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Summary

Introduction

The Universe is an immense space, filled with galaxies, stars and planets. Strikingly, the
grand scale evolution of the Universe can be described by a total of 6 parameters. This is
the remarkable conclusion scientists have made almost 100 years after Einstein introduced his
theory of Gravity. His theory allowed us for the first time to describe a dynamically evolving
Universe. Roughly, we can divide the 6 parameters as follows:

• Interactions in the Universe (1)

• Energy content of the Universe (3)

• The initial condition (2)

The research carried out in this thesis aims at the exploring the initial conditions of the Uni-
verse. Modern cosmology tells us that the Universe came into existence about 13.7 Billion
years ago through a process that is commonly referred to as the Big Bang. As we will see in
this summary, the initial conditions we are interested in are not set right at the beginning,
but rather in a very brief period directly after. During this period the conditions are extreme:
super high temperatures energies and densities dominate the Universe. Since we know very
little about how nature behaves under these extreme conditions, finding a way to explore this
period would pose a tremendous opportunity. Especially since these high energy conditions are
impossible to reproduce in a laboratory on earth. The Big Bang might therefore offer us the
only possibility to investigate the laws of nature under these extreme conditions. Our challenge
is to recover information about the initial conditions using cosmological observations and re-
late these observations to theoretical models. We can break-down the quest presented in this
thesis into two questions: Given a theory describing the early, extreme Universe, what are the
predictions for the initial conditions? and How do we extract valuable information about this
initial condition from cosmological data? Once these questions have been answered, we should
be able to reconstruct the theory describing the very early Universe. Before I begin to explain
how I tried to answer these questions, let me first given a brief introduction of the evolution
history of the Universe.

187



Summary

Einstein’s Gravity

The modern theory of Gravity introduced by Einstein (1905-1916), provided the foundation
to describe the dynamical evolution of the Universe as a whole. The essential building blocks
of Einstein’s theory postulated that space and time are related through spacetime, that the
geometry of spacetime depends on the energy inside it, and that there exists a fundamental
limiting speed at which information can be exchanged (the speed of light). Using these ideas
it became possible to describe the Universe’s past, present and future.

The reason we consider spacetime, as opposed to space and time, was motivated by Ein-
stein. He showed that both space and time or not invariant (unchanged) with respect to the
motion of an observer, i.e., the measurement of bits and pieces of time and space will depend
on the observer. For example, an observer at rest (velocity = 0) will measure passing time
differently from an observer that is moving with respect to the observer at rest (velocity 6= 0).
The differences between those measurements will increase as the relative velocity between both
observers increases. Once this difference equals the speed of light, the measured differences will
be maximal. If you formulate a law describing nature, and you assume that this law should hold
throughout the entire Universe, you would wish that this law is independent of the observer, in
the sense that we would like to avoid drawing different conclusions on how nature works based
on the reference frame of the observer. Einstein showed that although time and space inde-
pendently are not invariant, spacetime is. Effectively, the differences between measurements
of space and time cancel each other out. In order to define the invariant spacetime distance,
we make use of a metric. A metric tells us how to add measurements of space and time in
such a way to form the invariant quantity known as the interval. To apply Einstein’s theory
to cosmology we need to define the spacetime metric of the Universe. It turns out the metric
of the large scale evolution of the Universe is relatively simple and this metric was derived
independently by Friedman, Robertson, Walker and Lemâıtre. The FRLW metric is based on
the observation that the Universe is homogeneous and isotropic on large scales: the Universe
appears the same in all directions on every position in the Universe. In addition, it turns out
that the Universe is close to flat. Equivalent to how a surface can be curved, such as the surface
of a balloon, higher dimensional space can be curved as well. When we say the Universe is flat,
we infer that the 3 dimensional space in the Universe is flat. Although it is very difficult to
imagine a 3 dimensionally curved space, we are able to perform experiments to test whether the
geometry of the Universe is curved. For example, it turns out that the sum of the angles of an
equilateral triangle in curved space differs from that in flat space. Cosmological observations
that perform such a test in an ingenious way have shown that the Universe is flat.

