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Abstract

There is compelling evidence that dark matter constitutes 85 % of the
universe’s total matter content. So far, this distinctly different type of
particle is observed only in terms of its gravitational effects, but vari-
ous detection experiments are conducted and underway. One method
is indirect detection of neutrinos coming from the Sun. Under the
assumption that dark matter consists of Weakly Interacting Massive
Particles (WIMPs), one of the most studied dark matter particle can-
didates, these WIMPs would interact with atomic nuclei within the
Sun and be trapped in its gravitational field. After a large enough
concentration of trapped WIMPs has been amassed, they would begin
annihilating with each other, producing a high-energy neutrino signal.
In this thesis I study the possibility that WIMP self-interaction has a
significant effect on the total capture rate and resulting neutrino signal.
Potentially, an amassed concentration of WIMPs inside the Sun can it-
self constitute a scattering target and contribute to further captures
from the galactic dark matter halo. In order to describe the kine-
matics of particle interaction and WIMP capture I utilize an effective
field theory in the non-relativistic limit. This allows me to explore,
in a model-independent way, the parameter space of interaction and
the possibility for WIMP capture enhancement due to self-interaction.
Upper limits to the strength of these interactions come from direct de-
tection experiments and galaxy cluster observation and simulation. It
is found that self-interaction could play a significant role in amplifying
the neutrino signal; even an amplification of several orders of magni-
tude is not ruled out by current limits.

Keywords: dark matter theory, dark matter indirect detection, dark
matter self-interaction, WIMP annihilation
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Introduction

For many decades now, dark matter has been one of the main concerns of as-
tronomy, particle physics, and cosmology. There is convincing evidence for an
abundant and very weakly interacting particle that constitutes about 85 % of all
matter and is of paramount importance to the expansion and structure formation
of the universe. This elusive particle is hitherto undiscovered and only seen in
terms of its gravitational e ects, which is why the scientic community calls it
dark matter. There are a number of competing theories about what this dark
matter could be and what phenomenological attributes it might have.

The search for dark matter is an ambitious and extensive world-wide enterprise,
relevant for many di erent elds of physics. The search is conducted with particle
collider experiments, ground-based telescopes and satellites, operating by either
direct and indirect detection, all of which are continually pushing the envelope
towards next-generation experiments.

One method of indirect detection is the search for a neutrino signal that bears
the signature of dark matter annihilation, potentially detectable with a neutrino
telescope such as IceCube. The are a number of possible origins for this signal,
but the focus of this thesis is on such a signal emanating from the Sun.

Assuming that dark matter can interact via the weak force or some other
hitherto unknown force of nature, it would collide with atomic nuclei within the
Sun. If dark matter particles lose enough kinetic energy in such a collision they
would be bound in orbit. With further collisions, they would eventually thermalize
and settle in the Sun's core. As the concentration of trapped dark matter particles
builds up, they would start annihilating with eachother and eventually reach an
equilibrium state where the rate of capture is equal to the rate of annihilation.
The annihilation process would produce decay particles, such as neutrinos. These
neutrinos would have an energy that is a fraction of the total dark matter particle
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CHAPTER 1. INTRODUCTION 2

mass, meaning they would be discernible from the less energetic neutrino ux
created in the Sun's fusion process.

What | am exploring speci cally is whether or not it is possible that dark
matter self-interaction has a signi cant e ect on the total rate of capture and
the resulting neutrino signal. Potentially, an amassed concentration of trapped
WIMPs in the Sun's core would itself constitute a scattering target for further
capture, hence amplifying the capture rate. This is a topic that has not been very
well explored in the literature. One article by Zentner [1] suggests that such an
ampli cation is improbable.

In order to model the relevant interactions, | utilize an e ective eld theory ap-
proach in the non-relativistic limit. There are a total number of 14 non-relativistic
leading order quantum operators that govern two-body interaction. This descrip-
tion allows for a model-independent analysis of parameter space; in this manner |
remain fairly agnostic about the exact nature of dark matter and only adhere to
the limits provided directly from observation.

The total capture and annihilation rates are calculated numerically. The an-
nihilation rate is provided by cosmological arguments for dark matter as a relic
from the early universe. The limits to the various interaction coe cients are given
by direct detection experiments, and observation and simulation of galaxy clus-
ters. The limits for dark matter self-interaction are far less stringent than for dark
matter interaction with atomic nuclei, by around ten orders of magnitude. Dark
matter particle models that predict such phenomenology are not very prevalent
and only a few articles exist on the subject [2]. It remains a eld of research that
is yet to be explored.

In this thesis, it is found that dark matter self-interaction can have a signi cant
e ect on the neutrino signal coming from dark matter annihilation in the Sun. An
ampli cation to the signal due to dark matter self-interaction can be as high as
four orders of magnitude, given current limits.

