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Introduction

The complete picture of phenomena and particles governing our Universe is far from being
clear. Not too long ago we found out that the visible sector of particle physics corresponds
to a mere 5% of the total energy budget. In fact recent data suggest that the major com-
ponents of this budget are dark matter (25%) and dark energy (70%), both of which are
nearly completely unknown to us in their composition and structure.

This kind of knowledge is relatively recent, in fact, the whole concept of dark matter is as
old as the beginning of the 20th century when it was formulated after the revolutionary
researches of the Caltech professor Fritz Zwicky in the 1930’s. Anyways today we possess
different types of evidence about the existence of dark matter at different scales: galactic,
galaxy cluster and cosmological.

Before talking about these three sectors, it could be of purely intellectual interest to delve
a little bit more into the historical aspect of the conceptual formulation of dark matter.
Throughout history numerous philosophers speculated about the existence of planets,
galaxies or cosmological systems that were too far away from us or too dim to be detected
by us, becoming indeed invisible to our searches.

A valiant force that, during the centuries, has come in help to unveil potentially existing
cosmological systems that, for some reason, were invisible to us is the gravitational inter-
action.

A classic example of this situation is the discovery of the planet Neptune by the as-
tronomers Urbain Le Verrier and John Couch Adams [5] . Both of them were able to
identify anomalies in the trajectory of Uranus confronting the results of the application
of Newton’s laws and the observational evidence. It came out that the anomaly was to
be attributed to the presence of an additional planet with a non-trivial mass that was
influencing Uranus’ motion with its gravitational field.

The discovery of Neptune is an evident example of how the laws of gravity are able to
spot the presence of what could be invisible structures to our eyes.

Thanks to his previous intuitions on Neptune, Le Verrier tried to explain the anomalous
path of Mercury around the Sun with, yet again, another invisible planet called ” Vulcan”.
It was here that his fortune came to an end since it would require Einstein’s General Rel-
ativity theory to explain Mercury’s orbit.

Even though wrongful, this is another example of the power of gravitational force as an
instrument to shed light into the darkness of astronomical data.

This is crucial since even to the present day, almost the totality of proof in our hands
concerning dark matter displays a gravitational nature. For this type of matter consid-
ered collisionless and weakly interacting with light, gravity is the only interaction that
allows us to unveil its presence. In the following section, we will examine more clearly the
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complete meaning of these sentences.

To complete this historical framework, it is curious to notice that in the late 19th century
doubts about the presence of dark regions in the sky began spreading in astronomical
circles. After the invention of astronomical photography, it was observed the presence of
dark regions inside stellar fields that enticed the idea of the existence of an undiscovered
type of matter along the line of sight responsible for the absorption of light.

It was not until some decade later that the concept of dark matter assumed the conceptual
frame that still possesses to this day, by the hands of a few pioneers like Zwicky and Vera
Rubin.

The aim of this master thesis is, as the title suggests, to analyze and discuss dark mat-
ter theories with a Z’ vector portal and, in particular, the constraints coming from the
analysis of perturbative unitarity. The structure of the thesis is the following. In the first
chapter, we will proceed to examine the main evidence of the existence of dark matter,
starting from Zwicky’s discovery and we will try to outline constraints coming from both
experimental measures and theoretical predictions in order to narrow the field on what
really is dark matter.

Then in the second chapter we will provide a description of the main particle candidates
to constitute dark matter in WIMPs and we will try to draw an inclusive picture of the
major research fields in which our efforts on finding dark matter are concentrated.

The third and fourth chapters will be focused on Z’ vector dark matter models and their
perturbative unitarity constraints, the most important part.
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Chapter 1

Evidence of dark matter

1 Zwicky’s discovery

Even though this would be more of a cluster scale proof, for chronological reasons we start
the conversation about dark matter talking about the man who first found out about his
existence. As said shortly before, the introduction of dark matter in the scientific commu-
nity is to be attributed to Fritz Zwicky who, like other physicists of that time, focused his
observation on the Coma cluster, which had the peculiarity of presenting a strong central
condensation and a tendency towards the spherical symmetry. It was the latter and very
peculiar trait that got Zwicky more into this atypical cluster.

