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Abstract

We have studied superheavy dark matter as a possible source of ultra-high
energy cosmic rays. Following the non-thermal instant preheating mechanism,

superheavy dark matter can be created in the early universe, directly after
inflation. The mass of these particles can range from 1014 to 1018 GeV. This

mass is large enough to create cosmic rays with an energy above the GZK
cut-off upon annihilation of two dark matter particles. Annihilation of dark

matter is more prevalent near the core of the galactic dark halo, and in
smaller, dense clumps called subhalos. An estimate of the annihilation cross

section yielded a rather high upper limit on the order of σ ∼ 10−8 cm2.
Around the GZK cut-off there might not be a clear correlation between the

arrival direction of extra-galactic ultra-high energy cosmic rays, and the local
matter distribution. This correlation could become significant for energies
above 1020 eV. Observation of anisotropy on the galactic scale could also
support this top-down model, but no anisotropy has been observed so far.
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Chapter 1

Introduction

Cosmic rays are energetic particles of extraterrestrial origin that have been de-
tected as early as 1911 when Victor Hess measured the amount of radiation
at an altitude of several kilometers up in the atmosphere. He concluded that
this radiation had an extraterrestrial origin. Today, the energy spectrum of the
detected cosmic rays is relatively well known, except for the part with ener-
gies above ∼ 1 EeV, also known as the ankle. At these very high energies, the
spectrum eventually falls off due to accelerators of particles not being powerful
enough, or due to the Greisen-Zatsepin-Kuzmin (GZK) effect. This effect ori-
ginates from interactions of high-energetic particles with an energy of ∼ 4×1019

eV or larger with the Cosmic Microwave Background (CMB) photons [1, 2].

Different models have been created in order to provide an explanation for cosmic
rays with these ultra-high energies. The models can be divided into two classes.
Bottom-up models are models in which the cosmic rays are accelerated. This
can for example be acceleration of particles in shock waves, or more violently
near black holes or in supernovae. Top-down models are models where cosmic
rays are created in the decay or annihilation of particles or topological defects.

This thesis aims to look into Super-Heavy Dark Matter (SHDM), consisting of
particles with a mass in the range of & 1013 GeV as a possible origin of cosmic
rays, and of special interest are ultra-high energy cosmic rays (UHECRs). If
UHECRs are created in the decay or annihilation of SHDM particles, it would
form a link between two different areas of physics.

1.1 Dark Matter

One of the first arguments one always hears for the existence of dark matter
comes from the observation of rotation curves for galaxies. More recent meas-
urements by the Planck satellite estimate that only ∼ 5% of the total energy
budget in the universe is spent on visible, luminous matter. The largest remain-
ing part is mostly dark energy (∼ 68%) which causes expansion of the universe,
and the rest (∼ 27%) dark matter [3]. In chapter 2 we will give an overview of
different theories about what makes up dark matter.
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1.2 Cosmic ray spectrum

The number of cosmic rays that arrive at Earth strongly depends on the energy.
The spectrum follows a power law, with the differential flux being given by [4]:

dF

dE
∝ Eγ , (1.1)

where γ lies between −2.7 and −3.1 depending on the part of the spectrum.
The cosmic ray energy spectrum is shown in figure 1.1. Figure 1.2 on page 3
shows the scaled spectrum, distinguishing features at the highest energies. In
this figure also the maximum energies of the Tevatron and LHC are indicated.
We see that part of the cosmic ray spectrum has energies larger than we are
able to reach in particle accelerators. Therefore studying cosmic rays means
using the biggest accelerator we can find: the Universe. In this spectrum we
can distinguish different regimes. In the region up to energies of 5 × 1015 eV,
charged cosmic rays can be contained in the magnetic field of galaxies, including
our own. For higher energies the spectrum steepens. The point where this
happens is called the knee. Above 5×1018 eV the spectrum gets slightly flatter,
before it is strongly suppressed for energies above 5× 1019 eV [5].

Figure 1.1: The cosmic ray spectrum obtained from various experiments plotted
together. The data points follow a power law. Source: [6]
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Figure 1.2: Highest-energy part of the cosmic ray spectrum, scaled with a factor
E2.5. Source: [7]

1.2.1 GZK cut-off

The Greisen-Zatsepin-Kuzmin cut-off is a process that limits the flux of the
cosmic rays with energies of ∼ 4 × 1019 eV, that was proposed in 1966 [1, 2].
Figure 1.2 shows spectrum of the highest-energy cosmic rays, scaled with a factor
E2.5. The GZK cut-off is indicated in this figure. Ultra-high energy protons
can interact with CMB photons and create pions via the following processes

p+ γCMB → p+ π0 or n+ π+ . (1.2)

In this process, the proton loses about 20% of its energy. As protons with
energies above this GZK cut-off travel through space, they lose energy and will
thus end up at energies lower than the cut-off energy. Using the values presented
in [2] for a CMB photon density of nγ ≈ 550 cm−3 and a cross section for this
reaction of σ = 1 × 10−28 cm2, cosmic rays with energy larger than the GZK
cut-off have a mean free path of

λ =
1

nγσ
≈ 6 Mpc. (1.3)

This means that if we observe cosmic rays with energies above the GZK cut-
off, they must come from within a distance of around 50 Mpc. High-energy
cosmic rays above the knee are largely protons, but data from the Pierre Auger
observatory places limits on the photon fraction that range from 2.0% at 1019

eV, to 31% at the cut-off energy of 4× 1019 eV [8].
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1.3 Overview thesis

In this thesis we will aim to connect the annihilation of SHDM to to the origin of
cosmic rays. As means of introduction, we will present in chapter 2 an overview
of the various theories on the kind of matter that makes up the dark matter
content. In the following chapter we will briefly discuss the era of inflation, to
give some background information, and to familiarise the reader with concepts
that will return later in this thesis. In chapter 4 we will discuss a few creation
mechanisms for creating dark matter, where we have focused on the instant
preheating mechanism. It is of interest to determine the relative amount with
which this mechanism can produce particles, as the current abundance of dark
matter in the universe is known. This we will address in chapter 5. In chapter 5
we will also discuss, in case of decaying dark matter, the lifetime, and a possible
annihilation mechanism of dark matter. Subsequently we shift our focus, and in
chapter 6 we look at the distribution of dark matter in the part of the universe
closest to us: the halo of our own galaxy. We will use the information from
previous chapters in chapter 7 to make an estimate of the cross section of dark
matter annihilations required to be consistent with the observed cosmic ray flux.
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Chapter 2

Dark Matter models

As to what makes up this unseen matter in the universe, different theories have
been developed. Here we will discuss different dark matter particle candid-
ates that have been proposed. We can distinguish two main classes of dark
matter candidates, baryonic and non-baryonic. Baryonic dark matter would
be clustered in MACHOs, massive astrophysical compact halo objects. Non-
baryonic matter could consist of WIPMs, weakly interacting massive particles.
In this chapter, we will briefly discuss some of the proposed dark matter can-
didates.

2.1 MACHOs

MACHOs consist of astrophysical objects that are too faint to be detected. The
number density of stars with a certain mass m that are formed follows

dn

d lnm
∝ m−x , (2.1)

with x = 2.35, as was established by Salpeter in 1955 [9]. However this relation
is assumed to hold in a certain range. This means that the higher mass objects,
as well as lower mass objects are not taken into account. The lower mass
is usually set at 0.08 ± 0.01M� [10]. In objects with masses lower than this
limit, no nuclear fusion can take place and any produced radiation is due to
gravitational effects. These objects are called brown dwarfs, which are hard
to detect because of their low luminosities. The method astrophysicists have
used in observations was based on microlensing. In short, this means that the
brightness of a background star changes when an object moves in front of the
star. This explanation is however disfavoured because of lack of observations of
brown dwarfs [11].

2.2 WIMPs

WIMPs, weakly interacting massive particles, are relic particles that are formed
in the early universe. These WIMPs are non-baryonic, meaning the particles we
are looking for are either massive neutrinos or some more exotic particles. This
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could for example be particles from a supersymmetric extension of the Standard
Model. Since MACHOs are disfavoured, dark matter likely consists of WIMPs.