The thesis is structured as follows. In chapter 2, | brie y present the evidence
for dark matter, a selection of dark matter candidate particles, and a list of dark
matter detection experiments. In chapter 3, | present the theory relevant for this
thesis, which includes analytical derivations of dark matter capture by the Sun,
e ective eld theory, and interaction coe cient limits. In chapter 4, | present the
evaluations and results, the di erent capture and annihilation rates and possible
factors of ampli cation due to dark matter self-interaction. In chapter 5, | discuss
the results and compare with previous work on the subject.
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Dark Matter

In this chapter | present a general overview of dark matter: the evidence supporting
its existence, a selection of viable candidate particles, and possible methods of
detection. | conclude the chapter with the detection technique that is of relevance
for this Master's Thesis.

For more information on the subject of dark matter, see the review by Bertone,
Hooper and Silk [3].

2.1 Evidence for dark matter

Ever since the publication of Isaac Newton'sPhilosophiae Naturalis Principia
Mathematica in 1687, the properties of gravity has been paramount in under-
standing, describing and predicting the behaviour of astrophysical objects. The
rst prediction of a hitherto unseen massive body was made by the astronomers
Urbain Le Verrier and John Couch Adams, who studied the orbit of Uranus. Its
anomalous orbit led them to believe that there was another massive body in the
solar system. They were correct, and 1846 the planet of Neptune was observed.

In modern astronomy and cosmology, the study of astrophysical objects and
their motion, as well as the study of gravitational lenses, indicate a more exotic
type of matter, which is called dark matter due to its elusive qualities.

A rst observation of dark matter was made by the Swiss astronomer Fritz
Zwicky in 1933 [4]. He studied the Coma galaxy cluster by means of the virial
theorem, which relates a cluster's radius and velocity dispersion to its mass. He
found the cluster to be much heavier than expected, with a mass-to-light ratio
that was two orders of magnitude higher than that of the solar neighbourhood.
He called this elusive unseen mashinkle Materie Although this discovery was
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CHAPTER 2. DARK MATTER 4

Figure 2.1: The rotational velocity of spiral galaxy NGC6503 [6]. The black dots
represent the measured data. The lines correspond to the contributions from gas,
disk, and dark matter.

puzzling, it would take many decades before the issue became a prime concern of
the scienti c community.

Evidence for dark matter has been observed in a vast span of distance scales,
ranging from the galactic to the cosmological scale. While an observational anamoly
at some scale of distance could be explained in a variety of ways, for example by
modifying the force of gravity, all these di erent observations has not been ex-
plained conclusively by any other singular phenomena. This makes the case for
the existance of dark matter very convincing.

2.1.1 Galactic scale

In the 1970's the American astronomer Vera Rubin made observations of rotational
velocities in spiral galaxies [5]. In a spiral galaxy, the visible baryonic matter
density (stars, gas and dust) decreases the further you get from the galactic center,
which would infer a decreasing rotational velocity. What Rubin found was that
the rotational velocity does not decrease with radius, but rather stays more or less
constant in the outer rims of the galaxy, as illustrated in gure 2.1. This came to
be called thegalaxy rotation problem one of the most convincing pieces of evidence
of an unseen, very heavy and fundamentally di erent type of matter.
The rotational velocity of a spiral galaxy holds information about the dark

matter halo density and shape. While there is not much discussion about the halo
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distribution at large radii, its shape at short radii is still under debate. N-body
simulations of collisionlessdark matter exhibit a very steep halo shape, with high

halo density in the galactic core [7]. Observations, on the other hand, point in
the other direction, of a more shallow or even at halo pro le [8]. This is highly
relevant for this Master's Thesis, as it could suggest that dark matter particles are

in fact not collisionless, but interact with su cient strength to a ect the shape

of galactic dark matter halos [9][10]. However, it is under debate if this could
instead be explained by energy dissipation through supernova explosions [11], so
no consesus has been reached so far. See section 3.3 for further discussion and
estimates of the strength of dark matter self-interaction.

There is yet other evidence for dark matter coming from kinematic arguments,
from the velocity dispersion of stars in spheroidal dwarf galaxies [12], or the motion
of spiral galaxy satellites [13].

Gravitational lensing is another useful tool for providing proof of dark matter.

In fact, it is the only way to make direct mass measurements of a galaxy (as
opposed to the kinematic methods previously mentioned). Gravity manifests itself
as a curvature of space-time, as described by Einstein's general relativity, so that
light is bent in a strong gravitational eld. This phenomena is most dramatic when
two galaxies are in the same line-of-sight, what is known adrong gravitational
lensing The foreground galaxy will act as lens with respect to the light coming
from the background galaxy, whose image will be bent into an arc, as can be seen
in gure 2.2. The size and curvature of this arc, and the distances involved, are
directly linked to the mass of the lensing foreground galaxy. While this provides a
very direct tool of analysis, less dramatic e ects can also be analyzed by statistical
means. The image of a background galaxy und&reak gravitational lensingwill
only be slight thwarted, but a large enough data set of thwarted images will still
be indicative of the foreground mass distribution. This principle is applied to deep
and wide galaxy surveys, which provides evidence for the large-scale structure of
matter in the universe and constraints on cosmological parameters [14].

