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Introduction

The scope of this thesis is twofolded: the first part of it is dedicated to
analysis of the uncertainties of propagation of cosmic rays in the Milky Way;
in the second part are studied possibilities of detection of eventual neutralino
induced component of the antiproton spectra in the framework of minimal
supergravity theory.

From the experimental detection of cosmic rays, they origin and transport
through the Galaxy was widely treated subject. For example, many impor-
tant results in theoretical physics of plasma were induced by the studies of
production mechanisms of cosmic rays. A lot of subjects in experimental
and theoretical nuclear physics are playing important role in cosmic rays
propagation, also. The accuracy of nuclear physics knowledge is emphasized
recently thanks to the studies of cosmic rays propagation. On the other side,
just with the progress in computer science it was possible to check models
for the dynamic of cosmic rays in the Galactic medium.

One could think that with the development of mentioned aspects of "stan-
dard physics” and computers it could be possible to explain the measured
cosmic rays spectra. That is still not done, at least for all the cosmic rays
spectra together in the framework of the same propagation model. The
reasons are numerous. The first reason is that except nothing else but mea-
surement of cosmic rays spectra there are no almost any other probes for
magnetohydrodynamical parameters of the Galaxy that determine the prop-
agation. Also, it is not sure how primary nuclei are formed. This emphasize
the importance of the future experiments for the measurement of cosmic rays
spectra and distribution of supernovae and neutron stars as possible sources
of primary cosmic rays, as well as the importance of the development of the-
ory and simulations of generation of primaries by those objects. The most
important reason is probably that we still do not know much about energy-
matter content of the Universe. In fact, recent measurements of the Cosmic
microwave background are strongly suggesting that Universe is euclidean, its
density is equal to critical one, Q2 & 1; cosmological constant (dark energy)
contribution is 2, ~ 0.7, dark matter contribution is 2py; ~ 0.3, barionic



matter part is of the order of just less than 5% and other contributions to
the energy-mass density with respect to the critical mass due to photons
(400-%) and neutrinos (€2, ~ 0.001) are negligible. Clearly, the presence of
dark matter could influence the mechanisms of production and propagation
of cosmic rays. One of the most important problems in today’s theoretical as
well as experimental physics is to understand the nature of dark matter and
cosmological constant, with an intension to prove that the main dark com-
ponent of galactic halos are exactly candidates suggested by supersymmetric
theories.

To be able to make a statement, as example, like this one: ”this part of
the antiproton spectra is due to the Standard Model production, and that
part is due to some other mechanism” or to give some bounds for some of
the unknown parameters in the framework of the anyone of the new physical
theories, first we should know the accuracy of standard calculations. In
the case of antiprotons and supersymmetric candidate for dark matter we
try to consider both of this problems. For the other species of cosmic rays
we treated just the uncertainty of standard production, planning to do the
complete analysis for the most important of them — positrons.

The plan of the thesis is the following:

In the first chapter is introduced the problem of dark matter and cos-
mological constant. The introduction is based on the standard arguments
as measurements of the Galactic rotational curves and recent measurements
Cosmic microwave background. There are also explained some of the models
for the distribution of dark matter in our Galaxy that will be used in their
more sophisticated variant in the fourth and sixth chapter, and will play im-
portant role for the analysis of the detectability of the eventual neutralino
induced component of the antiproton spectra.

The Chapter 2 is entirely dedicated to supersymmetric theories in which
framework it is found the candidate for dark matter in research on which this
thesis is based — the lightest neutralino.

In Chapter 3 is treated the question of standard mechanisms of produc-
tion and propagation of cosmic rays (background contribution). In the same
chapter are presented the thesis results about the uncertainties of standard
propagation due to the unknown geometrical and hydromagnetodynamical
parameters of the Galaxy, uncertainties in measurements and parametriza-
tions of nuclear cross sections and uncertainty of the helium to hydrogen
ratio in the Galaxy.

In Chapter 4 is described creation and propagation of eventual neutralino
induced component (signal contribution) and are given some examples of
total spectra in comparison with existing experimental data.

Chapter 5 is dedicated to characteristics of PAMELA future experiment



for measurement of cosmic rays spectra and detection of theoretically pre-
dicted spectra from the previous chapters with this experiment. In this
chapter is also given a review of previous experiments for the measurements
of various cosmic rays spectra, from which experimental data are taken for
the analysis done in the next chapter.

In Chapter 6 are presented results about possibility to disentangle the
eventual signal component of the antiproton spectra. It is done in a clumpy
halo scenario, and what was found finally are minimal values of clumpiness
factors necessary to disentangle the signal from the background without vi-
olating the quality of fit of the existing data for antiproton spectra.

Chapter 7 contains brief review of the results with conclusions. One of
the most important conclusions of this thesis is that, simply said, even for
the diffusion and convection background models, that are already fitting the
data good, PAMELA will be able to disentangle the eventual supersymmetric
signal — and — to do so even for the small clumpiness factors.



Chapter 1

The Density /Destiny of the
Universe

1.1 Dark Matter and Cosmological Constant

Here it will be given a very short introduction of a well known facts about
standard cosmology models, as well as a brief review of recent measurement
of the cosmological parameters. The presentation is based on standard lit-
erature, like the books of Weinberg [89] and Kolb and Turner [96], where
interested reader can find all the details.

Cosmology studies the evolution of homogeneous medium of galaxies at
the large scale of the Universe, taking into account the only one effective
force at this scale — the force of gravity, supposing the exactness of Einstein
Theory of General Relativity.

The Friedmann model describes the observed expanding Universe (see,
for example, [89]), determined by the Hubble constant, Hy ~ 70;]\(4’;c 88]:
the static Cosmos is impossible; but, there are three families of solutions
— forever expanding, critical Universe and recollapsing one. In our, critical
Universe (at least according to recent set of measurements of the Cosmic
microwave background, as we will see soon), the kinetic energy of the ex-
pansion should be approximately equal to the gravitational energy of the
Universe, or, its density should be equal to the critical one. The curvature
is zero (parallel light rays will remain parallel). In the case of density bigger
than the critical, expansion is infinite. The curvature is positive (parallel
light rays will converge). The case of the Universe density smaller than the
critical corresponds to the decelerating expansion followed by the collapse.
The curvature is negative (parallel light rays will diverge).

Without entering in details about the Friedmann-Robertson-Waker met-




ric, first, we will estimate the critical density of the Universe using the
Birkhoff theorem of the Theory of General Relativity and experimental facts
about the expansion of the Universe (and principle of its homogeneity and
isotropy, of course). A galaxy at distance r from the origin of the considered
sphere of the same radius, filled with mass M, according to Hubble measure-
ments, is moving with speed Hyr from the origin. So, the critical Universe is
defined by the equation

1 M
Using the critical density p. and the fact of the expansion we have
1 9 %Wpcm
émHOTQ =G — (1.2)
So, critical density is
313 —26,2 K9
. = =1.88-107*n*— 1.3
pe= g ey (1.3)
where it is useful to introduce the constant
H
h=—0—. (1.4)
100537

Up to now, detected luminous (barionic) matter presents just

Qb — Pbarionic < 5%

Pcritical

of the critical density of the Universe [97], that is not negligible, but it is
far from sufficient. From the theoretical point of view, Big Bang nucleosin-
tesis is giving the barion contribution to the total matter density of

0.02 < € < 0.08,

see, for example [94].

This mass is not sufficient to explain the rotational curves of the galaxies.
The needed mass of unknown not luminous matter is at least 20%, more
preciously

0.2 < Qpy <0.3.



In figure 1.1, left panel, are presented few optical and radio rotational
curves. All of them are showing liner rise of the rotational velocity in the
centers of galaxies. This could be explained by the contribution due to the
luminous galactic disk mass just up to ~ 1Kpc, for the typical spiral galaxy
presented at 1.1, right panel. Those kinds of rotational curves have the sharp
maximum and velocity is decreasing to a value of approximately 50%. Gas
mass contribution to rotational curves are constantly rising, but they are
small, and they don’t pass the value of ~ 30%!

To fill the gap, an extra amount of matter is needed. This is not the
unique condition that unknown matter should satisfy. Indeed, it has to
explain as well cosmological structure formation. For the more detailed dis-
cussions and further sources of references about barionic contribution to the
Universe density, as well as many other similar questions, see, for example,

[70].

1.2 Dark Matter Candidates

What dark matter is made of and what constraints should satisfy? The
question of the nature of cosmological constant (if it is a constant, not a
consequence of some unknown dynamic, see, for example [71], or some of the
new results in string theory) we will not discuss in this thesis. Numerous
particles were proposed, in the frameworks of various models, as candidates
to fill the gap between the value of €, and Q,,, = Q, + Qpas (see, for example,
the discussions in [87] and [70]). Here, we will mention just the most common
ideas.

The first candidate was, so called, hot dark matter. This because approx-
imately one year after the Big Bang, when the horizon first encompassed the
amount of matter in a large galaxy like Milky Way and the temperature
was about 1KeV, neutrinos with masses in the eV range would have been
highly relativistic. First, it was taught that electron neutrinos has the mass
of about 20eV (experiments in Moscow), that was used to construct the hot
dark matter theory with Ze'ldovich spectrum of adiabatic primordial fluctu-
ations

Py (k) = Ak", n=1, (1.5)

where k is the wavenumber. But, after the more precise experiments it
was found that, in fact, the mass of electron neutrino has just the upper
bound of m, < 3eV. This changed the predictions of hot dark matter with
Ze’ldovich spectra to be completely inconsistent with the observed Universe.
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As hot dark matter did not make success, the theory of cold dark matter
was proposed [69, 68]. It is called ”cold” because:

1) the dark matter particles are weakly interacting massive particles
(WIMPs) among themselves and with other particles. This possibility will
be treated extensively in this thesis later.

2) or because the dark matter particles thermal velocities were negligible
in the early Universe,

3) or because, as in the case of axions, the dark matter particles are
produced without a thermal distribution of velocities. Axions are dark matter
candidates with the smallest mass of all. They mass is of order 10~%cV .
This subject is very large and has a long history. Interested reader can fined
more details in [91], for example, and references therein. (The biggest mass
candidates are black holes.)

All of the mentioned ideas are taken seriously, not just from the theoretical
point of view, but there are already also experiments for the examination of
the parameter spaces for those theories. For axions see [92]; their detection
is based on an particularly interested effect of the resonant conversion of
photons in a strong magnetic field. Possible detection (depending of the
position in the parameter space of the theory) of WIMPs in the framework of
supersymmetric theories (the lightest neutralino) with the future experiments
is one of the subjects of this thesis (see the last chapter).

The most important variant of cold dark matter theory contains the cos-
mological constant separately, so this constant remains the problem, however.
Cold dark matter seems to be in a good agreement with the data obtained
by the observations on large scales of the Universe: the Cosmic microwave
background measurements; as well as with smaller scales: dark matter halos
and numbers of small satellites.

1.3 Large Scale Measurements: The Cosmic
Microwave Background

To decide about the geometry of the Universe (is it euclidean or with positive
or negative curvature), and consequently the density and all the Q-s and A,
we need a standard ruler on large scales to be able to measure angles and
compare them with the results from differential geometry. For €2 > 1 we will
have larger angles (as on a sphere), while for 2 < 1 the angles we expect are
smaller (converging of light rays).

If we look enough far away — we will see the epoch when the Universe was

11



approximately as hot as the surface of the Sun! Plasma is opaque to light, and
we can not see earlier periods. Due to the expansion of the Universe, the light
that is coming from there is red shifted, and we see it as the Cosmic microwave
background, detected as 2.73 K blackbody radiation. The end of the plasma
era was when the temperature decreased below approximately 3000K. The
Universe was 50000 times younger, 1000 times hotter and 10° times denser
than today, at red shift 1000. The ionized Universe become transparent
to light (recombination in plasma). After recombination, photons pressure
become unimportant, and perturbations of the density could grow creating
the structures that we see today.

Photon density fluctuations are affecting the matter density fluctuations
% (see [90] and references therein). Gravitational red shift of photons scat-
tered in an overdensity or an underdensity with gravitational potential dif-
ference ¢ and Doppler effect produced by the proper motion with velocity
v of the electrons scattering the Cosmic microwave background photons are
also influencing the picture of temperature fluctuations

T =560

that we see today in the measured Cosmic microwave background pic-
ture. So, by measuring the Cosmic microwave background temperature fluc-
tuations we are seeing, as it can be expected, the density fluctuations at
recombination.

The velocity of sound in plasma before recombination (it was around
3%) is defining the characteristic scale in the Cosmic microwave background

anisotropy at recombination by acoustic horizon at recombination that is
defined by the distance that sound can travel since the Big Bang. Den-
sity perturbations start to oscillate when the acoustic horizon encompasses
them. As long as they are larger than the acoustic horizon, they just follow
the expansion without oscillating. The opposite edges of the perturbation
start to oscillate when the acoustic horizon becomes larger than the density
fluctuation. So, the size of the acoustic horizon at recombination separates
perturbations that never start to oscillate from those that already started
to oscillate. The density fluctuations that started to oscillate before the re-
combination so that will have time to fully compress will be seen as hotter
domains. The dimensions of such a objects are of about 3 - 10° light years
as the age of the Universe at recombination was of an order of 3 - 10° years.
Density perturbations slightly larger or slightly smaller than those will not be
fully compressed or fully rarefied, and will not be seen as coldest or hottest
domains in the image of the Cosmic microwave background.

12



Now, having the standard ruler at the recombination and large distance
between the recombination and us (order of the age of the Universe, 15 - 10°
light years), we can say:

1) If the size of the characteristic domains in the temperature fluctua-
. 3 5 .. .
tions corresponds to angles of about § ~ =35 rad ~ 1° — we are living in
euclidean Universe,

2) if we see them larger than one degree — we are in the Universe of the
positive curvature (2 > 1),

3) if they are smaller — 2 < 1, we will collapse together with the Universe.
The angular power spectrum
=< ‘CLl7m|2 >
for the angular image of the Cosmic microwave background
AT (a,0) = th arm Yo (e, 6)

is computed for the results of various experiments. A peak at multipoles
corresponding to an angular scale of an order of

10 i.e. for [ ~

was found. The position of the first peak l,.q is a function of 2 but also
of Q,, [81, 82, 83| so, that, for example for WMAP satellite data [72] are
giving:

Q=1.0340.02,
Qnh? = 0.13575:558.

For example, BOOMERanG [73] experiment is giving for the first peak:
I = 213719,

To find barionic, and consequently dark matter contribution, one need to
include higher peaks [84]. For WMAP:

Qph? = 0.0224 4 0.0009.

13



There are also other measurements that confirm those results, see the
review [87], for example, and references therein. This is one of the most im-
portant points: dark matter has to be made mainly of non-barionic matter!

But, this is not all that can be extracted from the measurements of the
anisotropy of the Cosmic microwave background. Maybe hot dark matter
theories were wrong, but nearly Ze’ldovich spectrum of adiabatic primordial
fluctuations remained. This can be seen (see [84] for a recent review) by the
analysis of the other peaks in the spectrum: from the ratio amplitudes of
the peaks can be extracted the average density of barions in the Universe,
Q, as well as the exponent of the initial power spectrum of the density
fluctuations, parametrized in a Ze’ldovich manner P,(k) = Ak™. For n, for
example BOOMERanG, is giving

n=0.96"529.

This is very important result as it is showing that the theory of Cosmic
inflation in the very early Universe, that gives for the primordial density
fluctuations Ze’ldovich spectrum with n = 1, should be correct. The problem
of the nature of dark matter and the cosmological constant remains open,
even if many candidates for dark matter exist and string cosmology is trying
to resolve the problem of the cosmological constant. Cosmic inflation theory
is solving also many other paradoxes as the flatness paradox and the paradox
of horizons, or paradox of magnetic monopoles, see [96], for example.