The second idea proposed by Einstein tells us that the geometry of space, described by
the metric, depends on the contents inside spacetime. When we say contents or components
we typically refer to mass or energy (matter and energy are related through the well known
relation E = mc2 with m the mass and c the speed of light) inside the Universe, such as matter.
The prescription for the invariant spacetime interval, the metric, will change as function what
contents are inside the Universe. Einstein’s equations allowed us to build a theory of the
Universe by deriving a metric. By specifying the contents, the equations allow us to compute
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the evolution of the Universe as a function of time2. Now imagine yourself gazing at the sky
in the times of Einstein, wondering how the Universe changed as time progressed. It would
come as no surprise if you concluded that the Universe would not evolve at all; the Universe
has been the same for all eternity. This is exactly the same view Einstein had in mind when
he first tried to solve his equations. To his surprise his own equations did not allow for a
static solution, no matter what he put into his Universe, his equations led to a dynamical (time
dependent) solution. He tried to solve this ‘issue’ artificially by slightly modifying his geometry,
but the Dutch physicist de Sitter showed that this would still lead to an evolving Universe.
Even though Einstein did not like it, it was a remarkable conclusion and finding, since it meant
the Universe must have looked different in the past and would probably look different in the
future.

The first circumstantial evidence that the Universe was truly dynamical was obtained by
Edwin Hubble in 1929. He discovered that distant galaxies moved away from us, and that
velocity at which this happened depended on how far these galaxies were away from us. This
would imply the Universe was expanding. Obviously this observation was met with serious
skepticism. However, it did provide plenty of material for discussion. This discussion lead to
the insight that if the Universe was truly expanding, the Universe should have been denser and
compacter in its past. Eventually, if you evolve the Universe backward in time, the Universe
should become infinitely dense and compact. And so, the idea of a Big Bang was born.

Microwave Background

In 1984 George Gamow and two of his colleagues came to the conclusion that the hot, dense
phase after the Big Bang could produce the observed level of Hydrogen and Helium. Although
this was a very important argument in favor of a Big Bang, there existed alternative theories
that could produce the observed abundance. Fortunately, they predicted the Big Bang should
produce an observable. They argued that a Big Bang should leave an afterglow, much like the
afterglow following the ignition of a bomb, and that this afterglow should be observable today.
In 1964 this afterglow was detected for the first time and its detection should be considered the
single most important evidence in favor of a Big Bang scenario. This afterglow is known as the
Cosmic Microwave Background (CMB) and is believed to be a direct representation of what
the Universe looked like only several hundred thousand years after the Big Bang. By studying
the details of this afterglow we should be able to gain insight into the earliest moments of the
evolution of our Universe.

What causes the CMB? In the seconds immediately after the Big Bang, the Universe is
super compact and highly energetic. This causes particles to be closely packed and have
regular interactions (scattering). The first few thousand years after the Big Bang, the Universe
is dominated by radiation. Radiation exists of radiation particles, known as photons. The
Universe also contains matter, which consists mostly of Hydrogen (75%) and Helium (25%). A
hydrogen atom consists of two particles: a proton (positive charge) and an electron (negative

2Although I discussed geometry and its relation to energy separately, these are not independent. For example,
the metric describing the invariant spacetime interval does depend on the distribution of energy. The FRWL
metric was derived in the assumption that the Universe is homogeneous and isotropic in its energy contents.
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charge). The high temperatures in the early Universe make photons very energetic. As a result
these photons keep the protons and electrons from forming neutral Hydrogen. They Universe is
therefore dominated by ionized Hydrogen which is a way more effective scatterer compared to
neutral Hydrogen. Therefore photons can not travel for a very long distance before they interact
with an ionized hydrogen atom; they are not able to move freely. Within the hot Big Bang
scenario the Universe expands as time goes by. The expansion causes the effective temperature
in the Universe to drop and photos become less and less energetic. After a few hundred thousand
years photons no longer have enough energy to keep free electrons from combining with free
protons to form neutral Hydrogen. A neutral Hydrogen atom has much fewer interactions with
photons, resulting in less photon scattering. The formation of neutral Hydrogen happens in a
relatively short period while the free path of photons increases significantly. In fact, the distance
the photons can suddenly travel without interactions exceeds the distance they could travel
within the age of the Universe (13.7 Billion years). The transparency of the Universe coincides
with the formation of the CMB. At the time of CMB formation the effective temperature of
the Universe is a few thousand degrees. As the Universe expands, the radiation of the CMB
slowly cools all the way to just a few degrees in todays Universe. The temperature of the
photons making up the CMB today correspond to a wavelength of a few millimeters, which is
the same radiation wavelength found in your microwave, hence the name Cosmic Microwave
Background. Since the free streaming of photons occurs everywhere throughout the Universe
at the same time, the CMB radiation will appear from all directions across the sky. No matter
in which direction you put your detector, you will always collect CMB photons. The biggest
source of radiation in the Universe is the CMB, producing more radiation than all stars in
Universe combined. If you take out the antenna of your (analog) TV, you will see noise (snow),
most of which is due to thermal noise inside your TV equipment. However a tiny fraction,
around 1%, is due to the CMB.