2.1.2 Galaxy cluster scale

As mentioned in the beginning of this section, the very rst observation of dark
matter is on the scale of galaxy clusters, coming from Fritz Zwicky's study of the
Coma cluster. This is the same type of kinematic method used on the galactic
scale. In the same vein, the mass measurement method of gravitational lensing
used on the galactic scale are also applied to galaxy clusters.

A technique that is unique for galaxy clusters, however, is the study of X-ray
emission from intergalactic gas [15]. Galaxy clusters are enormous structures and
that attract large amounts of material. Intergalactic gas, mainly hydrogen, falls
towards the gravitational center of these clusters and create a superheated plasma
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Figure 2.2: A case of strong gravitional lensing, from the Hubble Space Tele-
scope. The yellow foreground galaxy acts as a lens, distorting the image of the blue
background galaxy almost into a full circle. The image is taken from Wikimedia
Commons.

in the temperature range of 16108 K. This gas emits X-rays, from which it is
possible to estimate the gravitational strength and total mass of a cluster. This
technigue shows that there must be signi cantly more matter in between galaxies
than in the galaxies themselves, matter that is not visible.

A very compelling piece of evidence for dark matter is the notorious Bullet
Cluster [16]. It is visible in gure 2.3. It consists of two galaxy cluster that have
passed through each other, so that the gas constituent of the clusters have collided
and been trapped in between the clusters, while the stars and dark matter has
continued in their respective path without being hindered by the collision. This
observation very convincingly shows that the mass of the clusters largely consists
of some very weakly interacting mass distribution in a halo-like con guration. The
Bullet Cluster is of great relevance for this thesis, as it places upper limits on the
strength of dark matter self-interaction, which will be discussed further in section
3.3.

2.1.3 Cosmological scale

In order to account for the cosmological arguments and evidence for dark matter,
| rst give a very brief overview of the key concepts of mainstream cosmology, of
a Big Bang and CDM universe, often referred to as Standard Cosmology.

The fundament of cosmology comes from Einstein's equations,
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Figure 2.3: The Bullet Cluster, in a composite image with optical light from Mag-
ellan and Hubble Space Telescope and X-ray light from Chandra X-ray Observatory.
The X-ray emission is represented in pink. The clusters' mass distribution is rep-
resented in blue, calculated by means of weak gravitational lensing. The image is
taken from Wikimedia Commons.

1 8G
R §9 R= 7T + g ; (2.1.1)

whereR and R are the Ricci tensor and scalar that describe the curvature of
spacetime,g is the spacetime metric,T is the stress tensor, which accounts for
energy and mass densities, is the cosmological constar is the gravitational
constant, andc is the speed of light. The left-hand side of the equation represent
the geometry of the universe, the curvature of spacetime, while the right-hand
side represents the energy content of the universe. The mysterious cosmological
constant, , represents a vacuum energy, an energy of space itself. It was rst
introduced by Einstein in an attempt to model a steady-state universe, but he
subsequently abondoned the idea when it became clear from observation that the
universe is in fact expanding. The story does not end there, however, as it was
discovered that the universe is not only expanding but also expanding faster and
faster. This observation prompted the cosmological constant to be reintroduced.
Today, the vacuum energy represented by in Einstein's equations is commonly
referred to asdark energy

Under assumptions of a homogenous and isotropic universe, which is well sup-
ported by observation at scales larger than 100 Mpc, Einstein's equations take a
rather simple form. This leads to what is known as the Friedmann equations, that
describe the expansion of the universe. The two independent Friedmann equations
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are

2
a kc2  8G
a_ 4G 3p _
- 3 ( + @ + 3 (2.1.3)

wherea is the scale factor or \radius" of the universea refers to its derivative in
time, is the matter density, p is pressure, and is the spatial curvature of the
universe. The quantityk can take values -1, 0, or 1, which corresponds to an open,
at, or closed geometry.

The quantity a=ais more commonly known as the Hubble parameter, denoted
H. The Hubble constant,H, is the Hubble parameter at present time and the
current rate of expansion in the universe. It has valuél, = 67:8 09 km s !
Mpc ! [17][18].

The di erent energy densities of the universe are di erently a ected, or thinned
out, by its expansion. For example, the matter density is inversely proportional to
the volume of the universe, while the vacuum energy density does not scale at all
but remains constant. Thereby the expansion of the universe is contingent on the
distribution between species of energy; which type of energy density that is the
dominant driving force of expansion can change over time. A canonical de nition
Is that of abundances,

P (2.1.4)
Cc
where the subindexi can represent matter, radiation, vacuum energy, or spatial
curvature. The quantity . is the critical density, the total current energy density
(including vacuum energy) that with observational value forH, would infer a
geometrically at universe. Expressed in terms of redshiftz, the expansion rate
can be written

H;(zz)= o+ 2P+ w1+ 2+ R+ )" (2.1.5)
0

The second term on the right-hand side, with abundance, comes from the
spatial curvature and is zero in a at universe.

The universe used to be hotter and denser and particles that today are not
interacting very strongly was once in thermal equilibrium. The governing equation
is the Boltzmann equation,

((jj—rt]+3Hn= h avi(n® nZy); (2.1.6)
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