Here we will just mention the fundamental idea of inflation theories, to
be selfconsistent. It is introduced a, so called, inflaton scalar field, ¢, with
a potential, V' (¢), that couples with gravity through energyimpulse tensor
defined by the kinetic equation

p=—p (1.6)

where p and p are pressure and density of the scalar field. For the in-
flaton field is valid, so called, slow-roll condition that imply that potential
V(¢) must be quasi-flat in relatively big domain. This model is giving the
exponential expansion of the Cosmological scale factor in the Friedmann-
Robertson-Walker metric.

1.4 Small Scale Structure Formation: Dark
Matter Halo Models

Many authors were trying to find the best functional type to parametrize
the dark matter halo, in order to reproduce the rotational curves of galaxies.

14



But, this can not be done without explaining why the halo of, say cold dark
matter, should look like that? So, the dark matter candidate should cluster
in the exactly that functional type of halo density.

It matters, as we see already that the main part of dark matter can not
be barionic. But, to choose between the other dark matter candidates is the
possibility of dark matter candidate to explain the clustering at the galaxy
scale, at the first place, but also some other requirements.

For example, the galaxy clustering condition is not satisfied by hot dark
matter [17, 96]; even in a very exotic extension of the Standard Model, where
via the see-saw mechanism (see [15]) can be obtained a neutrino state of a
big mass (for allowed mass range see [16]).

Cold dark matter with Cosmological constant explains this. Also many
other observed phenomena as the distributions of stars in big and small
galaxies, formation of groups and clusters of galaxies and the spatial distri-
bution of galaxies, even with respect to internal rotational velocities could
be explained quite well by cold dark matter.

1.4.1 Halo Centers

From the early 1990s it was already possible to simulate with a required ac-
curacy cold dark matter galactic halos, so that the first results where showing

L (1.7)

Phalo X ro

with a = 1, i.e. spherically symmetric distribution of cold dark matter

in the halo. This was not in agreement with the differential rotation lows of
galaxies, and also cold dark matter was in crisis. But, Navarro, Frenk and
White found the new density profile of cold dark matter that was fitting good

formed halos

1 1

PNFW X ;m,

and that was explaining very good the dynamic of the matter in the
typical galaxy [135]. The only uncertain regions are the very galactic centers
— 0Kpc<r < 1Kpe.

At the same time Moor’s group proposed an alternative [6]

(1.8)

1 1
pat X (19)
r2 (r 471

that is almost indistinguishable from pypFy unless galaxies are probed at
scales smaller than 1Kpc, which is difficult, even sometimes possible.
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Optical rotational curves rise faster then radio curves (see figure 1.1) and
this is more consistent with Navaro-Frenk-White density profile.

Some alternatives for dark matter are also, so called, warm dark matter
and self-interacting dark matter (see [12], for example) but they are probably
excluded from some theoretical reasons and also with the numerical studies
of the number of small satellite galaxies (see [87] and references therein).

A small part of dark mater could be also barionic, or, generally speak-
ing, not massive particles that interact weakly (WIMP). Examples are, the
most important — black holes, that could evaporate and give a component
in the antiparticles cosmic rays spectra, brown dwarfs of masses from ap-
proximately 1mMg up to a Solar mass, in which did not start the nuclear
fusion processes, than white dwarfs and neutron stars; there were also ideas
of hydrogen composed halos, better to say parts of halos...

1.5 Relic Density of Weakly Interacting Par-
ticles

As we just sow that non barionic matter is forced as a dark matter candidate
by the measurements of anisotropy of the Cosmic microwave background,
now we will give an estimation of the relic cosmological abundance of these
particles. Also, we will give one more reason, except their natural occur-
rence in the supersymmetric theories, why weakly interacting particles are
privileged as a dark matter candidates.

Those particles where in thermal equilibrium and in a great quantity
in the early phase of the Universe expansion, when the temperature was
T > m,, where T = T'(t) is the temperature of the Universe at a time
t and m, is the WIMP mass ([70] and reference therein). The equilibrium
abundance is maintained by annihilations of particles with their antiparticles
X into a lighter couples of particle-antiparticle Il, xx — Il (direct process;
indirect process is Il — xX).

In SUSY theories x is a Majorana particle, so x = x. As the Universe
cools to the temperatures 7" < m, the equilibrium abundance drops ex-
ponentially until the rate of annihilation falls below the expansion rate of
the Universe H. The interactions which maintains the thermal equilibrium
don’t work anymore, and the relic abundance remains constant (this is called
freeze-in). In thermal equilibrium the number density of the x particle is
given by

nt = (2;‘1 : / ()& (1.10)
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where ¢ is the number of degrees of freedom of the particle and f(p)
is Fermi-Dirac or Einstein-Bose distribution. For regimes of high and low
temperatures

ni o T8 for T' > m,
nd ~g (%) exp (%) for ' < m,, (1.11)

where in the last case we can see the their density is Boltzmann sup-
pressed. If the expansion of the Universe were so slow to maintain thermal
equilibrium, the number of WIMPs today would be exponentially suppressed.
In this case we would not have WIMPs at all. However we remind that the
Universe is not static and so the thermodynamic equilibrium cannot be en-
sured during the whole evolution. In fact, at high temperatures, i.e. T'> m,,
the x particles are present with a great abundance and the annihilation pro-
cess into lighter particles, as well the inverse process, goes on quickly. But
when T < m, the number density n{? drops exponentially. The annihilation
rate is

I'=n, (0annv) (1.12)

where (04, v) is the thermally averaged total annihilation cross section
of xx into lighter particles times the relative velocity v. When I' drops below
the expansion rate I' < H there is a freeze-out condition for the WIMPs. In
fact, the annihilation time scale given by I' is less than the Hubble constant
H, i.e. the time scale for the Universe expansion.

The simple scenario we have presented, can be quantitatively encoded into
the Boltzmann equation, which describes the time evolution of the number
density n,(t) of a generic WIMP

% +3Hn, = = (a0} () = (n59)’] (1.13)

where H and a = a(t) are, respectively, the Hubble constant and the
scale factor. The second term on the left side of this equation accounts for
the expansion of the Universe, being proportional to H. If there are no
interactions that change the WIMP number, the right side is zero, and we
recover the previous result where n, oc @™ (in this regime there are roughly
as many x particles as photons and a oc T~! in the radiation dominated era).
The two terms in brackets on the RHS of equation account for annihilation
and creation of WIMPs in the direct and indirect channel. At the equilibrium
this term is zero. The equation 1.13 describes both Dirac particles as well

17
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Figure 1.2: Comoving number density of a WIMP as a function of z = m, /T
The dashed curve are the actual abundances for different thermal averaged
annihilation cross sections while the solid curve is the equilibrium abundance

[96).

as Majorana particles which are self annihilating, because, in this case, y =
X. However the two cases are distinct, because for Majorana particles, the
annihilation rate is:
n2

?X <gann 'U>

In each annihilation two particles are involved, and so this cancels the
factor 2 in the annihilation rate. For Dirac particles which have no particle-
antiparticle asymmetry, n, = ng, the Boltzmann equation 1.13 still holds.
In this case the total number of particles plus antiparticle is now 2n,. In
the case of particle-antiparticle asymmetry, the relic abundance is generally
given by this asymmetry [85]. A typical example is given by the relic proton
density that is essentially fixed by the proton-antiproton asymmetry, i.e. the
baryon number of the Universe.

There is no known closed form solution for the Boltzmann equation, but
it is possible to find an approximate solution for the case in which (o4, v)

is weakly energy dependent. In this case the WIMP relic abundance is given
by [70]

myn 3-107%" cm?3 st
Qh* = ; X~ ( E— ) (1.14)
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There is no dependence from the WIMP mass, modulo logarithmic cor-
rections, and it is inversely proportional to the annihilation cross section.

We show some examples of numerical solution of the Boltzmann equation
in figure 1.2. The number density functions per comoving volume (dashed
lines) are functions of x = m, /T increasing with Cosmic time. The relation
1.14 shows that if a stable new particle exists with a weak scale interaction,
i.e. with an annihilation cross section of the order of

(Cannv) ~ 1072 em?® 571 (1.15)

then it will account for the right order of magnitude for the relic abun-
dance. This is a quite interesting result because there is no a priori reason
for the weak scale interaction to have something in common with the relic
abundance, that is a Cosmological parameter. Hence, the most motivated
candidate for the dark matter is a stable particle associated with new physics
at the electroweak scale.
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Chapter 2

Supersymmetry

2.1 Introduction

We sow in previous chapter that the most of the dark matter has to be non
barionic; and that the most promising candidate for it are weakly interacting
massive particles (framework of cold dark matter). Among them, the light-
est supersymmertic particle — the lightest neutralino — is the best motivated
candidate from the theoretical point of view. Supersymmetry naturally ex-
tends Standard Model (based on SU(3) ® SU(2) ® U(1)) of electroweak and
strong hadron interactions above energy scale of order ' ~ 1TeV, currently
reached in the experiments (it is largely taught like that, at least) and it is
low energy limit (supergravity) of very promising and /but very general string
theories.

Even if Standard Model explains excellent all the experiments done up to
now, it has a great number of problems from the theoretical point of view.
At the first place, does not include the gravity and does not lead to the
coupling unification at high energies. This is naturally solved in the frame-
work of supergravity theories, as well as the following problems. Standard
Model contains a great number of free parameters like the three coupling
constants, the two Higgs potential parameters, the fermion masses, the an-
gles and phases associated to the Cabibbo-Kobayashi-Maskawa matrix. It
has common problem of all the gauge theories — radiative corrections to the
scalar particle mass quadratically diverge due to fermion loops (this is solved
in the framework of supersymmetric theories thanks to the opposite sign con-
tributions to quadratic divergences due to supersymmetric partners). Than,
the fine tuning problem and the hierarchy problem are present. Another
problem that supersymmetry solves is cosmological problem of the missing
matter, that we have to face of, too.
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Here, we can not enter in all the details about the problems of the Stan-
dard Model and give a deserved introduction and complete treatment of su-
persymmetric theories, but we will rather mention some of the crucial points
in order to be able formulate consistently the minimal supersymmetric ex-
tension of the Standard Model from its particle content point of view; we will
also see its connection with minimal supergravity. Recommended references
are [14, 70, 130], as well as many other well known books and reviews about
the supersymmetric theories where interested reader can find the historical
introduction, mathematical basis and step-by-step introduction in supergrav-
ity theories.

2.2 The Minimal Supersymmetric Standard
Model

In this section we will introduce the supersymmetric model that has the min-
imal number of particles (the Standard Model fermions and gauge bosons,
two Higgs doublets instead of one in the Standard Model and the corre-
sponding superpartners) and is extension of the Standard Model. In the
next section we will make a conection with minimal supergravity theory. In
particular, this model contains four neutral spin 1/2 Majorana particles, the
superpartners of the neutral gauge bosons B and WA//?, and the neutral CP-even
Higgsinos HY and HY. The four mass eigenstates obtained by diagonalizing
the corresponding mass matrix are the four neutralinos. The lightest one is
the ideal candidate for dark matter.

Once the concept of the ”fermionic” extension of Pioncare symmetry (or
any Lie manifold) was known (see Appendix 1), it was possible to (try) con-
struct the (realistic) theory that has also invariance with respect to some
gauge group and to introduce some supersymmetry breaking mechanism. In
order to construct this realistic theory we need to associate the particles to
correct representations of supersymmetry and gauge group (see Appendix 1
for some basic representations of N=1 super-Poincare group). As the Stan-
dard Model fermions of a given chirality belong to the fundamental represen-
tation of the gauge group and standard vector bosons belong to the adjoint
representation, it is not possible to put them together in the same supermul-
tiplet. Fermions have to be inserted into a chiral supermultiplet while gauge
vector bosons belong to a vector supermultiplet. Also, the Higgs bosons can
not be inside the same chiral multiplet of the standard fermions because this
does not allow the right fermionic mass spectrum [1]. The Standard Model
(SM) left fermions transform differently under the gauge group than the right
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fermions, so they must be accommodated in different chiral supermultiplet.

To every standard particle is associated a supersymmetric partner: scalar
partners of quarks and leptons are called squarks and sleptons (scalar quarks
and scalar leptons). Left and right pieces of quarks and leptons are separate
Weyl fermions with different gauge transformation properties in the SM, so
each must have its own complex scalar partner. Symbols for squarks and
sleptons are the same as for the corresponding fermions with a tilde added.
Superpartners of left and right parts of electron field are called left and right
selectrons and are denoted €7, and €g (left or right refer to the helicity of the
superpartners of selectrons, of-course), for example; smuons and staus would
be pir, fig, 7o, Tr- SM neutrinos are always left, so sneutrinos are denoted
by Ve, Uy, V-, with indication which lepton flavor they carry. Squarks are ¢y,
qr With ¢ = u,d, s, ¢, b,t. The gauge interactions of each of these squark and
slepton fields are the same as those of the corresponding SM fermion: left
squark like u;, will couple to W boson while ug will not, for example. Higgs
scalar should be in a chiral supermultiplet (due to its spin).

If there was only one Higgs chiral supermultiplet, it can be shown that
the electroweak gauge symmetry would suffer a triangle gauge anomaly. This
can be avoided if there are two Higgs supermultiplets, one with each of weak
hypercharge Y = £1/2. The SU(2) doublet complex scalar fields correspond-
ing to these two cases we denote H, and H,. The weak isospin components
of H, with T3 = (+1/2, —1/2) have electric charges 1 and 0, and are denoted
(H}, HY). Similarly, the SU(2) doublet complex scalar H; has Ty = (+1/2,
—1/2) components (HY, H;). The neutral scalar that corresponds to the
physical SM Higgs boson is in a linear combination of H? and HY. The
generic nomenclature for a spin-1/2 superpartner is to add the suffix ”-ino”
to the name of the SM particle, so the fermionic partners of the Higgs scalars
are called higgsinos. They are denoted by H,, Hy for the SU(2) doublet left
Weyl spinor fields, with weak isospin components H;", H® and HY, H 7

The matter content of the theory is summarized in table 2.1, which gives
the transformation properties of the SM fields with respect to the gauge
group.

In the first row of table 2.1 we have put the chiral superfields that contain
the component fields indicated in the other rows, ¢ = 1,2, 3 is a family index.
We have followed the standard convention that all chiral supermultiplets
are defined in terms of left Weyl spinors, so that in the table there are the
conjugates of the right quarks and leptons.

The vector bosons of the SM clearly must reside in gauge supermulti-
plets. The fermionic superpartners are referred as gauginos. The SU(3)
color gauge interactions of QCD are mediated by the gluon ¢, denoted
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Supermultiplet | spin 0 spin 1/2 | SU(3) ® SU(2) @ U(1)

Q; (A de) | (udn) (3,2, 1/6)

u; Uy ul, (3,1,-2/3)

di d d (3,1,1/3)

L (ver) (ver) (1,2,-1/2)

e R h (1,1,1)

H, (H; HY) | (Hy HY (1,2,1/2)

Hy (HY Hy) | (HY Hy (1,2,-1/2)

Table 2.1: Minimal supersymmetric standard model chiral supermultiplets

with g. The electroweak gauge symmetry SU(2) @ U(1) possesses as gauge
bosons W, W% W~ and B°. The corresponding spin 1/2 superpartners
WJF, WO, W~ and B° are called winos and bino. After electroweak symme-
try breaking, the W and B° gauge eigenstates mix to give mass eigenstates
ZVO and . The corresponding gaugino mixtures of W° and B°, denoted by
7" and 7, are called zino and photino: if supersymmetry were unbroken,
they would be mass eigenstates with masses my and 0.

In the table 2.2 we have summarized the gauge supermultiplets of the
minimal supersymmetric standard model (MSSM).

