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Preface

This report is written as part of the Student Seminar in Theoretical Physics. Its content
concerns the formation of Large Scale Structure in the Universe. We follow the outline of
[1] for the greater part, although we also rely on [2-7]. The study of Large Scale Struc-
ture formation concerns itself with how small fluctuations in, among others, the mass
distribution grows as the universe evolves. The growth of these fluctuations explains the
formation of galaxies and galaxy clusters. The theory of large scale structure formation
allows us to understand why galaxies and hence stars come into being from some small
fluctuations, which presumably arise from quantum fluctuations, but also links models
for the very early Universe to observational data arising from measurements of the cos-
mic background radiation. We concern ourselves mainly with linear perturbation theory
which may be treated analytically. Linear perturbation theory only provides information
about how density fluctuations have grown but not the eventual collapse of matter into
galaxies and stars. First we give a general overview of the process of structure formation.
The second chapter is concerned with a simple Newtonian toy model which gives us some
insights in the physical processes. In the third chapter we treat the results of the lin-
earized General Relativistical treatments of the cosmological perturbations. In the fourth
chapter we discuss a toy model for the quantum mechanical origins of the cosmological
fluctuations. Finally we remark on some observational results, although these are greatly
model dependent. These models are very complicated and cannot be treated analytically
and are therefore not part of this report. Models for the final phases of the formation of
structure that is how galaxies and stars form, are also left out although many computer

models exist which give good predictions.






Chapter 1

Large Scale Structure Formation

The scenario of large scale structure formation is widely believed to be described by
the following. Fluctuations in the density of matter (or rather energy) arise in the
very early universe. These fluctuations are generally attributed to quantum fluctuations
and were small in both length scale and density. That is dp/py < 1, if dp denotes
the variation of the average density and the average density is denoted by py. Thanks
to inflation these fluctuations blew up in size, the wavelengths could even have grown
beyond the Hubble radius, although the fluctuations in density were still small. We
note that during inflation the density p is caused by the inflaton. This implies that
interestingly enough we need both Quantum mechanics and General Relativity to explain
the formation of structure in the universe. After inflation the system relaxes and matter
starts contracting.! Contraction is solely a consequence of the purely attractive nature of
the gravitational force. In a Newtonian setting it is clear that, if one starts with a small
patch of space with an excess dp of matter, that this excess pulls surrounding matter
towards the centre of the patch. The magnitude of this force is proportional to dp. So
one has

op ~ Gdp. (1.1)

From this simple equation we already see that instability is exponential in nature, if we
ignore the expansion of the Universe and pressure effects. This initial phase of gravita-
tional collapse is well described by linear perturbation theory and the process is referred

to as linear growth of structure.

After some time the linear approximation breaks down and galaxies and stars start form-
ing. These structures form in a two step process. First the cold dark matter and baryonic
matter collapse together. This is referred to as the non-linear growth of structure. In a

general relativistic setting this step and the previous era can better be viewed like this;

LAt scales not of the size of the Hubble radius, at the Hubble radius the perturbations are frozen, see
chapter 4 for a more extensive discussion.



regions of space with excess matter expanded more slowly until eventually they contract.
In the second stage the baryonic matter loses its energy through radiative cooling so that
the matter could condense into ‘small’ clouds of gas from which galaxies and stars could
form. Dark matter particles however could not lose their energy via radiative cooling and
therefore were unable to condense into very small clouds but remained as halos around
the galaxies. This process is sometimes referred to as gastrophysical evolution.

In the following chapters we shall choose natural units unless specified otherwise. More-
over we shall sum over repeated indices, in particular in the non-relativistic treatment

we will sum over repeated indices even if both indices are down.



Chapter 2

Newtonian Theory of Cosmological
Perturbations

We shall start this chapter by describing the collapse of hydrodynamical matter in a
Newtonian setting in a fixed background metric and discuss some critical length scale
beyond which the collapse occurs. Then we move on to a semi-Newtonian treatment,
where we take the background to be homogeneous, isotropic and expanding, meaning we
take the background metric to be given by

ds* = dt* — a(t)*dx?,

where ¢ is viewed as a physical time, as usual, dx? is the Euclidean metric and a(t)
denotes the scale factor. The matter distribution evolves Newtonian via the Poisson
equation and we avoid a back reaction of the matter on the metric. The contents of this

chapter is based on [1], whose notation we shall also use, but also relies on [4].

2.1 Perturbations in Minkowski Space

We start by discussing the evolution of matter in the form of an ideal fluid in a fixed
non-expanding background. So we see matter as a perfect fluid and take gravity to be
adequately described by the Newtonian gravitational potential ¢. We denote the energy
density by p, the pressure by p, the fluid velocity by v and the entropy density by S. We
also know that the pressure is a function of the energy density and the entropy density.
The dynamics of the fluid are governed by the following basic hydrodynamical equations:

e The continuity equation

dp  Op B
dt - 815 + (Uzal)p - p(azvz)v (21)



which says that the change of energy density in a region of space must equal the
energy flowing in minus the energy flowing out.

e The Euler equation

dl)i
dt

v _
+ (911;5 = 8_1; -+ (vjﬁj)vi + @qﬁ = —p 182‘]9. (22)

This equation tells us that pressure in a small region of space is caused by fluid
flowing in the region and by a driving force, in this case provided by gravity.

e The Poisson equation for Newtonian gravity

e Entropy conservation, which is a consequence of the assumption that matter in this
toy model behaves like an ideal fluid,

as 08

E = E + (UZ&)S =0. (2.4)

