (i are components of matrices. Since we are in the continuum limit these are
infinite dimensional matrices. Their interpretation as matrices makes more sense in the discrete
case.

As mentioned these two sets of modes f; and g, are orthonormal sets, meaning they satisfy
the following relations wrt to the KG inner product [A.7}

(fka fk’) = 5(k - k/)v (gkagk/) = 5(k - kI) (B 15>
(.fkafl:’):()ﬂ (gl:7gk’):0
With these we can immediately see that:
9k fir) = arwrs (grs f1) = —Brw (B.16)

(fkagk') = Qs (fkaglt’) = Bk

Where the minus on the top right term appears due to the fact that: (f, i) = —(f, fir) =
—d(k — k'), as per 77.
The bottom two expressions follow from the top two in the following way. For any two modes,

as per ??7 we have <¢17¢2)* = (¢27¢1) - (fk7gk’) - (gk’7fk)* = Oé]t/k- AISO per ??7 <¢17¢2) -
—(¢%,03) = (fr,95) = —(fi, 90)" = —(gu, f) = Bwi. This means the corresponding expansion
of fr in terms of gy is:

ﬁz/dﬂﬁwwmwm (B.17)

o0

These are Bogolubov Transformations.

B.3.1 Completeness Relations

Here we prove some useful properties that come from the above Bogolubov transformations [B.14

and [B.17 If we insert into the relation (gx, gr) = 6(k — k'):
(/ dp [Oékpfp + ﬁkpf;] ,/ dp/ [ak’p’fp’ + Bk’p’f;’]) = (5<k — kl>
— [ o [ i fanai U b) = BB )] = 8~ )
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Then using the orthogonality relations [B.15}

— / dp [apai, — BipBry] = 0(k — k) (B.18)

B.3.2 Operator Relations

From the expansions and we can retrieve expressions for relations between the two
creation and annihilation operator sets a; and by. If we take the inner product of (¢, gx) and use
the expansion of ¢ over fy:

(6, 9x) = (/_OO dk’ [ak’fk’ + asz;/} 79k)

= / dk' [ak/(fk',gk) + aL(fl:’agk)]
= / dk'/ [a,’;k/ak/ — sz/a;rc/}

Where we have used the relations in [B.16, But we could also do this with the expansion of ¢ in
terms of gg:

(6, g1) = (/ dk’ [bk’gk’ + b;t/gﬂ 7gk) = by,

o0

Putting these together we have a relation between the two sets of creation and annihilation
operators:

bk = / dk/ [azk/a/kl — sz/azl} (B19>

o0

B.3.3 Number Operator

If at least one of f; or g; correspond to frames that are not inertial with respect to each other then
we cannot expect these frames to have the same notion of the vacuum. Lets call the vacuum in the
frame described by the modes fj, |05). This means that the corresponding creation and annihilation
operators obey: a|0;) = 0 and (0f|al = 0. If the two frames do not have the same notion of
the vacuum we cannot expect that by, [0f) = 0. This means that if we calculate the expectation

value of the number operator in the frame of reference of the g, modes, <N,§g)) = (0f] glgr |0;), we
will get a non zero result. Since the expectation value of the number operator corresponds to the
number of particles in the state, this means that the observers in the frame with the g, modes,
will see the vacuum of the f; modes to have a spectrum of particles.

We can see how the spectrum of particles depends on the quantities we calculated earlier, using
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our expression for by, in terms of the a; in [B.I9

(V) = (07l gl 105)

= (0¢] /00 dk’ /00 dp |:Oékk’a};/ - Bkk’ak’] g, — Bryab] [0f)

= [ [ dptosl [y 10)
Where we have used the fact that a;|0;) = 0 and (07|al = 0. We can then use the fact that
ar and al, must obey the commutation relations [ay,al,] = 6(k — k') = (Of] aal |0F) =

(Of| 6(K" —p) + ala, [05) = (K" — p) (0f||0s) = 6(k" — p). This means that:

(N@y = / dpBip, = / Ipfi By

[e.e]

— &)= | " dplP (B.20)

[e.9]

B.4 Killing Vectors

We want to be able to quantify how tensors change at different points in space. Unfortunately
we cannot directly compare tensors at different points, so we have to take a different approach. If
we instead think not of passive transformations but of active transformations, whereby we keep
the points fixed and instead continuously change the co-ordinate system. The resulting derivative
takes the form of the Lie Derivative.