Fields spin 1/2 | spinl | SU(3)® SU(2) @ U(1)
gluino, gluon g g (8,1,0)
winos, W bosons | W= W° | W= W?° (1,3,0)
bino, B boson B B (1,1,0)

Table 2.2: MSSM gauge supermultiplets

The chiral and gauge supermultiplets appearing in tables 2.1 and 2.2
completely describe the particle content of the MSSM. In a renormalizable
supersymmetric theory the interactions and masses of all particles are de-
termined just by their gauge transformation properties (in the case of the
MSSM are given by the SU(3) ® SU(2) ® U(1) gauge group) and by the
superpotential W, that appear in the most general N = 1 supersymmetric
lagrangian.
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The superpotential W is a function of chiral superfields only and it de-
termines every non gauge interaction of the theory

1 1

The superpotential determines not only the scalar interactions but also
the fermion masses and Yukawa couplings. Thus, once the supermultiplet
content of theory is given, the form of the superpotential is constrained by
gauge invariance, and so only a subset of the couplings m;; and y;;; are
allowed to be non zero. For example the entries of the mass matrix m,;; can
only be non zero for ¢ and j such that the superfields ®; and ®; transform
under the gauge group in representations that are conjugate of each other
. Likewise, the Yukawa couplings y;;x can only be non zero when ®;, ®;
and P, transform according to representations which can combine to form a
singlet.

The superpotential for the MSSM is given by

Wirssm = pHyHy + (y,0QH, — ysdQHy — y.eLHy) (2.2)

where the fields that appear in this equation are the chiral superfields
defined in table 2.1 and where we have suppressed all the gauge and family
indices. The dimensionless Yukawa couplings y,, y4 and y. are 3 x 3 matrices
in family space. The first term in equation 2.2 is the "p term”, and it is
the only allowed mass term. It is the supersymmetric analogue of the Higgs
mass term, and it is essentially unique because terms like A H, or Hj}H, are
forbidden in the superpotential 2.2, which is an analytic function of chiral
superfields. It can be written in terms of an SU(2) doublet as

pH,Hy = pe” (H,),, (Ha)g (2.3)

where € is the SU(2) metric. In an analogous way the second term,
that is a Yukawa type term, can be written as

Y @QH, = 7, (y.)] Qo (Ha) g, (2.4)

where now we have explicitly written the family indices ¢ = 1,2,3 and
the SU(3) gauge indices a = 1,2, 3 of the fundamental representation 3.

The Yukawa matrices determine the masses and Cabibbo-Kobayashi-
Maskawa mixing angles of the ordinary quarks and leptons after the neutral
scalar components of H, and H; get VEVs. Since the top quark ¢, the bot-
tom quark b and the 7 lepton are the heaviest fermions in the SM, it is often

'In the MSSM there is only one possible term of this type.
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useful to make an approximation that only the (3,3) family components of
Yu, Ya and gy, are important

000 000 000
Yu~ 1000 Yya~ 1000 Y~ 1000 (2.5)
00 y 00 v 00y,

In this limit only the third family and Higgs fields contribute to the MSSM
superpotential. However, it is useful to remember that the dimensionless
interactions determined by the superpotential 2.2 are often not the most
important ones from the phenomenological point of view. In fact the Yukawa
couplings are very small, except for those of the third family. Instead, the
decay and production processes of superpartners in the MSSM are typically
dominated by the supersymmetric interactions of gauge coupling strength.
The couplings of the SM gauge bosons to the MSSM particles are completely
determined by the gauge invariance of the kinetic terms in the lagrangian
[75].

There are also various scalar quartic interactions in the MSSM which
are uniquely determined by gauge invariance and supersymmetry. They are
dictated by the scalar potential (here we can not enter in details, to interested
reader is recommended to see the standard literature given at the begining
of this section). The dimensionful terms in the supersymmetric part of the
MSSM lagrangian are all dependent on u, that appears in the generalization
of the Higgs mass term of the MSSM superpotential. We find that p gives
the higgsino mass terms in the MSSM lagrangian

LD —p (ﬁjﬁd_ - ﬁgﬁg) + c.c., (2.6)
as well as Higgs mass square terms in the scalar potential

—LOV D |u* (I, + [Hy [ + [Hg|* + | Hy ) (2.7)

where V is the scalar potential. Since the Higgs part of the scalar potential
is positive definite, we cannot understand electroweak symmetry breaking
without including soft supersymmetry breaking terms for the Higgs scalars,
which can be negative. So, to complete the description of the MSSM, we need
to specify the soft supersymmetry breaking. The soft breaking lagrangian
can be written as [74]

1 N o o
LTI = -5 (Mzgg + MWW + MlBB> +cc
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- (E‘Zau @Hu — Zl:ad @Hd —¢a, EHd) + c.c.
~ ~ ~ ~ - ~ ~f ~
—QTmQQQ —LTm2 L — ﬂm?jﬂT —dm3d — émgéT

—myy, HiH, —m3 HyHy — (bH,Hy+ c.c.) (2.8)

where M, My and Mj are the bino, wino and gluino mass terms and
we have suppressed all the gauge indices. The second line of equation 2.8
contains the trilinear scalar couplings. Each of a,, a4 and a. is a complex
3 X 3 matrix in family space, with mass dimension d = 1. These matrices
are in one-to-one correspondence with the Yukawa coupling matrices that
appear in the superpotential. The third line of the equation 2.8 contains the
squark and slepton squared mass terms. Each of mg), mi, m2, m% and m? is
a 3 x 3 matrix in family space 2 which in general can have complex entries.
Since the lagrangian must be real, these matrices are hermitian.

Finally the last line of equation 2.8 contains the supersymmetry breaking
contributions to the Higgs potential: m3, | qud and b (usually indicated in
the literature as Bu) are the only squared mass terms that can occur in the
MSSM.

To summarize this discussion about the soft supersymmetry breaking, we
must show the order of magnitude of all these terms

M17 M27 M37 Ay, Ad, Qe ~ msoft (29)

2 2 2 2 2 2 2 2
meg, My, Mg, Mg, Mg, My, My, b~ Mo ft (2'10)

where mg,p is the characteristic mass scale of supersymmetry breaking
which is of the order ~ 1TeV, in order to continue to solve the hierarchy
problem [75]. The soft breaking lagrangian 2.8 has the most general form
which is compatible with gauge invariance and with R-parity conservation.

The soft lagrangian 2.8 introduces many new parameters which were not
present in the ordinary SM. A careful count (see [76]) reveals that in the
MSSM lagrangian there are 105 new parameters, respect to the ordinary
SM, that cannot be rotated away by redefining the phases and flavor basis
for the quark and lepton supermultiplets. Thus, in principle, supersymmetry
breaking introduces a huge arbitrariness in the lagrangian.

But we can reduce some of this arbitrariness because most of the new
parameters can be constrained by the request that there is no flavor mixing
or CP violation of the type which is already restricted by experiments [77].

2To avoid a heavy notation we have neglected the tilde over the name of the scalar
fields, like, for example, Q.
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This can be evaded assuming that supersymmetry breaking is ”univer-
sal”: the squark and slepton masses are flavor blind, so they should be each
proportional to the the 3 x 3 identity matrix in family space

(mé)z = mé 13><3 (m%)z = m?j 13><3 (mi’)z = m?z 13><3
(m); = mi Laxs (m2); = m2 Ly, (2.11)

where i, = 1,2, 3 are family indices. In this way all squark and slepton
mixing angles are rendered trivial, because squarks and sleptons with the
same electroweak quantum numbers will be degenerate in mass and can be
rotated into each other. In such limit, supersymmetric contributions to flavor
changing processes will therefore be very small.

Moreover, one can make the assumption that the trilinear scalar couplings
are each proportional to the corresponding Yukawa couplings

Ay = AuO Yu aq = AdO Ya Qe = AeO Ye- (212)

This ensures that only the squarks and sleptons of the third family can
have large trilinear couplings. Finally, one can avoid disastrously large CP
violating effects assuming that the soft parameters do not introduce new
complex phases, i.e.

arg (M), arg (Ms), arg (Ms), arg (Aw), arg (Ag) , arg (Ae) = 0, 7.
(2.13)

The only CP violating phase in the theory will be the ordinary Cabibbo-
Kobayashi-Maskawa phase found in the ordinary Yukawa couplings. The
relations 2.11, 2.12 and 2.13 make up the so called assumption of soft breaking
universality.

The origin of the supersymmetry breaking terms and the soft breaking
universality relations seems to require an underlying theory that must ex-
plain, in the end, the peculiar scale mg, s ~ 1TeV. Moreover it remains to
explain the origin of the p term in the Higgs sector of the scalar potential
that appears in the equation 2.7. In fact, we expect that p should be roughly
of the order of 10? or 10® GeV, in order to allow an Higgs VEV of order of
174 GeV without a fine tuning between | u|2 and the negative mass squared
terms in the last line of the soft lagrangian. The MSSM scalar potential
seems to depend on two types of dimensionful parameters which are con-
ceptually quite distinct, namely the supersymmetry respecting mass p and
the supersymmetry breaking soft mass term mg,s. The so called p problem
refers to the fact that this two unrelated parameters are of the same order of
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magnitude. Several different solutions of the p problem has been proposed
[78] [79] [80]. From the phenomenological point of view we will treat u as an
independent parameter without asking his origin.

Neutralino is a linear combination of the higgsinos and electroweak gaug-
inos. The neutral higgsinos, H? and H?, and the neutral gauginos W° and
B combine to form four neutral mass eigenstates called neutralinos. We de-
note the neutralino mass eigenstates by x;, with ¢ = 1,2, 3,4. By convention
the masses are labelled in ascending order: mg, < mg, < mg, < mg,, so the
lightest neutralino is the LSP (unless there is a lighter gravitino or if R-parity
is not conserved). Introducing a gauge eigenstate basis it is possible to write
the neutralino mass terms in the MSSM lagrangian as

1
£2—3 ()" Mz y® +c.c. (2.14)

where
o = (B,W°, 7y, 1) (2.15)

and with the neutralino mass matrix given by

My 0 —CgSwmyz SgSwimyz
Mo — 0 My cgewmy  —SgCymy 916
X _ 0 _ ( : )
CgSwimyz CaCwiz 1%
Sgswmyz —SgCwmy —u 0

where the 0y parameter is the Weinberg angle and where we have in-
troduced the following notation: sz = sin 3, cg = cos 3, sy = sinby and
cw = cos By, Here, we can not enter in all the details, for more see [14, 70],
for example. We just note, from now on, the mass of the lightest neutralino
with ms; = mg, and we can express X in terms of the mixing diagonalizing
matrix NV;; as

%:N11§+N12W0+N13ﬁ[3+]v14ﬁ[3 (217)

The neutralino composition can be described in terms of an other useful
parameter, called gaugino fraction, that is defined in the following way

Zy = |Nu|* + | No|? (2.18)

If Z, > 0.5 then the neutralino is primarily a gaugino, while if Z, < 0.5
then the neutralino is primarily an higgsino.
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Chapter 3

Origin and Propagation of
Cosmic Rays in the Framework
of the Standard Model

3.1 Introduction

Cosmic rays are relatively high energy particles that are coming in the Earth
atmosphere, detected for first time by the famous V. Hess balloon experiment
in 1912, in which he wanted to measure the ionization rate in the upper
atmosphere. From this first detection, cosmic rays become one of the most
important problems in the both — experimental and theoretical astrophysics,
but their importance is putted at the right place just when the powerful
calculators where built. Than, consequently, it was possible to solve, in
the beginning relatively simple in comparison with today’s models, various
theoretical models supposed to give the right way of how cosmic rays are
created in the our Galaxy and then transported through it to reach the Solar
system. After, those ”simple” models where evolving to became more and
more complicated, when it was clear that in an easy way one can non reach
the production of the spectra of all the cosmic rays together in accordance
with more and more sophisticated experiments.
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3.2 Introduction to the Production of the
Primary and the Secondary Nuclei and
Its Importance

Propagation of cosmic rays trough the Milky Way is not purely plasma
physics that includes diffusive processes in an unknown galactic magnetic
fields, sources of primary nuclei of supposed functional type of the spectra
with unknown constants and unknown various Galactic parameters. Even
in that case, at the first place, the propagation equation would be relatively
complicate and difficult to solve numerically due to the processes that require
the calculation in the hole phase space (particle momentum as the kinematic
variable greatly facilitates the inclusion of the diffusive reacceleration by the
second order Fermi mechanism [99]). Second, all the unknown parameters
are not measurable in the other ways — but must be constrained by the
analysis of the fits of some of the measured spectra of cosmic rays. But,
propagation equation also contains complicated nuclear physics processes.
For the chains of nuclear reactions it is necessary to know accurately a lot of
cross sections. Those cross sections are not measured always, but simulated
or parametrized. After all, distributions of Galactic matter are not exactly
known, even distributions of all the ionization types of hydrogen and helium
(at least their ratio) as well as distribution of gamma rays and other cosmic
rays sources.

On the other side, spectra of cosmic rays are the unique way we have
to test the creation and propagation models for them done in the frame-
work of Standard Model physics and consequently to check somehow also
the Standard Model itself. This become more important with a development
of Supersymmetry, at the first place, and other exotic physics, because all
the models behind the Standard Model have more possibilities for creation
of diverse cosmic rays in the plenty of new processes, studied more in de-
tails with the time passing (see [121, 91, 123, 7|, for example). Here we will
mention briefly some of the most important exotic mechanisms as examples.

At first place, in the framework of the Minimal Supersymmetric Standard
Model there are new particles that could lead by their interactions to a fresh
component for the total antiproton and positron spectra. Those components
(often called signal or primary component), depending on the model parame-
ters and the distribution of new particles in the Milky Way, could be also not
small in the comparison with the standard production (background). Those
models are also very attractive because they solve another very actual and
fundamentally important problem of the missing matter in the Universe. As
the characteristics of the movement of visible matter in our Galaxy (as ex-
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ample) gives the only information about the distribution of Dark Matter, it
is clear that new numerical simulations should be done (in fact they where
done already, as this question was even before very actual, see [135, 6]) to
discover the possible Dark Matter profiles — and this, of course, is taking with
itself new undeterminances. Than, it is also not said that this type of Dark
Matter is the only one candidate for it. Thus, in this type of calculations
one need to check all the possibilities for the extremely big number of free
parameters between diverse models included in the considerations. It is very
difficult and requiring task in the sense of processor time (at least), even on
the newest machines. So, neither Standard Model creation and propagation,
neither one in the framework of Supersymmetric models, are still not giving
final answer on the question of the origin of the cosmic rays spectra.

Evaporation of black holes also would lead directly to extra components
in the antimatter particles spectra that in principle could be detected if one
would be sure what part of the measured spectra is due to the standard
production.

Always there is the problem of the uncertainty of the propagation of the
Standard Model spectra. In fact, this is the central problem if one would like
do disentangle the exotic contributions. This problem is one of the subjects
treated in this thesis.

Other possibility to generate extra antimatter is to have other exotic
particles, like axions [91, 92|, that we noted in the first chapter already.

Some fundamentally new physics — noncommutative properties of space-
time could be the reason also to have an effective permeability of the vacuum
different from €3 and consequently we would receive a distorted ~ ray spectra,
principally detectable [7].

Even all the mentioned problems, essentially very simple behavior of cos-
mic rays spectra lead to conclusion that, at least, their production and prop-
agation is lead by by the similar mechanisms over all the energy range; in
fact, roughly speaking, all the cosmic rays spectra can be described (above
the energies of 10 GeV) by the same functional types — power lows with
index around —3. The only structure appears around 10'2 GeV! It is a sim-
ple "knee” (see figure 3.2), above which again there is no structure (at least
up to the ”ankle” around 10'® GeV), and everything seems to be working in
some other unique way again. Unfortunately, at very high energies statistical
errors of experimental data are enormous and it is not possible to use them
for the propagation analysis: for example, around the "knee” we have a flux
of an order of one particle per year per square meter!

What kind of information we can gain from the spectra of the cosmic rays?
Different isotopes presented allows one to study acceleration and propagation
in the interstellar medium: for example, stabile nuclei gives us parameters
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that describe diffusive processes, often modeled as isotropic (diffusion tensor
is taken to be proportional to identity operator) and about Galactic wind
and the velocity of Alfven perturbations. However, those assumptions are
based on the studies of the spectra in one point in the Milky Way, with the
supposition that the spectra are very similar everywhere.

