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Abstract

This project explore the possibility that the inflaton, the particle re-
sponsible for inflation, could be a composite state. The inflaton is tradi-
tionally modelled as a fundamental scalar, but only one possible funda-
mental scalar have yet been discovered, making an alternative attractive.
Working in different particle setups I will show that inflation from a com-
posite inflaton is a valid alternative to the fundamental scalar inflaton and
that it might even be a more natural way to explain an inflationary era.

I show that inflation with a composite inflaton can arise from techni-
color models and from pure Yang - Mills theories. Furthermore the scale of
the effective describtion of such theories are the Grand Unification scale,
insuring a valid effective describtion through the inflationary era. I de-
scribe three models, at this point two of them are working theories of
inflation, with one of them not yet excluded by experiments.
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1 Introduction

1.1 Paradigm of Cosmology

The ultimate question in natural science must be " Where does it all come
from?". What differs the branches of natural science is merely the area of
understanding that are imposed when searching. The most fundamental of
these natural sciences might be physics, as any other branch can in principle
be derived from the physical principles of nature. What physicist believe in I
have neigher time, space, nor the knowledge to cover it all, but I will sketch
a few things that will be come relevant for this project. The project is partly
concerned with particle physics and partly with cosmology, and even though
one might think that there is no relations between the two, due to the huge dif-
ference in size of the objects in question, there is probably as large a correlation
as one can imagine.

I will not go into details about quantum field theory, the theory which de-
scribes the smallest building blocks of nature, other than say that as tempera-
ture increases in the universe more and more of quantum field theory becomes
relevant, and the interplay of particles have huge impact on how the universe
evolves. For an introduction to quantum field theory I suggest the work by
Peskin and Schroeder [1].

For cosmology I will give a short recap of the evolution of the universe,
but I will not go into details on how this theory is supported by observations.
Moreover there are many factors I will neglect. It might be of some help to
recall to figure 1 during the following.

Imagine that we could travel backwards in time, starting from today. As we
move further and further back we experience some of the great events in the
evolution of the universe. Today the universe as a whole is flat and contains
about 4 % bright matter !, 23 % dark matter and 73 % dark energy. The last
two contributions yet to be explained. This makes our universe dominated by
dark energy today, which expands the universe as Hubble discovered in 1929 [3].
We see some structure at large scales that I will explain later.

Moving on we see galaxies being formed by gravity and further back we see
even stars being formed this way. Until now the universe has been relatively
bright, as stars have been shining for us, but when we reach a time where the
stars did not shine the universe becomes totally dark, atleast almost. There is
some light with long wavelenght called cosmic microwave background radiation
(CMB). At this point it is not in the visible spectrum but it will be, this era is
called the dark ages for obvious reasons. Before star formation the only elements
formed are hydrogen and helium.

When we move along we come the point where the CMB is formed, as well
as neutral hydrogen and helium. As we have been moving further and further

Latoms, electrons, neutrinos, quarks, gauge bosons and so on.



back the temperature has been rising and the universe is now so small and hot
that the photons of the CMB are so energetic and dense that they can split
hydrogen into a proton and an electron. On the contrary, when moving forward
in time, a proton combins with an electron and emits a CMB photon. The same
happens for the electrons orbiting helium. This period is called recombination.

We are now in a non-transparent universe with protons, electrons photons
and helium nuclei. We have moved to around 380.000 of what later came to be
know as Earth years after the big bang, or about 13.3 billion years backwards in
time. This is the furthest back we can see using photons as a messengers, since
the universe from here on will be non-transparent. Moving further we also see
that neutrinos decouple from matter, leaving a cosmic neutrino background.

3 minutes before the big bang we observe what is called the big bang nu-
cleosynthesis, where the nuclei of helium is formed from protons and neutrons.
This event and the story of moving closer to the big bang can be fund in a
pedagogical book by Steven Wienberg named "The First Three Minutes" [4].

We are now nearly at the big bang and we have come to a crossroads of
theories. In the standard big bang the universe becomes increasingly denser
and hotter ending up in what looks like an singularity of spacetime. However,
as this project will focus on, inflation is an alternative. For the last part of this
section I will assume inflation and be starting at the beginning of inflation and
move forward in time.

The universe is very small and dense, quantum fluctuations are happening
all the time, and a new particle, never seen before, arrives; the inflaton. This
particle can make the universe expand very rapidly, and it will, stretching ev-
erything, and making the universe cold. This rapid expansion leaves its marks
on the universe and a lot of it can be observed in CMB today.

Even the quantum fluctuation of the tiniest of objects gets stretched so
much that they today are seeds for large scale structure formation. At the end
of inflation the inflaton will decay into other particles rapidly increasing the
temperature to a point where the other processes of the hot big bang theory
can commence. This very short, very violent era of inflation solves some of the
problems that the standard big bang theory has, but it is still consistent with
experiments.

Before inflation we do not have sure clues to what happened, our best guess
at this point is first a unification of the standard model forces into a grand
unification theory, and after this only string theory may explain the interplay
between gauge forces and gravity.

Inflation is the general history that I will working with for this project.

1.2 General Conventions

throughout the project there is some notation and convention that is used repet-
itively.

e Indices 7 and j run from 1 to 3 and denote the spacial part of for instance
the metric, where as ¢ and v includes the time component 0 and therefore



runs from 0 to 3. Furthermore for repeated indices Einstein summation is

used. The derivative d,, denote the derivative vector 8—2“.

Natural units are taken for granted. So ¢ = h = kg = 1, where c is the
speed of light, 7 is the reduced Planck constant and kg is Boltzmann’s con-
stant. In these units the Planck mass, Mp takes the value 1.22-10°GeV.
Due to Einstein’s field equation of general relativity the reduced Planck
mass, Mp;, is often used Mp; = 2.43 - 10'18GeV .

When using Feynmann diagrams the time direction of future is going to
the right, so the diagram can be read as ordinary text.

Conventions on the meaning of "big bang" are many. The different mean-
ings I will use is a theory with or without inflation. The big bang theory
or standard big bang is a theory without inflation, where as big bang, re-
heating or hot big bang is in a theory with inflation. big bang in this sence
is before inflation and hot big bang is equivalent with reheating, which is
after inflation.
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Figure 1: Key events in the evolution of the universe
within the inflation paradigm. Some of the features I will
use are the observables from inflation, e.i. the density per-
tubations and the possibility of gravitational waves from the
rapid expandsion during inflation. These have tmpact on
CMB and it is from here they are observed [2].



2 Problems With The Big Bang

We shall have to evolve
problem-solvers galore

since each problem they solve
creates ten problems more.
Piet Hein

The aim for any physicist is to understand nature and in the field of cosmol-
ogy the focus is the evolution of the universe in general. I will in this section
present one of the great theories of cosmology of the twentieth century together
with some of the problems that it implies.

2.1 Standard Big Bang

When we look around in everday life some come to think; "Where did it all
come from?". This is the foundation for a chain of research fields; ecosystems,
anatomy, cell biology, bio chemistry, chemistry, nuclear physics and particle
physics. But without a universe to occupy these thing they might not have any
meaning at all. This is where cosmology comes to aid, with theories of where
and when it all began and how it began, the most dominant being the big bang
theory.

The universe is growing and has always done so, for as far back as one can
observe. At some point there must have been a point in time where the universe
was of minimum size. In the big bang theory this point was around 13,7 billion
years ago, where the universe was of infinitesimal size. Starting from this point
the universe evolved, starting with a "big bang" from which space and time
came to exist and later the particle content of the particle physics standard
model.

To be able to describe how the universe evolved after a big bang, it is neces-
sary to define a metric for spacetime. To do this we need some assumptions and
they are not nearly as complicated as their implications. The first assumption
could in principle be made by almost anyone. No matter where we look at the
sky we always see the same picture; stars, galaxies, clusters and so forth. All
over the universe seems to be exactly the same no matter in which direction
we look. This leads to the assumption that the universe seen from Earth is
isotropic.

The next assumption is a bit more philosophical, but still reasonable. If
large scale structures look isotropic from Earth would they do so at any other
place in the universe? It does not seem reasonable to assume that Earth is a
special place in the universe?, so we might assume that no matter where we are,

2Besides that it is the only place we know sustains life.



the universe must be isotropic. Hence the universe is everywhere isotropic and
therefore homogeneous.

One last assumption could be made for simplicity; furhter assuming that
only the space component of the metric depends on time it is possible to derive
the Friedmann - Robertson - Walker (FRW) metric?;

2

1—kr?

ds* = —dt* + a*(t) ( +r2(d6* + sin2(0)d¢2)) :
As formulated here the metric describes an object in comoving coordinates,
meaning that an object that is not moving, besides the expandsion, will have
constant coordinates, 7,6 and ¢. The constant k is the curvature constant,
taking the values —1, 0, and 1 for negatively, flat or positively curved spacetime
respectively. Left is only the scaling factor, a(t). This is what links comoving
coordinates to physical coordinates, given a comoving distance r the physical
distance is R = a(t)r.

When the metric for spacetime is in place, it is natural to investigate how
this is linked to the content of the universe through Einsteins field equation:

1
R, — §R9W =81GT ..

Here T}, is the energy-momentum tensor, R, the Ricci tensor and R is the
scalar curvature[5].

Plugging in the FRW metric and the assumption of everywhere isotropy,
such that the energy-momentum tensor is diagonal, T),, = diag(p, p,p,p), one
can derive the Friedmann equations, two coupled differential equations;

L\ 2
a 87G k
<> -5 (2.1)
a 4G
S =3 (p+3p). (2.2)

Here p is the total energy density of the universe and p its pressure. These
equations let one calculate how the scaling factor evolves with time depending
on the compositions of matter in the universe. The scaling factor is directly
linked to the physical size of the universe as will be clear shortly.

2.2 Problems with Big Bang

Even though the big bang theory has explained many things in nature, for
instance the early formation of Hydrogen and Helium and the excistence of
CMB, there are some problems with the theory.

3This was done independently by Friedmann, Lemaitre, Robertson and Walker in the 1920s
and 1930s



2.2.1 The Horizon Problem

Taking a look at a photon traveling through spacetime. This is done following
a line called null geodesic with ds? = 0. In flat space, and only taking the
dt

radial part, this implies that dr = FOR Now it is rather simple to calculate the

comoving distance, dj a photon can travel from time ¢y to time ¢; [2],

p /tl 0 /tl dt /““1) d In(a)
h = = —_— 5
to tg a(t) a(to) Ha

here H = % is the Hubble parameter. The physical distance from the beginning
of the universe and til today is what is called the particle horizon, it is the
distance a photon can travel in this time interval. Remember that the physical
distance is Dy, = a(t)d), at time t.

Then length scale (Ha)~! is what is called the comoving Hubble radius?.
Particles separated by more than the Hubble radius can not communicate now
due to their relative speed, where as particles separated by the particle horizon
have never been able to communicate.

With the Friedmann equations one can derive the following behavior of

(Ha)=" [0],

(Ha)™' = H; a2 (143), (2.3)

where w is a dimensionless number with p = wp. This equations-of-state pa-
rameter, w, incodes the effects of different kinds of substance, for radiation
w = —%, ordinary matter have w = 0, and even the cosmological constant have
a equation-of-state parameter, w = —1.

This implies that the comoving particle horizon scales as:

{a for radiation dominated
dp 1
az

for matter dominated.

The important aspect here is that the comoving particle horizon is monotonically
increasing with time. As the Hubble sphere expands, more of the universe be-
comes visible. Hence with only matter and radiation dominated epochs, events
entering the horizon today was not connected when CMB photons decoupled.

But the universe must have been very homogeneous at decoupling to explain
the homogeneity seen in the CMB spectra. So if different parts of the universe
were not causally connected then, how can it be that they share such similarities
as observed?

A rough estimate tells that there were around 106 disconnected regions of the
universe inside what corresponds to todays particle horizon at recombination
[5]. In Figure 2 are shown the light cone from today and from two distinct
measurements of CMB. The two measurements can be related to two different
points in space at the time of recombination. In the figure it is seen that with
the standard big bang, the two CMB events have never been in causal contact,
hence it is strange that they seem that much alike. This is called The Horizon
Problem

4From Hubble’s law it is the distance at which the universe expands with the speed of light
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Time

Today

/\ Recombination

3d Space

Figure 2: Figure of the light cones from today to two dis-
tinct events at recombination. We see that the part of the
universe at Big Bang (t = 0) that could affect each event
are non-overlapping.

2.2.2 The Flatness Problem

CMB measurements have given incredible information about the universe, as
both the homogeneity and the curvature of spacetime can be derived from CMB
observations. The current observations points to a nearly flat universe [7].

Knowing the curvature of the universe today enable us to estimate the cur-
vature as it would have been in the past in order to explain todays curvature.
One can rewrite equation (2.1) to;

—k
Q =1-Q(a) = 2.4
(@) @) = fage (24)
where Q = —2— with periy = 3H 2 and Qy, is the density parameter for curvature,

crit

measureing the effect of curvature. If we again look at how this quantity change
with time, I find;

a? for radiation dominated

a for matter dominated.

Ok (a) x {

Again I find that it is monotonically decreasing when I go backwards in time.
So with the observed curvature of today estimates of the curvature at key mo-
ments can be made [2]. Below are estimates for the time at the Big Bang
nucleosynthesis (BBN), the GUT era and the Planck scale;

Qk(tBBN) < 0(10_16)
Qk(tGUT) < 0(10755)
Q(tpianck) < O(1071).

11



This is a case of extreme fine-tuning, getting the curvature correct within 61
digits seems very unlikely, this is The Flaness Problem. It would be better if
this near flatness occurred naturally from some mechanism.

2.2.3 Further Problems

Both the Horizon and the Flatness Problem can be solved by fine-tuning the
initial conditions; making the curvature as small as needed, and assuming that
the universe was as homogeneous as needed for CMB to decouple to the spectra
seen today.

I now take a closer look at the inhomogeneities of CMB which is of the
order 10~ compared to the mean [6]. Any inhomogeneity in the matter density
at recombination is gravitational unstable, meaning that a small fluctuation
in density will create areas of stronger gravitational pull on other matter and
therefore increase the fluctuation.

So the inhomogeneities seen today are larger that the ones observed in the
CMB, and extrapolating even further back, matter densities must have been
extremely homogeneous, but how can this be if they where not causally con-
nected? This can also be solved by initial conditions, however the precision
needed seems unreasonable. This problem is not the same as the Horizon Prob-
lem. The Horizon problem was about how the universe could be homogeneous,
where as this problem is about the size of the inhomogeneities.

