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CHAPTER I

Introduction

The thesis is dedicated to nonequilibrium processes and their cosmological role
for the origin, chemical composition and structure of the matter content of the Uni-
verse. This research was inspired by the contemporary experimental, observational
and theoretical indications for necessity of beyond the Standard Models Physics. In
particular, the detection of neutrino oscillations and the precision measurements of
the baryon density providing observational evidence for baryon asymmetry, as well
as the search for new chiral tensor particles at ATLAS, provoked our investigations
of the cosmological importance and cosmological constraints on the corresponding

beyond standard model processes and particles.

1.1 Precise, Complimentary and Unique Physical Knowledge

from Cosmology

During the last decades Cosmology has experienced a tremendous progress, and
has become a precision science, providing information about Universe characteristics
and Nature’s physical laws.

Contemporary Standard Cosmological Model (SCM) (Zeldovich and Nowikov,
1983; Dolgov et al., 1991; Kolb and Turner, 1990; Liddle, 1998; Gorbunov and Rubakov,



2011a,b), also called A Cold Dark Matter (ACDM) model, is based on the General Rel-
ativity, Astrophysics, High Energy Physics, Thermodynamics and Statistical Physics,

and is supported by huge amount of observational data.

Cosmic Microwave Background (CMB), Big Bang Nucleosynthesis (BBN) and
large scale structure (LSS) surveys and measurements of Hubble expansion are the
main observational pillars of contemporary Cosmology. Mainly due to the detec-
tion and investigation of the Universe expansion, CMB, light elements abundance
measurements and BBN model, LSS surveys and LSS formation studies, we pos-
sess precise knowledge about the main universe characteristics. Cosmology provides
complementary knowledge to fundamental physics (to the knowledge which we get at

laboratories).

Besides, the observational data corresponds to different epochs of the universe
evolution, i.e. we can "observe” not only present dynamics, structure and physical
conditions of the universe, but also these of its earlier stages. For example, the
information from the light element abundance measurements corresponds to the first
minutes of the universe, CMB data give a glimpse of the epoch when Universe was
~ 380000 years old, while the contemporary telescopes give an insight of the galaxy
formation epoch, from the time when the Universe was 11-12 billion years old till
present.Hence, contemporary SCM provides useful test also for processes and particles
present at high energies and densities, typical for its early stages. Thus, besides being
a powerful complementary tool for search of physical laws, Cosmology provides unique
physical information relevant at very high energies, densities and pressures beyond the
reach of colliders and accelerators. I.e. the Universe is the ultimate unique laboratory
to reveal the physical secrets of Nature at extreme conditions unreachable by physics

experiments.

Cosmology also tests new physics - physics Beyond Standard Models (BSMs) i.e.
beyond Electro Weak Model (called Standard Model (SM) and beyond SCM, also



called A Cold Dark Matter (ACDM) model.

Physics BSMs, is required for the explanation of the experimental physics data,
astrophysical and cosmological observational data. Namely, the contemporary SCM,
contains considerable BSMs components - the so called dark energy (DE) and dark
matter (DM), both with yet unrevealed nature, alas. These constitute 96% of the
matter content in the universe today, and play a considerable role only at the matter
dominated epoch. Recently, experimental and observational data indicated an exis-
tence of excess relativistic component, called dark radiation (DR), which is important

at early stages.

BSMs physics is needed also for revealing the characteristics of the inflaton (the
particle/field responsible for inflationary expansion stage) and its nature, as well
as for proposing CP-violation (CPV) and B-violation (BV) mechanisms, responsible
for baryogenesis. Thus, new processes, mechanisms, interactions and particles are ex-
pected to be the necessary ingredients for inflation and baryon asymmetry generation,
which are the most widely accepted today hypotheses providing natural explanations

of numerous intriguing observational characteristics of the Universe.

The inflationary hypothesis (Linde et al., 1991) explains naturally and elegantly
the initial conditions of the Universe in the pre-Friedmann epoch, namely: the ex-
traordinary homogeneity and isotropy of the Universe; its extremely high isotropy at
the Cosmic Microwave Background (CMB) formation epoch; its unique flatness and
the initial density inhomogeneities necessary for the generation of the pattern of ob-
served structures. It evades the problem of singularity of the Friedman expansion.

Besides, an inflationary stage explains the lack of topological defects in the Universe.

Central role in inflationary models is played by the inflaton. At the end of infla-
tion coherent oscillations of this scalar field around its equilibrium point create the
particles of the high energy plasma of the early Universe. This reheating process

after inflation defines the highest temperature and density reached at the radiation



dominated stage of the Universe evolution. Useful analytical formulae for the prob-
ability of particle creation in different cases, interesting for Cosmology, were derived
and applied for reheating Dolgov and Kirilova (1990) and baryogenesis (Dolgov and
Kirilova, 1991). In the fifth chapter we discuss the role of particle creation processes

for baryogenesis.

Baryogenesis models explain the locally observed predominance of matter over an-
timatter, usually considered as a global characteristic, i.e. matter-antimatter asym-

metry of the Universe.

The Standard Model of elementary particles, as well as SCM, describes enormous
quantity of experimental data. The large number of its parameters, however, and
also its principal problems, makes actual the search of new physics beyond BSMs.
Besides, there exist numerous indications and evidences for physics BSMs, coming
from physics experiments, astronomical observations from ground-based and cosmic
telescopes and missions, from theoretical and phenomenological physical astrophysical

and cosmological models.

Alas, after many years of research there are no firm experimental detection of
these BSMs candidates (DM, DE, inflaton, ets.), only experimental and observational

constraints on the hypothetical candidates or/and theories exist.

The only exceptions at present are: the robust experimental detection of BSMs
physics - the detection of neutrino oscillations and the only robust observational
evidence for BSMs - the measured value of the baryon density (unnaturally big to be
explained without new physics). The studies of neutrino oscillations, baryogenesis and
leptogenesis are among the most actual problems of contemporary Physics, Neutrino
Physics, Astrophysics and Cosmology.

The thesis is dedicated mainly to studies of processes at the early Universe stage
important for the Universe matter content, namely: processes important for baryoge-

nesis, determining the baryonic content and matter-antimatter asymmetry, leptoge-



nesis and constraints on lepton content of the Universe, and to processes involving
neutrino oscillations during nucleosynthesis epoch, defining the chemical composi-
tion of the Universe, processes with chiral tensor particles, presenting extension of
the Standard Model matter content, which belongs to the fundamental representa-
tion of SU(2) group. We will discuss in the first 3 chapters the processes connected
with neutrino oscillations, leptogenesis and leptonic density and in the following two
chapters baryogenesis processes.

The biggest hopes for an experimental discovery of physics BSMs are connected
with the Large Hadron Collider (LHC), that will reach at its second run the highest
energies reached till now at terrestrial experiments. This makes the study of physics
processes BSMs very actual at present. The seventh chapter is dedicated to the
investigation of chiral tensor particles, presenting a natural extension of the SM,

whose search is now conducted at ATLAS experiment of LHC.

1.2 Relevance and Originality of the Research Topics of the

Thesis

The thesis is dedicated to the investigation of nonequilibrium processes and in-
teractions, representing physics BSMs, their cosmological role and the cosmological
constraints.

The main aim is to improve the knowledge about the physical conditions at differ-
ent epochs of the Universe and to provide cosmological constraints on BSMs physics,
thus contribute to fundamental physics knowledge.The concrete choice of the topics
of investigation is provoked by their actuality, the accumulation of huge observa-
tional and experimental data and development of research methods during the last
decades. Nonequilibrium processes were not systematically studied as the equilibrium

ones were. This was the other reason to dedicate our efforts to these nonequilibrium



processes.

The investigations, underlying the thesis, include the study of:

— processes involving neutrino, especially nonequilibrium electron-sterile neutrino
oscillations, and their astrophysical and cosmological effects and constraints, spectrum
distortion of neutrino, neutrino-antineutrino asymmetry enhancement, production of
sterile neutrino, etc.;

— processes important for the cosmological nucleosynthesis, which determine the
chemical content of the baryonic component of our Universe, in particular processes
changing the Universe dynamics and processes influencing the pre-BBN nucleons ki-
netics;

— processes concerning lepton asymmetry and baryon asymmetry of the Universe:
namely processes of the interplay between neutrino oscillations and lepton asymmetry,
the processes of enhancement of lepton asymmetry, processes important or responsible
for the generation of the baryon asymmetry of the Universe and for reheating;

— processes involving new chiral tensor particles, carriers of a centi-weak interaction
and their cosmological role, etc.

Some of the discussed processes (like neutrino oscillations) have been meanwhile
established. Others, predicted on the basis of physical, astrophysical or/and cosmo-
logical considerations, remain under discussion and are searched at experiments and
by astrophysical observations. Most of them are among the hot topics of contempo-

rary Physics, Astropartical Physics and Cosmology.

1.2.1 BSMs processes involving neutrino and their cosmological effects

and constraints

Studies involving neutrino are very actual because of neutrino important astro-
physical and cosmological role, as well as because of neutrino importance in funda-

mental physics theory. Deep connection exist between the neutrino physical charac-



teristics, studied by Particle Physics and main fields of research of Astrophysics and
Cosmology: solar physics, stellar evolution, Super Nova (SN) physics, nucleosynthesis,

CMB, structure formation in the Universe, DM problem, etc.

Since the first theoretical ideas about neutrino of Pauli in 1930 and its detection
in 1953 Neutrino Physics and Astrophysics have achieved serious results. Neutrinos
characteristics were studied at earth reactors and accelerators: neutrino helicity, the
participation in weak neutral currents, the existence of 3 light flavor neutrino types
by Large Electron-Positron Collider (LEP) experiments. Besides, neutrinos from
astrophysical sources: neutrino from the Sun, the atmosphere, supernova SN1987,

extra-galactic and geo-neutrinos were detected.

We have been already the lucky witnesses of the experimental establishment of the
BSMs physics in the neutrino sector - neutrino oscillations. 40 years after neutrino
oscillations were theoretically proposed as a solution for the solar neutrino problem,
they have been established experimentally. A detail review of the main experimental

and theoretical results of neutrino physics may be found in Strumia € Vissani, 2006.

Solar neutrino experiments found an energy dependent deficit of electron neutrinos
coming from the Sun, compared to the predictions of the standard solar model (Bah-
call, 1989). SNO proved that solar neutrino deficit is not due to the imperfect as-
trophysical knowledge about the Sun. Atmospheric neutrino anomaly was found by
atmospheric neutrino experiments. In 1998 Super-Kamiokande obtained an evidence
of atmospheric flavor neutrino oscillations.

Neutrino oscillations suggested by solar and atmospheric neutrino experiments,
were studied by terrestrial experiments, K2K, Minos, T2K, OPERA, KamLAND,
which confirmed their existence. Thus, in the period 1998-2003 neutrino oscillations
have been definitely experimentally established.

Experimental data on neutrino oscillations firmly determined three neutrino mix-

ing angles and two mass differences, corresponding to the existence of at least two



non-zero neutrino masses. Thus, the neutrino experimental data ruled out the Stan-
dard Models assumptions about zero neutrino masses and mixing and about flavor
lepton number conservation. The detection of neutrino oscillations presents the first

experimentally established physics BSMs.

The dominant oscillation channels have been proved to be flavor neutrino oscil-
lations. For a review on neutrino oscillations in the early Universe and references
see Dolgov (2002); Kirilova (2001c); Kirilova and Frere (2012); Kirilova (2015)) and
the introductory part of the next chapters (2.1, 2.2, 3.1 and 3.2). Cosmological BBN
considerations were the first to exclude two of the possible sterile solutions to the solar
neutrino problem - large mixing angle solution (Barbieri and Dolgov, 1990; Enquist
et al., 1992) and low mixing angle solution ( Kirilova and Chizhov, 1997, 1998, 2000),
years before the analysis of solar neutrino oscillations experiments data pointed to the
preferred flavor oscillation channels. The role of eventual subdominant active-sterile

neutrino oscillation channels is studied now.

Cosmology provides valuable information about the properties of the very elu-
sive particles - the neutrinos and BSMs physics in the neutrino sector due to the
considerable influence of neutrino on the processes during different epochs of the uni-
verse evolution, which have observable relics. Theoretically predicted relic neutrinos
from the neutrino decoupling epoch of the early universe, corresponding to cosmic
times < 1 s and energies several MeV, which constitute the cosmic neutrino back-
ground (CNB) have not been detected yet. However, strong observational evidence
for CNB and stringent cosmological constraints on relic neutrino characteristics exist

from BBN, CMB and LSS data.

The role of neutrinos in Cosmology has been intensively studied: it has been un-
derstood that neutrinos had a considerable role during the early stage of the Universe,

namely radiation dominated (RD) stage, when light neutrinos were essential ingredi-



ents in the universe density, determining the dynamics of the universe. ! Neutrinos
played an essential role in different processes as for ezample in BBN, leptogenesis and
baryogenesis, the formation of CMB. In particular, electron neutrino participated in
the pre-BBN neutron-proton transitions and nucleons freezing, and thus influenced
considerably the primordial production of the light elements. Hence, BBN is very
sensitive to neutrino characteristics: neutrino density of different neutrino types,
neutrino-antineutrino asymmetries, the presence of light sterile neutrino, deviations
from thermal equilibrium of neutrino, neutrino decays, etc.

At later stages of the Universe (7" <eV) relic neutrinos, contributed to the matter
density because at least one of the neutrino species became non-relativistic (using the
information about neutrino mass differences from the neutrino oscillations data), in-
fluenced the formation of galaxies and their structures, influenced CMB anisotropies.

Sterile neutrino (right-handed neutrino) presents the simplest extension of SM
particle content. It is proposed by many BSM theories. Depending on its mass scale
it may have many important cosmological applications: it may provide neutrino mass
generation, KeV sterile neutrino present warm DM candidate (Kuzenko, 2009), eV
sterile neutrinos may explain the DR problem in Cosmology and the experimental
data of short base line experiments, LSND, MiniBoone (Abazajian et al., 2012), sterile
neutrino provide the possibility of baryogenesis through leptogenesis, etc.

Thus, possible future detection of the relic neutrinos and the sterile neutrinos will
provide precious cosmological information.

At present CMB and LSS data, provide constraints on neutrino masses, number of
neutrino species and neutrino number density during the CMB and the LSS formation
epochs. For a review see Lesgourgues and Pastor (2006, 2012). The determinations
of light elements abundances and BBN theory predictions put stringent constraints

on neutrino characteristics: neutrino number density, effective number of relativistic

I'DE and DM, if existing, had negligible dynamical influence at RD stage.



neutrino types, lepton asymmetry in neutrino sector, sterile neutrino characteristics,
neutrino mass differences and mixing, deviations from thermal equilibrium, neutrino
decay parameters, etc. In particular, cosmological constraints on number of neutrino
types (Shvartsman, 1969) were proposed decades before the establishment of LEP
constraints on light neutrino types.

Thus, on one hand Cosmology and Astrophysics provide knowledge about the
properties of neutrino, which is complementary to the information coming from ex-
perimental Particle Physics. In many cases Cosmology allows to obtain constraints
on neutrino characteristics in the range of their values unreachable by direct exper-
imental search, like very small masses, small mass differences, etc. On the other
hand it is important, exploring the cosmological influence of neutrino, to gain unique
information about the physical conditions of the very young hot Universe.

In particular, neutrino oscillations effects in the early Universe and the cosmolog-
ical constraints on oscillation parameters were systematically studied since the 80ies
of the previous century.

In the thesis we discuss the established and hypothetical BSMs neutrino charac-
teristics. Chapters 2, 3 and 4 are dedicated to our studies of the cosmological role of

neutrinos and the cosmological constraints on neutrino characteristics.

Namely, in chapter 2 we describe our study of the cosmological role of light
non-thermalized sterile neutrino, non-equilibrium active-sterile neutrino oscillations,
neutrino non-equilibrium decays and possible tiny lepton asymmetry in the neutrino

2 TFor the description of the evolution of the studied non-equilibrium pro-

sector.
cesses we proposed and used precise kinetic approach. Kinetic equations for the
density matrix of the neutrino in momentum space describing the evolution of the

non-equilibrium oscillating neutrino in the early Universe were derived (Kirilova and

2In previous literature mainly equilibrium case was studied (fast oscillations, thermalized sterile
neutrino, fast thermalization of neutrino decay products, chemical potentials for the account of
lepton asymmetry, etc.).
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Chizhov, 1997, 1998b) and used to study the cosmological influence of nonequilibrium
neutrino oscillations during BBN epoch. This approach allowed simultaneous account
for the Universe expansion, neutrino oscillations and neutrino interactions with the
hot plasma at the radiation dominated stage of the Universe evolution.

As a result of the precise numerical analysis we managed to study more precisely
than in previous works the depletion of the active neutrino number densities and
the increase of the effective number of the relativistic degrees of freedom due to
active-sterile neutrino oscillations and to reveal two qualitatively new effects of active-
sterile neutrino oscillations, namely: (i) production of a considerable distortion in
the active neutrino energy spectrum due to non-equilibrium neutrino oscillations and
(ii) possibility for neutrino-antineutrino asymmetry growth in resonant active sterile
neutrino oscillations.

We obtained contemporary cosmological constraints on neutrino properties, on the
basis of astrophysical and cosmological data, in particular, cosmological constraints
on the number of neutrino families, neutrino mass differences and mixing, lepton
asymmetry hidden in the neutrino sector, sterile neutrino possible characteristics,
deviations of equilibrium in the neutrino sector, neutrino decay parameters.

Most of the cosmological constraints in this thesis were obtained on the basis of

BBN considerations.

1.2.2 Processes influencing Big Bang Nucleosynthesis and their BBN

constraints

The origin of the chemical content of the Universe is one of the basic cosmological
questions. The explanation of the observed light element abundances in the Universe
by cosmological nucleosynthesis (BBN) is one of the great achievements of the SCM.
BBN presents one of the first evidences for the existence of an early hot period in the

evolution of the Universe (together with the detection of CMB).
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According to the standard cosmological model in an early period of our Universe,
at energies 1 — 0.1 MeV, the conditions were favorable for a nuclear synthesis of light
elements deuterium D, the isotopes of helium, *He and *He, and "Li to proceed. As a
result of BBN, lasting just few minutes, the baryon matter of our Universe is mainly

hydrogen-helium one, with tiny traces of D and “Li.

BBN today is a very precise quantitative theory of cosmological nucleosynthesis.
For contemporary status of BBN see locco et al. (2009); Olive et al. (2000); Coc
et al. (2014) and the review and references in 3.1. BBN is ezperimentally confirmed
theory: at the corresponding energies the cross sections of the reactions are studied
at laboratories. It explains with remarkable precision the observational data on the
light elements. Thanks to that good accordance between BBN theory predictions
and the observational facts, we know the physical conditions of the Universe (in the
pre-BBN and BBN epoch), corresponding to the period from the first seconds to the

first 30 minutes of the Universe evolution.

BBN is the most precision cosmological test of fundamental Physics and BSMs
Physics studied thoroughly. Among the light elements produced primordially helium-
4 is the most sensitive to the relativistic density and to the pre-BBN nucleons kinetics.
It is the most exactly measured element, precisely calculated and with a simple post-
BBN evolution. Therefore, it is appropriate for a precision probe of the conditions
of the universe in the BBN epoch. BBN produced He-4 is the best speedometer and

leptometer.

In particular, the production of He-4, besides being sensitive to the speed of the
Universe expansion, is very sensitive to the interactions of nucleons involving neutrino,
hence, it is sensitive to the characteristics of neutrino. It tests neutrino properties
beyond SM like number of neutrino types, spectrum distortions of neutrinos, asym-
metry in neutrino sector, etc. BBN provides the most stringent constraints on the

lepton asymmetry of the Universe.
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Chapters 3 and 4 of the thesis are dedicated to BBN, lepton asymmetry and pro-
cesses in modified BBN models (with additional particles, with active-sterile neutrino

oscillations, with lepton asymmetry).

In the third chapter of the thesis we investigate the effect of nonequilibrium
neutrino oscillations on the expansion rate of the Universe and on the pre-BBN ki-
netics of nucleons. The production of helium-4 in modified BBN with nonequilibrium
electron sterile neutrino oscillations is calculated for several hundreds different sets
of oscillation parameters and for different level of initial population of the sterile
neutrino state. BBN constraints on neutrino degrees of freedom in case of neutrino

oscillations are presented.

Enormous overproduction of helium (up to 32% in the case of the resonant neutrino
oscillations and up to 12.8% in the non-resonant one) is found possible, due to the
precise kinetic approach we have used for the description of the neutrino oscillations
and their effects on electron neutrino in the early Universe. The accepted in previous
literature maximum overproduction was just 5% (mainly due to the account of the
dynamical effect of oscillations). Thus, we have proven that maximal overproduction
of helium-4 due to neutrino oscillations is 6 times bigger than obtained in studies
not accounting for the exact kinetics of the oscillating neutrino, and especially not
accounting for the spectrum distortion of the electron neutrino spectrum caused by

neutrino oscillations.

The possibility for big overproduction of helium allowed, correspondingly, con-
siderable strengthening of the existing then cosmological constraints on neutrino os-
cillation parameters. On the basis of the observational data on primordially pro-
duced helium-4, coming form BBN light elements data analysis and CMB data on
the baryon and photon density, we have obtained the most precise and most stringent
cosmological constraints on electron-sterile neutrino mixing and squared mass differ-

ences existing in literature. These cosmological constraints were obtained years before
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the results of neutrino oscillations experiments pointed to the oscillation parameters
range, which excluded the electron-sterile channel as dominant for the solution of the

solar neutrino anomaly.

The dependence of these cosmological constraints on the initial population of the
sterile state was studied. Qualitatively new conclusions concerning this dependence
were obtained. In contrast to the conclusions of previous studies that the non-zero
initial population of the sterile neutrino may only relax the constraints, we have
proved, that the constraints can be relaxed or strengthened depending on the interplay
between the kinetic and the dynamical effects of non-zero population of the sterile

neutrino state.

The dependence of these cosmological constraints on the lepton asymmetry have

been studied in our works as well (see next subsection).

The light elements abundances produced in the standard BBN depend on one
parameter - the baryon-to-photon ratio. BBN allows to define the density of baryons
during BBN epoch. Deuterium is the best baryometer among the light elements pro-
duced primordially. Besides, recent CMB anisotropy measurements, as well, allowed
to determine the baryon density with comparable to BBN precision. We have studied
the baryon density in modified BBN model with neutrino oscillations. The possibility
of relaxation of the BBN constraint on the baryon density in modified models of BBN,

containing Physics beyond SM, especially neutrino oscillations has been discussed.

Although the baryon-to-photon number is measured with high precision by dif-
ferent means and at different epochs of the Universe, the exact baryogenesis and lep-
togenesis mechanisms are not known and appropriate B-violation and CP-violation
processes are not detected. Many different types of baryogenesis and leptogenesis
models exist in literature. We have proposed and studied numerically baryogenesis
model with scalar field condensate (Kirilova and Chizhov, 1996b, 2000b), compati-

ble with inflation and the low reheating temperature (see 1.2.4). A mechanism for
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leptogenesis in MSW resonant active-sterile neutrino oscillations was found in our
works (Kirilova and Chizhov, 1996a, 1997, 2000a) and will be discussed in the follow-

ing subsection.

1.2.3 Processes with lepton asymmetry and its cosmological effect and

constraints. Asymmetry—neutrino oscillations interplay

Studying lepton asymmetry is necessary because of its important role in physi-
cal theories and in Cosmology, in particular in baryogenesis models, in primordial
nucleosynthesis, for structure formation in the Universe. Knowledge about lepton
asymmetry and its nature would help for precise determination of cosmological pa-
rameters, etc. Besides, as mentioned already, relic asymmetry can suppress or enhance
neutrino transitions in the early Universe and influence BBN constraints on neutrino
oscillations.

Lepton asymmetry of the Universe is usually assumed to be of the order of the
baryon asymmetry. However, big lepton asymmetry can hide in the neutrino sector.
There are known different possibilities for the origin of big lepton asymmetry, pro-
posed by different BSMs (Dolgov, 2002; Sarkar, 1996): GUT, leptogenesis due to out
of equilibrium decays of heavy Majorana neutrinos (Fukugita and Yanagida, 1986;
Murayama et al., 1993), in a scenario of baryogenesis with baryonic charge conden-
sate (Dolgov and Kirilova, 1991), in fast resonant neutrino oscillations (Foot et al.,
1996). We have found (Kirilova and Chizhov, 1997, 1996a) the possibility for consid-
erable (by several orders of magnitude) asymmetry growth in resonant electron-sterile
oscillations at small neutrino mixings and small mass differences. We established the
instability region of the oscillations parameters where such growth is possible.

Although direct measurements of L are not yet possible, constraints on L value
exist on the basis of its effect on different processes, which have left observable traces

in the Universe.
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The role of L > 0.01 in BBN have been studied systematically in numerous works
since the pioneer works of (Wagoner et al., 1967; Reeves, 1972). Its effect on the
Universe dynamics and on nucleons kinetics in the pre-BBN epoch have been investi-
gated, and on the basis of BBN considerations stringent constraints on its value have
been obtained. See the review of Simha and Steigman (2008) and the references and

the review part of chapter 4.

In the thesis an original study of the cosmological effects of tiny lepton asymme-
tries |L| << 0.01 is provided. The results of our analysis of the interplay between
lepton asymmetry and neutrino oscillations are presented. Indirect kinetic effect of
such asymmetries on BBN via neutrino electron-sterile neutrino oscillations was found
considerable. The possibility of tiny lepton asymmetries |L| << 0.01 (which do not
have dynamical or direct kinetic effect on BBN) to influence BBN through its effect

on neutrino oscillations is established for a first time.

The possibilities of small lepton asymmetries, depending on its value and on the
neutrino oscillations parameters, to enhance, suppress or stop neutrino oscillations,
have been analyzed. The possibility of lepton asymmetry to enhance neutrino os-
cillations is a qualitatively new effect, found in our numerical study (Kirilova and
Chizhov, 1998b) and explored further in ref. (Kirilova, 2012). The possibility of
enhancement of neutrino oscillations is due to a qualitatively new type of resonant
oscillations transfer in the presence of small lepton asymmetry - "spectrum wave res-
onance”, proposed in our work (Kirilova and Chizhov, 1998b), which we were able
to find due to the precise kinetic approach used for the description of the interplay

between oscillating neutrino and lepton asymmetry.