How cosmic rays are produced? Measured X ray and ~ ray spectra from
the supernovae and supernovae reminants and pulsars are suggesting that
in their vicinity there are strongly accelerated particles that after escap-
ing are continuing to propagate through the interstellar medium changing
their spectra by gaining and loosing their energy in various processes. These
objects practically act as natural accelerators and produced high energy par-
ticles have the potential to create in their collisions various secondary nuclei
that are rare in the Universe, like antiprotons and pions that are decaying
and producing positrons and electrons (so called secondaries) as well as dif-
fusive v rays, that are also produced via inverse Compton scattering and
bremsstrahlung. So, as example, carefully analyzed, spectra of v rays could
give us the information about the spectra of nuclei and leptons. Synchrotron
emitting electrons are accelerated with a second order Fermi mechanism (see
later in the text).

Generally speaking, understanding the propagation would lead to very
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rich knowledge of the magnetohydrodynamic properties of the our Galaxy as
well as properties of its matter content. Even more, in principle, we would
be able to detect eventually signs of new physics.

Is there any other classical important mechanism for the production of
cosmic rays? The total energy of cosmic rays in the Galaxy may be esti-
mated by multiplying their energy density (1eV/em?) by the volume of the
Galaxy (m(10kpc)? - 300pc). For the lifetime of 3 millions of years this energy
would need to be supplied at the rate that only acceptable sources for it are
supernova explosions, supposing that from one promile up to one percent of
the energy would go to cosmic rays. This is in accordance with later theo-
retical models of Colgate and White where shock waves after the explosion
are accelerated during they passage through the less and less dense upper
layers of the presupernova star, taking with itself the mass fraction of the
star and ejecting its small peace, finally, with a very high speed. Primary
spectra expected from diffusive shock acceleration theories are power lows in
impulses. There are also mechanisms based on electromagnetic field around
the neutron stars.

3.3 The Most Elementary Results From the
Physics of Plasma

3.3.1 Plasma Physics of Propagation

One of the fundamental questions of propagation of charged particles is
how to treat their interaction with unknown Galactic chaotic magnetic field.
Fermi [99] was the first to give a statistical treatment of the scattering of
particles with a random magnetic field, while Chandrasekhar [66] showed
that those processes could be treated exactly by the usage of random walk
in the configurational space. This was even confirmed from the point of view
of relativistic Boltzmann equation [67]. The question of eventual anisotropy
of the diffusion tensor was also risen, but we will assume a simple isotropic
diffusion (see later).

Generally speaking, various possibilities for the acceleration of charged
cosmic rays particles exist [86, 172]. The two most important examples are
by longitudinal waves and Fermi-type acceleration. First of all, even if is ob-
vious, we would like to emphasize that any acceleration (here of importance)
of a charge particle can be just due to the electric field, never due to magnetic
one. Second, high energy particles have power low spectra, and consequently
they could not be accelerated by the statical electric field, because in that
case they would have very similar energies among themselves, i.e. their spec-
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tra would be quasi monochromatic! So, remains stochastic acceleration in
a random electric field. Why acceleration and not energy losses? The rea-
son is simple, and essentially thermodynamical: the energy of the particles
should tend towards the mean energy of the turbulent motions. For exam-
ple, the average of the kinetic energy of any particle is extremely small in
comparison with the mean kinetic energy of the interstellar clouds and con-
sequently one should expect that in the collisions of cosmic rays with the
interstellar clouds particles should increase their energies. Any energy ex-
changing mechanism between the particles and hydromagnetic turbulences
should lead to the transfer of the energy from the turbulence to the particles.
In time turbulences tend to loose their energy.

It could be assumed the existence of the convective, Galactic, wind that
represents collective movement of the gaseous plasma and the trapped mag-
netic field outwards Galactic disk, and that could be responsible for the
adiabatic losses of energy. The standard textbooks on plasma physics (see,
for example, [86]) are treating convective terms as well as Alfvenic waves.
Here, we will try to describe briefly those and some other physical processes
in plasma following the magnetohydrodynamical approach.

3.3.2 Some of the Methods for the Theoretical Study
of the Dynamic of Plasma

The most exact approach for the treatment of plasma is the kinetical ap-
proach [86], only one which can explain the existence of the effect of Landau
amortization. This effect is known also as the specific absorption, resonant
absorption or inverse effect of Cherenkov. The effect of Cherenkov is when
charged particle which moves through some material medium with velocity
bigger than the phase velocity of electromagnetic waves in that medium is
emitting the electromagnetic waves (Cherenkov emission) and during that
process, loosing the energy, starts to slow down till its velocity doesn’t be-
come equal to that of the electromagnetic waves in that medium. In the case
of Landau’s amortization the charged particle which was moving in the be-
ginning with the velocity equal to the phase velocity of electromagnetic waves
in the plasma, starts to absorb the energy of the electromagnetic waves and
starts to accelerate due to that absorption. The kinetical approach is based
on the kinetical equations that could be obtained by careful analysis of the
collision processes

Ofou . Ofa Fy Ofa
O | 5. 0o Fa Ofa

ot or | m, Ov = Lo, (3.1)
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that are entering trough the collision integrals I, a is counting the types
of the particles. From these equations it is possible to get the distribution
functions f, for every type of the particles. For the force density F, the only
one acceptable force to be taken into account is the Lorentz one.

Averaging of these equations over the velocities gives the electromagne-
tohydrodynamical equations. This averaging is a origin of the problems in
explanation of Landau’s amortization. In these equations enter beside the
hydrodynamical quantities (density, pressure, velocity and temperature) also
electrical end magnetically field while we deal with the ”fluid” of charged par-
ticles. So, these equations are combination of hydrodynamical and Maxwell’s
equations. In hydrodynamical equations enters also Lorentz force through
its density in the form pelE +J X B where 7 is density of current and Pel
the density of charge. In the same time, into Maxwell’s equations enter the
convective terms trough which ones the motion of the fluid influences the
electromagnetic field. That means that the elctromagnetohydrodynamical
equations are self-consistent equations of hydrodynamical and electromag-
netic quantities. We have

p
§+dw( pt) =0, (3.2)

that is the equation of continuity,

ov . L oL L 1
pa—::pf—Vp+pelE+jXB+MAQ7+()\+§,M)V(V"U)7 (3.3)

that is the Navier-Stoks equation where transport coefficients do not need
to be constant,

p=F(p), (3.4)

that is the characteristic equation of barotropic fluid,

J=0(E+Tx B)+ pat, (3.5)
that is the generalization of the Ohm’s law in the non relativistic case,
and
=1
divE = —py, (3.6)
€0
divB = 0, (3.7)
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0B

rotE = ——,
ot

(3.8)

and

rotB = poj, (3.9)

that are the Maxwell’s equations.

In the case of the high electroconductivity of the fluid, that for plasma
is satisfied, the system of electrohydrodynamical equations can be simplified
in what is called magnetohydrodyanamical approximation. First, in that
case the interaction of fluid is interaction only with magnetic field, and also
pe = 0. The explanation of why it is possible to make this simplification
is the following: if in the system the electroneutrality is broken, than in
the system there are two parallel processes, electronic plasma’s oscillations
and diffusion. Then, pe(t) = pl,(t) + pli(t), where p.; is the consequence of
diffusion and p, of plasma’s oscillations. p!, decreases slowly and monotony
with the time and on its behavior are superposed very fast oscillations of
frequency wye trough pZ,. The amplitude of this part decreases with time
due to the collisions in the plasma. If 74¢ and 7,s are the characteristic
times when the p; and p; ;; decrease to zero (respectively), then p, has very
different form in two cases: when 745 << 7,5 and when 745 > Tose.

We can estimate the order of these two times. If v, is the collision fre-
quency of the electron, 7, = V—le the collision time, then 7,,. ~ 7.. The
estimation of 7455 is easily to get if we know the fact that the macroscop-
ical (hydrodynamical) density of charge is p;. Then, from the continuity
equation we get

a e N i =

aptl _'_dZU.J =0 y Pel = p/el7 J = 0E7 (31())
ap,l g =
—=+—FE=0 3.11
ot + €0 ’ ( )

the solution of this equation is:
/ Y Y
Palt) = Pez(O)efvp(—;t), (3.12)
from which we can see that the 747, ~ <. Using o = % finally we
get Taipr ~ ET‘LZZ; V—le From this equation it is obvious that in the case of the
fluid with very high electroconductivity (as it is the plasma) 7, is very big,
and consequently 74 very small so that the space density of charge will be
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macroscopically equal to zero (74f < T,s.). Then we saw that p.; = 0 is the
consequence of the high electroconductivity of a fluid, and this assumption
in the case of plasma is adequate.

Putting these approximation into equations (3.5) and (3.6) we get the
equations of magneto-hydrodynamical approximation:

dp
— v (pv) = 1
5 + div(pv) =0, (3.13)

o N 1
pa_z = of —Vp+ M—(rotB) X B+ pii+ A+ gmV(V-0),  (3.14)
0

this equation is now the combination of the Navier-Stoks equation and
Ohm’s low (where we put j = H%rotB and pe ~ 0)

p=F(p), (3.15)

that is the characteristic equation of barotropic fluid (if the fluid is not
barotropic, it is needed to introduce also the temperature into this equation),

j=0(E+7x B)+ pat, (3.16)
divB =0, (3.17)

0B _ . 1
E = Tot(ﬁ X B) + I/mAB, (Vm = ,uo—o') (318)

3.3.3 Convective Effects in the Case of the Infinite
Electroconductivity of Plasma

The equation (3.18) says that the local change of magnetic field with time is
a consequence of convection (¥ x B) and diffusion (AB) of magnetic field.
Convection means that every part of the fluid wants to remain unchanged
all its characteristic quantities during the motion.

In the implementation of the plasma physics in astrophysics the analogy
of this equation and the equation for the circulation vector & = %rotU of the
velocity field in the case of barotropic nonconductive fluid on which act only
potential forces is very important. The motion of this fluid is described by
the Helmholtz equation — of the same functional type as equation 3.18.

In the case of the fluid of infinity electroconductivity (£ = 0) equation
3.18 becomes
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0B Lo
Frie rot(v x B), (3.19)

and the local changing of the magnetic field with the time is consequence
only of the convection effects. As the magnetic field satisfies also Maxwell’s
equation divB = 0 (and these two equations together are mathematically
completely analogue to the equation for the & = %rotﬂ’ for the ideal barotropic
fluid on which act only potential forces) it is expected that should be valid
some magnetic analogy of the Hemholtz theorems. They can be formulate in
the next way:

Flux of the magnetic field trough some bounded contour made of the same
elements of the electroconducting fluid with an infinite electroconductivity
doesn’t change during the motion of that contour.

If this would not be hold, during the motion of the physical contour,
would be induced infinite currents, which physically doesn’t have any sense;
so, the fluid should move so that the flux doesn’t change.

The elements of the electrocontucting fluid with infinite electroconduc-
tivity that were at one moment of time on the one line of the magnetic force
will stay on the same line of the magnetic force at every moment of time
during the motion.

This theorem says that the fluid moves so that its elements are fixed on
the lines of the magnetic force, so this is called the freezing of the lines of the
magnetic force.

There exist few confirmation of this theorem. We will give here one based
on the vector’s identity

rot(7 x B) = (B - V)& — (¢ - V)B — Bdivi + vdivB. (3.20)
’ 1g>si]rsg also the equations divB = 0 and %—Jf +(7-V)B = CZ—? equation
: ecomes
B = .
— = (B- V)i~ Bdiv. (3.21)

We will start explanation of the theorem looking at the element di of the
line made of the elements of the fluid of the density p. We can introduce the
vector C = B — kpdr, where k is a constant. We can suppose that in the
initial moment element dr’ was in the same direction as the magnetic field B ,
then we can find k so that at the initial moment was C = 0. While
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dk dp d
— div, —(dr) = div = (dF - V¥ 22
; 0, ; pvidd, t(d’r) dv = (dr'- V)7, (3.22)

we will have that the vector C changes with time as

dC  dB . d . ,
d—f — E—kd—idf—kpdﬁz (B-V)0—Bdivi+kpdrdivi—kp(di-V)7, (3.23)

and finally,

% = (C - V)7 = Cdivd. (3.24)

As we have that at the initial moment C' was equal to 0, then also %
will be equal to zero, as also all differentials of the bigger order. That means
that the vector C' will stay equal to zero whole the time during the motion,
and that whole the time is valid relation B = kpdr if that was valid at the
initial moment. So during the motion the vectors B and dF remain collinear
and that is exactly what says the theorem of ”freezing”.

The proportionality |§ | ~ p|dr] is physically obvious if we look at the
element of the fluid of the length dr and the cut dA. During the motion the
mass of this element pdAdr remains constant. And, in accordance with the
theorem the magnetic flux BdA trough the base of the element remains also
constant. That means that during the motions should be always B ~ pdr.

For the convection velocity field in the literature were assumed diverse
functional types that we will treat after. We will emphasize now just that
due to the reflection symmetry with respect to the Galactic plane it would
be unnatural to assume velocity fields that are different from zero in the disk
(i.e. in z = 0%) and that would suffer a delta function jump in the Galactic
plane.

3.3.4 Elementary Hydrodynamical Theory of Waves
Propagation in Plasma

General Relations for the Plain Waves

The equations which describe the wave processes in some medium can be
obtained form the basic dynamical equations for that medium applying on
it method of the perturbations. For this method is characteristic that it is as-
sumed that the medium is in the stationary state and that on that stationary
state it is possible to superpose the perturbations of all relevant quantities.
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Usually, after that it is needed to linearize these equations, and that means
to restrict the description on the small amplitudes. It is assumed that the
plasma in the stationary state is in the rest and that is homogenous. Then
the equations for the perturbations are differential equations with constant
coefficients. The solutions of these equations are plain waves.

If the medium in which the waves expand is infinite then the differential
equations are homogenous and they don’t have always solutions. The con-
dition of compatibility of these equations is known as a dispersion equation,
which makes connection between the frequency of wave’s oscillations w and
wave’s vector k. This connection is in general very complicated and has a
form

F(w, k) = F(w, kg, ky, k) = 0. (3.25)

This equation can have in general many solutions over w (we will see that
in the plasma case the maximum number of solutions is four)

wn = wn (k) = wpka, by k2), (n=1,2,3,...), (3.26)

and every solution corresponds to the one type of the waves, i.e. wave’s
mode. This relation is dispersion equation of a given wave’s mode and con-
tains all information about characteristics of a given mode. We can see
that from next reasoning: if the wave’s vector k is real, then (if we write
wp = Rew, + 1Imw, ) the plain wave has the form

Ae—zwt-{—zE-F _ [Ae(lmwn)t]e—z(Rewn)t-l—zl;.F. (327)

This equation corresponds to the wave process with the frequency Rew,,,
which amplitude increases or decreases depended on the sigh of I'mw,, so
that I'mw, is exactly increment (decrement) of the amplitude

w= Rew, v =Imuw, (3.28)

First of these relations is spectra of a given mode, and from that equation
it is possible get the phase and group velocity of the mode.

w L Ow
Uph = E Vg = £ (329)

First equation gives the velocity of the emerging of the phase of the
wave (this is always in the direction of the vector E), and second gives the
direction of the transport of the energy through the wave (this a priori is not
necessary to be in the direction of vector E) Specially, if vy, = 0 (the energy
of the perturbation does not emerge from the place of appearance) then the
perturbation is called oscillation; and ¥, # 0 it is wave.
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Ideal Noncompressible Electroconductive Fluid: Alfaén and Mod-
ified Alfvén Wave

In the case of ideal noncompressible electro-conductive fluid the system of
equations (3.13,3.14,3.15,3.16,3.17 and 3.18) becomes

divi = 0 (3.30)
ov . 1 _ S
plm + (U- V)] = =Vp+ —(rotB) x B (3.31)
ot Ho
aa—f = rot(7 x B) (3.32)
divB =0 (3.33)

We can label with p = pg, p = po, ¥ = 7o = 0 and B = 50 the charac-
teristic quantities of the fluid in the stationary state, and with primes the
perturbation of these quantities. If we put into the equations the values of
the quantities in the stationary state the equations are identically satisfied,
and if we put the perturbed quantities p = pg +p', p = po + p', ¥ = ¢ and
B = 50 + ¢ we have

divt’ =0 (3.34)
o' — —y / 1 3/ 5] 3
po[a + (0" V) = -Vp + ”—(T’OtB) x (Bo + B) (3.35)
0
5 L
a@t = rot[t/ x (By + B)] (3.36)
divB =0 (3.37)

We will choose the referent system so that the z axes is in the direction
of wave vector E, and the x axes choose on that way that vector of magnetic
field lays in the xOz-plane. If we label with 6 angle between ¢ and By we
will have

k= ke, (3.38)

By = By(sinfé, + cos 0E.,), (3.39)
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e—zwt+zk~r — e—zwt-l—zkz (340)

Due to this choice of the coordinates the perturbations v, é and p’
depends only on z coordinate, so we can put a% = a—y = 0. So frorn the
equations (3.34) and (3.37) we have

o’ 0B/
= =0, = =0 3.41
0z 0z (3:41)
That means that these perturbations don’t change with, they have con-
stant value, and if we choose the condition on the border (infinite system) so

that the value of them are zero we have that

v.=0 B.=0 (3.42)

In the infinite noncompressible ideally electroconducting fluid the waves
that emerge are purely transversal, in both sense, hydrodynamicaly (v, = 0)
and electrodynamicaly (B, =0).