Inflation

After the first detection of the CMB in 1964 by Penzias and Wilson (nobelprize 1978), many
new experiments have been employed to collect more data. Most of these experiments covered
only a small part of the sky. To cover the entire sky requires a detecter in space. The first of such
detectors was launched in 1989 (Cosmic Background Explorer, COBE) which was succeeded by
the Wilkinson Microwave Anisotropy Probe (WMAP) in 2001. These instruments were capable
of taking an image of the full sky. Such an image, taken with WMAP, is shown in fig. D.4. The
first full sky image showed that the CMB was remarkably homogeneous, which basically means
that any deviations from the average (temperature) are really small. The average temperature
of the CMB is about 2.7 Kelvin (-270 degrees Celsius) and any point in the CMB deviates at
most a few micro Kelvin from this average. Homogeneity of the CMB implies that the CMB
photons were in thermal equilibrium at the moment the CMB was formed. Thermal equilibrium
is reached when particles inside a closed system exchange (thermal) energy until the average
energy per particle is about the same. For example, if you pour cold milk in your hot tea, warm
water particles will slowly transfer their thermal energy to the cold milk particles, until the
milk-tea reaches an equilibrium temperature that exceeds that of milk and is lower than that
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Figure D.4: An image of the Cosmic Microwave Background (CMB) taken with the camera on board
the Wilkinson Microwave Anisotropy Probe (WMAP) satellite. The average temperature of the radiation
making up the CMB is about 2.7K, close to absolute zero. On top of the 2.7K background there are
tiny variations which are believed to be relics of the physics in the very early, highly energetic Universe.
Analyzing the statistics of distribution of these variations allows us to derive information about the
conditions present only a fraction of a second after the Big Bang. A color version of this image is shown
in fig. 1.4, ch. 1.

of the hot tea. Eventually, the tea will also reach thermal equilibrium with its surroundings,
cooling down to for example 20O Celsius inside your living room. The reason it cools all the
way down to this temperature is because there are so many ‘cold’ particles in your living room
(and beyond); if you would have a very good thermometer, you could hypothetically measure
the living room warming up due to hot particles in the tea. An important observation is that a
system does not reach thermal equilibrium instantly, since it takes a while to exchange thermal
energy. This is because particles need to be close enough to each other to exchange energy.
The CMB is made of photons, which propagate at the speed of light. Therefore the maximum
speed at which thermal information can be exchanged is the speed of light. Even though this
is really fast, on cosmological distances it means that thermalizing the CMB should take a
while. If two points in the Universe are able to exchange thermal energy within the life time of
the Universe they are said to be causal, or causally connected. To explain a CMB in thermal
equilibrium we need to know if all points in the CMB are causally connected. As it turns
out, even today not all points in the Universe are causally connected. For example the ‘north
pole’ and ’south pole’ in fig. 1.4 are separated by a distance twice the age of the Universe, or
around 28 billion light years. Since the Universe is only 13.7 billions years old, there is no way
these point could have exchanged thermal information. However, in the assumption light from
the CMB has been free streaming towards us since CMB formation, thermal equilibrium was
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already reached when the CMB was formed. The Universe was only 380.000 years old at that
time, which roughly corresponds to a circumference of 1 degree on the sky today. In other
words, how is it possible that the CMB we measure today is in thermal equilibrium, while on
causal arguments we would expect thermal equilibrium on scales of at most 1 degree. This
paradox is known as the horizon problem.

