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1 Introduction

Since the dawn of man we have wondered what our universe looks like. From the grand struc-
tures of the cosmos to the most fundamental building blocks which make up our world. As our
understanding of the universe gets better we realize there are some missing links. In the twentieth
century it became clear that the galactic rotation curves did not match the expected values at the
outer edges of the galaxy [1]. This was an indication of new physics and as the years progressed
it indeed was. Since, as of this moment there is no consensus within the physics community as to
why the galaxies rotate as they do.

One solution to this problem is to introduce extra mass distributed across the galaxy, which would
explain the observed motion. This mass can be modelled as dark matter (DM), a massive particle
which only interacts through gravity and the weak force, thus making it very hard to observe di-
rectly. The reason that this particle cannot interact through electromagnetism or the strong nuclear
force is due to the fact that as of yet we have not seen it in accelerator experiments. If the particle
has an electromagnetic interaction it would couple directly to photons and it would then be possible
to observe a signal with one of the many telescopes used for astronomy. The reason that DM cannot
have a strong nuclear interaction is because, if it would, some nuclei would have a higher mass than
expected on the basis of its protons and neutrons because a DM particle would be captured in its
nucleus. Both of these phenomena have not been seen and so it gives constraints on the properties
of a DM particle. The standard model has no particles which can satisfy these imposed constraints
so a new particle is needed, which is usually called a weakly interacting massive particle or WIMP
for short.

There are some astrophysical observations that can determine the amount of dark matter in the
universe. The before mentioned galactic rotation curves can be used to determine the DM distri-
bution around said galaxy [2]. Another way is to measure gravitational lensing [3]. From general
relativity we know that matter bends spacetime and so light passing through warped spacetime will
seem to be bent to an observer assuming flat spacetime. Measuring the total deflection of the light
can be used to determine the required mass to do so. With this data it can be determined that
dark matter constitutes roughly eighty percent of the matter in our universe and twenty percent of
the total mass density if we include dark energy [4].

At the moment there are numerous experiments trying to find conclusive evidence for dark matter
but as of yet no definitive signal has been found. These experiments can be divided in three main
categories of dark-matter produced signals: production, scattering and annihilation. With produc-
tion the goal is to produce a DM particle. The production of a DM particle is often associated with
standard model particles, most of which can be detected by a particle detector, and some energy
which would appear to be missing. This energy is carried by neutrinos, dark matter particles or
both, since these particles have a low chance of interaction with the detector they will not be de-
tected and so their energy will appear to be missing when adding the energies of all the detected
particles. These kind of searches are for example being performed at the LHC [5]. Scattering
experiments try to detect DM when such a particle collides with ordinary matter. One of these
experiments is LUX which uses liquid Xenon as a scattering target. When a DM particle collides
with a xenon atom it gives off a light signal that can be detected [6]. The most relevant signal in our
case however is that of annihilating dark matter. With this method one looks at the products of a
DM particle colliding with another DM particle. This yields a distinct model dependent spectrum
of various particles such as gamma rays, positrons and electrons, and antiprotons and protons.
From their point of creation the charged particles will propagate through the galaxy as cosmic rays



(CR), to be detected at earth. There are however multiple sources of and uncertainties on the
propagation of cosmic rays [7]. In combination with the simplifications of the chosen propagation
model this makes finding a definitive signal difficult.

In this work the focus will be on the propagation of antiprotons and protons, as well as their respec-
tive ratio. As stated above both of these particles are produced when there is DM annihilation and
for a given model the exact spectrum can be determined. With this information a possible dark
matter signal could be detected with the antiproton over proton ratio. The reason this ratio is used
instead of the other main candidate, which is the positron-electron ratio, is because there is less
uncertainty on the production of antiprotons when compared to the production of positrons [10].
This is due to the available production channels, which are mainly nuclear collisions for antiprotons,
while positrons can be produced by a variety of processes. This difference has to do with the fact

that antiprotons are composite particles (zad) while positrons are elementary.

2 Theory

2.1 Dark Matter

In this work a supersymmetric model is used, more precisely the Minimal Supersymmetric Standard
Model or MSSM for short. This entails that each particle in the standard model has a supersym-
metric partner that has a larger mass and differs by spin 1/2, i.e. fermions are paired with bosons
and vice versa [11]. One prediction is that all supersymmetric partners are unstable and will decay
in known standard model particles except for one, the so-called neutralino. Since this particle is
stable, massive and weakly interacting it fulfills the requirements of a WIMP and therefore dark
matter.
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Figure 1: The absolute counts for both the antiproton and proton spectra with different simulation
techniques for 10000 events. Source: J. Wiirzinger, A Dark Matter Simulation of the Galactic
Centre Photon Excess in the pMSSM and an Estimation of the Uncertainties, BSc. thesis (Radboud
university, 2016)

In this work a specific MSSM model is used that emerged from studies into gamma ray signals from



DM annihilation [8], [9]. The model uses the xx — W W~ annihilation path where y represents
the neutralino and W+ and W~ are the W gauge bosons. Some of the interaction channels for
the W+ and W~ bosons result in the production of protons and antiprotons. Depending on the
model utilised, a certain percentage of dark matter annihilations will result in the production of
protons and antiprotons. Because the neutralino is a majorana particle (its own antiparticle) [12]
a matter-antimatter production symmetry is expected. A quick glance at the annihilation channel
will confirm this since the W+ and W™ are each others antiparticle. With the use of monte carlo
techniques the antiproton and proton spectra can be calculated. This has been done in a previous
work [13] with three different programs, Herwig++ 2.7.1, pythia 6 and pythia 8. For our purposes
we will use the data as made by pythia 8. From figure 1 we can see that the antiproton and proton
production are roughly the same, which is to be expected due to the above mentioned symmetry
considerations. It is worth noting that, although both Pythia 6 and 8 produce roughly the same
spectrum, the one made by Herwig differs somewhat due to up to now unknown reasons. However,
due to time constraints it is not possible to use all spectra, so only one was used, namely the
spectrum produced by pythia 8.