Having this in mind, the equations (3.35) and (3.36) can be rewritten in
the scalar form

o 1 0B,
L= —R8 0 3.43
T mug 0N g, (3.43)
ov! 1 0B
—4=—nB H—+ 3.44
P05 muy 0CSYTH (3-44)
op/ OB. 0B, 0B,
0:———— B! B/— Bysinf 3.45
0: "\ P a, TP, tThesmb R (345)
0B, v,
o = By cosf P (3.46)
95, =B 98 , 3.47
v 0 COS E (3.47)
The equation (3.45) is possible to rewrite in the form
a’+31w?+3)+133"m 0 (3.48)
— — — sinf] = 0; :
0z 2410 Ho . 7
The last term is the scalar product of vectors B’ = B.é, + B,é, and

éo By sin 0¢e, + By cos fe,. If we add constant term (which doesn’t depend
on z, so after derivation by z gives zero) py + 5 32 we have
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8 1 —/ — — —
5P T pot 270(802 +2By- B+ B%)] =0; (3.49)

1

%(p + 2—m82) =0. (3.50)

The equation (3.45) from the upper system of equations determines the
pressure in the fluid and gives that the sum of hydrodynamic and magnetic
pressure in fluid in perturbed state doesn’t depend on the z coordinate, i.e.
in every moment of time has the same value in all points of fluid. Using the
conditions on the border, where perturbation doesn’t exist we can conclude
that the pressure is equal to the unperturbated pressure pgy + iBg. So, the

equations that determine characteristics of fluid rest equations for ¢ and B
These equations are already linear in perturbation, so that in the noncom-
pressible fluid it is possible find the solutions of wave equations with arbitrary
big amplitudes (the linearizations, i.e. restriction to the behaviors with small
amplitudes, it is not needed while the equations are already linear).

The remain four equations are not in fact four equations with four un-
known functions vy, vy, B, and B, but two independent systems of two
equations with two unknown functions, one with v/ and B, and another
with v and B, as the unknown functions. Physically, that means that in
the noncompressible fluid can propagate two independent wave modes, one
(with v, and By) is wave in which both, the vector of hydrodynamical veloc-
ity of the fluid particles and the vector of the perturbation of the magnetic
field are orthogonal to the both, the direction of the propagation of the wave
(direction of the vector E) and the direction of the external magnetic field
(the vector éo, in the xOz plane). This mode is called Alfvén magnetohy-
drodynamical wave. The second mode (with v, and B)) is the wave in which
both, the vector of hydrodynamical velocity of the fluid particles and the
vector of the perturbation of the magnetic field are orthogonal to the direc-
tion of the propagation of the wave (direction of the vector E) , but they are
not orthogonal to the direction of the external magnetic field. This mode is
called modified Alfvén wave.

In the case of the propagation of the wave along the direction of external
magnetic field modified Alfvén wave has the same characteristics as Alfvén
wave, so in that case we have two Alfvén waves with orthogonal direction
of polarization, which means that the polarization can be arbitrary and will
not be changed with the propagation. If 6 # 0 in the fluid there are Alfvén
and modified Alfvén waves which are not polarized on the same way, and
which are physically nonequivalent because of the different relations between
v and BO on one and B’ and BO on the other side.
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If we try to find the solution of the equations for the Alfvén and modified
Alfvén wave in the form of plain waves, after cancelation of the exponential
factors, we get the equations for the amplitudes of the waves

1 ~
—wpet = 1— BycosOkB
Ho
—wB = 1Bycosfkv (3.51)

This is the system of two homogeneous equations which has nontrivial
solutions only if the determinant is equal to zero. That means

w? = k*vcos*d (3.52)

where v, is Alfvén velocity. From this it is obvious that both, Alfvén and
modified Alfvén waves have the same dispersion relation

k-B
By
two signs represent two directions of the wave propagation correspond to

direction of magnetic field.
From the dispersion relation we can find phase and group velocity

w = tkvacost = vy (3.53)

—

B
Upn, = Fuvgcosh, U, = j:vAgo (3.54)
0

From these equation it is easily to see that both, Alfvén and modified
Alfvén waves can not propagate in the direction orthogonal to the direction of
the magnetic field (the phase velocity becomes equal to zero when 6 = 7), and
that the group velocity of both waves is numerically equal to v4 and collinear
to the magnetic field, doesn’t matter what is the value of angle 6. This is the
consequence of the fact that in the fluid of the infinitive electroconductivity

lines of magnetic force are "freezed”, i.e. that the elements of the fluid are
stacked to them. While it is valid

A~

" VA A B / VA ~, B’
V=f+—B=4+———and v =+—B =+ 3.55
By V/Hopo By V/Hopo (3.55)
we have that
1 12 1 12
— =—B 3.56
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ie. that the density of the kinetic energy of the fluid the the density of
the energy of the magnetic field of the wave are equal (looking their ampli-
tudes, but also the phases). The consequence of the previous equation is also
relation

/

U_B’

VA B By

If for the wave is valid |v'| > vy, then also should be valid |B'| > B,.
This is very important property of Alfvén waves: they can amplify incident
magnetic field and transport it over the big distances.

If the fluid that describes the plasma system is compressible in the system
of equations that describes the non-compressible fluid we should add the
equation which determines how the pressure change with the density, and
modified first equation left it in the original form of the continuity equation

: (3.57)

p=Flp), (3.58)

op o
a + div(pv) = 0. (3.59)

Also, for the perturbed case we have one equation more (dependance of
the pressure on the density) and modified first equation

p'=F(po+p)—Flpo), (3.60)
%—’Z + div[(py + p')T] = 0. (3.61)

In the difference of the case of non-compressible fluid here it is not possible
find the solution in the general case, it is needed first linearized the equa-
tion (i.e. restrict description on the waves of small amplitudes). Linearized
equations are

8 /
a—’; + podivd = 0, (3.62)
i v’+1( tB') x B (3.63)
- = - —(ro .
Po ot p 10 0
oF
/) 2/ 2
dB’ .
5 = rot(v x By), (3.65)
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divB =0 (3.66)

In the third equation (characteristic fluid equation) a is the sound velocity.
Writing the equation in the form of scalar projections in k-referent system,
and looking the solution in the form of plain waves we get six scalar equation
with the wave’s amplitudes p, U, U, U, B, and B (from equation (3.66)
follows that B, = 0, which means that also in the compressible fluid the waves
are transversal) are unknown. These six equations make two independent
systems, one of two equations, where enter v, and By, and second of four
equations where enter the other four amplitudes as an unknown variables
that should determine.

The sistem of equations

kBycost
—WUy = el B,
HopPo
—wB, = kBycosdu, (3.67)

is identical to the system of equations (3.51) for the non-compressible

fluid. Its solution is Alfvén wave with vectors o' and B’ orthogonal to both,
k and B vectors, and with phase velocity v,, = f£vacosf.

The second system gives the solution for p, v,, v, and éx,

—wp + poki, = 0

ol = kBOCOSGB
HopPo
2 kBysind -
W, = _a_k/g _ ﬂgm
Po HopPo
—wB, = kBycostv, — kBysindv,. (3.68)

After elimination of p from first and third equations from this system and
after introducing the phase velocity vy, = ¢ the system get form

B 0
s + B, = 0
HopPo
2 B 0 -
R L LI (3.69)
Uph, HoPo
vphéx = —Bycosbv, + Bysinbfv,
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The wave that is solution of this system is in the electrodynamical sense
transversal wave, but in the hydrodynamical it is not neither pure transversal,
neither pure longitudinal. Also, the propagation of this wave is followed
by the perturbation of the density p = po%, and that is in general one
compressional wave.

First, we can look two special cases: direct waves that propagate in the
direction of the external magnetic field, and the waves that propagate in the
direction orthogonal to the direction of the external magnetic field.

In the case of the direct waves the equations become

By -~
UphUAm -+ —OBm =0
HopPo
a2
(vph — )6, = 0 (3.70)

Uph
vpn By + Bty = 0

The second equation is independent of the two others and describes the
longitudinal wave which propagate with velocity v,, = a, and which prop-
agation is not followed by the perturbation of the magnetic field; that is
simple acoustic wave. The two remain equation describe one Alfvén wave.
The conclusion is that in the direction of the external magnetic field through
the infinite, compressible and ideal electroconductiong fluids propagate two
Alfvén waves (which propagation is not followed by the changing in the fluid
density) with independent polarization’s directions and one longitudinal (com-
pressional) acoustic wave.

The case of the propagation in the direction orthogonal to the direction

of the external magnetic field (6 = 7) is described by the equations

Uph Uy = 0, (3.71)
2
By 4
(Uph - al_>,UAZ - 0 Bm ==V, (372)
Uph HopPo
vpn By — Bysindv, = 0. (3.73)

The solution is one compression wave (normal magnetic sound), hydro-
dynamicaly longitudinal, and electrodynamicaly transversal with the phase
velocity v, = a® + v3.

Now we can look the general case: the system (3.69) has nontrivial solu-
tion only when the corresponding determinant is equal to zero. That condi-
tion gives equation
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U;,lh - (a2 + vi)vf,h + aZUiCOSQH =0. (3'74)

The solutions of this fourth degree equation are

1
vl();;) - ﬁ\/(az +v3) + \/(a2 +v%) — 4av%cos?d (3.75)
and
_ 1
Uz(;h) - ﬁ\/(cﬂ +0v3) — \/(a2 +v%) — 4a2v¥cos?0 (3.76)

These two waves take the names fast and slow magnetic sound.

3.3.5 Second Order Fermi Acceleration Mechanism

The equations for the second order Fermi acceleration mechanism can be
deduced in the framework of the orbital method in the plasma dynamics. In
that approach is assumed that the set of the charged particles behave in the
same way as the single particle (this assumption is valid in the case of diluted
plasma, when it is possible to neglect microscopic electromagnetic field of any
particle and it is possible assume that every particle moves independently of
the others). It is assumed also that the E(7,¢), B(7,¢) and ®(F,7,t) are
known functions of its arguments and unknown function is 7(¢), the vector
of position of the charged particle

mi = e[B(F,t) + F x B(F,t)] + B(F,F,1). (3.77)

This, main equation of the orbital method does not take into account the
relativistic effects neither the dumped force of the radiation.

To Fermi acceleration we can come writing the equation for the changing
of the kinetic energy of the particle in the laboratory referent system averaged
over the ciclotronic rotation during the longitudinal moving

1 1
W = §mv2 = §m(vﬁ + 7). (3.78)

In the description of the motion of the charged particles in the stationary
and homogeneous magnetic field it is possible to find one referent system
(not always inertial) in which the trajectory of the particle is a circle, i.e.
in which its motion is seen as a pure cyclotron rotation; the centre of this
system moves along the line of the magnetic force with the constant velocity
(equal to the component of the velocity of the particle along the magnetic
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line of force). The motions for which is possible find this kind of the referent
system are called drift motions and the center of that system (the center of
the cyclotron rotation at given moment) is called leading center. The velocity
of the leading center in the laboratory referent system can be written as

V=V +V, (3.79)

where ‘7” = 7, the longitudinal component is equal to the longitudinal

component of the particle velocity in the laboratry referent system, and V.=
VD, the transversal component of its velocity is the drift velocity, the velocity
with which the particle goes far from the magnetic line of force on which was
staying previously. In the referent system connected to the leading centre
the components of the particle velocity are

—k

Using the referent system of leading center and averaging over the cy-
clotron rotation it is possible rewrite the kinetic energy as

— 1 — 1 -2
W = §m77”2 + Wi+ omVp, (3.81)
where W7 is the kinetic energy in the referent system connected to the
leading center (17|T = 0, then also longitudinal kinetic energy is zero. This

kinetic energy changes with time due to the changing of the intensity of the
magnetic field in the referent system connected to the leading center
dwrt dB*

=M 3.82
dt dt’ ( )

aB*_dB _ 9B
dt  dt Ot

0B - - .

+(0-V)B = e + (v} +Vp) -V B+ -V B. (3.83)
After averaging over the cyclotron rotations the part with perpendicular

velocity disappears and the changing of the complete kinetic energy with the

time has following form

daw d,1 ,  dw, d.1 _,

—=—(= —— + —(=mV)p). 3.84

i @™ T T tamve) (3.84)
Using the fact that the changing of the longitudinal velocity is [86]
dvi

m—— = Fj = MV B +mV)(Vp-

V.,B

), (3.85)
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and that the changing with time of the general form of the drift velocity
is
aVp .S W
md—tD =F, +e(Vpx B)— MV, B— QfVlB, (3.86)

and using the equations (3.82) and (3.83) the final equation for the chang-
ing of the kinetic energy (averaged over the cyclotron rotations) with the time
is
AW OB

M4 Fy 4V, Fy. .
7 5 +o- By +Vp-Fy (3.87)

From this equation it is easily to see that the changing of the kinetic
energy of the particle is due to the induction of the nonstationary magnetic
field (betatronic acceleration) through first term and due to the power of all
nonmagnetic forces during the drift motion of the particle (through the other
terms).

The Fermi acceleration is special case of this general formula when the
changing of the magnetic field is the consequence only of the motion of the
static configuration of the magnetic field with respect to the laboratory ref-
erent system.

Second order Fermi mechanism could be explained equivalently using the
Lorentz transformations explicitly and the fact that velocity of the particle
in the rest frame of the cloud is unchanged. We will not wright down now
these relatively simple equations.

Once the energy changing is found, it is one step to construct the Fokker-
Planck equation (see [172]). On the other side is not trivial to show that
this equation can be seen as a isotropic diffusion equation in the momentum
space (see [172] and references inside, specially the work of Tverskoi). This
is the crucial result for the treatments of reacceleration usually done in the
literature.

As we already emphasized in the introducing part of this chapter, ther-
modynamics imply that the energy of the particles should tend towards the
mean energy of the turbulent motions in the interstellarclouds; in the av-
erage particles will be accelerated, as the detailed balance imply that there
are more head-on collisions (where the energy of the particle is gained) with
respect to overtaking ones (where the energy of the particle is lost). This
gave rise to a remarkable conclusion that reacceleration by the Fermi mech-
anism could be regards as a simple diffusive process (even more — isotropic)
in the phase space. The mathematics of the diffusion process in plasma is
relatively complicated and any deduction would be very long to be putted in
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this thesis. We will give in the next sections results, that could be found in
standard textbooks, like [86, 172, 93, 137].