As mentioned above, we assume that we are working in a fixed static background and
are thus faced with some background constants. The background energy density will be
denoted by pg, the background pressure by pg, the background constant gravitational
potential by ¢y and the constant entropy density by Sy. The background velocity is set
to zero. As the background gravitational potential is constant it is clear that

V2o = 0;0;¢0 = 0.
Although obviously
47TGp0 # 07

so that the background equations are not valid, if one only allows the ‘usual’ matter
content (we shall discuss a solution to this problem below). Thus neither the background
Einstein equations nor the background poisson equations are satisfied in this setting.
Weinberg, page 562 of [8], puts this as follows ‘The effects of gravitation were ignored in
the unperturbed “solution” ’. Jeans [9] (see in particular pages 49 and 50) has a different
method based on taking some limit of a slowly rotating nebula, but he also notes that if
certain boundary conditions at infinity are not met, ‘the only solution is py = 0’. This
problem may be remedied by inserting a density distribution with negative energy density
Pvacuum OF matter with a negative pressure (if one allows for even more relativistical
input), which does not exhibit same the hydrodynamical behavior as the other matter
component. In a General Relativistical setting this pyacuum Would be associated with a
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cosmological constant A. This may be made more exact in the following manner: we
know that, in the weak field approximation,! the following identification holds

Ry = V¢ (2.5)

and furthermore that if g,, ~ 7,, and the energy momentum tensor belongs to an ideal
fluid

Roo = 471G (pm + 3pm) — A. (2.6)

If we associate an energy density to the cosmological constant

1
vacuum — Aa
P 8¢

whose equation of state reads

Pvacuum = —Pvacuum;

we may recast (2.5) and (2.6) as

V2¢ = Ry = 47TG[(pm + 3pm) - 2pvacuum}
= 4G [(pm + 3pm) + (pvacuum + pvacuum>]
=4rG [Pt + 3pt},

where we used the index ¢t to denote the sum of the matter contribution denoted by
m and the vacuum contribution. We may now choose pyacuum and thus A such that
(pt + 3p;) = 0 and thus we satisfy the background equations. It must be noted that
this description uses explicit relativistical input, for example there is no real Newtonian
analog of a cosmological constant. We note that we may consider absorbing the pressure
associated to the cosmological constant in the background pressure py already mentioned.
It is quite natural to need a cosmological constant to construct a static Universe as we
see in classical example of the static Einstein Universe, although as we already mentioned
the introduction of such an object will remain foreign in a semi-Newtonian setting.

We now proceed to perturb the fluid variables around the background, which results in

p(x,t) = po + 0p(x, )

v(x,t) = 0v(x,t)

p(x,t) = po + op(x, 1)

P(x,t) = do + 09(x, 1)

S(x,t) = Sy +5(x,1). (2.7)

!See for example Prokopec [10].
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Inserting formula (2.7) into the equations (2.1)-(2.4) and keeping only those terms linear
in the perturbations, we see that

O(pyg + 0
% + (0v:0;)(po + dp) + (po + 9p)(0;6v;) = 0
yields
dop
dd Su, = 0. 2.
ot + po&évl 0 ( 8)

The Euler equation

8(51& _
ot + (0v;0;)0v; + 0;(do + 6¢) + (po + 0p)~ ' Di(po + dp) = 0,
yields
85’01' 1
L o6p+ 066 =0, 2.9
57+ o0+ 06 =0 (2.9)

Finally the Poisson equation and entropy conservation results in

and

dés
— =0.
dt

Letting 0; work on equation (2.9) and inserting (2.8) into the result we see that
9*5p
ot?

If we now use the Poisson equation and the equation of state

V26p — poV35¢p = 0.

6p = c2op + 068, (2.10)
with
)
- (3
dp/|g
(5¢)
g = —_
08 p’
where ¢, is identified with the speed of sound, we may rewrite this equation as
026
atf — AV26p — dnGpodp = o V258.
Realizing that
ddp  dop 9
—=—+4+0(0
o~ TO0)
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we see that we may write
op — 2V%6p — 4rGpodp = o V248, (2.11)

as we work up to first order. We see that 4nGpodp gives us a purely attractive force
which was already discussed from first principles, see equation (1.1). This attractive
force causes instabilities. There is also a nice interpretation of ¢2V2dp, this term is
caused by pressure and tends to yield pressure waves. Together with equation (2.4), this

gives us the evolution of the energy density fluctuations and the entropy perturbations.

Traditionally there are two types of fluctuations which are given special attention:

e Adiabatic fluctuation, where the entropy fluctuations are set to zero. In a ‘realistic’
multicomponent model, in the sense that the number of photons is much larger as
the number of baryons, this means roughly speaking that the density perturbations

of all baryons are determined by temperature fluctuations.?

e Entropy fluctuations, where dp = 0, but 69 # 0. Naturally we denote the total
time derivative by an upper dot.

S0k Pk

/

Figure 2.1: Typical oscillatory and exponentially growing solutions of the equations

time

of motions for some mode of the density fluctuation are depicted.

From equation (2.11) and (2.4) we see that the entropy fluctuations do not grow in time
and adiabatic fluctuations are time dependent. However, the density fluctuations do not
necessarily grow. To exhibit this we shall focus on adiabatic fluctuations and fourier
decompose the fluctuation field dp(x,t) as follows

ox d3k
sotoct) = [ i) 5

Inserting this into (2.11) we see that

Spi(t) + k20 p — 4G pydpy = 0.