B.4.1 Lie Derivative

This continuous change of the co-ordinate system can be carried out by defining the so-called one
parameter subgroups. A one parameter subgroup of diffeomorphism Fi(z) with associated vector

field £(z) is defined to act on smooth tensors T = (T;f?”q ) of type (p, q) as follows:

l1 I i1 i
i1,enrip kiky  OY oy't Ox Ox'»
(ET)jl,-..Jq (.Z’) - fFh,...,lq (y) O e Oxia 3yk1 T 8ykp

Where y' = F/(x) = exp(t£'). o
The Lie derivative of a tensor 1" = (T;llszq) along a vector field £, can then be defined as the
tensor LT" given by:

LeTy! " = [—(ET)“-“::’.“?]
J1se0q dt J15-450q =0

We can define an explicit formula for £¢ by expanding y* = F}(z) = 2" +t£'(z) up to leading order
and carrying out the derivative. This results in:

i1...0p

11--lp _ ~a J1---Jq arz...lp . ?1...?p,1a
Eﬁj}l---jq - 5 axa + irjl---jq 8xa + + fFJI---Jq axa
iy 080 pit-ip o pit-ip g
aj2--Jq §aju J1033--Ja )2 J1---Jq=10 § 1.5q
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For 2—Tensors, like the metric g, this reduces to:

Legu = & 06 Gy + 9ov0uE” + 9uo0,8° (B.21)

We can then transport this into an expression of co-variant derivatives, using metric comparability,
which means V,g,, = 0. This way from the definition of the co-variant derivative we have:

VoG = oG — U ,gp — F,pwgup =0
V,.£7 =08 + szfp
Vufo- = aygo‘ + nggp

So re-arranging these expressions for the 4—derivative terms and plugging into [B.21] we have:

‘C{gwf = ggrgygpu + garzagup + gauvuéﬂ - gaurngp + guUVV€U - guargpfp
= govvugg + guovvgg
= Vb, + V.6, (B.22)

Where we have relabeled indices to cancel terms.

B.4.2 Killing Vector Definition

If we investigate the value of the metric along some curve generated by a vector £ and the resulting
values are the is the exact same, then intuitively we understand that there is a symmetry associated
with that curve. This can easily be quantified by the Lie derivative along this curve being zero:
Leg = 0. We say that the vector generating this curve is called a Killing Vector E| We can then
see from that the condition for the generating vector £ to be a Killing vector is:

Legu =0 = V6, +V,8, =0 (B.23)

This is often called the Killing Equation.

B.4.3 Conserved Quantities

From our familiarity with Noether’s Theorem we expect symmetries to have associated conserved
quantities. The same is true for Killing vectors. If z#(\) is a geodesic with a tangent vector
Ut = ‘Zz—; and the metric has a killing vector £&#. Then we can see that if we transport the quantity
§uUH = fu% is conserved along the geodesic:

Vu (quﬂ) =U"V, (@U“) =U" (vufu) Ur + Uygu (V,,U“)

We can then recall that geodesics satisfy, U"V,U" = 0, so the second term here is 0. Then for the
first term we can re-write it as:
1
U (V,¢§,) Ut = §U“U” (V.6 +V,6)=0

Which we can recognize is 0, as ¢ is a Killing vector. So & u% is indeed a conserved quantity along
this geodesic.