3.4 Short History of Propagation Models and
Basic Assumptions About the Propaga-
tion Processes

Leaky Box Model

One of the first commonly used models for the cosmic rays propagation is the
leaky box approximation [129] in which one the Galaxy is uniformly filled
with energetic particles trapped for a long time. The escape of the particles
from the Galaxy is determined mostly by diffusion (leakage). The escape
probability is small, but different from zero. The propagation is defined by
the single number, the mean of the path length distribution.

Secondary cosmic rays are produced when primary cosmic rays collide
with interstellar matter as the primaries diffuse from their sources through
the turbulent magnetic fields of the Galaxy. Their spectra near the Earth
depend from the spectra of primary nuclei, following propagation processes in
the Galaxy and, finally, from the heliospheric modulation. The propagation
equation could be obtained from the stationary solution of the continuity
equation. For general secondary density per unit of energy Ny (FE,7) we have

ONy
5 = 0= Qs(ED)
—V - [(# — DV)N,(E,7)] + %NS(E, )
0 .
_8—E[b(E)Ns(E7T)]> (388)

where Q(F,7) is the total production rate of secondary particles, and
can be written as

dopo(E, E')p(7)

E' F)dE' .
JF < = Jp(E',7)dE', (3.89)

Qu(B.7) = an [

where Jp(FE,7) is the flux of primary nuclei at position 7 in the Galaxy,
frequently assumed to be uniform (for the mechanisms of the production of
primaries see the previous section of this thesis). For the spatial part of the
distribution there were assumed different models during the development of
the field. In [117] and other earlier papers there were assumed homogeneous
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spatial distributions of the primary nuclei, at least in the Galactic disk. Mea-
surements of Galactic v rays suggested the hypothesis of radial distribution
of cosmic rays. This distribution is needed in order to be able to evaluate
the resulting v emissivity at different galatocentric locations [107, 169]. Also,
knowing (at least the present picture is like that) the mechanisms of cosmic
rays production and the distributions of supernovae and pulsars (there are
roughly radial), it is easy to derive this conclusion. For the detailed discus-
sion of the necessities for the specific distributions usage see [167, 168] as
well as the further discussion in this thesis. The presence of the spiral arms
in the Galaxy also induce the angular dependence of (the sources of) cosmic
rays distribution. This is taught to produce a very small effect on the final
spectra detected in the Solar system. This also could influence the Galactic
magneto-hydrodynamic properties, another effect being neglected in all the
studies done up to now.

On the other side, the interstellar matter density p(7) drops off outside of
the disk, and diffusion occurs in a region that includes both the gaseous disk
and some part of the halo. Here it was roughly and schematically assumed
< m > as the average of an interstellar atom mass. Naturally, hydrogen and
helium nuclei are the most important part of the interstellar media. The
incoming cosmic rays can interact with them. These nuclear reaction are
often called spallations. Details about the interstellar matter distribution
will be given further in the text when we will describe the models that we
used, also for the distribution of cosmic rays.

The same p(7) and Jp(E, 7) are used in the calculation of both secondary
nuclei and antiproton spectra, with the main difference that for the secondary
nuclei only the primaries with the atomic numbers greater than those of the
relevant secondaries are used.

Reaction cross sections in the last equation are giving the probability
that a primary nucleus of energy E undergoes a nuclear reaction with an
interstellar nucleus from the Galactic gaseous disk. As a curiosity we will
note that the rough estimation of the ratio of the hydrogen, helium, C,N,O
and iron is: H: He: CN O:Fex10: 1: 0.1: 0.01.

The second term in the equation 3.88 that contains diffusion coefficient
D and convection velocity u is the secondary loss rate due to the diffusive
and convective flows out of the Galaxy. The fundamental characteristic of
the leaky box model is that those two terms are replaced with

N, (E)

Te

: (3.90)

where the characteristic time Tegeqpe 1S the mean escape time from the
"box” region, without taking care of the details of the movement of the
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particles in the Galaxy.

The third term on the right-hand side of equation 3.88 represents the loss
due to inelastic collisions with characteristic time T;,eias.. This gives rise
to the so called tertiary contribution in the case of the antiproton spectra
included only relatively recently, due to the relatively small distortion of the
spectra that they produce. Tertiary contributions are not so important here
due to the fact that residence time in the box 7. is much smaller than the
interaction time 7; but they become important in the framework of closed
Galaxy models (see later in the text). These processes are tending to flat the
antiproton spectra transferring the high energy particles in the lower energy
part of the spectra. This kind of cross sections are studied in [114].

Finally, the last term in equation 3.88 is the energy gain and loss term
due to the plasma scattering, ionization and reacceleration. b(F) is the av-
erage of rate of secondary’ energy change at energy E. Reacceleration in
the framework of various modifications of the leaky box model was often ne-
glected. The first to point out its importance, or, better to say, to start to
use earlier theoretical results in their own propagation models, were Simon,
Heinbach and Koch [170] in 1987., see also in [104]. This opened a new era
also because the more powerful computers were build in those years, and a
calculation times, even for this kind of models with requesting-of-processor-
time processes, were reduced to acceptable ones. The model from [104] we
will treat soon, immediately after this section dedicated to ”standard” leaky
box model.

Antiproton spectra are specially interesting for the testing of the propaga-
tion models [117] and they are important for the study of the eventual exotic
components, so it is not surprising that the number of authors where trying
first to produce antiproton spectra in accordance with the data. For this
purpose even the very simple models were satisfying. They were even giving
a relatively good estimations for the spectra and ratios of some other nuclei.
But, the necessity of producing as correct as it is possible all the components
of the cosmic rays (also leptons and gamma) was forcing the development of
various models and numerical algorithms implemented in various codes for
the simulation of the propagation. For the moment let us concentrate to the
simplest antiproton production.

Quasi steady state equilibrium equation in the framework of the leaky box
model (see also [137, 114]) in the case of antiprotons is containing simply
the escape mean length A., antiproton annihilation mean length A?t'i"el',
ionization loss rate I and total production rate of antiprotons )5, and it is
of the form
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Ny, N, o, d
Ae A%ot.inel. dEﬁ

(IN;) = Q. (3.91)

For the calculation of the average of ionization loss rate see also [137]
where the result is explicitly obtained.

The energy spectra of primaries are important for the production of the
antiprotons. Even the small change of the primary proton spectra index could
produce the significant uncertainty in the antiproton spectra as it is pointed
out in [117]. But, at least, only the high energy protons can produce even low
energy antiprotons, as the trashold energy is relatively high. So, significant
contributions in the antiproton spectra are coming from the protons that have
energies of about 10 GeV, where the primary spectra index in the power low
is known well, and there are no significant uncertainties due to the Solar
modulation. Another kinematic effect for the antiproton production is that
there are a small fluxes of antiprotons at small energies [171]. In fact, it can
be seen in figure 3.1, where the differential fraction of antiprotons at energy
Ej; produced by primary protons of kinetic energy E, are shown in six cases,
that as the energy Ej; of the produced antiproton decreases below 1 GeV
kinetic energy, the mean proton parent energy needed for the production of
a antiproton of energy FEj increases.

The escape length that governs the propagation of secondary cosmic rays
(also for nuclei) can be determined by fitting the measured secondary to
primary ratios of nuclei, that are affected the most during the propagation
and, consequently, are the most sensitive quantities on the variation of the
model parameters (as example, B/C or subFe/Fe ratios). A good fit to
the high energy secondary abundances could be obtained by describing the
path length as a power low in rigidity. This is consistent with the diffusion
approach of [162]. One example of parametrization is from [163]

1

)2R7S, (3.92)

where R is the rigidity in GV of the particle, and other constants should
be obtained by fitting the data. Ry is specially important parameter, as at
the low rigidities (less than approximately 4 GV) the path length decreases,
and, consequently, the escape mechanism becomes more convection instead of
diffusion at those rigidities. For example, authors of [163] used Ry = 1.88GV'.
Similar considerations in the framework of Galprop code will be assumed for
some models in our calculations later on. Those are about the break in the
index of diffusion spectra, taken at 4 GV for the diffusion plus convection
model. Since the relation between the rigidity and energy per nucleon differs
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Figure 3.1: Fraction of antiprotons of energy FE; produced by primary pro-
tons of kinetic energy £,. The trashold for antiproton production is apparent.
Antiprotons with energies below 1 GeV must be produced with large back-
ward momentum in the center of the momentum frame, and hence are mostly
produced by high energy primaries. Figure is taken from [117].
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significantly for secondary nuclei and particles with Z = A (protons and
antiprotons), while path length depends on rigidity, there must be introduced
some corrections in the case of antiprotons (for details see [163])

__ B
(4—332)1/2

where (3 is velocity of the particle in the units of the speed of light. This
correction is important just for the low energy particles, taking with itself
the uncertainty of just less than 10% above 3GeV (see discussion in [117] and
results of [165] and [163]). On the other side, at small energies it is hard to fit
the data good due to the relatively big uncertainties of Solar modulation (see
the section dedicated to Solar modulation in this thesis). For some earlier
ideas of the same authors for this parametrization see [164]. In [117] the
uncertainty of the antiproton production was estimated using the maximal
uncertainty in average path lengths estimated as +35% [166].

In the case of A, — oo we obtain the closed Galaxy model of [138].
Particularity of this case is that tertiary contributions become important
due to the fact that residence time in the box 7. is much bigger than the
interaction time 7;.

For the improvements of leaky box model see also [124]. For some latter
works in its framework known as modified nested leaky box model or revised
closed Galaxy model see [125, 126, 127, 128]. For the nonuniform Galactic
disk model see [116]. For the leaky box model with reacceleration see [104].

Ao = A( "R™°, (3.93)

3.4.1 Full Propagation Equation

Finaly, we will write down the most complete equation for the propagation
of cosmic rays that includes all the physical processes that were described in
previous chapters:

oY(r,p,t) d d 1
S =)V DV = Vo) + g Dy 0
or. P 1 1
S i L R O (3.94

where (r,p,t) is the total phase space density. This equation is valid
for all the types of particles. We will shortly repeat the main characteristics
of the physical processes in this equation, also with some of the assumptions
about them made in the literature or adopted in the propagation code Gal-

prop that we were using (for more details about the code see the section
3.6).
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Isotropic diffusion is defined by the coefficient that depends from rigidity
(momentum per unit of charge, p = Z)

Dyo = BDo(p/po)’, (3.95)

inspired by the Kolmogorov spectrum (§ = 1/3) of the weak magneto-
hydrodynamic turbulence. In [104] was first shown that the Kolmogorov
spectrum best reproduces the sharp peak in B/C data. In some models we
have used a break in the index ¢ at some rigidity py, with a value §; = 0
below the reference rigidity po (see the discussion about the path length as
a power low in rigidity in the section about the leaky box model).

The convection velocity field V., that corresponds to the Galactic wind,
has a cylindrical symmetry. Its z-component is the only one different from
zero. It increases linearly with the distance z from the Galactic plane (V, >
0 for z >0, V. < 0 for z < 0 and dV./dz > 0 for all z). This is in
agreement with magnetohydrodynamical models [101]. In the Galactic plane
there should be no jump of the convection velocity and so we considered only
Ve(z=0)=0.

Reacceleration is determined by the diffusion coefficient for the impulse
space D,,. D,, is a function of the corresponding configuration space dif-
fusion coefficient D,, and of the Alfven velocity V4 in the framework of
quasi-linear MHD theory [99, 100, 93]

4p2VA2
30(4—0%)(4—o)w

where w characterizes the level of turbulence, and is equal to the ratio
of MHD wave energy density to magnetic field energy density. w = 1 is
assumed [100]; in any case, only the quantity V3 /w is relevant.

Ofcourse, Alfven velocity and convection velocity gradient in Milky Way
for reacceleration and convection terms are unknown parameters of propaga-
tion (there are no other sources of information from which we could extract
them, except the spectra of cosmic rays) and their possible range will be
constrained by the analysis of fits of suitable data. The same procedure is
valid for constraining the height of the galactic halo and some of the other
unknown parameters. This will be analyzed further in order to obtain all the
possible spectra of antiprotons and positrons using the sets of the constrained
parameters.

Injected spectra of all primary nuclei are power laws in impulse

Dypp(Daa, Va) = (3.96)

dq(p)/dp o< p~7, (3.97)
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where the value of v can vary with species, in principle. This power law
approximation has been shown to be allowed in the framework of diffusive
shock acceleration models (see the section about the creation of cosmic rays),
as well as a small break in the injection indexes 7 [102, 106].

Source term ¢(r,p) for secondaries contains cross sections for their pro-
duction from progenitors on H and He targets

q(7,p) = Be (7, p) oy (p)nu (7) + e (p)re(F)], (3.98)

where o%/(p) and o¥;,(p) are the production cross sections for the sec-
ondary from the progenitor on H and He targets, v, is the progenitor density,
and ngy, ny. are the interstellar hydrogen and helium number densities.

The last two terms in equation 3.94 are loss terms with characteristic
times for fragmentation and radioactive decay.

For nucleon propagation in the interstellar matter the losses are mainly
due to ionization, Coulomb scattering, fragmentation and radioactive decay.
For electrons the important processes are ionization, Coulomb scattering,
bremsstrahlung in the neutral and ionized medium, as well as Compton and
synchrotron losses. These processes are well known and their description and
the formulae can be found in the standard literature like [137] and [86] while
very transparent review with the complete literature is given in [98], where
also are given the references for the fragmentation cross sections.

3.5 Heliospheric Modulation of the Local In-
terstellar Spectra

The heliospheric modulation of the local interstellar spectra in the vicinity
of the Earth and in the hole heliosphere has to be taken in account in order
to obtain the realistic cosmic rays spectra in locations where they are/will be
measured (balloon-born or satellite borne experiments). Also, the effect of
the higher atmospheric layers should be included in the case of balloon-borne
experiments, but this effect is out of the scope of this thesis, and it is small.
Here, we will give the brief general treatment of the Solar modulation near
the Earth and the treatment in the framework of the approximation that we
were using.

3.5.1 Solar Wind and Solar Modulation

Strictly speaking, the phenomena of distortion of the interstellar spectra in
the heliosphere could be treated as well as any other system in plasma physics
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or, better to say, in high energy astrophysics — with a separate propagation
equation that should contain parameters like the Solar magnetic field, fluxes
of ejected particles, etc. This equation should describe the dynamic of all the
charged particles in presented magnetic fields and it would be very difficult
to solve it, even numerically (see, for example, [155, 109, 108, 110]).

First, let us consider for the moment the dynamic of charged particles
in the fixed stationary dipolar magnetic field. This simple example is very
instructive and important also for the study of the Solar wind and Solar
modulation, due to the similar distribution of the magnetic field. Separately,
it is important for the study of detection of cosmic rays at predefined or
variable positions in the Earth’s magnetic field. This case is much simpler
from the case of the Solar wind, because magnetic field distribution is fixed
and known to be, roughly speaking (see further), dipolar and there are no
high energy ejected particles that would also produce their own magnetic
field, influencing like that the external magnetic field, as well as the move-
ment of all the presented particles, and so on and so forth, and implying like
that the full selfconsistent hydrodynamical treatment of the plasma. Earth’s
magnetic field is influencing on the number of the particles coming at the de-
fined geomagnetic latitude. So, at high latitudes (near the Earth’s magnetic
poles) one should expect higher fluxes, while near the geomagnetic equator
the fluxes are lowered due to the fact that the particles have to pass transver-
sally through the magnetic field lines, and so they can not simply drift along
the lines, but they will have to deflect. For a review of this system see, for
example, dedicated chapter in [155] and references therein, for drift approxi-
mation in general see [86] or any other standard textbook on plasma physics,
like [137].