Another striking observation is that the geometry of the Universe is so close to flat. Solving
Einstein’s equations shows that this is an unstable solution; small deviations from flatness
should quickly become large as the Universe evolves. This paradox is known as the flatness
problem. Both problems can be considered ‘fine-tuning’ problems; only by precisely fine tuning
the initial conditions are we able to explain our observations. This is often considered as an
inadequate understanding of the laws of nature, since we prefer to be able to (dynamically)
explain these observations as unavoidable consequences of a physical process.

In 1981 Alan Guth proposed a physical solution. He argued that both the horizon and
flatness problem could be solved by introducing a period of very rapid growth of the Universe.
Within this period the Universe has to grow by at least a factor of of 1028 (a 1 followed by 28
zero’s) all within a period lasting only 10−35 seconds! In order to solve the fine-tuning problems
this period should be placed in the very early Universe. The rate at which the Universe grows
actually implies parts of space are moving away from each other faster than the speed of light.
However, no information is being exchanged, so there is no violation of special relativity. The
resulting expansion is exponential and Guth called his idea cosmological inflation. He showed
that inflation could be realized when the potential energy of a component in the Universe
dominates the Universe. However, this requirement is necessary to make pressure become
negative. This negative pressure leads to exponential expansion. When Guth formulated his
theory, there was no known form of matter or radiation with the right properties resulting in
negative pressure. He showed that a hypothetical field could meet the requirements necessary
for inflation: the inflaton field. One of the characteristics of a field is that it has a value at
every point in space. Radiation is an example of a field, but as said, is not suitable for inflation.
The inflaton field needs to have a potential energy much larger than its kinetic energy. Since
no such field exists within tested model of physics, exploring inflation would actually allow us
to investigate unknown physics.

Inflation solves fine-tuning the initial conditions. The flatness problem is solved through
stretching space to such extends that any curvature will be smoothed out. To understand
this, consider the surface of a balloon. The surface of a balloon is curved when there is no
air inside the balloon. The effect of inflation can be mimicked by letting air in the balloon.
Positioning yourself at a point on the surface of the balloon you will observe all the (local)
curvature disappearing as more and more air is put in the balloon. This idea is shown in fig.
D.5. The horizon problem is also solved by inflation. The causally connected part of space
in the Universe was very small before inflation. This part has been able to reach thermal
equilibrium before inflation. The expansion of this part results in a much larger part of space
that appears in thermal equilibrium today.
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Figure D.5: The rapid expansion causes the local curvature of space to disappear, solving the flatness
problem.

Inflation 2.0

An unexpected effect of inflation was discovered in 1982. From fig. 1.4 we see that the CMB
does contain small variations. What is the origin of these small fluctuations? We just argued
above inflation is required to smooth out all variations and create a patch of space that is
in perfect thermal equilibrium. However, there is an elegant mechanism during inflation that
is responsible for producing these tiny variations in the CMB. The inflaton field drives the
exponential expansion of the Universe during a period when the Universe is extremely energetic.
At these extreme energies we need to start considering quantum mechanical properties of the
field. The quantum world is very different from our daily world , which is usually referred to as
the classical world. Without explaining the details of quantum mechanics, we will note that a
quantum field has a peculiar property. A quantum field is capable of temporarily lowering
or rising its energy density. This is referred to as a quantum fluctuation and is a result
of Heisenberg’s uncertainty principle. This uncertainty is fundamental; there is no known
experiment that can avoid this uncertainty. The shorter the fluctuation lasts (time), the larger
the fluctuation in the energy density. These fluctuations happen all the time in the quantum
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Figure D.6: The evolution history of the Universe. Directly after the Big Bang (left) inflation starts.
This very brief period of exponential expansion solves the horizon and flatness problem. The potential
energy of in the inflaton field is used to make matter and radiation which dominate the Universe until
recently. At first, matter and radiation are tightly coupled. After about 380.000 years neutral hydrogen
forms and the radiation photons become free streaming; the Universe becomes transparent and the CMB
is formed. The CMB can now be detected at micro wavelengths using WMAP or the recently launched
Planck satellite. Small quantum fluctuations during inflation have sourced temperature and matter
fluctuations leading to the variations in the CMB and structure respectively. Currently, two unknown
components dominate the Universe: dark matter and dark energy. The latter has a very similar effect
as the inflaton field and as a result we have recently entered a new period of accelerated expansion.