2Named after Wilhelm Killing
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B.4.4 Killing Vectors from the Metric

If the metric in a certain co-ordinate system is independent of one of the co-ords x®, then the
vector K = 0, is a killing vector. We will show why this is true now. The components of K must
be K* = ok, K, = guK” = gua~, where we have an asterisk on the a so that we do not confuse
it with a regular index. We can then plug this into the killing equation to see if the result
vanishes:

LG =V, K, +V,K, =0,K,+0,K, — 2, K,
= Oulvar + OvGpar — QFZVgUa*
= Ougvar + OGuar — 97 Goar (Oudrw + 0o — NGuw), (97 Goar = i)
= Qv + Opar — OpuGorv — OvGaru + O Gy
= 0o+ g =0

Where we have used the fact that the metric is independent of the co-ordinate o s0 9p+gu = 0.
This shows that K = J, is indeed a Killing vector. The converse of this statement is also true,
if there exists a Kkilling vector then there must exist a co-ordinate system in which the metric is
independent of one of the co-ords.

- 08 -



Appendix C

Anti-Evaporation

C.1 Near Maximal Mass Metric

Here we show how the near maximal mass metric 4.3l comes from the Schwartzchild de Sitter metric
. We start by expanding f(r) =1 — 27“ — %7’2 up to cubic order in e. We can plug in the r(y)

co-ordinate from 4.2 as well as p = 4/ 1_9—[352 to see that:

1 — 3e2 VA A
fr)=1-2y/—~ _B_A[

1 —ecosy — %62
2 V1 — 3¢ 1

2 2
=1-— CFppr— e ~3 {1 —2ecosx — 662+€2C082X+663COSX1 + 0 (C.1)

1 .12
1 —€ecosy — 662:|

For the fraction in the second term we can notice that it takes the form of a geometric sum:

1 1 = 1,
= = cosx + —€)"
1—ecosy —z€2  1—(ecosy+ ge?) ;(E XTge )

1 1
=1+ (ecosx + 662) + (ecos x + 662)2 + €* cos® x + O(e*)

1 1
=1+ecosy+ (6 + cos? X> €2 4 cos X(§ + cos® x)€® + O(e*)

We can then plug this into the expansion along with the fact that /1 — 3e2 =1 — %62 +0(e3),
to get:

1 1
firy=1-= {1 — —621 {1—|—ecosx—|— (6+0082X> 62+cosx(§+cos3x)e3}
1 2 Lio 1 3 4
~3 1 — 2ecos x + (cos X—§)€ +§cosxe + O(€")
213 3 3 3 1 1
=1- 3 {5 + (0)e + (5 cos® xy — 5)62 + (—5 cos Y + cos® x + 3 CO8X + g cos X)eﬂ + O(eY)

2
=sin? ye* — 3 o8 x(cos® x — 1)€® + O(e)

— f(r) =sin®x(1 + ;6 cos x)e? + O(e*) (C.2)

If we then look at the co-ordinate relations for ¢ and r in then we can see that:

d 1
_ W dr = ——=esin xydy

it = ——,
evA VA
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This means we can sub these expressions along with the expanded f(r) in to the original
metric [4.}

2 edy? 1 €2 sin® ydx? 1 2
ds* = — (14 = in” < I KL
s ( +3€COSX> SIUXT +A(1+§ecosx)sin2)<62 +A( +3€COSX) 2

So to leading order in e the metric is indeed given by [4.3]

C.1.1 Embedding co-ordinates

in this section we show the embedding co-ordinates match matches the first two terms of the
metric [£.6] Taking derivatives of [4.7] we see:

1 —zdz
dXy = — | ——=-sinh¢¥ + V1 — 22 cosh ¥/d
= R [ o
1 —zdz
dX{ = — cosh ++v1 — 22sinh ¢¥d
Vi {m v v w]
dX, = A

VA

So writing the combination —d X2 + dX? + dX2:

1 22dz? zdzdy)
—dX3 +dX7? 4+ dX; =— {—— sinh? ¢ + cosh ) sinh ) — (1 — 2?) cosh? Ydyp® + dz?
AT N
22d2? 9 zdzdy : 2\ i 12 2 2

+1_22 cosh w—mcosh¢81nh¢+(l—z)81nh Ydy* + dz
1 22d2?

_ 2 (1 — 22\ 2
A{ (1 —2%)dy +1_z2+dz}
1 dz?