Related to the same gravitational instability is the large-scale structure for-
mation problem. As described any region with a higher matter density will
tend to grow even higher, this is the basic mechanism to formation of any non-
uniformly distributed matter in the universe. Stars are initially formed from
gravitational instability, and so are galaxies and galaxy clusters. But as with
all of them there is the need for some initial region with higher density. As I
will show inflation can give rise to this initial seed.

A problem of a more theoretical kind comes from Grand Unification Theories.
Assuming a Grand Unification Theory is found, a symmetry breaking of this,
when lowering the energy of the universe, can produce magnetic monopoles as
described by Ryden in [6]. Taking the estimate from Ryden for granted there
would be approximately 1032 magnetic monopoles per cubic meter at the time of
GUT. Within seconds® magnetic monopoles would dominate the universe. But
how is it that these are not observed today then? This is called the Monopole
Problem and it could in principle be applied to other exotic particles then just
magnetic monopoles.

5 Actually within 10~16s.
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3 Inflation as a Solution

Do not give up! It is not over.

The universe is balanced.

Every set-back bears with it the seeds of a come-back.
Steve Maraboli

When examining both the Horizon and the Flatness Problem from section 2
I see a similarity; both of them only become a problem if the comoving Hubble
distance, (Ha)™!, is strictly increasing. This motivates a period with a new
mechanism called inflation, which solves the problems by changing that exact
similarity.

3.1 Basic Idea of Inflation

To solve the Flatness and Horizon Problem, I need nothing else than assume a
period with decreasing Hubble radius;

d 1 <0

dt Ha '
This requirement can be restated in many equivalent ways each with its own
interpretation. The following requirements for inflation are all equivalent, I will
shortly show why;

d 1
L 1
dtHa = (3.1)
p3p < 0, (3.2)
i > 0, (3.3)
1

The first equation states that the comoving Hubble sphere must decrease, (3.3)
states that the size of the universe must accelerate, and (3.2) provides a con-
straint on the kind of substance that can drive inflation. For instance it can not
be ordinary matter since its pressure is positive and (3.2), for positive density,
states that the substance driving inflation have negative pressure. Equation
(3.4) is merely a rewriting of this.

I defined inflation as a period of decreasing Hubble radius and this is the
starting point for the equivalence of the above equations. That the expansion of
the universe must accelerate is easily seen from the decreasing Hubble radius;

d1 dl G

0> G He " @a™ &

13



and hence @ > 0. Recalling equation (2.2),

a irG

L= ~—3 (p+3p),
it is easy to see that p + 3p < 0 in an accelerated expansion. Further, with
p = wp, it is clear that w < —% is the exact same statement.

A simple example of inflation, which can be used as a template, is made
by taking w = —1. In this example equation (2.3) gives that H~! is constant,
and hence H is constant too. Since H = % the scaling factor must evolve as
a o et This is why inflation some times is referred to as a period of exponential
expansion. Since w < —% in all inflationary models, it is safe to assume that
in any model the evolution is close to this, and the Hubble parameter is nearly
constant.

In figure 3, I have tried to illustrate, in a simple manner, how inflation can
be understood. During inflation the comoving horizon decreases, so that large
comoving scales no longer fit inside. What this means is that some fluctuation
with large wavelength, for instance large scale density fluctuation, will no longer
be seen as a wave, but only as a density increase, since only part of the wave
is within the comoving horizon. As inflation continues, small and smaller scales
exits the horizon. When inflation has done it part the hot big bang scenario
takes over, expanding the comoving horizon as in the standard big bang. This
will make larger and larger scales re-enter the horizon, so that they again become
relevant for physics inside the horizon®. An illustration including fluctuations
with different wavelength can be found in figure 5, which might make my point
more clear.

3.1.1 Solutions

With this new epoch of an expanding universe it is fairly simple to solve the
problem from section 2.2.

Monopoles Assuming that magnetic monopoles were created before inflation,
an estimate of the number density could be of the order 1032m=3. If
inflation made the Hubble radius e!%° times larger, the number density
would have diluted to around 10~%*m =2 or one monopole for every 15
cubic parsec. Then it is no wonder that magnetic monopoles never have
been observed[(].

Horizon The Horizon Problem was a problem of disconnected parts of cosmos.
With inflation all of the universe can be connected before inflation and
via inflation still have the size it has today. This implies that information
entering the horizon now have been disconnected from this part since
inflation, however it was connected before inflation making the universe
homogeneous. From figure 4 it is seen how inflation effectively extends the

6Remember that only events inside the horizon can even hope to interact due to the speed
of expansion.
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Figure 3: Illustration of the comoving horizon during in-
flation and after. The horizontal line (blue) is a density
fluctuation at some constant scale, as the comoving horizon
decreases during inflation, the fluctuation will at some point
exit the horizon. It will stay outside the horizon until the hot
big bang have expanded the universe so that the fluctuation
again can fit inside the comoving horizon [2].

conformal time axis backwards in time, so that inflation starts at 7; = —o0
where a = 0 [2], this makes the light cones of the CMB events connected
with almost every point before inflation.

Flatness Equation (2.4) and a decreasing Hubble radius implies that inflation
drives space time towards a more flat universe. So before inflation the
universe might or might not be flat but inflation will make it flat and
can increase until today from this flat universe.

Another aspect of inflation worth noticing is the formation of large struc-
tures in the universe [5]. From astro physics one learn that stars form from
Jeans instable dust clouds, but not only stars form in this way. Take a static
universe and let there be some density fluctuation of matter at a location .
The slightly stronger gravitational potential at « will tend to pull more matter
towards it, further increasing its mass and hence potential strength, this is what
is called gravitational instability. Now let the universe expand, gravitational in-
stability is still valid, but now the expansion counteracts a free collapse. As with
Jeans instability the density fluctuation at x can form larger matter formations
depending on its initial size. If it is to small, the expansion will prevent it from
growing, but if it is large enough it can form large structures, like galaxies, clus-
ters or even larger structures. The expansion of the universe will for structure
formation act like gas pressure does it for star formation.

But where do these initial seeds come from? As with the star formation the
Jeans mass is very high if no perturbations are present inside the Jeans radius.
So seeds are needed for a reasonable mass range, and the same holds for large
structure formation. Inflation can provide such seeds.

15
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Figure 4: Sketch of the inflationary solution to The Hori-
zon Problem. Inflation extends the conformal time back-

wards until 7, = —oo, this makes the two CMB events con-
nected on the grey patch. This patch extends downwards to
mfinity.

In a following section (section 3.2) I will talk about the inflaton, the field
possibly responsible for inflation. The inflaton is described by a quantum field
theory in which empty space in not that empty. Quantum fluctuations are
taking place all the time. Everywhere, particles are popping in and out of
vacuum. This gives rise to a momentarily density fluctuation of particles at that
point. But the instance the particles are created it vanishes again, so classically
there is no over density, since over a short time interval there is a total of
zero particles. However during inflation these fluctuations becomes important.
The rapid expansion of inflation stretches the field fluctuations, giving them an
exponentially growing wave length. Since matter perturbations are linked to
metric perturbations, or curvature perturbations, the fluctuations in the field
implies perturbations in the curvature. Later in section 7.2, I find that curvature
perturbations are frozen outside the Hubble sphere. So as the wave length of
the field fluctuations are stretched, it will at some point exit the horizon, and
therefore curvature perturbations will be frozen until re-entering the horizon.
Since quantum fluctuations creates all wavelengths, curvature perturbations are
present at all scales [5]. In figure 5 I have illustrated how different fluctuation
scales exits the horizon during inflation, and, then later on re-enters, affecting
the physics within the horizon. This includes both large scale structure and
the cosmic microwave background. Density fluctuations within the horizon can
affect physics and therefore provide seeds for large scale structure formation.
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Ones curvature perturbations are frozen in outside the horizon the classically
time mean is no longer zero, hence inflation have made quantum fluctuations
macroscopic classical perturbations. This has implications. Once the pertur-
bations re-enter the horizon, it will start to affect macroscopic matter through
gravity and the Jeans instability mentioned above. So the unavoidable quantum
fluctuations of the inflaton field can, during the history of the universe, provide
seeds for large structure formation, so that the universe has the structure ob-
served today.

Comoving Comoving
scales Horizon

Density
| fluctuations

Recombination Time

Figure 5: Sketch of fluctuations as they exit the horizon
and re-enters later on. At the time of recombination only a
part of the fluctuation spectrum have re-entered the horizon.
Only fluctuation modes that are inside the horizon can af-
fect the process of last scattering. The 8 modes drawn are by
far not the only ones. Fluctuations are created on all scales,
and hence form a continuous spectrum of wavelengths. This
briefly explains the so called Sachs-Wolfe effect, that the
temperature fluctuations of CMB are almost constant with
scale. This means that no matter at what scale measure-
ments are taken, the fluctuations will be of the same order
e.i. there was a density fluctuation with that wavelength.
However at small scales peaks in the CMB spectrum will
occur due to micro effects.

3.1.2 History of Inflation

The inflationary paradigm have been around for some time now, and with more
and more observations aimed on inflation, more and more become convinced
that inflation might be the way the universe evolved although there is still a
lot to learn. Inflation theory have, as many other theories, a long period of
development before it became widely accepted. Credit for the original inflation
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theory is assigned to Alan Guth, who in 1980 published his article " Inflation-
ary Universe: A Possible Solution to the Horizon and Flatness Problems" [3]
in which a new epoch, called inflation, in the evolution of the universe was
introduced. Guth knew that the standard model of particle physics was not
valid to arbitrary scales, so instead of beginning the universe with a standard
big bang he postulated inflation, and that from the end of inflation could start
working on particle physics, hence the standard model only have to work up to
temperatures around the end of inflation.

However an inflating universe was already proposed by de Sitter back in
1917, this was however not driven by a particle like Guth’s theory, but is was an
empty space only featuring a cosmological constant. It was introduced to show
that Einsteins general theory of relativity did not necessarily lead to a static
universe as Einstein wanted.

An inflation theory like Guth’s was present in Soviet in 1979, developed by
Alexei Starobinsky. In short he showed that an inflating universe could evolve
from quantum corrections and that this era could solve some of the problems in
cosmology, and that it furthermore made some changes to the CMB. Starobin-
sky’s theory was only published in Soviet, due to the way history unfolded at
that time, and there is no indications that Guth knew of Starobinsky’s work.

One year after Guth’s article Andrei Linde answered with "A new Inflation-
ary Universe Scenario: A Possible Solution of the Horizon, Flatness, Homo-
geneity, Isotropy and Primordial Monopole Problems" [9]. Here Linde solved
some of the problems that originated from Guth’s theory. One of the main
differences is that Guth assumed the universe to be divided into bubbles, and
that these bubbles at the end of inflation are filled by inflatons. Linde solved
this problem by letting the inflaton decay into standard model particles when
it at its final stage oscillates in the minimum of its potential, this last process
is called reheating.

Inflation is generally modelled by a particle called the inflaton, which tra-
ditional is a fundamental scalar particle. In Linde’s article the inflaton is con-
stantly refereed to as the Higgs particle. That the two particles are so much
alike motivates several things, trying to use solutions to problems involving the
Higgs particle to solve similar problems in inflation, as well as trying to use
the standard model Higgs particle as the inflaton [10]. T will in this project be
working or the first part, namely trying to resolve the problem of a fundamen-
tal scalar particle by means of models designed for the same problem with the
Higgs particle.

3.2 The Inflaton

I now turn focus at a more technical aspect of inflation; the inflaton, the par-
ticle that supposedly should drive inflation. In high energy physics the idea is
always to explain new phenomena with some elementary particle, as was it with
electricity. Light and all other matter can be explained by a "few" elementary
particles. This procedure is right now applied to dark matter, where scientists
are searching for one, or maybe several, new particles that could explain dark
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matter. Here I will introduce some of the basic ideas of how the inflaton could
drive inflation. Different kinds of inflation stem from different kinds of inflatons
and some basic definitions of models will be introduced.

3.2.1 The Single Scalar Inflaton

The simplest framework for inflation is single scalar field inflation, in which the
inflaton is a scalar particle with self interactions via its potential. I will take this
as my starting point and then apply changes for this to explain other models.
If inflation should couple to gravity, a general action for the inflaton could
be:
S =Sgg + S¢,

here Sgp is the Einstein Hilbert action” and S is the action for the inflaton. In
the Einstein frame, which is the frame where only a minimal coupling to gravity
is present, a general action will be

2
S:/&mﬁgP§R+;wmwm—vw>. (3.5)

Since I am working in curved space time I need a metric, g,,, and g is its
determinant, R is the scalar curvature, ¢ the inflaton field and V' (¢) its potential.

First I examine if this really can drive inflation by checking if one of the
requirements for inflation is met. The easiest one to check is (3.4). To do this I
need both pressure and density of the inflaton expressed in terms of ¢, this can
be done through the energy-momentum tensor, 7},,. By definition I have

oo_ 2 88
SN T

and by calculation the variation of \/—g one can get:

5L
T = 2597#“; — gL (3.6)

Assuming the FRW metric again equation (3.6) simplifies to [2]:

ps = 39> =V (9)
po = 167 +V(8). (37)

These calculations are not done here. If the potential dominates the inflaton
Lagrangian it is possible to have negative pressure and it is even possible to
have w = % < —%. With that said, a scalar field, ¢, can explain inflation from
a particle physics point of view.

"The action proposed by Hilbert from which Einsteins field equation can be derived.
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Figure 6: The light cones from the two CMB events are
connected due to inflation, but at the time of reheating they
are not. Therefore reheating can be seen as resembling the
standard big bang, just without the singularity.

3.2.2 Inflatons and the Universe

I will here summarize how inflation works.

In conformal time the universe began at 7 = —oo. The universe was at
first hot and dense, but after around 10733 seconds inflations starts, expanding
the universe by at least a factor of e®®. The expansion is adiabatic, so the
temperature drops dramatically during inflation, in some models with a factor
one million due to the exponential expansion. The particle responsible for the
expansion, the inflaton, looses a lot of its energy to this expansion via friction
(this will be shown shortly), and as the inflaton looses energy inflation come
to a hold. The inflaton is now at its potentials minimum, oscillating. When
it does so this the inflaton will decay into other particles and at the end into
standard model particles, this period of decay is called reheating. Due to all the
new particles the temperature of the universe rises again, to the value before
inflation, and the hot big bang can commence in its normal way, with matter
and radiation dominated eras.

