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Abstract

The next decade of searches in the field of dark matter will focus on the detection of
gamma rays from dark matter annihilation in dwarf spheroidal galaxies. This dark
matter-induced gamma ray flux crucially depends on a quantity known as the J-
factor. In current research, the J-factor calculations does not include self-interaction
between the dark matter particles, but there are indications on galactic scales that
dark matter is self-interacting. The purpose of this thesis is to introduce a thorough
generalisation of the J-factor to include a self-interacting effect and to compute
the factor for 20 dwarf spheroidal galaxies orbiting the Milky Way. We thoroughly
study the fundamental theory needed to compute the .J-factor, based on Newtonian
dynamics and non-relativistic quantum mechanics. A maximum likelihood formal-
ism is applied to velocity data from dwarf spheroidal galaxies, assuming a Gaussian
distribution for the line of sight velocity data. From this we extract galactic length
and density scale parameters. The acquired parameters are then used to compute
the J-factor. Using a binning approach, we present an error estimate in J. The used
method is compared to previously published results, by neglecting self-interaction.
We perform the first fully rigorous calculation for the J-factor, properly taking into
account the dark matter velocity distribution. We can deduce that a previously
used approximation of the self-interaction overestimates the J-factor by 1.5 orders
of magnitude. Furthermore, we confirm that our method produces three to four
orders of magnitudes larger values compared to J-factors without self-interaction.

Keywords: dark matter, J-factor, self-interacting, WIMP, annihilation.



Sammanfattning

Det kommande decenniets forskning om mork materia kommer att fokusera pa de-
tektionen av gammastralning fran annihilation av mork materia i sfariska dvérg-
galaxer. Flodet av gammastralning som uppkommer vid mork materia-annihilation
har ett centralt beroende av en kvantitet som kallas J-faktorn. I nuvarande forskn-
ing inkluderas inte sjalvinteraktion mellan mork materia-partiklarna vid berdkningar
av J-faktorn. Det finns dock indikationer pa galaktisk skala att mork materia ar
sjalvinteragerande. Syftet med den héar rapporten éar att introducera den forsta rig-
orosa generaliseringen av J-faktorn, dér effekten av sjalvinteraktion behandlas, och
berdkna faktorn for 20 sfiriska dvarggalaxer kring Vintergatan. Vi studerar nog-
grant den grundlaggande teorin som kravs for att berakna .J-faktorer, baserat pa
Newtonsk dynamik och icke-relativistisk kvantmekanik. En maximum likelihood-
skattning anvinds pa data fran dvarggalaxer, under antagandet att hastigheten for
stjarnorna foljer en Gaussisk distribution. Fran detta extraheras parametrar for
langd- och densitetsskalan hos galaxen. De erhallna parametrarna anvinds sedan
for att berdkna J-faktorn. Genom att anvianda en sallningsmetod berdknas en felup-
pskattning i J. Maximum likelihood-metoden tillimpas pa fallet utan sjalvinterak-
tion for att jamfora med tidigare studier. Vi utfor en utforlig berakning av J-faktorn
déar hansyn tas till den morka materians hastighetsdistribution. Slutsatsen dras att
en tidigare anvand uppskattning overskattar J-faktorn med 1.5 storleksordningar.
Dessutom kan vi bekréifta att var metod ger tre till fyra storleksordningar storre
varde for J-faktorn jamfort med utan sjalvinteraktion.

Nyckelord: mérk materia, J-faktor, sjalvinteraktion, WIMP, annihilation.
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Introduction

For a long time dark matter has been an elusive concept. The idea of some un-
perceivable cosmic object has fascinated humans ever since the time of the ancient
Greeks. Up until the end of the twentieth century it was believed we could not
observe the dark matter, thought to be made of faint stars, because of our lack of
technology. Today, we know that dark matter does not emit radiation at all [2].

Dark matter is extensively studied since it explains a wide variety of astronomical
phenomena from galactic to cosmological scales [2]. One example is the discrepancies
in galactic rotation curves of disc galaxies. Assuming a dark matter halo explains
this discrepancy [3]. It should be noted that this problem also can be solved with
an adjustment of the theory of gravity, known as Modified Newtonian Dynamics [4].
However, for many other phenomena, dark matter is the only plausible explanation.
Examples of such are the collision of galaxies in the Bullet cluster and the large-scale
structure of the universe [5, 6].

Dark matter is assumed to consist of a new hypothetical particle outside the stan-
dard model. Apart from its’ gravitational interaction, this particle interacts at most
weakly with ordinary matter. One of the most promising candidates for dark matter
today is the Weakly Interacting Massive Particle (WIMP) (see [7] or [8]). Further-
more, non-relativistic WIMPs have the strongest scientific support [2].

The annihilation, or decay, of WIMPs is assumed to generate gamma ray photons,
among other standard model particles. This is the principle for indirect detection of
dark matter. The photon flux from WIMP annihilation in dwarf spheroidal galaxies
(dSph) and the galactic centre can be measured, and a key part of this flux is called
the J-factor. This J-factor has been computed for the Milky ways’ dwarf satellite
galaxies in previous research [9].

Even though cold WIMPs are the most promising candidate for dark matter, it can
not explain all phenomena. One of the most significant is the “Cuspy problem” [10].
This can be solved by introducing the property of self-interaction for WIMPs. Such
an interaction alters the annihilation rate of WIMPs and in turn the J-factor.

The aim of this thesis is to generalise the J-factor to include self-interacting WIMPs.
The self-interaction will be introduced as a Yukawa potential [11]. The theoretical
formalism will be based on Newtonian dynamics and non-relativistic quantum me-
chanics. A likelihood estimation of the generalised J-factor will be done for 20 dSphs
of the Milky Way. An error estimate to the J-factor will also be included.
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Background

In this chapter we present the theoretical background for both dark matter and
the presumed dark matter particles. Also, this chapter includes a brief review of
the current research on dark matter, especially J-factors. The last section is an
introduction to some astrophysical concepts needed for the derivations in chapter 3.

2.1 Evidence for dark matter

Today, it is believed that 26% of the universe consist of dark matter, compared to
5% ordinary matter [6]. It should also be mentioned that the rest is another concept
called dark energy, which has been introduced to explain the accelerating expansion
of the universe. Dark energy does not have matter properties and should not be
confused with dark matter, even though they share a similar name.

The evidence for dark matter is today compelling. To begin with, the dynamics
of galaxy clusters would simply fall apart without the additional gravity from dark
matter. It is also needed to explain the velocity dispersion in galaxy clusters. In
the first half of the twentieth century the astronomer Fritz Zwicky, one of the great
pioneers in the field of dark matter, calculated that the velocity dispersion of the
galaxies in the Coma Cluster without some form of invisible matter would be 10
times smaller than the observed dispersion [2]. Another piece of evidence for dark
matter is the shape of the galactic rotation curves, where the velocities for the
stars remain constant as distance from the galaxy’s centre increases. In theories
without dark matter, the velocities should behave precisely as in our own solar
neighbourhood where the orbital velocity of the planets decrease with distance from
the sun [3]. This indicates a smoother mass distribution than the one for the visible
mass which is clearly larger at the galactic centre. A halo of dark matter would
explain the constant velocities.

An additional example is the collision between two galaxies in the Bullet Cluster
[5]. Astronomers who worked on the Hubble Space Telescope observed the colli-
sion where the galaxies’ centres merged. When comparing data based on optical
observations with data based on gravitational lensing they found an inconsistency.
Dark matter could explain this inconsistency, since it only influences ordinary mat-
ter gravitationally but very rarely collides with it. The ordinary matter will bounce
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in the collision, whereas the dark matter slips through smoothly. Also, dark matter
explains the extent of gravitational lensing observed.

Dark matter is also needed to explain the formation of the universe. The Cosmic
Microwave Background (CMB) is electromagnetic radiation remaining from the re-
combination, when the first atoms formed and light could propagate through the
universe. This radiation is almost isotropic, but shows faint patterns, which were
established when gravity pulling in and photon pressure pushing out caused oscil-
lations. Dark matter changes this pattern dramatically, since it is only affected
gravitationally and not by the photon pressure [6]. Without dark matter these
oscillations would prevent the formation of any lumps, and the large structure for-
mation we observe today in the universe would not have been possible. Instead, the
dark matter gets a head start when it comes to forming dense regions, and such
simulations matches the distribution of galaxies and clusters we observe today.

Even though the evidence for dark matter is well established, there are a number of
theories about what dark matter actually is. One of the best candidates as of today
is the weakly interacting massive particle (WIMP), although many other candidates
exists. This particle might also fit the hypothesis of self-interaction very well, and
is the main focus of this study.

2.2 Why self-interacting WIMPs?

There are several reasons for considering the WIMP as a dark matter candidate.
First of all, if dark matter has a particle nature it could explain the observed grav-
itational effects. Also, the observed flux of photons from many galaxies is today
higher than the expected flux from the luminous matter. Annihilating dark matter
particles would explain this.

The reason for considering massive dark matter particles is because their mass has
to match the desired gravitational potential, without being numerous enough to
annihilate into other kinds of particles or energy. The particles need to be weakly
interacting with normal matter because the effects of dark matter has yet only been
seen in terms of gravitational effects and not by any other kind of interaction. If
dark matter particles interacts through any other SM force with ordinary matter,
this interaction must be by the weak force.

Furthermore, it has been found that dark matter consisting of WIMPs moving with
non-relativistic velocities, often denoted as cold particles, most accurately agree
with simulations of the formation of the early universe [2]. In the early universe
the temperature was a lot higher, and consequently the energy sufficient for the
WIMPs to both annihilate into and form from lighter particles. When the universe
cooled, the thermal energy of the lighter particles were no longer high enough to
form WIMPs through annihilation. The amount of WIMPs decreased exponentially,
since they could still annihilate into lighter particles, until the number density were
low enough for the annihilation to cease at large. The number of WIMPs today
is therefore approximately constant [7]. The low velocities will make the WIMPs
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clump together in clouds, since they can not overcome their mutual gravitational
force.

A particle with larger cross section (i.e. the probability for the annihilation to occur)
will in this model end up with a smaller number density, because it will annihilate
for a longer time. For dark matter, a cross section about the size of the weak nuclear
force would match the amount of WIMPs left in the Universe. A weakly interacting
particle with that annihilation cross section and a mass around 100 GeV is suggested
by the supersymmetric extension of the standard model. This coincidence is often
referred to as the "WIMP miracle”

The WIMP is assumed to be its own antiparticle and one WIMP can therefore an-
nihilate with any other WIMP. The high-energy photons (and other SM particles)
produced in such an annihilation can be detected on Earth. However, even if annihi-
lating WIMPs and luminous matter is considered, the observed flux of photons from
galaxies will be higher than the calculated amount [12]. Introducing self-interacting
WIMPs might equalise this relation, since it would increase the annihilation rate
and in turn the flux of photons from the galaxies.

There is a variety of different models deciding both the WIMPs mass and the mass
of the mediator particle for the self-interaction. The strength of the interaction de-
pends on the mass of the mediator particle. The current limit of the self-interaction
cross section is o/m < 2.23-1072* ¢cm?/GeV [13]. The dark matter mass is in the
range 1 GeV - 100 TeV. In this thesis we use a model which assumes that dark matter
annihilations is the origin of the whole discrepancy between observed and theoret-
ically calculated flux of particles, which actually can originate from other sources.
The WIMP is thought to have a mass around 500-800 GeV and the mediator particle
of the self-interaction a mass of 1 GeV [8]. The WIMP is then heavier than the SM
particles, and therefore one can get a various number of different particles from the
annihilation.

Introducing self-interaction might also solve other cosmological problems. One of
the most impactful unsolved problems is known as the “Cuspy problem”. This
problem addresses a discrepancy between observed dark matter densities and sim-
ulations. Simulations proposes cusped density profiles that diverges for small radii,
in contrast to the observed ones that flatten out; so called cored profiles [14, 15].
When simulations of the mass of the dSphs are compared to observations, it is found
that the dSphs around the Milky Way should be more massive than observed. This
is known as the “Too big to fail problem” and is also solver with self-interacting
WIMPs.

Another problem is that the number of satellite galaxies is a lot lower than the
expected amount given from simulations, which is called the “Satellite problem”.
All these problems can be solved by introducing self-interacting dark matter [10].
With a self-interaction the WIMPs will not be able to clump together as much, since
then they would annihilate more efficiently. This will change the halo density and
make it smoother. As an effect, the mass for the simulated dSphs will decrease and
also the number of substructures.
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Hence, there is a clear support of dark matter consisting of self-interacting WIMPs.
The reasons mentioned in this section are also the reasons for this study to perform
calculations based on self-interacting dark matter.

2.3 Current research and .J-factors

Current research in astroparticle physics primarily focuses on detecting dark matter
particles from the cosmos and understanding their nature. Experiments search for
photons, charged antimatter or neutrinos produced in dark matter annihilation or
decay. The search is performed in dark matter dominated astrophysical objects,
such as dSphs or the galactic centre. Detection strategies can be divides into two
complementary approaches, known as direct and indirect detection. Direct detection
experiments search for nuclear recoil events induced by the scattering of Milky Way
dark matter particles in low-temperature detectors.

Indirect detection is based on the annihilation between dark matter particles. As
mentioned before, such annihilation produces standard model particles which can be
observed, particularly photons. To draw conclusions of the particle nature of dark
matter, one can compare the measured production of gamma rays in some region
in space with the theoretical value based on the number of stars emitting light in
that region. This thesis will contribute to the calculations of the flux of photons
originated from this dark matter particle annihilation.