fields, such as the electromagnetic field. The Casimir effect is a well-known example of this
process. Usually however these fluctuations disappear, because there is an equal probability of
negative and positive fluctuations, averaging out under normal circumstances. But inflation is
not normal! During inflation these fluctuations can grow and become classical. As soon as they
are classical, they will no longer disappear, since they lose their quantum nature; the quantum
uncertainty has become a classical reality. The fluctuations in energy density couple to the
geometry of spacetime through the Einstein equations. The geometry of spacetime couples
to everything else (with non-zero energy) such as protons, electrons and photons. As such,
quantum fluctuations are capable of sourcing temperature fluctuations in the CMB! Not only
do they source the variation in the CMB, they also source small fluctuations in the matter
density. These tiny fluctuations start growing rapidly as soon as the interactions between
matter and radiation becomes negligible. Gravity causes the largest fluctuations to collapse
and form the first stars a few hundred million years after the Big Bang. As time progresses
more stars form and eventually the Universe fills up with galaxies of stars. Without a doubt,
quantum fluctuations can be considered as the source of structure formation throughout the
Universe, making the Universe a lot less boring than it would have been without them.
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ΛCDM

In fig. D.6 we have summarized what we discussed so far, connecting the earliest moments to
the Universe of today. The Universe formed approximately 13.7 billion years ago. How the
Universe formed is not known, and it remains to be seen if we can actually empirically explore
the creation of the Universe. That does not mean there is a lack of speculation, however
we will not discuss this here. Immediately following the Big Bang, the Universe expands
exponentially due to a brief period of inflation. Inflation creates a flat and homogeneous patch
of Universe. The potential energy of the inflaton field is transferred into energy of particles
and photons. Effectively, when this occurs the Universe enters the classical hot Big Bang
evolution. Radiation and matter together form a hot dense plasma that dominates the Universe
for the first few hundred thousand years. As soon as the Universe has expanded enough to
cool down significantly, neutral Hydrogen forms leaving photons free streaming. This is the
moment the CMB is formed. Quantum fluctuations during inflation are believed to have sourced
temperature fluctuations in the CMB and density fluctuations in the distribution of matter.
Very little has happened with the distribution of fluctuations between the end of inflation and
the formation of the CMB, making the CMB almost a direct image of the conditions right after
inflation. By studying CMB fluctuations or matter fluctuations we can explore the conditions
in the early Universe. Studying the distribution of temperature fluctuations in the CMB is one
of the main topics of this thesis and answer the second question phrased in the introduction:
How do we extract valuable information about this initial condition from cosmological data?
Answer: By using the using statistical distribution of temperature fluctuations in the cosmic
microwave background.

After decoupling of matter and radiation, matter starts to clutter through gravitational
forces. These clumps until they have formed compact objects, such as galaxies and stars with
their planetary systems. Using present-day instruments we can measure the CMB with great
accuracy. Using new techniques and modern detectors we can also repeat Hubble’s expansion
measurement. Surprisingly, we find that Universe is currently expanding at an accelerating
rate. Measurements of the CMB confirm this conclusion. This observation implies that our
Universe is dominated by component with very similar characteristics as the inflaton field. This
component is called dark energy, as it is only a form of energy and does not appear to have any
particle characteristics. From the CMB and a number of other independent observation we find
that there must be an additional form of energy: dark matter. Very little is known about dark
matter, but we can infer from its distribution in the Universe that it must consist of particles,
since it tends to cluster just as ordinary matter (protons, electrons). Observations show that
dark mater makes up about 23% of the total energy density in the Universe, while ordinary
matter accounts for only 4% to the total observed energy. The rest (73%) is dark energy,
showing dark energy dominating the Universe today, explaining the accelerated expansion.
Note that in principle the contribution of dark energy will only increase as the energy density
is constant as the Universe expands, while both dark and ordinary matter will slowly dilute
with the expansion of the Universe. No doubt, these are remarkable findings. Our Universe is
dominated by things we cannot see and only 4% of the total energy density in today’s Universe
accounts for all the things that we do see, such as stars and galaxies of stars.

