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Abstract

In this thesis we have discussed physical processes effecting the generation

of the matter content of the Universe.

First, we have studied the processes effecting Big Bang Nucleosynthesis dur-
ing which the chemical content of the baryonic component of the Universe
was produced. We have provided detail numerical analysis of the BBN pro-
duction of *He, Y, in the presence of v, <+ vs neutrino oscillations, effective
after electron neutrino decoupling. We have accounted for all known oscil-
lations effects of neutrino oscillations on cosmological nucleosyntesis. We
have calculated iso-helium contours and have obtained cosmological bounds
corresponding to 0Y},/Y, = 5.2% in correspondance with the recently found
higher uncertainty in “He. In the framework of our analysis, iso-helium
contours for 0Y,/Y, > 5% and different initial population of the sterile neu-
trino have been calculated, namely 6 N; = 0;0.5;0.7;0.9, both for resonant
and non-resonant oscillations. The change of cosmological constraints in
case of non-zero 0 Ny was determined. The results are important both for

cosmology and for neutrino physics.

Further we have studied the processes effecting the formation of the baryon
content of the Universe. We have constructed Scalar Field Condensate
baryogenesis model based on Affleck and Dine baryogenesis scenario, which
is consistent with the low energy required by inflation and can naturally pro-
duce the observed baryon asymmetry of the Universe. We have provided
precise numerical analysis of the SFC baryogenesis model numerically ac-
counting for the particle creation processes by the time varying scalar field.
We have shown that there is a considerable difference in the obtained re-
sults compared to the analytical approach for the rate of particle creation I

calculation. We have numerically obtained the dependence of the field and



baryon charge evolution and their final values on the model’s parameters
gauge coupling constant «, Hubble constant during inflation Hj, mass of
the field m and self coupling constants A;. We have found the range of
model parameters for which baryon asymmetry value close to the observed
one can be generated. It has been shown that for a natural range of the
model’s parameters the inhomogenious SCB model is able to predict astro-
nomically interesting vast antimatter domains, separated from the matter

ones by baryonically empty voids.
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Introduction

Background and motivation

According to the Standard model in Cosmology, the baryon content and the observed
baryon assymetry of the Universe were created after inflation, during a baryogenesis
process. There exist observational data on baryon density and the baryon assymmetry
of the Universe. There are precise measurements of the baryon density from different ob-
servational data, namely data based on the consistency between theoretically obtained
and observationally measured abundances of the light elements produced in BBN [3],
data based on the measurements of Deuterium towards low metallicity quasars com-
bined with BBN data [4] and data based on the measurements of the CMB anisotropy
[5]. Constraints from Cosmic Rays and Gamma Rays data show that locally (20 Mpc)
the Universe is baryon-antibaryon assymmetric.

We still do not know how exactly baryogenesis has happened, i. e. the exact
baryogenesis mechanism is not known. Moreover, it is yet not established if the baryon
assymetry is a local or a global characteristic of our Universe. Baryon number violation
is a necessary condition to produce an observational excess of baryons over antibaryons.
However, there is no experimental evidence of particle processes with significant B
violation. Hence these issues are interesting and actual.

Many baryogenesis models exist, the most popular among which are Great Unified
Theories baryogenesis [6], Electroweak baryogenesis [7], Baryo-through-lepto-genesis [8]
and Affleck-Dine baryogenesis models [9]. In series of works of this thesis we construct
and study a Scalar field condensate baryogenesis model, based on the Afleck and Dine
baryogenesis scenario. This model is attractive because it is compatible with inflation
and it evades the monopole and domain wall problems. In fact, in contrast to the other

models, our scenario produces higher than observed today baryon asymmetry, which



LIST OF TABLES

can be reduced to the observed today value by particle creation mechanism. Also, the
available observational data for the baryon density and CR and GR data can be used to
constrain the particular baryogenesis model [10]. Another attractive feature of this type
of the inhomogenious SFC baryogenesis scenario is that it is able to produce matter
and antimatter domains separated by large enough empty spaces, thus providing an
option to create a matter-antimatter symmetric Universe in agreement with CR, GR
and CMB observational constraints.

The construction of a successful baryogenesis model is also useful for constraining
the parameters of the model, provided by physics theories, i. e. constrain physics
beyond Standard model, like SUSY.

The chemical composition of the baryonic content of the observed Universe is an-
other intriguing issue of the contemporary cosmology and astrophysics. The baryon
component of our Universe is mainly Hydrogen and Helium, which were mainly pro-
duced during Big Bang Nucleosynthesis at early hot stage of the Universe evolution. In
contrast to baryogenesis, nowadays we know precisely the processes of light elements
formation, namely BBN.

BBN is used as the most precise test of beyond the Standard model physics. Ones
of the interesting processes beyond SM are neutrino oscillations - when neutrino spon-
taneously changes its flavour during its propagation through space.

Present data coming from Cosmic Microwave Background and Large Scale Struc-
tures and BBN allow the existence of one extra sub-eV mass sterile neutrino (neutrino,
which does not participate in weak interactions and coudn’t be detected), aditional to
the well known three active neutrino species [11]. Furthermore sterile neutrino with
mass in KeV region is a candidate for Warm Dark Matter [12].

Nowadays there are many experimental evidences for the existance of neutrino os-
cillations, povided by solar, atmospheric and terrestrial neutrino experiments. Some of
the neutrino experiments also point to an existance of an additional light sterile neu-
trino [13]. Besides, a better fit to the solar problem with participation of a very light
sterile neutrino has been proposed by [14]. Sterile neutrino, if presents, participates in
neutrino oscillations and hence could be produced in neutrino oscillations. Thus, it is
interesting to explore the cosmological influence of sterile oscillating neutrinos and the

cosmological constraints on its parameters.
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It is interesting how the neutrino oscillations effect BBN processes. It is well known
that the flavour neutrino oscillations practically do not effect BBN. On the other hand
active-sterile neutrino oscillations exert strong effect on BBN and especially on the
primordial He-4 production [15]. The investigation of the effects of active-sterile neu-
trino oscillations on the BBN processes is important for studying physics beyond the
Standard model.

Helium-4 is the most abundant in the Universe after Hydrogen and has simple post
BBN evolution and, respectively, it is the most precisely calculated and measured ele-
ment. Until 2010 it was believed the He-4 abundance is measured with 3% uncertainty,
while theoretical uncertainty is less than 0.1% whithin a wide range of values of baryon
to photon ratio. However, later it was found that the systematic errors had been un-
derestimated and currently we know that there is a room for over 5% deviation from
the mean value of the measured primordial He-4 abundance and the central value is
larger than the one obtained before. We used this new observations as a base of our
study of BBN with oscillations and obtained bounds on oscillation parameters for 5%

He-4 overproduction.

Aims and objectives

Thus, our work is dedicated to two attractive themes in modern cosmology - baryoge-
nesis and the chemical composition of the baryonic component in non-standard BBN
with neutrino oscillations.

The first aim of our work is to construct BBN with electron-sterile neutrino oscil-
lations. Our second aim is to study the effects of the neutrino oscillations on BBN
processes. Further, our objective is to obtain isohelium countours of 5% He-4 over-
production for a range of oscillation parameters and different initial population of the
sterile neutrino state.

Another aim of our work is to collect and discuss observational data of antimatter in
cosmic and gamma rays, obtained from different balloon flights and spacecrafts, as well
as observational data concerning baryon density; to construct a successful baryogenesis
model, i. e. to investigate the dependence of the baryon charge on model parameters

and try to construct successful baryogenesis model.
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The next chapter is dedicated to studing non-standard BBN with neutrino oscil-
lations. The available BBN theoretical and observational data are discussed. The
neutrino properties and solar, athmospheric and accelerator experiments for its detec-
tion are presented. The model of nonequilibrium electron-sterile oscillations for the
case when v, do not thermalize till T = 2 MeV and oscillations become effective after
ve decoupling is introduced. The dinamical and kinetic effects of neutrino oscillations
on BBN are discussed, as well as the production of neutrino-antineutrino asymmetry.
BBN constraints on neutrino oscillation parameters for 5% He-4 overproduction and
different initial population of the sterile state are obtained. They are compared with
earlier obtained bounds for 3% He-4 overproducton and their behaviour is discussed.

In the second chapter baryogenesis and Scalar field baryogenesis scenario, in par-
ticular, are discussed. The baryon asymmetry and the baryon density of the Universe
are discussed, as well as the most popular baryogensis models. Our Scalar field baryo-
genesis model, based on the Afflek and Dine baryogenesis scenario, is introduced. The
precise numerical analysis is provided and the role of particle creation processes is stud-
ied. Also, the dependence on different model parameters is studied. An inhomogenious

scalar field condensate baryogenesis model is discussed.



Part 1

Processes important for the
formation of the chemical content

of the Universe



Big Bang Nucleosynthesis theory

and observations

The theory of Hot Big Bang beginning of the Universe and synthesis of elements in
its very early ages was first proposed by George Gamow and his collaborators Ralph
Alpher and Robert Herman in 1946-1950 [16, 17]. Later the Big Bang Nucleosynthesis
(BBN) theory was developed and now it is recognized as one of the greatest sucesses of
the Standard Big Bang cosmology because of the remarkable agreement between the
theoretical predictions and the observational abundances of the primordially produced
elements. BBN occured during the temperature range of approximately 1 MeV to 0.1
MeV, which corresponds to times of 1 to 200 sec, or the first three minutes of the life
of our Universe, when four light elements were produced - D (1), *He, “He and "Li.

The Standard Model of BBN (SBBN) relies on General relativity to describe the
evolution of the early Universe. The primordial abundances of the light elements in
SBBN practically depends only on one parameter - baryon to photon ratio or baryon
number dencity:

ny  (nn +np)

" _ (M T Np) 1.1
n 0 " (1.1)

At present times, 7 is obtained idependently through Cosmic Microwave Back-
ground radiation measurements with high pecision. However, noap corresponds to
much later epoch ~ 380 000 years. In case n has not changed between the two epochs,

it becomes possible for SBBN theory to be verified.



In the very early Universe the temperature was so high that all matter constituents
were fully ionized and dissociated. At the pre-BBN epoch the following weak interac-

tions took place:
nepte + v (1.2)

N+Ve<rpt+e

n+et < p+ (1.3)
At T > 1MeV these weak interactions were in thermal equlibrium and fixed the

ratio of neutron to proton number densities to be:

Am

— = e T’ 14
. (1.4)

where Am = 1.293M eV is the neutron-proton mass difference.

The weak processes rate

Fhop = nlov) ~ GpT° (1.5)

(n is the number density of the relativistic electrons and positrons, o and v are the
cross section and velocity of the weak interactions and G is Fermi’s coupling constant)

was much higher than the Hubble expantion rate

H= ,/ngNp ~ /g:GNT? (1.6)

(p is the energy density of the Universe, g. = (11/2) + (7/4)N, is the number
of relativistic particle speacies determining the energy density in radiation, NN, is the
neutrino number and Gy is Newton’s gravitational constant) at this time. When the
Universe cooled down, with dropping of the temperature T, I',.,), fell faster than H
and at a time when T' ~ 0.7MeV they became comparable, the equlibrium was broken.

The moment of so called "freeze out” occurs when I',,,, ~ H at freezing temperature

1/6
9:GnN
Ty ~ < GF4 ) ~ 1MeV (1.7)



The neutron to proton ratio froze at a value

Am
- 1
(”) P - (1.8)
p f'r 6

Below T, the weak reactions 1.3 stop, the evolution of neutron-proton ratio is

determined only by neutron S-decay with neutron mean life-time 7,,. The (n/p) drops
to ~ 1/7 since the time of nuclear reactions beginning. This simplyfied analitical
approach gives (n/p) s, to an accuracy of ~ 1%. After the freeze out of the neutron-
proton interconverting processes, chains of nuclear reactions take place, which start
with the formation of Deuterium D - an isotope of Hydrogen made of 1 proton and 1

neutron, with binding energy Bp = m,, +m, — mp = 2.224MeV

p+n—D+ry (1.9)

and then proceed in two possible chains

D+ D —*He+n, *He+D —*He+p
D+D —T+p, T+D—=*He+n

(1.10)

(T is Tritium - an isotope of H made of 1 proton and 2 neutrons).

During these reactions the protons and neutrons tend to form mainly Helium nuclei.
In order to produce “He, it is required first to form D. However, at the time of BBN,
the temperature was still so high that the D nuclei were broken apart by high-energy
gamma rays as soon as they formed. Therefore “He production was suppressed until
T ~0.1MeV, effect known as Deuterium bottleneck. At T' < 0.1MeV extremely rapid
element formation processes occur. Because of the two-body nuclear collisions, the
probability of synthesis of havier elements increases with an increase of the baryon
number density 1 and therefore less D survives with larger n. Thus, all surviving
neutrons since BBN beginning end up bound in “He. A small amount of Lithium - “Li

is produced through the following reactions:

He+T =i+ v, °He+ He -™Be +v, Be +e” —Ti+ v, (1.11)

Havier nuclei do not form in any significant quantity because 7 is too small and the

three-body collisions do not occur.