2.2 AMS-02

The alpha magnetic spectrometer, or AMS-02 for short, is a charged particle detector in space,
more specifically on the ISS. Being the most advanced charged cosmic ray detector to date the
AMS-02 has produced the most precise CR measurements ever [14]. Having the ability to detect
and identify multiple species of charged cosmic rays the AMS-02 yields new information on the
propagation, composition and spectrum of cosmic rays.
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Figure 2: An example of an electron passing through the detector. Source: https://inspirehep.
net/record/1327686/files/fig01_detector.png



The detector consists of multiple parts all working together measuring roughly 1000 events per
second producing 1 Gbit/s of raw data. It composes of a transition radiation detector (TRD),
four time of flight counters (TOF), a permanent neodymium alloy (NdyFe;4B) magnet, nine sili-
con tracker planes (Tracker), multiple anticoincidence counters (ACC), a ring imaging Cherenkov
detector (RICH) and an electromagnetic calorimeter (ECAL) [15]. After passing through the first
silicone tracker the particles travel through the transition radiation detector to differentiate between
e® and (anti)protons and identify heavier nuclei. After that the particles encounter the first time
of flight counter giving the first data point for the velocity measurement and verification that the
particle is moving downwards through the detector. This makes sure that only the particles that
pass through all the different parts in the correct order are used, so an accurate measurement can
be made. Next the particle encounters seven of the nine silicon trackers inside a magnetic field. The
magnetic field gives a curved orbit to a charged particle, which can be tracked by the silicon planes
providing information on the charge over mass ratio of the subject. On the sides of this tracker are
anticoincidence counters. Since cosmic rays can come from all sides this instrument makes sure that
no particles enter the detector through the side. After passing through the second time of flight
counter the next encounter is the ring imaging Cherenkov detector, which independently measures
the charge and velocity of the particle. Finally it passes through the electromagnetic calorimeter
which measures the particle species and its shower energy and momentum.

The capabilities of AMS-02 go to the TeV scale, which in combination with its three independent
classifications (TRD, RICH and ECAL) provide a detailed description of the cosmic ray spectrum
[16]. Since these spectra had significantly larger uncertainties before AMS-02, either new physics
can be discovered or more stringent constraints can be put on existing models.

2.3 CR propagation
2.3.1 The propagation equation

The journey of a particle through the Milky way is a true odyssey, a voyage fraught with diversions
and reroutes. From its source to its destination, in our case the AMS-02 detector, the particle’s
path is determined by all sorts of influences. From local or galactic magnetic fields to interstellar gas
[17]. The composition of cosmic rays is roughly 90% protons, 9% alpha particles and 1% consisting
of other species like heavier nuclei, positrons and antiprotons [18]. Most cosmic rays come from
stars at the end of their life cycle with the majority of cosmic rays coming from supernovae and
pulsars [19]. After being injected into the interstellar medium the particles undergo all kinds of
processes like diffusion, convection, collisions with interstellar gas etc. Since the Milky way is very
complex and the uncertainties on variables like magnetic fields and interstellar gas are quite large,
all models have to take this into account. The propagation of a particle through the galaxy can be
modelled with the appropriately named propagation equation.

The propagation equation can take various shapes but the one used in this work is the following:
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This equation is written in cylindrical coordinates to make solving the equation as simple as possi-
ble, since the Milky way is assumed to be cylindricly symmetric. The left hand side of equation (1)



describes the time evolution of a certain CR species indicated by the density per total momentum of
the CR species i: Ni(r7 z,p), with r the radial coordinate, z the height coordinate, both with respect
to the Galactic centre, and p the momentum. The first term on the right hand side (Q(r, z,p)) is
the source term, which can be split into two separate terms, one describing the ordinary injection,
i.e. supernovae, pulsars, etc and one for dark matter. The ordinary injection term is too complex
and the uncertainties are quite large so it is usually modelled as a broken power law, with its exact
form depending on the propagation code utilized. The relevant information on this injection term
is described in section 3.2.

The dark matter term for annihilating dark matter however is relatively simple. The chance per
second for one dark matter particle to collide with another is P = (ov)n, the dark matter num-
ber density n times the averaged annihilation cross section weighted by the absolute value of the
relative velocity of the annihilating DM particles (ov). There are however multiple particles so
the total number of collisions per unit volume per second becomes I' = 13~ (ov)n. Here Y., is
the summation over the DM particles per unit volume and the factor % is required to not count
collisions twice, since particle N colliding with particle M is the same as particle M colliding with
particle N. To get the total amount of antiprotons this expression has to be multiplied with the
spectrum N o per DM annihilation and the dark matter number density can be written as n’: (r)

with p(r) being the dark matter mass density profile and mpys the dark matter mass. All of this
combined becomes:
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The second part of the equation V- (D) V —v.) N represents the diffusion and convection. Diffusion
is modelled with a diffusion coefficient that can take different forms for different assumptions. In

5
this work it has been chosen as D = DyS"¢(r, z) (R%) . There are multiple important factors in
this expression and since diffusion is an important factor in propagation they will be explained in
detail. Dy is a scalar that determines the strength of the diffusion and "7 = (%’)77 is a low energy
correction factor, with v; the speed of the particle being propagated. On first glance it would make
sense that 7 = 1, however because this is a simplified model that does not encapsulate all processes it
has been found that this factor can be tuned to model low energy processes like small perturbations
in the galactic magnetic field [20]. From a physics point of view the next term is most interesting
because this gives a spatial dependence to the diffusion coefficient, something usually modelled as
spatially constant in most propagation codes. It has the following form: ¢(r, z) = G(r)exp(lz—ztl). As
can be seen there are two coordinates since cylindrical symmetry is assumed. The radial part is
still in a general form and in this work it is set at G(r) = 1. The height dependence is modelled
as a simple symmetric exponential function normalized with the Z; parameter to scale inversely
proportional with the magnetic fields in the galaxy [20]. When looking at the Milky way it can be
seen why this has been done. The reason why the height is taken to be absolute can be deduced
from galactic symmetry, i.e. the top and bottom side are at least on a galactic scale the same and
the Z, factor determines the scale on which this expression increases. Lastly the rigidity dependence

Ze
or the momentum divided by charge, it influences the energy dependent spectrum. It also has a
relatively simple form as a power law with exponent § and normalized at Rj.
Since the first term is for diffusion it follows that the second (V - v.N*) term represents convection

0
(1%) , which has the largest impact on the propagation. With rigidity being defined as R = £5



by galactic winds with velocity v.. The v. term can be chosen so that it either has no spatial
dependence or that it increases linearly as function of the height z. In this work it has been set to
be constant.

Throughout its journey particles will gain and lose momentum by different processes, this can
be seen in the third major term namely 6% [pN =BV v N l]. This term again has two distinct
features with the first being the momentum loss or gain rate as p = %. The gains or losses occur
while propagating, so therefore it is represented by the time derivative of momentum. The second
term indicates adiabatic energy losses.

The a%p2Dppa%% part of the equation signifies reacceleration. This is done by transforming N*

in momentum space with a spectrum and strength as defined by [21]
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Here 6 is the exponent that appears in the rigidity dependence of the spatial diffusion coefficient,
v4 is the Alfven wave velocity, p the momentum and D, is the spatial diffusion coefficient. The
Alven wave velocity sets the speed of waves in a plasma on which particles can scatter.

The final part of the equation is N'/7;,., which indicate losses by fragmentation and radioactive
decay respectively, with 77, being the mean fragmentation or decay time.