2For a full treatment see page 144 of [6]
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It is now clear that a critical wavelength exists, the so called Jeans length k,

47er0 1/2
kJ = 2 )

S

such that if |k| = k < kj, dp grows exponentially, but if & > k; the fluctuations dp will
oscillate. So more explicitly the solutions read

dpx = Axsin (1/c2k? — 4nGpot) + By cos (1/c2k? — 4xGpot)

for k£ > k; and

/22— /2K —
5[71(:141(6 czk 4wGp0t+Bk6 czk 47er0t7

for k otherwise. We note that for sufficiently large ¢ we may ignore the decaying expo-
nential modes. The oscillatory and decaying solutions are depicted in figure 2.1.

2.2 Perturbations in Expanding Space

We shall now improve our derivations in the previous section by letting the background
expand. Still we do not allow for a reaction of the matter fluctuations on the background
metric. But in this setting the background equations are consistent, a significant im-
provement on the model in static Minkowski space which where we have seen that the
background equations are very problematic in nature and even inconsistent without some

relativistical input. To be precise we now define the metric as
Guv = dlag(lv _a2<t>7 _a2(t)7 _a2(t))'

Furthermore we introduce the Hubble parameter H ()

1(t
H@:ﬁl
a(t)
The background cosmological model is described by a background energy density po(t),
note that we now allow for dependence on time, pressure py(t) and the recessional velocity
vo = H(t)x. We shall now make use of a slightly different notation for the perturbations,

to shorten the formulae, and write

p(x,t) = po(t)(1 + 6c(x,1))
v(x,t) = vo(x,t) + ov(x,t) = H(t)x + dv(x,1)
p(x,t) = po(t) + dp(x,t) (2.12)

Note that J. denotes the fractional density perturbation. Also using formula (2.10), we
insert these expressions into equations (2.1)-(2.4). Then we see the following, where we

14



drop terms beyond linear order in the perturbations whenever convenient:

dyv; + ;00 + 0; + p 1 0idp =0
0:0;v; + (01v;)(0jv:) + v;0;(0yv;) + 0;0;6 + p~ ' Ddp = 0
0y(3H + 0;0v;) + (6;;H + 0:6v;)(6;:H + 0;0v;) +
(Hzj + 6v;)0;(3H + 0;6;) + 4mpo(1 + 8.) + py 1 0:0;6p = 0
30:H + 3H? + 4nGpo + 0:0;0v; + Hx;0;(0:00;) + 2H0;0v; + 47Gpod. + py ' 0:0,6p = 0
30,H + 3H? + 47Gpy + dy0;0v; + 2HO;0v; + 471G pod. + py L0:0:6p = 0,

(2.13)
where we have defined
dy =0, + Hz;0; = 0, + v;0;,
From equation (2.1) and equation (2.2), we see that
Oyp + v;0;p + pdiv; = 0
(Do) (1 + 60) + podide + (Ha; + 0v:);(po(1 + 60)) + po(1 + 6)dv; = 0
% + 00, + Hx;0;0, + Oiv; = 0
% + 3H + did. + 0;0v; = 0. (2.14)

From the zeroth order of the above equation we deduce that

)
DP0 L 3H =0,

£o

so that
po o a”?,

consistent with the Newtonian limit of the Friedmann universe (see for a more lengthy
discussion pages 136 and 137 of [4]). The first order equation in the perturbations of
(2.14) reads

dide + 0;0v; = 0
and of (2.13)
d;0;0v; + 2H0;6v; + 4w G pod. + py ' 0;0:6p = 0.
Combining these equations we see
d?0, + 2Hd,6, — 47Gpode — py ' V2op = 0.

15



If we now use equation (2.10) which in this case reads
op = c§p05e + 08,
we see that

&5, + 2Hd,5. — 2V?6, — 4mGpod. = piv255, (2.15)
0

where V? denotes the Laplacian as usual. Naturally we retain
55 =0,

as a consequence of equation (2.4). Sometimes the result is formulated in terms of

comoving coordinates q, “coordinates pinned on the expanding background”

x = a(t)q.

In this coordinate system the Laplacian, denoted by Vg, looks different

so that (2.15) reads
25 . — Sz 5o = —2-V2
dt e T QHdt e — ?Vq e — 47TG,00 e — qu S. (216)

If we compare the equation (2.15) to the result of our derivation in a static background

(2.11) we see that we only have one additional term:
2Hdd.,

which is interpreted as a damping term. However our discussion of the Jeans length is not
dramatically influenced by this, because we have excluded perturbations of the metric.
More explicitly, if we again set the entropy fluctuations to zero we have that

d26. + 2Hd,0. — 2V?5. — 4nGpyd. = 0,
which for convenience we shall write as
O + 2Hb, — 2V, — 4nGpyd. = 0.

Fourier transforming as we did in the discussion of perturbations in Minkowski space;

5.(t) = / x5 (1),

yields
Oex + 2Hb, 3 + XK.y — 4mGpodey = 0.

16



If we now introduce the variable

Fk = aée,k7
we see that we get, using |k| = k,
By = (9 — 2K+ 47er0) Fy, (2.17)
a
so that the Jeans wavelength is now given by
47TGp0 + %
kJ - T

If we furthermore assume that

o R
a(t) =t and Py = t_QO’
we see that equation (2.18) reads
. ala—1)  4rGRy
Fk = ( t2 + t2 — Csz Fk. (218)

We know that the solutions of this equation are the product of the square root of ¢t and
Bessel functions. The evolution of d. x for some, not general, initial conditions is depicted
in figure 2.2.