The indirect dark matter searches are mostly based on observations of dSphs orbiting
the Milky way. The reason for this is the high proportion of dark matter relative
to ordinary matter in these galaxies and their symmetric near spherical shape. It is
for these reasons that star velocity data from a number of dSphs is the basis for our
calculations.

In order to perform indirect searches, one must know the flux of particles originating
from dark matter particle annihilation. The flux, I', of a certain particle is propor-
tional to the annihilation rate of dark matter. I' is often expressed as a differential
rate over energies:

dr )
ok /AQ /Lo.s.<gv>pDM dsdQ, (2.1)

where (ov) is the mean velocity cross section, ppy is the dark matter density and
AQ is the solid angle subtended by the stellar region, in our case a small galaxy
orbiting the Milky Way (a dSph), as seen from the Earth. For a full description
of the flux, the branching ratio (a particle physics factor) should be included in
equation (2.1), but a proper description of that is outside the scope of this thesis
(consider instead Ferrer et al. [16]).

If the velocity averaged cross section, (ov), is constant throughout the galaxy, it
can be taken out of the integral. This is the case when the product ov is velocity
independent, which it is for the s-wave annihilation of self-interacting dark matter
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particles [17]. We denote the constant velocity averaged cross section by (ogv). Then
one retrieves the so called J-factor for the galaxy, defined as

J= / 2 4sdQ. 2.9
o Nos Ppm AS ( )

By introducing a J-factor, the annihilation rate in eq. (2.1) can be fully separated
in an astrophysics and a particle physics part, corresponding to the J-factor and
(ogv) respectively. Thus, calculating the J-factor for different dSphs is relatively
straightforward. It can be done using a maximum likelihood estimation as proposed
by Chiappo et al. 2016 [9], which also will outline the approach in this thesis with
some minor modifications.

Self-interaction between particles is introduced by adding a potential to the Schro-
dinger equation describing the particle annihilation. Most commonly, this is done
with a Yukawa potential, which will be discussed later. This will introduce a velocity
dependence in the product ov and as a result (ov) becomes non-constant through-
out the galaxy. The simplification leading up to equation (2.2) is then no longer
possible. However, this velocity dependence can be encapsulated in what is called
a Sommerfeld enhancement factor, S(v), where (ocv) = (S(v)oev). This will be de-
scribed in more detail in section 3.5. The factor ogv is now actually independent of
velocity, and thus also of position in the galaxy and can be factored out of both the
average and the integral in the same fashion as the simplification leading to (2.2).
The new J-factor accounting for self-interaction will now include both astrophysics
and particle physics. In this thesis we define this as:

J = /A ] pha(S() dsde. (2.3)

Note that for non self-interacting dark matter the Sommerfeld factor is unity, so
the expression in (2.3) can be taken as a general expression valid in either case. We
denote this new factor J,, where ¢ = s,p,d, ... is the spectroscopic notation for the
value of the orbital angular momentum quantum number ¢ used when solving the
Schrodinger equation describing the annihilation.

2.4 Astrophysics

In order to present the necessary theoretical framework for this report, a review
of some basic astrophysics must be done. In this section we present important
definitions and concepts and discuss some of the approximations that are made.

We define a galaxy to be an isolated stellar system. That is, the galaxy is bound by its
own gravitational force, the stars in the galaxy experience no notable gravitational
pull from other galaxies and collisions between galaxies are extremely rare.

The dynamics inside galaxies, as large systems consisting of many individual parti-
cles (stars), can generally be described using statistical mechanics even though the

6
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galaxy is far from a gas. This approach is very useful, and often necessary, as it
would be impossible to fully describe systems of millions of stars using only New-
ton’s equations. However, this must not be interpreted as stars generally behaving
in the same way as, for example, gas molecules. In a gas, the particles do not over
long range at all, but instead interact strongly as they come close to each other.
This is known as collisions and causes rapid acceleration of particles. In contrast,
consider a star in a galaxy. The gravitational force from surrounding stars indeed
decreases with the distance as r=2 as per Newton’s law of gravitation. But, the
amount of stars extorting gravitational pull on the very same star increases with
distance as r?, cancelling the decrease in gravitational strength. This is illustrated
in figure 2.1. As such, in galaxies the long range interaction are also of importance.
This implies that the motion of stars are dictated by the structure of the galaxy as
a whole, rather than locally. One say that the dynamics in a galaxy is determined
by the large-scale gradient in the star density.

////

Figure 2.1: The stars in each of the grey segments, at radius r; and ry, acts with
the same net force on a star located where the lines intersect if the density of stars
is uniform. This can be understood by comparing the gravitational force which
decreases as r~2 with the amount of stars in the segments which in three dimensions
is proportional to 72. These two contributions cancel out which results in the same
net force.

However, it is not always enough to consider the large-scale gradient in the star
density. Consider a star travelling through a galaxy. If the star encounters another
star very close on, its course will be somewhat perturbed from the description given
by the large-scale gradient in the star density. That is because the motion resulting
from the encounter is highly dependent on the exact positions of the two stars. If
the perturbation is small compared to the unperturbed velocity, one can define the
relazation time, Treqe, as the time it takes for the total perturbation in the star’s
velocity from multiple encounters to be of the same order as the velocity would have
been without the perturbation [18]. This perturbation of a star’s velocity during
one crossing of the galaxy depends on how many stars it encounters.



2. Background

For a galaxy younger than the time it takes for a star to cross the galaxy, or a larger
galaxy with less stars, the stars has not been significantly perturbed. The system
can then be considered a collisionless system, in which a star move under a mean
potential generated by all the other stars. The dSphs around the Milky Way are
young enough to be collisionless. In an old or high number density galaxy, as the
Milky Way itself, the stars have been perturbed so many times that they do not
follow the large-scale gradient, and are not to be considered collisionless.

The luminous density for the stars in a galaxy can as a basic model be given by

V(1) = m(;)_ <1+ (:) >_a, (2.4)

where r is the radius, p, and r, are galaxy scale parameters and «, S and v depends
on the chosen density profile. This is a very commonly used expression in dark
matter research. The most common profiles are the Plummer (o, 3,7) = (2,5,0),
Plummer-like (2,5,0.1) and the non-Plummer (2,5,1). These profiles are obtained
by an Abel transform (see eq. (3.52) and (3.53)) of eq. (2.4) [9].

The analogous expression for the dark matter density ppy (also from [9]) is

min=n(2) (1 (2)) =

The dark matter density profile can either be cuspy (</,5',v') = (1,3,1) or cored
(1,3,0), where a cuspy profile diverge near the galactic center and the cored flattens
out.




3

Theory

The first part of this chapter contains the definition of the J,-factor, together with a
presentation of the necessary quantities for the calculation of J,. The next part will
describe the underlying theory required to connect the J, to an observable. More
specifically, the relation between the dark matter density and the velocity dispersion
of the stars in a galaxy is derived. Finally, derivations and calculations of F'(v) and
S(v) will be presented to fully understand the framework.

3.1 Constituents of the J-factor

As presented in the end of the introduction, the J-factor for a dSph with self-
interacting dark matter will look like eq. (2.1). In this study, the Schrodinger
equation with a Yukawa potential will be solved for angular momentum quantum
number [ = 0, and thus we consider J:

J, = /A ] phulS() dsdo. (3.1)

Here, ppy is the dark matter mass distribution and S(v) is the Sommerfeld en-
hancement factor. The factor (S(v)) can be expressed as [ F(v) S(v)d®v, with F(v)
as the dark matter velocity distribution;

_ 2 3
J, = /A o / F(v) S(v) d®vdsdQ (3.2)

To be able to calculate Js, models of the components ppy, F(v) and S(v) are
required.

The Sommerfeld enhancement factor, S(v), is based on particle physics and will be
approached theoretically. More specifically, a derivation of S(v) under the assump-
tion of a Yukawa potential in the Schrodinger equation describing the annihilation
will be done in section 3.5.

The determination of F(v) is an astrophysical problem. For a galaxy which is
spherically symmetric with respect to its gravitational potential and isotropic with
respect to its velocity distribution, F'(v) can be uniquely determined from ppys [18].

9
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In this study we will perform the calculations on the dSphs based on these two
assumptions. The problem of determining F'(v) is therefore reduced to deriving the
relation between ppy and F'(v). This is shown in section 3.4.

The remaining problem is to determine pp)s, the dark matter mass distribution. It
can not be observed directly. Instead, a theoretical connection must be established
between ppy; and some directly observable quantity. In this thesis we have chosen
the velocity dispersion of the stars in the dSph. This theoretical connection will be
derived in the following two sections, 3.2 and 3.3. The result is seen in the method
section 4.3 in eq. (4.12).

3.2 Relation to observable data

In a spectrum from a galaxy far away one actually sees the superposition of many
stellar spectra, with a Doppler shift depending on the stars’ motion. This is because
the galaxy is seen as just a disc and not a 3-dimensional object. By integrating the
spectrum of the whole galaxy one gets a spectrum with broader absorption lines as
a result of the motions of the stars. From this the velocity dispersion of the stars,
Olos 18 determined.

The velocity dispersion along the line of sight, o , is given by

0-2 — i i(vl.o.s. . ,Ul.o.s.)2 (3 3)
los. ™ N — j ) .

j=1

where v}'o's' is the l.o.s velocity for star j and NV is the number of stars in a cylinder of
volume dA - dl. The latter can be calculated by integrating over the spatial density,

v(r);

dN =dA | dlv(r). (3.4)
Al

The integration variables dA and dl can be visualised as an infinitesimal cylinder
along the line of sight in fig. 3.1. The following change of variable can be explained
by the figure: dr = dl cos«, where cosa = 7”2;1%2. The limits comes from an
integration from 0 to oo with the approximation of the galaxy being infinitely far
away from the observer. This is then equivalent to an integration from R to oo
multiplied by 2 and results in the following expression;

r

NWrpey> v(r). (3.5)

dN:dAQ/Oodr
R

10



3. Theory

Figure 3.1: A model where the circle represents the galaxy, l.o.s. is the line of
sight, r is the galaxy’s radius, « is the angle between the radius and the l.o.s. and
R is the orthogonal distance from the centre of the galaxy to the l.o.s. v, and vy are
the radial and angular velocities.

It is not possible to measure v(r), but the luminosity density v, (r) is an observable.
Therefore, the surface brightness I(R) id defined as &% [18]. I(R) is then

o0 T
v+ in eq.(3.3) is defined by
vl.o,s. — i Z vl'.o.s.' (37)
N ="

In this expression v for a single star can not be predicted, but one can predict an

J
average over the entire sample of stars, (vé-""s'). This quantity can, with help from

fig. 3.1, be written as (v:*) = (v,) cos a — (vg) sin a, where v, and vy are the radial

and angular velocities respectively. Making the approximation of a static galaxy
gives that (v,) and (vy) are both zero. This makes v"** approximately zero. In eq.
(3.3) only the term (v}°*)® remains in the sum for of,,. With (v,v9) = 0 due to
the spherical symmetry this gives

(V50%)? = ((0}%)?) = (v7) cos® a — (vj) sin® ov. (3.8)
R and sin?a = & Putting this in the above
(v?) gives

Again from fig. 3.1, cos®’a = 22
equation and simplifying by introducing 8 =1 — (v3)/

(o) = (1 - o). 3.9

r2
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3. Theory

B is a velocity anisotropy parameter for the galaxy that describes the relation be-
tween the radial and tangential velocity dispersions, see eq. (3.33). Summation of

((vj°%)?) over the stars j in the differential volume dAd! yields

Z((véf”'s')g) =dAdl v, (r) (v?) (1 — ifﬁ(r)) (3.10)

J

Dividing by I(R), integrating along the l.o.s. and with the same change of variable
as in eq.(3.5), results in

2 © 9 R2 r
_ I(R)/R dr v,(r) <"UT><1 — r2ﬁ(¢’)>m. (3.11)

2

~) is obtained in section 3.3 through Jeans equations.

The quantity v.(r) (v

3.3 Jeans equations

This section is dedicated to derive the theoretical connection between the average
radial velocity of stars squared, (v?), and the density of a galaxy. This leads to
a relation between our line-of-sight velocity dispersion data and the dark matter
density, if one assumes that most of the galaxy’s mass consist of DM.

3.3.1 Collisionless Boltzmann Equation

Given the assumptions made above, one can describe a galaxy by the collisionless
Boltzmann equation. This can be shown by a simple line of reasoning, as follows.

Consider a galaxy young enough to be considered collisionless with a distribution
function (DF) f(x,v,t). Now, we can describe the coordinates by a 6-dimensional
vector in phase-space, so that

(x,v) =w = (wy, ..., wg). (3.12)

As stars move inside the galaxy, the points in phase-space changes. If the stars in
the galaxy experience a smooth gravitational potential, ®(x,t) the velocity of the
flow of coordinates is

W= (%,V) = (v, ~ V). (3.13)

Given knowledge of w for every star in the galaxy at some initial time, say ty, would
by Newtons laws allow us to extract w at any later time t. Since the stars move
smoothly through the galaxy, the flow w satisfies the continuity equation, with the
density f(w,t), given by

/V(?f(wt = —/ (w,t)w - d?S. (3.14)

12



3. Theory

In the rest of this section we will omit the arguments of f. Now, using the divergence
theorem on the right hand side and moving it to the left hand side yields

/V lg{ + Vi - fw] d*x = 0. (3.15)

Note that the divergence operator is now acting in all 6 phase-space coordinates.
Since this must hold for all volumes, we can remove the integral. Expanding the
divergence operator gives

of

a+fvvi-w+w-wa:0 (3.16)

=0

The property that V, -w = 0 follows from v; and z; being independent phase-space
variables and that the force, —V,®, is velocity independent so that

v
av =0
i (3.17)
9 _ 9 _g.@)=0
an n (%i * n
and we arrive at the collisionless Boltzmann equation
of
—+4+w-Vyuf=0. 3.18
5 TV VS (3.18)
In Cartesian coordinates, this is
af of
- Vxf—Vy®. —=0. 3.19
or TVl Bv (3.19)

3.3.2 The Jeans equations

Solving the collisionless Boltzmann equation is extremely hard, as f is a function
of seven variables. One can however extract valuable information regarding the
solution, by taking moments of the equation. This will lead to Jeans equations,
which provide an important connection between the mean radial velocity squared
and the mass of the galaxy.