The originality in Zwicky’s approach was to apply the virial theorem in a context so far
from thermodynamics like that of a group of galaxies. He was not the first to use this
theorem outside the normal area of expertise. Henry Poincare had applied it to astronomy
a couple of decades earlier, but the Caltech professor was, to the best of our knowledge,
the first one to employ it to calculate the mass of the galaxies.

He first noticed large velocity dispersion in the galaxies composing the Coma cluster,
typically more than 1000 km/s. Despite the velocity gap between galaxies, the system
had not fallen apart: some kind of force was keeping it together. Even though this
was undoubtedly a breakthrough, it was not considered big news at the time, since large
differences in velocities of galaxies present in Coma compared to other clusters had already
been observed by Hubble years prior.

Of course, pysicists first guess in order to explain the existence of this cluster was gravity:
the strength of this interaction had to be responsible for the boundness of the system.
Zwicky’s work and discovery was the demonstration that, to hold the system together,
the amount of mass required had to be orders of magnitude superior to that inferred by
luminous measurements.

First, he counted approximately the number of galaxies in the cluster, so to extrapolate
its mass, obtaining as a result a number close to 800. He took, as suggested by Hubble,
the average mass of a galaxy to be of the order of 109M,.

He then proceeded to indagate the luminosity of the cluster and presented a mass-to-light
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Figure 1.1: Mosaic of the Coma cluster from [31]

factor of about ¥ ~ 40() . Thanks to a conversion factor fixed by experiments, he
obtained a result in terms of the mass of the Coma cluster inferred by electromagnetic
measurements '

MY~ 1,6 x 102kg. (1.0.1)
To obtain a second term of comparison, he proceeded to calculate the same value of
mass with the virial theorem. In its simplest form it states that in a system in kinetic
equilibrium:

1
T=-3U (1.0.2)

where T" and U are respectively the kinetic energy and the gravitational potential of the
system.

He assumed spherical symmetry and kinetic equilibrium for Coma, properties that were
supported by observation, and proceeded to calculate the two terms of the equation. For
the kinetic energy he used the simple formula

1
T = Z §mivi2. (1.0.3)

He assumed that the galaxies have approximately the same mass mg, and made use of
the average velocity defined as
w2 Y m? 2T

2 i1 % )
<V >= = = . 1.04
Ngal mgalNgal MComa ( )

This quantity can be easily obtained by measurements of simple Doppler effects.
For what concerns the gravitational potential, it can be written as

Gm;m; 3GM2
U—_ vty 2 Coma 1.0.5
Z Tij 5 RComa ( )




2. (Galactic scale 11

if one makes use of the spherical symmetry and of the total mass of the cluster Mcomq-
Using the data he had collected, Zwicky estimated the Coma mass as

5 Reoma < 02 >

M) — ~ 2,4 x 10%kg. 1.0.6
Coma 3 G ’ g ( )
Even at this point is pretty clear that

Mégorrizz)z) >> Mg}oisza‘ (107)

The easiest hypothesis that could be made to explain such a discrepancy is the presence
of additional dark mass. Indeed Zwicky presented to the scientific community in 1937
the results of his work and the final hypothesis, which by the time was more of a gamble,
talking about ”dunkle materie” [52] or dark matter and, with little if any surprise, was
largely ignored by the rest of the physicists.

Zwicky’s findings, although misregarded, were revolutionary and are considered still in
the present days as the most overwhelming evidence of the presence of Dark Matter in
the Universe.

2 (Galactic scale

Let’s move on to galactic scales. We present maybe the most striking proof of DM exis-
tence after Zwicky’s one. This discovery also happened chronologically after the one that
we have just described and, even though at completely different scales, it only confirmed
and added validity to Zwicky’s claims.

2.1 Spiral galaxies

We find ourselves decades later, in the 1970’s when another incredible discovery came
with the work of Vera Rubin and her research group. Together they used the improved
technologies of those years to observe galactic velocities far away from the galactic center.
What was found was quite unexpected: the rotation curves of galaxies expressed a flat
behavior far beyond the extent of the visible galactic disk.