Besides, we have investigated how the presence of L (relic or produced in neutrino
oscillations) changes the BBN cosmological constraints. The asymmetry growth was
shown to lead to underproduction of helium in BBN, and correspondingly, to relax-

ation of the cosmological constraints on oscillation parameters. The effect of small
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relic asymmetries on helium overproduction and subsequently on the cosmological
constraints on oscillations have not been studied before and was believed to be neg-
ligible. We have numerically studied the role of tiny lepton asymmetries |L| < 10~
in BBN with nonequilibrium neutrino oscillations for numerous sets of oscillation pa-
rameters. We have found the parameters range where cosmological constraints on
oscillation parameters are strengthened, relaxed or evaded due to lepton asymme-
try. Empirical relations, between the oscillations parameters values and the lepton
asymmetry value have been obtained on the basis of the exact numerical analysis
corresponding to the different cases. For big L that suppresses oscillations new cos-

mological constraints on oscillation parameters by L are found.

The possibility of relic lepton asymmetry to relax BBN constraints on neutrino
oscillations was further explored in connection with the DR problem. A principal
solution of DR problem was proposed — relaxation of the BBN constraints on eV
sterile neutrino by preventing its thermalization in neutrino oscillations due to the
presence of relic lepton asymmetry, large enough to suppress neutrino oscillations.
The value of the lepton asymmetry necessary to relax the stringent BBN constraints

on eV sterile neutrino was estimated.

A way to obtain stringent BBN cosmological bound on the value of the lepton
asymmetry was proposed on the basis of indirect kinetic effect of lepton asymmetry
via active-sterile neutrino oscillations. Lepton number of the Universe has not been
measured directly, hence, the constraints on its value provide valuable information
about this characteristic of the Universe. Thus, eventual future detection of the
active-sterile neutrino oscillations will provide an upper limit on the value of lepton
asymmetry of the Universe. We have calculated BBN bound on L assuming the values

of electron-sterile neutrino oscillations proposed in ref. (Holanda and Smirnov, 2011).

The fifth and the sixth chapters of the thesis are dedicated to the processes impor-

tant for the generation and distribution of the baryonic component of the Universe.
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1.2.4 Processes important for baryogenesis. Baryon-antibaryon asymme-

try of the Universe and LSS periodicity

The baryon number density of the Universe is measured with high precision by
different independent means. The baryonic component constitutes around 5% of the
total energy density of the Universe. Besides, antibaryons, except the secondaries,
have not been detected in our Galaxy. At present the reason for the observed baryon
asymmetry its value and sign is not known. Though the baryon component is small
part of the total energy density of the Universe, baryons excess is unexpectedly big -
it does not follow naturally form the initially baryon-antibaryon symmetric state of
the Universe.

Usually it is assumed that the locally observed asymmetry is a global feature.
Unlike the case with BBN, for which precision theory and observational data exist,
there is not an accepted theory of baryogenesis, yet. It is known that baryogenesis
should have occurred at higher energies and, correspondingly, higher temperatures
in the early universe in the period after the inflation and before BBN. ? Different
types of baryogenesis mechanisms exist, like GUT baryogenesis, electroweak baryo-
genesis (Kuzmin et al., 1985b), baryo-through-lepto-genesis (Fukugita and Yanagida,
1986), Affleck-Dine baryogenesis (Affleck and Dine, 1985), etc. For a review see
refs. (Dine and Kusenko, 2004; Buchmuller et al., 2005; Dolgov, 1992).

GUT baryogenesis, historically the first baryogenesis scenario, and the most natu-
ral versions of the EW baryogenesis are disfavored by experimental data. Baryogenesis-
through-leptogenesis and AD baryogenesis scenario are the most promising today
baryogenesis scenarios.

Affleck-Dine baryogenesis is compatible with inflation and the low reheating tem-

perature of the Universe (Dine and Kusenko, 2004; Enquist and Mazumdar, 2003), it

3The presence of the baryon asymmetry as an initial condition is theoretically not aesthetical and
also not possible in case of inflation, because it would have washed out any baryon excess existing,
or produced, before the inflationary epoch.
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can produce simultaneously the observed baryon asymmetry and the dark matter.

In the 5th chapter we discuss and study numerically the Scalar Field Condensate
(SFC) baryogenesis model, which is among the preferred today baryogenesis models,
based on the Affleck-Dine scenario.

We present the results of analytical and numerical analysis of the generated baryon
charge and its evolution on the parameters of the model (the characteristics of the
baryon charge carrying scalar field — its mass, decay time, self coupling constants, as
well as the Hubble constant at the inflationary stage and the gauge coupling).

We proved that particle creation processes by the time-varying scalar field are
important for the evolution and the generated final value of the baryon charge and
should be accounted for precisely. For the analytical account of the particle creation
processes we have used the rate calculated in the perturbation theory. We proposed
also exact numerical account of the particle creation processes.

Our numerical analysis of SFC baryogenesis model comprised hundred sets of
model parameters and needed several thousands CP hours.

We have proved that for natural range of model parameters it is possible to gen-
erate the observed value of the baryon asymmetry in the SFC baryogenesis model.

Inhomogeneous SFC baryogenesis and antimatter in the Universe

Search for antimatter in Cosmic ray and gamma-ray data by ground based de-
tectors, balloons and spacecraft provided constraints on the fraction of antimatter
allowed in our Galaxy. Namely, it was found that small quantities of antimatter
are allowed within our Milky Way galaxy (anti-stars, a globular anti-cluster), i.e. in
our vicinity there exist enormous asymmetry between matter and antimatter. How-
ever, neither observational data nor theory exclude categorically the existence of large
quantities of antimatter at distances higher than 10-20 Mpc, corresponding to nearby
clusters of galaxies.

Therefore, it is interesting to study possible separation mechanisms between mat-
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ter and antimatter domains. There are different possible inhomogeneous baryogenesis
models discussed in literature (for a review see (Dolgov, 1992)) that can predict the
existence of astronomically considerable quantities of antimatter.

In the the sixth chapter we study inhomogeneous Scalar Field Condensate baryoge-
nesis model and show that it is capable to explain the locally observed asymmetry and
at the same time to predict existence of antimatter domains in the Universe providing
sufficient separation between regions of matter and antimatter. Different possibilities
of CP-violation are discussed. Observational constraints on inhomogeneous models
from CMB, LSS, BBN, CR and gamma ray data are discussed and applied to obtain
an indication about the size of the predicted by the model antimatter domains and
the distance to them (Kirilova, 2003b).

Inhomogeneous SFC baryogenesis and very large-scale structure of the
Universe

According to the contemporary theory of structure formation in the Universe,
based on the standard cosmological model with cold dark matter, a purely gravita-
tional mechanism is not sufficient to explain the formation of giant voids and giant
shells, as well as their possible spatial periodicity (Broadhurst et al., 1990; Ettori
et al., 1995). A principal possibility for the formation of the quasi-periodicity of the
baryonic matter and the very large scale of the LSS of the Universe of ~ 120 —130h~*
Mpc has been proposed (Chizhov and Dolgov, 1992). We have studied such possi-
bility within the inhomogeneous SFC baryogenesis scenario (described in the sixth

chapter).

1.2.5 Processes with new chiral tensor particles

The new chiral tensor (ChT) particles were first predicted in an extension of SM
from theoretical considerations by Chizhov (1993). These heavy bosons are predicted

to be the carriers of new interaction, however in contrast to the gauge bosons, they
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have only chiral interactions with light fermions, through tensor anomalous coupling.

Today it is known that the existence of particles of this type does not contradict
the contemporary experimental data and their presence is able to explain several
anomalies in Particle Physics. The search for new chiral bosons continues to be of
great interest. These bosons have unique properties, which will help to disentan-
gle them from other widely discussed hypothetical particles at hadron colliders (see
Chizhov, 2006, 2007a, 2007b, 2008; Chizhov et al. 2008). At present the search of
the chiral bosons is conducted by the international collaboration ATLAS at LHC.

In the thesis the cosmological role and place of the chiral tensor particles in the
Universe history have been studied (see seventh chapter and Chizhov and Kirilova
(2009)). We discuss an extended BSMs model with new ChT particles. The influence
of these particles on the early Universe history and evolution is studied. It is shown
that ChT particles slightly speed up the Hubble expansion. Their characteristic
processes are calculated and the time of their creation, annihilation and decay is
defined. The time interval of efficiency of these particles in the Universe evolution is
determined for the accepted values for their masses and couplings. Cosmological BBN
constraint on the strength of their interaction is obtained — centi-weak interactions,
which is in accord with the theoretical and experimental findings.

The discussed model of BSM physics with additional chiral tensor bosons is allowed
from cosmological point of view and its unique predictions hopefully will be tested

soon at the new run of LHC.

1.3 Main Objectives, Goals and Methods of the Research

Underlying the Thesis.

This thesis has the objectives to provide interdisciplinary study of actual prob-

lems of contemporary Physics, Astropartical Physics and Cosmology and to obtain
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cosmological constraints on new Physics.

1.3.1 Main objectives and goals

The main aims of our study are:

(i) to investigate the properties of neutrino and its astrophysical and cosmological
effects

(ii) to investigate active-sterile neutrino oscillations and their cosmological effects
and constraints

(iii) to investigate alternative cosmological nucleosynthesis models containing Physics
BSMs and to obtain cosmological constraints on their characteristics on the basis of
observational data

(iv) to study the asymmetries of the Universe - lepton asymmetry and baryon
asymmetry, their cosmological effects and observational constraints

(v) to study the relationship between neutrino oscillations and lepton asymmetry

(vi) to study the cosmological role of eventual relic lepton asymmetry, bigger
than the baryon asymmetry, during BBN and analyze the change of the cosmological
constraints on neutrino oscillations in the model of BBN with lepton asymmetry

(vii) to propose a solution to the DR problem

(viil) to study the possibility for leptogenesis in resonant neutrino active-sterile
neutrino oscillations

(ix) to study mechanisms for baryogenesis, explaining the observed locally baryon-
antibaryon asymmetry

(x) to study inhomogeneous baryogenesis models able to predict antimatter do-
mains in the Universe and to obtain constraints on their parameters using observa-
tional data (light elements abundance at different redshifts, CMB anisotropy mea-
surements, large-scale structure surveys of the Universe)

(xi) to study the possibility to explain the quasi-periodicity in the distribution of
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the visible baryonic matter and the existence of super-structures in the large-scale
structure of the Universe
(xii) to investigate the cosmological role of chiral tensor particles and provide

cosmological constraints on their interactions

1.3.2 Approaches and methods used

The studies underlying the thesis concern processes at high energies and densi-
ties, corresponding to early Universe stages (BBN, baryogeneis, leptogenesis, inflation,
etc.). The investigation of these stages require the unified power of physical sciences.
Thus, the methods of Astroparticle Physics, Cosmology, Quantum Field Theory, The-
oretical Physics and Phenomenology were the main tools of our investigations.

We have used theoretical and phenomenological approach in our studies. Modified
cosmological models were constructed in which the SCM was extended to contain:
additional sterile neutrino, chiral tensor particles, neutrino oscillations, both lepton
asymmetry and neutrino oscillations, increased baryonic content, etc.

For probing the cosmological role of different processes in most cases numerical
analysis and evolutionary analysis was used.

Cosmological constraints were obtained by comparative analysis of the observa-

tional data and the predictions of the theoretical models, containing BSMs Physics.

1.4 Structure and Content of the Thesis

The thesis consists of 8 chapters, bibliography, list of figures, list of abbreviations
and acknowledgements sections.

The first chapter of the thesis presents introduction to the topics discussed
in the thesis, their actuality, originality, the main objectives and goals.

In the introductory part of the second chapter of the thesis the main established

and predicted by Standard Models neutrino characteristics are discussed. The role of
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neutrino in the early Universe is reviewed, relic neutrino characteristics and the for-
mation of the cosmic neutrino background and its evolution from the early universe
stages till today are described. The influence of flavor and sterile neutrino on the
Universe expansion rate and on BBN are discussed and cosmological constraints on
neutrino are reviewed. A precise kinetic approach for the analysis of the propagation
of nonequilibrium oscillating neutrino in the early Universe is proposed. A model
of non-equilibrium electron-sterile neutrino oscillations is presented and numerically
studied. The cosmological effects of these nonequilibrium neutrino oscillations are
analyzed, namely neutrino spectrum distortion, depletion of neutrino number den-
sity and the neutrino-antineutrino asymmetry growth due to oscillations. The more

general case of partially filled sterile neutrino is studied as well.

The third chapter of the thesis is dedicated to modified models of BBN. First
a short review of the standard BBN model and the contemporary observational data
on light elements abundances are presented. The main predictions and constraints
of standard BBN are discussed. The major part of the chapter is dedicated to pro-
duction of helium-4 in modified BBN with nonequilibrium electron sterile neutrino
oscillations. The production of helium is numerically studied in non-resonant and res-
onant oscillations case and for the whole parameters range of the oscillations model
and for different level of initial population of the sterile neutrino state. The maxi-
mum overproduction of He is determined. Cosmological constraints on electron-sterile
neutrino mixing and squared mass differences are obtained. The dependence of the
cosmological constraints on the initial population of the sterile state is studied. The
possibilities of relaxation of the BBN constraint on neutrino oscillations and on the
baryon density in modified models of BBN containing Physics beyond SM, are inves-

tigated.

The fourth chapter is dedicated to lepton asymmetry, neutrino oscillations and

BBN. First I review the known basic cosmological effects of L on processes in the
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Universe. The cosmological constraints on L on the basis of standard BBN model are
shortly discussed. Then the results of our analysis of the interplay between lepton
asymmetry and v, <+ v, neutrino oscillations are presented. The numerical study of
the growth of asymmetry in resonant oscillations allowed us to determine the instabil-
ity region and the maximum asymmetry growth. A new type of resonant oscillations
transfer in the presence of small lepton asymmetry - ”spectrum wave resonance” is
found. Modified BBN model with neutrino electron-sterile oscillations and small lep-
ton asymmetry is considered and the indirect kinetic effect of lepton asymmetries
(relic or oscillations generated) on the production of helium-4 is studied. The change
of cosmological constraints on oscillation parameters due to lepton asymmetry is nu-
merically studied. New cosmological constraints on oscillations parameters in case
of lepton asymmetry big enough to stop oscillations are obtained. The possibility of
relic lepton asymmetry to relax BBN constraints on neutrino oscillations is explored in
connection with the DR problem. A principal solution of DR problem was proposed.

BBN bound on L in case of electron-sterile neutrino oscillations are obtained.

The fifth chapter discusses the baryon asymmetry and its generation. We de-
scribe and study numerically Scalar Field Condensate baryogenesis model. We present
the results of analytical and numerical analysis of the generated baryon charge and
its evolution on the parameters of the model (the characteristics of the baryon charge
carrying scalar field — its mass, decay time, self coupling constants, as well as the
Hubble constant at the inflationary stage and the gauge coupling). We discuss the
important role of the precise account for the particle creation processes by the time-

varying scalar field.

In the sixth chapter we discuss the possibility of baryon inhomogeneities at large
scale and their explanation in inhomogeneous SFC baryogenesis models. First inho-
mogeneous SFC baryogenesis model capability to produce antimatter regions, safely

separated from the matter ones is studied. Different possibilities of CP-violation are
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discussed corresponding to different size of the predicted domains of matter and anti-
matter and different distance between them. We discuss the observational constraints
from CMB anisotropy data, CR and gamma-ray data and BBN for each separate case.

Inhomogeneous SFC baryogenesis is shown capable to explain also the observed
quasi-periodicity in the distribution of the visible matter in the Universe and the
generation of super-structures.

In the seventh chapter we discuss processes with chiral tensor particles.

We discuss an extended BSMs model with new ChT particles. The influence of
these particles on the early Universe history and evolution is studied. It is shown that
these particles slightly speed up the Hubble expansion. Their characteristic processes
with the particles of the hot Universe plasma are calculated and the time of their
creation, annihilation and decay is defined. The time interval of efficiency of these
particles in the Universe evolution is determined for the accepted values for their
masses and couplings. Cosmological constraint on the strength of their interaction
is obtained — centi-weak interactions, which is in accord with the theoretical and
experimental findings.

In the eighth chapter we present our conclusions and an overview of the main
results and achievements. The publications, underlying the thesis are listed. Part of
the international conferences, symposiums and workshops, where the results presented

in this thesis were discussed are given, as well.
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CHAPTER II

Processes involving neutrino. Nonequilibrium
Neutrino Oscillations and Their Cosmological

Effects

2.1 Introduction

Neutrinos cosmological role has been systematically studied: It has been un-
derstood that neutrinos had a considerable role in the universe evolution during its
early stages, namely, neutrino was essential relativistic component and defined the
universe dynamics, CMB formation epoch, neutrino participated in reactions with
nucleons and influenced considerably BBN, neutrino might be responsible for lepto-
genesis and baryogenesis. Depending on their mass neutrinos were important also
during later stages of the universe, influencing the formation and evolution of the
large scale structure and being a good candidate for the dark matter (DM) in the
universe. Thus, the possible future detection of the relic neutrinos will provide pre-
cious information about the first seconds of the universe evolution.

Meanwhile neutrino physics and astrophysics have achieved serious results. Since
the first idea about neutrino existence, presented in the now famous Pauli’s letter of

1930, and since neutrinos first direct detection in 1953 by Reines and Cowan, Neutrino
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Physics and Astrophysics has passed a long and fruitful path.

Neutrinos from earth reactors and accelerators. To mention just several of
its road marks: neutrino helicity measurements first made in 1957 by Goldhaber et
al.; the existence of 2 types of neutrinos predicted in 1960 by Lee and Yang and the
detection of muon neutrino in 1962 by L. Lederman, M. Schwartz and J. Steinberger;
the hypothesis of neutrino oscillations proposed by B. Pontecorvo in 1958; the par-
ticipation of neutrino in weak neutral currents, found in 1973; the existence of 3 light
flavor neutrino types, confirmed by LEP experiments in 1993; studies of neutrino
mass by double beta decay experiments; studies of neutrino oscillations at terrestrial
experiment (in other terms studies of "man-made” neutrinos from controlled sources)
CHORUS, NOMAD, LSND, K2K, Minos, OPERA, reactor-based experiments Kam-
Land, CHOOZ, MiniBoone reactor long baseline neutrino oscillations experiments,

ete.

Neutrinos from astrophysical sources. Besides neutrinos from earth reactors
and accelerators, we have detected and studied neutrinos from astrophysical sources,
namely from the Sun, from the atmosphere, from supernova SN1987, extragalactic
neutrinos and geo-neutrinos from the Earth interiors. Neutrinos from the Sun and
the atmosphere were intensively studied. Since the first solar neutrino experiment -
the chlorine Homestake experiment by R. Davis in 1960’s it was found (and confirmed
by the following solar neutrino experiments like gallium radiochemical experiments
Gallex, SAGE, water Cherenkov experiments Kamiokande) that there exists an en-
ergy dependent deficit of electron neutrinos coming from the Sun, compared to the
predictions of the standard solar model. Another anomaly, atmospheric neutrino

anomaly, was found in neutrino fluxes from the atmosphere by IMB, and confirmed

by Kamiokande, MACRO and SOUDAN experiments.

These solar and atmospheric neutrino anomalies were successfully explained in

terms of neutrino oscillations. In 1998 Super-Kamiokande obtained the evidence of
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atmospheric flavor neutrino oscillations, which pointed to non-zero neutrino mass.

The flavor neutrino oscillations, suggested by solar and atmospheric neutrino ex-
periments, were confirmed by neutrino terrestrial experiments. The atmospheric
neutrino oscillations were confirmed by the earth based experiment K2K and Mi-
nos. In 2002 the heavy water Cherenkov experiment SNO provided the evidence
of flavor-transformation of solar neutrinos, thus allowing solar neutrino oscillations
to be established independently of the solar model. The ground based experiment

KamLAND gave an evidence of reactor flavor antineutrino oscillations.

Thus, solar neutrino problem, atmospheric neutrino anomaly and the positive re-
sults of terrestrial neutrino experiments were resolved by the phenomenon of neutrino
oscillations. The dominant oscillation channels have been proved to be flavor neutrino
oscillations. A nice detail review of the main experimental and theoretical results of

neutrino physics may be found in e.g. Strumia and Vissani (2010).

Thus, a strong evidence for non-zero neutrino mass and mixing has been provided
by solar, atmospheric and terrestrial neutrino oscillation experiments in recent years.

The existence of 3 mass differences requires that at least 2 neutrinos have mass.

The next subsections are dedicated to the main established and predicted by SMs
neutrino characteristics. The role of neutrino in the early Universe is discussed. SCM
predictions about relic neutrino characteristics and the formation of the cosmic neu-
trino background and its evolution are presented. The established BSMs physics
in neutrino sector - neutrino oscillations - is discussed. The propagation of oscil-
lating neutrino in the early Universe is shortly reviewed in section 2. Section 2.2
describes our model of non-equilibrium electron-sterile neutrino oscillations. Section
3 discusses the found in our analysis effects of electron-sterile neutrino oscillations,
namely neutrino spectrum distortion, depletion of neutrino number density and the
neutrino-antineutrino asymmetry growth due to oscillations. In section 4 the spec-

trum distortion due to oscillations in the more general case of partially filled sterile
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neutrino is presented.

2.1.1 Neutrinos in the Standard Model and beyond

According to the Standard Model, neutrinos are massless, spin 1/2 fermions, which
have weak interactions, i.e. they belong to SU(2)y doublets. There exist 3 neutrino
flavors of weakly interacting light neutrinos, namely electron neutrino v,, muon neu-
trino v, and tau neutrino v;. The most precise experimental measurement of the
number of light (with m < mz/2) neutrino types comes from four LEP experiments,
and gives N, = 2.984 + 0.008 (Adeva et al., 1989).

Besides, BSMs physics predicts other types of neutrinos, not coupled to Z, called
"sterile” vy, i.e. SU(2)y singlets, not having the ordinary weak interactions. Sterile
neutrinos may be produced in GUT models, in models with large extra dimensions,
Manyfold Universe models, mirror matter models, or by neutrino oscillations, etc.

It is extremely difficult to obtain experimental information about v. Hence, the
cosmological information about sterile neutrino is very valuable. The existing and
the established in our works stringent cosmological bounds on the number of neutrino
families and on sterile neutrino will be discussed in detail in the following sections.

However, there are robust experimental evidence for BSMs physics in the neutrino
sector: Neutrinos oscillate, i.e. their mass eigenstates do not coincide with their
flavor eigenstates, there exist neutrino mixing and non-zero neutrino mass differences.
Neutrino oscillations data proved that neutrinos are massive. The origin of neutrino
masses is still unknown. Various mass generation mechanisms, usually involving the

introduction of extra particles, are discussed.

2.1.1.1 Neutrino oscillations

Neutrino Puzzles

The theme of neutrino oscillations is with us more than fifty years, since the
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hypothesis for them was proposed (Pontecorvo, 1958a,b, 1968). They were studied
experimentally and theoretically and their cosmological and astrophysical effects have
been considered in numerous publications as far as their study helps to go deeper into

the secrets of neutrino physics and neutrino mass pattern.

In the 90ies there were known three main experimental indications that neutri-
nos oscillate, namely: the solar neutrino deficit (an indirect indication) (Cleveland
and others Homestake Coll., 1995; Hampel and others (GALLEX Coll.), 1996; Ab-
durashitov and others (SAGE Coll.), 1996; Fukuda and others (Kamiokande Coll.),
1996), the atmospheric neutrino anomaly (an indirect indication) (Fukuda and others
(Kamiokande Coll.), 1994; Becker-Szendy and others (IBM Coll.), 1995; Allison and
others (Soudan-2 Coll.), 1997) and the LSND experiment results (a direct indica-

tion) (Athanassopoulos and others (LSND Coll.), 1996) .

(a) Solar neutrino deficit: Experiments using different techniques had detected
electron neutrinos from the Sun, at a level significantly lower than the predicted on
the basis of the Standard Solar Model and the Standard Electro Weak Theory. More-
over, there existed incompatibility between Chlorine and Kamiokande experiments
data, as well as problems for predicted berilium and borum neutrinos in the gallium

experiments (Hampel and others (GALLEX Coll.), 1996; Bahcall, 1989).

It was realized that by changing the solar model it is hardly possible to solve these
problems (Bahcall and Pinsonneault, 1995), (Berezinsky et al., 1996). Therefore,
it was necessary to find a solution beyond the Standard Electroweak Model. The
only known natural solutions then were the energy dependent Miheyev-SMirnov-
Wolfenstein (MSW) neutrino transitions in the Sun interior (see refs. (Mikheyev and
Smirnov, 1985; Wolfenstein, 1978)), the “just-so” vacuum oscillations solutions and
the hybrid solutions of MSW transitions + vacuum oscillations type (Krastev and
Petcov, 1996; Berezhiani and Rossi, 1995; Hata and Langacker, 1995; Dar and Shaviv,
1996).
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(b)Atmospheric neutrino anomaly: Underground experiments on atmospheric
neutrinos had observed disappearance of muon neutrinos (Fukuda and others (Kamiokande Coll.),
1994; Becker-Szendy and others (IBM Coll.), 1995; Allison and others (Soudan-
2 Coll.), 1997), which was in contradiction with the theoretically expected flux of

muon neutrinos from primary cosmic rays interacting in the atmosphere.

(c)Los Alamos LSND experiment claimed evidence for the oscillation of 7,
into 7., with a maximal probability of the order of 0.45 x 1072. A complementary
v, into v, oscillation search, with completely different systematics and backgrounds,
also showed a signal, which indicated the same favored region of oscillation parame-

ters (Athanassopoulos and others (LSND Coll.), 1996).

There existed yet another observational suggestion for massive neutrinos
and neutrino oscillations - the dark matter problem. Models of structure
formation in the Universe at the time indicated that the observed hierarchy of struc-
tures is reproduced best by an admixture of about 20% hot dark matter to the cold
one (Primack et al., 1995; Caldwel and Mohapatra, 1993; Wright et al., 1992). Light
neutrinos with mass in eV range were the only particle dark matter candidates, that
were actually known to exist and were the most plausible candidates provided by par-
ticle physics since the early studies (Drees, 1996). Actually, most popular then hot
plus cold dark matter models assumed that two nearly degenerate massive neutrinos

each with mass around 2 eV play the role of the hot dark matter.

In case one takes seriously each of these experiments pointing to a neutrino
anomaly and the neutrino oscillation solution to them, a fourth neutrino seems in-
evitable. In the case of only three species of light neutrinos with normal interactions
and a see-saw hierarchy between the three masses, it is hardly possible to accommo-

date all the oscillations data simultaneously.