2.3.2 Magnetic fields

One of the most important aspects for charged cosmic ray propagation is the Galactic magnetic
field. If the Milky way would have no magnetic fields charged cosmic rays could propagate in a fairly
straight line from creation at distance r to detection by a detector with surface area A. In that case
the chance of detection would be ﬁ. Using this ratio would result in a flux that is several orders
of magnitude too low. However when magnetic fields are introduced the situation changes. Because
charged particles follow magnetic field lines the particles are guided towards the solar system. This
effect is amplified due to the fact that the solar system is located in one of the Milky way’s spiral
arms that has a relatively large magnetic field when compared to its surroundings [22].
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Figure 3: The disk field (left) with the axisymmetric (left) and bisymmetric (right) models. The

halo fields (right) with symmetric (left) and anti-symmetric (right) configurations. Source: [24] and
[25] for the disk fields and [23] for the halo fields
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The average field strength in the interstellar medium ranges from roughly 0.1nT to 1nT. For
comparison the average magnetic field of the earth is 30uT". The shape of the total magnetic field is
still under discussion but there are useful details. The total magnetic field is usually divided in two
parts, the field in the galactic disk and the field in the halo. Inside the disk the field is assumed to



have a form of rotational symmetry due to the shape of the Milky way. The two simplest models are
an axisymmetric field where the field lines point outwards from the centre and curves anticlockwise
and a bisymmetric field where the shape is like a heavily meandering river. Both models roughly
follow the spiral arms and guide particles to or from the galactic centre.

The halo field also has multiple models where again the simplest two are the symmetric and anti-
symmetric configurations. The symmetric situation has currents running parallel with respect to
each other, this results in a shape where the field lines do not run through the galactic disk. The
anti-symmetric case has currents running antiparallel, these field lines do run through the disk and
form one large dynamo-like field, in contrast to the four separated fields in the symmetric case [23].
Since the velocity vector of a particle inside a magnetic field can always be decomposed into a part
that points parallel to the field lines and a part perpendicular to it, every situation can be reduced
to propagation following a magnetic field and circular motion with radius

ymey1 - (m; )2 sin(0)

qB

r= (4)
Plugging in the numbers it is found that the radius ranges from roughly 1 AU to 100 AU. This
distance is fairly small on galactic scales but it does make it possible to escape more local fields.
The synchrotron motion does decrease the energy of a particle via synchrotron radiation. This
effect however is fairly small due to the high energy at which is propagated and the low energy of
synchrotron radiation, namely radio waves.

There are also more turbulent magnetic fields, which are stronger and localized. They are mainly
generated by local events like supernovae or star clusters [26]. When they are encountered during
propagation the path can be vastly altered or the particle could be captured in the magnetic field.
These phenomena can also affect particles at the start of propagation. Since many cosmic rays
originate from events like supernovae these fields have an influence on the direction of propagation
of the ejected particles.

One downside of magnetic fields is that the origin of cosmic rays are impossible to trace due to
the constant deflection and uncertainties on the magnetic fields. This results in diffuse and point
sources looking identical and the source location being completely unknown. This leads to a loss of
information about the processes producing cosmic rays.

After the galactic journey the particles encounter the solar magnetic field. Through the so-called
solar modulation, it has an effect on the lower energy part of the spectrum, i.e. below 5 GeV. The
exact effect and strength of solar modulation varies from year to year depending on the current
solar activity. The best way of determining the effect of solar modulation is to compare the results
of different cosmic ray detection experiments from different times, since these record cosmic rays
influenced by different solar modulation strengths. Another way is to look at the spectrum from
Voyager-1 which is currently in the interstellar medium and therefore measures particles unencum-
bered by solar modulation [27], the downside being the age of Voyager 1 and with that the precision
of its measurements.

2.3.3 Interstellar gas

Another important factor of propagation is interstellar gas, which can exist in three different forms:
ionized, atomic or molecular. Tonized gas can be divided into two different categories, namely warm
ionized and hot ionized. This difference is due to the process of ionization. In warm ionized gas a
central star emits UV radiation which separates the electrons and its nucleus in the surrounding
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gas, these stars are generally very massive. The ionization process of hot ionized gas is driven by
the high temperatures of the gas itself. At the center of such clouds is usually a supernova or
other event providing the required energy for ionization temperatures [28]. These types of gas are
important in generating the large scale magnetic fields that dictate charged particle propagation
paths.

The other two types are atomic and molecular gas clouds. The atomic clouds are mainly made
up of hydrogen (~ 90%), helium (~ 9%) and a small fraction of heavier elements (~ 1%). These
clouds are typically of very low density, meaning collisions rarely occur. Often located between
stars the atoms receive but little energy and as a result reside mostly in their energetic ground
state. Molecular gas consists mainly of Hy and small traces of carbon based molecules like CH, CN
or CO, although more complicated molecules are possible following random collisions.

The densities of clouds can vary from 10~* to 10 atoms per cubic cm depending on which kind of
material it is comprised of and where it is situated. Typically molecular and warm ionized gasses
are the densest while atomic and hot ionized gasses are more sparse. The densest regions are located
around stars or star remnants. When looking at less localized regions the spiral arms generally have
the highest gas density [28].

There are several effects on propagation from the gas clouds. First of all these gasses form galactic
winds transporting material from one place in the galaxy to another. When looking at the general
composition of the interstellar material it can be seen that it is roughly the same as the composition
of cosmic rays and this is no coincidence when looking at the movement of the solar system and
the local interstellar medium. Because both are moving with respect to each other there will be
material passing into the heliosphere and some of it will be detected at earth.

Secondly there are particles being created by collisions between cosmic rays and particles in the
clouds. These collisions produce different kinds of nuclei like lithium, beryllium and boron and also
antiprotons.

E Big Large Super-

Bang stars novae

Cosmic Small Man- mMiﬁ

Il

TT rays stars made E!

.ﬂﬁﬂﬁLﬂHﬁ%ﬁﬁ X

R A L R R R R R E R e e
P e A

o e

Ac|TRlv2[ Y [Ne{F ANGIRKIGHRS ool

Figure 4: The main sources for all elements of the periodic table. Source:https:
//upload.wikimedia.org/wikipedia/commons/thumb/3/31/Nucleosynthesis_periodic_
table.svg/512px-Nucleosynthesis_periodic_table.svg.png

The production of boron yields important information since it is only produced during cosmic ray
propagation [29]. Carbon is mainly injected into the cosmic ray spectrum by exploding stars and
the spectrum does not change much during propagation. So when the ratio of boron and carbon
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is used this gives constraints on the parameters of propagation models of both the production and
propagation of other species of cosmic rays, since it can be assumed that the circumstances are the
same for all particles.

Antiprotons are also mainly created by nuclear collisions between cosmic rays or cosmic rays collid-
ing with nuclei inside gas clouds. The products of these collisions are called secondary antiprotons.
It is also possible for products of a previous collision to collide again and produce new antiprotons,
these are called tertiary antiprotons. Secondary and tertiary antiprotons are indistinguishable when
they are detected, they are however important for a model simulating propagation. The same rea-
soning applies for other particles like protons, so when protons are produced by collisions they are
called secondary protons. Theoretically a particle could be produced by the n*”* collision and would
carry its respective name. The contribution of these processes is negligible at different values of n
for different cosmic ray species. For example: tertiary antiprotons are still significant, while tertiary
protons can be neglected.