First, we define the spatial density, v, and the mean velocity, (v) = ((v1), (vs), (vs)),
of the stars as
v= / fdv
| 3 (3.20)
(v;) = —/fvz-d V.
v
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3. Theory

We can now study the zeroth moment of equation (3.19) by integrating over all
velocities. Adopting the summation convention and writing the equation component
wise then yields

of 3 Of 3y 0P Of 15, _
v+ /vlaxid o v =0 (3.21)

From the first two terms, we can take the time derivative and the spatial derivatives
outside the integrals, as they do not depend on velocity. The third term vanishes,
by application of the divergence theorem and knowing that no stars move infinitely
fast, that is f — 0 as |v| — co. We thus arrive at

0 3 0 5 09 0.
at/fdv—i_aIZ/vl dv 8561 \v|:oofdv_
(vi)

A (3.22)

=v

ov O {v))

=0
This is a continuity equation in » and more commonly known as the first Jean

equation.

We proceed our analysis by taking the first moment of equation (3.19), which is
done by multiplying with v; and integrating over all velocities.

o 0% of ,
05, / v g AV =0. (3.23)

d3v+/v]v2

Again, we can take time and spatial derivatives outside the integrals, as well as the
gravitational potential ®. The equation simplifies to

0 0 0P af
— , — ) — — .24
8ty<vj> + axi’/<1}]v2> 8%/ ]801 =0 (3.24)
where we have defined .
<UjUZ'> = ;/Uj’(]z‘f d3V. (325)

The third term of equation (3.24) can be simplified, integrating once by parts, in
the following fashion

0o ovj , 4 0 0P
Y = 9
8 8112 8:1:1 ov; fdv ox; 9z, 0 V@xj (3.26)
and we arrive at 5 00
&V@j) + a—wil/@jvi> — V@TUj =0 (3.27)

which is the second Jean equation. Now, define the velocity dispersion tensor
o7 = (viv;) — (v5){v;), expand the first and second term in equation (3.27) by the

product rule and subtract by equation (3.22) multiplied by (v;). This yields
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3. Theory

8<Uj> /ﬁ{ 0 2 A ov 7 . 8<’Uj> _ 87@
G + (v T + oz, (l/O'Z-j) + (v, o, + v{v;) o V@xj

(3.28)
—(viy— — (v, Oute: =0
3t J 8@ -
Rearranging the terms gives the final result
O(v)) ;) 0 9, ,
v=gl+vu) R T (vo?) (3.29)

known as the third Jean equation.

3.3.3 Spherical case

While there exists a general set of Jeans equations in spherical coordinates, we will
not go through those derivations. Instead, we will make assumptions relevant for

the dSphs we will look at, in order to extract the expression for (v2).

First of all, we consider only stationary galaxies. This implies that all derivatives
with respect to time is zero and that (v,) = 0; if the radial velocities do not cancel in
mean value, our galaxy would be expanding or shrinking. Furthermore, we assume
spherical symmetry. This leads to a gravitational potential only dependent on the
radius, 7, and that (vg) = (vs) = 0.

With the assumptions above, the left hand side of equation (3.29) vanishes. Fur-

thermore, we get
od oo, GM (r)

—V—=—Vv—T=—V
0z or r2

P (3.30)

where G is Newton’s gravitational constant and M(r) = [5 p(s)ds is the enclosed
galaxy mass at radius r for a spatial density p(s). We note here that for dSphs, the
dark matter density is much larger than the density of ordinary matter, and thereof
p(s) can be replaced by the dark matter density, ppys. Thus, this expression yields
the desired connection to ppy. Now, equation (3.29) simplifies to

0 (1/02> = —VGM(T)f" (3.31)

ox; N\ Y r2

The left hand side of this equation is a tensor divergence term. In it most gen-
eral form, this a tedious expression i spherical coordinates. But as can be seen
in equation (3.30) we are only interested in the radial component of this expres-
sion. Furthermore, due to the spherical symmetry all mixed terms in the velocity
dispersion tensor are zero. This simplifies the spherical tensor divergence to

dvo?, N QVJf,, B l(yagg vod,) = _VGM(T)'
r

o . (3.32)

r2
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Since o2 = (v?) we get a differential equation in v{v?)

v (vy) i 261/(1)3) _ —1/%
or r r2 )

B=1-— (vp) + (vg) (3.33)
R

where [ is a velocity anisotropy parameter for the galaxy. While the general solution
to equation (3.33) is straightforward, we are only concerned with galaxies assumed
to be isotropic, ie. (vg) = (v3). Consequently, 5 = 0 and the solution to the
differential equation in this case is

u@%wy:—/”“f?ﬂ”dw+a (3.34)
To obtain the solution as a definite integral, we note that the quantity v{v?) — 0
as r — oo and thus we can set C' = 0 and write the solution as

(02 (r) = jfaj”(5>fi?4(5><is. (3.35)
As mentioned in section 3.2 the spatial density v is not an observable, but the

luminosity density v, is. With them being proportional, and the relation hidden in
the luminosity profile (eq. (2.4)), eq. (3.35) becomes

v (02 (r) = /TOO V*(S)S;]V[@ ds. (3.36)

3.4 Dark matter relative velocity distribution

By regarding two particles at a time in the annihilation process it is possible to use
the reference frame for one of them. In this section we will expand this argument
and develop an expression for the relative velocity distribution, in terms of the mass
distribution using Eddington’s inversion formula.

3.4.1 Relative velocity distribution

As we will argue in 3.5 only two particles will be taken into account during the
annihilation. The probability for an annihilation of two particles will depend on
both their velocities, due to that the velocities are used in the Sommerfeld enhance-
ment. Therefore the annihilation rate will be proportional to both particles velocity
distributions as described in

La/&wf%&@ﬁﬂwﬁ@) (3.37)

S(v) is the Sommerfeld enhancement which is discussed below, in section 3.5, and
Fx(v) is the velocity distribution of one particle at position x.
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By using the relative velocity in the center of mass frame one can simplify the
expression. The probability of the particles having center of mass velocity ve, =
(v1 + v2)/2 and relative velocity v, = vi — vy must be equal to the probability of
them having velocities v; and vy. Noting that d*v,d*vy = d®vemd3vya, the change
of variables give

Fx(Vl)Fx(Vg)d3V1d3V2 = Fx(Vem + Viel/2) Fx (Ve — Vrel/2)d3vcmd3vrel. (3.38)

Js depends only on the relative velocity, since the centre of mass velocity does not
describe how the particles move closer together and annihilation is local, see below
in section 3.5.2. Therefore the above expression can be integrated over v, to obtain
the relative velocity distribution,

Fx,rel(vrel) dSVrel = /Fx (ch + Vrel/2)Fx (ch - Vrel/2)d3ch dgvrel- (339>

To make further simplifications the properties of the distribution Fy(v) need to be
developed.
At a point x in the halo the dark matter velocity distribution, Fx(v), can by defini-
tion be written as

f(x,v)

p(x)

F,(v)d*v = d?v, (3.40)

where f(x,v) is the phase-space density and p(x) is the dark matter mass distribu-
tion, which can be defined as p(x) = [ f(x,v)d*v [16]. We make the assumptions
that the mass distribution is spherically symmetric, i.e. p(x) = p(r), and that the
velocity is isotropic. As a result the phase space density only depends on the radii,
r, and the magnitude of the velocity, f(x,v) = f(r,v). Therefore the the veloc-
ity distribution is independent of direction, i.e. Fy(v)d*v = F,(v)dv and the two
directions can be integrated out:

F.(v)dv = 4m0?

dv. (3.41)

With this we can rewrite equation (3.39) as

3 ’ch + Vrel/2’>f<7n7 |ch - Vrel/2’)
p*(r)
The argument |vey, £ Vi /2| is independent of one angle, thus 27 can be integrated

out. The other angle is between v, and v, and therefore |vey, + Vie /2| = vemz £
Ure1/2, z € [—1,1]. Then the relative velocity distribution is

Fr(vpe1) dvye) = 47wr2e1 / I Pvendve.  (3.42)

oe 1 cm re 2 sy Yem~ T Ure 2
Fr (Urel) dvrel = 872@2 / Uc2m / f<r7 Yom? 20 1/ )f(r fom z 1/ ) dz dvcm dUrela
0 -1

2(0)
(3.43)
where the subscript r in F.(v,) indicates that this velocity distribution is for one
specific radii. f is the phase space distribution and p is the mass distribution.
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3.4.2 Application of Jeans theorem

As mentioned above (section 3.3.2) the collisionless Boltzmann equation almost
impossible to solve, since it is a function of seven variables. To obtain exact solutions
one can regard only a subset of all possible stellar dynamical equilibria at a time.
This will be done for steady-state dSphs, in order to obtain Eddington’s formula in
the next section.

We base the derivation on the Jeans theorem (Binney and Tremaine, p. 200, [18]):

Any steady-state solution to the collisionless Boltzmann equation depends on the
phase-space coordinates only through integrals of motion in the galactic potential,
and any function of the integrals yields a steady-state solution of the collisionless
Boltzmann equation.

Assuming a steady-state spherically symmetric system, the distribution function
(DF) is a function of the energy, F, and the angular momentum, L. F is an integral
of motion in any static potential and L is in an spherical potential constituted by
three integrals of motion. An integral of motion is any function of (x,v) that is
constant along any orbit. By the Jeans theorem, any non-negative function of the
mentioned integrals can be the DF of a spherical stellar system. Due to the spherical
symmetry the function will only depend on the magnitude of L. With f as the DF,
and for a stellar system that itself provides the potential ®, one has

V%:4ﬂhz®£/f&v (3.44)

The same equation after exploiting spherical symmetry (® depends only on ) is
called the fundamental equation of spherical equilibrium stellar systems, and is

defined by
Ld [ ,do) Lo 3
Ter(?ﬂ dr) = 47rG/f<2|v| + @|r x V|> d°v. (3.45)

To simplify future calculations, the relative potential ¥ and the relative energy &£
are defined as

U =—+ P, (3.46)
and

1
E=—E+® =00, (3.47)

with @y chosen to satisfy f > 0 for £ > 0 and f = 0 for £ < 0. The relative
potential then satisfies Poisson’s equation through V2W¥ = —47Gp, where U — &,
as T — 00.

For a system with isotropic velocity-dispersion tensor the DF will depend only on £
and not L. Eq. (3.45) then becomes (in spherical coordinates)

Ld [ ,do) V2u 2 2 Vv Loy o
7"2dr<r dr) = —47TG/0 f(€)dmv*dv = —16m G/O f<\11 — 5 )v dv,
(3.48)
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where the upper limit is decided by f # 0 for £ = ¥ — ;vz > 0. A change of

variable from v to £ in eq. (3.48), with d€ = —vdv and limits v =0 — & = ¥ and
v=+v2¥ — £ =0, results in

7}25< jf) — 167G | Y HEN 20 () — £)dE. (3.49)

3.4.3 Eddington inversion formula

With the Eddington inversion formula one can derive the DF f(€) for any given
mass density p(r). f(€) will then be used to compose a velocity distribution, which
will take part in eq.(3.43). The theory from the former section is used.

To achieve this formula for the density, notice that ¥ is an monotonic function of r,
due to the spherical symmetry, and use the same change of variable as in eq.(3.49):

/fd3v = 47r/v f( )dv = 47T/\II f(E)W2(¥(r)—E)E  (3.50)

The above equation is then differentiated with respect to ¥, resulting in

1
3.51
[ o5
This is an Abel integral on the form
z g(t)dt
= —_— 0 1 3.52
f(z) /0 w—pm 0SO< (3.52)
which has the solution [18]
sin(mra) /t f(z)dx
t) = ) 3.53
g9(t) ) N P (3.53)

The above formula for solving the Abel integral gives the following solution to
eq.(3.51)

(3.54)

_ L odgf Ay dp
f(g)_\/gﬂdc‘f/o \/mdqf

Since f(£) > 0 everywhere, the function [

has to be an increasing function
\/ =7 &

of £. Otherwise, the solution is unphysical. Applying Leibniz integral rule on
eq.(3.54) gives the alternative form, which is called Eddington’s formula;

(3.55)

161~ | e e (0.
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This expression is rewritten with help from the chain rule, since p is not usually
given as a function of :

B _(QuyrEp drdp gt drdns g
dv?2  \dr dr2  dv2dr dvz  dr2 \dr ‘
gives

2 \I/ —2 2 ‘If —1 2\1,

B (A0 (Lo (T (3.57)

dw? dr dr2 dr dr? dr

From a numerical point of view it is easier to change the variable to the radius
of the spherical system, r, according to d¥ = %dr. Assuming only dark matter
contributes to the gravitational potential and the density, eq. (3.55) becomes

1
= o o & VE— Vo)

[dpDM d*Vpy <d‘IfDM)2 _ d*ppum (d‘I’DM>1] dr

(3.58)

dr dr? dr dr? dr

From this DF f(€) one can reach a velocity distribution by making use of the

relation in eq. (3.47), namely & = U(r) — J0?. f(€) then becomes f(¥(r) — 1v?).