The successful attempts to reconcile the LSND results with neutrino oscillation

solutions to the solar and atmospheric neutrino problems usually contained fourth
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ultra-light sterile neutrino species, or inverted neutrino mass hierarchy. However,
an additional light (with mass less than 1 MeV) flavor neutrino is forbidden both
from cosmological considerations and the experiments on Z decays at LEP (Adeva
et al., 1989). Hence, it was reasonable to explore in more detail the possibility for an
additional light sterile neutrino. !

Therefore, it was interesting to obtain precise information about the cosmologi-
cally allowed range for the neutrino mixing parameters and thus present an indepen-
dent test for the solutions of the discussed neutrino puzzles.

The results of our study of the cosmological effects of neutrino oscillations (to be
discussed in more detail in the following sections and in chapter 3) allowed to exclude
almost completely LOW active-sterile solution in addition to the already excluded by
cosmology LMA active-sterile solution to the solar neutrino puzzle and active-sterile
solution to the atmospheric neutrino puzzle. Cosmological indications, (Barbier: and
Dolgov, 1990, 1991; Enguist et al., 1992, 1990a) including our results, (Kirilova and
Chizhov, 1997, 1998¢c, 2000a), preceded by several years the experimental results
which pointed to the flavor mixing solution of the first two anomalies and provided
precious complementary information to the neutrino oscillations experimental data.

Moreover, the very small values of mass differences, which can be explored by the
oscillations cosmological effects (like the ones discussed in our model) still are beyond
the reach of present and near future experiments.

The present day status of LSND and other recent experiments pointing to the
necessity of active-sterile neutrino oscillations and eV sterile neutrino will be discussed
in more detail below and in chapter 4 in connection with the DR problem.

Neutrino oscillation parameters

Neutrinos oscillate, i.e. their mass eigenstates v; do not coincide with the flavor

!Besides, GUT theories (SO(10), Eg, etc.) and SUSY theories predict the existence of a sterile
neutrino. Moreover, models of singlet fermions, which explain the smallness of sterile neutrino mass
and its mixing with the usual neutrino were proposed (Chun et al., 1996).
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eigenstates vy, there exist neutrino mixing and non-zero neutrino mass differences:

3
vy = Z Uy, 5mfj = mj2 — m? #0, (1 #7) (2.1)
i=1

Then in the simple two-neutrino oscillation case in vacuum, the probability of a given

neutrino type in an initially homogeneous neutrino beam of the same type is:
Pyp =1 — sin® 29 sin®(dm*t /AE), (2.2)

where F is the neutrino energy, dm? and 1 are the oscillation parameters, correspond-

ingly, the neutrino squared mass difference and the mixing angle.

In general neutrino oscillations occur in medium. The medium distinguishes be-
tween different neutrino types due to different interactions and changes the oscillation
pattern ( Wolfenstein, 1978; Mikheyev and Smirnov, 1985). Neutrino oscillations in
medium are called "matter oscillations”. Matter oscillation parameters are expressed

through the vacuum ones and the characteristics of the medium.

Solar and atmospheric neutrino anomalies were resolved by neutrino oscillations,
confirmed by the terrestrial neutrino oscillations experiments. The dominant neu-
trino oscillation channels have been proved to be flavor neutrino oscillations. The
global analysis of current neutrino oscillations experimental data, including SNO,
Borexino, SuperKamika, Chlorine, Gallium and SKI+SKII4SKIII, MINOS, T2K and
Kamland data, provided precision information about neutrino mass differences and
mixing (Nakamura and Petcov, 2012; Capozzi et al., 2014),v, in the Sun oscillate into

v, and v,, the corresponding oscillating parameters are:
dmi, ~ 7.5 x 107°eV? sin® f15 ~ 0.3

Atmospheric muon neutrinos oscillate mainly into tau neutrinos with almost maximal
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mixing.

|6m2,| ~ 2.4 x 107%eV?,
SiIl2 023 ~ (0.455

The 613 was recently measured. First indications of a non-zero value were obtained
by T2K, MINOS and Double CHOOZ Experiment. Combined analysis of the data
from T2K, MINOS, Double Chooz, Daya Bay and RENO experiments found non-zero

value at 7.7 sigma (Machado et al., 2012):

sin? 6;5 ~ 0.024

The pattern of neutrino mixing is drastically different from the pattern of quark
mixing. The masses of neutrino are much smaller than those of quarks and charged

leptons.

This well-established 3-neutrino oscillations pattern, however, cannot accommo-
date for the data from: LSND, its successor MiniBoone, and short base line experi-

ments.

The analysis of these neutrino oscillations data suggested the existence of 1 or 2
light sterile neutrinos, participating in oscillations with the flavor ones with sub-eV

mass and differences of mass squared close to eV? (Kopp et al., 2011).
Neutrino mass

Since 1998 the neutrino oscillation data firmly established that at least 2 neutrino
species have non-zero mass. Neutrino oscillations data cannot determine the absolute
mass scale. From atmospheric neutrino oscillations data lower mass limit is obtained:
at least one type of neutrino has mass exceeding 0.048 eV. For 3 massive neutrinos
with mass m, the neutrino energy density today is expected to be 2, = 3m/(93.14h>

eV?). Hence, the neutrino oscillations data put lower limit on the energy density of
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relic neutrino: €2, > 0.003.

The absolute neutrino mass has not been directly measured yet, neutrinoless dou-
ble beta decay and beta decay experiments set an upper limit to the neutrino mass.
For example the Mainz (Krauz et al., 2005) and Troitsk (see e.g. (Aseev and others
(Troitsk Collaboration), 2011)) Tritium decay experiments limit the electron neutrino
mass correspondingly m < 2.05 eV at 95% C.L.

Neutrino oscillations data provided information about the mass differences and
mixing, while the ordering of neutrino masses is not known because of the unknown
sign of dmy3 and dmos. So there exist the following possibilities for the neutrino
mass spectrum: the normal hierarchy my < my << mg and the inverted hierarchy
mg << my < msy. Neutrino masses may be small - of the order of mo3 but also they
may be big and almost degenerate: m; ~ mg ~ mg >> dmos.

Much more stringent mass limits are due to cosmology, which measures neutrino
mass indirectly and provides the most stringent available now constraints on the total
neutrino mass: m < 0.66 eV, corresponding to 2, < 0.02

While cosmology cannot distinguish yet between eventual Dirac or Majorana na-
ture of neutrino, it provides the most stringent constraints also on the number of
neutrino families, neutrino mass differences and mixing, neutrino chemical potentials,

which will be discussed in the thesis.

2.1.2 Relic neutrino predicted by Standard Cosmological Model

According to the SCM (Zeldovich and Novikov, 1983) at early radiation dominated
stage of the Universe neutrinos were kept in thermal equilibrium due to their standard
weak interactions with other particles while their interaction rates were faster than

the expansion rate of the universe

T ~ o(E)n,(T) > H. (2.3)
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Hence, neutrino had an equilibrium Fermi-Dirac energy distribution

0t = (1+ exp((E - p)/T)) . (2.4)

The energy contribution p, of the light neutrino species to the energy density of the
universe in relativistic species at that stage was comparable to the CMB photons one:
pv ~ py. Hence, at early stages neutrino influenced the expansion rate of the universe

H considerably, where:

H = \/87TGNp/3 (25)

The dynamical effect of equilibrium neutrino is usually parameterized by the effective

number of the relativistic neutrino species N,yy:

pu = T/8(T,/T) Ny, (T). (2.6)

As the universe expanded and cooled, particle densities diluted and the weak interac-
tions became slower than expansion, i.e. ineffective to keep neutrino in good thermal
contact with the plasma. Thus, at 7' ~ 3 MeV muon and tau neutrino decoupled and
at ~ 2 MeV electron neutrino decoupled and since then they are free streaming, i.e.

formed the cosmic neutrino background (CNB).

Due to neutrinos negligible masses they kept their equilibrium Fermi-Dirac (FD)
spectrum after decoupling while their temperature decreased with the expansion and

cooling of the universe.

During ete™ - annihilation, the photons were heated and since then neutrino

temperature is lower than the CMB one

T, = (4/11)Y3 T, (2.7)
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the number density per flavor is n, = 3/11n,, neutrino density is:

p = T/8(4/11)*N,y1p, (T). (2.8)

Since the neutrino decoupling was close to e™e -annihilation, which proceeded at
~ 0.5 MeV, neutrinos shared a small part of the released entropy 2 due to non-
instantaneous v decoupling and flavor oscillations, and thus neutrinos were slightly
heated (Dolgov et al., 1997b; Mangano et al., 2005). The account for these effects
and for the QED finite temperature effects slightly changed neutrino number density
and neutrino energy density. The neutrino distribution was negligibly distorted, the
change may be described by changing the effective number of relativistic neutrino
species

Nejs = 3.046.

Today SCM predicts CNB with the following characteristics: number density (per 3

3

neutrino species) comparable to the CMB photons one ngyp = 411 em™: n, +n; =

339.3 ecm 3, and temperature slightly smaller than CMB temperature: T, ~ 1.9K.

Thus, although relic neutrinos contributed considerably to the universe dynamics
while m, << T, because they are numerous, the relic neutrinos today contribute
negligible part to the total energy density due to their low temperature. Namely:
Q,(tg) ~ 1072,

Summarizing, the standard cosmological model predicts CNB, which has formed
close to the BBN epoch, with a temperature today slightly smaller than the CMB one,
negligible chemical potential, and negligible nonthermal features. Nice detail reviews
of relic neutrinos can be found in refs. (Dolgov, 2002; Lesgourgues and Pastor, 2006;

Hannestad, 2010).

Direct CNB detection has not been performed. It is difficult because, though

2This is still unobservable by present observations.
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numerous, neutrinos have weak interactions and relic neutrinos are with low energy
today ~ 10~* eV. Neutrino detectors today are able to catch neutrinos with consid-
erable energy, like neutrinos from supernovas’ bursts, from the Sun, etc.

In some near future, hopefully, appropriate detector facilities will be able to study
the cosmological neutrinos, which will provide a glimpse into the first seconds of the
universe existence (the epoch of CNB formation).

Fortunately, at present indirect CNB detection is possible due to CNB cosmological
effects, i.e. its effect on BBN, CMB, LSS, etc. The closeness of neutrino decoupling
to the BBN epoch is one of the reasons for the big influence of neutrino on BBN and
the numerous BBN constraints on neutrino properties, which will be discussed in the

following chapters.

2.1.3 Possible deviations of relic neutrino spectrum from Fermi-Dirac

distribution

There exist different possibilities for deviations of the relic neutrino energy spec-
trum from the equilibrium Fermi-Dirac (FD) distribution (Kirilova and Chizhov,
2010). Among them are nonequilibrium neutrino oscillations, non-equilibrium neu-
trino decays, non-zero lepton asymmetry, etc.

Lepton asymmetry

One possible source of v spectrum distortion (SD) is the existence of non-zero
relic neutrino asymmetry. Such asymmetry might be generated in resonant MSW
active-sterile oscillations after neutrino decoupling.

Asymmetry in the neutrino sector is strongly constrained by BBN considera-
tions: flavor v oscillations with parameters favored by the atmospheric and solar
neutrino data establish an equilibrium among active neutrino species before BBN
epoch. Hence, the stringent BBN limit to v, degeneracy applies to all flavors.

However, there still exists a possibility of lepton asymmetry in the post-BBN
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epoch, which has not been much explored.

Neutrino oscillations

Non-equilibrium neutrino oscillations present another source of deviation of neu-
trino distribution from the equilibrium FD form.

It is known that flavor oscillations slightly shift neutrino FD distribution because
of the almost equal temperature of the different neutrino species, which equality is
due to their very close decoupling times.

Active-sterile oscillations effective before neutrino decoupling also slightly influ-
ence active neutrino distributions, because the flavor states are refilled due to inter-
actions with the plasma.

In contrast, active-sterile nonequilibrium oscillations v, <> v,, proceeding after
v, decoupling, i.e. dm?sin*(20) < 1077eV? and provided that v, state is not in

equilibrium,?

may cause strong energy SD and v, depletion and generate v, — v,
asymmetry.

Hence, due to vy <> v5, CNB may be considerably depleted (Kirilova and Chizhov,
2010). When oscillating neutrino reach statistical equilibrium, the active species may
be depleted by a factor p/(p + k), here p is the number of active neutrino flavors
participating in oscillation with k sterile neutrino species. Besides, CNB may be less
energetic with an energy spectrum distorted from the equilibrium FD one. In the
case of such oscillations future prospects of observing CNB may be even worse than
the predicted by standard cosmological paradigm. On the other hand eventual future
observations of SD of relic neutrino will allow to peek into the well hidden realm of
sterile neutrino.

Decays of neutrino

Eventual non-equilibrium decays of neutrino or decays of particles into neutrino

3which is an expected natural possibility, because v, decouples much earlier in the universe
evolution and since then flavor neutrinos have been heated by the annihilation processes, taking
place till flavor neutrino’s later decoupling.
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also have been discussed as a potential reasons for deviation of the relic neutrino
spectrum from FD form. See for example (Dolgov and Kirilova, 1988; Kirilova,

2009) and the references there in.

2.2 Propagation of the oscillating neutrino in the early Uni-

verse

The thermal background in the early Universe strongly affects the propagation of
neutrinos (Nétzold and Raffelt, 1998; Harris and Stodolsky, 1978; Stodolsky, 1987).
Differences in the interactions with the particles from the plasma lead to different
average potentials V; for different neutrino types (the electron neutrinos and antineu-
trinos receive extra contribution from charged current interactions with electrons,
in comparison with muon and tau neutrinos. The sterile neutrino does not feel the

medium, hence V; = 0. Then:

Vi=q=+l (2.9)
q= —bET*/(6m*M;,) (2.10)
| = —aET?L*/(6m?) (2.11)

where f =e, u, 7, L* is given through the fermion asymmetries of the plasma, a and
b are positive constants different for the different neutrino types, —I corresponds to
the neutrino and 4 to the antineutrino case.

Thus in the Sun, where [ >> ¢ neutrino and antineutrino experience an opposite
effect. However, in the early Universe ¢ is the leading term, unless [ is assumed
unusually large, i.e. L >> B.

In the adiabatic case the effect of the medium can be formally hidden in the
oscillation parameters dm? and 1 by introducing matter oscillation parameters. They

are expressed through the vacuum ones and through the characteristics of the medium,
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like its density and temperature. In the early Universe the matter mixing angle is
given by
sin® ¥, = sin®J/[sin* ¥ + (¢ F | — cos 209)?]. (2.12)

In general the medium suppresses oscillations by decreasing their amplitude. There
also exists a possibility of enhanced oscillation transfer in case a resonant condition
between the parameters of the medium and the oscillation parameters holds. For the

early Universe the resonant condition is:

q F 1 = cos29. (2.13)

Then the mixing in matter becomes maximal, independently of the value of the vac-
uum mixing angle, i.e. resonant transfer takes place. For ¢ = 0 this is the well
known Mikheyev-Smirnov-Wolfenstein effect (Mikheyev and Smirnov, 1985; Wolfen-
stein, 1978).

At high temperature of the early Universe and in case of a lepton asymmetry of
the order of the baryon one, ¢ > [. So for ém? < 0 resonance transfer is possible
both for neutrino and antineutrino. At low T, however, [ > ¢, and as can be seen
from the resonant condition, if ém? > 0 a resonance transfer in the neutrino ensemble
can take place, while for m? < 0 — the resonance transfer is possible only for the
antineutrinos.

This simplified behavior is characteristic in the equilibrium situation, when work-
ing in terms of mean neutrino energy is acceptable. When spectrum distribution
of neutrino in the early universe is taken into account the behavior is more compli-
cated. For example, it is possible to observe simultaneous resonance transfer also in
the dm? < 0 case (Kirilova and Chizhov, 1998b; Kirilova, 2011c, 2012), as will be

discussed in chapter 4.

In the following sections we discuss a model of nonequilibrium neutrino oscillations
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and provide an exact analysis of the neutrino evolution using kinetic equations for
the neutrino density matrix for each momentum mode. The main effects of nonequi-

librium oscillations are discussed.

2.2.1 Electron-sterile neutrino oscillations in the early Universe

In refs. (Kirilova and Chizhov, 1997, 1998c, 2000a, 2001a) we explored the cosmo-
logical effect of nonequilibrium neutrino oscillations v, <> v, in the early Universe, and
in particular on the primordial nucleosynthesis and obtained cosmological constraints
on the neutrino mixing parameters.

The nonresonant case in the early Universe medium corresponds to the resonant
case in the Sun, therefore, the obtained information was of special interest for finding
a solution to the solar neutrino problem.

We discussed the special case of nonequilibrium oscillations between weak inter-
acting electron neutrinos and sterile neutrinos for small mass differences dm?.

The case of large dm? was already sufficiently well studied (Barbieri and Dolgov,
1990; Enquist et al., 1992; Shi, 1996). Oscillations between active and sterile neutri-
nos, effective before neutrino freezing at 2 MeV, leading to v, thermalization before 2
MeV had been studied there. Equilibrium oscillations were considered with rates of
oscillations and neutrino weak interactions greater than the Universe expansion rate.

We explored nonequilibrium oscillations between electron neutrinos v, and sterile
neutrinos v, for the case when v, do not thermalize till v, decoupling at 2 MeV
and oscillations become effective after v, decoupling. Such kind of late active-sterile
neutrino oscillations in vacuum was first precisely studied in (Kirilova, 1988) using
an accurate kinetic approach for the description of oscillating neutrinos.

However, the thermal background in the pre-nucleosynthesis epoch effects the
propagation of neutrino (Weldon, 1982; Nieves, 1989; Lausman and Weert, 1987;
Pal and Pham, 1989; Langacker et al., 1983; Barger et al., 1980) and, therefore, the
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account of the neutrino interactions with the primeval plasma is important (Nétzold
and Raffelt, 1998; Harris and Stodolsky, 1978; Stodolsky, 1987; Barbieri and Dolgov,
1990; Enquist et al., 1990a; Sigl and Raffelt, 1993).

The precise kinetic consideration of late electron-sterile neutrino oscillations in
a medium was first provided in ref. (Kirilova and Chizhov, 1996a, 1997). It was
proved that in case when the Universe expansion, the neutrino oscillations and the
neutrino interactions with the medium have comparable rates, their effects should be
accounted for simultaneously, using exact kinetic equations for the neutrino density

matrix.

Moreover, energy distortion and asymmetry between neutrinos and antineutrinos
play a considerable role in case of nonequilibrium oscillations. As far as both neu-
trino collisions and active-sterile neutrino oscillations distort the initially equilibrium
momentum distribution of active neutrino, the momentum degree of freedom in the
description of neutrino must be accounted for. Therefore, for the case of nonequi-
librium oscillations the evolution of neutrino ensembles should be studied using the
exact kinetic equations for the density matrix of neutrinos in momentum space. This
precise kinetic approach allowed an exact investigation of the influence of neutrino os-
cillations (Kirilova, 1988; Kirilova and Chizhov, 1996a, 1997). The following effects
of the neutrino oscillations were discovered and studied: depletion of the neutrino
number densities, the energy distortion and the generation of asymmetry, for each
separate momentum of the neutrino ensembles.

In a cycle of works ( Kirilova and Chizhov, 1997, 1998¢,b, 2000a) the matteroscilla-
tions between left-handed electron neutrinos v, and nonthermalized sterile neutrinos
Vs in the early Universe plasma was studied. The case when v, do not thermalize till
2 MeV and the oscillations become effective after v, decoupling was discussed.

As far as for this model the rates of expansion of the Universe, neutrino oscillations

and neutrino interactions with the medium may be comparable, we have analyzed the
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kinetic equations for neutrino density matrix, accounting simultaneously for all pro-
cesses. The evolution of neutrino ensembles was described numerically by integrating
the kinetic equations for the neutrino density matrix in momentum space for small
mass differences dm? < 1077 eV?2.

This approach allowed us to study precisely the evolution of the neutrino num-

ber densities, energy spectrum distortion and the asymmetry between neutrinos and

antineutrinos due to oscillations for each momentum mode.

2.2.2 Nonequilibrium neutrino oscillations - our model

The model of nonequilibrium oscillations between weak interacting electron neutri-
nos v, and sterile neutrinos v, for the case when v do not thermalize till v, decoupling
at 2 MeV and oscillations become effective after v, decoupling is proposed and de-
scribed in detail in Kirilova and Chizhov (1996a, 1997). The main assumptions are

the following:

e Singlet neutrinos decouple much earlier, i.e. at a considerably higher tempera-

ture than the active neutrinos do: TF > T'X' and hence,

ONs = py./pv. <1 (2.14)

This is a natural assumption, as far as sterile neutrinos do not participate into the or-
dinary weak interactions. In the models predicting singlet neutrinos, the interactions
of v, are mediated by gauge bosons with masses M = O(1 TeV). Therefore, in later
epochs after their decoupling, their temperature and number densities are consider-
ably less than those of the active neutrinos due to the subsequent annihilations and
decays of particles that have additionally heated the nondecoupled v, in comparison

with the already decoupled v;.
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The transitions between different neutrino flavours were proved to have negligible
effect on the neutrino number densities and on primordial nucleosynthesis because
of the very slight deviation from equilibrium in that case Ty ~ T} (f is the flavour
index) Dolgov (1981); Langacker et al. (1986); Dolgov et al. (1997a). Hence, for

simplicity we neglect flavour neutrino oscillations.

e We consider oscillations between v, (vs = 1) and the active neutrinos, accord-
ing to the Majorana&Dirac (M & D) mixing scheme with mixing present in the

electron sector v; =U; v, [ = e, s:

Vi = CV+ SUs

Vo = —SU+ ClUs,

where v denotes the sterile electron antineutrino, ¢ = cos(¢#), s = sin(«J) and ¥ is the
mixing angle in the electron sector, the mass eigenstates v, and v, are particles with
masses correspondingly m; and ms.

The nonresonant oscillations case corresponds to dm? = m3 —m? > 0. This in
the small mixing angle limit corresponds to a sterile neutrino heavier than the active
one.

In this model the element of nonequilibrium is introduced by the presence of a small
singlet neutrino density at 2 MeV n,, < n,,, when the oscillations between v, and v,
become effective. In order to provide such a small singlet neutrino density the sterile
neutrinos should have decoupled from the plasma sufficiently early in comparison
to the active ones and should have not regained their thermal equilibrium till 2
MeV Kirilova (1988), Kirilova and Chizhov (1996a, 1997). Therefore, as far as the
oscillations into v, and the following noncoherent scattering off the background may
lead to the thermalization of vy, two more assumptions were made to ensure the

nonequilibrium case to have place:

e Neutrino oscillations should become effective after the decoupling of the active
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neutrinos, I'pse > H for T < 2 MeV, which is realizable for dm? < 1.3 x 1077

eV? Kirilova and Chizhov (1996a, 1997).

e Sterile neutrinos should not thermalize ¢ till 2 MeV when oscillations become
effective, i.e. the production rate of v, (whatever its origin) must be smaller

than the expansion rate.

These assumptions define the allowed range of oscillation parameters for our model (Kir-

ilova and Chizhov, 1996a, 1997):

sin?(29)dm? < 107 "eV?2. (2.15)

2.2.2.1 Electron neutrino decoupling

Decoupling occurs when the neutrino weak interaction rate Iy, ~ E?n,(E) be-
comes less than the expansion rate H ~ \/ETQ. We assumed that electron neutrinos
decouple at 2 MeV, as predicted in SCM. However, the neutrino decoupling process is
more complicated. It has been discussed in literature in detail Dolgov and Zeldovich
(1989); Rana and Mitra (1991); Kostelecky and Samuel (1995). Most of electron neu-
trinos decouple at about 2 MeV. Nevertheless, due to the fact that weak interaction
rate is greater at a higher energy, some thermal contact between neutrinos from the
high energy tail of the neutrino spectrum and high energy plasma remains after 2
MeV. In case these high energy neutrinos begin to oscillate before their decoupling,
the account of the dependence of decoupling time on the neutrino momentum will
be essential for our model. Otherwise, in case these neutrinos do not start oscillating
before decoupling, there will be no harm considering them decoupled earlier, as far
as they preserve their equilibrium distribution anyway due to their extremely small

mass.

4The problem of sterile neutrino thermalization was discussed in the pioneer work of Manohar
(1987) and in following publications (Barbieri and Dolgov, 1990; Enquist et al., 1990a).
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In Kirilova and Chizhov (1997) we have checked analytically and numerically that
neutrinos from high-energy tail start to oscillate much later than they decouple for
the range of oscillation parameters considered in our model. It can easily be under-
stood from the fact that the oscillation rate decreases with energy I'ps. ~ dm? /E,
and, therefore, neutrinos with higher energies begin to oscillate later, namely when
['ose €xceeds the expansion rate H ~ /gT 2. Hence, the precise account for the mo-
mentum dependence of the decoupling does not change the results of our model but
unnecessarily complicates the analysis and leads to an enormous increase of the cal-
culation time. Therefore, in what follows we have assumed a fixed decoupling time
instead of considering the real decoupling period - i.e. we have accepted that the

electron neutrinos have completely decoupled at 2 MeV.

2.2.2.2 The kinetics of nonequilibrium oscillating neutrino

As far as for the nonequilibrium model discussed the rates of expansion of the
Universe, neutrino oscillations and neutrino interactions with the medium may be
comparable, we have derived kinetic equations for neutrinos accounting simultaneously
for the participation of neutrinos into expansion, oscillations and interactions with
the medium.

All possible reactions of neutrinos with the plasma were considered, namely: reac-
tions of neutrinos with the electrons, neutrons and protons, neutrinos of other flavours,
and the corresponding antiparticles, as well as self interactions of electron neutrinos.
These equations contain all effects due to first order on G medium-induced energy
shifts, second order effects due to non-forward collisions, and the effects non-linear on
the neutrino density matrices like neutrino refraction effects in a medium of neutrinos.

In the case of nonequilibrium active-sterile oscillations the density matrix of neu-

5

trinos may considerably differ from its equilibrium form. ° Then, for the correct

®When neutrinos are in equilibrium their density matrix has its equilibrium form, namely p;; =
dij exp(p/T — E/T), so that one can work with particle densities instead of p. In an equilibrium
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analysis of nonequilibrium oscillations, it is important to work in terms of density
matrix of neutrinos in momentum space (Dolgov, 1981; Kirilova, 1988; Sigl and Raf-
felt, 1993; Kirilova and Chizhov, 1996a, 1997). Therefore, we have provided a proper
kinetic analysis of the neutrino evolution. We have derived the kinetic equations
for the neutrino density matriz for each momentum mode of the nonequilibrium os-
cillating neutrinos in the primeval plasma of the Universe in the epoch previous to
nucleosynthesis, i.e. consisting of photons, neutrinos, electrons, nucleons, and the
corresponding antiparticles. They have the form:
Ip(t) Ip(t)

¢ =P "o + i [Ho, p(t)] + i [Hint, p(t)] + O (H71) (2.16)

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 is
responsible for oscillations, the third accounts for forward neutrino scattering off the
medium and the last one accounts for second order interaction effects of neutrinos

with the medium. H, is the free neutrino Hamiltonian:

VP2 +m? 0
0 VPP +mi

H, =

while H;,y = a V is the interaction Hamiltonian, where a;; = U Uje.