Even in this case, the math is quite simple: one can use Newton’s laws to calculate the
circular velocity of stars orbiting due to the weakness of gravity [44] [2].

By getting the acceleration experienced by a probe star from the equation of motion, one

can see that
v?  GM(r)

r 72

o(r) =/ G]\f(r) (2.1.2)

If one looks at the mathematical form of the velocity he can see that for radii inside the
galactic radius, it will be proportional to r as one can express M as M(r) = %7?7‘3p(r),
with p(r) the density of matter.

So inside the galaxy, where M(r) oc 73, with the density approximately constant, the

(2.1.1)

this leads to
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Figure 1.2: rotation curves of respectively: a solid body, the solar system and a spiral galaxy
from [27]
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Figure 1.3: An example of the flat behavior of the rotation curve. From [34]

formula will give us the already cited proportionality. Outside the galactic radius, the
mass of the galaxy is saturated and M (r) will not change since all the mass is inside the
galaxy. This means that v(r) would be solely proportional to \/i;

<< Tog
v(r) o Til : gal (2.1.3)
rz T >> Tgq

What was incredible was to find a flat behavior in which v(r) remains almost constant
even at distances far away from the galactic center. In 1980 they published their result
to support Zwicky’s thesis about the additional mass of the galaxies.

Today we are able to obtain precise measurements of the velocity of stars in spiral galaxies
with the help of observation of the Doppler shift of the 21 cm line transition of hyperfine
hydrogen. Moreover, spherical symmetry can be employed due to most of the matter in
spiral galaxies being concentrated in the center. This is a strong approximation but gives
us the same qualitative results.

It is to take account of the fact that even with the fast technological progress of the
last decades, the result obtained for the galactic rotation curves do not change, showing
regions with the anomalous flat behavior stretching for hundreds of parsec away from
the galactic center.

A way to explain this is MOND [25] , an acronym that stands for MOdified Newtonian
Dynamics. The idea here is to slightly correct Newton’s second law F' = ma with a
factor p to get F' = mau(a), where p is usually close to unity apart from cases of small
acceleration where p o< 2.
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This way the gravitation law is modified and for a star outside a galaxy of mass M

GMm
F = 3 = maj (2.1.4)
and in the low acceleration limit with a << ag
GM
o= Y100 (2.1.5)

r

Following the above procedure, we equate this to the centrifugal acceleration

2
vG&Mao v (G Mag)} (2.1.6)
r r
recovering the behavior we have already seen but without the use of additional matter.
Although in agreement with observation, MOND is not able to explain other evidence for
dark matter, like the one at cluster scales or CMB anisotropies, so this characteristical
pattern can only be explained using additional matter.

2.2 Elliptical galaxies

We can’t measure rotation curves for elliptical galaxies, which are not flat like spiral galax-
ies. Instead, we can study the mass-to-light ratio of elliptical galaxies with gravitational
lensing [6], a method that we’ll explain in the next section. As the galaxy passes between
us and a quasar, the light from the quasar is bent by the gravity of the galaxy. If the
galaxy is directly between us and the quasar, the quasar appears to be smeared out in a
ring around the galaxy, usually called an Einstein ring.

Alternatively one can use the virial theorem in the exact same way operated by Zwicky.
Also in this case it appears that there is an excess of matter compatible with that found
in the case of spiral galaxies.

3 The scale of galaxy clusters

Earlier we have extensively discussed Zwicky’s findings on the Coma cluster and of how

% ~ 400]\;—5, showing an exceeding ratio with respect to the solar neighborhood of two
odrers of magnitude.
With the knowledge of Friedman’s equations on our side, we can write an equation for

the Hubble parameter

8rG  kc?
H>=—p—— 3.0.1
3 e (3.0.1)
where p is the energy density, k is the curvature factor, ¢ is the speed of light and a
the scale factor. In a flat Universe (ours appears to be close to flat from the recent

measurements) k ~ 0, so we can write an equation for the critical energy density

3H(t)?
(G

pPc = (302)
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and introduce a new factor (2

SO (3.0.3)

for each species present in the Universe.
For dark matter today, thanks to measurements at cluster scales, we can safely say that
the total 2 for matter, baryonic and dark, is

Qup ~0,2-0,3. (3.0.4)
Before starting to talk about dark matter in this sector though, it is convenient to clarify
that a cluster is composed of
e galaxies: spotted through optical observations

e intergalactic gas: plasma at high temperature that emits x-rays by thermal bremsstrahlung.
The gas does not fall inside the galaxies but fills the cluster.