A sketch including reheating can be found in figure 6, showing how reheating
can be seen as the analog of the standard big bang. Figure 6 can be compared
with figure 2 and 4. In Figure 7 is a skech of the inflaton field as it rolls down
its potential. Around ¢cpp the fluctuations in the inflaton field, needed to
explain CMB, are created. Here after the inflaton rolls down, and ends up in
the minimum, producing reheating.
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Figure 7: Starting from left, the fluctuations of the infla-
ton field, that later will be temperature fluctuations in CMB,
are created. After this the inflaton slowly rolls down the po-
tential until inflation ends. Here after reheating takes place
at the minimum of the potential, where the inflaton decays
to other particles.

3.2.3 Slow-Roll Inflation

With a possible particle to produce inflation, inflation models can be catego-
rized into different kinds, slow-roll inflation is one of special interest due to is
popularity. To classify slow-roll inflation it is more convenient to use the so
called slow-roll parameters, € and 7. To define these I first derive the equation
of motion from equation (3.5) assuming the FRW metric,

a’a 0
V7] = a0 -~
0=0"0,0+3 3(9¢—|— V(o).

This is the equation of motion for the scalar field, written in a more familiar

way I have,
. A V&
b3H)— L 4V, =0 (3.8)

Here it is seen that the inflaton is exposed to "friction" from the term with ¢,
it states that the field experiences friction due to the expansion of the universe.
To estimate how large this friction is I can combine equation (2.2) and (3.7) and
get,

H+H? = ? (#-v(9). (3.9)
Assuming that the Hubble parameter is almost constant during inflation, for
a domination potential, the Hubble friction term in (3.8) is significant, and
therefore ¢ in (3.8) can be neglected. So if the inflaton field varies slowly from
start, it will slowly rolls down its potential, hence the name slow-roll inflation.
To parameterize inflation in this formalism I will use the slow-roll parameters,
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¢ and n. Since H carries information about inflation, it is natural to construct
a parameter from this. Equation (3.9) can be written as,

a 8nGV(¢)
A A
. 5 (-9
where € = %2 is the first slow-roll parameter. This can be rewritten into ¢ = %

Knowing that inflation is a period of accelerated expansion is is equivalent to
say that:

€ < 1 = Inflation

This statement will be of significant importance to us later on, since this is the
easiest way to check when inflation ends. The first slow-roll parameter states
that the potential should be dominant and that the acceleration of the universes
expandion is positive.

Neglecting ¢ is just an assumption that this should be small compared to the
other terms in (3.8). This can also be rewritten into a requirement for inflation.
Since I would like ¢ << H¢, I might as well require that

¢
n= o << 1.
This is the second slow-roll parameter, which stats that it is a system of high
friction. With € and 1 I can decide whether or not the inflaton field is in a state
to produce inflation. It is however more convenient to use the definition of the
slow-roll parameters in terms of the inflaton potential:

_ My (M)z
VTR (3.10)
ny = M7=2e.

From now on I will drop the subscript V for the potential slow-roll parameters,
so with € and 7 I mean the ones from (3.10). There is still the same requirements
on these parameters to obtain inflation.

I have shown that during inflation the scaling factor roughly goes as an
exponential, and more precise it evolves as exp(Ht). From this fact I are able
to define an other quantity, N, describing the number of e-foldings the scaling
factor experiences during inflation. This means that with A/ e-foldings, the
scaling fatcor becomes ¢V times larger. This simply defines A as

N=l (aC"d) ,
Qini

where I have the scaling factor when inflation starts and when it ends. Taking
the exponential growth of the scaling factor for granted, the number of e-foldings
can be written as|2]

It tend 1 Pini v ( )
Mg Jg.a Voo

tini end

22



where Mp has been introduced so that A is dimensionless.

In short inflation is an era where the potential is relatively flat, and the field
can roll down slowly, increasing ¢ from some starting value less than one to the
point where inflation ends at € = 1. When inflation runs successfully I can check
the duration by analyzing the size of N, to ensure that the universe is inflated
enough to explain todays observations.

3.2.4 Higgs Inflation

One model that looks a lot like the model I will be working on later in this project
is Higgs Inflation in its form by F. Bezrukov and M. Shaposhnikov in [10]. With
the motivation that both the Higgs particle and the inflaton initial were to be a
fundamental scalar why not let the Higgs boson work as the inflaton? The work
led to the conclusion that with only a minimal coupling to gravity the Higgs
bosons self coupling would create too strong fluctuations compared to the ones
observed. This can be solved with a non-minimal coupling to gravity, in which
case, with the standard model Lagrangian Lg)s, the Lagrangian for inflation is

M2
L=Lsy——R- EHH'R, (3.12)

H is the Higgs field, R the scalar curvature, £ the new coupling constant and
M < Mp. With a new non-minimal coupling calculations becomes harder, but
a conformal transformation of the field can remove the coupling resulting in a
non-minimal kinetic term. Redefining the field will also remove this, making
calculations fairly simple afterwards. The framework for inflation in the Higgs
inflation scenario will be useful later on, since the non-minimal coupling will do
the same for composite inflation as it does for Higgs inflation.

3.2.5 Other Models

I’ll briefly go through some alternative ideas to scalar inflation, all based on a
TAST lecture series [2, p. 36].

Small Field With the constraint on € one can calculate some "distance" the
field ¢ has evolved, A¢. If this change is less than M, the model is called
a small field model. One great aspect of small field models is that the
gravitational waves produced by inflation are so small that they can not
be observed today. This is good since, to date, there have not directly been
observed any gravitational waves. One way to obtain a small field model
is from some higher scale gauge theory. When this theory spontaneously
breaks it can produce the conditions for small field inflation. A historical
example is the Coleman-Wienberg potential:

({3 (o)) o

I will later use a potential very similar to this when working on Glueball
Inflation in section 5.
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Large Field It could be that the model for inflation changed more than re-
quired for small field models, in this case the model is called a large field
model. In general it produces large gravitational waves, in which case I
would expect them to observe these in the near future by Planck. An ex-
ample of a potential that produces large field inflation is from a group of
models called chaotic inflation models, here the potential takes the form

V((b) = )‘pd)p-

Non-Minimal Coupling In most theories it is assumed that the inflaton cou-
ples minimally to the graviton®. There is however no reason why it could
not couple strongly to the graviton. This can in some cases even be an
advantage as will be seen later on in section 4. In most of the theories with
a non-minimal coupling, a transformation of the Lagrangian can remove
the strongly coupled term thereby making calculations easier. A general
setup for this statement in a single field theory can be seen in section 4.2.2.

Non-Canonical Kinetic Terms Until now all that can change a inflation
model is the inflaton potential, this is however not the case in general.
In quantum field theory one of the first things to learn is the kinetic term
for a scalar field, %@Lgba“qb. It is possible to have a kinetic term that is
not on this form, a so called non-canonic kinetic term. Let a Lagrangian
be written in the form £ = X — V where X = %6,@8%5 is the kinetic
part and V is the potential. A non-canonical theory then in general have
a Lagrangian of the form, £ = F(¢, X) — V, where F' is some function.
In most cases this new type of kinetic terms can be removed by a redef-
inition, this will be the case in section 4. Inflation can be obtained from

these non-canonical kinetic terms in models called k-inflation [11], where
it is not the potential but the kinetic terms of the inflaton that produces
inflation.

Different Inflatons As a last example there is the possibility to have multiple
inflaton fields, i.e. more that one particle driving inflation. This kind of
theory is generally more complicated, since one has to work with more
than one field, and there is possibilities for interactions between all new
particles [12, 13]. It is however very natural to consider more than one
inflaton; to describe an atom certainly more than one fundamental particle
are used, and even more than one composite particle.

8The hypothetical particle that should propagate gravity.
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4 A Composite Inflaton

Some say that the universe is made so that when we

are about to understand it, it changes

into something even more incomprehensible.

And then there are those who say that this has already happened.
Douglas Adams

In this section I will explore the proposal by P. Channuie, J. Jgrgensen and
F. Sannino, that the inflaton could be a composite state of some higher scale
gauge theory[l4]. In the previous section I showed that a new fundamental
scalar field could drive inflation, making the universe expand as wanted. But
to this day only one possible fundamental scalar particles has been found in
nature; the 125 GeV Higgs. For any other scalar particle, it has decomposed into
fermions at higher energies. That there have not been found any fundamental
scalars is not just a bad thing, maybe the initial idea to explain inflation and
the Higgs mechanis via a fundamental scalar field was not correct, but without
fundamental scalar fields renormalization does not require arbitrary fine tunning
of for instance mass operators [1]. This is a good thing for inflation since in the
first place inflation was needed for the exact reason that extreme fine tunning
was unnatural.

With theories like Technicolor no fundamental scalars are assumed, but in-
sted uses a fermionic condensate from a higher scale gauge sector to play the
role as scalar field. This is the motivation for the following section. The main
idea is to form a condensate from a higher gauge sector and let this composite
state be the inflaton. What I then would like to see, is if inflation still works
successfully.

4.1 Minimal Walking Technicolor

If inflation is to be understood, I need to go beyond the standard model. For
this part Minimal Walking Technicolor (MWT) will be the stage at which the
play will unfold. In short MWT extents the standard model by a new gauge
sector at some higher energy scale. Where the standard model have the gauge
group SU(3)e xSU(2), xU(1)y, MWT adds a SU(2) gauge group and two new
fermions transforming with respect to the 2 index symmetric representation of
SU(2). This opens for new ways to resolve both the Higgs problem and inflation
through the new gauge sector. As a working full theory details on MWT can
be found in [15], but I will now make a short recap of the things needed for
inflation.

Minimal Walking Technicolor was originally designed to solve a problem
coming from a fundamental Higgs boson, namely the divergence of the mass
operator for the Higgs field. The work in [15] is aimed at solving this problem.
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At first glance the problems for the scalar Higgs particle and for the scalar
inflaton are the same, which justifies the direct use of MWT for the inflation
sector instead of the Higgs sector. For now the goal is to form a low energy
effective Lagrangian, £y/wr, at the inflation scale. The "smallest" Technicolor
model passing precision tests is the MWT theory with 2 colors and 2 massless
fermions in the 2 index symmetric representation of the color gauge group,
SU(2). This theory has a global SU(4) symmetry that later will be broken
to SO(4) dynamically. The two new fermion fields will be denoted U and D
for techni-up and techni-down quark, and the condensate that breaks the global
symmetry is of the form (UU + D D), this breaks 9 of the 15 generators of SU (4)
leaving a SO(4) global symmetry.

With the knowledge of this breaking a more elegant way of describing the
fields is in the form of a particle matrix, M Since 9 generators will be broken,
these can choosen a priori, call them X® with a = 1, ...,9. For each of these there
there will be a Goldstone pseudo scalar and a scalar partner, II% and II%. The
condensate will be modelled by a scalar field, o, and its pseudo scalar partner,
O. The field o will in turn be associated with the composite inflaton. Now the
particle matrix takes the form

o+1i0

M:[ +\/§<iH“+ﬁa>X“]E

where there is summation over a and E is given by

0 Ioxeo
E = .
< l1oxe O )
With M an effective Lagrangian can be formed for MWT [15];

Lyuwr = %Tr (D MD*M") = V(M) + Lgrc. (4.1)
here D, is the covariant derivative build from the gauge group generators at the
effective scale”. In equation (4.1) there is a term Lprc, this is the Lagrangian
of an extended Technicolor model. To make MWT work the way it does, model
builders need to assume a new gauge sector above MWT, but details of this
theory is not necessary for this. In fact the extended Technicolor theory for the
Minimal Composite Inflation decouples from the theory of interest [14]. The
SU(4) invariant potential V is given by

02
V(M) =—=Tr (MM') + %Tr (MMT)* +
NTr (MMYMMT) = 2)" (det(M) + det(MT)) .

Since this potential has a non-trivial minimum, M obtains a vacuum expectation
value, VEV. Since the only concern is about ¢ all other fields in M are set to
zero to simplify calculations.

91 will not need the exact form of the covariant derivative, but it can be found in [15].
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The potential in o, V(0), is rather easy to calculate, since F = Et and
EE = 144,
2 by )\/ N\
Vo) = ;n o? + 104 + ZOA - 104.

The minimum of this potential corresponds to a VEV in ¢ of the size

(4.2)

m2

==

As one normally would do, the potential is investigated around its minimum.
Here o can be written as o = v + ¢, where ¢ is some displacement from the
minimum. With insertion of this in (4.2) I obtain:

Vi = (- 3)miet 4 T

!/ 1

L AN

m? +om?) ¢+ (A+ XN —\)vg?

)\+)\/ . )\//
4

+ —
= L em) + o'+ A() + Vo (4.3)
here Vp is the minimum of the potential and A(¢) is the terms with odd powers
of ¢.

As seen in equation (4.3) the field ¢ have a mass of v/2m and a self interaction
through a ¢* coupling of size i()\ + X —X\’) = zk. The original potential, (4.2),
can be rescaled so that A(¢) is removed from (4.3), this is done by letting
o — o —vin (4.2). The field, ¢ is what I will use as the inflaton from MWT,
everything will however be formulated in terms of o, which is equivalent by
the argument above. That ¢ is a composite state is not immediate since it
is formulated in an effective theory, but by comparing the fundamental and
the effective theory, it is possible to derive that a condensation of fundamental
techni-fermions can be modeled by the o-field [15]. Moreover as a side comment
it should not be too far fetched to say that in the fundamental MWT it was a
composite state that broke the global symmetry, where as in the effective theory
it is the scalar field o, hence o is an effective description of a condensate.

4.2 Minimal Composite Inflation

With the work by Bezrukov and Shaposhnikov|10], I would now like to explore
how the composite scalar field from MWT could drive inflation. The difference
from the former work is that, motivated by lack of fundamental scalars, we
need to understand how composite states can drive inflation. MW'T will here
not only work as a underlying model but as an example of the general idea of
a composite inflaton. Compared to [10], T will be working with the effective
Lagrangian in which the scalar field originates from a condensate rater than
being fundamental. Besides this the two inflation models will look very similar.
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4.2.1 The Minimal Composite Inflation Action

First thing to do is to construct an action for the new inflation theory, Minimal
Composite Inflation[14], MCI. Thereis now choice to make, will this new inflaton
couple minimally to gravity or not? The minimally coupled theory will probably
be more easily calculable but the non-minimal coupling will have one extra
parameter from which inflation could work in this setup. Inspired by Higgs
Inflation [10] a non-minimal coupling will be the way to go. Therefore the
effective action for MCI is a sum of the Einstein - Hilbert action, the non-
minimal coupling to gravity and the effective action for the new MWT model.