The mass fraction of primordial *He is

A
Y, = ﬂ’ (1.12)
ny

where Ay, = 4 is Helium atomic mass. As we assume all neutrons are bound in

“He, then

2(3),, (=
P/ gr 7
Yy~ —— 29" e\Tn/) ~ (.25 (1.13)
p n
1+ ()
P/ g
t/sec
0.1 1 10 100 1000 10% 10° 10°
M TorTTTT T T T o Tl ol
lD b.n.
1 B =
""""""""""""""""""""""""" Y,
1072+ SBBN f.o. .
—_—
1074
1076
108
1071
10—12
10~
| I R R T A N P I N S T " PR T R R T " b
1000 100 10 1
T /keV

Figure 1.1: The evolution of primordial nuclei synthesis in SBBN model - The
vertical bands present important BBN stages - v decoupling, n/p freeze out, D bottleneck
and nuclear reactions freeze out. Protons - H and neutrons - N are expressed relativly to
baryon number and Y, is “He mass fraction. The upward arrow marks off the time when

most of the “He is produced and the downward one - the time when Be went to “Li [18].

BBN stops shortly thereafter, at about 20 minutes after the Big Bang when our

Universe becomes too cool for any nuclear reactions to proceed. The budget summary



1.1 Theoretical calculations of the primordial abundances of the light
elements

of primordially produced light elements shows ‘He ~ 0.25 by mass fraction, D and
3He/H ~ few times of 1075 and "Li/H ~ 1070, for the range of n = (1 — 10) x 10710,
In Fig. 1.1 the time and temperature behaviour of light element abundances calculated
in SBBN are illustrated. The evolution is shown through the main important stages
of the primordial nucleosynthesis as v decoupling from the thermal bath, e~ — e™
annihillation and n/p freezing, Deuterium bottleneck and the drop out of equlibrium

of all nuclear reactions.

1.1 Theoretical calculations of the primordial abundances

of the light elements

Theoretical predictions of the light element primordial abundances depends on three
main parameters in general - neutron mean life-time, which is determined with pretty

good precision

Tn =880.1£1.1s [3], (1.14)

the number of light neutrino species, which is

N, =3.046 [19], (1.15)

in the Standard Cosmological Model and the baryon to photon ratio from eq. 1.1,
which is determined by WMAP (Wilkinson Microwave Anisothropy Probe) as

n=(6.1940.14) x 1071% [5, 20]. (1.16)

These are used to make precise calculations of the primordial element abundances,
which are used for comparison with the observationaly obtained values. The first precise
SBBN code was worked out by Wagoner and his collaborators in 1967 and since then
many codes were developed to calculate the primordial nuclei abundances with high
accuracy [21, 22, 23, 24, 25]. In Tabl. 1.1 we pesent two recent precisely calculated
values of the primordial abundances of the light elements obtained in SBBN. As it could
be seen the calculated values by different authors are in good agreement. Furthermore
SBBN prediction for Y, impresses with its precision compared to measured ones [see
1.2].

10



1.2 Observational values of the primordial abundances of the light elements

D/H Y, ‘He/H Li/H
(2494 0.17) x 107> 0.2486 +0.0002 (1.00 4+ 0.07) x 107> 5.2470-1L x 1010
1.79 x 107° 0.250 0.903 x 107° 7.08 x 10710

Table 1.1: Recent SBBN predictions of primordial light element abundances
for n = (6.23+0.17) x 1071 for the first line [26] and 1 ~ 6.24 x 107'° for the second line
[25].

1.2 Observational values of the primordial abundances of

the light elements

The observational abundances of the primordial elements are derived from astrophysical

observations of different objects in our Universe.

1.2.1 Deuterium

Deuterium has simple post BBN behaviour since it is only destroyed in nuclear burning
in stars and chemical evolution in galaxies. Therefore its measured value anywhere in
the Universe could be used as a lower limit of the primordial abundance. The most
precise observational data for primordial D abundance are found in the spectra of 7
high redshift, low metallicity QSO Absorption Line Systems. The data obtained from
these 7 QSOALS give

D/H = (2.82+0.21) x 107° [27]. (1.17)

As could be seen in Fig. 1.2, the obtained data show large dispersion and, even
more, no obvious correlation with redshift or metallicity. On the other hand it presents

a good agreement to the theoretically predicted value.

1.2.2 Helium-3

In contrast to D, *He could be both produced and depleted in the course of galactic
evolution. Therefore, a direct interpretation of the results from *He/H measurements is
not possible. *He is observed in the Solar System and more preferably in the Galactic
HII regions. As in the case of D, ®He does not show correlation with metallicity or

position in the Galaxy and the obtained data exhibit a large variation. In [28] an

11



1.2 Observational values of the primordial abundances of the light elements

Q0347-3819

4 1009+2956
4.4 @ + PKS1937~1009 (1)

Q2206-199
-4.8 ¢ PKS1937-1009 (Il)

-5 +

B B O I N
2 225 25 275 3 325 35 375 4

z

Figure 1.2: D/H ratios for different QSO systems as a function of the redshift
- The horizontal band presents the mean D/H ratio [25].
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1.2 Observational values of the primordial abundances of the light elements

oservational bound of 2He/D < 1 was obtained, which is in a good agreement with the
SBBN predictions. Using observations of a peculiar galactic HII region the authors of

[29] report upper limit of

SHe/H < (1.1 +0.2) x 107°, (1.18)

The comparison of the data with this upper bound is presented in Fig. 1.3.

o
o

)
(@]
= i
X
3 .
037
I
2.5 |- ¢
2 - ° ‘
| ]
1.5 - ¢

111/11111111111]11111]1111)1111))1111))1) 1)) ) )
11811711110
77711111111111777110011)111111 11111
1711/1111711111111/11111/11)1111171) 11111 ) ) ) ) ®))]]]]]]]
i77//1111111111/111/111111111)1]1)]1)1 )1 )] / /

/11711117117711711711711111771717711171770000771071171111717171171171111111111111])/

0
04 -03 -02 -01 0 01 02 03 04
[0/H]

Figure 1.3: °He/H for observations with different metallicity - The solid line
presents the linear fit of the data and the band is the upper limit on the primordially
produced *He/H value obtained by these authors [29].

1.2.3 Lithium-7

The primordial abundance of Li is extracted from observations of metal poor stars in
the spheroid of our Galaxy (Pop II), with metallicity up to 10~° of the Solar metallicity
value. Since Li shows a significant correlation with Fe its observational abundance is

obtained by extrapolating to zero metallicity. There are several values of the primordial
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1.2 Observational values of the primordial abundances of the light elements

Li obtained by different analysis and observations and the representative range which

includes all of them gives

Li/H = (1.58 £ 0.31) x 1071 [30]. (1.19)

The determination of primordial Li is made simultaneously on both ®Li and Li
isotopes but Li is the dominant one. In Fig. 1.4 a comparison of the SBBN predictions
and the data for Li abundance, obtained for different observations as a function of
metallicity, are presented. As could be seen none of the observationally obtained Li

abundance is consistent with SBBN calculations. This is so called lithium problem.

2.5 —

@A

R *
ﬁ RN ST
R ﬁ%@ ﬁi ‘

2r 1

[Li]

P S S R B
-3.5 -3 -25 -2 -15 -1

[Fe/H]

Figure 1.4: The Lithium abundance for different observational objects as a
function of metallicity - The Li abundance is presented as [Li]=12+log(Li/H) and the
metallicity is given by Fe/H. The band shows SBBN prediction for Li within the range
+1o [31].
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1.2 Observational values of the primordial abundances of the light elements

1.2.4 Helium-4

The post BBN behaviour of “He is simple as it is only produced in the stellar and galactic
chemical evolution. The *He is most abundant (after H), most precisely calculated and
measured element. The observations of “He are made using H and He recombination
lines from low metallicity extragalactic HII regions, like compact blue dwarf galaxies.
The linear correlaton between “He, produced in stars (Y) and metals Z (C, N and O)

is used to derive the primordial mass fraction Y),.

Y
Y:Y},—FZ(ZZ>, when Z —0, Y =Y, (1.20)

The most recent observationally derived abundances of Y), are present in Tabl. 1.2
where one can see the impressive accuracy of the values obtained. The very good
consistancy with the theoretically predicted primordial abundances is evident. For
illustration in Fig. 1.5 the linear fit of Y}, versus O/H relation for all data of authors
in [32] is presented.

In Fig. 1.6 the calculated abundances of light elements as a function of n are
presented. As could be seen, the primordial abundance of *He slowly rises with 7,
because at larger n the processes of BBN start earlier and less neutrons decay till then.
On the contrary D abundance quickly drops down when rising 7 because of the tendency
for synthesis of the heavier and more tightly bound nuclei - “He. This tendency becomes
larger with increasing of the baryon number density, therefore less D survives at larger
7. Since D is extremely sensitive to the value of 7 it could be used as a ”baryometer” to
probe the cosmological baryon density. For all the light elements the systematic errors
are the main limitation to reach the necessary precision of the observationaly received
primordial abundances. The minimization of these errors may help to overcome the
problem of inconsistency of some of the observational abundances in comparison with
theoretically predicted ones. However, the unresolved puzzles of SBBN may point also
to a Physics beyond the Standard Model, for example additional neutrino species.

Primordially produced *He is the preferred light element for obtaining limits on non-
standard physics, because its post BBN evolution is simple since it is only produced in
stars. Also nowadays “He is calculated and measured with remarkable precision. The
thoretical predictions of the most abundent light element have impressive accuracy of

more than 1%. In Tabl. 1.2 some recent theoretical estimations of the primordial *He
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1.2 Observational values of the primordial abundances of the light elements
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Figure 1.5: The derivation of the primordial “He mass fraction - Y is obtaned using
the linear fit of all data obtained from 96 spectra in 86 HII regions and then extrapolated

to zero metalicity [32].
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1.2 Observational values of the primordial abundances of the light elements

Baryon density Quh?
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Figure 1.6: The abundances of light elements predicted by the SBBN model
with 95%C.L. (wide bands) as a function of baryon to photon ratio 7 - The
narrow vertical band presents CMB measure of 7 and the wide one indicates the BBN
concordance range, both with 95%C.L. Smaller boxes show observed element abundances

with +20 statistical error, while larger ones present +20¢ statistical + systematic error [32].
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1.2 Observational values of the primordial abundances of the light elements

mass fraction Y), are collected and presented [33]. Determinations from astrophysical
observations in metal poor HII regions are given for comparison. The high level of
consistency of the theoretical and observational results is evident. More careful anal-
ysis of the data points to a higher central value of the observed Y}, compared to the
theoretical predictions with only several percent uncertainty, which makes actual the
interpretation of “He overproduction

0Y,

Zr>5 1.21
Yp_% (1.21)

as due to mechanisms beyond standard physics. Such an appropriate mechanism

could be additional light v species, active to sterile neutrino oscillations [34, 35, 36, 37],

ete.

Y, (theor) References Y),(obs) References
0.2486 + 0.0002 [26] 0.2565 & 0.0010(stat.) & 0.0050(syst.) [32]
0.2482 + 0.0007 [38] 0.2561 + 0.0108(stat. + syst.) [39]
0.2479 £ 0.0002 [40] 0.2573 £ 0.0033(stat. + syst.) [41]

0.250 £ 0.003(stat. + syst.) [25]

Table 1.2: Recent observational estimations and theoretical predictions of pri-

mordial “He production [33]

In this subsection we described the processes of light elements formation in the early
Universe, which are strongly dependent on neutrino particle properties. We showed that
“He is the most abundant element, measured and calculated with remarkable precision.
Current observational data for its abundance point to an effective number of neutrino
flavours N, > 3 higher than predicted by the Standard Model of Particle physics [19].
Also, we showed that the systematic uncertainty in “He measurememts points to a

discussion of helium overproduction higher than 5%.
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Neutrino and neutrino

oscillations

Neutrino played very important role in the BBN processes in the early Universe. For
the first time neutrino was postulated in 1930 by Wolfgang Pauli for explanation of
B-decay: n® — pT 4+ e~ + .. The first detection was provided by Cowan, Reines,
Harrison, Kruse and McGuire in 1956 [42] and brought them the Nobel Prize later in
1995. The name of the particle was given by Enrico Fermi, who further developed the
theory of S-decay.

Within the Standard Model, where the base of matter are 6 quarks and 6 leptons,
we know that the neutrino is an electrically neutral lepton, which interacts through the
weak and gravitational forces. It is a massless elmentary particle with a half-integer
spin 1/2h, i.e. it is a fermion. Three flavours of neutrino are known - electron neutrino

- Ve, muon neutrino - v, and tau neutrino - v, and their anti particles - v, v, and v..