3 Research
3.1 The AMS-02 data

Since the start of the AMS-02 experiment in 2011 it has measured a variety of cosmic ray species.
In this work two spectra are used, namely the ratio of antiprotons over protons and the ratio of
boron over carbon. The precision of both of these ratios has vastly improved over previous data,
with the experiment before AMS-02 being PAMELA (Payload for Antimatter Matter Exploration
and Light-nuclei Astrophysics). The improvements are largely in the higher energy range above
roughly 10 GeV, as can be seen in figure 5.
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Figure 5: The AMS-02 ratio of antiprotons and protons in comparison to the PAMELA data
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The total error on all points has been decreased and the spectrum at higher energies has shifted to
the top of the PAMELA errorbars. Since PAMELA has larger errors and lies lower than AMS-02
from 10 GeV onwards, most models tuned with the PAMELA data were unable to explain the
high-energy end of the spectrum. When looking at the general shape it can be seen that from 1
GeV the ratio rises until about 10 GeV after which the ratio starts to straighten or drop slightly. It
should be noted that the plot is made with the x-axis plotted logarithmically and the y-axis linearly
for display purposes. At 15 GeV there is a small set of points fluctuating up and down, this is most
likely due to the relatively small amount of events and the systematic error on the measurement,
which is of the same size as the fluctuations. Naturally at higher energies the number of events
drops. To give an indication, at 2 GeV the antiproton flux is 1.40 x 1072 [m? sr s GeV]! while
at 30 GeV the total flux is 2.68 x 107* [m? sr s GeV]™!, both within a margin of error that is two
orders of magnitude smaller.

The other relevant ratio is that of boron over carbon. Below the older PAMELA data and the most
recent AMS-02 data can be seen.
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Figure 6: The PAMELA and AMS-02 boron-carbon ratio as a function of energy

The ratio has remained roughly the same although the AMS-02 ratio varies less when looking at the
points, giving rise to a smoother line. But more important is that the error on the data has been
reduced significantly allowing for stronger constraints. The AMS-02 data also indicates a small
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increase in the ratio from 100-500 Gev, the exact reason for which is unknown. The uncertainties
of the entire spectrum have been reduced providing strong constraints, except at energies around
1 GeV where a variety of shapes is allowed. The dropping of the ratio indicates either a higher
injection flux of carbon at increasing energy or a dropping of higher energy boron production during
propagation. The latter would imply that the production of cosmic rays during propagation declines
at higher energies. However, this interpretation has to be handled with caution because while it
is reasonable to assume that various variables are similar for all species, like magnetic fields, gas
clouds, etc, the production cross section is not. Therefore the boron-carbon ratio is a useful tool
for constraining cosmic ray propagation, but it has to be kept in mind that it does not include all
variables for all species so small variations are possible.

3.2 DRAGON

The propagation equation is solved using DRAGON (Diffusion Reacceleration and Advection of
Galactic cosmic rays: an Open New code) [30]. Consider the following one dimensional differential
equation.

ON 0’N

ot b Ox? (5)
One way to solve this numerically is to use a Cranck-Nicholson scheme, which is the way DRAGON
does it [31]. This method divides the time and spatial variables in discrete parts with width At
and Ax, respectively, and solves the equation with the following algorithm:

1+1
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Here N indicates the differentiated function, n the position in the time grid and i the position in the
spatial grid. This formula is only valid for the one dimensional case mentioned above, so the scheme
has to be updated in order to be able to compute the entire propagation equation. To realise this
the algorithm can be extended to accommodate the extra spatial and momentum dimensions. By
using operator splitting this can be written in a number of separate steps. Consider the differential
equation

ON

— = AN 7

Y (7)
where the operator A can be written as a sum of operators A;, so A = Zi‘=1 Ai. If for each \; a

differencing scheme U; can be calculated, then the time evolution from n to n+1 can be computed
as

Nn+1/l — Ul(Nn,At)
N2/ = Uy(N™, At)

Nt = U (N™, At)
So each time step of At has to undergo [ transformations to encompass all operators for every
timestep. The exact form of all U; is dependent on the operators and all terms can usually be

rewritten in a more compact form. This method has been proven to be numerically stable [32]
providing reliable solutions.
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DRAGON uses an xml-file as input, so all variables have to be edited here (see the appendix for
the complete file). The entire program is run in several different steps with the first being the
creation of the spatial grid and energy array. The Milky way is modelled as a cylinder where both
the radius and height are variables, so these have to be defined together with the number of grid
points in both the radial and axial direction. It is possible to propagate both in 2D and 3D, where
the difference is that the angular dimension is not used in 2D mode while it is in 3D. In this work
the 2D mode is used because of time restraints, bearing in mind that one run in 3D mode is roughly
a factor thirty longer when compared to a 2D run with otherwise similar input.

The energy array is filled using the following formula, E; = exp(In(Epmin) + ¢ In(Etactor)), with
E,in being the lowest energy, here set at E,;, = 0.1 GeV, and Efqcor = 1.2 being the step size
with which the array grows over one iteration. The process will be be continued up to a maximum
energy F,qz, which is in this work defined as FE,,., = 1000 GeV. All energies are kinetic and given
in GeV. The output file gives the propagated species as GeV /nuc, which only matters for helium
nuclei and heavier, since nuc=1 for electrons, positrons and (anti)protons.

The process for time iteration, which comes after the creation of the energy array, is a little differ-
ent. Starting from a large At (Atpq,) one works to a small one (Aty,,) by applying a rescaling
factor Atfqctor after a number of steps Nyepe. Using the DRAGON default values one starts at 64
Myr and after 30 steps the scale is resized by a factor of 0.25 which is repeated until one reaches
a value of 0.001 Myr. This means a total of 8 resizes are needed, which correspond to a total of
240 iterations. These timescales vary a lot to be able to reasonably calculate all physical processes
occurring in the galaxy while keeping the computing time low.

Next all the variables are read that are needed to calculate the propagation. Starting with variables
concerning supernova remnants, which gas model is used and what densities and compositions are
implemented. The next set has to do with the shape of the diffusion coefficient, reacceleration and
magnetic field strength and shape. The diffusion variables are the same as described in section
2.3.1. Here the radial part of the diffusion coefficient is set to be one due to the uncertainties on
this factor and the reliability of the output. The reacceleration is determined by two variables, the
Alfven wave velocity and which precise model is used. For the magnetic field the shape has to be
chosen and the strength for the halo, disk and turbulent fields has to be set.

The normalization and injection procedure of DRAGON will now be discussed. Starting with the
normalization a value has to be given for a specific energy for a few different species, electrons,
protons and optionally antiprotons. Because in this work the focus lies on antiprotons the normal-
ization of this species is used. Since there are many sources of cosmic rays it is impossible to model
this accurately, so a broken power law is used. The DRAGON default has three breaks, which is
also used in this work. The source term has the following general form.