This f(¥(r) — 3v?) is identified as the f(r,v) from eq.(3.43) in section 3.4.1, with

U = Vem?z £ Ure1/2, namely
2,2
F(vpe) dvge = 87705, X

/ Cm/ F(r, vemz + Vrel /2) f (7, Vemz — Vre1/2) (3.59)

dz dvem Al
P (r)pm l

Noticing that the integrand is symmetric in z, giving a factor 2 when integrating
from 0 to 1 instead, and using that v? = v2, /2 + v2,/8 £ Vemtre12/2, the relative
velocity distribution becomes

16 2 cmvre
Bl = S0 [, [ (o= - S,
Pom(r 8 2

(e -

(3.60)

Cm Urel + VemUrel 2

— > dz dvey, dvge.
2 8 2

Combining these two equations gives further limitations to the integration bound-
aries in eq. (3.60), since f( ) =0 for £ < 0 (as discussed after eq. (3.47)). € >0
gives U(r) — 202 = 0 — v? < 2¥(r) and the maximum v? = v2, + v2,/4 + Vem Vel
gives

2 SU — 4p2 — .
20 > v2 + Uf + VemUralz <= 2 < 1 Yem " Urel (3.61)
Vem Urel

Combining v? < 2¥(r) with 0 < z < 1 results in the following inequalities, the first
forz=1

2

2
Vom + Uf + VemUrel = (Vem + U;EI) <2V = Ve < V2U — U;el (3.62)
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and the second for z =0

2 \/S¥ — 02
2 Uf < VOO el (3.63)

Ucm+ <2\I] <~ Uem & 9

These integration limits give the final expression for relative velocity distribution:

16 2,2
Fr(”rel) dvrel = 27‘-7%
P (T)DM
V2u - el 1 Vsq;fvfel Sy vy
/ vfm/ Adz dvcm+/ vzm/ e Adz dve 3 64
: : v (3.64)
where
v2 v2 VemnUrel 2 v2 v2 VemnUrel 2
A= f(w _cm_rel_cer> <q, _ Yem _ Yrel Cmre)
f(m 2 R R LA A - a

3.5 Sommerfeld enhancement

One of the most important physical quantities in nuclear and particle physics is the
cross section. Classically, this is the area transverse to the relative motion of two
particles within which a scattering process, a particle collision, can occur. However,
a scattering process is intrinsically stochastic: even if the particles meet within
the cross section area, the particle collision might still not occur [19]. The more
rigorous formulation of the cross section therefore relies on quantum mechanics.
Given a probability density current, the cross section times this equals the number
of scattered particles. The cross section is thus proportional to the probability of
collision between two particles. Since annihilation of two particles is nothing more
than a particle collision resulting in a transformation of the particles, the importance
of the cross section for an annihilation process is indisputable.

If there exists a long-range potential between the particles, the cross section will
change due to some form of force between the particles. If the force is attractive the
cross section will be greater and if it is repulsive it will be smaller. When a poten-
tial between the particles is accounted for it is called a Sommerfeld enhancement.
It is also important to note that the Sommerfeld enhancement is usually referred
to in non-relativistic quantum mechanics. The new cross section due to the poten-
tial is always proportional to the old one not accounting for the same. Thus the
Sommerfeld enhancement can be expressed as a Sommerfeld enhancement factor:

o = S(v)oy (3.65)

where oy is the old cross section, o the new one and S the Sommerfeld enhancement
factor with a dependence on the relative velocity v. In the two next paragraphs, a
description of the Yukawa potential and a derivation of the enhancement factor S
follows.
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3. Theory

3.5.1 Yukawa potential

In particle physics, a force between two particles can be described as an exchange
of a force mediator particle. The properties of this exchange particle affects the
properties of the force [11]. The Yukawa potential describes one such force and has
the form;

6—m¢r

(3.66)

VYukawa(r) =« ,

where o is the strength of the potential, r the radial coordinate and mg, the mass
of the mediator particle. The Coulomb potential is a special case of the Yukawa
potential where the force exchange particle, the photon, has zero mass. The Yukawa
potential corresponds to a long-range force which can describe the self-interaction
between dark matter particles. Thus, it can lead to a Sommerfeld enhancement.
Nonetheless, it is very simple in its form. It is for these reasons it has been chosen
as the subject potential for this study.

3.5.2 Sommerfeld enhancement for an annihilation process

To fully derive the Sommerfeld enhancement, one must refer to quantum field theory.
This is beyond the scope of this report. Instead, we will derive an expression of how
an elastic scattering process is enhanced by introducing a long range potential. Then
we will argue that the same result also applies to an annihilation process.

Imagine two particles, both travelling with a non-relativistic velocity and a local
interaction, an interaction in a point, between the two in the form of a Hamiltonian
Hipear. This two-body-system can always be simplified to a single-body-system in
which one particle is seen as stationary and the other travelling with a velocity equal
to the relative velocity with a mass equal to the reduced mass. We will now derive
the cross section for this system. First, we will do this without any self-interaction
between the particles. Then, we will do the same for a Yukawa self-interaction and
compare the results to identify the Sommerfeld enhancement factor.

The total Hamiltonian of the system without self-interaction can be written as

~2

f{ - I—j() + f{local = g[u + f{local (367)

where p is the reduced mass of the two particles. The solution of the Hamiltonian H,
is the plane-wave free particle solution, |¢) = e’**  exhibiting a continuous energy
spectra for the time independent Schrédinger equation:

Hol¢) = E|6) (3.68)

If we assume that the scattering process preserves energy, an elastic scattering pro-
cess, the same energy eigenvalues goes with H. The time independent formulation
of the scattering process can then be expressed as:

A1) = (Ho + Higeat) ) = E|)) (3.69)
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We wish to find the solution [¢) to this equation. It is apparent that as Hipear — 0
the solution |¢)) — |¢). Thus it is reasonable to expect the solution |¢)) to depend
on |¢). One can then deduce an implicit expression for the solution to (3.69):

1

|¢> = |¢> + (E - ﬁO)ilﬁlocal|w> = |¢> E— HOHlocal’w> (37())

The reader can check this by applying E — Hy to (3.70), yielding equation (3.69).
However, to avoid problems arising with a singular operator as one usually

E—I‘j() ’
makes E slightly complex, leading to the Lippman-Schwinger equation [20]:

1 .
EY =y —— @ 3.71
99) =16) 4 p BV ) (371)

By multiplying with (x| from the left and using the resolution of identity; 1 =
[ &2’ (x'|x'), one yield the implicit solution in the position basis:

. 1 A
() _ / Sy . R N WA, (&)
X = (x|} + | d°x'(x ~ XWX |Hjpeq 3.72
(xlt) = (x19) + [ o'l O ™) (372
This is an integral equation, more precisely an inhomogenous Fredholm equation of
the second kind. The kernel of the integral equation is:

Ke(r,2') = o (x| —————[X) (3.73)

It can be shown by using the resolution of identity again, but now in the momentum
basis, and the method of residues, that

. -
6:|:zk:|x x|

Ky(z,2') = — (3.74)

4r|x — x|

if E is expressed as h%k?/2p where k is the modulus of the wave vector (remember
that F is the same as in the case of a plane-wave). The locality of Hjyy can be

expressed as: R
<X,|Hlocal|xu> - Hlocal( )63( ”)- (375)

One can also use the fact that Hipea (X)) = Ulpeard(X'), where Ujyeq is a constant.
Altogether, this yields:

(X) = (x16) = B [ 0 i) 10
47T|X | oca
_ MUlocal (i) i1k|x|
= (xl¢) = 55 ¢(0) = ] (3.76)
A
B e:l:z'k'r
= (xlg) - A%

Here A is an amplitude factor with a linear dependence on ¥(*)(0).
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The physical interpretation of this solution can be clarified by analysing each term
separately. The first term is a plane wave representing the incoming particle. The
second term is a spherical wave representing the scattered end products of the an-
nihilation, at least for the 4+ solution. The — solution is an incoming spherical wave
and such a system is not physically realisable in this situation.

The cross section is simply a scattering probability. Therefore, if we imagine a large
number of particles prepared identically according to the described situation, the
probability of finding a scattered particle going through a small area da far away
from the scattering centre is:

number of particles scattered into da per unit time
do = P P (3.77)

number of incident particles crossing unit area per unit time

We can relate this to the probability currents, j, associated with the wave functions
of the incoming and outgoing stream of particles respectively:

2 .
do = M (3.78)

.
|.] inc |

where df2 is the usual differential solid angle and r is the radial coordinate sufficiently
far away from the scattering centre. With the interpretation of equation (3.76) one
yields:

r2dQAC |
do = ——— r '

| eik~x | 2

= |AJ2dS. (3.79)

The total cross section is the solid angle integral of this differential probability.
From the definition of A, we can conclude that the cross section is always propor-
tional to the squared modulus of the wave function at zero ; [¢/(0)[%. This makes
intuitive sense since the squared modulus of the wave function at zero represents
the probability of finding a particle at the origin, where the local interaction takes
place. As a reminder, this wavefunction is the solution to the Schrodinger equation
with the Hamiltonian in equation (3.67). Since we do not know this wavefunction,
the cross section is also unknown. In this situation, one usually makes the Born-
approximation. That is, we assume that this wavefunction differs only little from
our original plane-wave solution. One can then substitute |¢)) with |¢) in equation
(3.76) under the integral. Thus,

,U/Ulocal
~ do =4 ‘ 0
70 /all solid angles 7 T 2mh? (b( )

Now, if one does the same for a Yukawa self-interaction, the solution looks very
much the same. The only difference is that a Yukawa potential is included in H.
As a result, the usual plane-wave solution, ¢(0), is perturbed. The new cross section
accounting for the Yukawa potential is thus proportional to the squared modulus
of another perturbed wave function at zero. This wave function corresponds to the
Schrodinger equation:

2

C ’¢(0) (3.80)

A2 21.2
P N hk
Vuawa\IJ:
(2u+ Yukawa) 2

. (3.81)
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Thus the Sommerfeld enhancement in equation (3.65) is given by:

OYukawa |‘I](O)‘2 . 2
% loE MO 552

where the plane-wave is again taken as normalised to 1. The determination of
the Sommerfeld factor for the Yukawa potential is thus reduced to determining
the modulus of the wave function in equation (3.81) at zero given the boundary
condition:

S(v) =

ikr

T —ek* A as r — oo. (3.83)

r
This boundary condition describes a plane wave and spherical wave as r goes to
infinity.

This very same result also applies for an annihilation process [21]. The difference
between a scattering process and annihilation is that the latter is not an elastic
process since the ingoing particles are different from the outgoing. However, the
probability of annihilation is also proportional to the probability of finding the
fictious particle at the origin [21]. The Sommerfeld enhancement for an annihilation
process must then be precisely the squared modulus of the wave function in eq.
(3.82).

3.5.3 The relation between the Sommerfeld enhancement
and the radial wave function’s asymptotic behaviour

The purpose of this section is to derive the explicit expression for the Sommerfeld
enhancement that later will be used in this study. In short terms the derivation
involves a symmetry argument, a statement that only the radial wave function is of
importance, a change of variables and an analysis of the asymptotic behaviour of
this radial wave function.

The Schrodinger equation in equation (3.81) with the explicit expression for the
Yukawa potential is:

oae

h2

(—@33 + )¥p(r) = —Wp(r) (3.84)
where the index p has been introduced to illustrate the momentum dependence of
the solution W. Since the Yukawa potential is spherically symmetric, the solution
is rotationally symmetric about the axis of propagation of the wave function. The
solution can then be decomposed in partial waves [21, 22]:

9 3/2 oo

T,(r) = @n)°" > il (20 4 1)e’ Ry, (r) Pi(cos 6). (3.85)

drp
Here, P, are the Legendre polynomials, d; a scattering phase shift and R,; is the
radial part satisfying the radial Schrodinger equation:

? 2d W(+1)  pP | 2pae™eT

(W rdr 2 * h? * h2r JEpa(r) =0, (3.86)
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normalised as

/0 2 Ry (1) Ry o(r)dr = 6(p — '), (3.87)
with completeness relation
oo 1
7 Rt ) Byulr)dp = 530 = ) (3.89)

One can show that the resulting square of the wave function, and thus the Sommer-
feld enhancement, satisfies:
(21 + it d
’\/7 pdrl gy o (7)

This quite tedious derivation will not be included in this report (consider instead
R. Iengo [21]). Thus for our purposes, the problem is reduced to determining the
behaviour of the radial part R, ;(r) at the origin.

2

(3.89)

r=0

The normalisation in equation (3.87) corresponds to an asymptotic behaviour [22]

281n<p7‘—*—|—5)

r

Ryi(r) — as r — 00. (3.90)

Let us define pr = x. If the radial function is expressed as
Ry(r) = Npa'®y(), (3.91)

one finds that the differential equation in (3.86) is simplified by the loss of one term:
™o

2(0+1) 2#@6771 1
o] + D) + ( epe hQ)CI)l =0. (3.92)
The corresponding asymptotic behaviour for @ is
l
2" (x) — C'sin <x - g + 51) as r — 00. (3.93)

Comparison with equation (3.90), using equation (3.91), gives: N = \/g

combining this relation and the two identities (3.89) and (3.91) one yields:

S(v) = ((21“)”)2 (3.94)

%. By

C

The determination of the Sommerfeld enhancement is thus simply determined by
the asymptotic behaviour of the solution ® to equation (3.92).