2.2.1 Sterile neutrinos

According to the standard model, neutrinos are massless. From the observation
of neutrino oscillations it was established that neutrinos do have mass. Within
the Standard Model, normal neutrinos have left-handed chirality, but there may
exist right-handed neutrinos too. The standard, left-handed neutrinos only
interact via the weak interaction, and interact very little with ordinary matter.
Right-handed neutrinos do not interact via the weak interaction either, this
gives them the name ”sterile neutrinos”. The only way in which these sterile
neutrinos interact is via flavour mixing with left-handed neutrinos [12]. In the
early universe, only left-handed neutrinos are formed, since only they interact
with other matter. These left-handed neutrinos then slowly mix into right-
handed neutrinos. This is mechanism has also been called a freeze-in mechanism.
Sterile neutrinos can be a plausible candidate to make up the dark matter
content of the universe, since they have no interaction with ordinary matter,
except with their left-handed counterparts, and this makes them likely to survive
long enough to be present today. The mass of these particles is suggested to lie
on the order of ∼ 10 keV, in order to be a candidate for dark matter [12, 13].
Observations of emission lines around E = (3.55 − 3.57) ± 0.03 keV [14] and
3.52± 0.02 keV [15] are consistent with the decay of a 7.1 keV sterile neutrino.

2.2.2 Axions

Axions are particles that were first proposed as a solution to the CP-problem
in QCD. The QCD Lagrangian looks as if it is symmetrical under CP, charge
and parity, transformations, also within experimental limits. A sign of strong
CP-violation would be the observation of the neutron electric dipole moment,
which has not been detected. There is within the theory no reason not to have
symmetry breaking interactions, but from experiments, these effects must be
very small. In fact, the parameter corresponding to symmetry breaking effect
must be so small, that it leaves us with a fine-tuning problem, as there is no
explanation for such a small value. This can be solved by introducing a new
symmetry, which predicts a new, pseudoscalar particle. Thus the axion was
proposed as a particle that could break the CP symmetry. If the axion is light
enough (but above 1 µeV) it could account for part of the dark matter in the
universe. For an axion mass of ≈ 20µeV, axions could account for the entire
dark matter content [16].

2.2.3 Supersymmetric particle

Another proposed dark matter candidate is a supersymmetric particle. These
particles could be formed in the reheating phase after inflation. For the highest
possible reheating temperature Tr = 109 GeV, the minimum masses of these
particles must be above 3 × 1011 GeV. If dark matter consists of the lightest
supersymmetric particle, its mass must be at least two orders of magnitude
above the minimum, in order to explain ultra-high energy cosmic rays [17].
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Chapter 3

Inflation

The early universe underwent a phase of rapid vacuum driven expansion called
inflation. Inflation solves many problems in modern cosmology [10]. First of
all, it solves the flatness problem. Our current universe seems remarkably flat,
with data from the Planck satellite placing the deviation from a flat universe
(where Ω = 1) at |Ω−1| = 0.000±0.005 [3]. From inflationary models, the uni-
verse should have expanded with ∼ 60 e-foldings to explain the flatness of the
current universe. It also helps explain why the CMB looks (almost) isotropic,
while regions of the sky separated by more than 1◦ are seemingly too far away
to have had causal contact. If one includes inflation, these regions could have
been in causal contact before inflation took place. It also explains why we do
not see any magnetic monopoles in our universe, since the density of monopoles
formed in the very early universe should have been decreased rapidly during in-
flation. Altogether, inflation is a well established theory in cosmological physics.

In this chapter we give a short description of the inflationary period in the
early universe and the start of the reheating phase following inflation, and we
introduce some concepts that will return in later chapters.

3.1 Friedmann Equations

Assuming that the universe is homogenous and isotropic, the metric of space-
time is the Friedmann-Lemâıtre-Robertson-Walker (FLRW) metric, given by

c2dτ2 = c2dt2 −R2(t)

(
dr2

1− kr2
+ r2dψ2

)
. (3.1)

Where the interesting parts are R(t), which is the scale factor of the universe,
and k, which is a curvature term that is connected to the geometry of the
universe. k = +1 corresponds to a closed universe, where an adventurer setting
off in a single direction will eventually come back to the same point, like walking
on the surface of a sphere. k = −1 corresponds to an open universe, where our
adventurer can travel infinitely far without ever returning to his starting point.
This universe is shaped like a saddle. Finally, k = 0 corresponds to an infinite
but flat universe. Friedmann described the evolution of the radius R(t) in the
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eponymous Friedmann equation

Ṙ2 − 8πG

3
ρR2 = −kc2 . (3.2)

We see the curvature term k returning in this formula. What becomes obvious
is that for a specific density the universe will be flat. If the density is equal to

ρc =
3H2

8πG
, (3.3)

where H = Ṙ/R, the universe is flat. This density is called the critical density.
Often, densities are expressed as fraction of the critical density with a density
parameter

Ω =
ρ

ρc
. (3.4)

If Ω = 1, then the universe is flat. Inflation is requires a state that is driven by
a negative pressure, this negative pressure is provided by the vacuum energy.
Whereas the matter density falls off with ρm ∝ R−3, and the radiation density
scales as ρr ∝ R−4, the energy density of the vacuum ρΛ is constant. We see
that if we take equation (3.2), and we divide it by R2, we obtain

H2 − 8πG

3
ρ =
−kc2

R2
. (3.5)

If we look at inflation, the vacuum energy dominates, so we assume that ρ = ρΛ,
which is constant. This is called a de Sitter space. If we greatly increase R,
while keeping H fixed, we see that the right hand side becomes negligible. We
then end up with the following differential equation

Ṙ =

√
8πGρΛ

3
R . (3.6)

The solution to this equation is then an exponential:

R ∝ eH̄t with H̄ =

√
8πGρΛ

3
. (3.7)

We see that the universe expands exponentially during the inflationary era. The
reason we give this treatment of inflation will become clear in the next chapters,
when we discuss production mechanisms of dark matter. If dark matter particles
are created before, or during inflation, the exponential growth of the universe
can decrease the density by such large amounts that we would see none of these
particles today.

3.1.1 Second Friedmann equation

There is a second Friedmann equation, which is derived from different compon-
ents of the Einstein field equations than equation (3.2). This equation is of the
form of [10]

R̈ = −4πGR(ρc2 + 3p)

3c2
. (3.8)
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We know from equation (3.7) that R grows exponentially, which means that the
rate of expansion grows over time. Differentiating equation (3.7) gives us back
the same equation for Ṙ, only with a factor α in front of it. Thus we know that
R̈ must have a positive sign. The only way we can obtain a positive sign on the
right hand side is if the term containing the density and pressure is negative.
We thus require that

ρc2 + 3p < 0 . (3.9)

3.1.2 Inflaton field

During inflation we have a scalar field φ with potential V (φ), called the inflaton
field, that acts as the vacuum energy.

Figure 3.1: In this figure φ can be seen
”rolling down” the inflaton potential. φ
will oscillate around the minimum of the
potential, which looks like a simple quad-
ratic potential.

For inflation to take place, the value
of the inflaton field φ should be lar-
ger than the Planck mass Mp of
∼ 1019 GeV. During inflation, the
value of φ starts out at a value lar-
ger than Mp, but it will decrease
eventually and drop below ∼ Mp/3,
and the inflationary period ends [18].
What happens next is that φ will
”roll down” the potential and start
oscillating around the minimum of
V (φ).1 We have now entered the re-
heating phase. As we will show in
section 3.2, φ behaves like a damped
oscillator and will increase the tem-
perature of the universe. We will also
show that a scalar field φ can have a
negative pressure required for inflation.

