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Introduction

The origin and the composition of the dark matter is one of the most urgent problems in funda-
mental Physics. Although since Fritz Zwicky (’30s) and Vera Rubin’s (’70s) discoveries we have
gathered a lot of evidence of the existence of abundant massive (thus interacting by gravity) but
invisible (so that we exclude electromagnetic and strong interactions) matter that governs the
behaviour of objects with dimensions as of galaxies, we are convinced that there is no place for
such a peculiar matter inside the Standard Model, that is all the matter of which we know the
composition.

Among several plausible candidates, weakly interacting massive particles (WIMPs), produced in
the early universe in a quantity set by thermal freeze-out from the primordial thermic bath in
equilibrium, provide an appealing and motivating scenario. In this framework we develop the
formalism to account for an effect known as Sommerfeld enhancement, that is significant when
attractive forces mediated by interactions with small coupling constants become strong at small
velocities.

This thesis work will begin with a general presentation of the formalism and scenario describing the
evolution of the Universe, defining the notation and the basic concepts that lead us to the physical
exploration of the early Universe. Then, we develop the formalism for thermal models, applying it
to freeze-out of the WIMPs, both in an instantaneous and naive way and in a more accurate one
by solving the Boltzmann equation with the proper considerations. Afterwards, a general theory
of non-relativistic quantum scattering is developed, with a particular regard for the formalism of
partial waves, in which the role of the angular momentum is essential. Finally, we characterize
the effect of the Sommerfeld enhancement, as a parameter that modifies the cross section in the
particle-antiparticle annihilation for WIMPs, and quantify how it affects the relic density of dark
matter that we measure today.

ii



Chapter 1

The Standard Cosmological Model

In this Chapter we will discuss the fundamental aspects of modern Cosmology in order to reach a
basic knowledge of the concepts and the tools useful for the following Chapters.

1.1 The large-scale structure of the Universe

The aim of this section is to indicate the spatial scale in which the results that will be discussed
in the following Paragraphs can be considered true. In fact, we are interested to describe the
universe as a smooth continuum, where homogeneity and isotropy hold. This request is enforced
by observations in several zones of the electromagnetic spectrum surveying larger regions of the
Universe, on a scale of hundreds of megaparsecs (Mpc).

We spend just few words talking about this measure unit, since it will appear in most of the results
of this Chapter. A parsec equals approximately 3.261 light years, that is 1 pc = 3.086 - 1016 m.
So, while parsecs are very suitable to describe distances between stars close to each other, one
megaparsec is the typical separation between neighbouring galaxies. When we survey galaxies on
the scale of hundreds of megaparsecs, a large-scale structure becomes evident: in fact at this scale
galaxies are grouped in superclusters joined together by filaments, and between these structures
lie voids as large as tens of Mpc.

Once we get to this scale, there is no evidence of
larger structures and the Universe seems to repeat
itself indefinitely, as revealed by extremely large
galaxy surveys like the 2dF galaxy redshift survey
and the Sloan Digital Sky Survey (see Figure 1.1).
Moreover Penzias and Wilson accidentally discov-
ered in 1965 that we are merged in microwave radia-
tion, called Cosmic Microwave Background (CMB),
with a black-body spectrum of a temperature mea-
sured 2.725+0.001 K by FIRAS (Far InfraRed Ab- ‘
solute Spectrometer) experiment on board of COBE | ‘ Redshifl z
(COsmic Background Explorer) satellite in 1992. .
Furthermore, the radiation appears uniform seen
from all directions, with variations small as one part
in a hundred thousand, as measured by the Planck
satellite in 2013 (see Figure 1.2).

These results are in agreement with our first as-
sumption of using homogeneity and isotropy on a

sufficiently large scale. Therefore, this will be pre- Figure 1.1: Sloan Digital Sky Survey image of
sented as a matter of fact in the following Para-  filaments and voids between them. Picture from
gmphs. sdss.org.