Figure 2.2: Some possible evolution of d x.

Equation (2.16) may be easily extended to a system where matter consists of several
components. Let us distinguish the fluid variables of each component with an under
index A, with

Aed{l,2,... k}.
Now (2.16) generalizes to

.. . 2 k

Sea+2Hbq — SAVE 4 = > 4nGpgabos = pUA
0
A=1

V25Sa.

Aa2 q
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This equation gives some ideas about the treatment of cold dark matter in combination
with less exotic forms of matter, however a good description of relativistic gasses is not
really possible, because we have taken Newtonian limits.

From our investigations of the Newtonian treatment we already get a basic understanding
of the first steps of structure formation. We have seen quite explicitly in what way matter
contracts.

18



Chapter 3

Relativistic Cosmological
Perturbation Theory

In this chapter we will treat all the details of the calculations as we have done in the
previous chapter, because they can be found in the excellent book by Weinberg [6].
Note that we shall often use the same notation and convention of the sign of the metric
as Brandenberger [1], which differs in both notation and convention of the sign of the
metric from Weinberg [6]. In this chapter we shall, like Weinberg, always assume that
the background is a flat Friedmann-Lemaitre-Robertson-Walker (FLRW) universe.

The need to use General Relativity to describe cosmological fluctuations arises when
considering scales larger than the Hubble scale . This is the point at which the metric
will start to have real influence on the dynamics. This is made more explicit in the next

paragraphs.

We begin by expanding the metric about the FLRW background metric, which we shall
denote by g,f?)

Guv = g,g[)y) + 59;11/

We note that the metric fluctuations dg,, depend on space and time and since it is a
symmetric tensor there are at first glace 10 degrees of freedom. We shall see that not all
degrees of freedom are physical but some depend on the coordinate system we use. The
freedom to choose our coordinate system is referred to as gauge freedom in this context
and the nonphysical degrees of freedom as gauge artifacts. Traditionally the fluctuations
of the metric are subdivided into fluctuations which correspond to scalar, vector and

tensor fluctuations. To be precise we write
Sgu = 595,, + 6gL/,, + 5g51,,

where we may take 0g,, to be ether a function of time ¢ or a function of conformal
time 7, the latter will be of importance later. The subdivision refers to the manner in
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which the fields describing the perturbations in the metric transform under a coordinate
transformation of a three dimensional constant time hypersurface. We may derive that
there are four degrees of freedom which can be written in terms of scalars. We may verify

that the scalar fluctuations can always be written as’

2 —0\B —0,B N
5gS _ a2 —813 2('(/1 - 0181E) —28102E —28183E
o —0,B  —20,00E 20t — Dy0hE)  —20,05F
—0sB  —20y0,F —20;00E  2(1h — 0305 E)

with ¢, ¥, B and F scalar fields as announced earlier. We know that traditionally the
dgoo is identified in the Newtonian limit with (two times) the Newtonian potential in a
flat static background, see for example page 147 of [11]. However we have not resolved
all gauge issues for these scalar fluctuations.

The vector fluctuations make up for four degrees of freedom and we may always write

the vector fluctuations as follows

0 -5 -5, —Ss
L =5 2R R+ 0F 0+ aR
—Sy O F5 + O F) 20, F, O F3 + 03 Fy
—S3 O F3+ 03F1 OoF3 + O3F 205 F3

59;‘; =aqa

where S; and F; are two three dimensional vectors, which also satisfy

0S;  O0F;
ori  Ort

The tensor fluctuations correspond to the two polarizations of gravitational waves and

can be written as

0O 0 0
hiv hiz has
hiz haa  hos
his  hos  hss

6gfl, = a2

o O O O

where we have
oxt

Having written dg,, like this we can apply the linearized Einstein equations to each

hii = Oand

of fluctuations individually, because in linear approximation the interaction between the
terms vanishes. From applying the linearized Einstein equations to the vector fluctuations
we may derive that the vector fluctuations decay in a expanding background. So generally
they are considered uninteresting. For a more extensive discussion see Weinberg (pages
224-227 of [6]). We also may derive that the gravitational waves decouple, up to linear

1See page 224 of Weinberg[6] for the explicit argument.
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order, from matter or energy density fluctuations and are therefore not of interest to us,
again for a more extensive discussion see Weinberg (227-228 [6]). This means that we
will concentrate solely on scalar perturbations.

We shall now deal with the gauge freedom of the system. Here we must note that the
whole idea of gauge fixing might seem a bit strange as we already have chosen a coordi-
nate system on the background. According to the active view promoted by Mukhanov,
Feldman and Brandenberger [7] we can consider two manifolds the background isotropic
homogenous universe M, on which we have fixed our coordinate system by choosing
either conformal or cosmological time and the universe with fluctuations M. In this
context a choice of gauge or coordinates is a diffeomorphism between M, and M, since
we have fixed coordinates on M. To confront the issue of gauge freedom we first consider

a spacetime coordinate transformation
at — ot =t + (x)

As we are working in a linearized setting we require that ¢ is small. We now wish to

investigate Ag,, which we define as

09w () = 69, (x) + Agu(z).