R,

Where R is the rigidity, Qo is a normalization factor, gsn (r, z) provides a spatial dependence based
on supernovae observations, ®(R) is the injection spectrum, which in our case has three breaks,
and R, is the cut-off rigidity. The ®(R) function defines the rigidity shape before propagation and
is modelled as a broken power law with multiple breaks. The i’th break is given by R;_1, so the
first break is given by Ry, the second by R; etc. The breaks divide the rigidity spectrum in pieces,
with the exponents for rigidities lower than a break R; given by —a; and for rigidities higher than
R; by —a; 1. For rigidities below a break R; the function has the following form:

O(R) = fiR™™ (9)

Qi(r,z, R) = Qogsn(r, 2)®(R) exp (—R> (8)
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With f; being a smoothing function defined as follows:

fi— 1 i=0
O IGRITTY i £ 0

Lastly the variables for dark matter production have to be given. This starts with the way dark
matter produces particles, which is either decay or annihilation, followed by the spectrum of the
production and the dark matter profile. In this work annihilation is relevant with the spectrum
mentioned in section 2.1. The chosen dark matter profile is NFW with a local density of 0.41
GeV/em®. The species propagated are leptons and antiprotons. There are no protons propagated
because the command required is not known and it can be assumed that the propagation for an-
tiprotons and protons is the same when averaged over large numbers. The main difference between
antiprotons and protons regarding propagation is their charge, and therefore their interaction with
magnetic fields. However, the effect of a magnetic field on a charged particle depends on the angle
between the field lines and the velocity vector of a particle. When averaging over large numbers
of particles and assuming uniformly distributed angles this results in a symmetry for charges with
opposite signs. For the mass of the dark matter particle 85 GeV is used since this is the value used
in the MSSM model that was utilised for calculating the spectrum. The velocity weighted cross
section (ov) is set to be a variable.

3.3 Search method

To find the best fit the following parameters are used: L, Dy, d,nr,va, Zs, g, po, @1, P1, A2, P2, A3
with in addition (ov) for a fit with dark matter. These parameters can be divided in four categories
with the first defining the edges of the galaxy: the outer radius of the Galaxy is fixed at 12 kpc and
L defines the halo height. The second set consists of Dy, d, nr,va, Zs, which defines the diffusion
coefficients of both ordinary space and momentum space as described in section 2.3.1. The injection
spectrum is entirely fixed by «g, pg, @1, p1, @2, p2, @3 as set by the DRAGON injection spectrum.
With «; being the exponent in the broken power law and p; the break in rigidity. The last variable
is the velocity weighted cross section (ov), which determines the amount of injected dark matter
particles.

The quality of the fit is measured by calculating x? which is defined as

9 N Data;(E) — Model;(E 2
X :;< (E'r)ron(E) ( )) (10)

Here Data;(E) is the energy dependent spectrum of a cosmic ray species i as provided by AMS-
02, Model;(E) is the spectrum provided by DRAGON for the same species i and Error;(E) is
the uncertainty of the spectrum provided by AMS-02. For the fit of multiple data sets x? =
X2et, + X2et, + .- is used. A better fit will result in a lower x? since this number is low when
model points lie close to the data points relative to the error from that data point. A positive
value is always guaranteed since for each point the value is squared. A good x? is when its value is
close to or below the total degrees of freedom, i.e. the number of data points minus the number of
parameters.

The fit has been done with the use of two different spectra, specifically the antiproton over proton
ratio and the boron over carbon ratio. To find a possible dark matter signal, the background and
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background with dark-matter produced particles both have to be fit. These two scenarios have
been fitted with respect to only the antiproton over proton ratio and that ratio in combination with
the boron-carbon ratio to constrain propagation parameters. The total number of parameters is 13
for the background, which becomes 14 for a background fit with dark matter due to the addition
of {(ov). The bin size for p/p is 57 and for B/C it is 67, so the degrees of freedom are 44, 43, 111
and 110 for background and background with dark matter for p/p (first pair) and p/p with B/C
(second pair).

To calculate x? the data from the model has to be in the same bins as the AMS-02 data in order
to be able to subtract it. To accomplish this the model is assumed to be smooth between points,
so a spline can be used that goes through all points in such a way that a smooth line goes through
all points. The resulting spline is then used to create an array with points in the correct bin either
from p/p or B/C, so that x? can be determined.

A particle filter was used to find the minimum. An array of the three best fits is created and a
random number generator selects one of these. The parameters are then used as the center of a
gaussian with a width depending on the value of the quality of the fit. The width has been set at
0.5 for x? of 500 and up, 0.1 for a value between 500 and 100 and lastly 0.01 for 100 and lower.
The gaussian, and the associated width, is scaled to the size of the scanned range for a parameter.
For the combined fit of both p/p and B/C the lowest width of 0.01 starts at a x? of 150 due to the
increased degrees of freedom.

The correct way to use a particle filter is to randomly generate a set of points and then select a
subset of best values. This subset is then used as the center of the previously mentioned gaussian
with a fixed width, which is for the first cut usually 0.5. After generating another set of points a
second cut is made with a better x? and the process starts over. After each cut the gaussian can be
set at some width, which for later iterations can be reduced to search more locally around a selected
point. Since this method has not been used, for all interpretations of the data we have to keep
in mind that the results are most likely in a local minimum. This is because the method utilised
improves upon a single point until a minimum is reached, after that a width of 0.01 is not sufficient
to reach other points in the parameter space. After points are generated as described above they
are put into the xml-file that DRAGON uses as input. The xml-file that was used is given in the
appendix with parameters indicated as ’variable’. Using this file as input DRAGON calculates the
spectrum and writes it in a text file, which can be read by a python script that can calculate 2.
That script imports the AMS-02 and DRAGON data and uses that for x2, after which it checks
the value against the current best value. If the new value is better the parameters are written to a
file for the best fits and the highest value is removed and also to a file where all points are stored
regardless of its value.
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4 Results

4.1 Impact of dark matter production

To see the effect of a potential dark matter signal it is important to know on which part of the
spectrum it has an effect and if it is a significant contribution. To find the order of magnitude
of the dark matter produced (anti)protons a DRAGON fit is used. This gives a good indication
of possible production since any calculation by hand cannot take into account the magnetic fields,
interstellar environment etc.
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Figure 7: The antiproton flux produced by dark matter annihilation in comparison to the antiproton
flux measured by AMS-02.

The antiprotons produced by dark matter annihilation is within or close to the order of magnitude
of the antiproton flux as can be seen in figure 7. The spectrum of figure 1 is used and the shape can
still be recognised although it has been smoothed as is expected during propagation. The increase
at 1 GeV is due to the shape of the spectrum provided in section 2.1, which also has an increase
at 1 GeV. The difference being that due to energy losses this spectrum has smoothed, resulting in
antiprotons with an energy lower than 1 GeV. From 1 GeV onwards it follows roughly a decreasing
shape until 25 GeV. While at 1 GeV the production is the highest it is the relative production that
is important, since

(bﬁ o ¢sec5 + ¢te7"t5 + QZSDMﬁ

¢p B ¢pm’mp + ¢secp + ¢DM,)

To see where the production has the largest effect, figure 8 gives an indication.