It should be noted here, that there is a hierarchy of theories. Starting at
the lowest energy there is what looks like the normal standard model. This
could be be fundamental or it could be an effective description of a higher order
theory with additional degrees og freedom. This theory, at some higher energy
around the TeV scale, could be Minimal Walking Technicolor. When breaking
the electroweak symmetry, the standard way is to use a fundamental scalar.
However MWT solves the same problem with a condensate. From my point of
view this makes it more natural by lack of fundamental scalars.

As already mentioned, MWT need an extension theory, ETC, at some even
higher energy scale to work properly. At the inflationary scale, < 10'°GeV,
there is a new theory; MCI. This again needs an extension theory, ECI, Extended
Composite Inflation to work. This originates from the fact that MCI after all
is exactly the same as MWT, just at some other scale. As can be seen the
implications of working without fundamental scalars quickly manifests it self in
increased complexity.

Picking up where I left, the action for Minimal Composite Inflation is

M3

1
o R =S¢l (MM R+ Lywr|

Smcr = / d'zy/=g [
where ¢ is some new dimensionless coupling and Lp;wr is the effective La-
grangian for this high energy Minimal Walking Technicolor model I use to de-
scribe the composite inflaton. Since there is an extension of MWT a term in
the Lagrangian for MWT describing this extension (see equation (4.1)) will be
included in Sy;cr as well. However this extension, ECI, decouples as explained
above [141] and hence there is no need to include it in further calculations.

With ECI decoupled from MCI I can concentrate on the inflaton part of the
action. Dropping all other fields than o I get
M3 + o 1 m? 5 Kk 4

Smcrg = /d4$\/jg [—
This action is in the Jordan frame, meaning that there is a direct non-minimal
coupling term between the field in question and gravity. This is the simplest
way I could construct the action I need, but when turning to the usability the
Jordan frame is not suitable for inflation. The reason is that all parameters of
inflation is defined from equation (3.5), which is in the Einstein frame, where
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there is no direct non-minimal coupling to gravity. Since the physics do not
depend on the which frame I use, equation (4.4) can then be transformed into
the Einstein frame without any change of the physics. The new section will do
this in a general framework.

4.2.2 Transforming Non-Minimally Coupled Terms

When working with physics, one often work with symmetry groups. One exam-
ple is the Standard Model gauge group: SU(3)¢ x SU(2)r, x U(1)y. Another
symmetry could be the conformal symmetry or dilation symmetry. Physics is
in many ways applied mathematics, but where mathematics deal with numbers,
physicists deal with the consequences of these numbers. This makes a difference.
When trying to calculate things in physics, in physics one calculate observables.
Different kind of calculations can in fact be made to evaluate the same observ-
able. For instance, nature does not care whether one measure speed in miles
per hour, meters per second or any other unit, however the numbers in front
makes a difference every different calculation. Taking a more relevant example,
when calculations are done in field theory, what matters is not the form of the
Lagrangian, but rather the form of the action. This does not mean that any
Lagrangian can be used and that all of them will describe the same physics,
but ones we have the Lagrangian, we can make transformations which preserve
the action. The transformations that are allowed are transformations from the
symmetry group of the theory, these are the only one that preserve the action.

A conformal transformation will not change the action for a theory with
conformal symmetry, and in the following I will show how to use a conformal
transformation to remove a non-minimal coupling to gravity in a inflationary
model. A conformal transformation is in general an angle preserving mapping
from one metric to another. Here I will work with the conformal transformation
of scaling. In the flat space scenario this is nothing else than decide whether to
use miles or meters when describe physics.

Starting from a general single field inflationary model with a non-minimal
coupling to gravity the action reads

M

S= 3

[ dtav=g (@R +2P(6.%) (4.5)
where f(¢) is some function that both contain the normal 1 from the Einstein
Hilbert action and something else from the non-minimal coupling, P(¢, X) is
given by

1

(V(e) + K(9)X + O(X?)),
where X = % 9" 0,900, ¢ is the normal canonical kinetic term.

The idea is now to make a conformal transformation of the metric, and see
how the shape of the action integral changes. The hope is that it can transform
the action from the Jordan frame, with the non-minimal coupling, into the
Einstein frame, without the non-minimal coupling.
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A general scaling is given by the transformation g, — g, = ngu,,, where
T? is some factor. This will change both X and R and the prefactor /—g of
(4.5).

In general this transformation will give us the following action [10]

S = —A?/d4xT_4/j§
[T? f (ﬁ: + 60010(T) — 6§, (9, In(T))(3, ln(T))) +2P(¢, X)} .

The factor in front of R is T-2f, so if one choose a specific transformation,
namely T = +/f the action will land in the Einstein frame. Doing this one get

S=— MP/d%f(RHPgb X)) (4.6)

where X = T—2X and
X [/dT\?
P(o,X) =T P(6,X) - Ty (d¢>

This is now in some new frame where all quantities have a tilde, and this is the
new frame for computations where there is no non-minimal coupling to gravity.
The full action now reads

S = /d%f [ —PR— %V(gﬁ) - %K((b)f( + 6M P x (ﬁ)

Compared to [16] there are some changes in sign, both due to definition of the
kinetic term and from direction of the time axis.

4.2.3 MCI Action in The Einstein Frame

Returning to MCI, equation (4.4) can be transformed into the Einstein frame
with the method og section 4.2.2. T use the following definitions

6=0,T=0 K(¢)=-1 f(0>292:%
P
2 1
V(o) = _%a + ’Za‘* P(@.X) = 3 (V(o) = X)

With this equation (4.4) will transform into
-M: [, =15 2 1
2 1 2 6X (dQ\?
Lt x o 2222 ] 47
IO T I @ (da) ] (47)
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That the potential here has a tilde comes from the fact that everything is in the
new frame. The potential is invariant under the conformal transformation, so
it is the same with or without the tilde. What I need to do now is to replace
the X with X and calculate the derivative in equation (4.7), this yields:

— (—M?3 - O2M2 +6£202\ 1 -
Smcre = /d4$\/§< 5 PR+ ( (}234M2€ )X — Q4V(o’)) . (4.8)
P

Now I have landed in the full "tilde"-frame where all quantities have tildes,
further calculations will be made without tildes, as I adopt this new frame.
More over the frame is the Einstein frame as desired, and it can be seen that
the non-minimal coupling have been transformed into a non-canonical kinetic
term. In the following section I will redefined the inflaton to remove this non-
canonical kinetic term.

4.2.4 Slow-Roll Minimal Composite Inflation

First thing to do with the newly obtained action, Sg pcr (4.8), is to put the
kinetic term into canonical form. Doing this will standardize my theory to a
general scalar inflaton (3.5) and make calculations of slow-roll parameters more
direct.

Taking the kinetic term from (4.8) the requirement for a canonical kinetic
term leads to following definition of a redefined inflaton field:

1 1 (dx\° .
59 8MX(0)3VX(U)=§ e g 0,00,0.

This equation links o and x, and to get a canonical kinetic term I have

dx [Q2M?2 + 6£202
/ P

it G N 4.
X = QM3 (4.9)

This redefining from o to x will not only change the kinetic term, but also the
potential of (4.8). How the potential will change can be calculated by solving
(4.9) for o and inserting the result in (4.8), but this is not straight forward
since (4.9) is a non-linear differential equation. It can however be solved by
separation of variables with a complicated result.

As one so often do in physics, I can make an approximation to simplify
(4.9). As in section 3.2, one way of insuring inflation was that the potential of
the inflaton should dominate the kinetic term. This can be applied to (4.8) to
see what type of approximation could be valid.

Counting powers of o I see that the kinetic term, without the derivatives,
goes roughly as 0~2 and the first term in the potential also goes as o~2. What
gives us a clue is the second term of the potential. 2% is to highest order
proportional to o~* which matches with o4 in the potential. So if ¢ increases,
both the kinetic term and the first part of the potential will decrease, but the
second term in the potential will roughly be constant. If the goal is to make the
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potential dominate the kinetic term I can make the assumption that o is large,
this will help me obtain inflation.

Taking a closer look at Q7% I see that if this should go as 0~* the following
approximation should be made

%
JE

This approximation will of course have consequences for the other quantities;

o>

€0 dy Mp
02 ST X R
M2 do ve

)

where I for the last also need to assume the ¢ is large. This new differential
equation is easy to solve. Taking appropriate factors I get

x = V6MpIn (‘]ﬁ’) .

and equivalent

().

To rewrite the potential of (4.8) in terms of , it is convenient to simplify the
expression first. Using the above approximation, the potential can be written
as

(4.10)

where there for the last step is used that I am working in the large field approx-

. . . . o . 2 . .
imation, so ¢ is far from its minimum 4/“=. Now it is easy to calculate the

potential in y
M3k —2x -2
v :P(Hex ( )) |
(x) & 1 P\ Toarn

A plot of U(o) can be seen in figure 8. It can be seen that the conformal
transformation have changed the potential from the form o2 + ¢4 to a new more
inflation friendly potential. It is more inflation friendly in the sense that it
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Figure 8: Plot of the potential in MCI. All constant factors
have been dropped as they will only scale the potential, but
not change its overall shape. The potential is seen to flatten
as we move to larger field values, this is an indication of a
regime where slow-roll inflation might occur.

flattens in the regime where inflation takes place, whereas the original potential
had no such feature.

To ensure that this model will provide an inflationary scenario I can use the
slow-roll parameters to check conditions on the different couplings. Using the
slow-roll parameters from (3.10) I have

% (e

2
S A LU/
U

Using the following calculus calculations I can obtain an expression for the slow-
roll parameters in terms of ¢ instead of x. As will be shown, however, the use
of (4.9) can not be obmited.

Using the Chain rule T get.

WUy
do  dx do

dU dU /dx
dx ~ do / do

There is no need to specify whether U depends on ¢ or y since these are in one
to one correspondence, which can make calculations of the slow-roll parameters
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easier. The second derivative is a bit more complicated to derive, but the idea

is the same.

U U <d><>2 dU d*x

do?  dy? \do

d’U  dU d%x B d?U dx
do

do?  dy do?  dy?
PU_ 0Py ay_ v
do?  do do?’ do  dy>
P2 LUdx _ dU d’x

dx?

__ do? do do do?

@

For simplicity let me denote derivatives with respect to o with a prime.
d2U U//X/ _ U/X//

dx? (x')3

dy do?

) -

(

dx
do

) -

Even if all derivatives a calculated with respect to o still there is the need for
the derivative of x. Luckily this comes from (4.9) without the need to solve it,
however calculations will of course be easier with a more simple expression for

(4.9).

I am now able to calculate the slow-roll parameters for this composite infla-
tionary model. Working from (4.10) I have the following form of the potential

and its derivatives when working in the large field approximation:

U :M—;’%
4 2
U o~ Mpe 4%0—3)
4 2
U’ ~ %g —12%0‘4> )

(4.11)

The above is consistent with calculations where the approximation is not taken

until after differentiation. The slow-roll parameters are then

o _ MR (_aMio 2
2 £o3V6Mp
_4Mp
T3 &2 ot
2 2

— M2 712%0_40_174%0_3(71)0_2
no=4Mp 6MZo—3

— _4Mp

- 3 £ o2

(4.12)

A similar calculation can be done with y, but it will give the same result as a

simple insertion of o (), namely

(4.13)



Now the theory have been formulated in terms of the general parameters of
inflationary models, and from here I am able to set further constraints on field
values and coupling strength for the non-minimal coupling to gravity.

4.2.5 Constrains on Minimal Composite Inflation

Given the slow-roll parameters, (4.12), I can now move to constraints of the
MCI model. This will give an idea of how the scalar field evolve with time, and
if it is reasonable to assume that this theory could drive inflation. Moreover it is
possible to calculate the effective scale, e.i. at what scale it is no longer valid to
assume the effective Lagrangian. This can in turn associate a composite scale,
the scale at which the composite theory breaks down and more fundamental
particles must be taken into consideration.

This composite scale will give some clues to what particles could drive infla-
tion. A low composite scale raises the hope that some low energy bound state
could do the job, but more reasonable would be if the composite scale was of
the order of the TeV scale, since no useable bound state have been seen. This
would imply that LHC was within reach of not only the Higgs particle from the
electroweak symmetry breaking, but that also the inflaton could emerge from
this experiment. These two particles might even be one and the same.

An even higher composite scale would also be good, at least for this model.
I am working with an effective description of the model, making it valid up to
some energy scale. However inflation occurred at very high energy density, so
if the effective description should be valid, the initial argument would be that
the composite scale should be higher than the inflationary one. Until I have
investigated what this scale is, there is no reason why is should be the TeV scale
or some other.

First I can calculate a what value the field no longer will expand the universe
further. I know that any inflationary model will ultimately stop when € reaches
1, this will give me oc,q, the value of o when inflation ends. With (4.12) I get:

4\ Mp Mp
e~ (=) 2 1075222, 4.14
Tend <3> VE VE (4.14)

With one endpoint of inflation calculated, I can calculated the other by knowing
how long inflation lasted. Since time is a relatively hard quantity to calculate
in this setup, I turn to the relative size of the universe, e.i. the scaling factor.
With the number of e-foldings I can estimate the duration of inflation in terms
of the scalar field, using equation (3.11) I get

1 Xini U 1 Tini U dx
= dy = — — X,
Vs ] g e

nd end do dx

By the inverse function theorem from calculus, or a simple calculation of the

derivatives 22 and %, I have

dx
1 Tini U dX 2
= — — =] do. 4.1
N=1m /am dU/do (da> 7 (4.15)
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Using the approximations from (4.11) T get

2
1 [7 &o® [(V6Mp 6 5
N M2 /g AM3 ( o 7T s (7 = Oena)

end

Solving this for ¢;,; and substituting (4.14) I arrive at an initial value for com-
posite inflaton field;

SM?2 M
PN +02 = %/\u (1.075)2 (4.16)

S Mp.
ini 65 e \/E

Different estimates can be given on the size of N2, 5], but to take the lowest

value capable of producing the observables seen today, both in the CMB spectra

and for the horizon and flatness problem, I obtain A/ ~ 60. This implies that
Mp

ini = 9.01— 4.17
o NG (4.17)

I have now estimated by how much the composite scalar field must change
for inflation to run successfully. There is however more constraints I can put
on MCI. With the normalization condition|[l4] from WMAP it is possible to
calculate the strength of the strong coupling to gravity, £. This can be done by
estimating the inflaton field value at the WMAP measurements, oy rrap to be
of the same size as the initial inflaton value, ¢;,;. The normalization condition
is roughly a requirement of the inflaton oscillations to match current matter
densities, so that the decay of the inflaton does not produce too much energy:

Using

Eini

= (0.0276Mp)*. (4.18)

With this condition and equation (4.11),(4.12) and (4.17) T get
€ ~ 46043+/k. (4.19)

Remember from section 4.1 that x was the quartic self coupling of the inflaton
field. Since MCI originates from a strongly coupled gauge theory, MWT, I can
assume that x is of order unity, this in turn implies that the strong coupling
to gravity, &, is of the order 46000. To compare, the strong coupling from the
Higgs Inflation scenario was 49000v/A, where X is the "¢*"-self coupling of the
SM Higgs boson.