Now, one can extend spatially this system — here enters the effect of the
Sun on the interstellar fluxes of incoming cosmic rays. This problem is often
treated separately from the entering of the particles in the Earth’ magnetic
field neglecting the intermediate effects. The Earth’s magnetic field is, unfor-
tunately, dipolar just within a few Earth’s diameters, and consequently the
simple treatment of adiabatically separated dynamics of the incoming fluxes
is valid just relatively near the Earth. Out of that region the magnetic field
distribution is highly influenced by the outflow of the hot plasma from the
Sun. This phenomena is known as the Solar modulation of incoming inter-
stellar fluxes with Solar wind particles. It can be shown that this is of the big
importance for the particles that are observed at the top of the atmosphere.
The heating of the Solar coronal gas is probably driven by the hydromagnetic
waves or shock waves. For the hot plasma in the gravitational field of the
Sun it can be shown that there must be a general outflow of the material
from the Sun — known as the Solar wind. Those calculations where done in
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Table 3.1: Typical parameters of the Solar wind during the small Solar ac-
tivity period

H Average of the particles velocity H 3501%% H
H Particles flux H 1.5 x 10%? m123 H
H Particles concentration H 107# H
H Energy of single proton H 500 eV H
| Energy density of protons | 4x 107107 |
H Average temperature H 10° K H

the framework of the magnetohydrodynamical approach (see, for example,
[86]). To demonstrate better the effects of these processes here we give the
table 3.1 with some of the most important characteristics of the Solar wind
fluxes.

Of course, these parameters can vary depending of the Solar activity.
Years after the Solar wind is detected and theoretically predicted, it is still
an open problem to make a model of Solar wind influence on the cosmic
rays that are coming from the local interstellar regions that could give better
results for the period of the maximal Solar activity. Even for the ”small”
Solar modulation, still there are debates about the models. One should
also take into account the polarity of the Solar magnetic field during the
22 years long Solar cycle. The polarity reverses when the Solar activity is
maximum; the positive and the negative particles drift in opposite directions,
taking different routes to arrive at the Earth. These kind of improvements
of standard calculations are out of the scope of this thesis. For detailed
treatment of the both see recent article [110] as well as standard treatments
[109, 108].

The phenomenon of Solar modulation could be illustrated the best by the
inverse correlation between the intensity of the fluxes of the cosmic rays at
the top of the atmosphere and the level of the Solar activity, that is measured
by the number of the Sun spots observed between heliocentric latitudes of
+45°. In addition to that, there is the total correlation between the relative
Sun spot number and the local degree of turbulence in the geomagnetic field.
The greater level of the Solar activity is, the Solar wind is more effectively
preventing the interstellar fluxes of cosmic rays from reaching the Earth.
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3.5.2 Force Field Approximation

We have made use of a widely used and tested model in which the trans-
port equation is solved in the force field approximation [108, 109]. That
equation describes diffusion processes in the heliosphere and includes effects
of heliospheric magnetic field and Solar wind. In this case, Solar modula-
tion is a function of just a single parameter that describes the strength of
the modulation. All the dynamical processes are simulated with relatively
simple changing of the interstellar spectra during the propagation inside the
heliosphere, described by the formula

@toa( Etoa) ptoa )

‘ — = (—)7, 3.99
(I)ZS(EZS) ( pls ) ( )
E® — B = | Ze|¢, (3.100)

where E and p are energies and impulses of the interstellar and top of the
atmosphere fluxes and ¢ is the unique parameter that determines the Solar
modulation.

In brief, one generalization of the above equation can be obtained from
the transport equation (here written directly in coordinate-dependent form,
in spherical coordinates) for the Galactic cosmic rays in the heliosphere (for
the spherically symmetric steady state case)

Pof

10 0 0 10
ﬁ@“z’ia_i a—;’f + EE(TQV)ga—P =0, (3.101)

where f is the distribution function of particles in the phase space aver-
aged over particles directions, P is rigidity, x is the diffusion coefficient, r is
the heliocentric radial distance and V' =~ 4001%% is radial Solar wind velocity.
A force field approximation would be

)V

of PV Of

or " 3roP

and it is argued in [108] that it is valid above high enough energies. This

equation can be solved easily [173] in the framework of quasilinear theory for
high energies where

0, (3.102)

Kk = ABP, (3.103)

for P > P, (see [118]) and also at low energies in which case by following
the observations of Solar wind particles it is valid that

k= ABP, (3.104)
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for P > P. (see [174]), where P. = 1GV. The solution for P. < P, is
given by

B P.+E, (R—r)V
E—Pchl Pc—l—Ec _'_Ec—i_T’ (3105)
while for P, > P, is given by
R—r)V
Eop BV (3.106)

3A

and it is relating the total energy at the heliospheric boundary E =
(P? +T¢)°® with the energy E, and rigidity at distance r (R is the distance
of the heliospheric boundary). One can define the strength of the Solar
modulation

_ (R=1AU)V
¢ = a4 ;

here the unique parameter that is characterizing the Solar modulation of
local interstellar spectra near the Earth.

The force field approximation works excellent, for example, for the an-
tiproton energies above few hundreds of MeV and should be not used for the
energies less than 100MeV. Frequently, for all the energies is used just the
theoretically induced form of diffusion coefficient in the framework of quasi-
linear modeling of plasma (for general discussions see the book [86]) due to
the it’s simplicity and not so big errors.

The uncertainties of this model [161] for the Solar modulation are not very
big, even it’s simplicity. In the domain from one to few hundreds of MeV
the uncertainties are of the order of ten percent for antiprotons, for example,
while their are decreasing rapidly for the higher energies. Additional uncer-
tainties are coming from not calculated charged drift effect. This effect is the
most evident during the period of the minimal Solar activity; modulation will
be different for protons and antiprotons, for example (see [110, 2, 3, 4]). But,
these errors, for example, for antiproton to proton ratio should be less than
10% around few hundreds of MeV, already (see [5]). These uncertainties are
also decreasing with an increasing of the Solar modulation parameter.

(3.107)
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3.6 Propagation of the Background Compo-
nent of Cosmic Rays in the Milky Way
and Its Uncertainties

We have chosen Galprop (see [98, 103, 105] and references therein) as a
public code for the treatment of the propagation of the standardly produced
parts of all cosmic rays together. In this public code there is a possibility
to change the parameters for different models and, ofcourse, to add personal
changes to the code. At the first place, our scope has been to determine the
total uncertainties in the calculation of positron and antiproton top of the
atmosphere spectra as the consequence of the uncertainties of geometrical
and hydromagnetodynamical parameters of the Galaxy and nuclear cross
sections, due to their importance in the search of the eventual signal in
those antiparticles spectra, predicted in various theories, that could come
from various dark matter candidates. Than, we wanted also to make the
consistency check with the uncertainties of other cosmic rays species. First,
we give a short description of Galprop code and models for primary sources,
target densities of hydrogen and helium, method of numerical solving of the
propagation equation and other most important characteristics of the code
(based on [98], where all the details and other references can be found).

Galaxy is modeled as a three dimensional with cylindrical symmetry;
coordinates are (R, z,p), where R is Galactocentric radius, z is the distance
from the Galactic plane, and p is the total particle momentum. The distance
from the Sun to the Galactic centre is taken to be 8.5 Kpc. The propagation
region is bounded by fixed R,,.. = R = 30 Kpc and some z,,,, = 2z beyond
which free escape is assumed. The range 2,,,. = 1—20 Kpc can be considered
since this is suggested by previous studies of radioactive nuclei [152] and the
distribution of synchrotron radiation [154].

The atomic hydrogen distribution is given by

nai(R, 2) = ny(R)e” "2 /07, (3.108)

where ny(R) is taken from [10] and 2z from [13]

~ ] 0.25 kpc, R <10 kpc;
20(R) = { 0.083 1% kpe, R > 10 kpe. (3.109)
The distribution of molecular hydrogen is taken from [9]
ni, (R, 2) = np, (R) e 2210 pe)* (3.110)

For the ionized gas is used the two component model from [11]
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where the first term represents the extensive warm ionized gas while the
second one HII regions and is concentrated around R = 4 kpc. A tem-
perature of 10* K is assumed to compute Coulomb energy losses in ionized
gas.

In Galprop, the distribution of cosmic rays sources is chosen to reproduce
(after propagation) the cosmic rays distribution determined by the analysis
of EGRET gamma-ray data done in [107]

n _ R-Rg |z
q(R,z) = qo (E) e ¢ Ry 02 e , (3.112)

where ¢p is a normalization constant and n and £ are parameters; the
R-dependence has the same parameterization as that used for supernovae
reminants in [156], but there are adopted different parameters in order to fit
the gamma-ray gradient. A cutoff in the source distribution at R = 20 kpc is
applied, since it is unlikely that significant sources are present at such large
radii. The z-dependence of ¢ reflects the assumed confinement of sources in
the disk. In the code is assumed that the source distribution of all cosmic
ray primaries is the same.

Code first compute propagation of primaries, giving the primary distri-
bution as a function of (R, z,p). Than, the secondary source function is
obtained from the gas density and cross sections. Finally, the secondary
propagation is computed.

For the numerical solution of the propagation equation is used Crank-
Nicholson implicit method [157]. The diffusion, reacceleration, convection
and loss terms are finite-differenced for each dimension (R, z,p). The three
spatial boundary conditions

w(R7 Zmaamp) = ¢(R7 _Zmaamp) = ¢(Rmaxazap) = O (3'113)

are imposed at each iteration. No boundary conditions are imposed or
required at R = 0 or in p. Grid intervals are typically AR = 1 Kpc, Az = 0.1
Kpc while for p a logarithmic scale with ratio typically 1.2 is used.

Processes included in Galprop code are all from the propagation equation
3.94, and it is possible to make the search in all the parameter space simulta-
neously. But, as we will see later, we will be constrained to turn off some of
the physical processes during the propagation, by setting the constants that
determine them to zero, obtaining like that two models of propagation, one
without convection and other without reacceleration.
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Figure 3.2: Propagation parameters uncertainty for B/C ratio: DR model is
given with red solid lines, while DC model with violet dotted lines. The best
fit for DR model is represented by blue dashed line, for DC model with black
dashed line and for DR model with a break in the injection index for the
primary spectra best fit is given with dashed green line. For the complete
list of the experimental data see [147].

Many magnetohydrodynamical parameters in the propagation equation
are free (they can not be extracted from the other sources) and must be
constrained by the cosmic ray fluxes experimental data (that always take
with themself errors), as we already emphasized in previous sections: cosmic
ray spectra are the only one probe for the magnetohydrodynamics of the our
Galaxy. As the first step in our work, we were interested to find the uncer-
tainties of the propagation parameters due to this procedure of parameters
determination and other reasons that we will present in this section.

The second source of the cosmic rays spectra uncertainties are the uncer-
tainties of the nuclear cross sections. These we will include after, by seeing
how the upper and the lower propagation parameters uncertainty bands are
changing due to the cross sections uncertainties.

Some other not exactly known parameters in the Galaxy, that could be
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estimated from the other sources than the spectra of cosmic rays, like the
ratio of hydrogen and helium in the Galaxy, are also influencing on the prop-
agation and are taking with themself a part of the total uncertainty of cosmic
rays spectra. Similar attempts for the determination of the uncertainties of
the antiproton spectra were already done (see [27]).

As we already said in the beginning of this section, we were constrained
to consider, for the final analysis, models or without reacceleration or with-
out convection. We tried a great number of times to obtain models that
reasonably fit the experimental data with all the physical processes switched
on, but the results were negative. We did search in a few attempts, for more
than a month of processor time on a standard machines, and, unfortunately,
we were forced to continue the work without both of the physical processes
turned on simultaneously; even if that is theoretically expected, at least weak
effects of anyone of the processes. But, the answer could be that one of the
processes is really so marginal in the Galaxy that data require just reaccel-
eration or just convection to be fitted well. Until the cosmic ray spectra are
the only one probe for the magnetohydrodynamics of the Galaxy, this will
remain uncertain; at least with the present measurements energy ranges. So,
we found the uncertainties of the two extreme cases of propagation models
(see [98, 103]). In the first model are included diffusive and reacceleration
effects (DR model, see previous sections and propagation equation in the
Galaxy 3.94). The second model contains diffusion and convection terms
from the same equation 3.94 (DC model). In this model are presented two
breaks — in the index of the primary injection spectra (i.e. at some rigidity
p” the index ~ suffers a discontinuity, see equation 3.97), justified in [106],
and break in the spectra of diffusion coefficient D,, (i.e. at some rigidity po
the diffusion index ¢ suffers a discontinuity, see equation 3.95), see discus-
sion in [103] and discussion in the section about the leaky box model. For
DR model we considered two subcases: without the break in the index of
primary injection spectra and with the break at the rigidity of p (see [106];
this break is always present in the second model).

Secondary to primary CR ratios are the most sensitive quantities on vari-
ation of the propagation parameters. This is easy to verify directly, using
any propagation code, but is also easy to understand. In fact, the primary
to primary ratios are not so sensitive on changing of propagation parameters
due to similar propagation mechanisms. The same is valid for secondary to
secondary ratios. The most accurately measured secondary to primary ratio
is boron to carbon ratio (B/C). B is secondary while, one of its progenitors,
C is primary. The B/C data are used also because they have relatively well
known cross sections. To estimate the quality of the data fit we have used a
standard x? test
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Table 3.2: Allowed values for diffusion and reacceleration model propagation
parameters.

| par./val. | z[Kpd | Dolem?s™'] | & | v | valKms™'] |
minimal 3.0 5.2 10% 0.25 2.35 22
best fit 4.0 5.8 10 0.29 | 2.47 26
maximal 5.0 6.7 10 0.36 | 2.52 35
1
2_N"__ 1 (&B/Cap _ §B/Creo\2
X=> o /Cm)Q(@n PB/Creo)?, (3.114)

For the analysis of the uncertainty in the Galprop generated cosmic ray
spectra induced by propagation parameters uncertainties, first we treated
DR model without the break in the index of the primary injection spectra.
We have chosen just the most important geometrical and hydromagnetody-
namical propagation parameters of this model to be varied: the height of the
Galactic halo, z, constant in the diffusion coefficient from equation 3.95 Dy,
index of the diffusion coefficient from the same equation ¢, primary spectra
injection index for all the energies from the equation 3.97 v and Alfven veloc-
ity v4 that determines the strength of reacceleration. In principle, one could
vary also some other parameters, but as Galprop code is relatively slow (due
to the relatively complex content of the propagation equation 3.94), the time
necessary for one set of varied parameters is relatively big (of the order of
an hour), and the variation of bigger number of parameters would be very
difficult. For the variation of the cited parameters of DR model we have
required the reduced y? less than 2 for the fit of the B/C experimental data
from [147], see also figure 3.2. In that figure are presented the enveloping
curves of all the good fits with solid red lines around the best fit line for
the same model, that is represented with dashed blue line. We have taken
the experimental data with relatively small Solar modulation parameter ¢
between 325 MV and 600 MV, where the force field approximation is better
justified than for the high modulation parameters (see the section about the
Solar modulation). The allowed ranges of varied propagation parameters of
this model are given in the table 3.2.

Using the allowed parameters we found, at the first place, the enveloping
curves of all the positron and antiproton spectra obtained with those sets
of parameters. Those enveloping curves present the upper and the lower
bounds of the uncertainty bands for positron and antiproton spectra due
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Figure 3.3: Upper and lower bounds of positron spectra due to the uncer-
tainties of the propagation parameters for DC model are represented with
solid lines, for DR model with dashed lines and for DRB model with dotted
lines. The DR and DRB model uncertainties are very similar, but there is
the slight improvement of the fit in the low energy part of the spectra in the
case of DRB model. On the other side, around the maximum DRB model
is overestimating the data slightly more than DR model. Experimental data
are taken from [149].
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Table 3.3: Allowed values for the propagation parameters for diffusion con-
vection model.

par./val. || z[Kpc] | Dy [67:2 ] 02 4 [;i;l] gi! V2

minimal 3.0 2.3 10%8 0.48 5.0 2.42 2.14
best fit 4.0 2.5 1028 0.55 6.0 248 | 2.20
maximal 5.0 2.7 10% 0.62 7.0 2.50 2.22

to the propagation parameters uncertainty, see figure 3.3 for the postiron
spectra uncertainty and figure 3.4 for the antiproton spectra uncertainty.
The relative uncertainty is depending of the energy range of the spectra. For
example, for positrons relative uncertainty is varying from 30% under 1 GeV
to 15% around 10 GeV, increasing again after 10 GeV (figure 3.3) while for
antiprotons is varying from about 10% up to about 15% (figure 3.4).