(11)
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Figure 8: The difference between antiprotons and protons as produced by dark matter and back-
ground, compared to the background only scenario with the same parameters.

Figure 8 serves only as an indication of where dark matter annihilation affects the ratio, since the
figure is produced from a fit of background with dark matter to the observed ratio, so a bias is
introduced when the same parameters are applied to a background-only scenario. However, varying
the parameters does not significantly alter the location of the effect since all parameters apply to
all propagated particles with the exception of (ov). So if the background spectrum increases or
decreases at a certain energy the dark matter produced spectrum will do the same. A decreased
value for (ov) only affects the number of dark matter annihilations and therefore the amount of
produced particles, resulting in a lower signal but not in a shift of the spectrum.

4.2 The fit without B/C

For the initial round of scans just the p/p ratio was fit for two scenarios, a background fit and a
background with contribution from dark matter annihilation. For the calculation of y? all the data
points were used, which is 57 in total. The result for just the background can be seen in figure 9.
As can be seen the model lies close to all the points below roughly 50 GeV, this is not surprising
bearing in mind that the uncertainties of those points are low and the quality of the fit is determined
with x2. From this energy onwards, however, the uncertainties become larger, giving the possibility
for a variation in the slope. The fit has x? = 31.9470073697, which for 44 degrees of freedom yields
a p-value of 0.911898.

The result for the background with an addition of dark matter produced particles can be seen
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Figure 9: The p/p spectrum as measured by AMS-02 and modelled by DRAGON for the background
only scenario.

in figure 10. As mentioned, the slope can differ from 50 GeV onwards, which is exactly the case
when compared to the previous fit. This is most likely due to the addition of extra (anti)protons
from dark matter. The background fit has to accurately model all the data with just the injection
spectrum, allowing for less freedom. So when the ratio starts to drop at 20 GeV, the fit has to keep
dropping, while the dark matter contribution is exactly at that energy giving the freedom to have
a flat ratio.

With the addition of dark matter as a source the result is x? = 39.7234488815 for 43 degrees of
freedom, corresponding to a p-value of 0.61422. There are however two remarks on these results.
First of all it is likely that these fits are the local and not global minima due to the search method
employed. Secondly there has been no check if the parameters are physically correct. This is usually
done with the boron over carbon ratio. When plotting the B/C ratio as measured by AMS-02 and
modelled by DRAGON with the parameters acquired with the fits of the p/p data it will give an
indication if the parameters correspond to an accurate propagation scenario.

Figures 11 and 12 give the modelled B/C spectrum in comparison with the AMS-02 measurement
for the background and background with dark matter, respectively. While the dark matter fit is
significantly better than the background fit both do not provide a good fit. From the figures it can
be seen that over the entire energy range the modelled ratio differs, while in the antiproton over
proton ratio the dark matter contribution is fairly localized. This implies that it is not the actual
protons or antiprotons coming from dark matter that has the largest effect on the model, but more
so the effects of different requirements for the injection and propagation parameters.
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Figure 10: The p/p spectrum as measured by AMS-02 and modelled by DRAGON for the back-
ground with a dark matter contribution
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Figure 11: The B/C ratio as modelled by DRAGON with the parameters from the p/p background
fit (left) and background with dark matter (right).

4.3 The fit with B/C

As seen in figure 11 the difference between the AMS-02 boron-carbon ratio and the output from
DRAGON is substantial. Since this ratio is important for determining whether or not the propaga-
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tion parameters are plausible, therefore a second round of scans is needed to fit both the p/p and
B/C ratios to give a more accurate description of reality.
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Figure 12: The background fit for the p/p data as measured by AMS-02 and modelled by DRAGON.

The fit for a background only scenario has x? = 151.58810363, which for 111 degrees of freedom
corresponds to a p-value of 0.006354. From figure 12 it can be seen that this ratio fits fairly well
and smooth with some exception from 100 GeV onwards when the model seems to go up slightly.
From the boron-carbon ratio in figure 13 it becomes clear where the discrepancy is residing. Be-
tween 0.5 and 10 GeV the model underestimates the ratio, implying too much carbon injection, too
little boron production or both. However, when looking at the antiproton over proton data a small
underestimation can be observed, but not of such width or size. It should again be acknowledged
though that this is most likely a local minimum, so these results have to be used with caution.

In figures 14 and 15 the fits are presented where an extra dark matter component is present. With
x? = 75.6660035271, 110 degrees of freedom and a p-value of 0.99486 the fit is significantly better
than the scenario without dark matter, but again this could be due to a local minimum in the
background-only fit. With the exception of the slight bump at 300 GeV in the B/C ratio, the
model can explain all data satisfactorily as is indicated by the value of x2. While the fit through
P/p is not as horizontal as in figure 10, it is still fairly straight as is expected taking into account
the location of the dark matter signal.
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Figure 13: The boron-carbon ratio as measured by AMS-02 and modelled by DRAGON.
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Figure 14: The p/p fit for background with dark matter
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Figure 15: The boron-carbon fit for background with dark matter

4.4 Implications for the propagation parameters

The parameters found that give the best results are presented in appendix B. The difference between
the propagation parameters for both fits have some variation when going from an p/p fit to the
p/p with B/C fit. The largest difference for the background scenario is in the v4 parameter, with
a total difference of 1066.4%. The smallest variation is at Z;, where the parameters differ by 6.9%.
The average difference is 213.5% for all parameters, 185.5% for the injection spectrum and 246.1%
for the propagation parameters.

With the addition of a dark matter signal the difference is reduced with almost one order of
magnitude. Both the largest and smallest difference are in the injection spectrum, being p; and
a1 respectively with 63.4% and 1.7%. The average difference is 16.7%: 16.1% for the injection
spectrum, 17.7% for the propagation parameters and 15.3% for {ov).

These differences are to be expected when looking at the original B/C spectrum. The addition of
dark matter annihilation resulted in a B/C ratio that is much closer to the AMS-02 measurements
than the corresponding results with just the background. Therefore only a small correction is needed
for the dark matter added case to fit both ratios, while for just the background large differences
had to be made to produce an acceptable B/C fit.
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5 Conclusion and Outlook

The AMS-02 p/p ratio has been analyzed with the DRAGON propagation code to find a possible
dark matter signal. The annihilation spectrum was used for a dark matter particle of 85 GeV
and the dark matter mass distribution has been set to an NFW profile with a local density of 41
GeV/em?. The DRAGON parameters influence the diffusion coefficient, injection spectrum and the
size of the galactic halo. For a scenario of dark matter an additional parameter was used, namely
the velocity weighted cross-section to define the amount of dark-matter produced particles.