Furthermore, the initial conditions for this equation cannot be arbitrary if the solu-
tion is to be regular. For our purposes the following initial conditions are useful;
e’

d,(0)=1 ®(0) = — , 3.95
since then the behaviour of the differential equation at = 0 is handled. The choice
®,;(0) = 1 is of course somewhat arbitrary but the second condition must always
adjust to the value of the first condition to handle the behaviour at x = 0. The
choice ®;(0) = 1 has however no impact on the final result. This can be understood
if one considers the fact that only the asymptotic behaviour of the solution is of
importance as seen in (3.93) and (3.94).
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Methods

As described in the previous chapter, the dark matter mass distribution, ppys, the
Sommerfeld enhancement factor, S(v), and the dark matter velocity distribution
F(v) are needed to calculate the desired Jg-factor. The expression for the Js-factor
is repeated here for clarity:

_ 2 3
J, = /A b / F(v) S(v) d*v dsdQ. (4.1)

When these three components have been calculated, the three integrals can be per-
formed to yield the Js-factor. ppys will be estimated using a maximum likelihood
estimation outgoing from the l.o.s. velocity data for the stars in 20 dSphs (with the
same data as in [9]). This estimation will be described in section 4.3. The calculation
of the Sommerfeld enhancement factor and the dark matter velocity distribution is
done numerically. In all calculations, Mathematica has been chosen as the numerical
tool, while any scientific computation language should suffice. Our code is submit-
ted in Appendix A. In section 4.6 a validation of our method is described as well
as an approximate calculation of J,-factors accounting for self-interaction used in
previous research.

4.1 Numerical calculation of the Sommerfeld en-
hancement

The differential equation in (3.92) was solved numerically with [ = 0, p = 2uv and
h=1:

m

2 e 2w ®
Oy + —P; 1Py =0 4.2
ot Pt ( . )P0 =0, (4.2)
and the boundary conditions
Do(0) =1  DY(0) = ——— (4.3)
0 —_— 0 — mv. .

The value of o was set to 1/100 and the mediator particle mass my to 1 GeV/c? as
in [8, 17]. Eq. (4.2) was solved parametrically in the relative velocity v and particle
mass m.
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The Sommerfeld enhancement was then acquired by:

S(v) = (é)Q (4.4)

where the C is given by the asymptotic sinusoidal behaviour of the solution to (4.2)-
(4.3):
2Py(z) = Csin(x + dy) as x — oo. (4.5)

Expressed in ®¢(x), the Sommerfeld enhancement is calculated by:

1
S(v) = lim 5 5
vee (xCI)O(x)) + ((:I; —7/2)Pg(x — 77/2))
Numerically, the expression in (4.6) was evaluated until the value did not change

within the desired margin of error. A value of = 50 was enough for our purposes,
which yielded an accuracy of six digits.

(4.6)

4.2 Numerical calculation of the dark matter ve-
locity distribution

Computing the dark matter velocity distribution includes many extensive computa-
tional steps, and therefore a simplifying numerical approach was used.

The main methodology used was to write all expressions dimensionless when pos-
sible, to simplify calculations. Furthermore, the amount of dependent parameters
was reduced by applying certain scalings. We used ry and py as length and density
scales, respectively. This takes immediate effect in ¥ and p as

U(r) = G?porg x U(x) (4.7)

pom(r) = po X pom ()

where ~ indicates a dimensionless function. This change of length variable will cause
every derivative in r to yield a factor of ry', as per the chain rule. Numerically,
this shows up when computing the distribution function f(€) from equation (3.58).
Thus, we arrived at the following quantities:

1
~ Gporg

0
€)= ——
roG\/ Gporg

o x &

~ 3 _1 ~ (48)
< F(E) = 15°G 40yt x F(E)

Here it should be noted that £’ is not strictly dimensionless, as a consequence of the
definition of £ in equation (3.47), but instead has dimension M~'. This is accounted
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for in f(€) however. Following the already presented theory, we then extracted the
velocity distribution from this result. Given the energy scale set in equation (4.8)
we constructed the velocity scale as

1
b= —— xu. (4.9)

VGporg

From this, we arrived at our final expression, now reduced to just depend on relative
velocity, v and the parameter x as follows:

1 -

——— X F(ye)-
\/m (4.10)

Fx(vrel) =

4.3 Likelihood estimation of the dark matter
mass distribution

For this estimation, we assumed a Gaussian distribution for the l.o.s. stellar velocity
data in the different dSphs. The resulting likelihood function, L, takes the form:

1 Ny |:(Uz _2u)2

=1 2

+ 1og(2m§)] (4.11)

The index i goes over the N, stars in the sample, v; is the particular 1.o.s. velocity
of one star and wu is the mean of the l.o.s velocities in the data sample. The expected
velocity dispersion squared, o2, is taken as the squared sum of the theoretical model
of the velocity dispersion, oj,s(R;), and the measurement uncertainty, €;, in the
velocity of a particular star: o? = o2, (R;) + ¢2. Here, R;, is the projected radial
distance of the star from the galactic centre.

We assumed the spherical Jeans equations described in section 3.3, which is standard
in the field [9]. Also, we assumed an isotropic velocity dispersion, which corresponds
to an anisotropy factor, 3, equal to zero. Then, the theoretical velocity dispersion
O10s(R;) could be determined from the dark matter mass distribution. This connec-
tion is established by combining the equation for the l.o.s velocity dispersion derived
in the previous chapter (eq. (3.11)) with the expression for v,(v?) in eq. (3.36) to
arrive at

Rl B) = 1175 i [

ds (4.12)

For v,, the Plummer profile was used, where (o, 8,7) = (2,5,0) [23]. For ppwm,
the NFW profile was used, where (o/, 5',7') = (1,3,1) [24, 25]. These values are
standard in the field and were chosen to be able to compare the results with another
study when validating our method [9].
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From the above, the likelihood depends on the parameters in v, and ppy. These
are r, and rg, po respectively. The likelihood does not depend on p, since the p, in
I(R) and v, cancel out in g;,s(R). Since the dark matter mass distribution was of
primary interest, the parameter r, was treated as a nuisance parameter. For each
pair of ry and pg, the nuisance parameter was chosen to maximise the likelihood
function.

The likelihood L in eq. (4.11) was then maximised with respect to the parameters
ro and pg. The resulting two parameters were used with eq. (2.5) to yield the most
likely dark matter mass distribution with respect to the data sample.

4.3.1 Reduction of parameters and singularity handling

The numerical computation of the l.o.s. velcoity dispersion was approached in the
same fashion as in section 4.2. Thus to begin with, any quantity containing the
three parameters ry, 7, and R was simplified with a dependence on just two ratios:
R, = R/rg and x, = r,/ry. This was extremely helpful in numerical calculations,
as it was then sufficient to create tables of data values in 2 instead of 3 parameters.

Numerically computing the velocity dispersion, o2, _, as given by equation (4.12),
also includes a singularity when r = R, which complicates the numerics. This were
solved with a fairly simple change of variables. First, the ratio were expressed in
the dimensionless quantities as

r

r T B T
V2 — R2 \/% V2 — R2 [ — R? (4.13)

and then make the change of variables u* = 22 — R? so that

r=/u®+ R?

dr = Ldu

Ju2+ R2 (4.14)

— Ldaz =du

4.4 Perfoming the integrals to calculate the J,-
factor

The integrand in the Js-factor depends on the radial distance from the galactic centre
and the relative velocity. The relative velocity is already an integration variable so
this was left as it was. The radial distance r however was parametrised in the line
of sight and solid angle integration variables by using the law of cosines illustrated
in figure 4.1:

r(s,cosa) = V52 4+ D% — 2scos a. (4.15)
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Figure 4.1: The galaxy seen from a distance D to it’s centre, with the radial
distance r from the galactic centre and the l.o.s. distance to the concerned star s
in the galaxy. « is the angle between D and s and 6,,,, is the upper limit for the
angular integration.

The integration in the line of sight variable s was then taken from 0 to co. In the
solid angle integral, the variable v = cos a was integrated from cos ., to 1 and a
factor of 27 was extracted from the azimuthal angular part. The upper integration
limit for the angle, 0,,,,, was taken to be 0.5°. This angle covers approximately
half of the luminosity in most of the dSphs [9]. It is appropriate to calculate the
J-factor within this region, since the Jeans equations are most valid there 26, 27].
The integral parametrisation yielded the final numerical expression for J:

10vg

1 00
Js = 271/ ) /0 o (1(5,7)) ; r(s,y) (Ure1) S'(Vre1) dvyer ds dry (4.16)

where the upper integration limit in dwv,e has been taken as

100y = 10y/Gpord S /80 (2)/Gpor? (4.17)

which should suffice, considering the constraints on v, discussed in section 3.4.3.

4.5 Calculation of confidence intervals for the J.-
factor

A grid in the two variables py and ry was created and the likelihood function was
calculated in every point. Fach pair of py and 7y corresponds to one J; in eq. (4.16).
The likelihood and J for these pairs was plotted in a diagram. Data binning was
used to select certain values of Jg: The range of J; was divided in small intervals
and in each interval the J; with the maximum likelihood was chosen. This binning
process allowed for a one-to-one relationship between the likelihood function L and
the chosen J;. From this, a test statistics was formed according to:

L(J;)

Y
Lmax

TS(Js) = —2log (4.18)
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where L., is the value of the absolute maximum likelihood for any pair py and ry.
The confidence levels were then calculated using the chi-squared distribution with
one degree of freedom.

4.6 Validation of method and complementary cal-
culations

The validation of our likelihood estimation of J; was made by calculating an like-
lihood estimation of the .J-factor without self-interaction using the same likelihood
estimation technique and comparing this to Chiappo et. al [9]. The J-factor with-
out self-interaction was computed by setting the Sommerfeld enhancement to unity,
making the velocity integral equal to 1 in 4.16.

To validate that the calculations of the Sommerfeld enhancement factor S(v) and
the dark matter velocity distribution F'(v) are correct, the results was compared to
other studies [16, 17]. Also, as a sanity check, the integral of F'(v) was evaluated
for each radial distance from the galactic centre to compare how close this value is
to 1.

For further analysis, J; was calculated for constant Sommerfeld enhancement, S(v*).
This is a standard calculation for J-factors accounting self-interaction, for example in
[28]. The enhancement becomes constant when considering only the mean velocity
of the stars in the galaxy, i.e. no consideration of the distribution of velocities.
Typical values for v+ in dSphs are 107° in units of ¢ [21].
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Results

We start by presenting the comparisons with previously published articles. The com-
putation of J,-factors includes contribution of a Sommerfeld enhancement weighted
with a velocity distribution. The validity of these two functions will be evaluated
in the second section. In the third section we present the J,-factor for the dSphs
around the Milky Way.

5.1 Validation of statistical method

A likelihood-based method to determine J-factors without self-interaction has been
used in Chiappo et al. [9]. Their method differs only by our use of r, (the scale
radius of the luminosity profile) alone as nuisance parameter instead of both r, and
ro (the scale radius of the dark matter profile). To evaluate our statistical method
we compare our J-factors with S(v) = 1 to their result. log;,(.J) is denoted with J
and the likelihood with L, and thereby log(L) with L.

o N g-t877.
~ 4 S1o4
g3 FIRISE
Q2 .i’? 1 Nol2=0r
g -0
N S . 3%~ RN e
18.0 18.5 19.0 18.0 18.5 19.0
T (ro.p0) [GeV? cm™] T [GeV? cm™5]

Figure 5.1: The left figure shows all likelihood values less than 5 relative to the
minimum value. The variable ry range from 0.05 to 20 kpc and pg from 10° to 10°
Mgkpe™. In the right figure a data binning method has been applied to select the
points with the lowest likelihood. The minimum likelihood is found 7 of 18.77.
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Table 5.1 shows the discrepancy with Chiappo et al. for 20 dSph. The seven galaxies
above the dashed line has a 7 that lies within the 1-¢ from the 7 in Chiappo et al.
Our J for Draco differs with 4% and Segue 1 differs with 18% [9]. For four of the
galaxies below the dashed line, the 1-o intervals overlap. These are Coma Berenices,
Canes Venatici 11, Bootes II and Ursa Major II. For some of the galaxies one of the
1-0 interval limits are not existing due to lack of data points.

Table 5.1: Table comparing J-factors with Chiappo et al. [9]. Galaxies above the
dashed line have a J which include the J from [9] within 1-0. Missing 1-o-levels
are indicated with “-”. The difference is given as AJ, the log,, of the ratio between
our and the referred J-factors. The last three columns are the optimised values for
T, To and pg.