2.1 Neutrino oscillations detection

2.1.1 Solar neutrino anomaly

The first attempts to detect and measure neutrinos produced in the Sun were made by
Raymond Davis and Jr. and John N. Bahcall in the early 50s and later in 1968 they
started an experiment in a golden mine of Homestake, South Dakota, USA [43, 44]. A
tank with 380 m? of perchloroethylene was placed 1478 m underground, where upon

collision with a neutrino, a chlorine atom was transformed into a radioactive isotope of
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2.1 Neutrino oscillations detection

argon and then was extracted and counted. This way it was possible to determinate
how many neutrinos have been captured. The solar neutrino production, penetrating
through layers of different density and thickness from the core to the surface, and
propagation through space to reach the Earth are well known and the expected solar
neutrino flux can be precisely calculated. In the Homestake experiment, however,
the detected electron neutrinos were about 1/3 of the theoretically predicted and the
discrepancy in results essentially created the solar neutrino anomaly.

In 1957 Bruno Pontecorvo developed the idea for neutrino oscillations [45]. The
idea was based on the non-zero mass of neutrino and distinguishes between neutrino
mass eingstates - 11, o, v3 and flavour eingstates - ve, v, v-. Then each mass eingstate
could be presented as a superposition of the flavour eingstates (and vice versa) and
therefore when propagates neutrino can switch between different flavours. Thus for
example, if electron neutrino flux travels through space, after a time, a part of the flux
could be composed by muon and tau neutrinos. Thus the neutrino physics goes beyond
the Standard Model where neutrino is a massive particle.

After the Homestake experiment many scientists around the world were working on
the solar neutrino problem, like Kamiokande in Japan [46], SAGE [47] in the former
Soviet Union, GALLEX and GNO in Italy [48, 49], Super Kamiokande [50]. All these
experiments confirmed the solar neutrino deficit and showed that it depends on the
energy of the neutrino.

Finally, in 2001, scientists working at SNO, the Sudbury Neutrino Observatory in
Ontario, Canada, found strong evidence that the neutrino oscillates [51, 52]. SNO was
a 1000 tonnes heavy water (D20) Cherenkov detector designed to detect neutrinos pro-
duced by fusion reactions in the Sun, built about 2 km under ground, in Creighton mine,
Sudbury, Canada. In it neutrinos reacted with the heavy water to produce Cherenkov
radiation and this light was then detected by an array of 9600 photomultiplier tubes.
SNO was able to detect all types of neutrinos coming from the Sun and to distinguish
between electron neutrinos and the other two flavors. It found that about 35% of the
arriving solar neutrinos are electron neutrinos, with the others being muon or tau neu-
trinos. The total number of detected neutrinos agrees quite well with the theoretical

predictions.
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2.2 Sterile neutrino

2.1.2 Atmospheric neutrino anomaly

Another very important aspect of the neutrino properties investigation is the resolving
of the atmospheric neutrino anomaly. An isotropic cosmic ray flux from protons and
heavy nuclei enter the Earth’s atmosphere continuously. As a result of the interactions
in the atmosphere pions and kaons are produced which decay and produce electron
and muon neutrinos with different energies. For the energies less than 1 GeV the
theoretical predictions give ratio r ~ v./v, = 2. Also due to the sherical symmetry
of the atmoshere and the isotropy of the cosmic rays flux an identical up- and down-
coming fluxes are expected. However, the underground neutrino experiments like IMB
[53], Super Kamiokande [54], Soudan 2 [55] and Macro [56] measured considerably
lower than expected r and observed a dependance of the muon neutrino deficit on the
neutrino energy and the zenith angle. These data were explained by v, <+ v neutrino

oscillations.

2.1.3 Accelerator neutrino experiments

Strong evidences for oscillations of muon neutrinos were obtained also in the long-
baseline accelerator neutrino experiments K2K [57] and MINOS [58]. In addition, a
short-baseline accelerator experiment LSND observed a possible indication for v, — 7,
oscillations [59]. However, in the MiniBooNE experiment no indications of v, — v
oscillations were found yet [60, 61].

Briefly, data from atmospheric and long baseline oscillation experiments may be ex-
plained well by muon to tau neutrino oscillations. Similarly, solar and reactor neutrino
data are explained well by electron to muon or electron to tau neutrino oscillations.
However, the results from LSND and MiniBooNE may point to the extension to the
Standard Model including models with an additional or even more than one light sterile

neutrinos.

2.2 Sterile neutrino

The measurement of the number of neutrino types comes from the observation of the Z
boson decay into any light neutrino (light here means neutrinos with mass less than a

half of the Z bozon mass) and its antineutrino, since the lifetime of Z bozon is shorter if
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2.2 Sterile neutrino

more flavours of light neutrinos are available. Recent detections provided in [62] show

the following number of flavours of light neutrino:

N, = 2.984 £ 0.008 (2.1)

However, beyond the Standard Model there is a possiblility of an existance of rel-
ativly light sterile neutrinos v,, which do not participate in the weak interactions and
therefore could not be detected in Z bozon decay processes. These sterile neutrinos
could be produced in neutrino oscillations.

The neutrino oscillations data from LSND and MiniBooNE suggest existance of 1
or even 2 light sterile neutrinos with masses in the 1 eV range, which participate into
oscillations with the flavour ones [63, 64].

Observations of neutrino oscillations imply that the masses of the neutrinos involved
cannot be equal to one another and therefore they cannot both be zero.

The relation between flavour and mass eingstates could be expressed through an

unitari matrix U, called Pontecorvo-Maki-Nakagava-Sakata or PMNS Matrix [45, 65]

Um = Unysvs, [ = (e, 11, 7). (2.2)

For two oscillating neutrinos the PMNS Matrix is presented by 2 x 2 matrix:

cosf sinf
U= [ —sinf cos6 ]

Therefore

vy = ¢V + sv;
Vo = —sv; + cvj,

(2.4)

where s = sinf), ¢ = cosf, v1 and v, are mass eingstates and v; and v; are the
flavour ones. Parameter 6 is one of the neutrino oscillation parameters, called mixing

angle.
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2.3 Neutrino oscillations parameters

In the two particle case, when propagating, neutrino changes its type with proba-

bility:

(2.5)

om2L
Pz = sin® 20 sin” ( a ) ;

4F
where L is oscillation distances, E - neutrino energies and §m? is the second neutrino

oscillations parameter, named squared mass difference.

2.3 Neutrino oscillations parameters

The angles 091 and 631(623) are identified respectively as ”"solar” and ”atmospheric”
mixing angles, while dm32; and dm32,(6m3;) respectively as "solar” and ”atmospheric”
neutrino mass squared differencies.

The best fit values (£10) of the 3-neutrino oscillation parameters, derived from a

global fit of the current neutrino oscillations data results from [66] give:

om3; = 7'581_8:% x 107%eV?, sin 019 = 0.306(0.312)i8:8i§

(2.6)
|om3,| = 2.357052 x 1073eV?, sin? fg3 = 0.4275:08
The existing data do not allow to determine the sign of 5m§1(32).
Recently 613 was measured by Daya Bay experiment [67]:
sin? 2613 = 0.089 4 0.010(stat.) & 0.005(syst.) (2.7)

At Fig. 2.1 we present a plot of ém? as a function of tan 26, which shows the regions
inside the lines that are excluded by various experiments with 90% C.L.

As a conclusion, in this subsection we reviwed the strong evidences that neutrinos
oscillate. Also, we point to the indications for existance of a sterile neutrino, which

does not participate in ordinary weak interactions and therefore is hard to detect.

2.4 Specifications of the BBN with electron-sterile neu-

trino oscillations model

The aim of our work is to study the effects of active-sterile neutrino oscillations on

Big Bang Nucleosynthesis and to obtain cosmological bounds on neutrino oscillation
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model
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Figure 2.1: Oscillation parameter ém? as a function of tan 20 - Regions inside the

lines are excluded by various experiments with 90% C.L. [3].
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2.4 Specifications of the BBN with electron-sterile neutrino oscillations
model

parameters. We discuss nonequilibrium oscillations between weak interacting electron
neutrinos v, and sterile neutrinos v, for the case when v, do not thermalize till T = 2
MeV and oscillations become effective after v, decoupling. Basic characteristics of our
model are [68]:

1. We examine oscillations between the sterile v; and the active v,, according
to the Majorana-Dirac mixing scheme [69]. For simplicity, we have chosen two

particle case - mixing only in the electron sector (see 2.4).

e o
where v denotes the sterile electron antineutrino, s = sinf, ¢ = cos#f, 6 is the
mixing angle in the electron sector, the mass eigenstates 11 and v5 are Majorana
particles with masses correspondingly m; and mso. The flavour neutrino oscilla-
tions have negligible effect on the neutrino number densities and on BBN because

of the very slight deviation from equilibrium in that case [15] and therefore the

assumption of two mixing case is acceptable.

2. Since the sterile neutrinos do not participate in the ordinary weak interactions,
we consider that they decouple much earlier than the active ones. After v,
decoupling, active neutrinos, which are still in equilibrium, have been additionally
heated due to annihilation and decays of particles. Thus in later epochs the

temperature and number densities of v, are considerably less than those of v,.

3. If v, < v, oscillasions are allowed, sterile neutrinos may not decouple earlier
enough in comparisson with the active ones and their noneqilibrium densities
may not be considerablly different. They may come to thermal equilibrium again
if already decoupled [70]. The reactions of v, with the plasma are the source of
thermalization for v, because when oscillating into active neutrinos they may
interact with the medium and thus thermalize. That is why, in order to assure a
nonequlibrium case, we assume also that neutrino oscillations become effec-
tive after the decoupling of the active neutrinos, I'ysc > H for T' < 2MeV.

This constraints the neutrino mass difference:

om? <1.3x 10 7eV? [68] (2.9)
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2.4 Specifications of the BBN with electron-sterile neutrino oscillations
model

4. The last assumption of our model is that sterile neutrinos should not ther-
malize till 2 MeV when oscillations become effective, so the production
rate of v; must be smaller than the expansion rate. This gives limits on the

allowed range of oscillation parameters:

sin?(20)0m? < 1077eV?  [68] (2.10)

In our work, we provide precise numerical analysis of the evolution of nonequilibrium
oscillating neutrinos integrating the kinetic equations for the neutrino density matrix in
momentum space for the period after the electron neutrino decoupling till the neutron-
proton ratio freezing, i.e. for T' = [2—0.3MeV]. The rates of expansion of the Universe,
neutrino oscillations and neutrino interactions with the medium are comparable in our
model, that is why we use kinetic equations which account simultaneously for the
participation of neutrinos into those three processes. In our analysis we consider both

2 —m1? < 0 and nonresonant dm? > 0 neutrino oscillations. The

resonant dm? = meo

range of oscillation parameters studied is dm? = [10710 — 107"]eV? and 6 = [0 — 7/4].

In the epoch before BBN the Universe was consisting of plasma of photons, neutri-

nos, electrons, and small quantities of nucleons. The kinetic equations for the density

matrix of the noneqilibrium oscillating neutrinos in that epoch have the form [35, 68]:
9p(t) _ 4 Or(t)

ot P =gy T pO] 4 [Fims, p(t)] + O (32,,), (2.11)

where p is the momentum of electron neutrino and p is the density matrix of the massive
Majorana neutrinos in momentum space.

The first term in the equation describes the effect of expansion, the second describes
the oscillations and the third - for neutrino scattering of the medium. The free neutrino

hamiltonian H, is:

2 2
f}{o—< pmy 0 ) (2.12)

0 VP +m3
Hint = oV is the interaction hamiltonian, where o;; = U;.Uje, V = G (:I:L — Q/M%V)

It plays the role of induced squared mass for electron neutrinos:

HED _< 0 0 ) (2.13)
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2.4 Specifications of the BBN with electron-sterile neutrino oscillations
model

The first term in V' accounts for charged-current and neutral-current interactions
with protons, neutrons, electrons and positrons, neutrinos and antineutrinos from the
medium and is proportional to the fermion asymmetry of the plasma L = ) s Ly, which

is assumed of the order of the baryon asymmetry.

Ly~ w T3 ~ NBA_TWNB T3 = BT3. (2.14)
The second term in V arises as an W/Z propagator effect, Q ~ E, T*. For the
early epochs of the Universe life both terms must be accounted for because they both
are significant.
The last term in the Eq. 2.11 describes the weak interactions of neutrinos with the
medium. For example, for the weak reactions of neutrinos with electrons and positrons

/ﬁ:/

ete” < vvj, eiuj —e it has the form:

A7, e e7) [ne-n+AAT — L {p, AT[)A}J
+ [dQ(e,V,€7) |n,_Bp'BT — L {BIB, p}+n€_] (2.15)
+ [dQet, e [nl,epet — L {ete, p}+n€+},
where n is the number density of the interacting particles, A is the amplitude of
the process ee™ — v;5, B is the amplitude of the process e”v; — €~/ and €
- of the process etv; — €tv/. They are expressed through the known amplitudes

AcleTe™ = velre), Be(e Ve — € 1) and Celetve — et re):

A=aA., B=aB., C=aClC (2.16)

The neutrino kinetics down to 2 MeV is the same as in the standard case, since
the electron neutrinos maintain their equilibrium distribution and the sterile ones are
absent. Then the last term in the kinetic equation can be neglected and the equation
results into couple of nonlinear integro-differential equations for the components of the
density matrix.