3.2 Scalar field dynamics

For a scalar field, the Lagrangian is of the form

L =
1

2
∂µφ∂

µφ− V (φ) (3.10)

.
where V (φ) is a potential depending on φ only. The action is then given by

S =

∫
L
√
−g d4x , (3.11)

where for a homogeneous, isotropic universe (FLRW-model)
√
−g = R3(t), since

we have to deal with an expanding universe. Using the principle of least action,
the dynamics of this field follow from the Euler-Lagrange equations,

1It should be noted that if φ is in a false vacuum state, it might tunnel into the true
vacuum state. If this happens, the region of space where the field is in the true vacuum state
expands causally, while outside of this bubble inflation still takes place and space expands
exponentially. This is also called the graceful exit problem.
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∂µ
∂(LR3(t))

∂(∂µφ)
=
∂(LR3(t))

∂φ
, (3.12)

R3(t)φ̈+ 3R2(t)Ṙ(t)φ̇−R3(t)∇2φ = −R3(t)
∂V

∂φ
. (3.13)

Again using the Hubble constant H = Ṙ/R, this can be cast into the form,

φ̈+ 3Hφ̇−∇2φ+
∂V

∂φ
= 0 . (3.14)

The 3Hφ̇ term is called the Hubble drag term and has the form of a friction
term. As mentioned, the period of inflation takes place when φ &Mp/3. If the

field φ is coupled to a matter field, one can add an extra term Γφ̇, resembling
a friction term, representing particle creation [10], with Γ the rate of particle
production. We can see from equation 3.15 that the oscillation of φ becomes
more strongly damped if Γ increases. This is because the energy needed to
create particles is taken from the inflaton field. If we additionally assume that
the oscillations of φ take place in a harmonic potential V (φ) = 1

2m
2φ2, the

equation of motion takes the following form

φ̈+ (3H + Γ)φ̇−∇2φ+m2φ = 0 . (3.15)

The oscillations of φ around the minimum of V will increase the temperature
of the Universe and create new particles. This era is called the reheating phase.
Since the universe expands with ∼ 60 e-foldings during inflation, it is important
that creation of super-heavy dark matter takes place after inflation has ended.
As mentioned before, if this creation takes place during or before inflation, the
density of the newly created particles will quickly drop as the universe rapidly
expands.

3.2.1 Negative pressure

As mentioned in section 3.1.1, we will now show that the scalar field φ can
indeed provide a negative pressure. For this we will start out from the energy-
momentum tensor:

Tµν =
∂L

∂(∂µφ)
∂νφ− ηµνL , (3.16)

where we will use the Lagrangian of equation (3.10). The density is defined as
the time-time component of Tµν , i.e. T 00. The expression for the pressure is
slightly more involved, p =

(
T 11 + T 22 + T 33

)
/3. These definitions give us

ρ = T 00 =
1

2
φ̇2 +

1

2
(∇φ)2 +

1

2
m2φ2 , (3.17)

T ii =
1

2
φ̇2 + (∂iφ)2 − 1

2
m2φ2 − 1

2
(∇φ)2 , (3.18)

which then allows us to calculate p

p =
1

2
φ̇2 − 1

6
(∇φ)2 − 1

2
m2φ2 . (3.19)

If we assume that during inflation the field is constant in both space and time,
we have verified that p = −ρ, thus φ can provide a negative pressure needed for
inflation.
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Chapter 4

Creation of Dark Matter

There are several WIMP candidates for cold dark matter (CDM). These can be
divided into two categories: thermal and non-thermal relics. The thermal relics
were at some point in thermal equilibrium with the rest of the Universe, whereas
non-thermal relics had little interaction, or their mass was too large to allow for
creation of these particles [17]. In this chapter we will look at thermal produc-
tion of dark matter, and a non-thermal mechanism called instant preheating.
We require that the mechanism of dark matter creation is a mechanism that
takes place after inflation. If such a model would predict dark matter creation
before or during inflation, the resulting density of dark matter would be very low.

As discussed in chapter 2, candidates for non-thermal DM are most likely weakly
interactive massive particles, also called WIMPS. The existence of SHDM was
first theorised as an explanation for observations of ultra-high energy cosmic rays
(UHECRs). If these SHDM particles have a mass in the range of & 1013 GeV,
production of cosmic rays with ultra-high energies is possible upon annihilation
or decay. As mentioned in section 1.2.1, cosmic rays with energies above 4×1019

eV can interact with CMB photons when travelling through space. In these
interactions, the UHECRs lose energy. Thus cosmic rays from extra-galactic
sources with sufficient energy to interact with the CMB are suppressed. Ultra-
high energy cosmic rays must originate from a source at a distance of at most
∼ 50 Mpc. Several possible mechanisms to create SHDM particles in the early
universe have been proposed. These include [19]:

• Gravitational interactions from vacuum

• Thermal production during reheating

• Instant preheating, the decay of inflaton oscillations

The thermal production of SHDM particles requires an adequate temperature
during the reheating phase in order to allow for the creation of super-heavy
particles. The third method heavily depends on the coupling between the bo-
sonic χ particle and the inflaton field φ, whereas in the first case no coupling
is needed to produce particles. At instant preheating, oscillations of φ in the
potential can create super-heavy bosons when φ is near zero. The mass of the
created bosons is coupled to φ, and these bosons then decay into SHDM particles
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when φ has come back to its maximum.

We will only briefly discuss gravitational production of dark matter here. In
the early universe, fluctuations in the vacuum background of the universe can
create particles. It is only the change in the metric of space that causes the
production, no coupling to other fields is needed [19]. The particles created in
this way can be sterile, i.e. they do not interact with other, but if they are
unstable (with lifetime at least on the order of the age of the universe) their
decay products could possibly be observed.

4.1 Thermal production

Thermal production of particles with m & 1013 GeV with correct numbers is in
principle possible if the reheating temperature is in the range 1011 . Tr . 1015

GeV. Our thermal WIMP, X would then need to be coupled to, for example
highly energetic photons or neutrinos,

X + X̄ ↔ γ + γ . (4.1)

As long as the rate at which reactions happen is larger than the rate of expansion
of the universe, that is

Γφ̇ & H , (4.2)

the particle density is at its equilibrium value. At a certain point the expansion
of the universe wins and no more particles are created, the density now remains
constant. This is called freeze-out.

4.1.1 Gravitino overproduction

Reheating temperatures in the range of 1011 . Tr . 1015 GeV or larger lead to
the gravitino problem in supersymmetric models [20]. At high reheating temper-
atures, gravitinos will be overproduced. The decay of these particles will hinder
the primordial nucleosynthesis in the early Universe. To avoid these problems,
one should restrict oneself to temperatures Tr . 109 GeV, which do not allow
for creation of superheavy WIMPS.

4.1.2 Thermal cross-section

For thermal DM, the current density is determined by the annihilation cross
section. The larger the cross section, the easier it interacts and the longer it
stays in equilibrium. The freeze-out density is inversely proportional to the
annihilation cross section of the particle, Ω ∝ 1/σann [21]. Assume that our
thermal WIMP is chargeless (else one could observe electromagnetic signals),
and is allowed to couple to the weak interaction, the annihilation process given
in figure 4.1 could be possible.
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Z0

X

X̄

ν, e+

ν, e−

Figure 4.1: Possible annihilation process of thermally produced dark matter
trough the weak interaction.

In the process a Z0 boson is formed which then decays in to a fermion-antifermion
pair, for example a neutrino-antineutrino or electron-positron pair. The amp-
litude of this process depends on the propagator of the Z0 boson. Recall that
the propagator for the Z0 boson in this process is given by

gµν− qµqν
m2
Z

q2 −m2
Z

=

gµν− qµqν
m2
Z

4m2
X −m2

Z

, (4.3)

where the q2 is the four-momentum of the incoming particles squared. Since we
are focusing on superheavy WIMPS as an explanation for UHECR, we would
like to have particles with mass & 1013 GeV. For these masses, the WIMP
mass is many orders of magnitude larger than the mass of the Z0 boson, so the
term with m2

X dominates the propagator. This means the cross section for this
process scales as

σ ∝ m−2
X . (4.4)

Since the freeze-out density is inversely proportional to the annihilation cross
section, the density of thermal WIMPS will scale with m2

X whenever mX � mZ ,
this gives quite a strong restriction to the maximum mass of thermal WIMPS
of 100 GeV [17]. It is therefore highly unlikely that SHDM particles with mass
& 1013 GeV are created by thermal processes.