S 1 2 2
A { (1= 2)dy" + 1— 22]

Which is exactly the first two terms in [4.6]

C.2 Action with Quantum Effects

C.2.1 Classical Trace of Stress Tensor

Here we will show that the classical consideration of a conformally invariant action leads to a
traceless stress energy tensor 7,,. An action S (g, ¢,0,¢] (suppressing derivative for brevity) is
considered conformally invariant if S[g,., ¢, 0,¢] = S[guw, ¢, 0,¢] + surface integral. Where:

Guw = Q) g ()
¢ = Q(x)¢(x)

Here €2 is some arbitrary scaling function and p a dimensionless constant. To see how ¢ and g,
vary with these transformations we can write the scaling infinitesimally as:

Qx) =1+ Az), |AMz)]<<1
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With this the variations of ¢ and g, are:

8¢ = ¢ — ¢ = pA(z)o(x)
59#1/ - g/ﬂ/ — 9w = /\(I)guu
8(0,0) = 9 — 0,6 = 0 [(1+ ) @] — 0,46 = 0,u(pAd) = 0,,(39)

With this the variation of the action S [g,,, ¢] can be considered:

s [a[955,, 08 5
O—5S—/d x {5¢5¢+5(6M¢)a”(5¢)+ 59;11/69/”}

— 4 05 _ [ﬂ})g ﬁg }
/ “K&b O 150,8)) ) °0 5g 00

Where we have integrated by parts. If we then assume ¢ satisfies the Euler-Lagrange equation of

motion, then we are left with:
0S
0= / d*x G\
59;“/ It ( )

Since A(x) is arbitrary, this implies that 65/0g,, = 0, but we can recall (see [6]) that the definition
of the stress energy tensor in GR is:

2 08
V_g(sgwj

This means the action being conformally invariant implies the trace of the stress energy tensor
vanishes classically:

T =

(C.3)

g T" =0

C.2.2 Path Integral Classical Limit

The path integral leads to a natural interpretation of the classical limit of quantum mechanics.
The exponent in the integral should be unitless so in SI units when A # 1, the exponent is 2% .
Then in the classical limit, A~ — oo and this integral oscillates very fast. This allows us to use
the stationary phase approximation to evaluate this integral. This is the idea that fast oscillating
terms such as ¢'# when integrated over add up points that are located around the unit circle in
the complex plane. This means the integral which adds up these points will tend towards 0 the
faster this term oscillates as adding up all the points on the unit circle results in the value at its
center, namely 0. The only exception to this is when the exponential happens to not be oscillating
quickly. This occurs at the points where the action S does not change much when we vary the
parameter the path integral is integrating over. In our case this is the field ¢. These points are
the only non vanishing points and hence the only points that contribute to the integral. This is
nothing more then the action principle. In the classical limit the path integral implies that the
only non-vanishing field configuration is the the one that extremizes the action. The same holds
for any expectation values like [4.17] in the classical limit the only expectation value that survives
is the energy momentum tensor for the field configuration that minimizes the action.

1Recall that the action has units of angular momentum, same as h
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C.2.3 Ostrogradsky Lagrangian

The purpose of this section is to derive the equations of motion for a Lagrangian density that
depends on second derivatives.

One Dimensional Model

Let us first consider a one dimensional classical example for a system with a co-ordinate g. We
do this to get an idea for what introducing higher order derivatives to the Lagrangian, before
examining the field theory case. If we have a Lagrangian L that is a function of both ¢ and ¢ as
well as ¢ (L = L(q,q, §)), then variation of the Lagrangian §L will contain a term of 4§ EI ie.

oL oL oL
o oL OL._.
4] aqéq—l— aq,5q+ 8(.],561

This means when we vary the action which is defined as S = [ Ldt, then we must have that:
oL oL oL
q dq ol

We can then do the usual trick of integrating by parts and ignoring the terms which must vanish
at the boundaries. We integrate the second term in the integral by parts once picking up a minus
sign, but for the last term we must integrate by parts twice hence it does not change sign. This

leaves us with:
oL d (0L d?> [(OL
5= [ |5~ (57) i ()| o

So enforcing the action principle that §S = 0 is equivalent to the following equations of motion:
oL d (0L N d* (OL\ 0
dq dt \ g a2 \og )