The kinetic equation describing the evolution of the neutron number density in

momentum space n,, with neutrino oscillations v, <> vs; has the form:

% — Hp, =+ [dQ(e™,p,v)|A(e™p — vn)[2(ne-np — nnpLL) (2.17)
’ .

— [ dQ(e®, p, 7)|A(e*n — pi) [P (ne+nn — nppiL).
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2.4 Specifications of the BBN with electron-sterile neutrino oscillations
model

The first term accounts for the expansion of the Universe and the second one for the
processes: €~ + p <> n + v, and p + e <> et 4+ n, which directly influence the nucleon
density. Number densities per unit volume are expressed as N = (2m)~ [ d®p n(p).
The neutrino and antineutrino density matrices may be different, prr, # prr, compared
to the standard case. Therefore, the term differs from the standard scenario by the
substitution of pry, and pyr, instead of ngd ~ exp(—E, /T)/1 + eE¥/T.

Fig. 2.2 illustrates the difference in nuclear freezing in defferent cases: Standard
BBN case without oscillations, the vacuum oscillation case and the scenario with matter

neutrino oscillations.

0.35 7
1 matter oscilation
Xn(t) B vacuum oscilation — — -
0.30 1 standard model -------
0.25
0.20
0.15
0.10  ~jmmmm e e e
2 4 6 8
. t(sec)
Fig. 2

Figure 2.2: The illustration of nonequlibrium neutrino oscillations effects on
BBN. - The behaviour of neutrons to nucleons freezing ratio X, = N /Mnue With time is
presented for the three scenarious - Standard BBN without oscillations, BBN with vacuum

oscillations and BBN with matter neutrino oscillations [68].

In this subsection we discussed our model’s features and main assumptions. Here we
described the kinetic equations for the neutrino dencity matrix in momentum space.
We provided precise numerical analysis of the evolution of nonequlibrium oscillating
neutrinos integrating these equations for the period after the v, decoupling untill the

n/p-freezing.
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2.5 Cosmological effects of neutrino oscillations

2.5 Cosmological effects of neutrino oscillations

Contrary to the flavour neutrino oscillations which effect BBN negligibly, active-sterile
neutrino oscillations can exert strong effect on BBN and particularly primordial *He
production. As far as v, < v neutrino oscillations can fill the initially empty or
partially filled sterile state, 0 < 6N, < 1, they lead to an increase of the effective
number of neutrino species Nesr = 3 — 0N; and the relativistic degrees of freedom
during BBN ¢, = 10.75 + 7/40N,. This speeds up the expansion of the Universe,
H(t) ~ gi/Q (see 1.6, 1.7, 1.8, 1.13), causes earlier n/p-freezing, at times when neutrons
are more abundant and, hence, leads to overproduction of “He [34, 71]. This Dynamical
effect gives up to 5% “He overproduction when one additional neutrino type is brought
into equilibrium by oscillations.

The Kinetic effect of oscillations may be much stronger than §Ng; = 1 in case of
oscillations effective after v decoupling, proceeding between partially populated sterile
neutrino state 0 < §Ng < 1 and electron neutrino [35, 68, 72, 73]. The non-equilibrium
initial condition, for most of the oscillations parameters of the model, leads to consider-
able and continuous deviations from the equilibrium v, spectrum (spectrum distortion)
because the oscillation rate depends on energy according to I' ~ dm?/E. The distor-
tion leads to both a depletion of the active neutrino number density and a decrease of
the I'. Thus it influences the nucleon kinetics, causing an earlier n/p-freezing and an
overproduction of “He yield. The spectrum distortion is the greatest, if the sterile state
is empty at the beginning of oscillations, d Ny = 0. It decreases with the increase of the
degree of population of the sterile state at the onset of oscillations [74] as illustrated in
the Fig. 2.3.

Besides this leading kinetic effect of oscillations there is known an additional sub-
dominant effect, namely the Production of neutrino-antineutrino asymmetry. Neutrino-
antineutrino asymmetry may be generated during the resonant transfer of neutrinos
[72, 75]. This dynamically produced asymmetry suppresses oscillations at small mixing
angles, leading to less overproduction of He-4 compared to the case without the account
of asymmetry growth, and hence alleviating BBN constraints on oscillation parameters.

The presence of non-zero initial sterile neutrino population influences BBN as fol-
lows: first, it increases the expansion rate and then in the v, <> v, oscillations case,

the presence of v at the onset of oscillations influences the kinetic effects of v, <> v;
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2.5 Cosmological effects of neutrino oscillations
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Figure 2.3: The spectrum distortion at different degrees of population of the

steriles
- 0Ns; = 0 (lower curve), INs = 0.5 and 0 Ng = 0.8 (upper curve). The dashed curve
gives the equilibrium spectrum for comparison. It is obvious that the distortion of the
spectrum is considerable and with time, involves the whole neutrino ensemble [74].

on BBN. Larger 0 N, decreases the kinetic effects, because the element of initial non-

equilibrium between the active and the sterile states is less expressed [76].
Neutrino spectrum distortion effect is very strong even when there is a considerable
population of the sterile neutrino state before the beginning of the electron-sterile
oscillations. The kinetic effects are the strongest for 6Ny, = 0, they disappear for
O0Ns; = 1, when v, and v, states are in equilibrium, and the total effect reduces to

the SBBN with an additional neutrino. The cosmological constraints on oscillations

parameters for the case of 6Ny # 0 are changed.
The total effect can be approximately described by 6Y),, ~ 0.0130N, where N =

(1 — 0N,) and dN29* is the kinetic oscillations effect,

ONs + 0Ngin, ONkin = 5N£Zﬁ$
corresponding to dN; = 0. The expression presents a good approximation to the

numerically calculated dependence of the kinetic effect on the initial population of v,

derived in reference [74].

2.5.1 Dependence of Y, on JN, # 0 for the case, when 0Y,/Y, > 5%

There is an interesting interplay between the different effects which 6 Vg # 0 exerts on
oscillations and on BBN models with oscillations and hence, the ¢} production and

the cosmological constraints on oscillations parameters for the case § Ny # 0 differ from

the ones derived before [78, 79, 80] for Ny = 0.
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Figure 2.4: The dependence of the dynamical, kinetic and the total effect
on 0N, value - The solid curve presents the frozen neutron density relative to nucleons
X, = nd /e as a function of the sterile neutrino initial population, at ém = 10~7 eV?
and sin?20 = 1. The dotted curve presents the kinetic effect, while the dashed curve

presents energy density increase effect [77].

As found in [81], for 0Y},/Y), > 5% corresponding to dN/!%* > 1, the suppression
effect dominates over the dynamical effect of dNs # 0. Hence, the total effect is a
decreasing function of 6 Ny, i.e. *He overproduction decreases with § N, from its maximal
value at 0Ny = 0, and correspondingly, the BBN constraints on oscillation parameters
relax.

In the opposite case §Y,/Y, < 5%, corresponding to dN;!%* < 1, the dynamical
effect dominates and the total effect is increasing with 6N,. I.e. “He overproduction
increases and the BBN constraints on oscillations strengthen with 0 N,. In the case
0Y,/Y, = 5% the constraints for JN; # 0 coincide with the ones for Ny, = 0, due to
the cancellation of the two effects.

For illustration of N/} > 1 case, which we consider further on, we present in
Fig. 2.4 the two effects on “He overproduction at ém = 1077 eV? and sin?20 = 1.
We have studied numerically the contribution of these effects on neutrons to nucleons
freezing ratio X,, = nf; /Mnue for different 6 Ng. The primordial yield of helium to a good
approximation is expressed through X,,: Y, ~ X, exp(—t/7,), where 7, is the neutron

lifetime. For the chosen set of parameters 6 N;!** > 1 and so the “He overproduction

decreases with the increase of dNs. The suppression effect of 6/N; dominates and a
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2.5 Cosmological effects of neutrino oscillations

relaxation of the cosmological constraints compared to d Ny = 0 must be expected.
Briefly, here we discussed the effects which active-sterile neutrino oscillations exert
on primordial “He production. We showed how the dynamical effect leeds to *He over-
production through speeding up the Universe expansion. The kinetic effect also leeds
to overproduction through spectrum distortion of the equlibrium v, spectrum. An ad-
ditional subdominant effect of production of neutrino-antineutrino asymmetry leeds to
less overproduction of “He. Therefore, in order to derive bounds from BBN on neutrino

oscillation parameters, it is necessary to account for the interplay of all effects.
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3

BBN bounds on neutrino

oscillations parameters

In our work we study BBN bounds on neutrino active-sterile oscillations, providing
a numerical analysis of the BBN production of He-4, Y}, in the presence of v, < v,
oscillations and obtaining iso-helium contours, corresponding to different levels of He-4
overproduction, 0Y},/Y,. We investigate cosmological bounds on oscillation parameters
in two different cases - with initially empty sterile state dNg = 0 and with initially

partially filled sterile state 6 Ny # 0.

3.1 The case with empty initial population of the sterile

neutrino, 0N, =0

For 6 Ny = 0, the combined iso-helium contours for the nonresonant and the resonant
case and different levels of helium overproduction, were calculated in refs. [78, 79, 80],
accounting for all oscillations effects on BBN. These cosmological constraints, corre-
sponding to 6Y,/Y, = 3%, excluded almost completely LOW (low probability or low
mass) solution to the solar neutrino problem, besides the LMA (Large Mixing Angle)
solution and sterile atmospheric solution, excluded in previous works. This result is
consistent with the following global analysis of the neutrino experiments data, which
do not favor v, <> v, solutions as dominant solutions to Solar neutrino problem.

The analytical fits to the exact constraints for 6Ny = 0 and 0Y,/Y, = 3% were
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3.2 The case with non-zero initial population of the sterile neutrino,
ONs #0

calculated in [82]:

om?(sin? 20)* < 1.5 x 107%eV? for om? > 0

|6m?| < 8.2 x 10~ V? for 6m? < 0 and large 6 (3.1)

However, recently it was found that there exists larger uncertainty in “He than
believed before [32, 41]. And in our works [77, 83, 84, 85] we calculated isohelium
contours for 5% ‘He uncerainty.

For N, = 0 and 0Y),/Y, = 5% the analytical fits to the exact contraints are [33]:

dm?(sin? 20)7 < 3.1 x 107%V2 for 6m? < 0 and

|6m?| < 1.7 x 1079 for dm? > 0 and large 0 (3.2)

3.2 The case with non-zero initial population of the sterile
neutrino, 6N, # 0

0N # 0 present before v, ; <+ v, just leads to an increase of the total energy density of
the Universe, and it is straightforward to re-scale the existing constraints. In the v, <>
v, oscillations case, however, the presence of v, at the onset of oscillations influences in
addition the kinetic effects of v, <+ v, on BBN. Hence a precise study of the cosmological
constraints for that case is needed.

BBN constraints corresponding to 0Y},/Y}, = 3% overproduction of “He and non-zero
initial population of the sterile neutrino é Ny < 0.54 were calculated in refs. [81, 86].
As far as 0Y,/Y, = 3% corresponds to N/ < 1, the constraints strengthen with
the increase of the the sterile state population 6N,. They increase the BBN 3% “He
exclusion region for oscillation parameters corresponding to d Ny = 0 towards smaller
dm?.

Hence, having in mind the still-existing observational uncertainty of “He measure-
ments and especially the existence of a large systematic error indicated by the existence
of the different “He measurements, in our work [77] we provide a detail numerical calcu-
lation of cosmological constraints corresponding to 0Y,/Y, > 5.2% “He overproduction
(ON;29* > 1) and different initial degrees of sterile neutrino population in the range
0 < 6Ng < 1. We have chosen Y, /Y, = 5.2%, i.e. a value slightly higher than the

critical one 5%, in order to illustrate the possibility for relaxation of the cosmological

constraints on oscillations for § Ng # 0.
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3.2 The case with non-zero initial population of the sterile neutrino,
ONs #0

As one can see in Fig. 3.1, we have found that the cosmological constraints relax for
5.2% *He overproduction in comparison with 3% “He overproduction [33]. Our numerical
analysis has shown that up to 6Ny = 0.5 the cosmological constraints corresponding
to 5.2% He overproduction are slightly relaxed and remain almost stringent, as before.
However, the constraints can be considerably relaxed for higher d Ny values. And, as
can be expected, the constraints vanish for 0Ny = 1, as far as in that case the sterile
state is full and the kinetic effect due to neutrino spectrum distortion disappears. In
Fig. 3.1 0Y,/Y, = 5.2% BBN constraints are presented for different values of the initial
population of the sterile state, namely the lowest dashed contour corresponds to a zero
population 6 Ny = 0, the solid curve corresponds to d Ny = 0.5, the dotted and the dot
dashed contours to 6 Ny = 0.7 and to 6 Ng = 0.9, respectively.