4.2 Instant preheating

An interesting mechanism that can produce SHDM particles is the so-called
’instant preheating’. In this section an overview of this mechanism will be
given. In short this mechanism depends on different couplings initially between
the inflaton field φ and a scalar field χ. From these interactions bosons are
created with mass meff

χ , where the mass of these bosons depends on φ. This
allows for efficient particle creation during oscillations of φ, when φ is near zero
[18]. As φ then increases, mχ increases, the particles take up energy from φ.
When φ reaches its maximum around ∼ 10−1Mp =∼ 1018 GeV, the now very
heavy (up to ∼ 10−1Mp GeV depending on the strength of the interaction)
χ-bosons can decay into a pair of ψ-fermions. It is these fermions that then are
a candidate for SHDM and their annihilation should cause UHECR. In short,
the different stages are

φ→ χ→ ψ + ψ̄ . (4.5)

One can create particles from the oscillations of the inflaton field if the field of
a particle, χ, is coupled to the inflaton field. In this scenario, we will consider a
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quadratic potential 1
2m

2φ2 as the potential of the inflaton field, and the inter-
action term between the φ and χ is − 1

2g
2φ2χ2, where g is the coupling constant

for this interaction. We have also included the interaction term hψ̄ψχ which
gives couples the χ and ψ particles. The Lagrangian for such a system is

L =
1

2
∂µφ∂

µφ− 1

2
m2φ2 +

1

2
∂µχ∂

µχ− 1

2
m2
χχ

2 +
1

2
g2φ2χ2 − hψ̄ψχ . (4.6)

A typical value for the inflaton mass in these models is m = 10−6Mp, which
is derived from CMB anisotropy measurements [22]. As mentioned before, the
inflaton field behaves like a damped oscillator. We start out at the value of
φ = Mp/3, as instant preheating takes place right after inflation has ended. As
mentioned before, inflation ends when φ drops below Mp/3. Thus after inflation
has ended, φ behaves on short timescales as

φ ≈ Mp

3

sin(mt)

mt
. (4.7)

We will later show that this approximation for short time-scales is valid, since
we only need to take the first ’swing’ of φ into account. In the case that the
mass of χ is nonzero if φ = 0, and the particle has a ’bare mass’ mχ, one can
show that χ obeys [22]

Ẍk +

(
k2

a2
+m2

χ + g2φ2(t)

)
Xk = 0 , (4.8)

where Xk = a3/2χk. This enables us to get rid of the Hubble term containing
χ̇k. In this equation of motion the effective mass of χ is then given by m2

χ eff =

m2
χ + g2φ2(t). If we assume the bare mass mχ is is small compared to the

effective mass, meff
χ ≈ g|φ|, this mass changes in time as

|ṁeff
χ | = g|φ̇| . (4.9)

At the end of inflation, φ starts to decrease from Φ ∼ 10−1Mp, initially |φ̇| is
small and the process is adiabatic.
It is essential to note that the system initially changes adiabatically. Only if the
effective mass changes rapidly enough, as we will show later, the system enters
the non-adiabatic regime and particle creation can take place. Initially, φ has
not yet rolled down much and therefore mχ changes only slowly, following the
expression given in equation (4.9).

We can illustrate the concept of adiabacity by taking a quantum harmonic oscil-
lator in one of its eigenstates. If we very slowly change the spring constant, the
shape of the potential will change, and so will the eigenstates of the system. Our
wave function, which was originally in an eigenstate, will have evolved slowly
to a the eigenstate of the new system with the same quantum numbers, i.e. if
our wave function started out in the ground state, it will be in the ground state
of the new potential. In this case, the change of the potential was adiabatic.
If we would change the potential very rapidly, our wave function, which was
in an eigenstate of the old potential, is now suddenly in a linear superposition
of eigenstates of the new potential, amongst which possibly eigenstates with
(much) larger energy.
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This system loses its adiabacity when the rate of change of mχ becomes lar-

ger than m2
χ [18], in other words when g|φ̇| & m2

χ or |φ̇| & gφ2. The maximum

value φ̇ can attain, which is at the center of the potential, is φ̇max = mΦ, with
m = 10−6Mp as before [22]. This maximum value for φ̇ gives an upper bound
on the non-adiabatic regime, namely

gφ2 . |φ̇| (4.10)

|φ| .

√
mΦ

g
(4.11)

|φ| . 10−2Mp . (4.12)

We denote the value of φ at the transition between the adiabatic and non-
adiabatic regimes by |φa| = 10−2Mp. In order for efficient particle creation
using this mechanism, g & 10−4 [18]. The time in which this process happens
is the time it takes for φ to roll from −φa to φa, which is approximately

ta ≈
|φa|
φ̇max

∼ (gmΦ)−1/2 ∼ 105M−1
p . (4.13)

The typical momenta of the produced particles is k? ∼ t−1
a ∼ (gmΦ)1/2. The

particles are produced in a very short window of time.1 After φ has crossed
the non-adiabatic regime and increases to ∼ 10−1Mp, the effective mass of the
χ particles starts to increase, until mχ eff ∼ g10−1Mp, assuming that the bare
mass mχ is at most on the order of g|φ|. We will show in chapter 5 that the
number of particles created is exponentially supressed for higher bare masses.
If the χ bosons can have interactions with fermionic particles ψ via the term
hψ̄ψχ in the Lagrangian, the decay rate of χ particles is given by [22]

Γ(χ→ ψψ̄) =
h2mχ eff

16π

[
1−

(
2mψ

mχ eff

)2
] 3

2

. (4.14)

From this equation it is easily seen that the decay is only allowed for mχ eff >
2mψ. Since the effective mass of the χ boson depends on φ, the largest decay
rate occurs when φ reaches its maximum, at that point ψ fermionic pairs are
created. In this way, the mechanism described here is very efficient in creating
super-heavy particles.

1This would correspond to a time of ∼ 10−37 seconds.
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Chapter 5

Particle density

Now that we have explained the mechanisms involved in the creation, it may be
good to look at the number of particles that can be produced in this process.
As crucial as it is to have a mechanism to create super-heavy particles, the
mechanism should create them in the right amount, Ω ∼ 0.3. Too few WIMPS
and these particles can only form a tiny fraction of the dark matter density, too
many and they will overclose the universe.

We will first discuss the manner in which χ bosons are created in interactions
with the inflaton field φ. We repeat equation (4.8)

Ẍk +

(
k2

a2
+m2

χ + g2φ2(t)

)
Xk = 0 (5.1)

Ẍk + ω2Xk = 0 . (5.2)

In the adiabatic regime which was discussed in section 4.2, the solution to
this equation can be written as a linear superposition of an incoming and an
outcoming wave with coefficients αk(t) and βk(t) [23].

Xk(t) =
αk(t)√

2ω
e−i

∫
ω dt +

βk(t)√
2ω

ei
∫
ω dt (5.3)

At t = 0, αk = 1 and βk = 0. The occupation number for a certain value of k
is given by nk = |βk|2. But in the region |φ| .

√
mΦ/g where φ behaves non-

adiabatically, this solution breaks down. If φ passes through the non-adiabatic
regime at a time tj , we denote the wave Xk(t) just before this time by Xj

k(t) with

coefficients αjk and βjk. When the wave has left the non-adiabatic regime, we de-
note this with a label j+1 instead of j. The wave scatters around the minimum
of the potential in the non-adiabatic regime. The incoming amplitudes αjk, βjk
are related to the outgoing amplitudes αj+1

k , βj+1
k by the following equation(

αj+1
k e−iθ

j
k

βj+1
k eiθ

j
k

)
=

(
1
Dk

R?k
D?k

Rk
Dk

1
D?k

)(
αjke

−iθjk

βjke
iθjk

)
. (5.4)

Rk is the reflection, and Dk is the transmission parameter. Also appearing is
the phase θjk =

∫ tj
0
ω dt the wave has when entering the non-adiabatic regime.
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The reflection and transmission parameters can be obtained by rewriting equa-
tion (5.1) with φ(t) approximated around tj as φ(t) ≈ (t− tj)2 and k? =

√
mgΦ

from section 4.2. Introducing variables τ = k?(t − tj) and κ2 =
k2/a2+m2

χ

k2?
, we

can write
d2Xk

dτ2
+ (κ2 + τ2)Xk = 0 . (5.5)

The solutions of this equation determine Rk andDk. This allows us to determine
nj+1
k = |βj+1

k |, the number of particles after the scattering. If we start out with

njk = 0, as we do not have any χ particles before φ enters the non-adiabatic

regime. Using equation (5.4) to determine nj+1
k = |βj+1

k | gives the number of
particles with momentum k as [23]

nk = e−πκ
2

. (5.6)