Note that Ag,, is not independent of the background metric

Aguv(x) = LE]/W( )_g/w(x)
~ (9,()0—( ) + 0G0 (2))(6f — 0ue”())(67 — e” (x)) — (Orgyu) € — gi) (27) = dgpu ()
~ —g ()0, () — gl (2)0ue (@) — (Drg{) ()N (@),

where we have used that the background does not transform. We would like to con-
centrate on the scalar fluctuations so we are only interested in the transformation of ¢,
B, E and 1 under coordinate transformations. To find nice expressions we split up the
spacial part of the infinitesimal transformation vector €” into a gradient of a scalar plus

a divergence-less vector:
€ = 0ie° + EZV ,
with

7

Using this notation and conformal time we find the transformation rules of ¢, B, E' and

21



1 to be?

T _a_O_ 0\/
=0 Lo (@)
B=B+¢ — (%)
E=E—¢
~ /
b=yt e

a

where the prime indicates the derivative with respect to conformal time 7.

There are two way of dealing with the gauge freedom the first being the obvious: choosing

a gauge or defining gauge independent variables.

The Longitudinal or Conformal Newtonian gauge will be very convenient
B=F=0.

The synchronous gauge is also quite popular and sets
¢o=B=0.

The latter is quite interesting since ¢ is often identified in a flat static background with
the Newtonian potential, obviously such a one to one correspondence is no longer viable.

We shall come back to the Newtonian Potential at a later stage.
For gauge independent variables we introduce the following variables due to Bardeen[12]
1
¢=¢+—[(B—E)d
a

/

U=y =(B-E)

In the Longitudinal or Conformal Newtonian gauge we see that the gauge invariant
variables become ® = ¢ and ¥ = 1. To see what the role of the field ® is we must first

determine the equations of motion in a linearized setting.

We remember the Einstein equations of motion
G, =8rGT,,

with G, the Einstein tensor as usual, g,, the metric and 7}, the energy momentum
tensor. We prefer to work in conformal time from this point onwards. By expanding the
Einstein equation up to linear order in the perturbations of the energy momentum tensor
and the Einstein tensor we naturally see that

5GY, = 87 G 6T".

20One can find the calculations fully spelt out in Weinberg [6], however one must be really careful
because not only the notation differs, there are discrepancies in the definitions for example the ‘E’ in
Weinberg equals —2a?¢ not 2¢ as one might think at first glace.
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The components of both tensors are not formulated in a gauge invariant manner but we
know thanks to Mukhanov, Feldman and Brandenberger [7] (page 218 onwards) that one

can redefine the components in a gauge invariant manner
5GOE) = 669 + (VG (B - E)
sGYE) = 560 4 (<O>G$ - %@G‘g)ai(B — E')
3G = 5G + (VG (B - E)
and
ST = 610 + (O19)(B — E)
(5Ti0(gi) = (5Tio + ((O)TZO _ %(O)Téf) (B — E)
5Tji(gi) = (5T; 4 ((O)T;ixB — B,
where (gi) denotes the gauge invariance. We may now write the Einstein equations as
SGHE) = 8r G oTHE,
Using this we rewrite the equations of motions in a gauge independent manner
—3H(H® + V') + V>V = 47Ga?T) (3.1a)

Oi(H® + V') = dnGa6T (3.1Db)
[(2H' + H*)® + H®' + " 4+ 2HV']5

Lo 1 it
+§V2D6;. - 57““82-8;@ = —4nGadT,®, (3.1¢)

where % denotes the spacial part of the background metric, H = a’/a is the hubble
parameter and

D=o—- .

These equations may also be derived, relatively easily, in the longitudinal gauge where

O = ¢, U =1 and 67, = 6T

We may now investigate the role of ® further and relate to the content of the first chapters
in a perfect fluid setting, in this we follow [2]. To do so we consider the energy momentum
tensor given by

T, = (p+ p)u’u, — poy,
where again (2.10) holds
6p = c26p + 06.8S.
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The perturbation of T is given by

§TY = 6p

1
5Tio = a(ﬂo + po)du;
5T; = —dp 5;

Since 77 is diagonal we easily see from equation (3.1c) that ® = ¥ and one may obtain®
V2® —3H® — 3H?® = 47Ga’*Sp.

This is the generalized Poisson equation in this general relativistical setting. The field ®
is called the relativistic (Newtonian) potential. Note that we have seen that ® is gauge
invariant. From the equation (3.1) we may further derive that

" +3H(1 + )@ — 2V?® + [2H' + (1 + 32 H?|® = 47Ga’0dS.

Although this certainly reminds us of some of the results of the first chapters we are
not quite finished. To achieve a greater similarity with the results of our discussion of
perturbations in expanding space, we focus our attention on matter described by a single
scalar field ¢ with the action?

1
Sm = / d'z/—g [5(%00“90 - V(so)] (3:2)
and we expand ¢ as follows

p(x,m) = @o(n) + dp(x,n).