Up to 6 Ns = 0.5 the cosmological constraints are slightly relaxed in comparison with
the case dNg = 0, however, for higher § Ns values, the constraints relax noticeably. It
should be noted that there are considerable constraints even for a very high d N values
for that really high “He uncertainty. So the constraints on neutrino mixing parameter
vanish only when the sterile state is in equilibrium before oscillations, i.e. dN; = 1,
when the kinetic effect due to neutrino spectrum distortion disappears.

The reason for the relaxation of the constraints is the predominance of the suppres-
sion of the oscillations kinetic effects over the dynamical effect for the given uncertainty
of “He.

All cosmological constraints corresponding to §Y}/Y, > 5% will have such behavior,
namely, they will be relaxed in comparison to the constraints for §N; = 0. And vice
versa, the constraints corresponding to lower than 5% “He uncertainty will be more
stringent than the ones for initially empty sterile neutrino state.

We have calculated cosmological constraints corresponding to dNs = 0.5 initial
population of the sterile neutrino and for different levels of helium overproduction [83].

Our numerical analysis has shown that up to § Ny = 0.5 the cosmological constraints
corresponding to 3% and 5% He overproduction are slightly changed and remain strin-
gent, as before in agreement with results found in ref. [74]. Hence, even for partially
filled sterile state the cosmological constraints give the most stringent limit on oscilla-
tion parameters.

The cosmological constraints in the case of non-empty initially sterile state exclude

almost completely LOW solution to the solar neutrino problem as well as the LMA
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3.2 The case with non-zero initial population of the sterile neutrino,

SN, #0

log ( sm’ [eVz] )

sm’> >0

log ( sin’ 20 )

Figure 3.1: BBN constraints for Y, /Y, = 5.2% and different § N, values - The
dashed contour presents 0Y,/Y, = 5.2% BBN constraints for é Ny, = 0, the solid curve
corresponds to Ny = 0.5, the dotted and the dot dashed contours - 6N, = 0.7 and to
ONs; = 0.9, respectively. The case for 0Y,/Y, = 3% and 6N, = 0 (the lowest curve) is
presented for compairson. The resonant oscillations case corresponds to 1.h.s of the figure,

the non-resonant one to the r.h.s. [33, 77].
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3.3 Discussion and conclusions

solution and sterile atmospheric solution. They are in agreement with the analysis of
the experimental data from the solar and terrestrial neutrino oscillation experiments.
Besides, the cosmological constraints are more restrictive by several orders of magni-
tude concerning the neutrino squared mass differences in comparison with the existing
experimental constraints from neutrino oscillation experiments.

In Fig. 3.2 we present 5.2% helium-4 overproduction contours in comparison with
the 3% ones (calculated in [81]) for two different cases, namely initially empty sterile
state I N5 = 0 (dashed contours) and d Ny = 0.5 (solid contours), correspondingly. The
two upper curves present 5.2% helium-4 overproduction, while the two lower curves
give 3% helium-4 overproduction limits. As illustrated, non-zero initial population of
the sterile neutrino leads to upwards shift of the helium 5.2% contour, on the contrary
to the case of 3% helium contour, for which there is a downwards shift.

In summary, here we presented our results in deriving BBN bounds on neutrino
osocillations parameters for “He overproduction of > 5%. We calculated iso-helium
contours for different initial populations of the sterile neutrino state and compared
them with the ones for 0Y,/Y, = 3%. Also, we disussed the constraints behaviour in

the context of neutrino oscillations effects on BBN.

3.3 Discussion and conclusions

We have studied BBN constraints on neutrino electron-sterile oscillations for the specific
case when the sterile neutrino is partially filled initially. We have provided numerical
analysis of the BBN production of *He, Y,, in the presence of electron-to-sterile neu-
trino oscillations, effective after electron neutrino decoupling. An account of all known
oscillations effects on cosmological nucleosyntesis was made. We have calculated iso-
helium contours corresponding to *He overproduction, 8Y, /Y, = 5%, for non-zero initial
population of the sterile state 0 < Ny < 1. So, we have obtained the Y, /Y, = 5% cos-
mological constraints on oscillation parameters corresponding to different 6 N values.
The cosmological constraints for the cases 6 N; < 0.5 are slightly changed in comparison
to 6Ng = 0 case. L.e. even in case the sterile state was initially non-empty within that
range, the cosmological constraints on oscillation parameters remain the most stringent
ones. However, for bigger N the constraints are relaxed considerably and for 6 N; = 1

they are alleviated.
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3.3 Discussion and conclusions

-7.0 - —
7.5 /ﬁ
. |
] |
] [
~ -8.0 =
2, ]
Z -85
B0 ]
2 ] -
] N =0
9.0 sm’ >0 N ON=0) smP<0
] 8N =0.5
-9.5
-1.5 -1.0 -0.5 0.0 -0.5

log ( sin” 20 )

Figure 3.2: BBN constraints for 0Y,/Y, = 3% and 0Y},/Y,, = 5.2% - The upper two
contours present 0Y,/Y, = 5.2% BBN constraints, while the lower two ones correspond
to 0Y,/Y, = 3%. The dashed curves correspond to dN; = 0 case, while the solid curves
correspond to d Ny = 0.5.The resonant oscillations case is given to L.h.s of the figure, the

non-resonant one to the r.h.s. [83]
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3.3 Discussion and conclusions

The results are important for revealing neutrino properties, and are useful for defin-
ing the role of the sterile neutrino in the solar and atmospheric neutrino anomalies, as
well as for constraining different models predicting the presence of sterile neutrinos in
the early Universe.

These cosmological constraints are obtained for the case of 2-neutrino mixing and
provide a comparison with the available 2-neutrino constraints for 6 Ny = 0 case. How-
ever at present, there exist strong evidence for flavor oscillations from solar, atmospheric
and terrestrial neutrino oscillations experiments. Further generalization of the cosmo-
logical constraints on nonequilibrium electron-sterile neutrino oscillations both for the
O0Ns = 0 and for the d Ng #£ 0 case should include flavor neutrino mixing as well.

Qualitatively, for 4-neutrino or 5-neutrino mixing, the non-equilibrium initial pop-
ulation of the sterile state will cause spectrum distortion not only to electron neutrino
but also to the other flavor neutrinos. Flavor neutrino oscillations with the parameters
fixed from the solar and atmospheric neutrino data, will tend to reestablish the equi-
librium between the different flavors. Hence, flavor mixing will partially compensate
the distortion in the electron neutrino sector, caused by v, <> v oscillations, because
the distortion will be redistributed among the 4 (or 5) neutrinos and hence electron
neutrino state will be partially refilled (compared with the 2-neutrino case) for the sake
of other flavor neutrinos. Consequently the kinetic effect of 4-neutrino oscillations on
BBN will be reduced compared to 2-neutrino case 5N,’;’Z.‘n“iy(5y) < ONgins,-

Correspondingly, the cosmological constraints on oscillation parameters in 4 or 5-
neutrino mixing case will be less stringent than the ones calculated for 2-neutrino model.
However, the shift of the constraints due to non-zero d Ny will keep its direction and
remain proportional to § Ny, as in 2-neutrino case, but its value: J N, ,?}gﬁy X ONg + 0N,
will be reduced.

We have studied BBN constraints on neutrino v, <> v oscillations for the specific
case when the sterile neutrino is partially filled initially 0 < 6Ny < 1. Non-zero N,
has two-fold effect on BBN with neutrino oscillations: a dynamical effect leading to
overproduction of He-4 and a kinetic effect, leading to underproduction of He-4 in
comparison with the case of §N; = 0. So, depending on the interplay between these
opposite effects, the cosmological constraints may be either relaxed or strengthened.

Resuming the § Ny effect on BBN: Cosmological constraints corresponding to higher

uncertainty of helium-4 than the one corresponding to one additional neutrino type
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3.4 Future work

relax with the increase of the initial population of the sterile state, while the constraints
corresponding to lower than that uncertainty of helium-4 strengthen with §N;.

It is remarkable, that in case of BBN with non-equilibrium oscillations between
electron and sterile neutrinos after neutrino decoupling, cosmological constraints on
oscillation parameters exist even in the case when the *He abundance is known with
uncertainty greater than 5%. Actually, it is possible to derive constraints on neutrino
oscillation parameters for He-4 uncertainty up to 32% in the resonant oscillations case,
and up to 14% uncertainty in the nonresonant oscillations case, as far as these are
the maximal possible helium overproduction values [73]. The cosmological constraints

persist while initially the sterile state is non equilibrium.

3.4 Future work

We have derived the constraints discussed above in a 2-neutrino mixing scheme. The
account of flavor mixing, for which strong experimental evidence exists, will lead to
a reduction of the spectrum distortion of the electron neutrino and hence, to a re-
duction of its kinetic effect on BBN. Consequently, the BBN constraints on oscillation
parameters in 4-neutrino oscillation models will be relaxed in comparison with the 2-
neutrino constraints discussed here. However, it is interesting to calculate numerically
the case with flavour mixing and derive contraints from BBN on oscillation parameters,
accounting for all types neutrino oscillations.

In our current work we consider the lepton assymmetry value L of order of the
baryon assymmetry one B, as it is usually assumed. Cosmic neutrino background has
not been measured yet and hence L is constrained only indirectly through its effects on
BBN, CMB and LSS. The relic neutrino background may reveal L. orders of magnitude
bigger than the baryon one. Therefore, another aspect of our future work will be to
provide our numerical analysis assuming L > B and discuss the bounds on neutrino
oscillation parameters from BBN in this case.

In our analysis we have used only primordial He-4 abundance to derive bounds from
BBN on neutrino oscillations parameters. However, during BBN four light elements
were produced - D (H), *He, “He and "Li. The observational data for *He exhibit a large
variation and the observationally obtained Li abundance is not consistent enough with

the theoretical predictions to be used for obtaining constraints. On the other hand, at
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3.4 Future work

present the observational data for primordial D abundance, obtained from observations
of low metallicity QSO Absorption Line Systems, become more precise than in the past
and are in a good agreement with the Standard BBN calculations. Hence, in future it
is interesting to obtain BBN constraints on neutrino oscillations parameters, accouting

for the primordial Deuterium abundance, as well.
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Part 11

Processes important for the
generation of the baryonic

content of the Universe
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4

Baryon asymmetry of the

Universe

A basic issue in cosmology is related to the content of our Universe. Currently observa-
tional data are provided from CMB by WMAP [5] and Planck [87] projects. According
to these data nowadays the Universe contains ~ 4 — 5% baryons, ~ 23% dark matter
and ~ 72 — 73% dark energy (the new data from Planck shows a little bit higher dark
matter amount at the expense of the dark energy one).

The processes of formation of the baryonic content of the Universe and the observed
baryon asymmetry are the subject of the Baryogensis section in this work.

One of the amazing and still unresolved mysteries of our Universe is the fact that in
our surroundings matter strongly dominates over antimatter. The baryon asymmetry
B in our neighborhood within radius of 1 Mpc, indicated by cosmic and gamma rays

observations, is:
np —npg npg
ﬂ = -y —

_ 4.1
o o n, (4.1)

where np is the baryon number density, ng - antibaryon number density, n, -

photon number density and 7 is the baryon density.

4.1 Cosmic and Gamma rays indications for matter dom-

ination in the Universe

Experimental search for antinuclei and antiprotons (p) in Cosmic Rays (CR) were
conducted on high-altitude balloons (see for example BESS, CAPRICE, MASS) and on
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4.1 Cosmic and Gamma rays indications for matter domination in the
Universe

spacecrafts (PAMELA, AMS-01, AMS-02). Antiprotons p detected in primary cosmic
radiation over energies 0.1 — 19 GeV are with negligible numbers, their ratio to protons
consists few 107> for energies lower than 2 GeV and a few 10~ for higher energies [88].
They can be totally explained as secondaries from interactions of primary CR particles
with the interstellar medium.

In Fig. 4.1 we present all the published BESS (Balloon-borne Experiment with
Superconducting Spectrometer) high-altitude balloon data [89, 90, 91, 92, 93], namely
the antiproton spectrum for 1995, 1997-2000. As far as the measurements of p spectrum
at energies above a few GeV are free of uncertainties due to secondary p production
and solar modulation effects, we present also CAPRICE (Cosmic AntiParticle Ring
Imaging Cherenkov Experiment) [94] and MASS (Matter Antimatter Spectrometer)
[95] p high energy measurements. The curves present the theoretical predictions for
the secondary p by Bieber J. [96] and Bergstrom L., et. al. [97], calculated within
contemporary two-zone diffusion models for the corresponding level of solar activity.
The uncertainties due to propagation range between 10% and 20% depending on the
part of the spectrum [98].