J AT Ty To Po

Galaxy [GeV? cm™] [kpc] | [kpc] | [Mokpe™]
Draco 1877948 | —0.02 | 0.21 |14.95| 1.79-10°
Leo I 17.707518 | —0.03 | 0.37 | 9.90 | 1.79-10°
Ursa Major I 17947550 | —0.09 | 048 | 0.21 | 2.26-10°
Leo IV 16547952 | —0.19 | 0.24 | 0.21 | 7.39-107
Willman 1 19.60%5:37 | —0.26 | 0.029 | 17.98 | 2.60 - 10°
Leo T 16.3875% | —0.55 | 1.86 | 0.21 | 1.71-10°%
Segue 1 18.6779%2 | —0.75 | 0.085 | 0.21 | 1.29-10°%

~ Sculptor | 18871014 1017 | 0.11 | 0.61 | 1.18-10% |
Coma Berenices | 19.42%022 | 0.37 | 0.0033 | 1.82 | 2.92-107
Carina 17527532 | —0.39 | 052 | 20 | 3.35-10°
Canes Venatici IT | 18.377032 | 0.54 | 0.016 | 13.13 | 1.96-10°
Sagittarius 20.34 5.3 | 0.57 | 0.079 | 1.01 | 1.18-108
Bootes 11 19.22793% | 0.58 | 0.026 | 17.78 | 1.79-10°
Ursa Major 11 19.897635 | 0.63 |0.0033 | 2.83 | 2.42-107
Canes Venatici | 18.08_7 93 0.75 | 0.037 | 0.21 | 6.28-108
Ursa Minor 19.48 54, | 0.84 | 0.024 | 0.21 | 9.11-108
Fornax 17.0975:89 | —0.95 | 1.97 | 9.50 | 6.43-10°
Sextans 18.77+00% | 1,01 | 0.05 | 0.21 | 5.21-10°
Bootes I 17937542 | 1.11 | 0.0044 | 2.83 | 4.13-10°
Hercules 18507015 | 1.17 | 0.036 | 20 | 1.35-10°

A further investigation of the likelihood on the parameter space {rg, po}, as in figure
5.2, shows a long flat valley for the likelihood. However, the J-factors in fig. 5.1
have a similar structure. J gets a well defined maximum likelihood value as seen in
the right of fig. 5.1.

Some error estimations for the galaxies in table 5.1 gives unevaluated 1-o levels.
One such galaxy is Canes Venatici I, seen in fig. 5.3. The left plot is a contour plot
over ro and pg, showing the 1,2,3-0 error estimations and J-values. The right plot
is the likelihood and J, both calculated in the {rq, po }-space.
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0 5 10 15 20
fo [kpe]

Figure 5.2: Dashed contours specifying 7 values in the ry and py plane. The grey
boundaries defines confidence intervals from darker to lighter: 1-0, 2-0 and 3-0. The
confidence intervals are constructed from calculation on Draco but the principle of

a long flat valley is characteristic.
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Figure 5.3: The left plot shows the likelihood error estimation 1,2,3-0 from darker
to lighter shades of grey with the minimum showed by a red dot. J; values are
showed with dashed lines. The right hand plot shows the likelihood versus the J
value and gives the error estimations in levels of 1,2,3-0. Both plots are for data
from Canes Venatici I, giving an example for a galaxy with an inconsistent error

estimation.
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5.2 Validation of the Sommerfeld enhancement
and the velocity distribution

The Sommerfeld enhancement is dependent of two parameters, the particle mass
and velocity, and thus two figures are presented for evaluation of its validness. First
fig. 5.4 shows the dependence of the particle’s mass. This can be compared with the
results in Robertson and Zentner [17]. A comparison shows a similar behaviour in
the particle mass parameter, for example both have a resonance peak at 650 GeV /c?
with an enhancement of 2 - 10°.

105;, Relative Velocity |1

— 10°¢c ||

10%¢ 10~ ¢ E

i 1038¢c |

S(v) 1000 — 102¢ |
100} . — 3

10+ E

500 600 700 800 900

Particle Mass [GeV/c?]

Figure 5.4: Sommerfeld enhancement factor for four different velocities as a func-
tion of particle mass. Here a = Wlo and my = 1 GeV/c?. The resonance peak around
650 GeV /c? is very dominant for low velocities, but vanishes for velocities over 1073

C.

The Sommerfeld enhancement’s velocity dependence for different masses is described
in the fig. 5.5. Velocities above 0.001 ¢ gives the same enhancement and for small
velocities the enhancement becomes constant. For the yellow line, which represents
a mass of 650 GeV/c? the enhancement is almost 10°. This is consistent with
Robertson and Zentner [17].

The velocity distribution shall by construction integrate to 1 for a given radius, and
fig. 5.6 states that our distribution satisfies this to four digits. The distribution is
higher and more narrow for smaller velocities and agrees with Ferrer and Hunter

[16].
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10°F ]
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104t — 600 |
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10°6 1075 1074 0.001 0.010 0.100

Relative velocity [cl

Figure 5.5: Sommerfeld enhancement factor for five different masses as a func-
tion of relative velocity. Here v = 5 and my = 1GeV/c?. For all masses, the

enhancements approach a constant value for low velocites.
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Figure 5.6: Velocity distribution calculated from Eddington inversion formula,
using typical values of 7 = 0.6 and py = 3.6 - 10°, with emphasis on that the
feature but not scale is preserved when considering different parameters. For smaller
radii the distribution becomes more narrow and higher, giving more weight to lower
velocities. The integral for each curve is specified in the graph and is equal to unity.
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5.3 Js-factors for dSphs including self-interaction

The computation of J; is compared with J°") (where the Sommerfeld enhancement
is constant) in table 5.2. For Draco J°") is about 17 times larger than J,. The
table also states J-factors without Sommerfeld enhancement for comparison.

Table 5.2: Calculated J, Js and jss (”*), and in the last column AJ for J; and
.755(”*). The galaxies have the same order as in table 5.1 and “-” are indicating
missing 1-o-levels.

Galaxy J VA TS | g, — g5
Draco 18.77 | 22.2670% | 23.50 -1.24
Leo I 17.70 | 21.13%935 | 22.43 -1.30
Ursa Major I | 17.94 | 22.13%551 | 22.67 -0.54
Leo IV 16.54 | 21.00%9-39 | 21.27 -0.27
Willman 1 19.60 | 23.087037 | 24.33 -1.25
Leo T 16.38 | 20.6979%2 | 21.11 -0.42
Segue 1 18.67 | 23.00759°7 | 23.40 -0.40

~ Sculptor | 18.87 | 22.6270%5 [ 2360 |  -0.98 |
Coma Berenices | 19.42 | 23.05701% | 24.15 -1.10
Carina 17.52 | 21.38703% | 22.26 -0.87
Canes Venatici IT | 18.37 | 21.727035 | 23.10 -1.37
Sagittarius 20.34 | 23.89_4 | 25.07 -1.18
Bootes 11 19.22 | 22.807938 | 23.95 -1.15
Ursa Major II | 19.89 | 23.4370%2 | 24.62 -1.19
Canes Venatici I | 18.08 | 22.00 ;.4 | 22.81 -0.81
Ursa Minor 19.48 | 23.27_ 7, | 24.21 -0.94
Fornax 17.09 | 20.947009 | 21.82 -0.88
Sextans 18.77 | 22.73%005 | 2350 -0.77
Bootes I 17.93 | 21.89%925 | 22.66 -0.77
Hercules 18.50 | 21.827519 | 23.23 -1.41

Fig. 5.7 for J; shows a great similarity with fig. 5.2 and 5.1 (for the J-factor without
Sommerfeld enhancement). The difference is larger 7 values. All mentioned figures
has data from Draco.

In table 5.2 there is an overestimation for all galaxies when using a constant velocity
for the Sommerfeld enhancement, J° (") compared with the calculation encounter-
ing for the velocity distribution, J;. For Draco we made a more extensive investiga-
tion by using dark matter particle masses between 500 and 800 GeV /c?; as suggested
in our chosen model [8]. By using the best fitted parameters rq = 14.95kpc and
po = 1.79-10° M ® kpc~3, the difference is shown in fig. 5.8. Depending on different
masses we get an enhancement up to 1.5 orders of magnitudes larger for J5"),
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Figure 5.7: The left plot shows the likelihood error estimation 1,2,3 — o from
darker to lighter shades of grey with the minimum showed by a red dot. J; values
are showed with dashed lines. The right hand plot shows the likelihood versus the
Js value and indicates the error estimations in levels of 1,2,3 — 0. Both plots are
for data from Draco.
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Figure 5.8: A comparison of J values when using a constant velocity or the veloc-
ity distribution for the Sommerfeld enhancement for Draco. Constant Sommerfeld
enhancement, using (v* = 107°¢), is shown with the orange line, and accounting for
the velocity distribution, is shown with the blue line.
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Discussion

We divide the discussion into two parts, one for the validation of our method and
one where we discuss the differences between the J-factors.

6.1 Comparison with previous results

In the results we compare [J with previously published results from Chiappo et al.
in table 5.1. We notice that 16 of Chiappo’s J-factors lies within our 2-o-levels for
the respective J; with S(v) = 1. For 11 of these, our 1-o-intervals overlap with
theirs. This verifies that the maximum likelihood estimation used in our calculation
of the J,-factors is reasonable.

As mentioned before, we use one nuisance parameter, r,, while Chiappo et al. uses
two, r, and rg. With our method, the maximisation of the likelihood is more con-
strained since Chiappo eliminates two parameters before this process and we only
eliminate one. Due to this, the likelihood valley is much shallower than Chiappo’s.
This is also seen in the comparison as our confidence intervals are generally larger.

As for the likelihood estimation, a Gaussian distribution for the l.o.s. stellar velocity
data was assumed. The true stellar velocity dispersion in some dSphs, for example
ultra-faint dwarfs, is similar to the measurement uncertainty [9]. Thus the expected
velocity dispersion highly depends on Gaussian measurement uncertainty and the
assumption must at least be a good approximation. In future research other velocity
distributions other than Gaussian might be of interest.

The 1-o-levels marked with “-” in table 5.1 are not well-defined for the grid in
parameter space used in our analysis. As such, these 1-o-levels could not be retrieved
by the used method. One could however calculate these using a different grid in
parameter space from {rg, po}, more centred around the region of importance. This
would allow for extraction of more relevant data points so that the binning process
produces a continuous likelihood curve of 7.

In table 5.1 there is a wide range in the galactic parameters, r, ro and pg. As shown
in fig. 5.2 the J-factors are not affected much when following likelihood contours, i.e.
changing the parameters while maintaining constant J. The same is true for the J;-
factors as shown in fig. 5.7. Furthermore, there is a lack of published research that
determines the constraints on galactic parameters for dSphs, both in specific galaxies
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and generally. Such research could be of interest, especially for those galaxies with
unidentified 1-0 levels. These constraints can be used to focus the analysis on a
certain parameter range and increase the amount of likelihood estimations around
the maximum likelihood in the data in fig. 5.3. The data binning will then be more
compatible with a 1-o level determination.

6.2 The impact of a proper velocity distribution

We have studied the generalised J-factor in different situations. The classical ap-
proach without self-interaction has been extensively covered in the last section with
comparisons to previous research. Here, we compare the rigorous J,-factor to the
previously used approximation of a constant Sommerfeld enhancement factor to
evaluate the differences from when one uses a proper velocity distribution [28].

As shown in table 5.2 there is a significant increase of 3 to 4 orders of magnitude
(depending on which galaxy) in the J-factor when introducing self-interaction. An
increase in the factor is of course expected as the Sommerfeld enhancement factor for
an attractive potential is always 1 or larger, but this fact does not fully explain the
difference of 3 to 4 orders of magnitude. It can however be explained by the chosen
dark matter particle mass used in the analysis. We have assumed a particle mass of
650 GeV /c? which, as can be seen in fig. 5.4, corresponds to a resonance peak with
significantly higher Sommerfeld enhancement values. This resonance peak could
be a factor of great importance in future indirect dark matter searches, as a very
high observed gamma ray flux could indicate dark matter masses in the region of
a resonance peak. On the other hand, outside the resonance peaks the Sommerfeld
enhancements for different masses quickly reaches fairly similar values, and as such,
determining a hypothetical dark matter mass in those regions might be significantly
harder.

Whether one should include the velocity distribution or not when calculating J
is due to two aspects, namely which particle mass and which galactic parameters
(ro and po) that is of interest. Particle masses in a resonance peak gives a large
overestimation of J°") as shown in fig. 5.8. However, one can see in the same
figure that if particle masses far away from resonance peaks are of interest the
two calculations are almost equal. Furthermore, in fig. 5.5 one can see that the
Sommerfeld enhancement becomes constant for low speeds, from 107* ¢ to 107° ¢
dependent on particle mass. So if no higher speeds are of consideration there will be
no need to perform the J, with the velocity distribution. This is the case for small
galaxy radii, where the velocity is lower, as seen in fig. 5.6.
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Conclusion

In this thesis we present an ab initio approach to calculate a more general J-factor
for dwarf spheroidal galaxies. This generalisation takes self-interaction between dark
matter particles into account in a more rigorous manner than before.

We can conclude that if dark matter particles has the properties of self-interaction,
the J-factors significantly increases from 10! —10% to 102! —102* for dwarf spheroidal
galaxies. Furthermore, we conclude that the standard approximative calculation,
using a constant Sommerfeld enhancement, overestimated the J,-factor of up to 1.5
orders of magnitude.

We verify that the maximum likelihood estimation used in our calculation of the
Js-factors is reasonable. By comparison with calculations of J-factors without self-
interaction, the confidence intervals are larger. This is due to the inevitable con-
straints appearing in the parameter space when considering self-interaction.

During the completion of this thesis another report with a similar purpose was
uploaded on arXiv.org, [29]. An important difference between our studies lies in the
solution of the Schrédinger equation including a Yukawa potential. They use an
approximation allowing an analytical solution of the Schrodinger equation. We use
a numerical approach to solve the full Schrodinger equation. Our method introduces
numerical difficulties but gives more accurate results.
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Mathematica code

Here we present the MATHEMATICA code used in the project.