V =Gr (+£ - Q/My) (2.17)

V' in the interaction basis plays the role of an induced squared mass for electron

background, the introduction of flavour oscillations slightly shifts p from its diagonal form, due to the
extreme smallness of the neutrino mass in comparison with the characteristic temperatures and to
the fact that equilibrium distribution of massless particles is not changed by the expansion (Dolgov,
1981).
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Hence, V' is the time varying (due to the Universe cooling) effective potential, induced
by the interactions of neutrino with the medium through which it propagates. Since
vs does not interact with the medium it has no self-energy correction, i.e. Vs = 0.
The first ‘local’ term in V' accounts for charged-current and neutral-current tree-level
interactions of v, with medium protons, neutrons, electrons and positrons, neutrinos
and antineutrinos. It is proportional to the fermion asymmetry of the plasma L =
Zf Ly, which is usually taken to be of the order of the baryon one (ie. B — L
conservation is assumed).

Ny =Ny Ne - Np
N N

v v

Ly T3 = BT3.

The case with L >> B have been also considered, see chapter 4. The second ‘nonlocal’
term in V' arises as an W/Z propagator effect, (Nétzold and Raffelt, 1998; Harris
and Stodolsky, 1978; Stodolsky, 1987; Barbieri and Dolgov, 1990) and has different

behavior with the temperature: Q ~ E, T*

For the early Universe conditions both terms must be accounted for because al-
though the second term is of the second power of G , the first term is proportional to
the first power of G and to the small value of the fermion asymmetries. Moreover,
the two terms have different temperature dependence and an interesting interplay
between them during the cooling of the Universe is observed. In case of L ~ B, at
high temperature the nonlocal term dominates, while with the Universe cooling in

the process of expansion the local term becomes more important.

The last term in the Eq. (2.16) describes the weak interactions of neutrinos with
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the medium. For the weak reactions of neutrinos with electrons and positrons

ete” & vy, (2.18)

e*u; — ¢* (2.19)

it has the form

/dQ(D, et e) [nene+AAT - % {p, ATﬁA}J
+ /dQ(e, Ve {n’eBp’BT - % {B'B, p}+ne—}

+ /dQ(e+,y’,e/+) [n’e+Cp’CT - % {cic, p}+ne+} :

where n is the number density of the interacting particles,

. (2m)* / d’p; d’p; Epe
dQ2 k) = 6 (p, + pi — pi —
(:3:0) =5~ | @nyp 2F @ry 2F, (2r)° 2E), (P +pi =P =)

is a phase space factor, A is the amplitude of the process e*e™ — v;1;, B is the ampli-
tude of the process e~ v; — €1/ and C is the amplitude of the process etv; — e'*u/].
They are expressed through the known amplitudes A.(ete™ — v.1), Be(e v, —

e v.) and Co(eTv, — eT1):
A=a A, B=a B, C=aCl..

Analogues equations hold for the antineutrino density matrix, the only difference
being in the sign of the lepton asymmetry: Ly is replaced by —L¢. Neutrino and an-

tineutrino ensembles evolve differently as far as the background is not CP symmetric.

Medium terms depend on neutrino density, thus introducing a nonlinear feedback

mechanism. The evolution of neutrino and antineutrino ensembles is coupled and it
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must be considered simultaneously. Hence, it is expected that oscillations may change

neutrino-antineutrino asymmetry and it in turn affects oscillations.

We have analyzed the evolution of the neutrino density matrix for the case when
oscillations become noticeable after electron neutrinos decoupling, i.e. after 2 MeV.
Then the last term in the kinetic equation can be neglected. So, the equation (2.16)
results into a set of coupled nonlinear integro-differential equations with time depen-
dent coefficients for the components of the density matrix of neutrino. It is convenient

instead of 0/0t to use 0/du, where 6 = m,, —m,, and

p? = \/16w3g/45 (6°/Mpy) t.

Then, we obtain:

o 0 0 +iscV  —iscV P11
: 0 0 —iscV  +iscV
. S (2.20)
i +iscV  —iscV  —iM 0 P12
Py —iscV  +iscV 0 +iM P21

where prime denotes 9/0p and M = dm?/(2E,) + (s* — *)V.

The neutrino kinetics down to 2 MeV does not differ from the standard case, i.e.
electron neutrinos maintain their equilibrium distribution, while sterile neutrinos are
absent. So, the initial condition for the neutrino ensembles in the interaction basis

can be assumed of the form:

where n¢? = exp(—FE,/T)/(1 + exp(—E,/T)).

Analytical solution in case of matter oscillations is not possible without dras-
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tic assumptions. ¢ Therefore, we have numerically explored the problem, using the
Simpson method for integration and the fourth order Runge-Kutta algorithm for the

solution of the differential equations.

We have analyzed the evolution of nonequilibrium oscillating neutrinos by nu-
merically integrating the kinetic equations (2.20) for the period after the electron
neutrino decoupling till the freeze out of the neutron-proton ratio (n/p-ratio), i.e. for

the temperature interval [0.3,2.0] MeV. The oscillation parameters range studied was

om? € [10711,1077] eV? and ¥ € [0, 7/4].

The distributions of electrons and positrons were taken to be the equilibrium ones.
Really, due to the enormous rates of the electromagnetic reactions of these particles

the deviations from equilibrium are negligible.

We have neglected the distortion of the neutrino spectra due to residual inter-
actions between the electromagnetic and neutrino components of the plasma after 2
MeV. This assumption was justified by accurate studies (Dolgov et al., 1997a; Dolgov
and Fukugita, 1992b), where it was shown that the relative corrections to v, density
due to spectrum distortion is less than 1 % and the effect on the primordial helium

abundance is negligible.

We have simultaneously solved the equations governing the evolution of neutrino
ensembles and those describing the evolution of the nucleons (see the next section).
The neutron and proton number densities, used in the kinetic equations for neutri-
nos, were substituted from the numerical calculations in a BBN code accounting for

neutrino oscillations.

6In the case of vacuum neutrino oscillations this equation was analytically solved and the evolution
of density matrix was given explicitly in Kirilova (1988).
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2.3 Cosmological Effects of Active-Sterile Neutrino Oscilla-

tions

In our works three main effects of neutrino nonequilibrium oscillations were re-
vealed and precisely studied, namely electron neutrino depletion, neutrino energy
spectrum distortion and the generation of asymmetry between neutrinos and their

antiparticles.

2.3.1 Depletion of v, population due to oscillations

As far as oscillations become effective when the number densities of v, are much
greater than those of v, N,, > N,_, the oscillations tend to reestablish the statistical
equilibrium between different oscillating species. As a result NV, decreases in compar-
ison to its standard equilibrium value due to oscillations in favor of sterile neutrinos.
(Note, that while electron neutrinos are in thermal equilibrium with the plasma no
dilution of their number density is expected as far as the equilibrium is kept due to
the annihilations of the medium electrons and positrons.)

The effect of depletion may be very strong (up to 50%) for relatively great dm?
and maximal mixing. Our study of this effect is more precise than previous ones
concerning depletion of electron neutrino population due to oscillations ( Enquist et al.,
1992), due to the accurate kinetic approach used.

In case of oscillations effective after the neutrino freeze out, electron neutrinos
are not in thermal contact with the plasma and, therefore, the electron neutrino
state, depleted due to oscillations into steriles, cannot be refilled by electron-positron
annihilations. That irreversible depletion of v, population exactly equals the increase
of vs one (see Fig. 2.1). The number of the effective degrees of freedom do not
change due to oscillations in that case, as far as the electron neutrino together with

the corresponding sterile one contribute to the energy density of the Universe as
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Figure 2.1: The curves show the evolution of the electron neutrino number density
(the solid curve) and the sterile neutrino number density (the dashed
curve) in the case of the nonresonant active-sterile neutrino oscillations
for a maximal mixing and dm? = 107® eV2 The reduction of the ac-
tive neutrino population is exactly counterbalanced by a corresponding

increase in the sterile neutrino population. Figure from ref. Kirilova and
Chizhov (1998c¢).

one neutrino unit, even in case when the sterile neutrinos are brought into chemical
equilibrium with v.. Note the essential difference from the case of electron neutrinos
in thermal equilibrium, when the oscillations into sterile neutrinos bring an additional

degree of freedom into thermal contact.

The following figures illustrate our results concerning electron neutrino depletion
due to neutrino oscillations. In Fig. 2.2 the curves represent the evolution of the
electron neutrino number density in the discussed model with a fixed mass difference
dm? = 1078 eV? and for different mixings. The numerical analysis showed that for
small mixing, sin?(29) < 0.01, the results do not differ from the standard case, i.e.

then oscillations may be neglected.

In Fig. 2.3 the evolution of the electron neutrino number density is shown for
a nearly maximum mixing, sin?(2¢) = 0.98, and different squared mass differences.

Our analysis has proved, that for mass differences dm? < 107'* eV2, the effect of
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Figure 2.2: The curves represent the calculated evolution of the electron neutrino
number density in the discussed model of active-sterile neutrino oscil-
lations with a mass difference dm? = 107% eV? and different mixing,
parametrized by sin?(2¢), namely: 1, 107%% 107%! and 0.1. Figure from
ref. Kirilova and Chizhov (1998c).

oscillations is negligible for any .

In the non-resonant oscillation case the depletion of the electron neutrino increases
with the increase of the mass differences and with the increase of the mixing.

The depletion of the electron neutrino number densities due to oscillations into
sterile ones strongly affects the n <> p reactions rates. It leads to an effective decrease
in the weak processes rates, and, hence, to an increase of the freezing temperature
of the n/p-ratio and the corresponding overproduction of the primordially produced

‘He (see chapter 3).

2.3.2 Distortion of the energy distribution of neutrinos

This effect was first discussed in Dolgov (1981) for the case of flavour neutrino
oscillations. However, as far as the energy distortion for that case was shown to be
negligible (Dolgov, 1981; Dolgov et al., 1997a; Dolgov and Fukugita, 1992b), it was

not paid the necessary attention it deserved. The distortion of the neutrino spectrum
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Figure 2.3: The curves show the evolution of the electron neutrino number density in
the discussed model of nonresonant active-sterile neutrino oscillations for
a nearly maximum mixing, sin?(29) = 0.98, and different squared mass
differences dm?, namely 1077, 1078, 107 and 107!° in eV2. Figure from
ref. Kirilova and Chizhov (1998c).

was not discussed in publications concerning active-sterile neutrino oscillations, and

was thought to be negligible.

In Kirilova (1988) it was first shown that for the case of v, <+ v vacuum oscilla-
tions this effect is considerable and may even exceed that of an additional neutrino
species. In Kirilova and Chizhov (1996a, 1997) we have studied this effect for the
case of neutrino oscillations in a medium and have shown that its influence on BBN

is the dominant one in case of electron-sterile neutrino oscillations.
Evolution of the distortion
The evolution of the distortion was found to be the following:

Neutrinos with different momentum begin to oscillate at different temperatures
and with different amplitudes. First the low energy part of the spectrum is distorted,
and later on this distortion concerns neutrinos with higher and higher energies. This

behavior is natural, as far as neutrino oscillations affect first low energy neutrinos,

Lose ~ Om?/E,,.
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Figure 2.4: The figures illustrate the evolution of the energy spectrum distortion of
active neutrinos z%prr (), where x = E, /T, for the case of nonresonant
Ve-vs oscillations with a maximal mixing and dm? = 1078% eV?, at differ-
ent temperatures: T'=1 MeV (a), T = 0.7 MeV (b), T'= 0.5 MeV (c),
T = 0.3 MeV (d). Figure from ref. Kirilova and Chizhov (1998c).

The Figures 2.4 present the snapshots of the evolution of the energy spectrum
distortion of active neutrinos z?prr(x), where x = E, /T, for maximal mixing and
dm? = 107%° eV?, at different temperatures: T = 1 MeV (a), T = 0.7 MeV (b),
T =0.5MeV (c), T = 0.3 MeV (d).

As can be seen from the figures, the distortion down to temperatures of 1 MeV
is not significant as far as oscillations are not very effective and/or the weak residual
interactions with the background still can compensate for the difference. However,
for lower temperatures the distortion increases and at 0.5 MeV is strongly expressed.
Its proper account is important for the correct determination of oscillations role in
the kinetics of n-p transitions during the freeze out of nucleons at about 0.3 MeV.

SD is much strongly expressed in the resonant oscillation case than in the nonres-
onant case. In the figure 2.5 the energy distortion of active neutrinos for the resonant
neutrino oscillations case is presented.

SD effect on BBN
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Figure 2.5: The figure shows the energy distortion of active neutrinos z?prr (),
where x = E,/T, for the case of nonequilibrium neutrino oscillations,
om? = —1078, ¥ = 7/8 at temperature: T = 0.5 MeV (b). Figure from
ref. Kirilova and Chizhov (1997).

The effect of the distortion of the energy distribution of neutrinos on helium-4
production is two-fold. On one hand an average decrease of the energy of active
neutrinos leads to a decrease of the weak reactions rate, on the other hand, there
exists an energy threshold for the reaction 7, + p — n + e*. The total effect of the
distortion of the energy distribution is an increase in the produced helium (see chapter

3).

Our analysis has shown that the account for the nonequilibrium distribution by
shifting the effective temperature and assuming the neutrino spectrum of equilibrium
form, often used in literature (see for example Shi et al. (1993)), may give misleading
results for the case of oscillations with small squared mass differences dm? < 10~7
eV2. The effect cannot be absorbed merely in shifting the effective temperature and
assuming equilibrium distributions. For larger neutrino mass differences oscillations

are fast enough and the naive account is more acceptable, provided that v, have not
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decoupled.

2.3.3 Asymmetry growth in active-sterile neutrino oscillations

The problem of asymmetry generation in different contexts was discussed by sev-
eral authors. The possibility of an asymmetry generation due to CP-violating flavour
oscillations was proposed in (Khlopov and Petcov, 1981). Later estimations of an
asymmetry due to CP-violating MSW resonant oscillations were provided (Langacker
et al., 1987; Kuo and Panteleone, 1989).

The problem of asymmetry was considered in connection with the exploration
of the neutrino propagation in the early Universe CP-odd plasma in (Barbieri and
Dolgov, 1990; Enquist et al., 1990a), and this type of asymmetry was shown to be
negligible. However, in following publications it was realized (Foot et al., 1996; Foot
and Volkas, 1997; Shi, 1996; Kirilova and Chizhov, 1996a), that asymmetry can grow
to a considerable values.

The phenomenon of amplification of the asymmetry in resonant neutrino oscilla-
tions for the case of small mass differences dm? < 10~7 eV? and its important effect
on primordial production of helium was found in refs (Kirilova and Chizhov, 1996a,
1997). The possibility of asymmetry growth for big mass differences, dm? > 107°
eV?2, was discussed in (Foot et al., 1996; Foot and Volkas, 1997; Shi, 1996).

Our approach (working with the self consistent kinetic equations for neutrinos in
momentum space) allowed precise description of the asymmetry evolution, as far as
it enabled us to calculate the behavior of the asymmetry at each momentum. This is
important particularly when the distortion of the neutrino spectrum is considerable.

Asymmetry role in non resonant oscillation case

We have explored accurately the effect of the asymmetry in the nonresonant case
for all mixing angles and for small mass differences dm < 1077 eV2. The numerical

analysis showed that when the lepton asymmetry is accepted initially equal to the
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baryon one, (as is usually assumed for the popular L — B conserving models), the
effect of the asymmetry is small for all the discussed parameters range. And although
the asymmetry is not wiped out by the coupled oscillations, as stated by some authors
(Enquist et al., 1990a), nonresonant neutrino oscillations really cannot generate large
neutrino-antineutrino asymmetry in the early Universe.

This result is in accordance with the conclusions concerning asymmetry evolution
in (Barbieri and Dolgov, 1991; Enquist et al., 1990a; Kirilova and Chizhov, 1996a,
1997).

We have also checked that the neutrino asymmetry even in the case of initial neu-
trino asymmetry by two orders of magnitude higher does not have significant effect on
the cosmologically produced “He (see next chapters). Therefore, for such small initial
values of the lepton asymmetry, the neutrino asymmetry should be better neglected
when calculating primordial element production for the sake of computational time.

However, for higher values of the initial asymmetry its effect could be significant,
and should be studied in detail. The asymmetry evolution and its effect on He-4
production for unusual high initial values of the lepton asymmetry (L >> B) will be
discussed in chapter IV.

Asymmetry role in resonant oscillation case

In case of resonant neutrino oscillations the asymmetry effect is noticeable. Even
when the asymmetry is assumed initially negligibly small (of the order of the baryon
one), it may be considerably amplified at resonant transition due to different inter-
actions of neutrinos and antineutrinos with the CP-odd medium. The value of the
asymmetry may increase by several orders of magnitude, oscillating and sign chang-
ing. (The description of this behavior needs very high accuracy and thus complicates

strongly the numerical analysis.)

It was proven numerically, that in the case of small mass differences we discussed

and naturally small initial asymmetry, the growth of the asymmetry is up to 5 orders
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of magnitude. Hence, beginning with asymmetries of the order of the baryon one,
the asymmetry does not grow enough to influence directly the kinetics of the n — p

transitions.

However, we have shown that even in case when the value of the asymmetry
does not become considerable enough to have some direct noticeable effect, on pri-
mordial nucleosynthesis for example, the asymmetry term at the resonant transition
determines the evolution of the neutrino density matriz. (As far as the leading order
terms, namely of oscillation effects and interaction with the medium, compensate
each other at resonant transition.) Most often the asymmetry term effectively sup-
presses the transitions of active neutrinos (antineutrinos) thus weakening the effect

of neutrino depletion at resonance.

Asymmetry growth effect on BBN

The evolution of neutrino may drastically differ from the case without account
of asymmetry growth. The maximal asymmetry effect is around 10% decrease of
the overproduction of Y, in comparison with the case of BBN with oscillations but

without the asymmetry account.

The total effect of oscillations on BBN, with the complete account of the asymme-
try effects, is still overproduction of helium-4, in comparison to the standard value,
although smaller at small mixing angles than in the calculations neglecting asymme-
try. Therefore, nucleosynthesis constraints on the mixing parameters of neutrino may
be alleviated considerably due to the asymmetry effect. We will discuss asymmetry

evolution and its effects in more detail in the following chapters.
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2.4 Neutrino Spectrum Distortion Due to Oscillations in Case
of Non-Zero Initial Population of the Sterile Neutrino

State

The degree of population of v, at the onset of neutrino oscillations, d Ny, may be
different depending on the concrete model of v, production. For example, they are
naturally produced in GUT models (Brahmachari, 1999), in models with large extra
dimensions (Dvali and Smirnov, 1999) and Manyfold Universe models (Arkani-Hamed
et al., 2000), in mirror matter models (Li and Yang, 1956; Berezhiani and Mohapatra,
1995). They may be produced also in v, , <+ v, oscillations in the preceding epoch

and partially thermalized before the nucleosynthesis epoch.

In refs. (Kirilova, 2004b) and (Kirilova, 2007) we have explored v, spectrum
distortion for different degree of population of the sterile neutrino state 6N, and
estimated the kinetic effect of oscillations on primordial abundance of “He for different
dN,. We considered 0N, as a free parameter and, varying its value in the range [0, 1]
with a step 0.1, provided the numerical analysis of the spectrum distortion and the

change of the kinetic effect of oscillations.

As mentioned already, it is not possible to describe analytically, without some
radical approximations, the non-equilibrium picture of active—sterile neutrino oscilla-
tions, producing non-equilibrium neutrino number densities and distorting the neu-
trino spectrum. Satisfactory precise analytical description was found only for the case
of relatively fast oscillations proceeding before neutrino freezing, with dm? > 1076

eV? and small mixing angles (Dolgov and Villante, 2004).

Therefore, we have provided a self-consistent numerical analysis of the evolution of
the oscillating neutrinos p and p in the high-temperature Universe, using the following

coupled integro-differential equations describing the kinetics of the neutrino ensembles
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in terms of the density matrix of neutrino p and anti-neutrino p.

op(t) Ip(t)
T A

i [Ho, p(t)] +iV2GF (£L£ — Q/ME,) N, [, p(t)] + O (GZ),  (2.21)

where «;; = U Uje, p, is the momentum of electron neutrino. The plus sign in front
of £ corresponds to the neutrino ensemble, the minus sign - to the anti-neutrino
ensemble.

Mixing just in the electron sector is assumed: v; = Uy v (I = e, s).

The initial condition for the neutrino ensembles differs from the one discussed

previously in section 2.8. In the interaction basis it is of the form:

p =t : (2.22)

where n = exp(—F,/T)/(1+exp(—E,/T)), while S measures the degree of popula-
tion of the sterile state. H, is the free neutrino Hamiltonian. £ is proportional to the

fermion asymmetry of the plasma and is essentially expressed through the neutrino

asymmetries:
L~2L, +L,, +L,, (2.23)
LILI‘?T ~ (Nlu‘7T - Nﬂ"?)/N'Y (224>
L~ [ @plous = pua) /N, (2.25)

The equations are for the neutrino density matrix in momentum space, which
allows to describe precisely the kinetic effects: spectrum distortion and neutrino-
antineutrino asymmetry growth due to oscillations. For the description of the spec-
trum 1000 bins were used in the nonresonant oscillations case, and from 5000 to 10

000 in the resonant one. These equations provide a simultaneous account of the differ-
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ent competing processes, namely: neutrino oscillations, Universe expansion, neutrino

forward scattering, nucleons transformations.

The analysis was performed for all mixing angles 9 and mass differences dm? <
1077 eV2. The analyzed temperature interval was [2.0,0.3] MeV, because at tem-
peratures higher than 2 MeV the deviations from the standard BBN model without

oscillations are negligible in the discussed model of oscillations.

The results of our numerical analysis on spectrum distortion at different d/N;
are illustrated in the Figs. 2.6, 2.7 and 2.8, where snapshots of the evolution of
the energy spectrum distortion of the electron neutrino at different temperatures 1,
0.7 and 0.5 MeV for different initial populations of the sterile state are shown. At
each temperature we have plotted the spectrum for three different levels of initial

population of the sterile neutrino, namely d N, = 0.0,0.5,0.8.

The oscillations parameters were [dm?| = 1077 eV? and sin? 20 = 0.1. At each 6V,
the characteristic behavior of the spectrum distortion due to oscillations is observed:
the low energy part of the spectrum is distorted first (as far as low energy neutrinos
start to oscillate first) and later the distortion penetrates more and more noticeably

into the more energetic part of the spectrum.

As expected, the spectrum distortion becomes less expressed with the increase of
the degree of population of the sterile neutrino state § N,. Correspondingly, then the

kinetic effect on primordial nucleosynthesis decreases.

We have found that the neutrino energy spectrum n,(E) may strongly deviate
from its equilibrium form during all the period of interest (2 MeV — 0.3 MeV) even for
considerably large 0 N;. For example, in the resonant case it may play a considerable
role even for very big 6Ny ~ 0.8. Hence, it may be expected that the spectrum
distortion will constitute the dominant effect on the overproduction of *He, caused by

neutrino oscillations (as is proven in the next chapter).
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Figure 2.6: The figure illustrates the degree of distortion of the electron neutrino en-
ergy spectrum z2ppr (), where © = E/T at a characteristic temperature
1 MeV, caused by resonant oscillations with a mass difference ém? = 107
eV? and sin? 20 = 0.1 for different initial sterile neutrino populations, cor-
respondingly d Ny = 0 (the lower curve), 6Ny = 0.5 and éN; = 0.8 (the
upper curve). The dashed curve gives the equilibrium neutrino spectrum
for comparison. Figure from ref. Kirilova (2007).
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Figure 2.7: The figure illustrates the degree of distortion of the electron neutrino
energy spectrum x?prr(z), where x = E/T at a characteristic temper-
ature 0.7 MeV, caused by resonant oscillations with a mass difference
dm? = 1077 eV? and sin®29 = 0.1 for different initial sterile neutrino
populations, correspondingly dN; = 0 (the lower curve), 6N; = 0.5 and
dNs = 0.8 (the upper curve). The dashed curve gives the equilibrium
neutrino spectrum for comparison. Figure from ref. Kirilova (2007).
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Figure 2.8: The figure illustrates the degree of distortion of the electron neutrino
energy spectrum x2ppr(z), where x = E/T at a characteristic temper-
ature 0.5 MeV, caused by resonant oscillations with a mass difference
dm? = 1077 eV? and sin?2¢ = 0.1 for different initial sterile neutrino
populations, correspondingly dN; = 0 (the lower curve), 6N; = 0.5 and
dNs = 0.8 (the upper curve). The dashed curve gives the equilibrium
neutrino spectrum for comparison. Figure from ref. Kirilova (2007).
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2.5 Conclusion

The exact kinetic analysis of the neutrino evolution, discussed in this section
reveals important features of nonequilibrium oscillations, that cannot be caught oth-
erwise.

In conclusion, our numerical analysis showed that the nonequilibrium electron-
sterile neutrino oscillations can considerably deplete the number densities of elec-
tron neutrinos (antineutrinos) and distort their energy spectrum, even in case of big
0N,. Besides, the resonant active-sterile neutrino oscillations can cause neutrino-
antineutrino asymmetry growth up to several orders of magnitude.

We have been able to find these qualitatively new effects of spectrum distortion and
asymmetry growth thanks to the exact kinetic approach used. The quantitative study
was provided for all the range of the model’s parameters and also for 1 > 6Ny > 0.

The strength and cosmological importance of these neutrino oscillations effects
is illustrated in the following two chapter, where their influence on the primordial
production of “He and on neutrino-antineutrino asymmetry is explored and BBN

constraints on oscillation parameters and on lepton asymmetry are obtained.
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CHAPTER III

Production of He-4 in BBN with neutrino
oscillations and BBN Cosmological Constraints on

Neutrino Oscillations

3.1 Introduction

Big Bang Nucleosynthesis provides one of the most sensitive probes of the physical
conditions of the early Universe. Besides, although small, the uncertainties of the pri-
mordial abundances values extracted from observations still leave a room for physics
beyond the standard model. Thus BBN is often used to constrain new physics, in
particular it is used to constrain neutrino oscillations.