We derive from this that the fluctuations in the energy momentum tensor are diagonal.
In this case (3.1) reads® in the longitudinal gauge

V2 —3H¢ — (H +2H?*)¢ = 47G (%5@’ + %a%@) (3.3a)
H¢ + ¢ = 4Gy (3.3b)

d
¢+ 3H¢ + (H +2H)d = 4nG (%5@' - %a%gp). (3.3¢)

Combining these one finds

& 49 o % ¢ — V242 gt ¢ =0
“h YA

3See page 10 of [2] and [7] for more details.
4During inflation this description is actually a not unreasonable approximation as the matter contents

of the universe will be dominated by the inflaton field.
5See [7] for all details.
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One may also derive® that the equations of motion for the perturbations of the scalar
field 6 are

0?V ov
50" +2Hp — V3 5p + ——a*dp — dpp¢ +2——a’p = 0.
dp? D
If we now compare this equation to formula (2.15) with the entropy fluctuations set to

Zero
S, + 2HS, — V20, — 4rGpyd. = 0,

we see that the first terms are identical, since ¢ = ¢, = 1. We again see that there exists
an attractive force, a damping term coming from the Hubble parameter called the Hubble
friction term and a pressure term creating ‘pressure waves’. We also see the appearance
of a critical length below which we get oscillatory solutions.

This concludes our discussion of the general relativistical approach to cosmic fluctuations.

6See section 6 of the review by Mukhanov, Feldman and Brandenberger [7].
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Chapter 4

Quantum Cosmological
Perturbations

In this chapter we shall shortly discuss the quantum origin of cosmological fluctuations
for a more or less identical simplified model which we discussed in the latter part of the
previous chapter. The discussion will rely on quantum field theory in curved spacetime.
To introduce this subject we have inserted a sketchy discussion of some of the important
issues in quantum field theory on curved spacetime. This section will follow Wald [13],
but mostly use Posthuma [14], at first in discussing why the remarkable results of quan-
tum field theory on curved spacetime are unique to this field and do not arise in ordinary
quantum mechanics and then it will follow Ford [15] in introducing some of these re-
sults. The discussion of the quantum mechanical origins of the cosmological fluctuation
will follow the notes by Brandenberger [1], the article by Brandenberger, Feldman and
Mukhanov [2] and the review by Mukhanov, Feldman and Brandenberger [7] closely and
integrate these.

As we already mentioned in the introduction we need both an understanding of quantum
mechanics and General Relativity to grasp the origin of the fluctuations, while General
Relativity suffices to understand how these fluctuations were firstly scaled up during
inflation and consecuently amplified by gravitational collapse. The generation of these
cosmological fluctuations is assumed to have taken place during inflation by some models.
We shall concentrate on this scenario. The fact that we need both general relativity and
quantum mechanics to understand the generation of quantum fluctuation appears to
prevent us from dealing with this issue. However the fluctuations from the average today
are very small and thus the fluctuations were even smaller for the earlier universe and
we may analyze the fluctuations linearly. This allows for a unified treatment of both
the metric and matter fields and a very straightforward quantization. Since we will
concentrate on a greatly simplified model, as in the previous chapter we will be able to
reduce the theory to a theory of a single scalar field. We shall see that the non-static
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background will yield a time dependent “mass” of this scalar field. The time dependence
of a mass term is generally identified with particle creation which is in this case also
identified with generation of cosmological fluctuations.
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4.1 Quantum Field Theory in Curved Spacetime and
Particle Creation
In ordinary quantum mechanics one generally starts with some Lagrangian or symplectic

manifold and “quantizes” this. We will only consider the quantisation of a symplectic
vector space, in particular the coordinates may be assumed to be

q1s---,49n,P15- - -y Pn,

with the interpretation of position and momentum, and the symplectic form can be given
as

i=1

Although there are some issues with the old way of quantizing, that is “replacing Poisson

1

brackets with commutator brackets”, see in particular van Hoves Theorem," one has at

least the Stone-von Neumann theorem. To understand the statement made in the Stone-
von Neumann theorem we shall first introduce the Heisenberg group. Let (V,w) be a
symplectic vector space. We define the Heisenberg group to be

V=VxT,

we shall denote its elements by (v, z), and the multiplication by

imw(v1,v2) 2 22)

(v1,21) - (v, 22) = (1 + va, €
The definition of this group was inspired by the remark by Hermann Weil that for
(Viw) = (R? wp)
and

Ulx) = exp(izg)  V(y) = exp(iyp),

where ¢ and p are the usual quantum mechanical position and momenta operators, one
has that

U@)V (y) = ™20V (y)U ().

We shall now give the Stone-von Neumann theorem:
The Heisenberg group V has, up to isomorphism, a unique irreducible representation,

which is faithful on its centre.

'For a pedagogical review see Ali and Englis[16].
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Basically the Stone-von Neumann theorem says, see Ali and Englis[16], that the only

way to realize the commutation relations

on the Hilbert space L*(R",dr)) is by choosing,using the notation of Ali and Englis[16]
and Bates and Weinstein[17]

in(l') = xﬂ/J(?U)

and

0

pi(z) = _ihﬁxi

U(x)
This theorem clearly establishes the nature of states but leaves us with the issue of normal
ordering, as is most apparent in the already mentioned van Hoves theorem.

In quantum field theory there does not exist an equivalent theorem. Therefore the repre-
sentation of states and observables is very difficult. In quantum field theory in Minkowski
space these problems, to some extend, can be remedied by making use of Poincaré sym-
metry. However, thanks to ambiguities in the states we now see possibilities for ‘particle’

creation.?

We now become a bit more specific about quantum field theory on curved spacetime? in
particular we give a somewhat explicit example of quantum field theory in a Minkowski
space and in a non-flat space, and discuss the possibilities of ‘particle’ creation.