Filling in the expression for κ2 and k?, we obtain

nk = exp

(
−
π
(
k2 +m2

χ

)
mgΦ

)
. (5.7)

We have set a2 = 1, this term is related to the expansion of the universe, and
by setting this to zero, we do not take into account effects due to expansion of
the universe. The time φ is in the non-adiabatic regime is very short: ∼ 10−37

s, which allows us to safely make this assumption. The expression nk gives the
number of particles occupying a state with momentum k. We can determine the
total number density of χ particles by integrating over the possible momentum
states, using nk from equation (5.7),

nχ =
1

(2π)3

∫
d3k nk . (5.8)

By making a switch to spherical coordinates we get

nχ =
1

(2π)3

∫ ∞
0

dk 4πk2nk (5.9)

nχ =
(mgΦ)3/2

(2π)3
exp

(
−
πm2

χ

mgΦ

)
. (5.10)

From this formula one can clearly see that the production of particles with
m2
χ & mgΦ is heavily suppressed. Let us now look at the case m2

χ . mgΦ. The
energy density of these particles is given by

ρχ = nχm
eff
χ ∼ m3/2(gΦ)3/2 (mχ + gφ)

(2π)3
exp

(
−
πm2

χ

mgΦ

)
(5.11)

≈ m3/2(gΦ)5/2

(2π)3
exp

(
−
πm2

χ

mgΦ

)
. (5.12)

The last equation holds when φ is close to Φ so that mχ � gΦ, and meff
χ ≈ gΦ.

Let us now compare ρχ to the energy density of the inflaton field, ρφ. Recall
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that the energy momentum tensor is given by

Tµν =
∂L

∂(∂µφ)
∂νφ− ηµνL . (5.13)

To obtain the energy density, we need to calculate T 00.

ρφ = T 00 =
1

2
φ̇2 +

1

2
(∇φ)2 + V (φ) +

1

2
g2φ2χ2 (5.14)

Where the Lagrangian from equation 4.6 was used with potential 1
2m

2φ2 and
including the interaction term − 1

2g
2φ2χ2. Assuming the energy density does

not change too much if φ changes, we can say that

ρφ ∼
1

2
(mΦ)2 . (5.15)

From equations (5.11) and (5.15) the ratio between ρχ and ρφ is

ρχ
ρφ
∼ m−1/2Φ1/2g5/2

16π3
. (5.16)

We take the value g ∼ 10−4, which is the minimal value needed for efficient
preheating. If we also assume Φ ∼ 0.1Mp, the energy density of the newly
created particles is

ρψ = ρχ ∼ 1097exp

(
−

πm2
χ

10−11M2
p

)
GeVm−3 . (5.17)

This gives a value of ρχ ∼ 1097 GeVm−3 for the energy density if m2
χ . mgΦ.

The value of the exponent in this case lies within one order of magnitude of
unity, thus we ignore it in this regime. The χ particles of course decay into ψ
bosons, but that does not change the energy density.

5.1 Density evolution

If m2
χ ∼ mgΦ, then one might think that the energy density is off by a huge

amount. Partly this is because we did not yet take the expansion of the universe
into account. The end of inflation, the time when instant preheating takes place,
lies at a redshift of z ∼ 1022 1 The density of matter in the universe changes with
the inverse of the scale factor cubed, ρm ∝ a−3. The current energy density of
dark matter would be a factor 1066 lower than right after inflation and thus

ρχ ∼ 1033exp

(
−

πm2
χ

10−11M2
p

)
GeVm−3 , (5.18)

which is still way too high if m2
χ ∼ mgΦ. If we want to obtain the correct

current density, we should look at a particle with a slightly higher bare mass.

1This can be calculated from the ratio between the current temperature of the universe
T0 = 2.73K ∼ 10−13GeV and the temperature at reheating, where TR ∼ 109GeV is a
reasonable value, see [20], which takes place directly after the instant preheating. Since z ∝ a
and T ∝ a−1, we can easily make an estimate of the redshift at the time of instant preheating.
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The dependence on the bare mass mχ is very steep, with the energy density
dropping a few orders of magnitude even for a slight increase of the mass. To
get a density of ρχ ∼ 1 GeVm−3, we find that the mass of the χ bosons at their
decay can range from 1014 GeV for g ∼ 10−4 to 1018 GeV for g ∼ 1. This means
that each of the two ψ can have mass mχ/2 and that mψ can also be on the
order of 1014 GeV to 1018 GeV.

5.1.1 First swing

But wait, we only took into account the first swing of φ. Surely φ will eventually
pass its minimum again and create more particles? Wouldn’t that affect the
density too? The short answer is no, but let’s motivate this answer. The ratio
of particles created in the second and first swing is

n
(2)
χ

n
(1)
χ

=

(
1

2

)3/2

exp

(
−

3π2m2
χ

gmMp

)
. (5.19)

The derivation of this formula is given in appendix A. For the values used and
obtained in the previous section the resulting ratio is

n
(2)
χ

n
(1)
χ

∼ 10−13 . (5.20)

The later swings will be suppressed even more, so we can indeed only consider
the first swing of φ.

5.2 SHDM lifetime

In calculating the density evolution of χ, we only took the expansion of the
universe into account. What we did not take into account was the decay of the
SHDM. The implicit assumption was made that the lifetime of the ψ fermions
is at least comparable to the age of the universe τ & 1010yr. If the lifetime
is already an order of magnitude smaller than this age, there would be a large
abundance of energy of decay products of the SHDM. We will therefore require
that these particles are metastable, their lifetime is at least on the order of the
life of the universe [24].

If we assume the ψ particles are allowed to decay, then along the decay process
emission of photons will take place. The decay products created from these
decays in the hadronic jet are dominated by pions (90%) [25], and thus UHECRs
will mostly consist of the decay products of pions. The observed photon flux can
give an estimate of the lifetime of SHDM. Starting from the decay of uniformly
distributed dark matter, the flux is given by [24]

Jγ =
1

4π
l(Eγ)ṅψ

dNγ
dEγ

. (5.21)

The attenuation length is taken to be l(Eγ) = 10 Mpc and
dNγ
dEγ
≈ E−1.5

γ [24].

We have to follow a slightly different analysis, since we know that dark matter is
not distributed uniformly throughout the universe, but rather it is clumped into
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halos [26] around galaxies and galactic clusters. This gives slight modifications
to the relation between the lifetime and mass of the particle, namely [22]

τψ = 3.16× 1018f(Ωψh
2)

(
Mp

mψ

)1/2

. (5.22)

In the above formula, f is a factor related to the distribution of dark matter.
It is the ratio between the galactic and extra-galactic flux, f = JH/Jex =
nHRH/nl(Eγ) [25, 24]. It is 1 for a uniform distribution, but in case the WIMPs
are clustered in a galactic halo, f ≈ 103. For the same mass range of 1014 .
mψ . 1018 GeV, the lifetime ranges from 1023 to 1021 yr. Super-heavy WIMPs
are able to survive long enough. Their lifetime is well above 1010 yr, and dark
matter formed in the early universe will therefore not have decayed since then.

5.3 Annihilation

There is also the possibility that the ψ particles cannot decay, but that they
only can annihilate. Since the ψ particles are created in pairs from the decay of
the χ bosons, the ψ particles could form a χ boson when annihilating. Since χ
cannot couple directly to normal matter, else formation of ψ particles would be
very unlikely seen their mass, the decay possibly takes place via a coupling to
the inflaton field. If this is the case then a possible way in which the particles
can annihilate is:

χ

φ

φ

ψ

ψ̄

e+, ν̄, p̄

e−, ν, p

Figure 5.1: Possible annihilation reaction of ψ particles

This requires the inflaton field to be coupled to normal matter fields, so that for
example electron or neutrino pairs could be produced with very high energies.
One could also expect that in the annihilation process pions are formed, which
could produce ultra-high energy photons in their decay.
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Chapter 6

Dark Matter halos

As mentioned before, UHECRs with energies above the GZK cutoff should come
from the neighbourhood of our Earth, at least within a distance of 100 Mpc.
Like ordinary matter, dark matter is also subject to gravity and will form halos
around the (large scale) structures in the universe like our galaxy or in clusters
of galaxies. This section aims to discuss whether annihilation processes inside
these halos, in particular the dark matter halo of our own galaxy, can produce
UHECRs.