Neutrino oscillations between active and sterile neutrino may considerably effect
the early Universe, as discussed in the previous chapter. They are capable of exciting
additional light particles into equilibrium, thus, affecting the expansion rate H; they
may distort neutrino energy spectrum and generate neutrino-antineutrino asymmetry.
Thus, electron neutrino — sterile neutrino oscillations v, < v, influence the weak
interaction rates of v, and, hence, the kinetics of nucleons at the pre-BBN epoch.
Hence, both dynamical effect of oscillations and their kinetic effect influence the

primordial nucleosynthesis.
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Among the light elements produced primordially, “He is the most abundantly pro-
duced, most precisely measured and calculated, and usually it is the chosen element to
probe neutrino oscillations effect on BBN and to obtain BBN constraints on neutrino

oscillations.

The effect of oscillations on nucleosynthesis has been discussed in numerous pub-
lications starting with the original works (Dolgov, 1981; Kirilova, 1988; Khlopov and
Petcov, 1981; Langacker et al., 1987; Kuo and Pantaleone, 1989).

First detail kinetic calculation of primordial yield of helium for the case of the
nonequilibrium oscillations in vacuum, accounting for the neutrino energy spectrum
distortion due to flavor oscillations and active-sterile was made, correspondingly,

by Dolgov (1981) and Kirilova (1988).

The matter oscillations effect on BBN has been previously considered by many
authors (Barbieri and Dolgov, 1990, 1991; Enquist et al., 1990a, 1992; Cline, 1992; Shi,
1996; Langacker et al., 1986; Dolgov and Fukugita, 1992a). In these works mainly the
excitation of an additional degree of freedom due to oscillations (causing an increase
of the effective degrees of freedom ¢) and the corresponding increase of the Universe
expansion rate H ~ /g, leading to an overproduction of helium-4 was discussed.
The excluded regions for the neutrino mixing parameters were obtained from BBN
constraint on the neutrino types: N, < 3.4, (Barbieri and Dolgov, 1990; Enquist et al.,
1990a). First successful account for the electron neutrino depletion due to oscillations

was made in refs. (Barbieri and Dolgov, 1990) and (Enquist et al., 1990a).

Calculations of helium production within the full Big Bang Nucleosynthesis code
with oscillations were provided also in Shi et al. (1993), however, there the momentum
degree of freedom of neutrino was not considered and a simplifying account of the
nonequilibrium was used - by merely shifting the neutrino effective temperature and

working in terms of equilibrium particle densities.

In a cycle of papers (Kirilova and Chizhov, 1996a, 1997, 1998¢,b, 2000a, 2001a;
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Kirilova, 2003a, 2007; Kirilova and Panayotova, 2006) we provided a detail numerical
study of the influence of the nonequilibrium v, <+ v, oscillations on the primordial
production of “He. In our works we have for a first time precisely calculated the
influence of oscillations on the primordially produced helium-4 using the exact kinetic
equations in momentum space for the neutron number density and the density matrix

of neutrino, instead for their particle densities.

A simultaneous numerical analysis of the neutrino and neutrons evolution was
provided by a numerical integration of the kinetic equations for each momentum

mode.

The exact kinetic approach enabled us to account precisely for the important ef-
fects of neutrino oscillations (neutrino population depletion, distortion of the neutrino
spectrum and the generation of neutrino-antineutrino asymmetry) on the kinetics of
neutron-to-proton transitions during the primordial nucleosynthesis epoch and corre-

spondingly on the cosmological *He production.

This enabled us to investigate the zone of very small neutrino mass differences

down to 107! eV?2, which has not been reached before.

The proper consideration of the spectrum distortion and accounting for the neu-
trino forward scattering processes off the background particles was first provided
in Kirilova and Chizhov (1996a) and Kirilova and Chizhov (1997) for some neutrino
mixing parameters. In Kirilova and Chizhov (1998¢c, 2000a) we provided precise nu-
merical analysis of the influence of oscillations on the production of He-4 within a
detail numerical BBN model with nonresonant and resonant nonequilibrium neutrino
oscillations. The analysis of Kirilova and Chizhov (1997) was expanded for the full

space of the mixing parameters values.

It was shown that the neutrino population depletion and spectrum distortion
play an important role. The asymmetry effect, in case the lepton asymmetry is

accepted initially equal to the baryon one, was proved important in resonant neutrino
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oscillations case and negligible in the non-resonant oscillations case for the discussed

range of dm?.

Constant helium contours in the mass difference — mixing angle (dm? - o) plane
were calculated for the full range of the parameter values of our model. No matter
what will be the preferred primordial helium value, favored by future observations,
it will be possible to obtain the excluded region of the mixing parameters using the

results of our survey.

Thanks to the exact kinetic approach precise cosmological constraints on the neu-
trino mixing parameters were obtained. Cosmological constraints on neutrino oscil-
lations parameters, based on BBN and “He observational data, have been discussed

also in the review papers Dolgov (2002); Kirilova (2001c, 2004a, 2015).

In this chapter we will discuss a modification of the standard model of cosmological
nucleosynthesis - BBN with neutrino oscillations and the cosmological constraints
on neutrino oscillations parameters that we have obtained. In the next section we
describe the standard BBN model. Then in the third section we present our results
concerning the effects of v, <+ v oscillations on the primordial production of helium.
In the fourth and fifth sections we present the derived cosmological constraints on
neutrino oscillations parameters: the non-resonant oscillations case is discussed in
the fourth section, then in the fifth section the results for the resonant neutrino
oscillation case are presented. Possible relaxation of the cosmological constraints is
discussed in the sixth section. The maximum helium overproduction in the modified
BBN with neutrino oscillations is given in the seventh section. The eighth section is
dedicated to BBN with initially non-zero population of the sterile neutrino state, the
SD of neutrino due to neutrino oscillations in that case and the BBN constraints on

neutrino oscillations. The results and conclusions are presented in the last section.
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3.2 Standard Big Bang Nucleosynthesis

According to the standard cosmological model in the early period of our Universe,
while it cooled from T ~ 10! K till 10° K, corresponding to cosmic time t ~ 1
sec till the first minutes after the Big Bang, the conditions were favorable for a
nuclear synthesis of light elements to proceed. During these first minutes several light
elements were synthesized in a process called Big Bang Nucleosynthesis: deuterium
D, the isotopes of helium, *He and *He, and "Li. So, as a result of BBN, lasting just
a few minutes, roughly a quarter of the baryonic matter of the universe was converted
to *He, while the rest was left as hydrogen H and, hence after the BBN period the
baryon matter of our Universe is mainly hydrogen-helium one, with tiny traces of D

and "Li.

The idea about the production of elements through thermonuclear reactions in the
hot ylem during the early stages of the Universe expansion has been first proposed by
G. Gamow and studied in the 1930s and 1940s (Gamow, 1935, 1942, 1946). George
Gamow and his collaborators Herman and R. Alpher in the period 1946-48 provided
the first calculations of BBN nucleosynthesis. On the basis of BBN considerations
the existence of CMB, its isotropy and temperature T,,,;, as artefact from the early
BBN epoch was predicted. This early BBN model contained most of the basic ideas of
modern BBN theory, such as the importance of weak interactions and the dependence
of primordially produced abundances on the baryon density. The first precise standard
BBN code was worked out by Wagoner and his collaborators in 1969 and since then
BBN codes were proposed to calculate the primordially produced nuclei abundances

with higher and higher accuracy.

BBN has been developed to become today a very precise and qualitative theory
of cosmological nucleosynthesis. BBN now is recognized as the greatest success of the

contemporary cosmology. This elegant famous theory is capable to explain quanti-
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tatively with remarkable precision the inferred from observational data primordial
abundances of the light elements Boesgaard and Steigman (1985); Malaney and Math-
ews (1985); Sarkar (1996); Pagel (1997). Thanks to that good accordance between
theory predictions and the observational facts, we nowadays believe to have under-
stood well the physical conditions of the nucleosynthesis epoch, corresponding to the
first minutes of the Universe evolution. Moreover, BBN model and the observational
data on light elements is used as a most precision cosmological test of Beyond the

Standard Physics models. For recent review on BBN see (locco et al., 2009).

3.2.1 Qualitative description. Preliminaries.

According to the standard cosmological model BBN started when the universe

had cooled enough for protons and neutrons to combine into deuterium nuclei:

p+n—D+y

At earlier times corresponding to higher T the entropy was too high so that the
back reaction was very fast and no considerable quantities of D were formed. So
this reaction is called the D bottleneck. After it fast nuclear reactions proceeded.
The BBN reactions are over 100, however the most important among them are 11
reactions leading to formation of the light elements abundances, that followed the
weak reactions leading to the neutron-proton freezing before the start of nuclear
synthesis.

The production of the primordially produced elements depend on the conditions
of the early Universe plasma during BBN, i.e. the density and the temperature
during its first minutes, the cooling rate H = 8/371Gp, the characteristics of neutrino
(number of neutrino species, degeneracy, spectrum distribution, oscillations..), etc.

According to the most recent measurements of light elements produced in BBN, their
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primordial number densities relative to H span more than 9 orders of magnitude:
from *He/H, ~ 0.1, D/H, ~ 2.5 x 107° to "Li/H}, ~ 1.6 x 10~°.

The observational primordial abundances nicely fit the predicted values by the
standard BBN theory and present one of the first evidences for the existence of an
early hot period in the evolution of the Universe.

Thus, knowing the primordial abundances, obtained on the basis of measurements
and extrapolations, and comparing them to BBN predicted values, it is possible to
obtain information about different characteristics of the Universe during BBN epoch.
In particular, the primordially produced D, thanks to the high sensitivity of its pro-
duction on the baryon density, is known to be the best baryometer among the light
elements, while He being highly sensitive to the Universe expansion rate and the rates
of the neutron-proton transitions in the pre-BBN epoch is a very good speedometer
and leptometer (Kirilova, 2011a). Both the baryon density and the expansion rate
and the lepton number provide fundamental cosmological information. Besides, BBN
provides the most effective test for physics beyond the Standard Model. In this chap-
ter and chapter 4 and 7 cosmological constraints on beyond the SM physics, based

on BBN consideration, are derived.

3.2.2 BBN - the best baryometer

The produced abundances of the light elements in the standard BBN depend on
the baryon-to-photon ratio n = n,/n., where n, and n, are the number densities of
baryons and of photons, correspondingly.

The consistency between theoretically obtained and observationally measured
abundances of the light elements produced in BBN at a redshift z ~ 10° determines
:

57x 10710 < <6.7x1071°

at 95% CL. When substituting n, by the value fixed by the measured CMB temper-
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ature, the range of the baryon mass density is:

3.9x 1071 < p, < 4.6 x 107 g em ™3,

0.021 < Q,h% < 0.025.

where Q,h? = 3.65 x 107y, and €, = py/p. is the fraction of the present density

contributed by baryons.

Even more exact measurements of 7 are provided by deuterium measurements
towards low metallicity quasars, which provide a key baryometer at the time of BBN
with a precision of 5% (see Pettini et al. (2008), 2012. The D abundance determina-

tions provides an estimate of the mean baryon density of the Universe:

Q,h% = 0.021 4+ 0.001

n=(57+03)x 1071

at 68% CL and
n=(6+£0.3)x10""

Q,h% = 0.021 £ 0.002

at 95% CL. BBN determination is in a good agreement with the CMB determined
value of the baryon density.

This result is important for our understanding of the matter budget of the Uni-
verse. The baryonic density is around 4.6% of the total density, i.e. it is consider-
ably bigger than the density of luminous matter 0.5%, but considerably smaller than
the density of gravitating matter, consisting ~ 25% of the density of our Universe

Qm ~ 0.25. And considerably smaller than the total density of the Universe 2 = 1.

Different independent pieces of evidence exist about the predominant density of
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a nonbaryonic dark matter (DM) and dark energy (DE). The combined analysis of
CMB measurements, Large Scale Structure (LSS) results and Super Nova data point
that 22% of the total density of the Universe is in a form of dark nonbaryonic matter,
and the predominant density - 73% is in a form of dark energy. Hence, according
to today’s observational data almost 96% of the Universe density is in a form yet

undetected in laboratories. !

Thus, although we have determined the baryon density of the Universe with a
extremely high precision, we have not yet solved the challenging riddles of the Universe
connected with baryons: Why the baryon density, typical for the planets, the stars,
etc., is just a tiny component < 5%! of the total Universe density? What is the

physical nature of the non-baryonic components of the Universe?

Another baryons connected riddle is the existence of asymmetry between baryons
and antibaryons. We do not know if this is just a local or a global asymmetry, neither
we know what was the exact mechanism of its generation or the exact mechanism of

the separation of regions of matter from antimatter.

Usually it is assumed that the locally observed asymmetry is a global feature.
However, neither theory nor observations exclude categorically big quantities of an-
timatter at distances higher than 20 Mpc from our galaxy. Small quantities of anti-

matter (stars, a globular cluster) are even allowed within our Milky Way galaxy.

The fifth and the penultimate chapter of the thesis is dedicated to the baryon
asymmetry of the Universe and mechanisms of its generation. In subsection 3.7 the
possibility of relaxation of the BBN constraint on the baryon density in modified

models of BBN containing physics beyond SM is presented.

IThe predominant part of the gravitating matter is non-baryonic, in a form of the so called dark
matter, and it should be predominantly cold, for the successful formation of galaxies to have taken
place. Different DM candidates exist like: WIMPS, KeV mass inert neutrino, axions, neutralino,
gravitino, etc. Modified gravitational theories are developed to escape the need of DM. At present
the experimental search for DM candidates is still without a rigid positive result, alas.

79



3.2.3 BBN - the best speedometer and leptometer

BBN is also the ultimate speedometer of the Universe. Among the light elements
produced primordially helium-4 is the best speedometer. It is the most exactly mea-
sured element, precisely calculated, and besides it has simple post-BBN evolution -
it is only produced in stars.

It is measured in HII extragalactic regions usually of dwarf galaxies with low
metallicity Z. The post-BBN evolution of “He is also simple - it is always enriched
due to the chemical evolution in galaxies and stars. Hence, the measured abundance
should be extrapolated to zero Z to account for the stellar enrichment. 2

Untill recently, it was considered that the primordial helium is known with 3%
precision. The new measurements and the more careful analysis of the data (lzotov
and Thuan, 2010; Aver et al., 2010), pointed to a higher central value of the ob-
served helium-4 compared to the theoretical predictions and to a higher systematic
uncertainty, i.e. 5% uncertainty.

The accepted now conservative mean value of primordially produced helium is:

Y, = 0.2565 £ 0.006.

The error is dominated by systematics.

The theory of standard BBN predicts its primordially produced value with ex-

tremely high precision better than 0.1%:

Y, = 0.2486 £ 0.0002

The consistency of the theoretical and observational results is very high. Therefore it

was and is used for a precision probe of the conditions of the universe in the pre-BBN

2Linear correlations between helium-4, (Y) and metals Z (C, N and O) is used to derive the
primordial mass fraction.
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and the BBN epoch.

Helium-4 is highly sensitive to the Universe expansion rate H and the rates of the

neutron-proton transitions I',, in the pre-BBN epoch

n+e <p+r. (3.1)
n+v. < pte’ (3.2)
n<pte +ve. (3.3)

Therefore, it is considered a very good speedometer and leptometer. To a good first
approximation all neutrons left after the pre-BBN nucleons freezing epoch bind into
helium. Primordial element abundances depend primarily on the neutron-to-proton
ratio at the weak freeze out ((n/p)-ratio) of the reactions interconverting neutrons
and protons. Hence, the produced helium essentially depends on the competition
between the expansion rate H and the weak interaction rate I'y, Y, = (H(p(g),1'w),

which determine the freezing temperature of neutrons 7%:
H~p? ~ /g, ,GNTF =Ty ~ GETF, (3.4)
where p, and p, are the photon and neutrino energy densities, correspondingly,
pr=py+ oy = [L+T7/8(4/11) >Nyl p,. (3.5)

Geff = 11/2+7/4Neff, (36)
and the weak processes rate is Ty ~ G2T°.
Further evolution is due only to the neutron decays
n—-p+et+v,
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that proceed till the effective synthesis of deuterium begins. The expansion rate ex-
ceeds considerably the decay rate for the characteristic period before the nucleons
freeze out, decays are not essential and therefore, they can be accounted for adiabat-

ically.

To a first approximation it can be expressed by:

Yy =2(n/p)s/(1 + (n/p)f) X exp(—t/7,) ~ 0.25, (3.7)

where (n/p)y ~ exp(—dm/Ty) is the neutron-to proton freezing ratio, ém = m,, —
m, = 1.293 MeV is the mass difference of neutron and proton, 7,, = 880 s is the mean
lifetime of the neutron. In the standard (non-degenerate) BBN, assuming equilibrium

distributions of particles and 3 generations, g.sr = 10.75.

The presence of additional light particles during pre-BBN and BBN epoch in-
creases g.rs and lead to faster expansion, earlier freeze-out of nucleons and hence,
overproduction of helium-4. Thus, limits on particles proposed by new physics (like
supersymmetric scenarios, mirror models, large dimensions, etc.) are obtained on the

basis of observational data of primordially produced helium-4.

Different non-standard physics processes may also lead to an increase of the ef-
fective degrees of freedom, and hence, can be constrained by BBN. In particular
active-sterile neutrino oscillations may provoke the equilibration of a sterile neutrino,
and thus, they are strongly constrained by BBN. The presence of additional chiral
tensor particles also are strongly constrained by BBN considerations (to be dicussed

in seventh chapter).

Besides this dynamical effect, non-standard physical processes may effect directly
or indirectly the kinetics of the n-p transitions during the pre-BBN epoch, and this
way influence the production of light elements. Again, on the basis of the observa-

tional data of helium-4 strong constraints on the parameters of such models can be
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obtained.

In the following sections of this chapter and in chapter 4 modified BBN models
with neutrino oscillations and lepton asymmetry are considered. New BBN con-
straints on neutrino oscillations and on lepton asymmetry, based on the dynamical

and the kinetic effects of neutrino oscillations and lepton asymmetry, are derived.

3.3 BBN with Nonequilibrium Oscillating Neutrino

BBN predictions and constraints may considerably differ if active-sterile oscilla-
tions took place during BBN. Flavor oscillations influence BBN negligibly, because
flavor neutrinos differ slightly due to their close decoupling temperatures.

On the contrary, active-sterile oscillations may considerably effect BBN. In par-
ticular, they may cause an increase of H, because they may bring additional light
sterile neutrinos into equilibrium and thus increase Ny by 0N,, which effects BBN
(see Dolgov, 1981) and is usually called ”dynamical” effect. This causes an overpro-
duction of Y, ~ 0.0136 N,. Besides, v. <+ v, oscillations may considerably influence
nucleons kinetics during BBN mainly via spectrum distortion of the electron neutrino
participating into the kinetics of nucleons (see e.g. Kirilova & Chizhov, 1996, 1997,
1998, 2000). This leads to a decrease of weak interaction rates, causing earlier n/p
freezing and He-overproduction.

The depletion of the electron neutrino number densities due to oscillations into
sterile ones strongly affects the n <> p reactions rates. It leads to an effective decrease
in the processes rates, and hence to an increase of the freezing temperature of the
n/p-ratio and the corresponding overproduction of the primordially produced *He.

The effect of the distortion of the energy distribution of neutrinos has two aspects:

On one hand an average decrease of the energy of active neutrinos leads to a
decrease of the weak reactions rate, 'y, ~ E? and subsequently to an increase in the

freezing temperature and the produced helium.
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On the other hand, there exists an energy threshold for the reaction v, + p —
n + e". And in case when, due to oscillations, the energy of the relatively greater
part of neutrinos becomes smaller than that threshold the n/p- freezing ratio decreases
leading to a corresponding decrease of the primordially produced helium-4, Dolgov
and Kirilova (1988). The numerical analysis showed that the latter effect is less

noticeable compared with the former ones.
Thus the final effect of SD is an overproduction of the primordially produced “He.

The dynamical 6Ny and the kinetic d Ny;, effect on BBN, can be denoted by a
change of the relativistic degrees of freedom.

SN = 6Nesp + 6 Ngim + 0N, (3.8)

Hence, BBN constraints (including bounds on v characteristics) become more strin-
gent than standard BBN ones and dependent on oscillation parameters. For example,

the bound 0N.s; < 1.6 changes: From 5N£§N+OSC < 1.6, there follows that

ON.jp < 1.6 — §Npin (9, 9m> ON,) — O N, (3.9)

3.3.1 Kinetic equations for the evolution of nucleons. Numerical analysis.

In our works we explored BBN model with electron-sterile neutrino oscillations nu-
merically using exact kinetic equations for the description of the evolution of nucleons
number densities and for the evolution of the neutrino density matrix in momentum
space. This enabled us to analyze precisely the influence on BBN of the neutrino
depletion, neutrino SD and the generation of asymmetry in the neutrino sector due

to neutrino oscillations.

We provided accurate numerical analysis of the evolution of neutron number den-

sity till its freeze-out.
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For simplicity we assumed mixing just in the electron sector, v; = Uy v, (I = e, s).
The kinetic equations, describing simultaneously the evolution of the neutrino and
antineutrino density matrix p and p and of the neutron number density in momentum

space n,, for the case of oscillating neutrinos v, <> v, read:

op(t) _ Hp, Ip(t)

ot ap,
+i [Ho, p(t)] +iV2Gp (£L — Q/M) N, [a, p(t)] + O (GF),  (3.10)

+

(Onyn/0t) = Hp, (Onn/Opn) +
+/dQ(e,p, )| A(e™p = vn)|? [ne-np(1 — prr) — npprn (1 — ne-)]

—/dQ(e+,p, D) A(etn — pp)|? [nernn (1 — prr) — npprr(l — ne+)] . (3.11)

where a;; = U Uje, p, is the momentum of electron neutrino, n stands for the number
density of the interacting particles, d€2(i, 7, k) is a phase space factor and A is the
amplitude of the corresponding process. The sign plus in front of £ corresponds to

neutrino ensemble, while minus - to antineutrino ensemble.

In case of initially empty sterile neutrino state the initial condition for the neutrino

ensembles in the interaction basis is assumed of the form:

where n? = exp(—FE,/T)/(1 + exp(—E,/T)). The initial values for the neutron,

proton and electron number densities are their equilibrium values.

The neutron and proton number densities, used in the kinetic equations for neutri-
nos eq. 3.10, were substituted from the numerical calculations of neutron and proton

number density evolution. On the other hand, p;; and pr; at each integration step
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was taken from the simultaneously performed integration of the set of equations 3.10
and 3.11. I.e. we have selfconsistently and simultaneously followed the evolution of

neutrino ensembles and the nucleons.

The first term on the right-hand side of the equation for neutrons describes the
effect of expansion while the next ones — the processes 3.1 and 3.2 directly influencing

the nucleon density.

It differs from the standard BBN one equation only by the substitution of py; and
prz instead of n% = [1 —exp(FE,/T)]™. Besides, contrary to the standard model, the
neutrino and antineutrino density matrices differ pp; # prr, because of the different
reactions with the CP-odd plasma of the pre-nucleosynthesis epoch. The equations

account for the final state Pauli blocking for neutrinos and electrons.

Eq. 3.10 results into a set of coupled nonlinear integro-differential equations with
time dependent coefficients for the components of the density matrix of neutrinos:
four equations for the components of the neutrino density matrix, and another four
for the antineutrino density matrix for each momentum mode. However, due to
conservation of the total neutrino number density in the discussed model, the number
of the equations can be reduced to 6 equations for each momentum mode of neutrinos
and antineutrinos. Thus, for nonresonant case with 1000 bins for the description of
the neutrino energy spectrum we have solved 6001 equations simultaneously, when
describing also the SD of neutrino, instead of 7 (when working with the mean p of

neutrino).

Particle number densities per unit volume are expressed as N = (27) 72 [ d®p n(p).
Performing the integration one gets the final equations for the time evolution of the

neutron number density:
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(1+Q)y

where f(z,y) = 2*(x + y)\/(z +y)? + Py and y = (8 + me)/T, ¢ = m/d, § =
My, — My
The first term on the right-hand side describes the dilution effect of expansion,

the next describes the weak processes, as pointed above.

3.3.2 Numerical analysis

We have numerically integrated this equation for the temperature range of interest
T € [0.3,2.0] MeV for the full range of oscillation parameters of our model. The
value of prr(x) at each integration step was taken from the simultaneously performed
integration of the set of equations evolution of neutrino and the nucleons was followed
self consistently.

As initial values at T = 2 MeV for the neutron, proton and electron number
densities we have taken their equilibrium values. Although the electron mass is com-
parable with the temperature in the discussed temperature range, the deviation of
the electron density from its equilibrium value is negligible due to the enormous rate

of the reactions with the plasma photons (Dolgov, 1981).
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The parameters values of the BBN model, used in our calculations, were the
following: the mean neutron lifetime 7 = 887 sec, which corresponds to the weighted
average value in 1998, the effective number of relativistic flavour types of neutrinos
during the nucleosynthesis epoch N.sf was assumed equal to the standard value 3.
This is a natural choice in good agreement with the BBN arguments (Shvartsman,
1969) and with the precision measurements of the Z decay width at LEP (Adeva

et al., 1989). 3

3.4 Overproduction of He-4 and Cosmological Constraints
on Oscillation Parameters. Nonresonant Case of Neu-

trino Oscillations

3.4.1 Production of primordial He-4 in presence of nonresonant neutrino

oscillations. dN, = 0.

Our numerical analysis showed that the kinetic effects due to oscillations (neutrino
population depletion and distortion of neutrino spectrum) play an important role
and lead to a considerable overproduction of helium. The results of the numerical
integration are illustrated in Figure 3.1.

In Figure 3.2 the dependence of the frozen neutron number density relative to
nucleons X,, = N,,/(N,+N,,) on the mixing angle for different fixed dm? is illustrated.
The dependence of the frozen neutron number density relative to nucleons X, =
N,./(N,+ N,,) on the ém? for fixed different mixing angles, is presented in Figure 3.3.

As it can be seen from the figures, it becomes almost negligible (less than 1%) for
mixings as small as 0.1 for any dm? of the discussed range of our model. The value

of the frozen n/p-ratio is a smoothly increasing function of the mass difference. Our

3Possibilities for somewhat relaxation of that kind of bound in modifications of the BBN model
have been discussed. An example of such modification was BBN with decaying particles ( Terasawa
and Sato, 1987; Dolgov and Kirilova, 1988; Dodelson et al., 1994).
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Figure 3.1: The evolution of the neutron number density relative to nucleons X, (t) =
N,o(t)/(N, + N,,) for the case of nonresonant oscillations with maximal
mixing and different dm? is shown. For comparison the standard model
curve is plotted also. Figure from ref. Kirilova and Chizhov (1998c).
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Figure 3.2: The frozen neutron number density relative to nucleons X,, = N,,/(N, +

N,,) dependence on the mixing angle for different fixed jm?. Figure from
ref. Kirilova and Chizhov (1998c).

analysis showed that the effect of oscillation for dm? smaller than 107!° eV? even for
maximal mixing is smaller than 1%. The nonresonant oscillations with ém? < 107!
eV2 do not have any observable effect on the primordial production of elements, i.e.
the results coincide with the standard model values with great accuracy.