A. Mathematica code

A.1 Interpolated velocity dispersion function

g’ . Interpolated Function

ClearAll["Global %"]

Constants

points = 700;
pi = 3.141593; (*giving x in floating form to speed up computationsx)

(*Galactic parametersx)
aBrightness = 2.;
BBrightness = 5.;
¥Brightness = 0.;

aDM = 1.;
BDM = 3.
¥yDM =1.;

(xParameter space of interestx)
RMin = 107%;

RMax = 6;

roMin = 5. « 1073;

réMax = 20.;

rStarMin = 1073;

rStarMax = 2.;

timeOnePoint = 0.3 /3600; (xhoursx)
time = 12 (xhourx)

n-N[( time )1/2]
timeOnePoint

Equations

All lengths in units of r0;
r

X=5

R
Rx = 0

= r/re = r

2 -
\/xZ—Rx2 \/r*/r-ez-R/r(az »\/,.Z_Rz

X

5
1/)(2. _ RxZ.

losProjection[x_, Rx_] :=

r\-v r
generallDensityFunction[r_, re_, p@_, a_, B_, ¥_] := p0© (—) (1. + (—

ro
pom(r)=p0 rhoDM[ ]

Printed by Wolfram Mathematica Student Edition
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2 | Sigma (1).nb

rhoDM[x_] = generallDensityFunction[x, 1., 1., aDM, BDM, ¥DM];

st
v(r, rrStar) = v0nuStar[ =, =&

X=5

rStarDividedr0Q = rsr%

nuStar[x_, rStarDividedr@_] = generallDensityFunction[
X, rStarDividedro, 1., aBrightness, pBrightness, yBrightness];

I(R,rStar)=v0 « r@ surfaceBrightness| R, rster |
Rx = BOL
I

rStarDividedr0 = 52

surfaceBrightness [Rx_, rStarDividedr@_] = FullSimplify[
2. x Integrate[nuStar[x, rStarDividedr@] * losProjection[x, Rx], {X, RX, ©}]
,» Rx > @ & rStarDividedre > 0];

M(s)=G p0 «r0* massintegral[ 5],

s
SX = r0

massIntegral[sx_] = FullSimplify[
4. »pi Integrate[rhoDM[x]  x*, {X, @., sx}]

» X >0];
o<(R,rStar)= V01r0 *v0*G p0r03 r;_Z *r0*r0 2 ¢7LosSquared[%,'S;g’"]=
2G p0 rOZULosSquared[%,'s;%]
S
xX=3
x2=+5
Rx = %
rStarDividedr0 = =2
x22 = ? + Rx? -> dx2 = —2

\ x224+Rx?

oLosSquared2Parameter [Rx_, rStarDividedro_] :=
1

surfaceBrightness [Rx, rStarDividedro]

= NIntegrate |

1 -
= nuStar[x, rStarDividedr@] » massIntegral[x],

{u, 107%, o}, {x, u? +Rx? , w}, Method -
{"GlobalAdaptive", "SymbolicProcessing" - @, "SingularityDepth" - 1000000000},
MinRecursion - 20, MaxRecursion - 100, AccuracyGoal -» 6, PrecisionGoal - oo]

Table and Export

02s=2 p0 G r0? glosSquared2ParameterIP[Rx,rStarDividedr0], Notice that the exported function
is only near to the correct o2,.

R €[2%107,5.5]

rStare[5%1072,1]

Printed by Wolfram Mathematica Student Edition



Sigma (1).nb

0 [5+1072,10]

points = 700;

RxMin = RMi_;
reMax
RM
RxMax = i;
reMin
- . rStarMin
rStarDividedroMin = ————;
réMax
rStarDividedroMax = m'
remMin
RxMax1/1® _ RxMin?/1®
stepSizeRx = - H
points -1
stepSizerstarDividedro = rStarDividedr@Max/*® - rStarDividedreMin?/®®
points - 1 ’
oTableNFW =
ParallelTable [

{{Rx*®, rstarDividedre'®}, oLosSquared2Parameter [Rx'®, rStarDividedre®’]},
{Rx, RxMin®/*®, RxMax'/®, stepSizeRx},
{rstarDividedre, rStarDividedreMin/°,

rStarDividedreMax'/!?, stepSizerStarDividedre}|;

SetDirectory[NotebookDirectory[]];
Flatten[oTableNFW, 1] >> "oTableNFW_700"

Printed by Wolfram Mathematica Student Edition
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A. Mathematica code

A.2 Maximum likelihood estimation for galactic
parameters
ClearAll["Global %"]

galaxyArray = {"booI", "booII", "com", "cvnI", "cvnII", "dra", "her", "leoIV", "leoT",
"segl", "umaI", "umaII", "umi”, "will", "car", "for", "leoI", "scl", "sex", "sgr"};

(*"car","for","leoI","scl","sex","sgr", samtliga av dessa kan
komma att inte fungera och ligger darfor sistx)

pi = 3.1415926536;

G = 4.2994 x 10°%;

aDM = 1;
¥DM = 1;

0.5 .
6Max = —— pi;
180

(* kpc, distance to galaxy =)
cmPerKpc = 3.08567758 » 107 21;
kgPerSunmass = 1.989 » 10~ 30;
JoulePerKg = (2.99792458 « 10°8) ~2;
geVPerJoule = 6.24150913 » 10" 9;

geVPerSunmass = kgPerSunmass * JoulePerKg » geVPerJoule;
r

»\[r.Z_RZ ;

losProjection[r_, R_] :=

B-x

generalDensityFunction[r_, re_, p®_, a_, B_, ¥_] := p© (i) - (1 + (i)“)‘?}
rhoDM[r_, r@_, p@_] = generalDensityFunction[r, roe, o@, aDM, BDM, yDM] ;

RMin = 107%;

RMax = 6;

réMin = 5. % 1073;

réeMax = 20.;

rStarMin = 1073;
rStarMax = 2.;
pOMin = 10°;
pOMax = 10°;

SetDirectory[NotebookDirectory[]];
imported700 = << "oTableNFW_700";
o2fun[Rx_, rStarDividedro_] =
Interpolation[imported700, InterpolationOrder - 3] [Rx, rStarDividedro];
rStar

R
olLosSquaredFullIP[R_, r@_, rStar_, p@_] = 2G * p@ * r@? g2fun [ —e, o
r r

logspace[increments_, start_?Positive, end_?Positive] :=

Exp@Range [Log@start, Logeend, Log[end /start] /increments];

(xLooping over all Galaxiesx)

Printed by Wolfram Mathematica Student Edition
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For[i =1, i < Length[galaxyArray], i++,

ClearAll[galaxy, distance, tableGalaxie, oLosSquaredRList,
rorStarp@OMinimizeFunction, ro@rStarpOMinimizeFunctionConst,
minimizerStar, tablep@re@WithTime, time, tablepOre, tablel];

galaxy = galaxyArray[[i]];

SetDirectory[NotebookDirectory[]];
SetDirectory["allVelocites"];
tableGalaxy = Import[ToString@StringForm["velocities_" " .dat", galaxy], "Table"];

vLosR = Abs [tableGalaxy[ [All, 2]]1];
vLosRMean = Mean[vLosR];

oLosSquaredRList[r@_, rStar_, p0_] =
tableGalaxy[ [All, 3]]2 + oLosSquaredFullIP[tableGalaxy[[All, 1]], ro, rStar, p@];

rorStarp@MinimizeFunction[r@_, rStar_, p0_] = Total[
(vLosR - vLosRMean) 2
oLosSquaredRList[r0, rStar, p0]

+Log[2. pi» olLosSquaredRList[r@, rStar, o@]]];

rorStarp@MinimizeFunctionConst [r@_?NumericQ, rStar_?NumericQ, p@_?NumericQ] =
Piecewise|{
{10.%°-, rstar < rStarMin}, galaxy = "scl";
{rorStarp@OMinimizeFunction[re, rStar, p@], rStar > rStarMin&&rStar < rStarMax},
{10.%°-, rstar > rstarMax}
E
minimizerStar [r@_?NumericQ, p@_?NumericQ] :=
FindMinimum[r@rStarp@MinimizeFunctionConst[r@, rStar, p0],
{rStar, 0.1, 0.1 +0.01}, Method -» "PrincipalAxis", WorkingPrecision - 10];

7
7

rePoints
pOPoints

e o

reRange = NeRange [r@Min, reMax, (reMax - réMin) /r‘OPoints];
pORange = N@logspace [pOPoints, p@Min, pOMax] ;

réporStarL = Table[{{ro, o0, rStar /. minimizerStar([ro, p0][[2]]},
minimizerStar[re, p@][[1]]}, {r0, roRange}, {09, pORange}];

refinedr@pOrsStarL = Select|[
Flatten[reporstarL, 1],
rStarMin +0.001 < #[[1]][[3]] < rStarMax - 0.001 &
15

SetDirectory[NotebookDirectory[]]
Put [refinedreporstarL, ToString[galaxy] <> "_reporStarL"]

Printed by Wolfram Mathematica Student Edition



A. Mathematica code

A.3 Calculate J-factors

Old |

ClearAll["Global %"]

Profile constants

aDM = 1;
DM = 3;
)’DM:].;

Units constants & constants

(» kpc, distance to galaxy =)
cmPerKpc = 3.08567758 x 101 21.;
kgPerSunmass = 1.989 x 10~ 30.;
JoulePerKg = (2.99792458 » 108) ~2.;
geVPerJoule = 6.24150913 x 10°9.;
geVPerSunmass = kgPerSunmass * JoulePerKg * geVPerJoule;

pi = 3.14159265;
particelMass = 600;
G = 4.2994 % 10°5;

Calculating ] for a galaxy

Defining galaxy

galaxyArray = {"booI", "booII", "com", "cvnI", "cvnII", "dra", "her", "leoIV", "leoT",
"Segl", “umaI", “umaII", "umi", “will", “Car'“, "'Fol"", "leoI", "SC].", usexu, “Sgr“};

(x"car","for","leoI","scl","sex","sgr", samtliga av dessa kan

komma att inte fungera och ligger darfor sistx)
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Defining |

-y ay A
generalDensityFunction[r_, ro0_, p®_, a_, B_, ¥_] := p© (Le) (1. + (Le) ) s
r r

rhoDM[r_, r@_, p@_] = generalDensityFunction[r, r@, o0, aDM, BDM, yDM];

0.5

6Max = pi;

m Get and interpolate p[vrel,x] and S[vrel]

For[i=1, i < Length[galaxyArray], i++,
ClearALL [galaxy, distance, radiusFunction, repe@rsStarL, repe, Jold, Jold];
galaxy = galaxyArray[[i]];

SetDirectory[NotebookDirectory[]];
SetDirectory["Params"];

distance = Import[ToString@StringForm["params_" " .dat", galaxy], "Table"]1[[2]]1[[1]];

radiusFunction[s_, x_] = Y/ distance”2. +s~2. - 2. sdistancex ;

Jold[re_, p@_] :=Logle|
geVPerSunmass”~2. x cmPerKpc”-5. *
2.pix

NIntegrate|
rhoDM[radiusFunction[s, x], ro, p0]2,

{s, 0, ©»}, {x, Cos[6Max], 1}

]
|

SetDirectory[NotebookDirectory[]];

SetDirectory["Minimasation"];

roporstarL = Get [ToString@galaxy <> "_rep@rStarL"];

rep® = Transpose [ {r@p@rStarL[[All, 1]] [[All, 1]], rep@rStarL[[All, 1]] [[All, 2]]1}1;

Jold = Parallelize[JOld eee rop0] ;

SetDirectory[NotebookDirectory[]];
Put[Jold, ToStringe@galaxy <> "_Jold"]
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A. Mathematica code

A.4 Dark matter velocity distribution in dSphs

Eddington Inversion

ClearAll["Global x"]

pi = 3.141593;
aDM = 1.}
BDM = 3.;
¥DM = 1.;

-Y

r\-¥ ro\a\ -4
generalDensityFunction[r_, r@_, p@_, a_, B_, ¥_] := p@ (—0) (1+ (—e) ) ¢
r r

rhoDM[x_] = generalDensityFunction[x, 1., 1., aDM, DM, yDM] ;
(*pO*)

psi[x_] = 4. » pi» FullSimplify|
1, Integrate[s® « rhoDM[s], {s, @., x}] + Integrate[s »rhoDM[s], {s, X, ®}]
X

» X20];
epsilonMax = Limit[psi[x], x » 0];
(*G p@ ro?x)

Sqrt[8 » Limit[psi[x], x » 0]]
10.0265

rhoDMD [x] = FullSimplify[
D[rhoDM[x], Xx]
15
1

(*Lp0x)

rhoDMD2 [x] = FullSimplify[
D[rhoDM[x], {x, 2}]
15
1

(% 2-p0x)

psiD[x] = FullSimplify[
D[psi[x], x]
15

(*G PO rox)

psiD2[x] = FullSimplify[
D[psi[x1, {x, 2}]
15

(*G pO=*)

integrandEpsilonDistributionFunction[e_?NumericQ, x_?NumericQ] =
rhoDMD [x] * psiD2[x] * psiD[x] 2 - rhoDMD2[x] * psiD[x]*
Sqrt[e - psi[x]] ’

PR S Y R —
(6 o0 ro)? re? Goore n
*)

\/G 00 re?
(x————+)

reG\/ G po re?