There is however a difference with the analogy to the Higgs Inflation scenario,
the MCI inflaton is a composite state and is thereby formulated in an effective
theory. This effective theory is not valid up to an arbitrary scale, but has some
cutoff scale at which its formulations no longer make sense, or it produces cross
sections that break unitarity.

An analogy to the standard model can be found here [17], where it is seen how
unitarity is broken when reaching the scale at which the effective Lagrangian
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does not work. In the higgsless standard model this happens when the total
energy of the system reaches A = 4wv ~ 3TeV, the v is then associated with
the scale where there is the need to change the Lagrangian. For the standard
model this change is to add the Higgs boson [17] .

For MCI there is similar a breakdown of the effective Lagrangian, this hap-
pens at Ap;or = 4wv. The change needed for this model is however not "simply"
to add a new boson, but rather to change from the effective Lagrangian to the
fundamental Lagrangian. This will make calculations more complicated, and
the use of the scalar field ¢ impossible, since it no longer would be a bound
state due to the high energy. This new scale, v, is therefore what I will call the
composite scale.

In the previous sections all calculations have been done in the effective theory,
so if there should be any hope that MCI is a phenomenological valid theory, the
scales of inflation must be below this cutoff. This highest scale we have in the
model is the initial value of the composite inflaton, g;,; = 9MT}£, the model is
therefore valid if:

Oini < 4mv =
9Mp

> ——F.

" e

Plugging in numbers I end up with the following composite scale[l4]:
v > 4.0710"°GeV.

A lower bound can be found with the reduced Planck mass, actually this might
be the real estimate due to lost of a 87G factor throughout calculations. With
the reduced Planck mass the composite scale is of the order

v > (0.813 — 4.07)10'°GeV. (4.20)

This scale is around the GUT scale. Since inflation probably runs at energies
lower than the GUT scale I can trust the effective describtion of my inflationary
model through out the infltionary period.

4.3 Preliminary Findings for Minimal Composite Inflation

A standard inflationary theory obtains inflation via a fundamental scalar field.
There has however only been observed one possible fundamental scalars in na-
ture. To explore the possiblity of a non-fundamental scalar, an effective theory
for a composite scalar field have been set up in the form of the MCI theory. The
main difference from MCI to a standard inflationary theory is the composit-
ness of the scalar field, and the presence of a non-minimal coupling between
the scalar field and gravity. With the effective description of MCI it has been
possible to formulate a theory that will inflate the universe via the slow-roll
paradigm. In this setup a reasonable change of the inflaton field was obtained,
and furthermore an estimate of the non-minimal coupling to gravity was given.
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From these estimates and the cutoff scale of the effective theory a composite
scale was found. This is the scale at which it can be expected that the composite
field will decompose into more fundamental particles.

With a composite scale of the size found, (4.20), there are several things I can
conclude. The hope that this theory could be solved with a composite Higgs field
has to be dismissed. If the inflaton and the Higgs scalar were the same, the two
theories must agree, and there for the scale of the thoeries must be the same.
This analysis shows that a composite inflaton decompose around the Grand
Unification scale, 1016GeV, whereas work on electroweak symmetry breaking
results in a decomposition of the composite Higgs at much lower scales[17].
With the composite scale of the order of the GUT scale it is safe to assume that
the inflaton is composite through out the period of inflation in this model.

Assuming that the inflaton is a bound state of some higher gauge theory
MCI serves as an example that composite inflation can work. In its current
form it is however only a template for further investigations of compositness in
the inflationary sector. Realistic candidates for the composite inflaton will have
to be examined together with reheating properties of the specific theory.
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5 Inflatonic Glueballs

Nature, it seems, is the popular name
for milliards and milliards and milliards
of particles playing their infinite game
of billiards and billiards and billiards
Piet Hein

When I now have shown that composite inflation in general can be made to
work, I will in this section give a another possible origin of the composite state,
which does not require a Technicolor model. In section 4 I used a composite
state from Minimal Walking Technicolor, an extension of the current Standard
Model, since all the complicated work of constructing an effective Lagrangian
was already done in [15]. In this section I will, motivated strongly by the
particle content of the standard model, show that a simple SU(N) gauge theory
described through the Yang-Mills Lagrangian can produce inflation.

5.1 What are Glueballs?

Before stating on the inflationary theory I will give a short recap of what a
glueball actually is. For this I will start on what a gluon is, since glueballs are
condensates of gluones.

5.1.1 Gauge Theories

When one say that a theory has a SU(N) gauge symmetry it means that if the
field content is transformed by a local transformation from this gauge group,
the theory must be invariant. An example is the the mass term for a fermion,
mynp. Tt is invariant under an U(1) gauge symmetry, which means that when
the fermion field transforms with a U(1) transformations phasee like:

() = (),

the mass terms is invariant, which easily can be seen by insertion, just remember
that the transformation angle changes sign when there is a bar over .

But particle theories contains not only mass terms, it should include kinetic
terms as well. Since the derivative is defined as a limiting process, namely the
derivative in direction n* is :

0,4 = lim ~ (e + en) — ¥(x)),

e—0 €

one end up having problems when naively including standard kinetic terms,
Y1), since the transformation of the derivative includes a local transformation.
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A way to solve this is to introduce the covariant derivative, D,. It is con-
structed very similar to the ordinary derivative, but it includes a scalar U(x,y)
that "moves" the two fields in the derivative together, so that the over all deriva-
tive transforms nicely, see chapter 15 of [1]. For an SU(N) gauge theory the
covariant derivative is given by

Dyip(z) = 0t (x) — ig At ®e(x),

with summation over a, where ¢* is the generators of the gauge group, Aj is the
gauge connection and ¢ is the gauge coupling.

In Quantum Electrodynamics, QED, the gauge connection, A, can be iden-
tified with the photon. So in an atom, where the nuclei is interpreted as a static
charge, the force carrier, responsible for keeping the electron in orbit, is the
photon. A continuous exchange of photons between the electron and the nuclei
acts like a force, and binds the atom together.

Likewise is it with any other gauge theory, the gauge connection can be seen
as a particle. Take a look at Quantum Chromodynamics, QCD, which has a
SU(3) gauge group, the force carries comes from the gauge connection, Af,
unlike in the QED case this field has an extra index, a. The force carrier in
QCD is called the gluon, and the extra index has a huge impact on the way the
gluon behaves. For one thing photons do not interact directly with each other,
gluons do. The extra index can be associated to the color charge of QCD so
that gluons them self carry charge, this makes them interact with each other,
photons can not do this since they do not carry any charge.

The self-interaction of gluons is what brings us to glueballs. The strong
nuclear force is, not surprisingly, strong, and therefore the interaction between
gluons is also strong. An invariant kinetic term for the gluons can be formed
from the covariant derivative, it is simplified in the form (F/‘jy)2 where FJj, is
defined by

Dy D) = —igFg,t%,

again with summation over a. This new quantity is called the field strength
tensor. With the ingredients presented above a theory with a given gauge sym-
metry can be formed via the Yang-Mills Lagrangian into the following theory
of fermions:

Lyar =060 - 7 (FR,) = miv.

The Yang- Mills Lagrangian is the term with F7,.

Taking only the Yang-Mills Lagrangian, this is called the Yang-Mills theory,
it describes a non-trivial interacting theory due to the cubic and quartic term
within (Flf,j)2 [1]. Tts particle content is only gluons, or a generalization of
these in the case of non-QCD models, which interact in different ways. For us,
one important interaction is the condensation due to the strong coupling of the
theory. Two gluons can attract each other and form a condensation called a
glueball.
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5.1.2 Effective Glueballs

Francesco Sannino and Joseph Schechter have derived an effective theory for
glueballs [18], in which individual gluons can be omited and only the glueballs
are modeled. From this I can take the effective description of the glueball
field and its potential which i later will use for an inflationary model driven by
glueballs. With the only change being notation the effective glueball field, in an
SU(N) gauge theory, was derived to be

11N g2
_ FHv-a pa
3 3272 v

with summation over all repeated indices. Geoffry B. West finds the same form
of the glueball field in [19], from here the glueball field is

G = ﬂ(g) F,ul/,aFﬁu’
g
here 3 is the full beta function, and g is the coupling constant of the gauge
theory. I will use this formulation of the glueball field, which I will denote ®

@zzégQFWWFﬁﬂ (5.1)

g
It should be noted that the glueball field is not just two single gluons with gauge
charge a = 1, it is a summation of all possible condensations of gluons with
a=1..N? —1 in the SU(N) theory. Moreover the glueball field has dimension
4, since F},, is of dimension 2'°.

With an effective description of the glueball field I can now move the po-
tential of the glueball. Again Sannino and Schechter have an effective potential
ready to use. Whether I use the notation of Sannino and Schechter or the one
by West does not matter. The potential reads

vin = (),

8eAL s

where e is Euler’s number and Ay s is the scale of the SU(N) Yang-Mills theory.
To make calculations look a bit simpler I absorb the 8e into A;l, a and call it
A*, furthermore I use the glueball field notation of West so that the potential
will take the form

w@:fm(i). (5.2)

Now that I have outlined how glueballs emerge from a pure gauge theory, I will
move to coupling glueballs to gravity.

10This is easy to see in the case of global U(1) symmetry of QED, where Fuy =0,A0—0,A,
and A, is of dimension 1.
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5.2 Glueballs In Spacetime

In this section I will show how the glueballs, condensates from a pure Yang-
Mills theory, can produce an inflationary state of the universe in a theory called
Glueball Inflation, GI [20]. The recipe for inflatonic glueballs is more or less the
same as for Minimal Composite Inflation, so for a start I will outline the plan
for a generic non-minimal coupled inflationary theory. The plan is a follows:

e Write the effective action in the Jordan frame with a non-minimal coupling
to gravity

e Rewrite the action via a conformal transformation, so that there is only a
minimal coupling to gravity.

e Define a new field so that the non-canonical kinetic term is made canonical

e Calculate the slow-roll parameters using the definition of this new field.

In this section I will do the first 3 steps, moving from the first action to an
action in the form where the slow-roll parameters can be calculated.
The action for the glueball field @ is given by

M2 4 (D2
2

> (O
R+ ® 20,00"d — 5 (A“ﬂ . (5.3)

S, = / duy=g l—
There are a few things to note about (5.3). First thing that might be odd
is that non-analytic powers in both the non-minimal coupling to gravity and
in the non-canonical kinetic term. The reason is the same for both of them,
to match dimensions. The glueball field, ®, is a dimension 4 operator and
therefore, if I would like to have a dimensionless coupling £, must form a non-
analytic coupling to the scalar curvature R since this is a dimension 2 operator.
The non-canonical kinetic term is dimensionally constrained as well, counting
dimensions in a canonical kinetic term will the field of dimension 4 leads to the
need to correct for 6 powers of mass in the Lagrangian density, this can be done
with the field it self to the power of —%. That I here have M instead of Mp,
as in MCI, is due to the note at the end of section 4.2.5 that there at some
point might be missing some constant factors, so that M either is the Planck
mass or the reduced Planck mass. Further more, the exact form of graviton
interactions are not known, so in a non-minimally coupled theory the constant
in the Hilbert-Einstein action need not be neither the Planck mass nor the
reduced Planck mass, so using M opens for a more general setup.

With the dimension 4 operator, ®, it could make calculations easier if I
introduced a rewriting of the field into a dimension 1 operator, this is simply
done with ® = ¢*. This field will be refereed to as the one dimensional glueball
field or just glueball field, but ¢ will always be of dimension 1 and not 4 as the
actual glueball field, ®. With this the action (5.3) now reads:

M2 + £9°
2

¢

Sy = /d%\/fg [— R+ 160,00"¢ — 2¢* In (Aﬂ . (5.4)
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Now I only need to set this up for easier use of the general conformal transfor-
mation in section 4.2.2, (5.4) then takes the form:

M2 M? + £¢? 32 4
B /d4 { M2£¢ R— u¢a“¢+ ]\j_rb2 n<i>]

Using the notation of section 4.2.2 I have

e N
vw0:2¢ﬂn(i>er):—sz

Making the conformal transformation I end up with the following action in the
Einstein frame

2 2 2 4
e sl S (3 (2) 2] 3]
242 27 72 4
oo s (S v ()]
(5.5)

Now that I have landed in the Einstein frame, again with the cost of a non-
canonical kinetic term, I am able to redefine the inflaton field into one with a
canonical kinetic term, just like I did in section 4.2.4.

This new field, y, will be linked to the inflaton field, ¢, via the non-canonical
kinetic term of (5.5):

242 2T2M2
dX:X/:\/Gﬁ‘f’ + 3217 Mp. (5.6)

do — TIMZ

With this redefinition I can now make (5.5) into canonical form in the Einstein
frame, where our slow-roll parameters are defined.