From the numerical integration for different oscillation parameters we have ob-
tained the primordial helium yield Y,(dm?,9), which is illustrated by the surface in
Figure 3.4.

Some of the constant helium contours calculated in the discussed model of cosmo-
logical nucleosynthesis with nonresonant neutrino oscillations on the dm? — o plane
are presented in Figure 3.5.

Thus, the total effect of nonequilibrium neutrino oscillations on BBN is an over-
production of helium in comparison to the standard BBN value. The overproduction

increases with the increase of the mass differences and the increase of the mixing.
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Figure 3.3: The figure illustrates the dependence of the frozen neutron number den-
sity relative to nucleons X,, = N,,/(N, + N,,) on the mass difference for
different mixing angles.Figure from ref. Kirilova and Chizhov (1998c).

This is an expected result in agreement with the qualitative considerations based on
analytic estimations of the effect. The effect of oscillations is maximal at maximal
mixing for the nonresonant case of neutrino oscillations.

The account for asymmetry showed a slight predominance of neutrinos over an-
tineutrinos, not leading to a noticeable effect on the production of helium in case
initially the lepton asymmetry is accepted initially equal to the baryon one. So, the
effect of asymmetry is proved to be negligible for all the discussed parameter range,
i.e. for any ¥ and for 6m? < 1077 eV2.

In the non-resonant oscillations case we have investigated also the case of higher
than the baryon one initial lepton asymmetry. The results pointed that lepton asym-
metry initially by three orders of magnitude higher have noticeable effect on the
cosmologically produced *He and should be accounted for properly even in the non-

resonant case, Kirilova and Chizhov (1998b), Kirilova (2012) (see next chapter).
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Figure 3.5: On the dm? — ¥ plane some of the constant helium contours calculated
in the discussed model of cosmological nucleosynthesis with nonresonant
neutrino oscillations are shown. Figure from ref. Kirilova and Chizhov

(1998c).

3.4.2 Cosmological constraints on oscillating neutrino

On the basis of the analysis of neutrino oscillations effect on He-4 production
and the observational data on He-4 precise BBN constraints on neutrino oscillation

parameters were obtained.

On the basis of these results, requiring an agreement between the theoretically
predicted and the observational values of helium, it is possible to obtain cosmological

constraints on the neutrino mixing parameters.

The primordial helium values extracted from observations differ considerably due
to systematic errors, Sasselov and Goldwirth (1995). Therefore, we considered it
useful to provide the precise calculations for helium contours up to 0.26. So, whatever

the primordial abundance of He will be found to be in future (within this extreme
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Figure 3.6: The curves, corresponding to helium abundance Y, = 0.24, obtained in
the present work and in previous works, analyzing the nonresonant active-

sterile neutrino oscillations, are plotted on the dm? —4 plane. Figure from
ref. Kirilova and Chizhov (1998c).

range) the results of our calculations may provide the corresponding bound on mixing
parameters of neutrino for the case of nonresonant active-sterile oscillations with small
mass differences.

Assuming the conventional observational bound on primordial *He Y, = 0.24, the
cosmologically excluded region for the oscillation parameters on the plane sin®(20)
- o6m? in Fig. 7 is situated to the right of the Y, = 0.245 curve, which gives 5%

overproduction of helium in comparison with the accepted 0.24 observational value.

3.4.3 Comparison with previous studies

For comparison the curves, corresponding to helium abundance Y, = 0.24, ob-
tained in ref. (Kirilova and Chizhov, 1998¢), and in previous works, analyzing the

nonresonant active-sterile neutrino oscillations, are plotted in Figure 3.6.
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Our results are in good accordance with the estimations of Barbier: and Dolgov
(1990) and the numerical analysis of Enquist et al. (1992). These authors estimated
the effect of excitement of an additional degree of freedom due to oscillations, and the
corresponding increase of the Universe expansion rate, leading to an overproduction
of helium-4. The excluded regions for the neutrino mixing parameters were obtained
from the requirement that the neutrino types should be less than 3.4: N, < 3.4. In
these works the depletion effect was considered. The asymmetry was neglected and
the distortion of the neutrino spectrum was not studied because the kinetic equations

for neutrino mean number densities were considered.

The results of Shi et al. (1993), as can be seen from the figure, differ both from
the ones of the previously cited works and from our results. The account for nonequi-
librium oscillations merely by shifting the effective neutrino temperature is not ac-

ceptable for a large range of model parameters.

As can be seen from the curves, for large mixing angles, we exclude dm? > 107°
eV?2, which is much stronger constraint than the previously existing. This more
stringent constraints obtained in our work for the region of great mixing angles and
small mass differences is due to the more accurate kinetic approach we have used
and to the precise account of the effects of neutrino depletion, energy distortion and

asymmetry due to oscillations on BBN production of He-4.

It is interesting to compare cosmological constraints with the experimentally found
possible solutions to the observed neutrino anomalies: BBN considerations were the
first to exclude two of the possible solutions of the solar neutrino problem - large
mixing angle solution.We are in a good accordance with the results of active-sterile
neutrino oscillation models with higher mass differences, it is obvious that a natural
extrapolation of our excluded zone towards higher mass differences will rule out par-
tially the possible solution range for large mixing angles. Besides, we have excluded

LOW mixing angle solution years before the analysis of solar neutrino oscillations
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experiments data pointed to the preferred flavor oscillation channels.

The MWS small mixing angle nonadiabatic solution is out of the reach of our
model.

In our toy model we have not accounted for flavor oscillations. BBN constraints on
oscillation parameters, accounting for the flavor mixing were obtained in refs (Dolgov
and Villante, 2004; Dolgov, 2002). These bounds are reasonably accurate for large
mass differences in case of efficient repopulation of active neutrinos.

In conclusion, we have made a precise survey of the influence of the discussed
type of oscillations on the cosmological production of helium-4. We have calculated
the evolution of the corresponding neutron-to-proton ratio from the time of freeze out
of neutrinos at 2 MeV till the effective freeze out of nucleons at 0.3 MeV for the full
range of model parameters. As a result we have obtained the dependence Y, (dm?,9)
and constant helium contours on the m? — 4 plane. Requiring an agreement between
the observational and the theoretically predicted primordial helium abundances, we
have calculated accurately the excluded regions for the neutrino mixing parameters,
for different assumptions about the preferred primordial value of helium.

The obtained BBN cosntraints on the electron-sterile oscillations parameters are

the most stringent known in literature.

96



3.5 Overproduction of He-4 and Cosmological Constraints
on Oscillation Parameters. Resonant Case of Neutrino

Oscillations

3.5.1 Production of primordial He-4 in presence of resonant neutrino

oscillations. 6N, =0

In a cycle of works (Kirilova and Chizhov, 1997, 1998¢c, 2000a, 2001a; Kirilova,
2004b, 2007; Kirilova and Panayotova, 2006; Kirilova, 2012; Kirilova and Chizhov,
2010; Kirilova, 2011c) we have explored the influence of the resonant active-sterile
neutrino oscillations v, <+ v,, on BBN and particularly on He-4.

The resonant neutrino oscillations case is a much more complicated, than the
nonresonant one, as far as rapid growth of asymmetry for certain sets of parame-
ters is typical there (Kirilova and Chizhov, 1996a). First numerical calculations of
the BBN with resonant neutrino oscillations accounting for the asymmetry growth
were provided in refs. (Kirilova and Chizhov, 1996a, 1997). The phenomenon of the
oscillation-generated asymmetry growth was registered there and it was shown that
following the behavior of the neutrino-antineutrino asymmetry at each momentum is
important, particularly, when the distortion of the neutrino spectrum is considerable.
The effect of the neutrino-mixing-generated asymmetry was shown to be considerable
— up to about 10% relative decrease in helium-4 in comparison with the case with
oscillations but without the asymmetry account.

Detailed studies of the BBN with resonant neutrino oscillations accounting prop-
erly for the asymmetry growth were provided for a wider set of oscillation parameters
in refs. (Kirilova and Chizhov, 2000a; Kirilova, 2011c, 2004b, 2007, 2012). The evo-
lution of the neutrino ensembles was followed selfconsistently with the evolution of
the nucleons, using exact kinetic equations for the neutrino density matrix and the

nucleon number densities in momentum space, from the time of neutrino decoupling
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till the freeze-out of nucleons at 0.3 MeV.

We have used exact kinetic approach, which enabled us to study precisely the neu-
trino depletion, spectrum distortion and neutrino oscillations generated asymmetry

due to oscillations at each momentum mode.

BBN production of He-4 was calculated accounting both for the spectrum distor-
tion and for the neutrino asymmetry dynamical evolution at each momentum mode.
We have calculated the dependence of the primordially produced helium-4 on the os-
cillation parameters Y,(dm?, ) for the full range of mixing parameters of the model,

namely for sin?(2¢) ranging from 10~3 to maximal mixing and

107HeV? < dm? < 107 7eV?

, and for zero sterile neutrino initial population. For smaller mixing parameters the

effect on helium-4 was shown to be negligible Kirilova and Chizhov (1996a).

Our results are based on several hundreds of dm? —1 combinations. The necessary
accuracy for description of the SD in the resonant case was much higher than that
in the nonresonant one. We used between 5000 and 10 000 bins in case of consid-
erable resonant growth of asymmetry, correspondingly he number of the equations
solved increased up to 10 times in comparison with the nonresonant case of neutrino

oscillations.

In the next figure 3.7 the evolution of the neutron number density relative to
nucleons X,,(t) = N,(t)/(N, + N,,) for the nucleosynthesis model with vacuum
nonequilibrium oscillations and for the case of resonant oscillations in medium with

2

dm? = —107% and ¥ = 7/8 is presented. The curve corresponding to the standard

nucleosynthesis model is given as well for comparison.

The dependence of the BBN produced He-4 on the oscillation parameters was

studied.
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Figure 3.7: The curves represent the evolution of the neutron number density relative

to nucleons X, (t) = N,(t)/(N, + N,,) for the nucleosynthesis model with
vacuum nonequilibrium oscillations and for the case of nonequilibrium
oscillations in medium, dm? = —107%, ¢ = 7 /8. For comparison the curve

corresponding to the standard nucleosynthesis model is shown. Figure
from ref. Kirilova and Chizhov (1997).
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Figure 3.8: The figure illustrates the dependence of the neutron number density rela-
tive to nucleons X,, = N,,/(N,+N,,) on the mixing angle for dm? = —1075.
Figure from Kirilova and Chizhov (1997).

The next figure 3.8 shows the dependence of the neutron number density relative
to nucleons X,, = N,,/(N, + N,,) on the mixing angle for ém? = —107%.

The major effects, of the discussed resonant v, <+ v oscillations with small mass
differences on helium-4 production, are due to the depletion of the v, population due
to oscillations, neutrino spectrum distortion and the neutrino asymmetry growth due

to oscillations.

We have found that beginning with asymmetries of the order of the baryon one,
the asymmetry does not grow enough to influence directly the kinetics of the n — p
transitions. Consequently, the apparently great asymmetry effect (as illustrated in
Fig. 3.11) is totally due to the indirect effects of the asymmetry on BBN. The maximal
asymmetry effect is around 10% ‘underproduction’ of Y, in comparison with the case

of BBN with oscillations but without the asymmetry account.

The total effect of oscillations, with the complete account of the asymmetry ef-
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fects, is still overproduction of helium-4, in comparison to the standard BBN value,
although considerably smaller at small mixing angles than obtained in the calculations

neglecting asymmetry.

3.5.2 Cosmological constraints on oscillating neutrino

We have obtained iso-helium contours on the dm? — 1 plane. Cosmological con-
straints on oscillation parameters, more precise than the existing ones were obtained,
due to the exact kinetic approach and the proper account for the neutrino spectrum
distortion and the oscillations generated asymmetry. These constraints are better by
almost an order of magnitude than the existing ones for the neutrino squared mass
differences at large mixing angles.

The next figure 3.9 the first BBN constraints, we have obtained for the case of
resonant dm? < 0 and nonresonant dm? > 0 neutrino oscillations, corresponding to
helium abundance Y, = 0.245, are presented.

In ref. (Kirilova and Chizhov, 2000a) from the numerical integration for the
full range of oscillation parameters we have obtained the primordial helium yields
Y,(dm?,9). Some of the iso-helium contours calculated in the discussed model of
cosmological nucleosynthesis with resonant neutrino oscillations are presented on the
plane ém? — 9 in figure 3.10.

The primordial helium values extracted from observations during the last 10 years
differ considerably. At present the primordial helium values extracted from observa-
tions are believed to have considerable systematic errors. Therefore, we considered
it useful to provide the exact calculations for various iso-helium contours up to 0.26.
Knowing more precisely the primordial helium-4 value from observations, it will be
possible to obtain the excluded region of the mixing parameters using the results
of this survey. The cosmologically excluded region for the oscillation parameters is

situated on the plane dm? — ¥ to the right of the Y, = const curves.
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Figure 3.9: Exclusion regions for oscillation parameters are shown for the case of reso-
nant dm? < 0 and nonresonant dm? > 0 neutrino oscillations. The curves
correspond to helium abundance Y, = 0.245. Figure from ref. Kirilova

and Chizhov (1997).
For example, assuming the ‘low’ observational value of primordial “He Y}, 2 0.234,
the cosmologically excluded region for the oscillation parameters is situated on the
plane ém? — 9 to the right of the Y, = 0.245 curve, which gives 5% overproduction

of helium in comparison with this observational value.

3.5.3 Comparison with previous studies

In figure 3.11 a comparison between the curves, corresponding to helium abun-
dance Y, = 0.24, obtained in the present work and in previous works (Enquist et al.,
1992; Shi et al., 1993), analyzing the resonant active-sterile neutrino oscillations, is
presented. In FEnquist et al. (1992) the excluded regions for the neutrino mixing
parameters were obtained from the requirement that the neutrino types should be
less than 3.4: N, < 3.4. The depletion effect was considered, while the neutrino-
antineutrino asymmetry was neglected, and the distortion of the neutrino spectrum

was not studied, instead the kinetic equations for neutrino mean number densities
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Figure 3.10: On the dm? — ¢ plane iso-helium-4 contours Y, = 0.24, 0.245, 0.25,
0.255 and 0.26, calculated in the discussed model of BBN with active-
sterile resonant neutrino oscillations are shown. For fixed primordial
helium-4 value, the area to the left of the corresponding curve gives the
allowed region of the oscillation parameters. Figure from ref. Kirilova

and Chizhov (2000a).
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were used.

The dashed curve, presenting our results without the account of asymmetry effect,
is in a good accordance with the results of Enquist et al. (1992), where asymmetry
was neglected. The difference between the two curves shows explicitly the effect of
the proper account of the neutrino spectrum spread and spectrum distortion, which
was provided in our work (solid curve). On the other hand, the difference between

our curves, the solid and the dashed one, presents the net asymmetry effect.

The results of Shi et al. (1993) are not correct: There exists discrepancy between
the results of Shi et al. (1993) and those of other studies. Moreover, the results
of Shi et al. (1993) are not consistent even between themselves concerning resonant
and nonresonant case. As is well known from the analytical formulae the results for
the resonant case dm? < 0 coincide with those for the nonresonant one dm? > 0 at
maximal mixing. This fact is illustrated in figure 3.12 of resonant and nonresonant

oscillations for all studies, except ref. (Shi et al., 1993).

As is seen from the iso-helium contours for Y, = 0.24, for large mizing angles
we exclude mass differences dm? > 8.2 x 107 eV?2, which is an order of magnitude
stronger constraint than the previously existing. This more stringent constraint for
mass differences, obtained in our work for the region of large mixing angles is due
to the more accurate kinetic approach we have used and to the precise account of

neutrino depletion and energy distortion.

At small mizing angles the account of the oscillations generated asymmetry leads
to an alleviation of the BBN constraints in comparison with the previous works En-
quist et al. (1992); Shi et al. (1993). It is easy to understand, as far as the asymmetry
growth results in suppression of oscillations and, hence, less strongly pronounced over-
production of helium-4 due to oscillations than in the case without the asymmetry

account.

In conclusion, we have shown that both the spectrum distortion and neutrino
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Figure 3.11: In the figure a comparison between the results concerning primor-
dial helium-4 production, obtained in the present work and previous
works Enquist et al. (1992); Shi et al. (1993), is presented. The dashed
curve shows our results in case without asymmetry effect account. It
is in a good accordance with the results of Enquist et al. (1992), where
asymmetry was neglected. The difference between the two curves shows
explicitly the effect of the proper account of the spectrum spread of neu-
trino, which was provided in our work. On the other hand, the difference
between our curves, the solid and the dashed one presents the net asym-
metry effect. The artistic curve of Shi et al. Shi et al. (1993) is obviously
inconsistent with the results of other works and we will leave it without
a comment. Figure from ref. (Kirilova and Chizhov, 2000a).
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Figure 3.12: Combined iso-helium contours Y, = 0.24, for the resonant oscillations,
dm? < 0, and the nonresonant ones, dm? > 0, calculated in previous
studies Engquist et al. (1992); Shi et al. (1993); Kirilova and Chizhov
(1998c¢) and in this work, are presented. The discontinuity of the curve
of Shi et al. Shi et al. (1993) reveals the discrepancy between their own
results for the resonant and nonresonant case. Figure from ref. Kirilova
and Chizhov (2000a).
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mixing generated asymmetry should be accounted for properly in models of BBN
with resonant neutrino oscillations, as far as their effect is considerable.

We have calculated different iso-helium contours for the resonant case of neutrino
oscillations with small mass differences and obtained the cosmological constraints,
better by an order of magnitude than the existing ones due to the exact kinetic

approach both to the neutrino evolution and to the nucleons freeze-out.

3.6 Remarks on Possible Change of BBN Constraints

3.6.1 Change of BBN constraints on neutrino oscillations parameters

Several possibilities for modification of the BBN model exist that may considerably
change the BBN constraints on neutrino oscillations parameters. Here we list the most
popular ones: the additional sterile neutrino population present initially and initial
(relic) lepton asymmetry.

Additional sterile population:

Additional sterile population, present before oscillations become effective, may
either strengthen or relax BBN constraints on v, <> v, oscillations parameters due
to the interplay between its dynamical and kinetic effect, as discussed already in
chapter 2. For more detail see subsection 3.8. The BBN constraints for different
sterile neutrino population values were obtained in refs. (Kirilova, 2004b; Kirilova
and Panayotova, 2006; Kirilova, 2007; Panayotova, 2011).

In case of relaxed BBN constraints, namely 0N.¢; < 1.7, they may be expressed
by the 5% Y, overproduction contour for N, = 0.7, presented in Fig.2. of (Kirilova
and Panayotova, 2006), see also (Panayotova, 2011).

Role of lepton asymmetry L:

The BBN constraints discussed till now concern the case of negligible lepton asym-

metry of the order of the baryon one. However, L. contained in neutrinos may be large,
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as discussed in the next chapter. Accurate numerical modeling of BBN with L and
oscillations has shown that the dynamically generated asymmetry in oscillations leads
to relaxation of constraints at small mixings, while initially present lepton asymmetry
|L| ~ 1075 is able to relax BBN constraints at large mixings and strengthen them
at small mixings. Large enough initial lepton asymmetry may alleviate BBN con-
straints (Kirilova and Chizhov, 1998b; Kirilova, 2011c).Initial asymmetry for certain
range of parameters is capable also to enhance neutrino oscillation and, thus, increase
the overproduction of Y, in BBN with neutrino oscillations, and, correspondingly, to
strengthen the cosmological constraints on oscillation parameters. The role of lepton
asymmetry, either dynamically generated or initially present on BBN and cosmolog-

ical constraints is discussed in detail in the fourth chapter.

3.6.2 Constraints on the baryon density in BBN with electron-sterile

neutrino oscillations

The baryon density range obtained from different kind of observational data mea-
surements circa 2001 differed from the one determined from BBN. Therefore, it was
interesting to consider possible relaxations of the BBN bounds.

The model of BBN with late active-sterile neutrino oscillations predicts primor-
dial He-4 increase. Besides, D yield should increase due to the shorter time of its
destruction, while Li-7 may be expected to increase as a result of shortened time of
Be-7 production. The primordial helium production in this BBN model is a function
of the oscillation parameters and of the baryon density. So, the observed D, Li-7 and
He-4 abundances in case of oscillations of neutrino require lower baryon density than
that in the standard BBN.

Using the constraints on oscillation parameters from the combined analyses of the
oscillations experiments data and the observational data on primordially produced

light elements it is possible to constrain the range of the baryon density.
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In ref. (Kirilova, 2001b) we reanalyzed standard BBN cosmological constraints
on k% and showed that the modified BBN model with neutrino oscillations may
permit wider range for the baryon density.

The allowed variation of the baryon density in the BBN model with neutrino
oscillations obtained on the basis of 6Y,,/Y, = 5% overproduction of He-4 is found to
be:

Qh% > 0.005. (3.13)

where €, is the baryon density expressed as a fraction of the critical density, h is the
Hubble parameter in units of 100 km/s/Mpc.

More stringent limit is obtained if D and Li-7 data are taken into account, namely:

Quh? > 0.011. (3.14)

For comparison the standard BBN extreme range for the BBN baryon density at that
time (2001) was 0.016 < Quh? < 0.025. Thus, this modification of BBN permits
wider range than the standard BBN. Hence, this modified BBN model with neutrino
oscillations proposes relaxation of the BBN constraints on the baryon content of the
Universe.

The results of our analysis indicated that nonstandard BBN likely can resolve
some of the discrepancies between standard BBN predictions and other data and
reduce the tension between them in case such tension persists.

The relaxed constraints on the baryon density may be useful also for constraining
or relaxing chemical evolution models Klecker et al. (2001); Busemann et al. (2001);

for constraining alternative models with new physics.
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3.7 Maximal Overproduction of He-4 in BBN with Late Neu-

trino Oscillation

The maximum overproduction of helium-4 in cosmological nucleosynthesis with
active—sterile neutrino oscillations, v, <> v, efficient after decoupling of electron
neutrino, was analyzed in Kirilova (2003a), Kirilova (2001a). The kinetic effects on
primordial nucleosynthesis due to neutrino spectrum distortion, caused by oscillations,
were precisely taken into account. The overproduction of the primordial *He, §Y), =
Y;j’sc — Y, in the presence of v, < v, oscillations was calculated for mass differences
dm? < 107% eV? and 0 < 9 < 7/4. Several hundreds of jm? — ¢ combinations were

explored.

We have used the data from the precise calculations of the n/p-freezing provided
for the non-resonant case in Kirilova and Chizhov (1998¢) and for the resonant case
in Kirilova and Chizhov (2000a). As far as it is the essential for the production of ‘He.
The neutron decay was accounted adiabatically till the beginning of nuclear reactions

at about 0.09 MeV.

We have found that the effect of oscillations becomes very small (less than 1%)
for small mixings: as small as sin?29 = 0.1 for dm? = 1077 eV?, and for small
mass differences: dm? < 1071 eV? at maximal mixing. For very small mass differ-
ences dm? < 107 eV2, or at very small mixing angles sin® 29 < 1073, the effect on

nucleosynthesis becomes negligible.

In the non-resonant case the oscillation effect increases with the increase of the
oscillation parameters, hence it is maximal at maximal mixing and greatest mass dif-
ferences. In Fig. 3.13 (the lower curve) the maximal relative increase in the primordial

“He as a function of neutrino mass differences at maximal mixing is presented:

5}/;)maar/ygo — 5}/;7080/}/;)(5,’”2)'0:”/4
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Figure 3.13: Maximum primordial e abundance for the resonant (upper curve) and
the non-resonant oscillation case (lower curve), as a function of the neu-
trino mass differences. The non-resonant case is calculated at maximum
mixing, while in the resonant case the helium abundance is calculated at
the resonant mixing angle for the corresponding mass difference. Figure
from ref. Kirilova (2003a).

It is seen that for maximal mixing, the oscillation effect becomes greater than 5%
(the one corresponding to one additional neutrino type) already at [dm?| > 3 x 1079
eV? (in the resonant case) and dm? > 6 x 107 eV? (in the non-resonant one). It
continues to grow up with the increase of the mass differences, and at |dm?| ~ 1077
eV? is several times bigger: IN/"*® ~ 3 in the non-resonant case and dN;™** ~ 6 for

the resonant one.

Further increase of the mass differences, however, will lead to oscillations effective
before electron neutrino decoupling, and therefore, to a smaller spectrum distortion
effect, because the interactions with the plasma will lead to faster thermalization

of the sterile state. Hence, the effect on helium will decrease with further increase
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Figure 3.14: The dependence of the relative increase of primordial helium on the mix-
ing angle for the resonant (r.h.s.) and non-resonant (Lh.s.) oscillation
case. The upper curve corresponds to ém? = 10~7 eV?, the lower one to
dm? = 107% eV2 Figure from ref. Kirilova (2003a).

of |dm?| and finally reach an overproduction of 5% again, corresponding to a full

thermalization of the sterile state and its equilibrium spectrum.

In Fig. 3.14 we present a combined plot (for the resonant and the non-resonant

2 and

oscillation case) of dY, dependence on the mixing angle for dm? = 1077 eV
dm? = 1078 eV2. While in the non-resonant case the oscillations effect increases with
the increase of the mixing (see L.h.s of 3.14), in the resonant case for a given dm?
there exists some resonant mixing angle, at which the oscillations are enhanced by
the medium (due to the MSW effect), and hence, the overproduction of “He is greater

than that corresponding to the vacuum maximal mixing angle. This behavior of the

helium production on the mixing angle is illustrated in the r.h.s. of the figure.

The upper curve in Fig. 3.13 shows the maximal relative increase in the reso-

nant oscillations case as a function of mass differences. Each maximum “He value
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corresponds to the resonant mixing angle for the concrete mass difference:

5}/pmaac/)/p — Y;SC((SmQ, 19;;3;)

As can be seen from Figs. 3.13 and 3.14, a considerable overproduction can be
achieved: in the resonant case up to 32% and in the non-resonant one — up to 14%.
So, the net effect of spectrum distortion of electron neutrino due to oscillations on
the production of “He may be considerable and several times larger than the effect

due to excitation of one additional neutrino type.