Although the measured p-flux and its spectrum is in agreement with the predicted
ones for secondary particles, the data do not exclude a primary component.

In conclusion, the statistical sample of p presently available is very limited, so
that a primary component cannot be ruled out with high significance, even in case
the propagation parameters were known. Besides, CR at the rigidities accessible to
current antimatter experiments should be strongly suppressed by galactic, cluster and
intergalactic magnetic fields [89].

No antinuclei has been observed in CR yet. The search for antihelium and anti-
carbon continue in missions of AMS-02 (Alpha Magnetic Spectrometer) and PAMELA
(Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics) as far as
their detection would be a certain signature for antimatter BBN or antistar, because
the secondary flux for nuclei is expected to be extremly low [100]. By not detecting
any antihelium, the AMS-01 established an upper limit of 1.1 x 1076 for the antihelium
to helium flux ratio [101]. PAMELA mission searches with sensitivity of 4.7 x 1077
[102]. AMS-02 will reach a sensitivity of 1079, three orders of magnitude better than
AMS-01, hugely extending the volume of the Universe which can be tested for the ex-
istence of primordial antimatter [103]. Recently, the first results from AMS-2 has been

44



4.1 Cosmic and Gamma rays indications for matter domination in the
Universe

BESS(95+97)
BESS98
BESS99
BESS00
CAPRICEY4

CAPRICE98

- €O m [N m

MASS

2 -1 -1 -1
sr sec GeV )
[u—y
(=)
"

Biebar et al, Drift
Model
— 95+97

P flux (m"

S | == 70K+ (99)

31/
10 31 i —— 70K- (00) B
- e Bergstrom&Ullio(98) }_T_{
] |

| ‘ | | L] ‘ | | [ | | ‘ |
10 1 10
Kinetic Energy(GeV)

Figure 4.1: BESS 1995-2000 antiproton spectrum at the top of the atmosphere
and CAPRICE and MASS data - The curves represent the theoretical calculations for
secondary p for the corresponding solar activity level [99].
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4.1 Cosmic and Gamma rays indications for matter domination in the
Universe

reported. They presented a precision measurement of the positron fraction in primary
CR of 0.5-350 GeV and pointed to a new physical phnomena [104].

Thus, current CR results indicate that there is no antimatter objects within a radius
1 Mpc. However, the data are not definite for larger scales. In our work [99] we collected
and studied the available data for p observations and showed that they are consistent
with the models of secondary production of antiparticles.

Gamma rays (GR) data, interpreted as a result from annihilation provides obser-
vational constraints on the antimatter fraction of different structures [105, 106, 107].
No evidence for annihilation features due to contacting matter and antimatter in the
period z < 100 was found in the cosmic GR background. The measurements of the
GR flux in the MeV region exclude significant amounts of antimatter up to the dis-
tance of galaxy cluster scales ~ 10 — 20 Mpc [105]. Hence, it is interesting to explore
baryogenesis models predicting large antimatter structures.

The analysis of the relic GR contribution from early annihilation to the cosmic
diffuse gamma spectrum gave the limit 1 Gpc in case of the following assumptions:
matter-antimatter symmetric Universe, continuous close contact between domains of
matter and antimatter and adiabatic perturbations [108]. This constraint is not appli-
cable to isocurvature baryogenesis models [109], like the one discussed below, according
to which there was not a close contact between matter and antimatter regions, and af-
terwards the separation increased. Besides, the assumption for the asymmetry is not
obligatory! Antimatter regions may be less than the matter ones, then gamma obser-
vations constrain the antimatter-matter ratio at different scales.

The analysis of annihilation features within concrete baryogenesis model and the
EGRET (Energetic Gamma Ray Experiment Telescope) [110] and Fermi Large Area
Telescope [111] GR background data showed that even a small fraction (< 107%) of
antimatter stars in our Galaxy is allowed! The allowed mass range 10* — 10° Mgy
corresponds to antistar globular cluster [112, 113]. And as we will discuss below, within
the framework of the presented here baryogenesis model, antigalaxies and anticlusters
may be a possibility, too. CR and GR data do not rule out antimatter domains in the
Universe.

Other observational signatures of antimatter are the distortion of the energy spec-

trum of the Cosmic Microwave Background Radiation and spatial variations of the
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4.2 Baryon density measurements

primordial light elements abundances. The isotropy of CMB rules out large voids be-
tween matter and antimatter regions during earlier time. Successful BBN restricts the
amount of annihilation at early pre-BBN epoch and, hence, puts stringent limits on
the fraction of antimatter, in case it is in the 107> — 10 pc i.e. sub-galaxy size range
[114, 115].

4.2 Baryon density measurements

Since we know already that the Universe is baryon asymmetric in our vicinity, it is
interesting to get the baryon asymmetry value, which at the present epoch is equal to
the baryon density value 7. Baryon density 7 is determined in several different ways:
the most precise are from BBN, D measurements and from CMB.

The consistency between theoretically obtained and observationally measured abun-

dances of the light elements produced in BBN at z ~ 10° [3] requires:

51x 10710 < nppy <6.5x1071% at 95% CL (4.2)

The information for n from measurements of Deuterium towards low metallicity

quasars combined with BBN data [4] points to:

np=6+£03x10"1Y at 95% CL (4.3)

The most precise determination of 7 is provided by the measurements of the CMB
anisotropy (z ~ 1000) by WMAP9 [5]:

nwarap = 6.16 £0.16 x 1071 at 68% CL (4.4)

The up-to-date data from Planck project [87] points to:

Nptanck = 6.05 £ 0.09 x 10719 at 68% CL (4.5)

These data presents the only known ”experimental” indication for baryon violation.
In case this locally observed asymmetry is a global characteristic of the Universe,
i.e. baryon asymmetry of the Universe (BAU), it may be due to the generation of a
baryon excess at some early stage of the Universe, that diluted, eventually, during its

further evolution gave the value observed today.
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4.3 Baryogenesis models

Due to considerations based on the existance of an inflationary period, it is known
that BA may not be postulated as an initial condition and it should be generated in
the Early Universe before BBN epoch [116].

Otherwise, in order to explain the BA generation, A. Sacharov postulated three
necessary conditions: Baryon number violation (BV), C and CP violation and departure
from termal equilibrium [6].

In conclusion, we discussed the baryon density and antimatter asymetry in our
Universe. We reviewed the available data on antimatter detection in our vicinity. The
explanation of the observed asymmetry, its sign and its value, is the main goal of
the current baryogenesis scenarios. Today we do not yet know the exact baryogene-
sis mechanism, i.e. different baryogenesis possibilities are studied. Constraints from
observational data are used to fix their parameters with the aim to find the realistic

baryogenesis scenario.

4.3 Baryogenesis models

There are several interesting and possible mechanisms for the production of the baryon
asymmetry. The three most popular among them are:

GUT (Great Unified Theories) Baryogenesis model - This was historically the first
model [6, 117] and it was based on the out of equilibrium decay of a massive particle such
as a superheavy GUT gauge of Higgs boson. Due to C and CP violation the partial
widths of decays into channels with different baryonic numbers should be different.
Such a mechanism can be realized with a gauge boson with myx = 10'6 GeV. The
baryogenesis is most effcient at T ~ mx. The problem of this model is that the Universe
has never reached such a temperature after inflation and CP violation is insufficient to
explain the observed today value.

Electroweak baryogenesis [7] - There is also the possibility of generating the baryon
asymmetry at the electro-weak scale using the non-perturbative interactions of sphalerons
[118]. Generation of baryon asymmetry in this scenario takes place not in massive
particle decays but on the boundary between two phases with unbroken and broken
SU(2) x U(1) symmetry of weak interactions respectively. In the high energy phase
the symmetry is unbroken and B is not conserved. In the low temperature phase B

is practically conserved but if the phase transition was first order on the boundary
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4.3 Baryogenesis models

between two phases B non-conservation and deviation from termal equilibrium could
be strong enough to generate the observed baryon asymmetry. However, heavy Higgs
boson, mx > 100 GeV leads to the second order phase transition and to very weak
deviation from thermal equilibrium.

Baryo-through-lepto-genesis [8] is a combination of the first two models. In this
scenario lepton asymmetry was generated at temperatures about 10'0 GeV in the
decays of a heavy Majorana fermion and after that it was distributed between baryon
and lepton asymmetries in almost equal share by the equilibrium electroweak processes
which conserve (B ? L) but break (B + L).

An interesting mechanism involving the decay of flat directions in supersymmetric
models is known as the Afleck-Dine scenario [9]. In supersymmetric models there must
exist scalar superpartner of baryons and leptons . The potential U(y) of such scalar
field has flat directions along which the field can have a non-zero vacuum expectation
values due to quantum fluctuations during inflation. After inflation ¢ evolves down
to the mechanical equilibrium point ¢ = 0 and if the potential U(y) is not symmetric
with respect to the phase rotation it acquires non-vanishing and typically large bary-
onic charge. Subsequent B-conserving decay of ¢ into quarks and leptons transform
baryon (or lepton) asymmetry into the quarks sector. In contrast to other scenarios of
baryogenesis, this one normally leads to higher value of # and additional mechanisms
are needed to dilute it down to the observed value.

In series of papers Scalar field condensate (SFC) baryogenesis model [1, 99, 109, 119,
120, 121, 122, 123], based on the Affleck and Dine baryogenesis scenario was explored.
The complex scalar field ¢ is a scalar superpartner of a colorless and electrically neutral
combination of quark and lepton fields. The condensate < ¢ > 0 is formed during the
inflationary period if baryon charge B and lepton charge L were not conserved as a result
of the rise of quantum fluctuations of the ¢ field [124, 125, 126, 127]: < ¢? >= H3t/4r?
untill the limiting value < ¢? >~ H?/v/X in case that A\g* dominates in the potential
energy of ¢.

The baryon charge of the field is not conserved at large field amplitude due to the
presence of the B nonconserving self-interaction terms in its potential. Due to that,
during inflation a condensate of a baryon charge (stored in < ¢ >) is developed with
a baryon charge density ~ H3, where Hy is the Hubble parameter at the inflationary

stage.
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4.3 Baryogenesis models

In case I is a decreasing function of time the damping process may be slow enough
for the baryon charge contained in ¢ to survive until the B-conservation epoch [109].

At low ¢ baryon violation (BV) becomes negligible. At the B conserving stage
the baryon charge contained in the field is transferred to that of quarks during the
decay of the field ¢ — qgly. As a result a baryon asymmetric plasma appears. This
asymmetry, eventually further diluted during the following evolution of the Universe,
gives the present baryon asymmetry of the Universe.

The model has two more interesting features: unharmonic potential of the field
carrying the baryon charge, which provides that different amplitudes corresponding to
different space points result into different periods and hence, the initially smooth space
dependence transfers into quasiperiodic one and inflationary expansion of the initially
microscopic baryon distribution (see for example [120, 128]). This baryogenesis model is
capable to provide a natural separation mechanism of considerable quantities of matter
from antimatter ones. There exist different inhomogeneous baryogenesis models, which
predict matter and antimatter regions [129]. Our model is one of them and it predicts
vast regions of antimatter, safely separated from the matter ones, so that the CR and
GR constraints are satisffied [99].

We discussed briefly the most popular baryogenesis models and more precisely a
SCF baryogenesis model, based on the Affleck-Dine scenario. We chose to use this

model to examine the possibility of producing the observed baryon asymmetrye.

50



Scalar field condensate

baryogenesis scenario

We examine the case when after inflation there exist two scalar fields - the inflaton
¢ and the scalar field ¢ and the inflaton density dominates: p, > p,. Hence, when
at the end of the inflation period v = mpy (37) =1/
H =2/(3t).

In the expanding Universe, ¢ satisfies the equation of motion:

sin(myt) the Hubble parameter is

. R
p—a 261-2@+3H<p+11“g0+U;:0, (5.1)

where a(t) is the scale factor and H = a/a, I' accounts for the particle creation
processes and U(yp) is the field potential. In our model, we choose the form of the

potential as follows:

A2
4
The mass parameters of the potential are assumed small in comparison with the

)\1 * )\3 *
Ulp) =m*o” + el + (6" + ™) + Tl (0" +¢™) (5:2)

Hubble constant during inflation m < Hy. In supersymmetric theories the self coupling
constants A; are of the order of the gauge coupling constant .. A natural range of m
is 10? — 10* GeV.

The initial values for the field variables can be derived from the natural assumption

that the energy density of ¢ at the inflationary stage is of the order H}l, then

o ~ HiN"Vand g, = (Hp)* (5.3)
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5.1 Description and assumptions of the model

After inflation ¢ starts to oscillate around its equilibrium point and its amplitude
decreases due to the Universe expansion and the particle creation by the oscillating

scalar field.