5.3 Slow-rolling Glueballs

In this section I will calculate the slow-roll parameters in our glueball inflation-
ary model [20]. Let me to begin with restate the slow-roll parameters in this
setup where I redefine the inflaton field to remove a non-canonical kinetic term.
The two slow-roll parameters are given by

.7”123 U1 2 U’y —U'y"
=L (= =MEL 5.7
= (Tw) o7

where primes denote derivatives with respect to ¢, and U = T4V (¢). Al-
though the euqations (5.7) looks fairly simple, with (5.6) they quickly becomes
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very messy, so like in section 4.2.4 I need an approximation to simplify things.
Remembering that in an inflationary model, the inflaton potential dominates
the kinetic term, I can count powers of ¢. This leads to the conclusion that I
must assume ¢ to be large. To simplify things the assumption I will make is

M
\/E)
since this reduces both T' and ' into the following

£0?
T2 ~20 =
M

Y =Mp\V607t, (5.8)

¢ >

where I also have assumed that £ is large. With the approximation the trans-
formed potential, U, becomes

U=T""2¢"In (i) ~ 22?’ In (f) . (5.9)

A sketch of U(¢) can be seen in figure 9, where the general form of the potential
can be seen. All constant factors have been dropped in the plot these will only
scale the graph.

To calculate the slow-roll parameters I need just to evaluate the derivatives
of (5.9) and (5.8):

/ 2M3 7 oME
U=y U'=—&§

/ _ V6Mp n_ _ \6Mp
= -5t

With this and (5.9) I get the slow-roll parameters from (5.7) for glueball driven
inflation to be
2
c— Mp ¢ _ 1
? (VEMPWn(i) 12(In( %)) (5.10)
p=ME=e e o (o)
in(3) (VoMp )93

It is a bit surprising that the second slow-roll parameter is identical zero. But
a quick check by counting powers of y indicates that U is linear in y, taking
the large field for granted. If U is linear in x the second derivative with respect
to x must of course vanish. Then simplicity of n is due only to the large field
approximation, and not the to fact that I also assumed £ to be large. This
assumption only simplifies the prefactor of the slow-roll parameters, and hence
can not change the fact that n is zero. However it could be an indication for
calculation of higher order is needed. I must stress that this will not move the
final result away from zero by any significant amount, but it might give some
further insight.

e
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Figure 9: A plot of the potential in Glueball Inflation,
U(¢), where ¢ is the one dimensional glueball field. The
general form of the potential can be see in the plot, all con-
stant factors have been dropped as they will only scale the
potential. Note that A = 1. This sets the scale of the first
axis. What further should be emphasized is that the poten-
tial flattens when moving towards higher field values, which
might indicate a working slow-roll regime.

5.4 The Strong Coupling and its Implications

As it was the case with Minimal Composite Inflation, I will now move to cal-
culations of the strong coupling constant, £. This can, as it did with MCI, give
us some clues to the scale of the theory, and hence an estimate of the validity
of this model.

The layout is fairly simple, calculate final and initial value of the inflaton
field, and use this to derive £ from the WMAP normalization condition (4.18).
Inflation ends when ¢ = 1, this gives a final value of the dimension one glueball
field of size

Pena = 1.335A. (5.11)

It should be noted that for now I can only calculate with reference to the scale of
the theory, since this for now is a free parameter. Using the number of e-foldings
in the form of equation (4.15) I can calculate the initial value assumed by the
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glueball field.

Here In?(z) = (In(z))* adopted from sin?(z) and cos?(z). Again assuming that
inflation at least lasted for 60 e-foldings I can get an estimate of the initial value
of the glueball field:

N+1
3
= 88.36A. (5.12)

Gini = Nexp

This high value of the initial field might be a problem. The theory is only an
effective theory, and therefor with scales this high compaired to the scale of
the theory the effective describtion may be insufficient. I will not adress this
problem further.

What I aim to do is to evaluate the scale of the theory, A. Since I am working
in the large field approximation I have assumed that

M
e
This implies that also the smallest value assumed by ¢ must be above this energy.

The smallest value of the one dimensional glueball field is A by construction.
Hence

¢ >

M

\/g?

all I need here is the size of €, this is however within reach. Using the WMAP
normalization condition (4.18) I can derive €.

A>

Uini
= (0.0276Mp)" =
€ini
24 Gini
4 3 ing

241n°(88.36)
=/ T ~61011.
¢ 0.02764
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With this I get the scale of the theory to be
A >4.94-10'%GeV,

where M was identified with the Planck mass.

As I found in the Minimal Composite setup a typical scale is in the Grand
Unification region. Like for MCI there is a meaning to this scale of the theory.
The description of glueball I have used is an effective description at relative low
energies. What this lower bound on A means is that I can trust the effective
description up to scales of this order. That it is of the order of GUT is a good
thing. If glueballs couple strongly to gravitons at the GUT scale, and they
would do so all the way to the Planck scale, then the physics of the GUT scale
would impose huge constraints on for instance unitarity at Planck scales. But
since the scale of Glueball Inflation is "only" the GUT scale, then gravitons and
glueball could easily decouple at higher scales, before the Planck scale, removing
any strong constraints from a Grand Unification Theory. Another aspect is that
at the GUT scale, which is defined as the unification energy of the 3 standard
model forces, the standard model coupling!! is weak. Our new SU(N) Yang-
Mills theory will, with this lower bound on A, be a strongly coupled theory at
the Grand Unification scale and hence the standard model decouples from the
inflation theory. This justifies that the action describing inflation do not include
any aspects from the standard model, but only the new Yang-Mills theory. This
idea can be visualized in figure 10 where the couplings of the 3 standard model
forces are plotted together with the new SU(NN) gauge coupling, assuming an
extension of the standard model which is unification friendly*'2.

5.5 Preliminary Findings for Glueball Infaltion

Working of the basis of Minimal Composite Inflation I have constructed a new
composite inflationary theory called Glueball Inflation[20]. In here the inflaton
is a condensate from a pure SU(N) Yang - Mills Theory featuring only gluons.
An effective description of the condensate of these gluons led the glueball and
its effective potential. Like with MCI, I coupled GI to gravity non-minimally,
making it a working inflationary theory. It has been shown that GI is an infla-
tionary theory in the energy region supposedly governed by a era of inflation,
thereby making it a reasonably theory of this era.

However the effective description of Glueball Inflation breaks down at some
energy scale, this was found to be the GUT scale, like with MCI. This opens
for studies of only the inflationary theory in the region, since the Yang - Mills
Theory is strongly coupled and the Standard Model at this energy might be
weakly coupled. Further more it could be interesting to see whether or not GI
and the Standard Model unify at some point which suggests a theory explaning
both inflation and the Standard model.

11Remember that there at the GUT scale only is one coupling for the standard model
12The standard model as it is does not unify, but it shows indications to unify[l].
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Figure 10: Qualitative visualization of the gauge couplings
relevant for discussion of inflation. Both axis are far off
linear scale. With this setup the standard model gauge cou-
plings unify at different scales. First QED and the weak
force unify to the electroweak theory, and later (in a setup al-
lowing for this) the electroweak theory unifies with the strong
interactions. At this point the single standard model gauge
coupling is weak where as the new SU(N) gauge coupling
still strong. At some higher scale these two couplings might
unify, this unification does not need to be at the Planck scale.
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6 Modified Glueball Inflation

Not only is the universe stranger than we think,
it is stranger than we can think.
Werner Heisenberg

In this section I will explore a modified version of the glueball inflation. This
is motivated mainly for the reason that the coupling £v/®R seems unnatural,
since square roots do not appear offen in fundamental particle physics.

6.1 Producing Non-Minimal Couplings

Un till this point the coupling to gravity has only been postulated, but it is not
without reasoning. A short recap of [21] should provide some insight on how
these non-minimal couplings are naturally formed. In [21] a framework is set
up. In this framework the non-minimal coupling of the composite scalar bosons
and gravity can be calculated. What I will use from this is not the value the
coupling takes, but rather the reasoning on how the non-minimal coupling can
arise in nature.

The field in [21] that is non-minimally coupled to gravity is a chiral conden-
sate from the Nambu - Jona-Lasinio model called H. It is coupled to gravity via
a coupling term very similar to the one from section 4, namely ¢ HTHR. The
claim of [21] is then that this coupling is generated in nature via the scattering
process of Figure 11a or in the case of broken symmetry, where the coupling is
V2€voR, via Figure 11b. Both scatterings go via a fermion loop.

(a) (b)

Figure 11: a Generation of non-minimal coupling in the
NJL setup. b Generation of non-minimal coupling in the
NJL setup with broken symmetry by the VEV of H

I would like to follow this idea and use it for the models already presented.
Take a look at Minimal Composite Inflation once again, the non-minimal cou-
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pling was %foazR, where & is the dimensionless coupling, o is the inflaton field
of the theory and R is the scalar curvature.

g/
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(a) (b)

Figure 12: a Possible tree-level scattering process with a
graviton into a pair of techini-fermions in a theory with a
non-minimal coupling to gravity. b The graviton decayes
into techni-fermions which then condensates to a scalar par-
ticle, which in turn are the inflaton from MCIL

Remember, from Minimal Walking Technicolor, that the scalar I used was a
condensate of the two new fermions from the extension of the standard model,
I can say that the coupling fundamentally is not between the graviton and the
inflaton, but rather between the graviton and the two new fermions. In this
case a tree-level process of scattering gravitons and techni-fermions could be
the one in Figure 12a, where a graviton decays into two techni-fermions. With
the two new fermions produced, I can imagine that these condensate at some
lower energy. This is when I can start to use the effective descriptions used in
section 4.

From section 4.1 the condensate in question is of the form (UU + DD), this
condensation forms the scalar particle I called o. This production of a inflaton
can be pictured as in Figure 12b where the graviton decays into techni-fermions
and these fermions then condensate into the scalar particle from MCI, that I
used for the inflaton in section 4. With this reasoning the non-minimal coupling
to gravity seems rather natural and further studies could be made to investigate
if similar calculations to the ones in [21] can be done in the MCI setup. Now
let me move to the Glueball Inflation from section 5, can I here make the same
argument of the origin of the non-minimal coupling?

At this level I can not. The reason being that the scattering of type &V @R
does not follow standard Feynman diagrams, since is it not possible to form a
V/® particle, so to speak. This is what brings me to the next section, where I
present a modified version of glueball inflation.
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(a) (b)

Figure 13: First look at how the graviton, h,,, could decay
into a glueball, ®. a Naive production of gluons, g, from the
graviton. b Production of gluons, which then condensates
into a glueball, ®.

6.1.1 Producing Glueballs

The production of inflatons in the MCI model came from the condensation of
techni-fermions, see Figure 12b, and I will here try and explain how I can form
inflatonic glueballs in the same manner. Glueballs are a condensation of gluons,
so I need some way to produce gluons from the graviton, thereby creating a
process like the one in Figure 13a. This will then lead to a condensation of the
gluons into a glueball, see Figure 13b.

I will pause for at moment at the implications of Figure 13b, since these
considerations will help in understanding the possibilities of this way to visu-
alize the non-minimal coupling in glueball inflation. The coupling assosiated
with Figure 13b is £,® R, where &5 is the coupling constant, ® the 4 dimensionel
glueball field from section 5 and R the scalar curvature. The original argument
for the v®R coupling in the glueball inflationary model was to match dimen-
sions and keeping &; dimensionless. With this new coupling I have relaxed the
constrain on the dimension of £ and by counting it is now of dimension —2. The
origin of this can come from the way to produce gluons from gravitons. The
production of Figure 13b could be true, but there is another relevant process as
well.

If gravity couples non-minimally to fermions, then the underlying process
of Figure 13a could in fact be via fermions which couple both to gravity and
the gauge bosons. A process that then could produce the effects of Figure 13a
could be the one in Figure 14a. Here the graviton decays to fermions which
then produce the desired gluons.

Once this idea that the gluons in fact come from some intermediate state and
not the graviton directly, ther is the need to consider Figure 14b. That there
is a intermediate massive state will affect the coupling term in the Lagrangian.
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(a) (b)

Figure 14: a Production of gluon from the graviton via a
massiv fermion loop. b Condensation of gluons to a glueball,
O, where the gluons are produced, via some heavy interme-
diate state, from the graviton. This leads to a suppression

with a factor m%% compared to Figure 13b.

With this way of coupling glueballs to gravitons the new coupling term is

So®
LD o2 R.
In this way I have obtained a term with dimension 4 as needed and still kept
&o dimensionless. This is however not directly the term I will use since &, and
# anyway always will apear together, so I might as well collect them in one
factor, call that &, which is of dimension —2. It should be kept in mind that I
have absorbed on of the scales of the theory into the non-minimal coupling.

The coupling term I will use is
1
LD §£2<IDR,

which is the exact same thing. A more complete calculation of factors can be
done in a specific SU(N) model, but for now this light weight version will be
sufficient.

My argument of using an intermediate fermion state could be casted into
not a suppression by m~2 but simply by a new scale of this kind of interactions,
say A’~2. This is more general, since it is not a specific fermion state, but takes
into account the whole dynamic of that scale.

6.2 Modified Potential for Modified Glueball Inflation

I will now start the work on calculating slow-roll parameters in a new modified
glueball inflationary scenario, Modified Glueball Inflation, MGI. Again it is
the same tactic of deriving the parameters, so I will not comment to much on
calculations. One thing should be noted, I will not make any approximations
on the transformation factor T2, the redefined field, x, or on the new potential,
U(¢) as I did in the previous sections.
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With the newly derived coupling term to gravity the Lagrangian and action
describing this modified version is

M? 1 3 d P
= do/—g|——R— = -2 Hd — — —
S /d xy/ g{ 5 R 2§2<I>R+<I> 0, 20" P 5 In <A4)]'

Setting this up to make the conformal transformation of section 4.2.2 and re-
placing ® with ¢*, where ¢ is of dimension 1, I get

. OME [, M? + &¢* 64 46" (¢

Using section 4.2.2 where the transformation factor, T2, is given by

o M2+ 6!
Mg

I get the action in the following form

2 2 2 4
5= [ oo | Mtns (B4 G () ) x-2gm(3)] 60

Defining the field x will make the kinetic term canonical, x is related to ¢ via

, 32 6M3 (dT\’
X = 7 T I 3
T2 T2 \ do
and evaluating the derivative of T yields

, VAM? + 480" + 3E2¢0
X = M? + &¢* VEMp,

(6.2)

where primes denote derivatives with respect to ¢. From equation (6.1) I read

of the potential: o
_ 2Mpo o
06 = s g (1), .

note that U(¢) is of dimension 4, as it should be, since &3 is dimension —2.