Lagrangian Density

We now wish to extend this to the Lagrangian density. The natural extension of a Lagrangian
density L£(¢,d,), is L(¢,0,,0,0,¢), but since we know a priori that £ = L(¢,d,, 0*¢p), where
9* = n"9,0,, we can instead proceed with this special case, as it is simpler. Following the
procedure of the above one dimensional case, the variation of L£(¢,9,,0%¢) is:

oL oL oL

oL = a_¢5¢ + W5<8“¢) + W5(3 ®)

Then just as before when we place this in the action we have to integrate by parts, with the middle
term picking up a minus sign and the last staying the same. Then imposing 65 = 0 is equivalent

to the equation of motion:
oL oL oL
0L o, (25 +a2( ):o Ca
5~ (o) +* (a0 e

2This is the same as expanding the total derivative of a multivariable function.
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C.3 Metric Perturbation

We start by calculating the form of the 9?¢ and (9?¢) terms, up to first order in epsilon. This can
be done by considering derivatives of [4.36}

9,(e%) = 20sei cos T = 206 = = — 25T
1+ 2e0cosx (C5)

sinx
0,(€2%) = —2Ase0sinx = 2¢'e*® — ¢ = __osmr
(™) 260 ¢ ¢ 1+ 2eocosx

This means that:

;T E0COST 9 y_ __ €ocosT 9
0= 1+ 2e0cosx (€, ¢ 1+ 2e0cosx +0(€) (C.6)
¢ =0(), ¢ =0
So we can write 9*¢ and (9%¢) as:
(99)° = =¢" + ¢ = O(¢")
926 b+ o €0 COS T €0 COST + O
- _ — €

14 2e0cosz 1+ 2e0cosa
ecosz G + o] 9

=—————+0(e C.7

1+ 2e0cosx (<) (€.7)

We can now use these values to plug into the equations of motion. As stated before we do not

need to perturb the one sphere radius e?” as it will not enter the equations of motion to first order

in e. However, since the equations of motion couple ¢ and p, the field p will still be altered such

that 9?p does not take on the same value we had for it earlier in the non-perturbed case E| We

will now instead use the ¢ equation of motion to solve for 9%p in terms of the other terms,

containing ¢. We can manipulate two write:

0% — (09)" — A%
1 — “EAy [1 + 2€0 cos 7]

0*p =

We can then expand this to first order in € using the above calculated values. (9¢)* = O(€?) so
we can ignore it, all that remains is to plug in 9%¢ from and expand the denominator using
L 11 1) b 0a?);

atz — a
. 1+ €oCosT MAQ
ecosz [+ o] (1-2EA5) 2
82 . —A 2p 4 O 2
P l 1 4 2e0 cosx ‘ (1 — M/\2) +0)
4
€CcosT |0+ 0 A €0COST WK
= |— 1 5 [ ] — 1 ws \ 20 _ 62p—w"i 27/\2 +O(62)
+ 2e0 cosx ( - 2) (1_TA2)

We calculate 9%p as when we use the Z equation of motion to eliminate Z from the p equation
of motion we are left with a term of the form 562¢32p, With the above calculation of 9?p this
becomes:

:‘iAQ
2

_ccoseloto] A e?[1 + 2e0 cos ] — Ae?
1+ 2e0cosx (1—% 2)

€0 COS T

WK
— A2

K292, —
Co (1— 50" 2

5 + O(é%)

3Recall we had 9?p = —Ae?’
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With this as well as , (0¢)? = O(€?) and the ansatz e* = we can write the p equation

of motion [4.27 as:

1
Ajcos?t

0= (1 LYY [1+260COS$]> ccosz[d+0] kAecosz[d 4 o]
2 1 + 2eo cos x 2 (1—A,)

1

kA
: +
cos? tA\,

"~ 2A; cos?t

A1 + 2¢e0 cos ] N ANy*Feo cosw
(1—*FAs) (1—*FAs)

[A — Ay [1 + 2e0 cosz]] + O(€?)