Here it is convenient to apply, for the intergalactic gas, the equation

dP(r)  GM(r)p(r)
= (3.0.5)

since we are considering a system in hydrostatic equilibrium with spherical symmetry.
We are equating the contribution of the pressure of the gas to the one of the gravitational
force.

Here P and p indicate pressure and energy density respectively, while a(r) is the gravita-
tional acceleration of the gas at radius 7.

Considering the equation of state for a gas we can relate pressure and temperature through

P
P= k(z n,)T = k:umPT (3.0.6)

with mp the mass of the proton and p the average molecular weight fixed approximately
at i~ 0,6. We can manipulate these expressions in the final formula and solve for M (r)

dlog(p) , dlog(T) _ _1<ump)GM(r)

a k 72

dlog(r) = dlog(r) T (3:0.7)

The temperature of the cluster is approximately constant outside the cores, plus the
density profile of the gas observed is a power law at large radii.
It can be calculated that

M, 1 Mpc

sz(1,3—1,8)keV(1014M®)( . )

(3.0.8)

with M, equal to the contribution of the baryonic matter only|[6].
Even in this case, the disparity between the expectations and what is found in the exper-
iments suggests the presence of additional non-baryonic matter.
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3.1 Gravitational lensing

Another powerful instrument at these scales is gravitational lensing. Einstein’s general
theory of relativity describes how mass concentrations distort the space around them. A
gravitational lens can occur when a huge amount of matter, like a cluster of galaxies,
creates a gravitational field that distorts the light from distant galaxies that are behind
it but in the same line of sight. If an observer was located at the correct distance, the
deflected light rays from around the celestial object would converge to make a magnified
image. This is a phenomenon known as strong gravitational lensing.

In a weak gravitational lens, light rays are not deflected enough to magnify the image,
instead they introduce subtle distortions.

The simplest type of gravitational lensing occurs when there is a single concentration of
matter at the center, such as the dense core of a galaxy. The light of another distant
galaxy is redirected around this core, often producing multiple images of the background
galaxy.

More complex gravitational lensing arises in observations of massive clusters of galaxies.
Background galaxies are lensed by the cluster and their images often appear as short, thin
“lensed arcs” around the external border of the cluster.

The distribution of lensed images reflects the distribution of all matter, both visible and
dark.

Several distorted images distribute around the so-called Einstein circle which possesses
the property being related to the mass giving deflection through its angular radius

O = \/4GM (Ds = Di) (3.1.1)

c2 DsDL

where M is the lens’ mass, Dy is the distance of the lens and Dg is the distance of the
source of light rays|[2].

Gravitational lensing suggests that only 10% — 20% of the total mass is visible, the rest
is dark.

3.2 Bullet cluster

The biggest challenge of indirect dark matter observations has been the spatial coinci-
dence of DM and baryonic matter. Indeed of all the examples we have just presented,
no one shows any kind of separation between baryonic and dark matter, they blend in
an undistinguishable unique entity. A system in which DM and baryons were spatially
segregated is ideal for such a study.

Galaxy mergers are some of the most violent events in the universe. Galaxies are made
up of stars, gas and plasma for less than 10% of their matter budget, the rest should
be only dark matter. During collisions, stars rarely collide, the gas and plasma interact
through gravity as well as electromagnetic friction-like interactions, and the dark matter
is expected to be collisionless and pass right through at high velocities. Once the merger
has taken place (over a period of a few million years), an interesting result is seen. The
Bullet Cluster, discovered in 1998, is the prototypical example of galaxy merger [23] .







































































































































































































































































































































































































































































