Small quantum fluctuations during the inflationary epoch give the initial con-
ditions for the formation of cosmic structure formation. In this process, the
present dark matter also follows this pattern and starts clustering around or-
dinary matter. In this section we will focus on the distribution of dark matter
around galaxies. In current standard cosmology, cosmic structure formation is
dominated by cold dark matter (CDM). Cold means here that the dark matter
particles move at non-relativistic velocities. CMD allows for structure formation
for small structures with masses even below one solar mass [26]. In particular,
cosmic structure formation in the universe starts with the formation of smaller
structures with masses comparable to Earth [27].

From simulations and observations [26, 28], the current distribution of dark
matter in galaxies and clusters is given by a so-called dark matter density profile
[29]. This density distribution in its most general expression takes the form

ρ(r) =
ρs

(r/rs)γ(1 + (r/rs)α)(β−γ)/α
. (6.1)

For α = 1, β = 3 and γ = 1 this is equal to the Navarro-Frenk-White (NFW)
profile [28]. rs and ρs are respectively the scale radius and density, which are
characteristics of an individual halo. One could naively extend this formula to
very large r, since there is no clear point where the halo suddenly ends. There-
fore, it is imperative to make a clear distinction between matter that does and
does not belong to the halo. Following the existing literature [26, 28], we will
define the extent of the dark matter halo to be the region where the density
of dark matter ρDM has an overdensity of at least 200 times the background
density, the average matter density ρM in the universe.
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6.1 Subhalos

From the GHALO and the Via Lactea II simulations [26, 28, 30] substructures
in the larger halo were resolved. These simulations start from initial conditions
based on the results of WMAP. In for example the GHALO simulation, around
∼ 105 subhalos could be identified from the main halo structure within the virial
radius [30]. These subhalos are created when smaller halos fall into the larger
main halo. The outer parts of this smaller halo are ripped apart by tidal forces
but the central denser part survives and forms the subhalo. The radius of a
subhalo is defined to be the radius where the density of the subhalo becomes
equal to that of the host halo.

It is worth noting that the subhalos follow the same structure as the main
halo, they contain subhalos too, in this case called subsubhalos. This pattern
goes on down to the CDM cut-off scale, which can be as low as a single Earth
mass. The different levels of subhalos have been called subnhalos [28]. Also, the
central parts of subhalos can survive inside the host halo, thanks to their large
density. It was also found that density profiles of subhalos are similar to that of
their host halo [26], but there are some differences. The DM density in subhalos
generally falls of quicker for larger radii, which is what one would expect if the
outer parts of the halo are stripped away.

The distribution of dark matter in a galactic halo does therefore not follow
a smooth profile. In the inner region the distribution of dark matter is smooth
[28], but further outside the density profile becomes bumpy as the contributions
of subhalos and regions with smaller densities gets larger.

Figure 6.1: Result from the VL-II simulation [31]. The figure shows the dark
matter density in a 800kpc square. Inside the main halo, smaller subhalos are
visible as small clumps.
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6.2 Dark Matter annihilation in halos

Indirect detection of dark matter depends on the detection of γ rays or neut-
rinos produced in decays or annihilation processes of dark matter. We already
discussed the lifetime of the SHDM before, placing it in the range of 1021 to
1023 yr, depending of the mass of our ψ particles. In this section we will look
at annihilation processes. Detection of annihilation products of SHDM in the
form of ultra-high energy cosmic rays is crucial to the indirect detection of these
very massive WIMPS.

In chapter 5 we briefly discussed a possible annihilation reaction. The key
issue was that when a pair of ψ particles annihilate and form a χ boson, this χ
boson should not directly couple to ordinary particles, otherwise it would have
decayed into these particles before it could decay into much more massive ψ
pairs. To circumvent this problem, a process seen in figure 5.1 on page 20 could
be a plausible process. The most likely candidates for detection would be neut-
rally charged particles, since they do not interact with the galactic magnetic
field and can travel a longer distance through the galaxy.

The main reason why we have looked at substructure of galactic halos is to
look at possible sources of ultra-high energy cosmic rays. The subnhalos are
of interest because they form superdense clumps inside the host halo. The
annihilation rate, and thus the luminosity from annihilation scales as

L ∝ ρ2 . (6.2)

In simulations, the contribution from the subhalos that could be resolved to the
total luminosity was approximately equal to the luminosity of the main halo
[26]. The substructure of the main halo thus gives a ’boost’ to the luminosity
of dark matter annihilation reactions. We can define a boost factor

B =
Ltotal

Lmain halo
. (6.3)

This boost factor was around two in simulations [27, 30], but both simulations
were naturally constrained by their resolutions. Extrapolations for the contri-
bution of even smaller scale subnhalos raise the boost factor to B = 16 [26].
This extrapolation hints that signals from the annihilation of SHDM largely
originate from small subhalo clumps in the main galactic halo.

6.3 Anisotropy

Crucial to the top-down model of annihilating SHDM is the arrival direction
of the signals from SHDM annihilation. Ultra-high energy cosmic rays with
energies above the GZK cut-off should come from within a distance of ∼ 50 Mpc.
This would mean that observed GZK cosmic rays are likely to originate from
our galaxy. As we explained in the previous section, dark matter annihilation
is much more likely in the denser parts of the dark halo, see equation (6.2).
Therefore, this model predicts that the arrival direction of highest-energy cosmic
rays follows the dark matter density distribution. Even if the boost factor from
subnhalos is raised to 16, the contribution of a single subhalo is small because of
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the large abundance of subhalos and their smaller size compared to the host halo.
More extended regions of higher density like the core of the dark halo should
be noticeable in the arrival direction pattern. This model therefore predicts
an anisotropy for cosmic rays above the GZK cut-off. Observation of such an
anisotropy would strengthen the super-heavy dark matter scenario.

6.3.1 Extragalactic anisotropy

Dark matter is not only present in our galaxy, other galaxies have dark halos
too. Dark matter annihilation in these halos can give ultra-high energy cosmic
rays from an extragalactic source. These cosmic rays can travel a maximal dis-
tance of ∼ 50 Mpc. This is slightly less than the size a supercluster can have,
around 100h−1 Mpc [32]. Our galaxy is part of the Local Group, which is in
turn part of the Virgo Supercluster, centered around the Virgo cluster, which
lies around ∼ 17 Mpc from our galaxy [33]. Thus, ultra-high energy cosmic rays
from annihilation in the dark halos of other galaxies in the supercluster are able
to reach us.

If these extra-galactic ultra-high energy cosmic rays form a large fraction of
the cosmic ray flux, then we might see a correlation between the arrival direc-
tions and the matter distribution in nearby clusters. Dark matter and baryonic
matter are both subject to gravity, therefore their distributions are similar. It
has been proposed in [33] that such a correlation is not present at GZK-energies
due to diffuse propagation because of magnetic fields of ∼ 10−7 − 10−8 Gauss
in the Virgo Supercluster. In this case, particles with an energy 1020 eV or
above propagate in an almost straight line, and correlations with matter in
the supercluster should become significant for these energies. This is however,
very dependent on the strength of the intergalactic magnetic field, and recent
observations from the Auger observatory [34] seem to indicate that the arrival
direction of UHECRs is most likely isotropic.

6.4 Dark halo of the Milky Way

It has been suggested that for the Milky Way, the Burkert profile may fit the
density profile of the galactic dark halo better [35]. This profile is of the form

ρ(r) =
ρ0

(1 + r/R)(1 + (r/R)2)
. (6.4)

It contains a central density ρ0 = 4 × 107 M� kpc−3 and a scale radius of
R = 9.26 kpc [35]. The scale radius is the radius for which the density profile
steepens, since now the (r/R)2 term begins to play a role. In chapter 7 we will
use this profile in our estimate of the annihilation cross section of SHDM.
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Chapter 7

Annihilation cross section

In this chapter we make a rough estimate of the cross section of the annihila-
tion process of two dark matter particles. The procedure in which we obtain the
cross section is as follows. We start out by calculating the total flux cosmic rays
with energies above 1012 eV. For this we will integrate the differential cosmic
ray spectrum from 1012 eV to the knee at an energy of 5 × 1015 eV. Since the
differential cosmic ray spectrum in this range scales is ∝ E−2.7, which becomes
even steeper above the knee, the contribution of this part of the spectrum does
not contribute much to the total flux, we will ignore this in our estimate here.
We use this flux to make an estimate of the density of cosmic rays (which is
assumed to be isotropic) in a sphere with a radius of 100 kpc around the centre
of our galaxy.