The most studied and intensely tested model of the Universe is named of its dominating
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contents, the ΛCDM model of the Universe. Λ is known as the cosmological constant, and
represents dark energy, while the abbreviation CDM stands for cold dark matter. In the
simplest 6-parameter ΛCDM model, 2 out of 6 parameters are the total energy density of Λ
and CDM. A third parameter measures the total energy density of ordinary matter. The fourth
parameter measures the interactions between CMB photons and matter in the Universe after
CMB formation. This measure is relevant as it will affect the observed CMB photons. The
final two parameters describe the initial conditions as they were at the end of inflation. These
parameters label the statistical distribution of quantum fluctuations set by inflation, sourcing
the distribution of temperature fluctuations in the CMB. The first question I expressed in
the introduction was: Given a theory describing the early, extreme Universe, what are the
predictions for the initial conditions? The answer to this question is to be found in the physics
of inflation, which is the other main topic of this thesis.

My Research

A substantial part of the research presented in this thesis aims at answering the question
above for a given model of inflation. In particular, we have investigated the possible effects
of modifying the vacuum state before the onset of inflation on the statistical distribution of
fluctuations at the end of inflation. The vacuum state plays an important role in quantum field
theory. It defines the lowest energy state of a quantum system. Under normal circumstances
this implies the vacuum state corresponds to the state without particles: the empty state. The
reason to study modification to the vacuum state is that the structure of the vacuum at very high
energies is not well known (or understood). Theoretically it seems clear that the vacuum state at
the onset of inflation does not necessarily need to be the empty state. Usually, when computing
statistical properties of the primordial distribution of quantum fluctuations the assumption is
made the vacuum is the free vacuum. The free vacuum is the equivalent to the vacuum at
low energies in a non-inflating background. We investigated what the consequences are once
you adopt a vacuum state different from the free vacuum. If the corrections to the initial
conditions are significant, we can use observational constraints to increase our understanding
of the physics of inflation.

Gaussianities and Non-Gaussianities

As previously explained, the initial conditions at the end of inflation can be described using
2 parameters. The distribution of temperature fluctuations, which are sourced by the initial
conditions, is close to Gaussian. For a Gaussian there are two important quantities: the mean
and the variance. The mean temperature of the temperature fluctuations is not very important
as we are interested in statistical properties of temperature differences, therefore we can set it
to zero. All we are left with is the variance, which is a measure for the mean deviation from
the mean (zero). We can determine the variance of temperature fluctuations as a projected
function of an angle on the sky. An angle on the sky represents a projected length scale. It
turns out that the variance of temperature fluctuations depends on this scale. Most of this
dependence is a result of the physics after inflation, but a small part of this dependence is
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due to inflation physics. The amplitude P and the scale dependence ns of the variance due to
inflation together present the 2 parameters that dictate the initial conditions. However, in this
thesis we have looked for parameters that could complement these two. The reason to look
for additional information in the CMB is given by the fact that most models of inflation give
very similar predictions for the value of P and ns. Consequently it becomes very difficult to to
discriminate between various models as soon as you have measured these two parameters using
the CMB. It therefore makes sense to find other ways to differentiate between various models.

In chapters 2, 3, and 4 we investigated if a deviation from a free vacuum at the onset
of inflation can result in deviations from Gaussianity. Non-Gaussianities contain a plethora of
new parameters, but observational limitations have restricted us to investigate just a single one.
Basically, it is the equivalent of the scale independent part of the variance, the so-called skewness
of the distribution known as fNL. So far, observations have shown us that deviations from
Gaussianity are small. By computing the effects due to a deviation from a free vacuum state
on the skewness, and comparing this with CMB observations, we were able deduce constraints
on vacuum modifications. In chapters 2, 3, and 4 we found that vacuum modifications lead
to a non-Gaussian distribution of primordial fluctuations, but that the enhancement heavily
depends on the physics that is driving inflation.