6.2.1 Slow-Roll Relevant Derivatives

Next thing to do is to evaluate the slow-roll parameters, but for that I need
the first and second derivative of the potential as well as the field x. This
can of course be made with pen and paper, but I have used Maple for further
calculations. A way to avoid this is to make similar approximations as I did in
section 4 and 5. This will not change things alot, but as will be clear in the end,
I need the precision of a non-approximated calculation. I did the approximated
case first, which agreed with the full calculations done in Maple made later on,
up to the approximation.
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The derivatives of the potential is

8M4¢3In (2 4 16M4&p"In (2
U’(d)): r n(A> + 2MP¢3 _ Ps2 n(A> (6.4)
(M2 + &0%)2 (M2 4 &a94)? (M? + &94)3
and
Lo AMbP (%) pagsgr 1T6Mpo* (%)
VO =rTgee T Or6eE T OET &)
3oMbEe  192MAEE610In (%) o
(M2 £,00)3 * (M2 4 &9t (6.5)
The second derivative of x is needed for the second slow-roll parameter n;
"_ V8Mp (M? + £¢")(16629° + 18£2¢°)
X TR &Y | 2 /AR 1 6ot § 300E0
460\ [AM2 + 46501 + 3¢6§%} . (6.6)

These equations are far from appealing, but as Einstein is quoted; "If you are
out to describe the truth, leave elegance to the tailor." Let us hope that there
is some lesson to learn from this.

6.3 Slow Roll MGI

With the complexity of the equations going into the slow-roll parameters there is
no hope that these will be any simpler. From equation (5.7) I have the slow-roll
parameters, inserting the already calculated factors I get for the first slow-roll
parameter

1 (4111 (%) M? — 4¢*¢ In (%) + M? + §2¢4)2
T ¢? In® (%) (4M? + 4859 + 3650°)

Like with MCI and Glueball Inflation I can now calculate the end value of
the field from e. Setting € equal one, and kepping A as the scale, the end value
of ¢ is

Gena = 1.1146A

I did this calculates nummerically with A =1, Mp = 100 = M and &; = 50000.
These values were picked from the experience of section 5 since there was no
better found choice.

When I now have a starting point of where inflation might end it could be
of help to plot the potential, see Figure 15a. I know that inflation ends at ¢epq,
which is at the far left of Figure 15a, and & have same zero point as U'(¢) e.i. at
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(a) (b)

Figure 15: a The potential of MGI, where ¢ is in units of
A, Mp and M is set to 100 and & = 50000. Inflation ends
almost at the left end of the plot and starts at the top of the
potential. b Zoom of the relevant part of the potential, scales
are as in a

the top of the potential. I could then try and see if inflation could work starting
at the top and then rolling down to ¢epng-

There is however another field value for which € is 1, but this is below the one
I have picked. If inflation runs from the top of the potential it will come to ¢¢pq
first and inflation will end there, never reaching the other value. Since these two
are the only values for which inflations can end it is safe to say that inflation
could run from the top of the potential at ¢;,; ~ 1.3288A t0 ¢epg ~ 1.1146A.
These values are the reason why I need to do the full calculations. Making a large
field approximations at the start whould have been wrong, since I am working
around one A, the same goes for a small field approximation. A qualitative value
can however be extracted from approximated calculations, this is what got me
started on the full calculations.

6.3.1 Duration of MGI

With this I have construced a new inflationary theory, which makes the universe

expand. But how large will it make the universe? This can be calculated using

the number of e-folds, the standard requirements, as used before, is that N is

at least sixty to explain observations on CMB. The number of e-folds are in this
setup defined as o

1 m U

N=sz |, T

M123 (XI)2d¢~

end

From this there is a problem, inflation starts where U’ is zero so there is
a divergence in the integral. A way to solve this is simply to set the start of
inflation a bit lower than ¢;,;. In the approximated case the first calculations
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led me to believe that moving closer and closer to ¢;,; could increase N to any
order, but this is not the case.
As can be seen in Table 1, N does Dini N
increase with ¢;,; moving closer and 1.3 2.26
closer to the top value of the poten- 1.32 3.95
tial at around 1.3288, but it does not 1.328 7.51

increase forever. There is what looks 1.3287 10.6
like a maximum value for N at 28.9 e- 1.32879 14.7
foldings, this does not change if T use 1.328796 18.6

1.3287964 21.8

the reduced Planck mass for M in-
stead of just the Planck mass, neither
if T change &.

Even though this modified glue-
ball inflation model did produce in-
flation it does not produce enough.

There is a way to solve this Table 1: Number of e-fold compared to

problem and the outline will fol- the precision on the initial inflaton field
low, since I have not had the .
in the MGI model.

time to go through the -calcula-
tions.

1.32879645 25.2
1.328796455 28.3
1.3287964552 | 28.8
1.32879645521 | 28.9

6.3.2 Possible Extendsions of MGI

The most common way to explain inflation is with one inflaton field, but as
I briefly mentioned in section 3.2.5, one could have inflationary models with
several inflatonic fields, making a collection of inflatons. This idea have in some
special cases been worked out in Assisted Inflation [13] and N-flation [12]. The
main idea is that with more than one inflaton, each field need not expand the
universe all sixty e-folds, but only a fraction of this. With 3 similar inflaton
fields, each need only inflate around 20 e-folds.

The dependance of the number of inflaton fields arises in both the number
of e-folds and in the slow-roll parameters for the models investigated in [12]. If
I now would like to invoke the N-flation idea on Modified Glueball Inflation it
might be done in several ways. The glueballs originate from a SU(N) gauge
theory so at first glance I could imagine that two gluons with one color form
one glueball, say a red, and two other gluons of some other color form another
glueball, say a blue. Then I could tune the number of inflaton fields with the
size of the gauge group by changing N.

This however is not possible because of the way the effective glueball field
is derived. The form was T'r [GzyG’“’“], which takes into acount the different
colors of the glueballs by summing over them. This seems reasonble since if all
different colors of glueballs are of the same mass, there is no reason why one
should not "decay" into another. Furthermore, one can never know the color
of a gluon and thereby neither of a glueball, so I have no means to differentiate
one from another.
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A more direct approach would be just to invoke a larger gauge group from
the beginning like SU(N) x SU(N) x SU(N) making 3 sets of glueballs. This
might solve the problem of the duration of MGI, since the result from [12] was
that if one glueball produces 25 e-folds, then 3 would make 75 e-folds. This
would, combined with the standard model, give us a huge gauge group, that
might not be as simple as I would like to. However for the low energies of the
standard model there is still the need for a product of 3 gauge groups, so I can
not rule out that at higher eneriges an even larger gauge group will arise for
inflation, even besides the SU(5) grand unification proposal.

One last idea comes from the fact that in the SU(N) gauge theory there are
more massive glueball states. As with [12] if T have states of different masses it
opens up for the possibility for the inflationary era to be a stepwise proces. As a
heavy glueball rolls down its potential it produces inflation. At the bottom, or
near it, it could then decay into a lighter state, which then starts to roll down its
potential again producing inflation. This could go on for a number of steps until
the last and lightest state would produce reheating at the end of its inflationary
era. I will call this series inflation. Another model could be parallel inflation
where there from the start was a mixture of both heavy and light states, which
then, side by side, roll down their potential and at the end produce reheating.

These two models might solve the shortcome of the MGI duration, but at
first glance they could not solve the follwing problem.

6.3.3 Fine-Tunning in MGI

With tabel 1 it is seen that the number of e-folding during inflation is highly
fine-tuned, meaning that there is a high dependence on the exact value of the
field ¢ at the start of inflation. At first glance it might not look fine-tuned but
remember that the size of the universe is exponential in the number of e-foldings,
making a change in A/ of just 1 dramatic for the size. Assume that this model
was able to produce sixty e-folds of inflation. With this order of fine-tuning a
relative fluctuation in the initial field value of just 5-10~7 would change the
number of e-foldings by 3 — 4, impling that the universe was only about a 1/10
as big as it should have been or 10 times bigger. Remember from section 3 that
all large structures in the universe could be explained by inflation, I can argue
that there is an upper limit on the number of e-foldings. If there is too many
e-folds, todays structures must come from some extremely small fluctuations,
infact with A/ being too large the fluctuations must be of Planck length. This
imposes problems with our theories, since they do not work all the way to the
Planck scale. In 22| on upper bound on N is given , not from my argument,
but on the entropy during inflation, N can not be any larger than 85. At the
moment this does not have any implications on the model presented, but it
does set a constrain if the fine-tuning region of the model was somehow moved
to around 60 e-folds, thereby making 85 within reach of change in the initial
field value. Of course this is not true a prioi for any change, but it should be
considered if one tries to change the duration of this inflationary model.
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6.4 Preliminary Findings of Modified Glueball Inflation

Even though Glueball Inflation was a well working theory it does have a problem.
The non-minimal coupling to gravity seems unnatural. This is due to the squre
root form which does not come up often in particle physics. One way to overcome
this is to make a theory which includes these kinds of interactions, or, as I did,
avoid couplings of this form.

Arguing from Feynmann diagrams led to a coupling of the form %fg(I)R,
where a graviton decays into a single glueball. From calculations point of view
this is a more complicated theory, since some of the cancellations in GI did not
happen in MGI and in the end precision in the calculations was needed.

Modified Glueball Inflation does produce inflation, however in insufficient
amounts. Futhermore I showed that even if MGI produced sixty e-fold of infla-
tion, it would still be highly fine-tuned in the initial region of inflation, making it
an unattractive theory to solve fine-tuning problems in the first place. Included
in the work still needed for this model are calculations if N-flation could work
in this setup, and a more precise calculations on the dependence of M and &;.
More over relevant scales of the theory might be within reach of calculations.
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7 Excluded by Reality?

Ezperts have their expert fun
ex cathedra telling one

just how nothing can be done.
Piet Hein

Until now this project has developed 2 working models of inflation, Minimal
Composite Inflation and Glueball Inflation. Just taking a part of the models
briefly described in section 3.2.5 there is already over 10 different models of
inflation. As it is with science not not only a theoretical model is needed,
but verification from experiments as well. In precision cosmology there is one
experiment not to be overlooked; the Wilkinson Microwave Anisotropy Probe,
and as will be clear afterwards this experiment more or less put the precision in
precision cosmology. I will start with a short description of the experiment and
its impact, followed by an explanation of the technical details for the observed
parameters and their implications for our models.

7.1 Wilkinson Microwave Anisotropy Probe

Figure 16: Picture of the WMAP full sky map of the
CMB temperature. The picture is a projection of the 3 di-
mensional space unto a 2 dimensional plot, just like an at-
las. The color indicates the temperature fluctuations in uK
around the mean temperature [23].

In cosmology one of the observables there is of the early universe is the
CMB, and even with the huge impact it has had on the verification of a Hot
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Big Bang scenario there is still a lot to learn from CMB [6]. The Wilkinson
Microwave Anisotropy Probe, WMARP, is a satellite with instruments designed to
measure the temperature of the CMB. The temperature of the CMB is defined by
assuming a Planck distribution of the photons and from that use the statistical
temperature coming from the density function.

What WMAP does, is to point its detectors in some direction and then sam-
ple frequencies of photons, effectively measuring the CMB temperature in that
direction. But is there enough statistical material to make such an assumption?
Yes; the average number density of CMB photons is around 4 - 103m~=3[¢], so
even if WMAP only detects a small part of these the temperature is still cal-
culated based on alot of photons. Following this procedure, WMAP was able
to make a full sky map of the CMB temperature, see figure 16, from which a
number of cosmological parameters can be calculated.

The satellite WMAP is funded by NASA in collaboration with Princeton
University and was initially planned for a 2 years observation period. This
however was extended to a total of 9 years ending in 2010. WMAP was lunched
to improve the findings of a previous mission, the COBE experiment, from which
it became clear that CMB was almost isotropic. Like WMAP, COBE measured
CMB temperatures and found that its mean was 2.725K with fluctuations of
order 1072, or around 30uK|[6]. It is these fluctuations that gave rise to the
primary successes for WMAP, since WMAP had the resolution to observe the
structure of these fluctuations. Moreover WMAP has other detectors, designed
to measure other aspects of the CMB radiation, for instance the polarization
of the photons, which can be linked to what kind of matter fluctuations caused
the CMB fluctuations. This makes the WMAP observations ideal for testing
inflationary theories since inflation should produce measurable implications on
spacetime and the universe which in turn effects the CMB.

With the accuracy of WMAP, cosmologists have moved closer to under-
standing the universe by further constraining the cosmological standard model,;
ACMD. The current measurements suggest a flat universe with 4.5% baryonic
matter, 22.6% cold dark matter and 73.4% dark energy [7]. This is not all of
the parameters WMAP extracted from their CMB measurements. In table 2 is
a list of inflationary relevant parameters measured by the WMAP group.

Besides this table the WMAP group also produced different kinds of plots,
where correlated quantities are shown. Ones of these is the scalar spectral index
and the tensor-to-scalar ratio plot, see figure 17, what these are will come later.
From an inflationary model one can calculate some of the quantities from table 2
and see what that model predicts, one way to check ones model is by calculating
the scalar spectral index and the tensor-to-scalar ratio, and the insert it in to
the plot on figure 17 to see if it is within the experimental bounds.

7.2 Linking Theory to Observations

When working with inflationary theories, most of the expressions are formulated
in actions or slow-roll parameters, but neither of them are observed directly in
nature, so how do one test inflationary theories? This section will try to build
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Figure 17: Plot of the scalar spectral index, ng, vs tensor-
to-scalar ratio, r. Starting from outside and going in, the
first line (blue) marks the 68% confidence level for Syr
WMAP measurements, next (red) is the 68% CL for 7 yr
WMAP, then (blue) 95% CL for 5yr and last (red) the 95%
CL for Tyr WMAP measurements[?/]. A inflation model
can be set in the plot by a point corresponding to the quan-
tities predicted by that model.
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Baryonic density Qp 0.0449 + 0.0028
Cold dark matter density Q. 0.222 +0.0028
Dark energy density Qp 0.734 £ 0.029

Total density Qtor | 1.08070993
Curvature fluctuations amplitude | A% | (2,43 +£0.11)-107°
Scalar spectral index N 0.963 +0.014
Running of spectral index dns | —0.034 + 0.0266
Equation of state w —1.1270%3
Tensor-to-scalar ratio r < 0.36 at 95% CL

Table 2: Results from the Tyr WMAP experiment[7], all
measurements at calculated from the full sky map measured
by WMAP with local distortions removed.

a bridge between theory and experiments mainly based on the so-called scalar
spectral index and the tensor-to-scalar ratio. What these are, will hopefully be
clear after reading this section.