Up until the energy of 5×1015 eV, cosmic rays can are trapped in the magnetic
field of the galaxy, but eventually escape. Taking an average escape time, we
can calculate the number of cosmic rays, and therewith the energy contained in
these cosmic rays, that leaves the galaxy. If we assume that this flux is being
kept constant by the creation of new cosmic rays, we can estimate the annihil-
ation rate. Knowing the distribution of dark matter in the galaxy, we can infer
the velocity averaged cross section 〈σv〉 needed to sustain this flux. We will
then interpret the result of the estimate.

7.1 Cosmic ray flux

From a primary energy of 1012 eV up to the knee at ∼ 5×1015 eV the differential
spectrum of cosmic rays can be described by

dF

dE
= aEγ , (7.1)

where γ = −2.7 and a = 1.3 × 105 in the energy range up to the knee. For
energies above the knee the parameter γ decreases to −3.1, meaning the flux of
cosmic rays falls off even quicker. To obtain the flux between Elow = 1012 eV
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and Eknee ∼ 5× 1015 eV we integrate equation (7.1) over this energy range

F = a

∫ Eknee

Elow

dF

dE
dE (7.2)

=
a

1 + γ

(
Eγ+1

knee − E
γ+1
min

)
(7.3)

= 0.0588
(
m2sr s

)−1
. (7.4)

To get the energy flux, we need to weigh the spectrum with a factor E, with the
same boundaries as used in equation (7.2), resulting in the following integral

I = a

∫ Eknee

Elow

E
dF

dE
dE (7.5)

=
a

2 + γ

(
Eγ+2

knee − E
γ+2
min

)
(7.6)

= 142 GeV
(
m2sr s

)−1
. (7.7)

To obtain the average the energy per cosmic ray we use

〈E〉 =
I

F
= 2423 GeV . (7.8)

We see that this average energy of the cosmic rays lies close to our lower integ-
ration bound. This is because the number of cosmic rays quickly decreases as
with energy, see equation (7.1).

7.2 Cosmic ray density

We now know the flux of cosmic rays as measured on Earth, and we made
the assumption that this flux is isotropic in a sphere with a radius of 100 kpc,
centered at our Milky Way. We now have to relate the measured flux to a
density of cosmic rays. If we know the density, we can extend this density and
obtain the number of cosmic ray particles in our galaxy.

We measure a flux of 4πF = 0.74
(
m2 s

)−1
, and we included a factor 4π to

account for the fact that the flux was per steradian. We take our ”detector”,
a sphere with radius r0, such that its cross section has an area of πr2

0 = 1
m2. From a distance R, the chance that a particle flies through the detector is
ρ/(4πR2), where ρ is the density of cosmic rays. Cosmic rays at these energies
move close to the speed of light, so the maximum distance a cosmic ray can
travel in a second is a lightsecond. The total amount of cosmic rays that flies
through the detector is then given by∫ 1 ls

r0

dR 4πR2 ρ

4πR2
=

∫ 1 ls

r0

ρ dR . (7.9)

which should be equal to the measured value of 4πF . Solving integral (7.9) and
equating it to the measured flux gives

3× 108m ρ = 4πF . (7.10)
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Filling in the number gives us the number density of cosmic rays

ρ =
4πF

3× 108
=

0.74

3× 108
m−3 = 2.46× 10−9m−3 = 7.24× 1049kpc−3 , (7.11)

where we have omitted r0 since it is very small compared to a lightsecond.
Multiplying this density with the volume of a sphere with radius 100 kpc gives
us 3.03× 1056 cosmic ray particles in and around the Milky Way.

7.2.1 Escaping cosmic rays

We will now calculate the amount of cosmic rays that escape the galactic mag-
netic fields. The cosmic rays are trapped in the magnetic field of the galaxy are
not trapped forever. We assume that on average they have an average escape
time of τ = 15 × 106 yr [36]. This means that if the current number of cosmic
rays in the galaxy is N0, over time this will decrease following

N(t) = N0e
−t/τ . (7.12)

The number of cosmic rays that escape at a certain time is given by

Ṅ =
−N0

τ
e−t/τ . (7.13)

This means the number of particles currently escaping is N0/τ , meaning every
second

3.03× 1056

τ
= 6.41× 1041s−1 (7.14)

cosmic rays escape the milky way with average energy 〈E〉 = 2423 GeV. This
means that the energy loss due to the escaped cosmic rays is

1.55× 1045GeV s−1 . (7.15)

7.3 Cross section

We have calculated number of cosmic rays, and the energy that is lost due to
the cosmic rays escaping the Milky Way. We will now look at the number of
annihilations required to sustain this flux. In each annihilation of two particle
with mass 1014 GeV, an amount of 2 × 1014 GeV of energy is released. Using
the result (7.15) of the previous section, we would need an annihilation rate of

1.55× 1045GeV s−1

2× 1014GeV
= 7.76× 1030s−1 . (7.16)

The rate of annihilation depends on the square of the local dark matter density
and on the velocity averaged cross section 〈σv〉. We integrate the square of the
density over the volume of the 100 kpc3 we introduced earlier. We thus have
the relation ∫

halo

ρ2
dm

m2
ψ

〈σv〉dV = 7.76× 1030s−1 . (7.17)

For the dark matter density profile ρdm, we take the Burkert density profile
given in equation (6.4). To obtain a number density we have to divide the
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density by the mass of the SHDM particle, hence the m2
ψ term in the integral.

Solving the integral, the thermally averaged cross section is given by

1.8× 1018M2
�

m2
ψkpc3 〈σv〉 = 7.76× 1030s−1 . (7.18)

The units here are slightly inconvenient, so we express the final value of the
velocity average cross section as

〈σv〉 ≈ 1.08× 10−15m3s−1 . (7.19)

We can go one step further in our estimate. If the temperature of the dark halo
is on the order of 1000 K, the average kinetic energy per particle is

〈Ekin〉 =
T

kB
= 86 meV . (7.20)

Since these heavy particles are cold dark matter, they move with velocities that
are small compared to the speed of light. We can then use the simple formula

〈Ekin〉 =
1

2
mψ〈v〉2 (7.21)

to obtain an average velocity of 〈v〉 ≈ 4 × 10−4 m/s. Dividing equation (7.19)
by this average velocity we obtain a cross section of

σ =
〈σv〉
〈v〉
≈ 2.7× 10−12 m2 . (7.22)

For a cross section this is a very large value. The obtained value must be seen
an upper limit for the cross section of SHDM annihilation. As a sanity check,
we calculated in appendix B that the ratio of annihilating particles to the total
number of particles lies around

2× 10−24s−1 . (7.23)

If the annihilation rate is constant for a time of 10 Gyr, then

2× 10−24s−1 × 10Gyr ≈ 6× 10−7 (7.24)

of the particles in the dark matter halo have annihilated. This is a small fraction.
This ensures that even for this large cross section, only a small part of the dark
matter has annihilated.
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7.3.1 Remarks to the estimated cross section

We will now look at some of the assumptions that were done in order to obtain
an estimate for the annihilation cross section. We noticed is that our estimate
for the cross section was very large.

Can there be certain factors that could result in a lower cross section? First of
all, if we assume that the density of dark matter in the Milky Way is relatively
well known, the best way to bring down the cross section is to provide plausible
explanations that could lower the annihilation interaction rate. The first thing
that comes to mind is that we have assumed that all cosmic rays are produced
in the annihilation of SHDM. If the amount of cosmic rays due to dark matter
annihilation only provides a minor part of the total cosmic ray flux, the expec-
ted cross section lies lower.