5.1 Description and assumptions of the model

To proceed with our numerical analysis, first we had to solve the system of ordinary
differential equations, corresponing to the equation of motion for the real and imaginary

part of o = x + iy:

1
i+ 3HD +  Toi+ (A + A3)z® 4+ Nay? =0

1
J+3HY + Ty + (A = A3)yS + Nyz? =0 (5.4)

where A = A\ 4+ Ao, N = A1 — 3.
It is convenient to make the substitutions = = Hy(t;/t)%/3u(n), y = H;(t;/t)?/3v(n)
where 1 = 2(t/t;)'/3. Then the functions u(n) and v(n) satisfy the equations:

u” +0.75 oy (v — 2un™h) + u[(\ + A3)u® 4+ No? — 272 + % =0
2
V" 4+ 0.75 aQy (v — 20m7 ) +u[(A = A3)v? + Nu? — 272 + % 1 =0. (5.5)
The initial conditions in the new variables are:
ug(n) = A702°20% cosp,  wo(n) = X702 sinp  and
up = 3/21° 4 A0 B o5 wf) = 37280 4 ATO2520 B gin . (5.6)
where p is the angle.
The baryon charge in the comoving volume V = V;(t/t;)? is
B = Ng-V =2(uv—1u). (5.7)
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5.2 Numerical study of the scalar field and baryon number evolution

5.2 Numerical study of the scalar field and baryon num-

ber evolution

We have developed a computer program in fortran 77 to solve the system of ordinary
differential equations 5.5, corresponing to the equation of motion for the real and imag-
inary part of ¢ and B contained in it, using Runge-Kutta 4th order method. The
program is pesented in Appendix 1. The Runge-Kutta 4th order routine is used from
[130]. In the program 2, and 2, are calculated at each step in separate routine proce-
dures. Because of the complexity of the task it needs serious computational resources.
A single calculation depending as the concrete parameters set takes between several
hours and three weeks. The analysis contains dozens of parameters sets calculations.
We studied numerically the evolution of ¢(¢) and B(t) in the period after inflation
until the BC epoch. The typical range of energies discussed is 10?2 — 100 GeV. We
analyzed ¢ and B evolution for natural ranges of values of the model’s parameters:
A=10"2-5x10"2, a=10"2-5x 1072, H = 10" — 10'? GeV, m = 100 - 1000 GeV.
In summary, we based our precise numerical analysis on solving the system of
ordinary differential equations, corresponing to the equation of motion for the real and
imaginary part of the scalar field. We described the steps providing our calculations

and analysis.

93



6

Results from the numerical

analysis of the model

6.1 Role of particle creation processes

Particle creation processes play essential role for the determination of g [109, 119],
hence it is important to account for them as precisely as possible.

Fast oscillations of ¢ result in particle creation due to the coupling of the scalar
field to fermions gy fi fo, where g2 /41 = « [119, 120]. The term I'¢ in the equations of
motion 5.4 accounts for the damping of ¢ as a result of particle production processes,
namely the amplitude of ¢ is damped as ¢ — @ exp(—I't/4). Hence, in case I' = const
the baryon charge, contained in the ¢ condensate, is reduced exponentially due to
particle creation at this stage with considerable baryon violation and will not survive
till ¢ decays to quarks and leptons and transfers its charge to the matter components
of today’s Universe.

In ref. [1] we accounted for particle production processes in two different ways,
namely qualitatively - using the analytical form for I' = af2, where the frequency 2 is
estimated as Q ~ A/2p, ¢2 /4m = «, and quantitatively - calculating numerically Q at
each step.

We solved the system of ordinary differential equations, corresponing to the equation
of motion for the real and imaginary part of ¢, by Runge-Kutta 4th order method for
both cases. We have found that the results for ¢ and B evolution and the final value of B

at BC epoch considerably differ when different accounts for particle creation processes
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6.2 Dependence on the model parameters

are made [1, 122].

In Fig. 6.1 and Fig. 6.2 we illustrate the evolution B(n) for fixed model’s parameters
M =5x1072 Xy = A3 = 5 x 1074, a = 1073, H = 101GeV, m = 350GeV,
0o =2VAHN"Y4 and ¢, = H?, and in two different cases, namely when the particle
creation is accounted either numerically or analytically [1].

The amplitude of B,,,,, decreases more sharply than the amplitude of B, and
hence at BC epoch Bnum = —2.2 x 1073 and Bgpe = —1.7 x 1072. The difference
is considerable. Therefore, a precise numerical description for the account of particle
creation processes is necessary when constructing a realistic baryogenesis model.

Further the analisys is provided for another set of parameters, namely A\; = 5x 1072,
Ao =23 =1073 a =10"2 H = 10!° GeV, m = 350 GeV [123]. As it was found in
previous publications [1, 109], the account of particle creation processes strongly reduces
the amplitude of the baryon asymmetry contained in the condensate. The more exact
numerical account of the particle creation effect in this analysis points to stronger and
earlier reduction of the generated baryon excess (see Fig. 6.3). The values of final B,
obtained with numerical and analytical account of particle creation, may differ by up
to two orders of magnitude.

It has been found that due to the oscillatory character of B, the generated BA is
very sensitive both to small shifts of the model’s parameters and to numerical methods
used. Nevertheless, it is possible to determine the main trend of the dependence of the
final BA on the parameters values.

Here we followed the scalar field and baryon charge evolution through time with
analytical and numerical calculation of particle production rate. We showed that a
precise numerical account for I' is necessary to provide accurate analysis since the
difference in the obtained results is up to two orders of magnitude in comparison with

the analytical case.

6.2 Dependence on the model parameters

We have calculated 8 produced for different range of model’s parameters - gauge cou-
pling constant o, Hubble constant during inflation H;, mass of the condensate m and

self coupling constants ;.
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6.2 Dependence on the model parameters

6 T T T T T T T T T T T T T T
0 2000 4000 6000 8000 10000 12000 14000
n

T T T T T T T T T T T T T
0 2000 4000 6000 8000 10000 12000 14000
n
Figure 6.1: Field and B evolution with analitically accounted particle creation
processes. - The evolution of the scalar field ¢(n) and the baryon charge B(n) for A; =
5x1072, Ao = A3 =5x 1074, a=10"3, H = 10" GeV, m=350 GeV, ¢, = 2~ /AH\"1/4
and ¢, = H? [1].
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6.2 Dependence on the model parameters
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Figure 6.2: Field and B evolution with numerically accounted particle creation

processes. - The evolution of the scalar field ¢(n) and baryon charge B(n) for \; =

5x1072, A = A3 =5x 1074 a=10"3, H = 10" GeV, m=350 GeV, @, = 2~ V/4HX"1/4,

and ¢, = H? [1].
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6.2 Dependence on the model parameters
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Figure 6.3: The evolution of the baryon charge B(n) for \; =5x 1072, Ay = \3 =
1073, @ = 1072, H = 10'° GeV, m=350 GeV, ¢, = H;A\""/* and ¢, = H;%. - The
case of particle creation processes accounted for analytically is presented by the dotted

curve and the case of numerical account for the particle creation is given by the solid curve
[123].
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6.2 Dependence on the model parameters

6.2.1 Dependence on gauge coupling constant «

Using the numerical account for I' we have calculated B(t) for o varying in the rane
1073 — 10~2 and fixed other parameters [1, 122]. The dependence of B on « is very
strong, as can be expected, knowing that particle creation processes play essential role
for the evolution of the field and the baryon charge, contained in it, and keeping in
mind that the analytical estimation is I' = af).

With increasing o, B evolution becomes shorter and the final B decreases. An

illustration of this dependence B(«) is given in Fig. 6.4.

6.2.2 Dependence on Hubble constant during inflation H;

We have followed the evolution B(t) varying Hj for fixed values of the other parameters
[1]. Our analysis shows that B evolution becomes longer and the final B value decreases
with Hy increase. The results are presented nn Fig. 6.5.

The next figure (Fig. 6.6) presents the dependence of the generated baryon charge
on the value of Hy for different set of fixed parameters. The numerical study again
shows that the produced baryon charge decreases when increasing H;. Qualitatively,
this dependence is an expected result because the initial value of ¢ is proportional to

H; and on the other hand particle creation is proportional to ¢, I' ~ Q ~ .

6.2.3 Dependence on the mass m of the condensate

We have calculated B(t) when varying m for fixed A1, A2, A3, @ and Hy [1]. The analysis
of our results shows that for lower values of m, B evolution is longer and the final B
value is greater. This behavior of 7 corresponds to the expected one, as far as m defines
the onset of BC epoch: ts0, ~ 1/am. The dependence is illustrated in Fig. 6.7.

The following figure (Fig. 6.8) presents the dependence of the baryon charge, at the
BC epoch, on the mass of the condensate for another set of parameters of the model.
It seems that the dependence on m does not correspond to the expected one, hence it

is more complicated to be estimated analitically.

6.2.4 Dependence on self coupling constants \;

Further we have provided numerical study of the evolution of B and ¢ to explore

also the dependence of the B generation on the self coupling constants A; [123]. As

99



6.2 Dependence on the model parameters
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Figure 6.4: The evolution of the baryon charge B(n) for \; =5x 1072, Ay = \3 =

1073, H = 10'° GeV, m= 350 GeV, ¢, = H;A"'/* and ¢, = H;?. - The upper curve

is for a = 1073, the middle curve is for o = 1072, the lower curve is for & = 5 x 1072, The

particle creation processes are accounted for numerically [1].
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6.2 Dependence on the model parameters
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Figure 6.5: The evolution of the baryon charge B(n) for \; =5x 1072, Ay = \3 =
5x 1074, a =103, m= 350 GeV, Yo = HiA"Y4 and Yo = H12. - The upper curve is
for H = 10° GeV, the middle curve is for H = 10'° GeV, the lower curve is for H = 10!

GeV. The particle creation processes are accounted for numerically [1].
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6.2 Dependence on the model parameters
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Figure 6.6: The evolution of the baryon charge B(n) for \; = 1072, Ay = \3 =
1073, o = 1072, m=500 GeV, ¢, = HA\"Y/* and ¢, = H;%. - The upper left curve
is for H = 10° GeV, the upper right curve is for H = 10'° GeV, the lower left curve is
for H = 10'' GeV and the lower right curve - for H = 10'2 GeV. The particle creation

processes are accounted for numerically [123].
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6.2 Dependence on the model parameters
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Figure 6.7: The evolution of the baryon charge B(n) for \; =5x 1072, Ay = \3 =

1072, a =5x 1072, H =10 GeV, ¢, = H A\"** and ¢, = H;>. - The upper curve is

for m = 100 GeV, the middle curve is for m = 200 GeV, the lower curve is for m = 350

GeV. The particle creation processes are accounted for numerically [1].
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6.2 Dependence on the model parameters
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Figure 6.8: The evolution of the baryon charge B(n) for \; = 1072, Ay = \3 =
1073, a = 1072, H = 10" GeV, ¢, = HA"Y* and ¢, = H;%. - The upper curve is for
m=350 GeV, the middle is for m=500 GeV and the lower - for m=800 GeV. The particle

creation processes are accounted for numerically [123].
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6.3 Inhomogenious scalar field condensate baryogenesis model

far as A; constants are not known, it is interesting to find the allowed range of these
parameters corresponding to the successful B generation. The following values of the
model parameters are analyzed: o = 1073, H = 10'2 GeV, m = 350 GeV while varying
\; in the ranges: A\; = 1072 — 3 x 1072 and A23 =5 X 107% — 5 x 1073.

It has been shown that the effect of A\; variation within the studied range is enough
to produce a difference in the final B value of an order of magnitude.

Fig. 6.9 presents the dependence of the baryon charge, at the BC epoch, on \;
constant. The analysis shows that with increasing of A1 B evolution becomes shorter.
In this parameters range, it is not possible to make a definite conclusion on how the
final B value depends on A;j.

In Fig. 6.10 results for the dependence of B and the final B value on Ag3 are
presented. In this case the evolution of B tends to become longer with increasing Ao 3
and the final value of B decreases. The effect is not very significant but still provides a

difference in the final B value of an order of magnitude.

6.3 Inhomogenious scalar field condensate baryogenesis

model

One of the interesting features of our model is that it may predict vast regions of
antimatter, safely separated from the matter ones [99, 123].The necessary conditions
for generation of vast separated regions of matter and antimatter in this scenario are:
initial space distribution ¢(r,tg), unharmonic potential and inflationary expansion.

We studied the evolution of the baryonic space distribution, assuming a monotonic
initial distribution of the baryon density within a domain with a certain sign of the
baryon number ¢(r,to). For different sets of parameter values of the model \;, o, m/Hy,
we have numerically followed the evolution B(t, r) for all initial values of the field
©'o = @(7i, to) till tp. In case of nonharmonic fields potential, the initially monotonic
space behavior is quickly replaced by space oscillations of ¢, because of the dependence
of the period on the amplitude [128].