When measuring the CMB spectrum, WMAP found that the mean tem-
perature was 2.725K, but also that there was a perturbation around this of
the order 10~°. This motivates cosmological perturbation theory, meaning that
this perturbation of the CMB temperature could be seen as some perturbations
of the spacetime. But where does these perturbation of spacetime then have
their origin? For now the hope is that inflation could solve exactly this prob-
lem, and as will be shown, this is actually a natural way to explain the CMB
perturbations, or at least a credible explanation.

Assume that the metric is somehow altered with some small change in the
following way:

9w (6, %) = G (t) + 09 (1, %),

where g, is our background, the FRW metric. There are 3 different types
of perturbations of the metric; scalar, vector, and tensor perturbations. I will
work with scalar and tensor perturbations only, since vector perturbation are
not produced during inflation, and even if they where they would decay as the
universe expanded [2].

To explain the origin of metric perturbations via the inflaton field the Ein-
stein field equation is needed. This is a long and complicated calculation which
I will not go through here, it can be found in [2, 5]. T will however list some of
the results relevant for this project.

If the metric is perturbed it is not unreasonable to assume that there is some
curvature change associated to this perturbation. Assuming that the inflaton
field is responsible for the perturbation a gauge invariant quantity can be formed.
This quantity is linked to the curvature and is called the comoving curvature
perturbation;

R—w- s,
3
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here U is the spatial diagonal perturbation of the metric [2], and ¢ is the back-
ground of the inflaton field. One nice property of the comoving curvature per-
turbation is that it is frozen outside the horizon. This means that once the
curvature perturbations are formed during inflation, the rapid expansion of in-
flation will blow these perturbations outside the Hubble horizon, where the
curvature is kept constant. At some later time after inflation the curvature
perturbations will reenter the horizon, due to expansion of the Hubble sphere,
making it possible to measure them. It is however not directly the comoving
curvature perturbation that is calculated from the CMB measurements. It is
the curvature fluctuation amplitude, A%. A statistical measure of the comoving
curvature perturbation is the power spectrum of R, Pg(k), defined by

(RiRi) = (2m)*6(k + k') Pr(k),

where Ry is the Fourier transform of R. From this the curvature fluctuation
amplitude can be defined: ,
A% = 2%PR(k).

Once the curvature fluctuation are in place, calculations of the scalar spectral
index, which measures the scale dependence of the curvature fluctuations, can
be started; ,
e 1= dlnAR'

dink
The scalar spectral index is one of the main quantities I will use for testing
inflationary theories.

Now that the short treatment of the scalar perturbations relevant for infla-
tion are done I can move to tensor perturbations which also can become relevant
for testing inflation. The perturbations on the metric might have a change in
the spatial components, lets call this change h; ;. This looks like the notation of
gravitational waves, and in fact tensor perturbations are also called gravitational
wave perturbations. Just like the scalar perturbations, tensor pertubations are
not directly measured, but one can derive quantities that are possible to mea-
sure. First it should be noted that the tensor perturbations can be formulated
via two orthogonal polarization modes, h™ and h*. To each of these, the power
spectrum can be associated:

(7.1)

(h*(K)h*(K')) = (2m)36(k + K') Ppa (k),

here a is either + or x. Then the total tensor fluctuation amplitude is given by
the sum of the to polarizations:

A2 =2A2,.
And as T did for equation (7.1) I can now form the tensor spectral index,
_ dInA?
nt = Tk -
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The last quantity I need is the tensor-to-scalar ratio, r, not surprisingly this
is the ratio between the tensor and scalar fluctuations:

A7
r= x2 -
A'R

The definitions above are aimed for experimentalists and are not very useful
from a theoretical point of view. However assuming the slow-roll paradigm
both the scalar spectral index and the tensor-to-scalar ratio take very simple
forms in the slow-roll parameters [2]. One thing must be emphasized; when
calculating the following quantities all factors must be evaluated at the time
where the relevant scale leave the Hubble sphere. The reason being that the
comoving curvature perturbation freezes outside the horizon. More over there is
no way to have any clues on what happens outside the horizon, so the fact that
perturbations are fixed is both a necessary and a lucky coincidence. From now
on quantities that are evaluated when they leave the horizon are marked with
a star, . It need not, however, be at the same time, or number of e-foldings,
for all quantities, since different scales exits the horizon at different moments.
Since I mostly will be comparing theory to WMAP observations of CMB, the
relevant scale is when CMB exits. This happens 60 e-foldings before the end of
inflation [2].

For the slow-roll paradigm I have from [2] that for the scalar spectral index

ng —1=2n" — 6e” (7.2)
and for the tensor-to-scalar ratio
r = 16¢™. (7.3)

Here then, slow-roll parameters are the potential slow-roll parameters, as my
convention from section 3.2.3 implies. With a link between observables and
theory, I am now ready to check if WMAP have excluded Minimal Composite
Inflation or Glueball Inflation.

7.3 Theoretical Observables

In the following I will calculate both the scalar spectral index and the tensor-
to-scalar ratio in both the Minimal Composite Inflation model and in Glueball
Inflation. As already mentioned I have to compute them at horizon exit for the
relevant scale. The relevant scale here is the CMB scale which is 60 e-foldings
before inflation ends

7.3.1 Minimal Composite Inflation

First let me restate the slow-roll parameters from MCI




Next thing to do is to find at what value of o, where the CMB exits the horizon.
From section 4.2.5 remember that the requirement for the observed CMB spectra
was for N' =~ 60. Moreover this was used to obtain the lowest initial value for the
composite inflaton capable of producing such a spectra. This implies that for
the CMB relevant scale I can use what is called the initial value of the composite

inflaton field in section 4.2.5, this was g;,; = 9M—\/g. It is now trivial to calculate

the following

41 41
MCI
S 1425 6o —1.0317 7.4
s T3z ~ O30 (7-4)
41
MCI
— 16— = 0.00325. 75

Now that I have some measurable numbers for MCI I can compare with table 2.
It is seen that the tensor-to-scalar ratio is safely within 95% CL, so with only this
parameter I can not exclude MCI. However by taking the scalar spectral index
into account I must, from only table 2, say that the MCI model is excluded.
Table 2 was a recap of the findings from [7]. There is however a more detailed
article regarding the CMB spectrum [24], it is from here figure 17 is taken. The
MCI model can of course be found in this plot as well. This puts it outside both
the 95% and the 68% confidence level for the 5 year WMAP measurements and
for the improved 7 year WMAP measurements. So it is safe to say that WMAP
has excluded Minimal Composite Inflation. Even though it would be exciting
with MCI as a fully working and plausible theory it is excluded. The MCI model
is mainly a toy model, build to show that inflation could be running under a
strongly coupled theory with a composite scalar as the inflaton. The concepts
from MCI can be used as building blocks for other models, as it is with the
Glueball model.

7.3.2 Glueball Inflation

What I now will do is the same analysis as I did with Minimal Composite
Inflation, just in the case of Glueball Inflation. One might remember that
the second slow-roll parameter for Glueball Inflation was identical zero, so for
this analysis I have to worry only about the first slow-roll parameter, e (5.10).
Evaluating this at the initial value of the glueball field gives

. 1 1
£ _ =

2w () AU

The reason for using the initial value of the glueball field is the same as it was
with the initial value of the composite field in MCI, I have already assumed
inflation to start, so that in at least explains observations from CMB i.e. infla-
tion start from 60 e-foldings. The model could be extended to last for a longer
period, but for this analysis there is no need to do so.

With the slow-roll parameter calculated I can now move to calculate the two
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observables. from (7.2) and (7.3) i get for Glueball Inflation

6
L= - 41 ~09751
" oi1 T+
_ 16 0.06639
TSy T

Comparing to table 2 it can be seen that both the scalar spectral index and the
tensor-to-scalar ratio is within the bounds set by WMAP, hence Glueball Infla-
tion in the form presented in [20] can not be excluded by current measurements,
and hence is still a possible explanation for inflation. Using the ns vs r plot,
figure 17, Glueball Inflation is in the lower center of the 95 % confidence level,
this meens that it is not excluded. A naive estimate from only the plot shows
that the shortest distance from the Glueball Inflation point to outside the 95 %
CL region, is by having a lower bound on the tensor-to-scalar ratio. This can
be obtained by observation of tensor modes in the CMB spectrum, one of the
goals of the Planck satellite. This might exclude Glueball Inflation is its current
form.
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8 Conclusions

For more than the last 60 years cosmologists have been working with the big
bang theory. In its first layout, the universe started of as a hot dense state
and expanded from here, forming the universe as it is today 13.7 billion years
after. There has been many successes of the standard big bang theory, where
the biggest might be the production of the CMB and the natural formation of
primordial hydrogen and helium. There is, however, also a lot of problems with
the standard big bang theory. Some are The Flatness Problem, The Horizon
Problem and The Monopole Problem. The first two require extreme fine-tuning
of the initial state of the universe to explain todays observables, and the third
is a problem of unobserved exotic particles.

A way of combining the good sides of a big bang theory with a theory that
solves the problems of the standard big bang is via a period called inflation.
Inflation is a era of rapid expansion of the universe. It stretches spacetime,
solving the Flatness problem, makes it possible for a small universe before in-
flation solving The Horizon Problem and enlarges the universe by many factors
explaining why exotic particles have not been observed. Furthermore at the end
of inflation is a period called reheating, which heats up the universe once again
ensuring the formations of primordial elements and later the CMB. Every era in
the history of the universe is explained by some type of particle being dominant,
so what governs inflation?

The initial proposal in 1981 by A. Guth and A. Linde in 1982 was that in-
flation was driven by a scalar particle, which later was named the inflaton. In
most models the inflaton is a fundamental scalar, which via a dominant poten-
tial, produces a period of nearly exponential expansion. As inflation solves the
problems of the standard big bang it imposes its own problems; only one, for
the moment, fundamental scalar have been observed. Evenmore a fundamental
scalar particle on its own, produces huge problems in our theory of nature: quan-
tum field theory. The most well know scalar particle is the Higgs boson of the
standard model. When trying to renormalize a theory including a fundamental
scalar is produces untamed divergences in, for instance, the mass operator of
the Higgs boson. A lot of the problems with the Higgs scalar particle applies to
a fundamental scalar inflaton as well, but why not use some of the same tools
to solve the problems with the inflaton as one does for the Higgs.

One of the type of models that solve the problems of the Higgs sector is
Technicolor models, where the scalar is not fundamental, but a composite state.
This setup had until 2011 not been used for inflation, but Phongpichit Chan-
nuie, Jakob Jark Jgrgensen and Francesco Sannino in their article "Minimal
Composite Inflation" [14] worked out how inflation could come to work in a
composite setup.

With the work of the project several things have become clear in the compos-
ite inflation setup. I have worked with 3 different models of composite inflation,
of which 2 of them are working models of inflation and 1 is still not excluded
by precision cosmology. That a composite setup can be made to work should
at this point be clear, but at first glance it might have seemed that any com-
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posite model could work since it includes extra parameters to be tuned, thereby
making it more flexible. This is however not true.

The first model, Minimal Composite Inflation, was the first setup for com-
posite inflation. As an extension of the standard model I assumed a Technicolor
model similar to Minimal Walking Technicolor [15] to be responsible for infla-
tion. This new model included two new fermions and the condensations of these
was used as the inflaton of Minimal Composite Inflation. The main feature of
the composite inflation models I have worked on is that the inflaton is coupled
non-minimally to gravity, and the same goes for Minimal Composite Inflation.
With this coupling to gravity I was able to derive the slow-roll parameters of the
model, thereby checking if inflation was working in this framework. Further-
more the new coupling to gravity includes a coupling constant. With constraints
from the WMAP experiment I was able to derive the composite scale from this
coupling. The composite scale is the energy at which the composite inflaton
decomposes into its building blocks, the fundamental fermions. This scale was
derived to be the GUT scale, imposing that the composite inflaton could not be
the composite Higgs particle from former electroweak Technicolor models.

Minimal Composite Inflation however turned out to be merely a toy model
for compositeness at the inflationary scale, since measurements from WMAP
excluded the model. It did serve as a foundation for another model, Glueball
Inflation, also by Phongpichit Channuie, Jakob Jark Jgrgensen and Francesco
Sannino as well as Fedor Bezrukov [20].

Inflation is not at this point included in the standard model of physics, so
there is the need for an extendsion to explain inflation. In Minimal Composite
Inflation the extension was a Technicolor model, but in Glueball Inflation it is
a pure Yang - Mills theory. In this model the inflaton condensates from a new
SU(N) gauge symmetry forming glueballs. Again, what made the model work
was a non-minimal coupling to gravity, from which the coupling constant again
implied the GUT scale as the scale of the theory. This neatly decoupled the
inflaton from the standard model and opened the opportunity that the inflaton
could decompose before the Planck scale, removing any divergences that might
be in the scalar description.

Glueball Inflation as a model of composite inflation is a simple looking model,
it includes only a Yang - Mills Theory on top of the standard model to work.
Besides that it, in this context, looks simple, Glueball Inflation is not yet ex-
cluded by WMAP at the level of my investigation. Maybe in the near future,
when the results of the Planck experiment arrive, there will come more clear
answer to whether or not Glueball Inflation could be the right way to explain
inflation.

Even though Glueball Inflation seems to be the best model so far for com-
posite inflation it suffers from a significant problem; the non-minimal coupling
to gravity does not look like any ordinary particle interaction. It includes a
square root of the glueball field coupled to the graviton. This type of scattering
have not been seen. Maybe this is due to the fact that physicist have not yet
made gravity renormalizable and that this would fix the problem, but another
way is to remove this type of coupling, imposing a new, more straightforward
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coupling, where one glueball couples to one graviton.

This led to Modified Glueball Inflation, which invokes just this change. By
arguing from Feynmann diagrams I came up with this new coupling, and worked
out a model that produces inflation of the universe. This, however, is not a
working model of inflation, since it does not inflate the universe enough, thereby
not solving the initial problems of the Standard Big Bang. Further more the
model suffers from fine-tuning at the start of inflation, so unless these problems
are solved Modified Glueball Inflation is not a theory that could explain inflation.

Overall I have argued that using a composite scalar to drive inflation can
be made to work, and it seems like a general tendency that the scale of these
types of inflationary models is the GUT scale, making the effective description
of the condensate valid for inflationary era. Further calculations is needed in all
models to ensure precision and to work out reheating properties of that specific
model, opening for even more tests.
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