In conclusion, this study has shown that considerable Y), overproduction may result
from the electron neutrino spectrum distortion due to v, <> v, oscillations. The over-
production is maximal for the case of initially empty sterile neutrino state, considered
here. The dependence of “He overproduction on the degree of population of the sterile
neutrino state before v, <> v oscillations was considered (Kirilova, 2004b, 2007) and
is discussed in the following subsection. The results of this analysis can be useful
for constraining nonstandard physics, predicting active-sterile neutrino oscillations,
like extra-dimensions, producing oscillations, supernova bursts employing oscillations,

etc.. It can be of interest also for models of galactic chemical evolution.

3.8 The Effect of Neutrino Spectrum Distortion on BBN in
the General Case of Non-Zero Initial Population of the

Sterile Neutrino

Numerical analysis of He-4 production in the presence of v, <> v, effective after
neutrino decoupling, in the general case of partially filled initially sterile neutrino

state Y, (9 N,, dm?, sin® 299) was provided in several works (Kirilova, 2004b, 2007, 2006;
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Kirilova and Panayotova, 2006).

3.8.1 BBN with v, <+ v, and non-empty initially v;

Effects on BBN
Initially present 0 Ny # 0 has two-fold effect on He-4 (Kirilova, 2004b):

(a)Dynamical effect: §V, # 0 increases the energy density by
§p = T7/8(T,/T,)*0Nsp.,

thus modifying the cosmic expansion rate at RD stage H =  /8mp/3M2. This reflects
into higher freezing temperature of the nucleons and overproduction of “He. The
dynamical effect of initially present d N, on primordial *He production will be denoted
further on by 0Yy. Due to this effect strengthening of the cosmological bounds with
respect to the ones calculated at 0 Ny = 0 should be expected.

The approximate fit to the exact numerical results is:
0Y, ~ 0.0136 N;.

The maximum helium overproduction corresponding to 6Ny = 1 is ~ 5%.

In case of v, ; <+ v, oscillations the dynamical effect is the only effect of initially
non-zero dN.

In the case of v, <> v, oscillations with almost equilibrium neutrino energy distri-
bution, i.e. oscillations taking place before neutrino decoupling, this is the leading
effect as well. This effect can be accounted for simply by adding the initial N, value
to the one produced in oscillations. So, in both these cases the rescaling of the existing
constraints is rather straightforward.

(b)Kinetic effects: In the nonequilibrium v, <> v, oscillations case, the pres-

ence of partially populated v, suppresses the oscillations effects on pre-
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BBN nucleons kinetics Kirilova (2004b). Further on this kinetic effect is denoted
by §Y;?, while the kinetic effects of oscillations are denoted by Yy, (6Y; = dY2+0Yy).

In terms of the effective degrees of freedom

SNy = SN} + 6N}

0Yy ~ 0.013 X 0N,

and N} is the kinetic effect corresponding to zero initial population of the sterile
state.

Kinetic effects are a result of energy spectrum distortion of v, caused by oscillations
between active and sterile neutrino, and to a smaller degree are due to the neutrino-
antineutrino asymmetry, generated in oscillations.

It has been shown by precise numerical analysis that d N, depends strongly on the
initial population of the sterile neutrino at BBN. Larger N, decreases the kinetic
effects, because the element of initial non-equilibrium between the active and the
sterile states is less expressed. Hence, for any specific value of 0 Ny it is necessary to
provide a separate analysis.

In the case 0N; = 1, v, are in equilibrium (the sterile state is as abundant as the
electron one), the n—p kinetics does not feel the oscillations, and hence § Ny, = 0. The
final effect is only due to the dynamical effect, i.e. 0Ny = 1.

In the case d Ny = 0 the kinetic effect of oscillations d Ny, for given fixed mixing pa-
rameters reach their highest value, NJ***, as far as the non-equilibrium element (the
difference between the sterile and active neutrino number densities at the beginning
of oscillations) is the greatest.

Results of the numerical analysis

For different N, we have calculated precisely the n/p-freezing, essential for the

production of helium, down to temperature 0.3 MeV. Then we have calculated Y,

115



accounting adiabatically for the following decay of neutrons till the start of nuclear
reactions, at about 0.1 MeV.

It was numerically proven that larger 0 Ny leads to a decrease of the kinetic effects
of oscillations and to a decrease of the overproduction of *He by oscillations with
respect to the case of initially zero Ny, i.e. dN, < ONJ, where 6N} the kinetic
effect corresponding to zero initial population of the sterile state presents in fact the
maximal kinetic effect at a given set of oscillation parameters.

We have found that neutrino spectrum distortion effect on BBN is very strong
even when there is a considerable population of the sterile neutrino state before the
beginning of the electron—sterile oscillations. It always gives positive d Vg, which for a
large range of initial sterile population values, are bigger than 1. The kinetic effects

are the strongest for 0 N, = 0:
Y (0N, dm?, sin® 29) = Y,,(0,m?, sin® 20).

They disappear for 0Ny = 1, when v, and v, states are in equilibrium, and the total
effect reduces to the SBBN with an additional neutrino.

In Fig. 3.15 we present the frozen neutron number density relative to nucleons
XJ = NJ /Ny, as a function of the sterile neutrino content at neutrino decoupling for
a resonant and a nonresonant oscillation case. The oscillation parameters are dm? =
1077 eV? and dm? = =107 eV? and sin® 20 = 1071, As far as §Y, /Y, = 6 X/ /X, the
results are representative for the overproduction of primordially produced helium.

The dotted curve presents only the effect (a), due to the energy density increase
XJ = f(6N,), the dashed curves present the pure kinetic effects (b) X/ = f(6Npin),
while the solid lines give the total effect. The upper dashed and solid curves corre-

spond to the resonant oscillations case, the lower ones to the non-resonant oscillations

4For v, ++ v, oscillations effective after v, decoupling, these kinetic effects JNY can be consider-
able, as large as Ny ~ 6.
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Figure 3.15: The solid curves present frozen neutron number density relative to nu-
cleons an = N}: /Npue as a function of the sterile neutrino initial popula-
tion. The dashed curves present only the kinetic effect, while the dotted
curve presents the effect due to the energy density increase. The upper
two curves (dashed and solid) correspond to the resonant case, the lower
dashed and solid curves - to the nonresonant one. Figure from Kirilova

(2004b).
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one.

The analysis for these concrete oscillation parameters, shows that the overproduc-
tion of helium is strongly suppressed with the increase of Ny for the resonant case,
while in the non-resonant case it increases with d Ny. This is a result of the fact that,
in the resonant case, the kinetic effects (b) of spectrum distortion are the dominant
contribution to the overproduction of helium, even for very large degree of population
of the sterile state, while in the non-resonant case the main contribution comes from

the increase of degrees of freedom already at very small § Nj.

3.8.2 Interplay between dynamical and kinetic effect of oscillating neu-

trino

SD and its kinetic effect decrease with the increase of initial population of v,. The
interplay between the kinetic effect of oscillations and the dynamical effect of the
additional sterile state on BBN has been thoroughly studied (Kirilova, 2004, 2007).
A good approximation to the exact (numerically calculated) interplay between the

effects was derived:

SNi (0, 6m2) = SN (9, m?)(1 — 6N,), (3.15)

where 6N is the maximal kinetic oscillations effect for zero initial population of

the sterile neutrino 6 Ny = 0. Then the change of the helium production is given by:

§Y, ~ 0.013[5N;"* + §N,(1 — ENJ"*)] (3.16)

Hence, although the kinetic effect always decreases with increasing the population of
the inert neutrino, the behavior of the total effect on BBN is more complicated. In
case ON[74% > 1 the increase of inert population decreases the kinetic effect and the

total effect decreases, which leads to a relaxation of BBN constraints on oscillation
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parameters. While, when the oscillation parameters are such that dN/* < 1, the in-
crease of the inert population leads to an increase of the total effect and strengthening

the BBN constraints.

An empirical approximation formula to the exact calculated result is:
§Y, = 0.013[6N"=(1 — §N,) + 6 N,],

where dN;%* is the value calculated in the case of oscillations with an initially empty
sterile state, i.e.

SNyt = SN (1 — 5N,) + 6N,

It is a good approximation for the non-resonant case and a rather rough one for the
resonant case: the deviation from the exactly calculated helium given in Fig. 3.15
may be up to §Y,/Y, ~ 0.8%. Still, it can give some idea of 0Y},/Y, dependence on
ONG.

For other mixing parameters, the kinetic oscillation effects in the non-resonant
case can be also considerable. The kinetic effect can be as high as 0Ny ~ 3 for
initially empty sterile state. Hence, in the non-resonant case the spectrum distortion
effects may be the dominant one even for much larger § Ny than in the case illustrated
in Fig. 3.15.

Interplay between the effects and helium BBN production For each con-
crete 0Ny value a detailed numerical analysis is necessary to reveal the interplay of
effects (a) and (b) and their influence on primordial production of He.

The next figure shows the influence of different effects on helium-4 production
Y,. The dotted curve present the kinetic effect, the dashed curve — the dynamical
effect of initially present v5. There is an interplay between the two effects due to the
dependence of the kinetic effect on the initial population of v,.

There is an interplay between the two types of effects (a) and (b), induced by

non-zero 0Ny,. The total effect depends on the concrete values of the oscillation

119



0.145

0.135

0.130

0125 LI O O O B R R B B
0.0 0.2 0.4 0.6 0.8 1.0

SN,

Figure 3.16: The solid curve presents frozen neutron number density relative to nu-
cleons X/ = NJ/N,,. as a function of the sterile neutrino initial pop-
ulation, at ém = £107% eV?, sin?20 = 1. The dotted curve presents
the kinetic effect, while the lower dashed curve presents energy density
increase effect. The uppermost long dashed curve corresponds to the
total effect when the decrease of the kinetic effect is not accounted for,
i.e. in case the effects were additive. Figure from ref. Kirilova (2004b).
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parameters and dN,. The shift of the constraints may be expected in either direction
(relaxing or constraining the existing constraints) and its analysis requires numerical
study, accounting precisely for v, energy spectrum distortion and the suppression of

the kinetic effects (Kirilova, 2006, 2004b, 2007; Kirilova and Panayotova, 2006).

Using the approximate empirical formula giving the dependence of Y}, production

on the two effects, obtained in ref. (Kirilova, 2004b):

§Y, = 8+ 6YY + 6YF ~ 0.013 x (0N, + ONY,, — ONs x IND,.) (3.17)

predictions can be made concerning the value and the sign of the *He overproduc-
tion and the direction of the shift of the BBN constraints. Here §Y, = Y, — Y ",

§Y, = 0.013 x 0Ny, §Y = 0.013 x 6N, . while Y;¢ = —0.013 x 6N, x 6N?, .

First: The total effect of oscillations for initially non-zero 6N, on “He produc-
tion is smaller than the sum of the energy density increase effect (i) 6Y;
and the mazimum kinetic effect of oscillations (i1) §Y;) corresponding to zero §Nj,
due to the term d Ny x 6N}, | expressing the decrease of oscillations kinetic effect with
ON5.

The results of the exact numerical study of the effects (i) and (ii) on *He overpro-
duction confirm this estimation. In Fig.3.15, 3.16 and Fig. 3.17 the contribution of

the different effects on neutron-to-nucleon freezing ratio X,, = nfL /Mopue 1s illustrated.

The dotted curve shows the dependence of the kinetic effect on d Ny, the lower
dashed curve gives the energy increase effect. The total effect is presented by the
solid curve, which (although has different behavior in the two cases (correspondingly
decreasing in Fig. 3.16 or increasing in Fig. 3.17) is situated always considerably lower
than the uppermost long-dashed curve presenting the sum of the effect (a) and the

maximal effect (b).
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Figure 3.17: The solid curve presents the frozen neutron number density relative to
nucleons X/ = n/ /n,.. as a function of the sterile neutrino initial pop-
ulation, at ém = £1072 eV?2, sin®?20 = 1. The dotted curve presents
the kinetic effect, while the lower dashed curve presents energy density
increase effect. The uppermost long dashed curve corresponds to the
total effect if the effects were simply additive. Figure from ref. Kirilova
and Panayotova (2006).

The uppermost long-dashed curve in the figures presents the overproduction of *He
for such specific situation when the enhancement of the energy density 0N, is due to
other additional particles brought partially into equilibrium (like sterile neutrinos in
the muon or tau-sectors, or other relic relativistic particles) while the sterile state,
which participates further in oscillations with the electron neutrino is initially empty.

However, due to the fact that 0 Ny, is a decreasing function of § Ny, naively adding
the two effects (0N; + 0N}) exaggerates Y, overproduction, and hence would define

stronger bounds than the real ones. Hence, the cosmological constraints for the os-
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cillations model discussed will be less stringent than in the case of simply additive

effects.

Second: The direction of the shift of the constraints should be as follows: in case

N}

kin

0Ny < ON; the constraints will be strengthened in comparison with the Ny = 0

constraints, while in the opposite case they will be relaxed.

In Fig. 3.16 the solid curve, presenting the total effect, is a decreasing function of
dNs because dN, > 1, i.e. for that set of oscillation parameters the overproduction
of *He due to oscillations decreases with the increase of the initial population of the
sterile neutrino state. Obviously, the suppression effect (ii) dominates. In that case

we expect relaxation of the cosmological constraints compared to the case of initially
zero population of v;.

Fig.2b presents the results for a set of oscillation parameters for which 6N}, <
1. Then, as it is illustrated, the total effect is an increasing function of 0Ny, the
dynamical effect (i) dominates over (ii), thus the overproduction of *He increases in
respect to the case of Ny = 0 and hence, the cosmological constraints must become
more stringent with the increase of 6 N,. And as far as NY, = N;,; at IN, = 0, the
BBN constraints, corresponding to *He observational uncertainty expressed as d Nyo; <
1, will be strengthened. For example, “He uncertainty dY, ~ 0.007 corresponds to
dNot ~ 0.54. Thus at 6N, = 0 6N, ~ 0.54 < 1, and hence strengthening of the
cosmological constraints is expected.

The cosmological constraints obtained by a detail numerical study of the effects
(i) and (ii) and corresponding to such “He overproduction and different 6 N, values
are presented in the next section.

In case of big “He uncertainty, corresponding to § Ny; > 1, the term (ii) dominates
(as illustrated in Fig. 3.16), leading to a decrease of the *He overproduction due to
oscillations and hence, relaxation of the cosmological constraints should be expected.

It is interesting to note that contrary to some prejudice, even for *He uncertainty

123



greater than 5%, equivalent to 0 Nyoy > 1, cosmological constraints on oscillation pa-
rameters still persist, provided that 0Ny < 1 and that a proper description of the

neutrino energy spectrum distortion is made.

3.8.3 Generalized cosmological constraints on neutrino oscillations: re-

laxed or strengthened

In this subsection, following mainly the results of Kirilova and Panayotova (2006);
Kirilova (2007, 2004b) I show how and to what extend the available cosmological
constraints on v, <> v, oscillation parameters, obtained with the assumption 6 Ny = 0,
are changed in the more general case d N, # 0.

Here I present the results of the numerical analysis of *He production in BBN with
nonequilibrium v, <> v, oscillations and initially nonzero v, population 0 < 6N, < 1
and discuss the generalized cosmological constraints on oscillation parameters. Pri-
mordial *He yield Y, (0N, dm?, sin?29) was calculated at different d Ny values for the
set of oscillations parameters of the model: for all mixing angles ¥ and mass differ-
ences om? < 1077 eV2.

Cosmological constraints on oscillation parameters corresponding to 0Y,,/Y, = 3%
overproduction and different initial § N, were calculated in ref. Kirilova (2007). They
strengthen with the increase of 0 N,. Contrary to the case of 3% overproduction, for
which the constraints relax with the increase of d N,.

A. 6Ny, < 1:

For the analysis of the constraints the observational uncertainty of the primordially
produced *He was assumed dY, < 0.007 in correspondence to the accepted then
systematic error in the “He measurements (lzotov and Thuan , 2004). Uncertainty
dY, = 0.007 corresponds to 0Y,/Y, ~ 3%. Before 2005 3% overproduction was
considered a reliable bound for the uncertainty of helium from the observational

viewpoint.
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Then the maximum possible value of § Ny at BBN epoch was constrained on the

basis of BBN considerations: Using the approximate empirical formula

5}/;, ~ 0-0135Nt0t;

0Y, < 0.007 corresponds to 6N, < 0.54. So, in our analysis we have varied d Ny in the
range 0.0 < 0N, < 0.5 with a step 0.1. The case 6 N, > 0.54 corresponds to higher

*He uncertainty and was discussed in more detail in ref. (Kirilova and Panayotova,

2006).

This choice of maximum §/N, was also supported by the results of the standard
BBN analysis + “He observational data with an input the baryon density value from
WMAP data, which provided bounds on the number of additional neutrino species
at BBN in the range 0N sy < 0.1 — 0.5.

In Fig. 3.18 I present the calculated cosmological constraints on oscillation pa-
rameters for the 6N; = 0.1, and 0Ny = 0.5 for the resonant (to the left) and the
non-resonant (to the right) oscillation cases. The region upwards of the correspond-
ing curves is cosmologically excluded. The upper dashed curve is for § Ny, = 0.1 case,
the lower dashed one — for 0Ny = 0.5. 6Ny = 0 constraints are given for comparison

by the solid contours.

The analysis shows that the two effects (i) and (ii) of d Ny, nearly compensate
each other for small /Ny values. Hence, the cosmological constraints for 6 Ny = 0.1
slightly differ from the ones for 0N, = 0, as illustrated in Fig.3.18. For dN, >
0.1 0¥, noticeably dominates over the suppression term dY,’, so the constraints are
strengthened. As a whole the cosmological constraints in the resonant case are slightly
changed for small mixings compared to the case with initially zero sterile state, while
at large mixings in the resonant case and in the non-resonant case the change is more

noticeable, and the constraints are becoming more stringent with the increase of d V.
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Figure 3.18: The dashed curves present 3% *He BBN constraints on oscillation pa-
rameters for the resonant (Lh.s.) and the non-resonant v, <> v, oscilla-
tions (r.h.s.) and for initial degrees of population of the sterile neutrino
state IN; = 0.1 and dN; = 0.5 (the lowest curve). The solid contours
present the constraints for d Ny = 0 case for comparison. Figure from
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ref. Kirilova and Panayotova (2006).
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The behavior of the constraints in the resonant case can be understood, having in
mind the effect of the oscillations generated neutrino-antineutrino asymmetry, which
acts towards relaxing the constraints at small mixings. Similar behavior as the one of
the 3% “He constraints with 6 N, will have all the cosmological constraints concerning
helium uncertainty corresponding to 0 N;ox < 1, i.e. 0Y,/Y, < 5%. Namely, they will

strengthen when increasing 0 N, value.

It is interesting also to discuss the dependence of the shift on the value of the
helium uncertainty for a fixed value of § Ns. The shift is given by: 6N, — dN, x 6N}
and for 0 V;; < 1 case the first term is the dominant one. The shift will increase
with the decrease of the uncertainty (decrease of dN?). So, for example for 1%
helium constraints the downward shift with 0 N, will be greater than the one for 3%
constraints, while for 4% constraints it will be smaller. Finally, for §Y, /Y, = 5% no
shift with 0N, is to be expected, because then the two terms in the shift equation

cancel.
B. 5Ntot > 1:

In the case of helium uncertainty corresponding to 0N,y > 1, i.e. Y, /Y, > 5%,
the second term in the shift equation dominates and hence d N, leads to a relaxation
of the constraints proportional to it. L.e. all isohelium contours situated above the 5%
one, will be shifted upwards with 6 Ng. For a fixed N, the absolute shift (depending

on dN?) increases with the increase of the uncertainty of helium-4.

So, when increasing the uncertainty of helium for a fixed d Ny value, the absolute
value of the downward shift decreases smoothly till zero and then turns into an upward
shift and continues to increase. In other words, for a fixed initial population of the
sterile neutrino the constraints will strengthen with the increase of helium precision,
however, they will be stronger than the corresponding ones for zero initially sterile
neutrino state if the helium uncertainty is less than 5%, while they will be relaxed in

comparison with the ones for zero initially sterile neutrino state if helium uncertainty
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is bigger than 5%.

The recent reanalysis of helium observational data of the I'T sample, accounting
for the stellar absorption in the determinations of Y}, suggested a higher conservative
bound of He and higher systematic errors.

BBN constraints corresponding to 6Y,/Y, ~ 5% and different v, populations were
calculated in ref. (Kirilova and Panayotova, 2006). These BBN constraints relax with
the increase of 0 N,.

The constraints for 0Ny, = 0.5 and 6N, = 0 and different He overproduction
are illustrated in Fig. 3.19. The two uppermost contours present the constraints for
0Y, /Y, = 5% overproduction, the two lower curves — for §Y, /Y, = 3%.

In conclusion BBN constraints may be either strengthened or relaxed with the
increase of the initial population of the sterile state, depending on the level of the
He overproduction. The results are important for studying neutrino properties, for
defining the role of the sterile neutrino in resolvingneutrino anomalies, for constraining
models with sterile neutrinos during BBN epoch.

We have found that the effect of the neutrino spectrum distortion due to oscil-
lations may be very strong, even for a considerable initial population of the sterile
neutrino state. Correspondingly, the kinetic effect of oscillations remain the domi-
nant one even for big 6 Nj.

The results of this analysis may be applied for different models generating sterile
neutrino, like GUT models, mirror models, extra-dimensions models, etc., as far as
the initial value of population of the sterile state Ny depends on the concrete model
of its production. These results may be of interest also for mixing schemes in which
a portion of vy have been brought into equilibrium before neutrino decoupling, due
to v, <> vg or v, < vy oscillations.

In case the v, presence is due to the much earlier (at atmospheric mass difference

scale, or LSND) oscillations of v, ; <> vy, N, may be directly connected with the
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Figure 3.19: The lower dashed curve presents BBN constraints corresponding to 3%

He overproduction and 6 Ny = 0, while the lowest curve presents the
strengthened constraints due to higher 0 Ny, namely 0 Ny = 0.5. The up-
per curve gives the relaxed 5% He overproduction contour corresponding
to 0Ny = 0.5, while the upper dashed curve corresponds to 5% He and

dN, = 0. Figure from ref. Kirilova (2006).
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available constraints on the sterile neutrino fraction, deduced from the neutrino os-
cillations experimental data analysis. So, we hope that the results may be indicative
and helpful for choosing among the different possibilities for the sterile fraction in
the subdominant active-sterile oscillations used in the oscillation analysis of neutrino

anomalies.

3.9 Summary

The primordial production of *He in the presence of v, <+ v, oscillations, effective
after electron neutrino decoupling was analyzed. It was shown that the considerable
spectrum distortion of the electron neutrino caused by oscillations, which effects the
kinetics of the neutron-proton transitions during nucleons freezing, plays the domi-
nant role in the overproduction of “He due to neutrino oscillations. A precise quan-
titative study of the maximum overproduction of “He, accounting for all oscillations
effects was provided. Enormous maximum overproduction of ‘He (up to 32% in the
resonant case and 14% in the non-resonant case) was found possible in case the sterile
neutrino state was empty at the start of oscillations.

BBN with nonequilibrium v, <+ v, oscillations, in the more general case of non-zero
population of v, before oscillations 6NV, # 0, was discussed. *He primordial production
Y,(6Ny) in the presence of v, <+ vy oscillations for different initial populations of the
sterile neutrino state 0 < 0Ny < 1 and the full range of oscillation parameters was
calculated.

The role of a non-empty sterile state before v, <> v, oscillations on primordial
production of *He and on the BBN oscillations constraints was studied.

Two-fold effect of non-zero SNy on “He were unrevealed:

(i) it enhances the energy density and hence increases the cosmic expansion rate,
leading to Y,, overproduction.

(ii) it suppresses the kinetic effects of oscillations on BBN, namely the effects on
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pre-BBN nucleon kinetics, caused by the v, energy spectrum distortion and the v, —r,
asymmetry generation by oscillations, leading to decreased Y, production.

Depending on oscillation parameters one or the other effect may dominate, caus-
ing, correspondingly, either a relaxation of the cosmological constraints or their
strengthening with the increase of J IV, .

More general BBN constraints on v, <+ v, oscillation parameters, corresponding
to 3% and 5% Y,, overproduction, for different initial populations of the sterile state
were calculated. The 2-neutrino toy model was used to demonstrate the expected
shift of the BBN bounds due to non-zero § /Ny with respect to the bounds in the
0N, = 0 case.

The constraints were obtained for the natural assumption, that at BBN epoch the
initial lepton asymmetry is of the order of the baryon one. Provided a small lepton
asymmetry L << 0.1 is present, it may be large enough to relax or alleviate the
discussed BBN bounds on neutrino oscillations. ® For more detail see next chapter.

Cosmological constraints can be relaxed also if the systematic error of V), is higher
than 0.007. However, it is worth noting that even for helium uncertainty as big as
dY, ~ 0.01, and a considerable initial population of v, (§Ny < 1, however) the con-
straints are not removed. They are relaxed, but still persist (Kirilova and Panayotova,
2006).

These cosmological constraints were obtained for the case of 2-neutrino mixing.
The account for mixing between active neutrinos in the resonant case has been proved
important for the case of oscillations proceeding before neutrino decoupling Dolgov
and Villante (2004).

Further generalization of the cosmological constraints on non-equilibrium neu-

trino electron-sterile mixing both for the 0Ny, = 0 and for the 6Ny # 0 case should

SFor 6N, = 0 case it was proven that larger than 10~7 lepton asymmetry may strongly suppress
oscillations effective after neutrino decoupling and change the constraints, while initial lepton asym-
metry larger than 107° — 10~* can alleviate them (Kirilova and Chizhov, 1998b, 2001a; Kirilova,
2011c, 2012).
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include flavor neutrino mixing as well. Qualitatively, for 4-neutrino mixing, the non-
equilibrium initial population of the sterile state will cause spectrum distortion not
only to electron neutrino but also to the other neutrinos. Then the spectrum dis-
tortion and depletion of the electron neutrino will be reduced compared to the 2-
neutrino case. Correspondingly, for the case 0 Ny = 0 the cosmological constraints on
oscillation parameters in 4-neutrino mixing case will be less stringent than the ones
presented here. However, the shift of the constraints due to non-zero d N, will remain
proportional to ) Ny value and in the same directions as presented here.