Consider a real massive scalar field with the Lagrangian
1 (0%
L = 5(0,00°6 = m*6* — ERS?)
where £ is a coupling constant. One easily sees that the equation of motion reads
O¢ +m?¢+ERP =0

Let f; and f, denote two solutions of the said wave equation. We now define d¥# = d¥n#,
where d¥ is a volume element in a given spacelike hypersurface and n* the unit normal
to the surface . We now define the inner product to be

(fi, f2) = @'/(f;a“f1 — f10,.f3)d%H.

2 As mentioned the concept of particle is not well defined in quantum field theory on curved spacetime,

for a full discussion see for example [13].
3In this we shall follow Ford[15] as his discussion is a somewhat simplified example of the discussion by

in section 11 of Mukhanov, Feldman and Brandenberger[7], which discusses the generation of quantum
fluctuations of the model based on one scalar field very extensively.
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This definition is independent of the choice of hypersurface ¥. We may now define
é = nt0,¢ and the canonical momentum as

oL
™= -,
0
so that we can carry out the quantization by imposing canonical commutation relations.

Furthermore let { f;} be a complete basis of positive norm solutions of the wave equation,

hence {ff} comprises the negative norm solutions of the wave equation, such that

(f5: fir) = 6; 5
(i, 1) =055
(fjvf;’) =0.

Note that {f;, fi} forms a complete basis of solutions. We now expand the field ¢ in
terms of annihilation and creation operators as follows

¢=> a;f;+alf;

with as usual [aj,a;,] = 0,. Because one has annihilation operators one also has a
vacuum. We will now consider an asymptotically flat spacetime in the past and in the
future. Let {f;} be a base of positive frequency solutions in the past and {Fj} in the

future. We may expand the f;’s in terms of the F}’s as

fi = (aFi+ B Fy)

k

and the field ¢ in terms of the f;s and Fjs as
0= aif;+aif; =D b+ bF;,
J J

with a the annihilation operators in the asymptotic past and b in the future. These anni-
hilation operators define a vacua [0)past and |0)gypure. With a Bogoliubov transformation,

one may rewrite the a;s in terms of the b;s and vice versa
a;j = aibp — Bikb}
k
bk = Z@jkak — ﬁ]*ka;
J
It is now easily seen that

<N]£uture>past = past <0|b2bk|0>p3‘5t - Z |ﬁjk|2,
J

where Nutwe — bzbk is the number operator of mode k in the asymptotic future. This
implies particle creation if 3;;, # 0 for some j.
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4.2 Generation of Fluctuations

We will firstly give a brief overview of the scenario of the generation of quantum cosmo-
logical perturbations.* At some initial time we set each fourier mode in their vacuum
state. For as long the wavelength is smaller than the Hubble radius, the state undergoes
quantum fluctuations. The accelerated expansion of the background increases the length
scale beyond the Hubble radius. The fluctuations freeze out when the length scale us
equal to the Hubble radius. Beyond the Hubble radius the fluctuations grow as the scale
factor, in classical general relativity this effect is due to self gravity.

We shall begin with the action in this case the sum of the Einstein-Hilbert action and
matter action given by (3.2)

1 1
S = /d4x\/—g[ - @R + §8Hg08”g0 — V()

We follow [1] and continue in the longitudunal gauge so that one has
ds* = a*(n)[(1+26(n,x))dn* — (1 — 20(n, x))dx’]
p(m,x) = po(n) + 501, x).

Again we have that 1 = ¢. We now wish to expand the action up to quadratic order and

write®
S ~ Sy + 6,8,

where 655 is quadratic in in the perturbations. One may derive the following expression
due to Mukhanov for 6,5

1 N "
928 = 3 / d*z[v? — 5§ 0v0v + %Uz], (4.2)

where v is the so called Mukhanov variable, a gauge invariant combination of matter and
metric perturbations

%0 }
— 5 —_
v a[@+H¢a
with again H = a//a and

_ %%

i=0
A full treatment of this calculation may be found in the review by Mukhanov, Feldman
and Brandenberger|[7], in particular the calculation of the variation of the purely gravita-

tional contribution, which relies heavily on the ADM formalism, may be found in section

4In this we again follow [1].
SFollowing the notation of [2]
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10.1, the matter part is spelled out in section 10.3. The part of the action quadratic
in the fluctuations 6,5 has the same form as a scalar field with a time dependent mass
square —z”/z. Furthermore we note that in slow role inflation H and ¢j are proportional,
so that

From this we see that
Z”
k2 = = H?,

where we have defined k% to make its role in the equations of motion more transparent.
From the action (4.2) we get that

"

V=V —"0=0
z

which reads in momentum space
vy + K*vy — kv = 0. (4.3)

Again we see a behavior similar to that in the classical setting as we have discussed when
treating the Jeans length, namely a critical wavelength where the sign in front of the

term with no derivatives switches.

From the action (4.2) we may easily proceed to quantize the theory. First we impose
canonical commutation relations

[@(777 X)? @(777 X/)] = [7%(777 X)v 7%(777 X/)] =0, [@(777 X)’ 7%(77’ X/)] = 25(X - X/)a

with the momentum

oL

71—(777 X) - %
and the delta function in normalized with respect to the metric on a time slice. Accord-
ing to [2] it is convenient to expand the operator ¢ in terms creation and annihilation

operators a; and a

A—l_ 1 d3k ik-x *( ) -4 —ik-x ( ) +

U_2(27r)3/2 e e (n)a, +e vk(n)ay |,
where again vy satisfies (4.3). As we have already noticed the effective “mass” of the field
is time dependent, this leads to the production of particles.® More generally one might

say that we expect particle creation anyway as this is quantum field theory on a curved
spacetime. This must be interpreted as follows: if i) is a vacuum state at some time

5For a more extensive discussion of particle production in this setting see for example Birrell and
Davies[18].
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to and N(t) denotes the number operator then in general one has, as we have discussed

in section 4.1 in an expanding universe,

(10| N (t)[tho) # 0.