In our model the dependence is w ~ A/2p;(r). As a result in different points
different periods are observed and spatial behavior of ¢ becomes quasiperiodic. Corre-
spondingly, the spatial distribution of baryons B(tp,r) at the moment of baryogenesis

is found to be quasiperiodic. The region rg which initially was characterized with its
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6.3 Inhomogenious scalar field condensate baryogenesis model
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Figure 6.9: The evolution of the baryon charge B(7) for a = 1073, m=350 GeV,
H = 10'2 GeV, Aoz = 1074, Yo = HA"Y/4 and Do = H12. - The upper curve is for
A1 = 1073, the middle is for A\; = 1072 and the lower - for A\; = 3 x 1072. The particle
creation processes are accounted for numerically [2].
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6.3 Inhomogenious scalar field condensate baryogenesis model
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Figure 6.10: The evolution of the baryon charge B(n) for a = 1073, m=350
GeV, H =102 GeV, \; = 1072, ¢, = HA"'/* and ¢, = H;%. - The upper curve is
for Ay 3 = 1074, the middle is for A2 3 = 1072 and the lower - for Ao 3 = 5 x 1072, The

particle creation processes are accounted for numerically [2].



6.3 Inhomogenious scalar field condensate baryogenesis model

baryon excess splits into regions with baryon excess and such of baryon underdensities
[120]. Due to the smoothly decreasing baryon density towards the borders between the
baryonic and antibaryonic regions, predicted by the model, annihilation is not consid-
erable at tp. After that, the baryon and antibaryon regions further contract towards
their centers, where density is higher. Hence, matter and antimatter domains become
separated by large empty from baryons voids, perhaps filled with dark matter. Thus
the stringent limit [108] on antimatter domains is evaded.

Two cases are possible. In the first one, Stochastic CP-violation, the variations
appear around zero baryon charge. The initially baryonic domain is broken to bary-
onic and antibaryonic regions and divided by nearly baryonically empty space. The
case is attractive as far as it allows the realization of a symmetric Universe without
domain walls. However, the resulting fluctuations of the baryon density may be consid-
erable and lead to unacceptably large angular variations of the microwave background
radiation.

In the second case, stochastic+explicit CP-violation, the field’s equilibrium value
is non zero, and the fluctuations of the field around it result into fluctuations of the
baryon density around some mean number. Then at ¢{p the domain with a given sign
of explicit CPV may consist predominantly of baryonic regions plus small quantity (for
I ~ 100 Mpc it is ~ 107%) of antibaryonic ones. Though not so aesthetic, because in
that case there should be besides the stochastic CPV discussed, another mechanism of
CPV producing the mean baryon density, this case is more promising.

Due to inflation the regions with different baryon density (overdensity, underden-
sity or density of antibaryons) become macroscopically large d — dexp(Ht). The
characteristic scale between matter and antimatter regions is a function of the models
parameters, namely the coupling constants of the potential );, the initial amplitudes of
the field ¢(r,t;), the period of baryogenesis t; and the characteristic scale of the baryon
space variation at the inflationary stage r,. The provided analysis showed that for a
natural choice of the values of these parameters the separation scale may be in the Mpc
- 100 Mpc range.

Using the constraints from GR and CR data, BBN and CMB anisotropy measure-
ments, it is interesting to discuss different realizations of the model. Recent CMB
measurements ruled out pure isocurvature perturbations models, so, accordingly, the

case when the baryon charge carrying field is the inflaton itself, is excluded. Other
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6.3 Inhomogenious scalar field condensate baryogenesis model

possibilities, when besides the inflaton there exists a second scalar field during inflation
with the features discussed in our model remain viable [131]. According to the recent
mixed isocurvature plus adiabatic models, although the isocurvature contribution is
not suggested it has neither been ruled out.

In the case of stochastic CP-violation, two possibilities are discussed. The first most
simple case considered in [121] aiming to explain the observed 120 Mpc periodicity in the
visible matter distribution, assumed that the overdensity regions correspond to galaxy
or antigalaxy superclusters with big voids between with a characteristic size ~ 120
Mpec. In that case the antimatter domains are roughly of the same scale and the similar
density as the matter ones. CR and GR data constraints are fulfilled. Large variation of
the primordially produced elements, should be observable at the corresponding scales.
There are no data for the rest light elements at large distances, however the observed
D towards high-z quasars shows some deviations from the expected primordial plateau.
Alas, in that case the magnitude of the isocurvature perturbations is high and may
induce CMB anisotropies not compatible with the data [131].

The second instance is when smaller structures of antimatter < 10 — 20 Mpc are
possible. The CMB constraint weakens when decreasing the scale. However, CR and
gamma-ray data restricts the number of such smaller antimatter objects, not excluding,
however, the possibility for their existence. These structures are constrained mainly
from CR and gamma-ray data, and should be studied more precisely. Spatial variations
of the light elements are expected also.

For the stochastic+explicit CP-violation case we also explore two possibilities. The
first one is if there exist vast matter superclusters with typical scale D at a L ~ 120
Mpc separation (as observed), while the antimatter objects are of characteristic scales
d < 107*D. Hence, depending on the following evolution these antimatter regions may
collapse to form small antigalaxies, antistar clusters or vast dense antihydrogen clouds.
They are at a safe distance from the matter superclusters at about [, ~ 60 Mpc. All
the observational constraints may be satisfied.

The second case is for scales of the antimatter domains are of galaxy cluster or
galaxy scales. Different possibilities for antimatter domains may be realized, namely
between galaxy clusters an antimatter galaxy may wonder, in the space between groups
of galaxies a globular star anticluster may be found.

It will be subject of our future works to explore this theme more precisely.
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6.4 Discussion and conclusions

In conclusion, we followed numerically the evolution of the scalar field and baryon
charge for the period after inflation untill B-conservation epoch and calculated their
final values for different values of the gauge coupling constant v, Hubble constant during
inflation Hj, mass of the condensate m and self coupling constants A;. We analysed
and discussed the evolution of ¢(¢) and B(t) and the final B value dependance on the
parameters of the model. We showed that in the frame of our model it is possible to

produce the observed matter-antimatter asymmetry.

6.4 Discussion and conclusions

We have investigated the experimental and observational evidences for an existence
of antimatter in the vicinity of our Galaxy. We have studied the available data from
Cosmic and Gamma rays and have compared them with the theoretical predictions.
Our analysis confirms that there is no significant amounts of antimatter up to the
distance of 10 - 20 Mpc from CR. Therefore, it is possible to have large antimatter
structures safely separated from the matter ones at large distances and it is interesting
to study a baryogenesis model, which can predict this.

We have provided precise numerical analysis of the SFC baryogenesis model nu-
merically accounting for the particle creation processes. We have compared it with the
analytical calculation and showed that it is important to use a numerical approach to
calculate I' instead of the analytical estimations because of the considerable difference
in the obtained results.

We have investigated the dependence of the field and baryon charge evolution and
their final values on the model’s parameters o, H, m, A\;. Qualitive dependences of the
final B on the model parameters have been found:

The results can be used to determine the range of the values of the model’s param-
eters, necessary to produce the baryon asymmetry [, consistent with the observed one.
Our preliminary analysis shows that for a natural range of SCB model’s parameters, a
value of # higher by an order of magnitude or two (depending on the parameters) than
the observed one is obtained. This result points to the necessity of processes, diluting
the produced B at BC epoch to its observed today value.

The results of this analysis may be used for constructing successful baryogenesis

models in future studies. Moreover, assuming that SCM is the nature chosen baryoge-
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6.5 Future work

nesis, from the observed value of the baryon asymmetry it is possible to put cosmological
constraints on the SUSY parameters within a concrete inflationary scenario, or/ and
fixing the SUSY mass and couplings, it is possible to point to the preferable inflationary
model.

Our preliminary analysis of the evolution of the spacial distribution of the field shows
that the initial natural monotonic distribution of the field due to the unharmonicity of
its potential transfers into quasiperiodic distribution. Thus, an initially baryon excess
region results into regions with baryon excess and such of baryon underdensities. This
result is in accordance with previous surveys of SCB models.

For a natural range of the model’s parameters this model is able to predict as-
tronomically interesting vast antimatter domains, separated from the matter ones by

baryonically empty voids.

6.5 Future work

Future experiments on long balloon flights and spacecrafts (AMS-02 for instance) may
reveal the secrets of nearby (up to 150 Mpc) antiworlds, may choose among the anti
baryogenesis models and may help fix the parameters of the discussed baryogenesis
model.

As a first step of future more precise study, we intend to invesigate an inhomogenious
SFC baryogenesis model and possible symmetric matter-antimatter Universe. We will
discuss the observational bounds for different cases with matter and animatter domains,
separated on safe distances.

In future it is interesting to develop and numerically explore the SFC inhomoge-
nious models. It is interesting to study the possibility to produce large antimatter
domains, safely separated from the matter ones at large distances in the frame of the
discussed above SFC baryogenesis scenario. We plan to calculate numerically the spa-
cial distribution of the baryon charge for the baryon conservation time obtaining it
from B(t) evolution for differet initial values of the field, corresponding to its initial
spacial distribution ¢(¢;,7). The observed spacial distribution of the visible matter at
present is defined by the spacial distribution of the baryon charge of ¢ at the moment

of baryogenesis tp, B(tp,r). It will be useful to obtain estimations for scales of mat-
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ter and antimatter domains and the distances between them for different sets of the

parameters of our model.

72



Main results and contributions

In this thesis we have discussed physical processes effecting the generation of the bary-
onic matter content of the Universe. First, we have studied the processes important
for the chemical content of the baryonic component of the Universe, namely Big Bang
Nucleosynthesis during which several light elements have been formed. We have stud-
ied the role of v, <> v, neutrino oscillations on the *He production and have obtained
cosmological bounds on the neutrino oscillations parameters. The obtained results are
important for revealing neutrino properties, and are useful for defining the cosmological
role of the sterile neutrino, as well as for constraining different models predicting the
presence of sterile neutrinos in the early Universe.

Further we have studied the processes effecting the generation of the baryon content
of the Universe, namely Baryogenesis and have examined a baryogenesis model, based
on the Afflek-Dine scenario. We have provided a numerical analysis, accounting for
the particle creation processes from the damping scalar field and have studied the
dependence of the evolution of the field and baryon charge, contained in it on the
model parameters.

The main contributions, presented in the PhD thesis are:

1. We have provided detail numerical analysis of the BBN production of “He, Y,
in the presence of v, <> v neutrino oscillations, effective after electron neutrino
decoupling, accounting for all known oscillations effects on cosmological nucle-

osyntesis at the following model parameters: dm? = [1077 — 107%] and for all

0.

2. We have studied the role of non empty v, state, dNg # 0, obtaining numeri-
cally “He production in the frames of the model of BBN with v, < v4 neutrino
oscillations for 0 Ng = 0;0.5;0.7;0.9.
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10.

. We have calculated iso-helium contours for Y, /Y, = 5.2% for 0N, = 0;0.5;0.7;0.9,

both for resonant and non-resonant oscillations.

. Following the current available observational data for “He abundance, we have

obtained cosmological bounds on oscillation parameters with initially empty ster-
ile state d Ny = 0 and with initially partially filled sterile state 6 N; = 0.5;0.7;0.9,
corresponding to 6Y,/Y, = 5.2%. Analytical fits to the exact constraints for
ONs =0 and 6Y, /Y, = 5.2% have been calculated.

. We have studied the cosmological constraints dependence on the neutrino oscilla-

tions parameters, corresponding to 6Y,/Y, > 5% and 6 Ny: it has been found that
the cosmological constraints on oscillation parameters relax with the increase of

0N, till 6Ng = 1, when they are alleviated.

We have constructed Scalar field condensate (SFC) baryogenesis model based on
Affleck and Dine baryogenesis scenario, which is consistent with the low energy

scales required by inflation.

We have developed a numerical procedure for accounting of the particle creation
processes of damping scalar field ¢(t) and for studing the dependence of the

evolution of ¢(t) and B(t) on the model parameters.

. We have examined the role of the particle creation processes on the evolution

of p(t) and B(t). We have shown that there is a considerable difference in the
obtained results compared to the analytical approach for I' calculation - 2 orders
of magnitude. Therefore, a numerical account is necessary to investigate more
precisely the processes of the field and baryon charge evolution in the frames of

the model.

. We have numerically obtained the dependence of the field and baryon charge

evolution and their final values on the model’s parameters «, H, m, A;. The
results could be used for construction of baryogenesis models based on the Affleck

and Dine scenario.

We have studied the available data from Cosmic rays for p, D 4He from BESS,
CAPRICE, MASS, PAMELA, AMS-01, AMS-02 experiments in order to examine

the possibility of existance of the significant antimatter regions in the Universe.
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