LpO*G PO*
1 re

(x"
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Clear[epsilonDistributionFunction]

epsilonDistributionFunction[e_?NumericQ] :=
ReleaseHold
ReplaceAll[
Evaluate[
Flatten@NSolve [psi[xmin] == € & & xmin > @, xmin]

1
1]
Hold

———— » NIntegrate[integrandEpsilonDistributionFunction[e, x], {X, xmin, o},
/8. pi?
Method -» {"GlobalAdaptive", "SymbolicProcessing" - 0, "SingularityDepth" -
10000, MinRecursion » 10000, MaxRecursion -» 100000}, AccuracyGoal - 5]

]
]

1 "

(*" ————*r0"x)
ro36\/ G po re?
(x—2——+)

rOZG\/ Gpore?

epsilonDistributionFunctionTablel = Table[{e'®, epsilonDistributionFunction[e'®"]},

1.1./10. _ (10'—6.)1-/19-
100.

{e, (10.76) /%0, 1 2020 }] 7/ Timing
epsilonDistributionFunctionTable2 = Table[{e, epsilonDistributionFunction[e]},
{es 1., 10., 10. /100.}]

epsilonDistributionFunctionTable3 = Table[{e, epsilonDistributionFunction[e]},
(epsilonMax - 10.72-) - 10. 1
100.

{e, 10., epsilonMax -1. /2.,

epsilonDistributionFunctionTable4 = Table[{e, epsilonDistributionFunction[e]},
{e, epsilonMax -1. /2., epsilonMax - 10.77,
(epsilonMax - 10.77") - (epsilonMax - 1. /2.)
7000.

H

epsilonDistributionFunctionTable =
Join[epsilonDistributionFunctionTablel, epsilonDistributionFunctionTable2,
epsilonDistributionFunctionTable3, epsilonDistributionFunctionTable4];

SetDirectory[NotebookDirectory[]];
epsilonDistributionFunctionTable >> "f (e¢) Table";

SetDirectory[NotebookDirectory[]];
epsilonDistributionFunctionTable = DeleteDuplicates [Get["fofepsilon"]];

epsilonDistributionFunctionIP = Interpolation[Re[epsilonDistributionFunctionTable]]

(xcontrol f(e) )
Plot[Log[epsilonDistributionFunctionIP[e]], {€, @, epsilonMax}]
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RelativVelocety Distribution

m Limits

(*[v] =1/ GpOre? )

(*[psi[x]]=1/GoOre? )

upperLimitVelocityIntegrall[vRel , x_] := V2. psi[x] - VZEI;

lowerLimitVelocityIntegrall = @.;
upperLimitZIntegrall = 1.;
lowerLimitZIntegrall = 0.;

L . \/8. psi[x] - vRel?:
upperLimitVelocityIntegral2[vRel_, x_] := 5 ;
lowerLimitVelocityIntegral2[vRel_, x_] := upperLimitVelocityIntegrall[vRel, x];

. psi - vRel?: - 4. M2
upperLimitZIntegral2[vRel_, vCM_?NumericQ, x_] = 8. psi[x] - vRe * vC 3
4, % vCM % VRel

lowerLimitZIntegral2 = 0.;

relativeVelocityeNegative [VRel_?NumericQ, x_?NumericQ, vCM_?NumericQ, z_?NumericQ]
. vCM2-  vRel?: VvCMx VRel % z
psi[x] - - - H
2. 8. 2.
relativeVelocityePositive[vRel_?NumericQ, x_?NumericQ, vCM_?NumericQ, z_?NumericQ]

. vCM?:  vRel?: VvCMx vRel x z
psi[x] - - + 3
2 8. 2.
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Clear[relativeVelocityDistribution]
vRel?- (

relativeVelocityDistribution[vRel_ ?NumericQ, x_?NumericQ] := 16. pi% + ———
rhoDM[x]?:

NIntegrate|
VCM?* % epsilonDistributionFunctionIP[
relativeVelocityeNegative [VRel, x, VCM, z]
] *
epsilonDistributionFunctionIP[
relativeVelocityePositive[VvRel, x, VCM, z]
1,
{vCM, lowerLimitVelocityIntegrall, upperLimitVelocityIntegrall[vRel, x]},
{z, lowerLimitZIntegrall, upperLimitZIntegrall},

Method -»
{"GlobalAdaptive", "SingularityDepth" - 1000000, "SymbolicProcessing" - 0},

MinRecursion - 10, MaxRecursion - 20, AccuracyGoal -» 5

]

NIntegrate |
vCM?: x epsilonDistributionFunctionIP[
relativeVelocityeNegative [VvRel, x, VCM, z]
] *
epsilonDistributionFunctionIP[
relativeVelocityePositive[VRel, x, VCM, z]
1
{vCM, lowerLimitVelocityIntegral2[vRel, x],
upperLimitVelocityIntegral2[vRel, x]},
{z, lowerLimitZIntegral2, upperLimitZIntegral2[vRel, vCM, x]},

Method -»
{"GlobalAdaptive", "SingularityDepth" -» 1000000, "SymbolicProcessing" - 0},

MinRecursion - 10, MaxRecursion - 20, AccuracyGoal - 5

]
)

2 "vCM"(‘\/GpOr‘Oz ]1*; "vRel" [\j Gpore? ]2
(*"F[e]"( 2 ) * L "Intgral"”+/Go@re? "?x)
ro2G+/ Goore? oDM"00?

(» S00reteGoore?_ \fopore s

G2ro*pe?n GpOre?n

Ca——1))

+/ Gpere?

Clear[relativeVelocityDistributionPadded]
relativeVelocityDistributionPadded [vRel _?NumericQ, x_?NumericQ] :=
Piecewise[{{relativeVelocityDistribution[vRel, x], vRel < V8. *psi[x] },

{0, vRel > V8.  psi[x] }}]
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logspace[a_, b_, n_] := 10.8"Range[Logl@[a], Logl@[b], (Logl@[b] - Logi@[a]) / (n-1)];
VRelRange = logspace[107°, V/8. « epsilonMax , 50];

xRange = logspace[0.0001, 10, 507 ;

relativeVelocityDistributionPaddedTable =
Table[ { {vRel, x}, relativeVelocityDistributionPadded[VvRel, x]},
{vRel, vRelRange}, {X, xRange}];

SetDirectory[NotebookDirectory[]]
relativeVelocityDistributionPaddedTablel >> "PvrelNFW_50"

/chalmers/users/michog/Desktop/kandidat

SetDirectory[NotebookDirectory[]]
relativeVelocityDistributionPaddedTable = << "PvrelNFW_50";

/chalmers/users/michog/Desktop/kandidat

p[vRel_, x_] = Interpolation[Flatten[relativeVelocityDistributionPaddedTable, 1],
InterpolationOrder - 0] [VRel, x]
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A. Mathematica code

A.5 Sommerfeld enhancement

Computation of Sommerfeld

Enhancement

Declare Variables

ClearAll["Global x"]

xmin = 10719;

mPhi = 1; (%GeV/c 2x)

alpha = 1/ 100;

blv_, M_] :=mPhi/ (v % M);

a[v_] :=alpha/v/2;

stopEvaluate = 50;

logspace[increments_, start_?Positive, end_?Positive] :=
Exp@Range[Log@start, Logeend, Log[end /start] /increments];

Solve S.E. and compute quantities

ClearAll[v, M, sol];
sol = ParametricNDSolve[

{y''[x1+2/x%y"[x]+ (1+2%a[v] /x*Exp[-b[v, M] xX]) *y[x] == 0,

y[xmin] = 1, y'[xmin] = -a[v]},
Y,
{x, xmin, stopEvaluate}, {v, M}, MaxSteps -» Infinity

]

é[Vv_, M_, x_] =x=*y[v, M] [x] /. sol;
cSquaredNoLimit[v_, M_, x_] = ¢[v, M, x]2 +¢[v, M, X - 3]2;
CSquared[v_, M_] = CSquaredNoLimit [v, M, stopEvaluate];

1

Sommerfeld[v_, M_] = —;
CSquared[v, M]

m Plot y, ¢ and C?

XIV

Plot[y[107*, 700] [X] /. sol, {x, @, stopEvaluate}, AxesLabel - Automatic|
Plot[¢[107*, 700, x|, {X, @, stopEvaluate}, AxesLabel - Automatic]

Plot[\/CSquar‘edNoLimit[le“‘, 700, x| ,
{x, /2, 50}, AxesLabel - Automatic, AxesOrigin - {0, 0} ]

CSquaredNoLimit [107*, 650, 50] /CSquaredNoLimit[lO“‘, 650, 6|
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m Plot Sommerfeld for different masses

LogLogPlot |

Evaluate[

Table[

Sommerfeld[v, i],
{i, {600, 650, 700, 750, 800} }
1
1 -5
1, {v, 5 1% .1},

PlotLegends - LineLegend[{see, 650, 700, 750, 800}, LegendFunction -
(Framed[#1, FrameMargins -> @] &), LegendLabel » "DM Mass (GeV/c?)"],

AxesLabel -» {"Velocity (c)", "Sommerfeld"}, ImageSize - 500,

Frame - True, FrameStyle - Directive[Black, 16],

FrameLabel - {Style["Relative velocity [c]", 16], Style["S(Vv)", 16]},

RotatelLabel - False

m Plot Sommerfeld for different velocities

LogPlot|

Evaluate|

Table[

Sommerfeld[10%, m],

]{i: -5, -2, 1}
], {m, 560, %00},
PlotLegends - LineLegend[{186° c, 10™*c, 107> c, 187 c}, LegendFunction -

(Framed[#1, FrameMargins -> @] &), LegendLabel - "Relative Velocity"],

AxesLabel -» {"Velocity (c)", "Sommerfeld"}, AxesOrigin -» {500, -10},
ImageSize -» 500, Frame -» True, FrameStyle - Directive[Black, 16],
FrameLabel - {Style["Particle Mass [GeV/c?]", 16], Style["S(v)", 16]},
RotatelLabel - False

]

Check location of the resonance peak in DM Mass.

FindMaximum[Sommerfeld[10->, m], {m, 760, 710} ]

Refine data and construct table

VRange = logspace[1000, 1675, 0.1];
M= 750;
SommerfeldTable =

Table[{v, Sommerfeld[v, M]}, {v, VRange}] // Timing;
SetDirectory[NotebookDirectory[]];
SommerfeldTable[[2]] >> "sommerfeldTablel®_3_750";

SommerfeldTable[[1]]
3.23438
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SetDirectory[NotebookDirectory[]];
SommerfeldValues = << "sommerfeldTablel@_3_750";

VRange = logspace[1000, 1672, 0.1];

SommerfeldMass = Interpolation[SommerfeldValues];
TSommerfeldValues = Transpose [SommerfeldValues];

Plot[Logle@SommerfeldMass[10'], {v, -8, -1}]
vPad = logspace[10, 10, 0.9 x 10°°] ;

TSommerfeldValuesDropped =
Map [

Drop[
#,
Position[#, Max[#[[All, 21111 [[1]11[[1]]
18&,

TSommerfeldValues,

1

15

TSommerfeldValuesPadded =
Map [
PadLeft[
H,
{1010},
Table[
{
{Flatten[{vPad, vRange}][[i]l], #[[1, 1, 2]]},
#[[1, 2]]
1,
{i, 1, Length[Flattene {vPad, vRange}]}
1
18&,
TSommerfeldValuesDropped,
1
1;
(*Generate the sommerfeld tabel giving the interpolated functionx)
TSommerfeldValuesPadded >> "SommerfeldTableComplete_750"

SommerfeldFunction = Interpolation[SommerfeldValues, InterpolationOrder - 1]

Plot[Logle@SommerfeldFunction[10'], {v, -8, -1}]
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A. Mathematica code

A.6 Calculated J, interpolated function

(*Galaxy constantsx)

aDM = 1;
BDM = 3;
¥DM = 1;

(*Units constantsx)

cmPerKpc = 3.08567758 x» 101 21.;

kgPerSunmass = 1.989 » 10°30.;

JoulePerkg = (2.99792458 » 108) ~2.;

geVPerJoule = 6.24150913 » 10°9.;

geVPerSunmass = kgPerSunmass » JoulePerKg » geVPerJoule;

pi = 3.14159265;
particelMass = 600;
G = 4.2994 x10°5;

Off [ slwcon];
off[ ncvb];
For-[i =1, i < Length[galaxyArray], i++,
ClearAll[distance, radiusFunction, rep0, galaxy, radiusFunction, IJNew, Jnew];
galaxy = galaxyArrayl[[i]];
SetDirectory[NotebookDirectory[]];
SetDirectory["data"];
SetDirectory["params"];
distance =
Import[ToString@StringForm["params_" " .dat", galaxy], "Table"][[2]]1[[1]];

radiusFunction[s_, cose_] = +/distance~2. +s~2. - 2. s distance cose ;

INew[re_, p@_] := Logle|
geVPerSunmass”~2. » cmPerKpc”-5.
*2.pix
1.
—_— %
vo[ro, p0]
NIntegrate|
rhoDM[radiusFunction[s, x], r@, p@]2
gamma[ve[r@, p@], radiusFunction[s, x] /re],
{s, 0., ©»}, {x, Cos[6Max], 1.},
Method -» {"GlobalAdaptive", "SymbolicProcessing" - 0,

"SingularityDepth" - 10000000, "MaxErrorIncreases" - 3000}, MaxRecursion - 20

]
|5
SetDirectory[NotebookDirectory[]];
SetDirectory["Completed"];
SetDirectory["Data"];
SetDirectory["Minimasation"];

rép@ = Map [Drop[#, -1] &, Get[ToString[galaxy] <>"_re@p@rStarL"] [[All, 1]]];

Jnew = Apply[JINew, rop0, {1}];
Put[Jnew, ToString[galaxy] <>"_J_new"];

5
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