It is important to note the existence of the critical wave length kg beyond which quantum
fluctuations become less relevant.

To connect more to the final part of chapter 3 we will now focus on the gauge invariant
potential &, which equals ¢ in the longitudinal gauge. The field & may be quantized in
the same manner as the field v, so one writes

x o 1 906 d3k * ik-x
P(x,n) = E; W[Uk(ﬁ)e
where uy () is related to vy (n) by’

uk(n) = —47TG% (%) :

z

a;, + uk(n)efik"‘ai],

We now follow Mukhanov, Feldman and Brandenberger [7] in defining the power spectrum
of metric perturbations by means of the two-point function of P
. . ° dk sin(kr
ol + v = [ I

0
where again |1y) denotes the vacuum at some time t,. Traditionally in realistic models,
the vacuum before inflation is chosen. One may derive that®

2 1 9062 273
k()2 = o )k

Here |01(n)|* characterizes the relative mass perturbations inside a sphere of radius k™!

M\
(57) ~

This provides us with some ideas about the generation of cosmological perturbations. A

squared 2]

‘generalization’of this discussion to hydrodynamical matter may be found in part II of
Mukhanov, Feldman and Brandenberger [7].

We summarize the scenario as follows. One starts at some initial time ¢y in the vacuum
state for that moment. Due to particle creation in curved spacetime we see the generation
of cosmological fluctuations at scales smaller then the Hubble radius. Through inflation
these fluctuations are blown up in size beyond the Hubble radius. Finally we simply apply
General Relativity to see how these fluctuations are amplified, as we have discussed in
chapter 3.

"See formula (13.8) of Mukhanov, Feldman and Brandenberger [7] or formula (40) of Brandenberger,
Feldman and Mukhanov [2].

8See section 13 of Mukhanov, Feldman and Brandenberger[7]. In this section spectrum of the fluctu-
ations are discussed, from which one may derive that there is a small deviation from scale invariance in
the spectrum.
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Chapter 5

Cosmological Perturbations and
Cosmic Microwave Background
Radiation

In this chapter we shall give an overview of the relation between the anisotropies in the
cosmic microwave background radiation and cosmological perturbations. This discussion
will be a short overview of the extensive treatment by Weinberg in his book [6], since the

a full discussion will take too long.

Figure 5.1: The Cosmic microwave background as observed by WMAP.

We first note that for sufficiently high temperature the constituents of matter in the
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universe are in thermal equilibrium. Furthermore the proper energy density of black
body radiation is proportional to the fourth power of the temperature, the fractional
perturbation in the temperature of the radiation coming from a direction n is one-fourth
of the fractional perturbation in the proper energy density of photons traveling in the
direction —n. This proportionality gives us a manner in which we can translate the
energy density of photons in a multi-component matter theory to temperatures observed

in the cosmic microwave background.
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Figure 5.2: The multipole coefficients for a simple model, the Photon fluid approx-
imation, where the fluid is taken to consist of only photons and matter
effects are ignored. Picture courtesy of “universe-review.ca”. A full ex-

planation may be found in [6].

According to Weinberg there exists a division between the different causes for the anisotropies
in the cosmic microwave background radiation. There are so-called recent effects such

as the motion of the earth relative to the average direction of the photons of the cosmic
microwave background radiation and the scattering of light by intergalactic electrons in
clusters of galaxies. Furthermore, there are primary anisotropies whose origins lie in the
early universe. These primary anisotropies are subdivided into:

e Intrinsic temperature fluctuations in the electron-nucleon-photon plasma at the
time of last scattering. These temperature fluctuations are, as we have seen in the
discussion above,determined by the energy density fluctuations which been have

discussed throughout this paper.

e The Doppler effect due to the velocity fluctuations in the plasma at last scatter-
ing. Velocity fluctuations in hydrodynamical fluids have been discussed in the first

chapters.
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e The so-called Sacks-Wolfe effect, which describes the gravitational redshift or blueshift
due to the gravitational potential at the moment of last scattering.

e Blue- or redshift due to gravitational effects after the moment of last scattering.
This is known as the integrated Sachs-Wolfe effect.
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Figure 5.3: Figure to illustrate the great number of models available. Picture cour-

tesy of “universe-review.ca’.

We define T to be the present mean value of the presently observed microwave radiation
temperature. Denote by T'(7n) the temperature in the direction of the unit vector 7 and

We are now interested in the value of
AT(n)AT(R'),

which has been measured. To be more precise the coefficients, denoted by C; of the

decomposition into spherical harmonics of AT (n)AT (1)

1
Cr= - d*nd*n/ P(n - 7' ) AT (R)AT(7),
T
where P, denotes the Legendre polynomial, is the data which is distilled from the mea-
surement of the cosmic microwave background radiation. These so-called multipole coef-
ficients may also be derived from various models for the contents of the universe. These
models nearly always require a vast amount of computation and mostly require (super-)

computers. We stress that there exists a great number of different models giving different
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values for the Cjs. One may find a figure which compares the results of a popular model,
the so called photon fluid approximation, with observed values. To illustrate the great
number of models available we have also inserted figure 5.3 depicting the results of a
number of models.
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