For better visibility all the black and white figures that contain positron
and antiproton data will contain just the part of the experimental data chosen
to cover more or less all the energy range reached in up to now experiments
(see the Chapter 5 about the measurements of cosmic rays, where we will
present also the experiments done up to now as well as the future experiment
PAMELA and its expectations for the positron and antiproton background
spectra), while all the data will be given at color figures. The data are taken
from references [148, 149].

In the case of DC model, for the variation we have chosen parameters:
Dy, diffusion indexes 97, below, and d, above the reference rigidity pg = 4
GV (all those parameters are from equation 3.95), halo size z, convection
velocity V. (from equation 3.94) and injection index for primary nuclei 7,
below the reference rigidity pj = 20 GV and 7, above it (those parameters
are from equation 3.97). Enveloping curves of B/C fits for the reduced x?
values less than 2.8 are given in figure 3.2. Positive variations around §; =
0 gave unsatisfactory fit. In order to take the smallest possible break of
this index we have decided not to take negative 9; values. Allowed values
for the propagation parameters can be found in table 3.3. Again, we used
them to derive the uncertainties of positron and antiproton spectra. Relative
uncertainty for positrons vary between 20% above the maximum and 30%
below it (figure 3.3) while for antiprotons is about 20% around 20 MeV, 17%
around the maximum and 25% around 20 GeV (figure 3.4).

We have found also the spectra that correspond to the parameters of the
best fit of B/C data for subFe/Fe ratio (another important secondary to pri-
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Figure 3.4: Upper and lower bounds of antiproton spectra due to the uncer-
tainties of the propagation parameters for DC model (solid lines) and DRB
model (dotted lines). The propagation parameters uncertainties for the DR
model are almost the same as those of the DRB model (see the discussion
later in the text), so we are not presenting them here to avoid the confusion.
Experimental data are taken from [148].

Table 3.4: Allowed values for the propagation parameters for diffusion reac-
celeration model with break in the injection spectra of primary nuclei.

H par./val. H 2[Kpc] ‘ DO[C’ZQ] ‘ ) ‘ " ‘ Yo ‘ UA[%] ‘
minimal 3.5 5.9 10% 0.28 1.88 2.36 25
best fit 4.0 6.1 10% 0.34 1.92 2.42 32
maximal 4.5 6.3 10% 0.36 2.02 2.50 33
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Figure 3.5: Ratios (Sc+Ti+V)/Fe that correspond to the parameters of prop-
agation for DC, DR and DRB model that gave the best fits of B/C data. The
upper and the lower limits of all the graphics obtained with the parameters
that give good fits of boron to carbon ratio are given for DC and DR model.
Experimental data are taken from [151].

mary ratio for testing the parameters of the propagation models, figure 3.5),
protons, helium and electrons as well as the corresponding propagation pa-
rameters uncertainties. For DC model fits are good, while DR overestimates
protons (figure 3.9), helium (figure 3.8) and electrons (figure 3.6).

In order to improve those fits, we have considered also the DR model
with a break in the injection index for the primary nuclei spectra taken at
rigidity 10 GV [103, 106]. We determined the allowed values of the propa-
gation parameters (table 3.4) demanding the same reduced x?=2 as for DR
model (see figure 3.2). The positron and antiproton uncertainties are pre-
sented in figures 3.3 and 3.4. Even if positrons are fitted a little bit better
at low energies and also primary protons and helium are fitted better (see
figure 3.9 and figure 3.8), all of them remain overestimated. The B/C fit is
also disturbed a little. We would like to note here that some other reasons
for errors in the B/C spectra (and for the problem with B/C ratio in the
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Figure 3.7: Top of the atmosphere (red lower curve) and local interstellar
(red upper curve) spectra of positrons that correspond to the parameters of
the best B/C fit for DRB model. Total uncertainties of positron fluxes are
presented with green dashed lines around the best fit. Two enlargements of
the propagation uncertainties due to two different Solar modulation uncer-
tainties are presented with volet dotted and blue dashed lines (see the text
for details). Experimental data are taken from [149].

case of DC model) could be presented also: due to the nuclear cross sections,
the distribution of the gas in the Galaxy or due to the Solar modulation
uncertainty. For example, for the computation of B/C ratio, Galprop uses
only one principal progenitor and compute weighted cross sections based on
the observed cosmic-ray abundances from [153]. For the case of Boron, the
Nitrogen progenitor is secondary, but only accounts for ~ 10% of the total
Boron production, so that the approximation of weighted cross sections was
used. But, introducing the break in the index of primary injection spec-
tra in DR model also make influence on electrons, that are now fitted even
worst (see figure 3.6) than in the case without the break. On the other side,
the antiproton spectra remain practically unchanged, still significantly and
systematically underestimated in all the energy range.
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Figure 3.8: Upper and lower bounds of helium spectra due to the uncertain-
ties of the propagation parameters for DC model are represented with dashed
blue lines. Spectra that corespond to the parameters of the best B/C fit are
given also for the other models: for DC model with red solid line, for DR
model with green dashed line and for DRB model with violet dotted line.
Experimental data are taken from [150].
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Figure 3.9: Upper and lower bounds of proton spectra due to the uncertain-
ties of the propagation parameters for DC model are represented with dashed
blue lines. Spectra that correspond to the parameters of the best B/C fit are
given also for the other models. Experimental data are taken from [150].

We have also seen how the obtained antiproton spectra change on varia-
tion of the most important antiproton production cross sections. The most
important are nuclear reactions that include hydrogen and helium. Antipro-
tons are created in the interactions of primary cosmic rays (protons and other
nuclei) of sufficiently high energies with interstellar gas (see previous sections
for some more details). Dominant processes are interactions of high energy
primary protons with hydrogen, p +p — p + p + p + p. Parameterization
of this cross section used in our version of Galprop code is given in [114].
Other cross sections, those of primary protons with other nuclei, are studied
in reference [117]. From these, the most important are those that involve
helium, as we already said, and they contribute less than 20% of the total
production of all the antiprotons. All the heavier nuclei together give just a
few percents of the total production.

Uncertainties of cross sections are influencing on the antiproton spectra
uncertainties: simultaneous settings of all the production cross sections to
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the maximum/minimum rise/lower the upper/lower propagation parameters
uncertainty bounds (already found before). Errors obtained in this way give
contributions to the total uncertainties: they are varying from 20% up to
25% in the case of DR model and, very similarly, from 20% up to 24% for
DC model (depending of the energy range of the spectra). Non production
cross sections, the so called tertiary component, correspond to inelastically
scattered secondaries p+ X — p+ X. Those processes tend to bring down
the energies of the antiprotons of relatively high energies, flattening like that
the spectra. But, even if their uncertainty is relatively big, this does not
give relevant change of the antiproton spectra because tertiary contribution
is very small. In fact, it has been included just recently in the studies (see
[103] and leaky box model section).

The uncertainty in the measurements of helium to hydrogen ratio is bring-
ing another component to the total uncertainty of the cosmic rays spectra.
By changing of He/H ratio, in a reasonable range from 0.08 to 0.11 (see [158]
and [159], for example) we obtained a relatively small contribution: it vary
from 3% - 7% depending of the energy, for both — positron and antiproton
flux uncertainty, and — for all of the models we considered, also.

Total uncertainties of positrons and antiprotons are presented in figure
3.10 and in figure 3.11 respectively. They vary from 35% up to 55% for
antiprotons and from 20% up to 40% for positrons roughly, for both of the
models in the current experimental data energy range.

Let us now look for the moment at plot 3.7. There are presented the two
different uncertainties of the positron spectra due to the Solar modulation
for the same DRB model (that is fitting the data better than DR model).
The first uncertainty (violet dotted curves) is obtained Solar-modulating the
lower propagation uncertainty band with 10% bigger ¢ than normal, while
the upper one with 10% lower modulation parameter. This is taught to be
very conservative error for the Solar modulation parameter. The spectra are
still completely above the data. As we used the force field approximation
for the Solar modulation, we tried also to change drastically the modulation
parameter, with + 50%. The resulting curves are represented with blue
dashed lines on the plot, and are still completely above the data. As we deal
with a medium Solar modulation (¢ ~ 600M V') for positron data (we are
not near the Solar minimum) the sign-charge drift effect due to the Solar
magnetic field polarity should be not very strong.
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Figure 3.10: Total uncertainties of positron fluxes and spectra that corre-
spond to the parameters of the best B/C fit for DC (solid lines around the
best fit curve, also dashed), DR (dashed lines around the best fit curve, also
dashed) and DRB model (dotted lines around the best fit curve, also dotted).
Experimental data are taken from [149]
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Figure 3.11: Total uncertainties of antiproton fluxes and spectra that corre-
spond to the parameters of the best B/C fit for DC (solid lines around the
best fit curve, also solid) and DRB model (dotted lines around the best fit
curve, also dotted). Experimental data are taken from [148]
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Chapter 4

Component of the Antiproton
Spectra Induced by the
Neutralino Annihilations

4.1 Parameters at The Weak Energy Scale

In this section we take into account the possibility of a neutralino induced
component in the p flux. Our analysis is performed in the well known
mSUGRA framework [130] with the usual gaugino mass universality at the
grand unification scale Mgyr.

In the general framework of the minimal supersymmetric extension of
the Standard Model (MSSM), the lightest neutralino is the lightest mass
eigenstate obtained from the superposition of four interaction eigenstates,
the supersymmetric partners of the neutral gauge bosons (the bino and the
wino) and Higgs bosons (two Higgsinos). Its mass, composition and couplings
with Standard Model particles and other superpartners are a function of the
several free parameters one needs to introduce to define such supersymmetric
extension. In the mSUGRA model, universality at the grand unification scale
is imposed. With this assumption the number of free parameters is limited
to five

mis2, Mo, SZQ”(M)? AO and tanﬁ7

where myq is the common scalar mass, my; is the common gaugino mass
and Ag is the proportionality factor between the supersymmetry breaking
trilinear couplings and the Yukawa couplings. tan 3 denotes the ratio of the
vacuum expectation values of the two neutral components of the SU(2) Higgs
doublet, while the Higgs mixing p is determined (up to a sign) by impos-
ing the Electro-Weak Symmetry Breaking (EWSB) conditions at the weak
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scale. In this context the MSSM can be regarded as an effective low en-
ergy theory. The parameters at the weak energy scale are determined by the
evolution of those at the unification scale, according to the renormalization
group equations (RGEs) [131].

For this purpose, we have made use of the ISASUGRA RGE package in
the ISAJET 7.64 software [132]. After fixing the five nSUGRA parameters at
the unification scale, we extract from the ISASUGRA output the weak-scale
supersymmetric mass spectrum and the relative mixings. Cases in which the
lightest neutralino is not the lightest supersymmetric particle or there is no
radiative EWSB are disregarded.

The ISASUGRA output is then used as an input in the DarkSUSY package
[119]. The latter is exploited to:

e reject models which violate limits recommended by the Particle Data

Group 2002 (PDG) [160];

e compute the neutralino relic abundance, with full numerical solution of
the density evolution equation including resonances, threshold effects
and all possible coannihilation processes [120];

e compute the neutralino annihilation rate at zero temperature in all
kinematically allowed tree-level final states (including fermions, gauge
bosons and Higgs bosons);

e DarkSUSYestimate the induced antiproton yield

This setup as well as some other similar considerations were already
considered in the context of dark matter detection and eventual improve-
ments of the cosmic rays data fits (a list of references includes, for example,
(141, 142, 143, 144, 145, 146, 122, 140, 139)]), and therefore the comparison of
our results with previous works and other complementary techniques should
be transparent.

4.2 Clumpy Halo Models

In order to obtain more antiprotons also for higher neutralino masses we
have assumed a small clump scenario [133] for the dark matter halo in our
Galaxy. In fact, in equation 4.2 the dependence of the antiproton flux is
x p*/ mi: without increasing the total halo mass by increasing the average
density, there can be assumed a local density enhancement, that will also
lead to the increasing of the antiproton flux.
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By hypothesis the clump is a spherical symmetric compact object with
mass M, and some density profile

Pcl (Fcl) .

We denote with f the dark matter fraction concentrated in clumps and
we introduce the dimensionless parameter d

g LS dralpa (Fa))
Lo fdsrclpcl (Fcl)
that gives the overdensity due to a clump with respect to the local halo
density py = p(ro), where g is our distance from the Galactic center. In a
smooth halo scenario the total neutralino induced p flux calculated for r = r,
is given by [134]

(4.1)

2
0,10, T) = (Gamt) S IV s (ﬂ) Covop(T) - (4.2)

where T is the p kinetic energy, o.,,v is the total annihilation cross sec-
tion times the relative velocity, m, is the neutralino mass, B’ and dN/ /dT,
respectively, the branching ratio and the number of p produced in each an-
nihilation channel f per unit energy and Cpop(T) is a function entirely de-
termined by the propagation model.

In the presence of many small clumps the p flux is given by

O (ry, T) = fd - By(ro, T) (4.3)

For the smooth profile we have assumed a Navarro, Frenck and White

profile (NFW) [135].

4.3 Propagation of the Neutralino Induced
Component

The primary contribution to the antiproton flux has been computed using
the public code DarkSUSY|[136]. We have modified the antiproton propaga-
tion in order to be maximally consistent with the DC propagation model as
implemented in Galprop code. We assumed diffusion coefficient spectra used
in Galprop code with our best fit values for the diffusion constants D, and 6.
In DarkSUSY, the convection velocity field is constant in the upper and the
lower Galactic hemispheres (with opposite signs, and so it suffers unnatural
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discontinuity in the Galactic plane), while Galprop uses magnetohydrody-
namically induced model, in which one component of velocity field along the
Galactic latitude (the only one that is different from zero) increases linearly
with the Galactic latitude [101]. We have assumed an averaged convection
velocity calculated from the Galactic plane up to the Galactic halo height z.

4.4 Some Examples of the Primary
Component of the Antiproton Flux

In this section we present four different contributions to the antiproton flux
induced by the annihilations of neutralinos. Fluxes are calculated for different
neutralino masses (obtained from a particular choice of the five mSUGRA
parameters) and for different clumpiness factors fd. Those fluxes are given
here just as few examples, and as some our tests, or mean-results; we wanted
to check is everything works correctly. All the minimal supergravity theory
parameter space was not systematically scaned. This, detailed analysis is
done in the last section of the fifth chapter.

Let us now briefly comment the behaviour of the obtained signal con-
tribution to the antiproton flux. Higher neutralino masses produce prmary
contributions that improve high energy data fits, that is taught to be nec-
essary for every background contribution. The price to be paid is that of
the necessity of the increasing of the clumpiness factors to do so. This is
because of the dependence from the inverse neutralino mass squared m,; 2 in
the primary antiproton flux formula 4.2.

On the other side, from the same reasons, small neutralino masses produce
relatively high fluxes, but at small energies, where the data are already fitted
well with a background contribution only. This problem finally leaves just
a small part of the mSUGRA parameter space that will give the primary
contributions that are sattisfying experimental data fit, as we will see in the
last section of the fifth chapter. We remark that for these models we have
not computed the neutralino relic density.
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Figure 4.1: Different neutralino annihilations induced contributions to the
total antiproton flux with the DC model background that coresponds to the
propagation parameters of the best fit of the B/C data. The dashed lines
correspond to the background contributions, the punctuated lines correspond
to the neutralino induced contributions, while the solid lines correspond to
total antiproton flux. For just the background flux the reduced x? is 1.1,
what means that just the background fits the experimental data excellent.
Detailed x? statistical study of all the considered total fluxes is done in the
last section of the fifth chapter.
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Chapter 5

Detection of Cosmic Ray
Spectra

5.1 Introduction

The idea of exploiting cosmic antiprotons measurements to probe unconven-
tional particle physics and astrophysics scenarios has a long history [1-10]
and moved the cosmologists for several decades. Shortly after the discovery
of the CP violation in the weak interactions in ’64, Sakharov formulated his