We also showed that in many cases it can be difficult to compare theoretical predictions
with observations, because the scale dependence of the non-Gaussian corrections deviate from
the non-Gaussianities that have been constrained so far. As was previously explained, the
resolution of the current images of the CMB is not good enough to measure the scale depen-
dence of the skewness because the amplitude of the skewness is very small. Therefore when
we want to measure the skewness in the data, we need make an assumption on its scale de-
pendence. Different scale dependence can be represented by the shape of non-Gaussianities.
To allow comparison between theoretical predictions and observations we tried to qualify sim-
ilarities between shapes. We computed the so-called ‘overlap’ between our predicted shape
and constrained shapes. This overlap allowed us to estimate how much of the measured signal
(skewness) could be due to non-Gaussianity derived from our model. We showed that current
measurements do put a serious constraint on allowed modifications. Because the overlap is re-
ally small (the predicted shapes differ a lot from constrained types), it is difficult to completely
rule out deviations from a free vacuum.

It is not strictly necessary to consider non-Gaussianities if you are interested in using addi-
tional parameters to investigate the physics of inflation. In ch. 6 we investigated whether the
scale dependence of the variance oscillates. Basically, we are then trying to measure the change
as a function of scale of the scale dependence of the variance. We could try to parametrize
this using only 1 parameter (known as the running), but since we are specifically interested in
oscillations we used (at least) 2 parameters: the frequency of the oscillation and the amplitude
of the oscillation. Besides predicting non-Gaussian corrections to the primordial distribution,
vacuum modifications also predict an oscillating correction to the variance. Moreover, an in-
creasing number of models, not all related to vacuum modifications, predict similar corrections
to the variance. In ch. 6 we argue that measuring these oscillations is a challenge as the data
is simply not good enough. We show however that there exist various discrete frequencies
that do allow for a better match of the model to the data. We have not been able to assess
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a significance to these findings as our result might simply be due to noise. We did compare
the observationally preferred frequencies and the associated amplitudes with our theoretical
predictions. We found that there is only a small range in parameter space that still allowed
by current data. By this means, we have been able to obtain additional constraints on free
vacuum state modifications, complementary to those derived from the skewness.

One of the obstacles faced when comparing predicted non-Gaussian from vacuum state mod-
ifications with the data is that the scale dependence oscillates. This is the reason why the dis-
cussed earlier overlap is so small; constrained type non-Gaussian shapes are relatively smooth,
suppressing overlap significantly. In ch. 5 we tried to resolve this issue by investigating the
possibility to constrain oscillating skewness directly from the data. One of the problems with
constraining non-Gaussianities directly is that it requires relatively time-consuming computa-
tions. In fact, until recently there was only a small class of non-Gaussian shapes that could be
constrained at all. In ch. 5 I looked at a new method that should reduce the computational
time significantly, by transforming any predicted skewness into same form as the ones that have
already been constrained. We have showed that this is indeed possible for certain oscillating
non-Gaussianities. We made additional proposals to further reduce computational costs.

We believe that this thesis presents some very interesting results. It also opens up new
possibilities. Our priority in the near future will be to connect all the observations in such was
to optimize the constraint on vacuum state modifications. We should further develop methods
that optimize the search for oscillations in the scale dependence of the variance as well as the
skewness. Data wise, in the next two years Planck data will be (publicly) released opening up
opportunities to search for oscillations in this data. One thing I am particularly interested in
is assessing significance to the oscillatory signal(s) found thus far. This is important because
it is quite possible that the true signal will be very small. This means it could be easily buried
in the noise. To investigate the significance we should simulate realistic data with and without
oscillating statistical distributions in the presence of noise. Analyzing this data should give us
insight to what extend these signals can be mimicked or recovered from the data and how these
results depend on the level of noise and the resolution of the observations.
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