To be still able to provide an explanation for the origin of UHECRs, the en-
ergy spectrum should be different from the total energy cosmic ray spectrum.
Consider that the flux of cosmic rays produced in SHDM annihilation is small
for the lower energies, but that for these cosmic rays, the spectrum falls off less
with energy. This way, the cosmic rays produced in SHDM annihilation could
become the dominant source of cosmic rays only at the very highest energies.

Lastly, we assumed that all cosmic rays were due to annihilation of dark matter
in our galaxy. If we would take into account dark matter annihilation in dark
halos of galaxies and in clusters in our neighbourhood, the rate of annihilation
inside the milky way would be lower. This would result in a lower value for the
cross section.
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Chapter 8

Conclusion and outlook

In order to explain detections of ultra-high energy cosmic rays with energies
above the GZK cut-off, we have looked at annihilation of superheavy dark mat-
ter particles. To produce these cosmic rays by this mechanism requires that the
mass of the SHDM particles is & 1013 GeV. We have looked into the production
production mechanisms suited for creating these particles. It was found that
these particles cannot be created by thermal processes, as this would limit the
mass to a maximum of 100 TeV. We found that the instant preheating mech-
anism that creates SHDM pairs from decaying χ-bosons that are coupled to
the inflaton field φ allows for the creation of particles in the range of 1013 to
1018 GeV. Relating the amount of particles created by this mechanism to the
current observed dark matter content, we found that a mass on the order of
1014 GeV gives a density that is consistent these observations, if we assume
the instant preheating is somewhat efficient. Increasing the coupling of χ to φ
allows for even larger masses, up to 1018 GeV, one order of magnitude below Mp.

If the particles can decay, we found their lifetime lies in the range of 1021 to
1023 yr. This is much larger than the minimum lifetime we required, which was
that the superheavy dark matter particles have lifetimes of at least the age of
the universe. We then studied the annihilation process of dark matter. Dark
matter is clustered around our galaxy in a halo. Simulations [26, 28, 30] showed
that the dark halo does not follow a smooth profile, and revealed substructure
in the form of smaller, dense clumps called subhalos. In general, the annihila-
tion rate scales as ρ2, meaning that dense clumps can give a boost to the total
annihilation rate. The lower energy cosmic rays will generally have isotropic
arrival directions, as they are trapped in the galactic magnetic field. For the
higher energy cosmic rays, this model would predict a correlation of the arrival
direction of cosmic rays the dark matter distribution in the galaxy. If the ori-
gin of UHECRs is predominantly extragalactic, then for energies above 1020 eV
the arrival direction should be correlated with matter in our local Supercluster.
Observation of such anisotropy can provide evidence for dark matter as source
of (ultra-high energy) cosmic rays, but so far no anisotropy has been observed.

Finally we made an estimate of the cross section of SHDM annihilation interac-
tions. The cross section of σ ≈ 2.7× 10−12 m2 is very large, and in this regard
should be seen as an strict upper limit on the SHDM annihilation cross section.
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Outlook

Subjects that could be studied further are the annihilation mechanism of SHDM
and the types of particles produced in this process. In particular interesting are
the upper limits on the photon fraction of 2.0% at 1019 eV, to 31% at the cut-off
energy of 4 × 1019 eV [8] from the Auger observatory. The upper limit for the
photon fraction seems to increase to a significant fraction at the GZK cut-off,
and one could naively pose that for higher energies, the allowed photon fraction
is even larger. It should be noted that more observations of UHECRs could give
a clearer, lower bound than already was determined. If a significant part of the
annihilation product consists of photons, then the SHDM-annihilation scenario
might be excluded.

A problem this top-down model faces is the lack of anisotropy, or rather an
observed isotropic arrival distribution even for > 1019 eV cosmic rays. This
can be due to a large number of sources filling almost every region on the sky,
or due to inter-galactic magnetic fields. Of course photons are not affected by
magnetic fields, so they should point straight to their sources. Some degree
of anisotropy can then be expected if ultra-high energy photons form a signi-
ficant part of the flux, however there are clear constraints on the photon fraction.

Another loose end is the behaviour of SHDM in the early universe. We have
shown that for our estimate of the cross section, the amount of dark matter
annihilating in the dark halo Milky Way is small compared to the total amount
of dark matter in the dark halo. However in the early universe the density of
SHDM must have been much higher than at present. This would mean that in
the early universe annihilation would have been abundant. Even though the an-
nihilation rate scales with ρ2, and thus an isotropic distribution of dark matter
in the early universe would give the lowest possible annihilation rate, this early
annihilation is still a problem that needs to be addressed.

There might still be a small window for SHDM as a source of UHECRs, but
there are several problems to this scenario. If new data places tighter constraints
on the photon flux, and if there remains a lack of anisotropy, this model might
be excluded completely.
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Appendices

Appendix A: Particle creation

Here we will show that we only need to take the first swing of φ into account.
First we use equation 5.9 in its general form

nχ =
(g|φ̇0|)3/2

(2π)3
exp

(
−
πm2

χ

g|φ̇0|

)
. (8.1)

If we take equation 4.7 again

φ(t) ≈ Mp

3

sin(mt)

mt
, (8.2)

we can take the derivative

φ̇(t) ≈ Mp

3

cos(mt)

t
− Mp

3

sin(mt)

mt2
. (8.3)

It might be more intuitive now to write the equation in terms of the number of
swings of φ. We can define the number of oscillations as 2πN = mt, such that
whenever N = 1/2, 1, 3/2, ... φ has a minimum. We then get

φ̇(t) ≈ Mp

3

m cos(2πN)

2πN
− Mp

3

m sin(2πN)

(2πN)2
. (8.4)

At the first crossing N = 1/2 and

|φ̇(1)
0 | =

Mp

3

m

π
. (8.5)

At the second crossing for N = 1 this is

|φ̇(2)
0 | =

Mp

6

m

π
=

1

2
|φ̇(1)

0 | . (8.6)

We then take the ratio between nχ for φ̇
(2)
0 and φ̇

(1)
0 , we obtain

n
(2)
χ

n
(1)
χ

=

(
|φ̇(2)

0 |
|φ̇(1)

0 |

)3/2

exp

(
−
πm2

χ

g|φ̇(2)
0 |

+
πm2

χ

g|φ̇(1)
0 |

)
(8.7)

=

(
1

2

)3/2

exp

(
−
πm2

χ

g|φ̇(1)
0 |

)
(8.8)

=

(
1

2

)3/2

exp

(
−

3π2m2
χ

gmMp

)
. (8.9)
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Filling in the same values for the variables as in section 5.1, namely g = 10−4,
and mχ ∼ 1014GeV = 10−5Mp we see that

n
(2)
χ

n
(1)
χ

∼ 10−13 . (8.10)

This means that practically all particles are created in the first swing, and we
can ignore subsequent crossings of the inflaton field after the first crossing.

Appendix B: Fraction of annihilating dark matter

Based on the rate of dark matter annihilation from equation (7.16), we will de-
termine the amount of dark matter that annihilates relative to the total amount
of dark matter in the dark halo of the Milky Way. We integrate the Burkert
density profile given in equation (6.4) to a radius of 100 kpc,

MDM =

∫ 100

0

4π r2 ρ0

(1 + r/R)(1 + (r/R)2)
dr . (8.11)

We use a central density ρ0 = 4× 107 M� kpc−3 and a scale radius of R = 9.26
kpc [35]. The integral gives a mass of

MDM = 7× 1011 M� . (8.12)

The number of DM particles is thus this mass divided by a ψ mass of ∼ 1014

GeV,
nDM ≈ 8× 1054 . (8.13)

Taking an annihilation rate of 7.76 × 1030s−1 from equation (7.16), it would
mean that each second a part

2 ∗ 7.76× 1030

8× 1054
s−1 ≈ 2× 10−24s−1 (8.14)

of the current dark matter particles in the 100 kpc sphere annihilate. If this
annihilation rate is constant, then over a time of 10 Gyr a fraction of

2× 10−24s−1 × 10Gyr ≈ 6× 10−7 (8.15)

of the amount of particles in the current halo has annihilated. This is a small
fraction, which ensures our halo does not completely annihilate on these times-
cales.
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