Some terms are not full expanded up to O(e?), so doing so we have:

B WK kg . 1 kAo A 1 A A
0=|(1 TAg) —2(1—%A2) [a—i—o}ecosx—i—cos%l oA (1—%A2)+A_1 A
kAo A 1 wrk?AZA 1 2A, 9
+eoccosx | — — — + O(e
( Al (1 — %Ag) 4A1 (1 — %AQ)Q A1 ( )

We can then make use of some relations to simplify this expression. From the second relation
between A; and As we can write that (1 - 2) = A% This allows us to write our expression
as:

= A /iAgAl
N 4A A

[_, i ] i 1 /€A2 i A A2 i A 'LU/QQA%Al 2A2
Al oA o 0| €COST cos? 1 B Al Al €0 COS T KRi\9

-

0

Where we have used the first relation between A; and As, to write “TA? + AAI — j\\—f = This
leaves us with only terms proportional to ecosx, so we can cancel them all, leaving us with, to
leading order in e:

o a
- = 5 (C.8)
o cos“t
Where:
wr?AZA 2A5
kMo + ==+
a= A rhohs
A 2A

We can feed this along with the definitions of A; and A, and into Mathematica, which
tells us that a is given by [4.38] Matching the result found in Bousso and Hawking’s paper.

41f one also perturbs the one sphere radius e??, they would find that to first order in epsilon the perturbation is
proportional to this equation, and hence does not contribute to the equation of motion.
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Dimension Reduction of Ricci scalar

nf1l= InverseMetric[g_] := Simplify[Inverse[g]

ChristoffelSymbolig_, xx_] := Block[{n, ig, res}, n=_Lengthig];
ig = InverseMetricig];
res = Table[(1/2)~Sum[ig[i, s]«(-D[g[i, k], xxIsI]+D[g[j, s], xxIkI]+D[gls, kI, xx[j]]), {s, 1, n}],

{i, 1, n}, {j, 1, n}, {k, 1, n}];

Simplify[res]]

RiemannTensor[g_, xx_] := Block[{n, Chr, res}, n=Lengthig];
Chr = ChristoffelSymbolig, xx];
res = Table[D[Chr[i, k, m], xx[11]- D[Chr[i, k, 1], xx[m]] + Sum[Chr[i, s, 1]«Chr[s, k, m], {s, 1, n}]-

Sum[Chr[i, s, m]«Chr[s, k, 11, {s, 1, n}, {i, 1, n}, ¢k, 1, n}, {1, 1, n}, {m, 1, n}];

Simplify[res]]

RicciTensor[g_, xx_] := Block[{Rie, res, n}, n=Lengthig];
Rie = RiemannTensor[g, xX];
res = Table[Sum[Rie[s, i, s, j], {s, 1, n}], {i, 1, n}, {, 1, n}];
Simplify[res]]

RicciScalar[g_, xx_] :=Block[{Ricc, ig, res, n}, n=Length[g];
Ricc = RicciTensor[g, xx];
ig = InverseMetric[g];
res = Sum[ig[s, i]«Ricc[s, i], {s, 1, n}, {i, 1, n}];
Simplify[res]]

4D-Metric:

Infel:= XX ={t, X, 6, ¢};
g={{-E*(20Ix, t]), ©, 0, 0}, {0, E*(2pIx, t]), O, 0},
{0, 0, E*(-24ix, t1), 0}, {0, 0, 0, EA(-241x, t])Sine1"2}};

RicciScalar[g, xx] // Expand

outfgl= 2 6_2 pIX, T]+2 (X, tl+gIx, t]) +6 6_2 px, €] d)(o’l)[x s t]z +2 6_2 px, €] p(O)Z)[X R t] -

4 6_2 pIx, t] ¢(0’2)[X s t] -6 @_2 pIx, t] d)(l’e)[x s t]z -2 @_2 pIx, t] p(zao)[x R t] + 4 6_2 pIx, t] ¢(2’0)[X R t]

2D Metric

k= xx ={t, x3; g={{-E*(2pIx, t]), 0}, {0, EA(2pIx, t])}};
RicciScalar[g, xx] // Expand

Oout[10]=

2 g2 PX, 1 p(0,2)[x , -2 2 Px, 1t p(Z,O)[X , 1l
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