The obtained results show promising prospects for the analysis of dark matter signals in cosmic ray
propagation. With the most important finding being that particles originating from dark matter
annihilation produce a significant impact on the p/p ratio when using the spectrum presented in
section 2.1. While the results from the fits cannot be interpreted in a way that either confirms or
excludes this dark matter model, bearing in mind that the globally best fit might not yet have been
obtained, the quality of the fits of the ratios are satisfactory with the exception of the background
model for p/p and B/C. With an updated search algorithm the global minima should be able to be
found, enabling valid interpretations of the found data.

That however does not mean that these results can be trusted without scepticism. Keeping in mind
the uncertainties on the structure of the Milky way and the approximations made by DRAGON, a
spectrum provided by DRAGON will never be fully accurate. The combined fit of p/p with B/C
does constrain the parameters to be physically correct, but caution has to be used when fixing
parameters for a p/p ratio with the B/C spectrum, since B/C has a different injection spectrum
and slight differences in propagation compared to (anti)protons.

Further research has to be done with the first step being a search for the global minima. Further-
more various dark matter models can be used, which could have different annihilation spectra and
therefore different effects. Models found by other studies can either be supported or excluded by
these searches.

In conclusion, the results from DRAGON will always have some uncertainty, so conservative inter-
pretations have to be used. However, the results are promising and with further research the realm
of cosmic ray analysis will provide additional information in the search for dark matter.
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Appendix

Appendix A

Due to the high energies of the particles dealt with, relativistic mechanics are needed to accurately
describe the synchrotron motion of cosmic rays in the galactic magnetic fields. Starting with

the basic equations F' = dit) and F = q(E + ¥ x B). In special relativity the momentum reads
P = 7(v)mv. Because v is velocity dependent it has to be taken into account when formally
deriving the relativistic force. In this case however it is not needed because the magnetic field only
provides a perpendicular force. So v = |v| does not change, and F = ’ym%. It should be noted
that technically |#] does change due to energy losses in the form of synchrotron radiation, this is
however a small change, so it can be ignored.

Now take a homogeneous magnetic field pointing along the z-axis, such that B = Bz, and a particle

that has velocity v = v,& + vy + v.2. The equations of motion become

d d d
ym (Ugﬂj + ﬂg + Yz A) = q(vg@ + vyY + v.2) X B2 = quy, Bt — quysBj = ymij = —qiB (12)

ymi = qyB (13)

ymz =0 (14)
Differentiating equation (13) and substituting it in equation (12) the following expression arises:
2
T = — (3—7]‘2) #. When integrating with respect to time the following expression is the result:
2 2
i=- (%) x4+ C = — (f{—fl) (z — o). The remaining expression is the equation of motion
for the harmonic oscillator with an angular frequency of w = 42 and equilibrium position z and
ym

similarly yo. Using vsin() = wr = r = Usm(e) the synchrotron radius perpendicular to the z-axis
can be found. The term sin(f) indicates the angle between the velocity and the B-field. For the
velocity the following expression can be used

E = ymc? (15)
E
- 1
V= e (16)

=(-(%) a

vyl <m) (18)

= msm(@) = ymeyt - (%) sin(0) (19)
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Appendix B

Table 1: The DRAGON parameters for a fit to the p/p ratio.

Parameters Background Background with DM
L 7.73805899498 5.21312903397
Dy 2.41515413117 3.37343713811
0 0.586825696293  0.598732904457
nr 0.570375135241  0.947740598722
vA 18.8346198216  3.71737078266
Zy 35.5683652287 13.0068111513
o 1.23891464102  0.992283821085
00 1.48734580455  3.35614089902
o 1.86906363966 2.27189248302
1 28.939207173 28.939207173
Qa2 2.44199212361 2.27564491641
02 386.769089539 278.932276555
o3 1.9262806044 1.71695749049
&) 1.53366556536
Table 2: The DRAGON parameters for a fit to the p/p and B/C ratios.

Parameters Background Background with DM
L 6.00209078374  4.63292445071
Dy 5.01965620059  4.02102779312
) 0.478807046365 0.508326540108
nr 0.189547309857  0.828294889098
VA 0.170543631572  2.87786446451
Zy 38.203720012 11.2199052718
g 0.117098458916  0.856224945782
00 2.55324540673  3.18760686866
o 2.23283891951  2.2360555204
01 11.1183785201  17.6929624191
Qg 2.26808091844  2.32251765734
02 743.987559348  245.845020451
Qs 1.5753136526 1.92363446788
(o) 1.82279083051

All the parameters are given in standard DRAGON units.
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Appendix C

1 <?xml version="3.0.2" 7>

2 <Output>

3 <partialstore /> <!— The code writes the spectrum at Sun position for each
species on a FITS file (optional) —>

4 <fullstore /> <!— The code writes the complete (r,z,p) grid of propagated
particles for each species on a FITS file (optional) —>

5 <feedback value="1" />

6 </Output>

7 <Grid type="2D"> <!— Number of spatial dimensions. Options: 2D, 3D —>
8 <Observer>

9 <x value="8.3" />

10 <y value="0.0" />

11 <z value="0.0”" />

12 </Observer>

13 <Rmax value="12" /> <!— Maximum value of Galactocentric radius (R) in kpc —>

14 <L value="Variable” /> <!— Halo size in kpc. The Galaxy extends from —L to
L —>

15 <DimR value="41" /> <!— Number of grid points along R —>

16 <DimZ value="81" /> <!— Number of grid points along vertical axis —>

17 <Ekmin value=".1" /> <!— Miminum kinetic energy of propagated particles in
GeV —>

18 <Ekmax value="10000." /> <!— Maximum kinetic energy of propagated particles in
GeV —>

19 <Ekfactor value="1.2" /> <!— Logaritmic spacing of energy grid. E[i] = exp( In(

Ekmin) 4+ i In(Ekfactor) ) —>
20 <NuclearChain>

21 <Zmax value="14" /> <!— Maximum atomic number of propagated particles —>
22 <Zmin value="1" /> <!— Minimum atomic number of propagated particles —>
23 <PropLepton /> <!— The code propagates leptonic species (optional) —>
24 <PropExtraComponent />

25 <PropSecAntiProton />

26 </NuclearChain>

27 </Grid>

28 <Algorithm>
29 <OpSplit>

30 <!— The code starts with dt = Dtmax; after Nrept iterations , the code rescales
dt by the factor Dtfactor; this process is iterated until Dtmin is reached
—>

31 <Nrept value="30" /> <!— Number of iterations before changing timestep
—>

32 <Dtfactor value=".25" /> <!— Rescaling factor of the time step —>

33 <Dtmin value="0.001" /> <!— Minimum time step in Myr —>

34 <Dtmax value="64."7 /> <!— Maximum time step in Myr —>

35 </OpSplit>
36 </Algorithm>
37 <Galaxy>

38 <Gas type="Galprop” /> <!— Gas model; options: BronfFerr, NS, Galprop, Uniform
—>

39 <SNR type="Ferriere” /> <!— Source distribution for the primary components;
options: Lorimer, Galprop, Ferriere, OneRing, Rings —>

40 <SNR_Extra type="Ferriere” /> <!— Source distribution for the extra component;
options: the same as SNRType (optional) —>

41 <XCOmode type="SM96” /> <!— Model for the X.CO factor; options: SM96,
galprop_-2004 , galprop_-2010, constant —>

42 <Diffusion type="Constant”> <!— Spatial distribution of the diffusion coefficient

; options: Constant, Exp, Qtau —>
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43

44

45
46

47

48
49
50
51
52

53

62

63
64
65

66

67

68

69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85

<DO0_.1e28 value="Variable” /> <!— Normalization of the diffusion coefficient
at reference rigidity DiffRefRig Unit: 10728 cm”2/s —>
<DiffRefRig value = 74”7 /> <!— Reference rigidity for the normalization of the
diffusion coefficient —>
<Delta value="Variable” <!—— Slope of the diffusion coefficient spectrum —>
<zt value="Variable” <!— Scale heigth of the diffusion coefficient ,
useful in Exp mode: D(z) \propto exp(z/zt) (optional) —>
<etaT value=" Variable” /> <!— Low energy correction factor of the
diffusion coefficient: D \propto beta’etaT —>
</Diffusion>
<Reacceleration type="Ptuskin94”> <!— Optional block —>
<vA_kms value="Variable” /> <!— Alfv n velocity in km/s —>
</Reacceleration>
<CrossSection type="GalpropXSec” leptopt="Kamae” apopt="GalpropFunction” ApCs="2"
/> <!— Model for cross sections. leptopt is the model for electron and
positron production; options: Kamae, GalpropTable —>
<MagneticField type="Pshirkov”’> <!— Model for the magnetic field. Options:
Pshirkov, Farrar, Uniform, Toymodel —>
<BO0disk value="2.e—06" /> <!— Useful for Pshirkov field: halo regular field
normalization in Gauss —>
<BOhalo value="4.¢—06” /> <!— Useful for Pshirkov field: turbulent regular
field normalization in Gauss —>
<BOturb value="7.5¢—06" />
</MagneticField>
</ Galaxy>
<CR>
<ProtNormEn_-GeV value="10" /> <!— Reference energy for nuclei normalization in
GeV —>
<EINormEn_GeV value="33." /> <!— Reference energy for primary electron
normalization in GeV —>
<AntiProtNormEn_GeV value="10" />
<AntiProtNormFlux value="4.67e¢-3" />
<ProtNormFlux value="2.72e¢l” /> <!— Proton flux at reference energy for
normalization; in DRAGON units: GeV'—=1 m"—2 s"—1 sr'—1 —>
<ElNormFlux value="0.004" /> <!—— Electron flux at reference energy for
normalization; in DRAGON units: GeV'—1 m -2 s"—1 sr"'—1 —>
<ElNormEnExtra_GeV value="300" /> <!— Reference energy for primary electron
extra component normalization in GeV —>
<ElNormFluxExtra value="1.e—06" /> <!— Extra component flux at reference energy;
in DRAGON units: GeV'—1 m"—2 s =1 sr'—1 —>
Vo soskok sk ok sk sk ok sk o Ok sk ok Kk oK R KoK sk ok ROk ok ——>>
<InjectionIndexAllNuclei> <!— You can add an arbitrary number of breaks!! —>
<alpha_0 value="Variable” /> <!— First injection slope for nuclei —>
<rho_0 value="Variable” /> <!— Position of first break (rigidity) in GV —>
<alpha_1 value="Variable” /> <!— Second injection slope for nuclei —>
<rho_1 value="Variable” /> <!— Position of second break (rigidity) in GV —>
<alpha_2 value=" Variable” />
<rho_2 value="Variable” />
<alpha_3 value="Variable” />
</InjectionIndexAllNuclei>
o oskskor ok ook ok Rk kR kR R Rk R Rk Rk ——>
<InjectionIndexElectrons> <!—— You can add an arbitrary number of breaks!! —>
<rho_.0 value="1.” /> <!— Position of first break (rigidity) in GV —>
<rho_1 value="5.7 />
<rho_2 value="10." />
<alpha_0 value="1.80" /> <!— First injection slope for electrons —>
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86
87
88
89
90
91
92
93
94
95
96

98

99

100

102

103
104

106

108
109

111

112

114

120
121
122

<alpha_1 value="1.80"
<alpha_2 value="2.50" />
<alpha_3 value="2.50" />
<CutoffRigEl value="20000." />
</InjectionIndexElectrons>
Tl ook ok Rk Rk Rk Rk kR Rk Rk Rk ——>
<InjectionIndexExtraComponent>
<rho.-0 value="1.”" />
<alpha_0 value="1.85" />
<alpha_1 value="1.85" />
<CutoffRigExtra value="10000." />
</InjectionIndexExtraComponent>

/>

Vo soskosk sk ok ok koK sk o Rk Sk o R OR K SR KRR R ROk ok ——>
</CR>
<V skkkokkkkokok kR ok okokkk ——>
<!— DARK MATTER PART —>
e ok ko kkok Rk ko Rk ——>
<DarkMatter Reaction=" Annihilation” Model="SelfTable” Profile="NFW’>
<!— Reaction can be ” Annihilation” or ”Decay”, (spectrum) Model can be ”
SelfTable” or ”Delta”, (density) Profile can be ”"Iso”, "NFW’ , "Kra” , ”Moore”
, ”Einasto” —>
<PropDMLepton /> <!— If this flag is specified, leptons originating from

DM annihilation/decay are computed —>

<PropDMAntiProton /> <!— If this flag is specified , antiprotons originating
from DM annihilation /decay are computed —>
<Mass value="85." /> <!— DM particle mass in GeV —>
<V skokokskkkokok kR ok okokkk ——>
<!— LifeTime value="1e26” —> <!— if Decay is specified , the lifetime in
seconds —>
<SigmaV value="Variable” /> <!— if Annihilation is specified , the <
sigma v> in c¢m’3/2 —>
e ersokkkkokok ok ko kokk ——>
<SSDensity value="0.41" /> <!— Dark Matter local energy density in GeV/cm
3>
<EkDelta value="10." /> <!— if Delta is specified as a spectrum model,

this is the energy
<LeptonDatafile
<!— if SelfTable is

the inj spectrum in GeV'—1 for leptons —>
<AntiprotonDatafile value="DM/mumu_1000gev_ap.txt”
<!— if SelfTable is

in GeV at which particles

the inj spectrum in GeV'—1 for antiprotons —>
<!—Channel value="17" /—>
</DarkMatter>
<l skkkok kR ok okok kR kokokkk ——>
Ve orskok ko Rk Rk ko Rk ok ——>
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are
value="DM/mumu_1000gev_pos. txt” />
specified as a spectrum model,

specified as a spectrum model,

injected —>

this is the datafile with
/>
this is the datafile with