The results of this analysis can be useful for constraining nonstandard physics,
predicting active-sterile neutrino oscillations, like extra-dimensions, producing oscil-
lations, supernova bursts employing oscillations, etc.. It can be of interest also for

models of galactic chemical evolution.
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CHAPTER IV

Lepton Asymmetry Generation and Its
Cosmological Effects and Constraints. The
Interplay Between Lepton Asymmetry and

Neutrino Oscillations

4.1 Introduction

Lepton asymmetry of the Universe is usually defined as
L = (N, = N/N,, (4.1)

where N; is the number density of leptons, and Nj of antileptons, while NNV, is the
number density of photons.
In equilibrium L may be expressed as usual through the chemical potential p or

degeneracy parameter £ = pu/T"

L=1/120(3) T3 THE, + 76, (4.2)

Direct measurements of the lepton asymmetry magnitude and sign have not been

done yet, because Cosmic Neutrino Background has not been detected. There are
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available just indirect indications and constraints on L through its effect on other
processes, which have left observable traces in the Universe, like the abundances of
light elements produced in BBN, Cosmic Microwave Background, LSS, etc.

It is traditionally assumed that the lepton asymmetry is of the order of the baryon
one, which is measured precisely by different independent means (BBN, CMB, to be

discussed in the next chapter) to be
B = (Ny— N3)/N, ~6.107°.

However, in general, large lepton numbers L bigger than the baryon number 8 (L > f3)
and even much bigger L > [ are not excluded by any profound theoretical principle.

Universal charge neutrality implies that the lepton asymmetry in the electron
sector is L. ~ . Hence, big L may reside in the neutrino sector and L may be many
orders of magnitude larger than 3. Therefore, L is defined mainly by the sum of the

asymmetries in the different neutrino sectors:

L~ Ly,

Whatever its value L contribute to the leptonic content of the Universe.
The origin of eventual big lepton numbers is not fully understood. See the review
papers (Dolgov, 2002; Sarkar, 1996). There exist numerous different mechanisms for

their generation:

e Large lepton numbers can be consistent with the observed small baryon number

for example in the context of Grand Unification Theories;

e There exist different models producing L > f: in the scenario of baryogenesis
with baryonic charge condensate (Dolgov and Kirilova, 1991), where large and

inhomogeneous lepton asymmetry can be produced;
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e The out-of equilibrium decays of heavy Majorana neutrinos (Fukugita and Yanagida,

1986; Murayama et al., 1993) can produce it as well;

e Resonant neutrino oscillations in C'P-asymmetric plasma of the early Universe
can create considerable neutrino asymmetry at low temperature (as it was
already mentioned in the previous chapters) (Foot et al., 1996; Kirilova and

Chizhov, 1997, 1996a).

Studying L of the Universe is intriguing and important because of many reasons.

Just a short list of some of them reads:

e A significant cosmological effect of L might be expected, having in mind that
neutrinos are abundant and large L may be contained in the neutrino sector.
Large lepton asymmetry has interesting cosmological implications: in baryogen-
esis models, for solving the monopole problem, as well as domain wall problem,
in primordial nucleosynthesis, for structure formation in the Universe. Besides,
as mentioned already in the previous chapters, relic asymmetry can suppress or

enhance neutrino transitions in the early Universe.

e Precise determination of neutrino properties is of cosmological importance. As
far as the uncertainty of neutrino characteristics leads to large systematic errors
in the estimation of cosmological parameters obtained from CMB data. There-
fore, knowledge about L and its nature would help to determine them more

precisely.

e Knowledge about L magnitude and sign is relevant for baryogenesis through
leptogenesis issues, for inhomogeneous BBN models, cosmological models with

leptonic domains, etc.

e Studying L and its cosmological influence provides, on the other hand, an op-

portunity to use cosmology as a probe of neutrino properties.
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e Particularly concerning neutrino oscillations: Due to the fact that L is capable
of suppressing and inhibiting or enhancing neutrino oscillations, determining L

will enlighten our knowledge about the cosmological role of neutrino oscillations.

e [ provides a possible solution of the recently found preference or/and indication

for additional relativistic density (the so called dark radiation problem).

In the next section we review the basic cosmological effects of L on processes in
the Universe and present the indirect kinetic effect of lepton asymmetry, found in our
studies. The interplay between small lepton asymmetry and electron-sterile neutrino
oscillations v, < v, effective after neutrino decoupling, is discussed in section 3. A
mechanism for generation of neutrino-antineutrino asymmetry is found. In the 4th
section cosmological constraints on L on the basis of its dynamical and direct kinetic
effect on standard BBN model are shortly discussed. Our results on indirect cosmo-
logical effect of small L (relic and oscillations generated) through neutrino oscillations
on primordial production of *He in BBN with late v, ¢+ v, oscillations is discussed.
We present our results concerning the influence of L on the BBN constraints on os-
cillations. Section bis dedicated to the BBN constraints on L. Section 6 discusses
the problem of radiation density excess and the possibility to solve it using the asym-
metry oscillations interplay, which we have proposed. The last section provides the

summary.

4.2 Lepton Asymmetry Cosmological Effects

A. Dynamical effect

A well-known cosmological effect of L is the increase of the radiation energy density

dp,, which is usually expressed in terms of the increase of the effective number of the
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relativistic degrees of freedom Ny :

5o = [1+7/8(4/11)% N, ]o,, (4.3)

ONegs = 15/7[(§/m)" +2(&/m)7). (4.4)

The increase of the radiation density due to L speeds up the Universe expansion
H = (8/3nGp)'/?, delays matter/radiation equality epoch, changes the decoupling
temperature of neutrino, which on their turn influence BBN, CMB and the evolution
of the density perturbations, and correspondingly the formation of structures in the
Universe.

Particularly well studied (using the BBN codes) is L dynamical effect on BBN.

Qualitatively it can be understood from the following considerations: The increase
of the expansion rate of the Universe due to L allows less time for the nuclear reactions
to proceed. The increase of the cooling rate of the Universe due to L, leads to earlier
freezing of the reactions governing neutron-to-proton ratio n/p , i.e. leads to higher
freezing ratio (n/p);, which reflects in higher D and *He abundances.

B. Direct kinetic effect.

Lepton asymmetry with a magnitude |L| > 0.01 in the v, sector exerts a direct
kinetic effect on nucleons kinetics and on BBN, because the v, participates in the
reactions interconverting neutrons and protons (eqs. 3.1, 3.2), changes the number
density of v, and 7., alters the reaction rates of neutrino interactions, as far as these
rates are extremely sensitive to the neutrino spectrum.

In case of electron neutrino degeneracy the effect on BBN and the outcome of
the light elements is L sign dependent. As is obvious, L > 0 in the pre-BBN epoch
would result into preponderance of protons and reduction of (n/p); and thus lead
to underproduction of primordial helium-4 abundance, while L < 0 would lead to

increase of neutrons and overproduction of *He.
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Degenerate BBN has been thoroughly studied since the pioneer papers of refs. Wag-
oner et al. (1967); Reeves (1972).

An empirical formula, which provides a fairly good fit (see Simha and Steigman
(2008)), presents the dependence of the produced primordially “He, Y, on the dis-

cussed dynamical and kinetic effect of L:

Y, ~ (0.2482 + 0.0006) + 0.00167,0 + 0.013AN,; — 0.3, (4.5)

As is obvious from eqs. 4.4 and 4.5, Y, is more sensitive to the kinetic than to the

dynamical effect of L (at natural values &,, < 1).

C. Indirect kinetic effect of lepton asymmetry through neutrino oscil-

lations

Small L, |L] << 0.01, that has negligible (A) and (B) effects, in case of late
v, <> v, oscillations may considerably influence oscillating 1., namely change its

evolution, number density, energy distribution, oscillation pattern and, thus through

Ve, influence BBN kinetics (Kirilova and Chizhov, 1997, 1998Db).

The effect of small relic L << 0.01 and nonresonant v, < v, oscillations
effective after neutrino decoupling on BBN has been first studied by Kirilova and
Chizhov (1998b). It was found that L < 1077 is destroyed by these oscillations, while
L > 107" may enhance or suppress them and through them influence primordially

produced elements, see also (Kirilova and Chizhov, 2001b).

The effect of small L generated by oscillations on * He abundance and on cos-
mological constraints on oscillations was first analyzed in ref. (Kirilova and Chizhov,
1997, 2000a, 2001b) and studied for a wider range of model’s parameters in (Kirilova,
2012).

Late active-sterile oscillations may induce neutrino-antineutrino asymmetry growth

during the resonant transfer of neutrinos. Indirect kinetic effect of asymmetry gen-

138



erated at relatively big mixing and small mass differences dm? < 107 eV? was first
found by Kirilova and Chizhov (1996a, 1997), this dynamically produced asymmetry
is not high enough to have dynamical or direct L kinetic effect on the synthesis of light
elements, it effects indirectly BBN through its back effect on oscillating neutrinos. It
was numerically found (Kirilova and Chizhov, 1997, 2000a; Kirilova, 2012) that in
the case of resonant v, <> v, oscillation effective after neutrino decoupling neutrino-
antineutrino asymmetry is amplified by not more than 5 orders of magnitude from
an initial value of the order of the baryon one.

Oscillations generated asymmetry suppresses oscillations at small mizing angles,
leading to noticeable decrease of *He production at these mixing angles.

In conclusion, very small asymmetries 1077 < |L| < 0.01 , either relic or produced

in active-sterile oscillations, may considerably influence oscillating electron neutrino

and through it Y, and BBN.

4.3 Lepton Asymmetry - Neutrino Oscillations Interplay in

BBN epoch.

The effect of large L either previously existing or produced by oscillations, which
effect directly the kinetic of BBN has been studied in numerous papers. The effect of
small relic asymmetry was not so thoroughly studied.

Here we present the results on the interplay between small asymmetries L << 0.01
and late v, <> v, oscillations in the early Universe and their effect on BBN, discussed
in the original works Kirilova and Chizhov (1997, 1998b, 2000a), Kirilova (2011c,
2012).

In case of late oscillating active-sterile neutrinos with relic or generated in os-
cillations L the energy distribution of neutrinos may be strongly distorted from the

equilibrium Fermi-Dirac form (Kirilova and Chizhov, 2000a). Hence, a precise ac-
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count for the energy spectrum distortion of the degenerate oscillating neutrinos is
necessary for the proper description of the effect of small lepton asymmetry. Partic-
ularly, the capability of small relic L to enhance oscillations has essentially spectral
character (Kirilova and Chizhov, 1998b) and requires a precise kinetic approach, pro-

vided in our numerical analysis.

We have studied two different cases of L, namely initially present at the neutrino
decoupling epoch, called further on relic L, and dynamically generated L by active-

sterile neutrino oscillations.

Qualitatively, the effect of L on oscillating neutrino may be understood as follows:
As discussed in chapter 2, the average potentials V; for v depend on the particle asym-
metries of different constituents of the medium and they differ for different neutrino

types due to different interactions with the particles of the plasma.

L, as a characteristic of the medium, may suppress oscillations by decreasing
their amplitude, or enhance oscillation transfer in case resonant condition (eq. 2.14)

between the parameters of the medium and the oscillation parameters holds.

Thus neutrino propagation and resonance in the neutrino sector differs from that
of antineutrino for non-zero L. Due to L influence of the v propagation L may change

n,, its spectrum distribution and oscillation pattern.

4.3.1 The kinetics of nucleons and the oscillating neutrino in presence of

lepton asymmetry

We have used a self consistent numerical analysis describing simultaneously the
kinetics of the oscillating neutrinos, the nucleons freeze-out and the asymmetry evo-
lution. The following system of kinetic equations for neutrino density matrix and
neutron number densities in momentum space are used to describe the evolution

of the system of oscillating neutrinos in the high temperature Universe and lepton
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asymmetry role in BBN:

dp(t)/0t = Hp, (9p(t)/Op,) + (4.6)
+i [Ho, p(t)] +iV2GF (L — Q/M,) N, [a, p(t)] + O (GF)
dp(t)/ot = Hp, (0p(t)/Op,) + (4.7)

+i [Ho, p(t)] + iV2GF (L — Q/M,) N, o, 5(t)] + O (G%)

L, = / Eplpre — puo)/N, (48)

on,/0t = Hp, (On,/0p,) + (4.9)
+/dQ(e,p, V)| A(e™p = vn))? [ne-np(1 — prr) — npprn(l — ne-)]

—/dQ(€+7pa D) A(etn — p)|* [nesnn (1 — prr) — nppro(l — nes )],

Whel‘e E ~ 2-[/1/E + LVH + Ll/7-7 L,LL,T ~ (NH,T - Nﬂﬂ_—)/N’Y

The first two equations describe the evolution of neutrino and antineutrino en-
sembles. They provide a simultaneous account of the different competing processes:
expansion (first term), neutrino oscillations (second term), neutrino forward scatter-
ing and weak interaction processes. The sterile state was assumed empty at the time

of decoupling of the electron neutrino.

Due to the non-zero L term the equations are coupled integro-differential and the
numerical task is much complicated than in the case of L ~ 3. Besides, L term
leads to different evolution of neutrino and antineutrino due to the different sign with

which it enters their equations. (The case of L ~ (§ corresponds to negligible £ term

141



in the potential when the evolution of the neutrino and antineutrino density matrices

is identical in the nonresonant oscillations case.)

4.3.2 Nonresonant oscillations case. Results of the numerical analysis

Our numerical analysis for the nonresonant oscillations case with L showed that
the coupling between the neutrino and antineutrino ensembles leads to their similar
behavior: Whenever the resonance condition is fulfilled for neutrino (or antineutrino),
and the ensemble suffers a resonant oscillations, due to the strong coupling between
the systems, the antineutrino ensemble too shows the same behavior (after some negli-
gible delay time). The concrete ‘spectral” mechanism of that strong coupling between
the ensembles in our case is described in detail in section 4.4. This is qualitatively
new result, opposite to the traditional naive conclusions (Enquist et al., 1990b), that
the resonance may take place either in the neutrino sector or in the antineutrino one,
but not both, based on observations just for a certain parameter values and provided
for the mean neutrino momentum, that in the low temperature resonance case (when
the nonlocal term is neglected in comparison with the local one).

We studied numerically the evolution of neutrino ensembles, evolution of L and
the evolution of nucleons, to reveal L role during pre-BBN epoch for a broad range of
oscillation parameters and for the case of relic L in the range 10719 < |L| < 0.01.The
results have almost negligible dependence on the sign of the initial asymmetry, as
could be expected from this behavior of the ensembles.

Depending on the oscillation parameters and L values, the following interplay
between L and oscillations was observed: relatively large L suppress oscillations,

smaller L lead to their resonant enhancement.

4.3.3 Asymmetry generated in resonant oscillations

For the analysis of oscillations generated L we have assumed its initial value L ~ 3.
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The numerical analysis was provided for the temperature range [0.3 MeV, 2 MeV]
and the full set of oscillation parameters of the electron-sterile oscillations model, and

with higher accuracy than in previous studies.

In order to keep the appropriate precision of calculation for the wide range of
initial parameter values, we have used a step for the evolution of temperature of the
order 1078 — 107¢ MeV and for the calculation of the neutrino spectrum a step for

E,/T of the order 1073 — 10~%.

Active-sterile oscillations proceeding after neutrino decoupling produce v, at the
expense of active neutrino and thus d N.s; does not change. However in that case late
oscillations strongly distort neutrino energy spectrum for a wide range of values of
oscillations parameters and L. Therefore, a precise description of neutrino momenta
distribution is necessary. In our analyses we have used between 1000 and 5000 bins
to describe neutrino spectrum distribution in the non-resonant neutrino oscillations
case, and up to 10 000 in the resonant case.

Instability region

Resonant oscillations were found capable to amplify L. In the analyzed oscillations
case the evolution of L is dominated by neutrino oscillations and typically L has rapid
oscillatory behavior: it oscillates and changes sign. We have determined numerically
the region of parameter space for which noticeable generation of L is possible. A good

approximation to the exact results is:

|6m?| sin® 20 < 10797 eV?. (4.10)

The maximal possible growth of L is 4-5 orders of magnitude. The instability
region and the magnitude of L are close to the bounds existing in literature for other

oscillation models, see for example Dolgov et al. (2000).

L changes energy spectrum distribution and the number densities of electron neu-
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trinos from standard BBN case. This influences the kinetics of nucleons during BBN
and changes the production of light elements.

The precise description of the distribution of the neutrino momenta was found
extremely important for the correct determination of L evolution in the resonant
oscillations case. For some choices of oscillation parameters increasing the resolution
of momentum space leads to changes of the oscillatory character of L and diminishes
L amplitude. ! This observation is in accordance with the studies of other authors in
other parameter regions corresponding to smaller 6 and bigger dm? (see Di Bari and
Foot (2000)).

In the following sections we present the results of a detail numerical study of the
effect of this lepton asymmetry-neutrino oscillations interplay on BBN produced *He.
We present the numerical results on the influence of small L on oscillating neutrino
and on BBN and show that BBN produced *He feels extremely small L and represents

now the finest known ”leptometer”.

4.4 BBN with Lepton Asymmetry and Neutrino Oscillations

In the next subsection we present first the available in literature cosmological
constraints on L coming from BBN with flavor neutrino oscillations. Then, in the
following subsection we discuss our results concerning L and BBN with electron-sterile

neutrino oscillations.

4.4.1 Cosmological constraints on lepton asymmetry from standard BBN

At present SBBN provides the most stringent constraints on L on the basis of L
dynamical and direct kinetic effect. There exist numerous papers on the subject. I

list here only the results of more recent work. For more information and reference of

LAs a rule in these cases the evolution of the neutrino ensembles is strongly distorted from the
expected behavior.
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earlier papers see the review (Dolgov, 2002).

In case of equilibration of the neutrino oscillation degeneracies due to flavor oscil-
lations before BBN the limit on L in the muon and tau neutrino sector strengthens.
Then BBN constraint reads (Dolgov et al., 2002) |¢,| < 0.1. For such a small L the
expantion rate remains practically unaffected dN,pp ~ 1073

It was realized that the equilibration of the chemical potentials before BBN de-
pends on the value of the yet unknown mixing 63 (Pastor et al., 2009). Besides,
since relic L is capable to suppress or enhance oscillations, depending on its value
and the values of oscillation parameters, L itself may play the role of an inhibitor or a
catalyzer of the equilibration. Hence, different possibilities for the values of chemical
potential in different neutrino flavors still may have place.

The analysis on the basis of BBN and the abundances of D and *He and CMB/LSS
constraints on baryon-to photon value, provided restrictive constraints on the neu-
trino degeneracy, see for example Simha and Steigman (2008). Namely the following
constraints were derived for N.;; = 3.370 % and different possibilities for the chem-
ical potentials: in case &, # &, = &, & < 2.3 corresponding to L < 5; in case
§ve = & # &y &, <4 L < 7.6, while in case §, = &, =&, 0.01 <, < 0.1 and
L < 0.07. In the last case practically the rate of expansion does not change, and the
small dynamical effect of L corresponding to AN.ss ~ 0.03 is undetectable by BBN
and CMB.

CMB and LSS provide much looser bounds: They feel the change in the total
density, i.e. only dynamical effect of L — dN.f;. L modifies the power spectra of
radiation and matter (Lesgourgues and Pastor, 2006). However, today’s sensitivity
of CMB and LSS data do not allow to probe different flavors. CMB data (including
WMAP 5 years data results) combined with LSS data put the bound: &, < 0.7 and

L < 0.6 at 20 level.

In conclusion, depending on the different combinations of observational data sets
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used and the assumed uncertainties, cosmology provides an upper bound for L in the
range |L,, | < 107 — 10 and |L| < 0.01 — 0.2. These values are many orders of
magnitude larger than the baryon asymmetry value.

In the next sections we analyze the indirect kinetic effect of small L on BBN
with late neutrino oscillations and present a possibility for much sensitive leptometer
capable to constrain tiny L values close to the baryon one. Namely, we describe a
model of BBN with late electron-sterile neutrino oscillations, which can 'measure’ L

bigger than |L| > 1075,

4.4.2 Helium production in BBN with neutrino oscillations and L. Dif-

ferent effects of L on neutrino oscillations

To study the lepton asymmetry effect on BBN we have provided a detail numerical
analysis of the influence of L on Y,, because primordially produced *He is highly
sensitive to the nucleons kinetics during the pre-BBN epoch and besides, it is the
most precisely measured element among light elements synthesized during BBN. A
recent measurement of Y, was provided on the basis of 93 spectra of 86 low redshift
HII regions (Izotov and Thuan, 2010).

Oscillations generated asymmetry and BBN We have calculated precisely
for hundreds different sets of model’s parameters the neutron to nucleons freezing
ratio X/ = nf/(n, +n,)’ = f(6m? sin®20, L), which is essentially influenced by
oscillations and L. The primordially produced *He was estimated from it.

We have precisely followed the evolution of nucleons in the presence of electron-
sterile neutrino oscillations in the pre-BBN period for different sets of oscillation pa-
rameters and different values of L. The production of * He was numerically calculated
and compared to the BBN value without asymmetry growth account.

Figure 4.1 illustrates the typical behavior of the frozen neutron number density

relative to nucleons when increasing the mixing in case of asymmetry growth (red

146



0,17

0,16

0,15+

0,14

T T T T T T T T
-3,0 -2,5 -2,0 -1,5 -1,0 -0,5 0,0

Iog(sin22e)

Figure 4.1: The dependence of the frozen neutron number density relative to nucleons
on the mixing in case of the account of asymmetry growth (red curves)
and in case without asymmetry growth account for two different mass dif-
ferences dm? = 1078 eV? and dm? = 1077 eV2. Figure from ref. (Kirilova,
2012).
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curves) and in case without asymmetry growth account for two different mass differ-
ences. The asymmetry growth takes place at smaller mixing angles when increasing
dm?. Then due to the asymmetry growth the production of X, (correspondingly Y},)
decreases at small mizing. The effect of the asymmetry growth on helium produc-
tion is always towards decreasing of the caused by oscillations overproduction of * He,
leading to a relaxation of BBN constraints at small mixings.

Thus, the analysis has proven that BBN is sensitive to the oscillations generated
asymmetry, which usually grow not more than 5 orders of magnitude and are small
|L| < 107°.

Initial asymmetry, nonresonant neutrino oscillations and BBN

We considered the case of nonresonant oscillations dm? > 0 with small mass
differences for a wide range of the initial values of L, namely 1071° — 1, and provided
a precise numerical study for 1071% < |L| < 10™*, which is the most unexplored part
of it.

We assumed no degeneracy of muon and tau neutrinos for simplicity. However,
this assumption is not essential. The results can be easily rescaled for the general
case of asymmetry in all sectors.

Numerical analysis of Y,(dm?, 6, L) dependence has been provided for the entire
range of mixing parameters of the model and relic |L| > 1071

In fig. 4.2 the evolution of the neutron number density relative to nucleons X, (t) =
N,.(t)/(N, + N,) for the case of oscillations with sin®(29) = 107%% and dm?* = 107
eV? for different values of the initial asymmetry (L = 107%, L = 1075 and L = 10719)
is plotted. As is seen from the figures, even relatively small asymmetry (L = 1079)
can considerably effect the neutron-to nucleon ratio.

In figure 4.3 the evolution of the neutron number density relative to nucleons
X (t) = N,(t)/(N,+ N,,) for the case of oscillations with maximal mixing and dm? =

1077 eV? for different values of the initial asymmetry ( L = 107%, L = 107° and
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Figure 4.2: The evolution of the neutron number density relative to nucleons X,,(t) =
N,.(t)/(N, + N,,) for the case of oscillations with sin*(29) = 107%% and
dm? = 1077 eV? and for initial asymmetry of the order of the baryon one
and for L = 107% and L = 1075 Figure from ref. (Kirilova and Chizhov,
1998b).
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Figure 4.3: The evolution of the neutron number density relative to nucleons X, (t) =
N, (t)/(N, + N,,) for the case of oscillations with maximal mixing and
dm? = 107" eV? for different values of the initial asymmetry (L = 107¢,
L =107% and L = 1071%). Figure from ref. (Kirilova and Chizhov, 1998b).

L =10719) is plotted.

In some cases, i.e. for maximal mixing (figure 4.3), the presence of L is leading
to underproduction of helium-4, while in others (figure 4.2) to its overproduction

in comparison with helium yields calculated in models with small asymmetry (L ~

10710).

In figure 4.4 the dependence of the neutron to nucleon freezing ratio on the mixing

angle for L = 1076 for different mass differences dm? = 10=7 eV? and dm? = 1078 eV?
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Figure 4.4: The dependence of the neutron to nucleon freezing ratio on the mixing
angle for L = 107° for different mass differences dm? = 10~7 eV? and
dm? = 10~% eV? is shown. For comparison with dashed lines the corre-
sponding curves with small asymmetry L = 107! are presented. Figure

from ref. (Kirilova and Chizhov, 1998b).

is shown. For comparison the corresponding curves with small asymmetry L = 10710
are presented with dashed lines. It is interesting to note, that, as illustrated in this
figure depending on the mixing angle, it is possible to reduce or increase the overpro-
duction of helium and correspondingly to weaken or to strengthen the cosmological
limits in comparison with the model of BBN with oscillations without a considerable
lepton asymmetry. Namely, for large mixing, the presence of neutrino degeneracy
of the order 1079, for example, weakens the oscillation effect of overproducing he-
lium leading to less strong constraints on the mixing parameters. While for smaller
mixing angles the same asymmetry enhances oscillations and increases the helium

overproduction, leading to stronger limits on mixing parameters.
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The indirect kinetic effect on BBN of small relic L, 107® < L << 0.01, via
oscillations was studied in ref. (Kirilova and Chizhov, 1998b; Kirilova, 2012).

We have found that correct account for the spectral spread of neutrino is very
important because of the oscillation-asymmetry interplay, and it is decisive for the
realization of low temperature resonance in dm? > 0 case — called further ”spectrum
wave resonance”. In models working with the mean momentum only, the resonance
does not have place as far as actually the asymmetry calculated in this approximation
reaches zero at resonance.

The calculated * He production dependence on oscillation parameters and on L
shows that, in case of electron-sterile neutrino oscillations:

i) BBN can feel extremely small L: down to 1075.

ii) Large enough L change primordial production of *He by enhancing or sup-
pressing oscillations.

L role

On the basis of numerical analysis, for the oscillation model discussed, we have
found three interesting regions for the range of the lepton asymmetry. Depending on

oscillation values L > 10~7 may enhance oscillations, while L > 0.1(6m?/eV?)?/3

may
suppress oscillations, and asymmetries as big as L > (dm?/eV?)?/3 inhibit oscillations.
L enhancing oscillations leads to a higher production of Y,. L suppressing oscillations
decreases Y, overproduction by oscillations. L bigger than 10* leads to a total
suppression of oscillations, i.e. to the standard BBN yield of Y}, without oscillations.

Let us consider nearly maximal mixing: sin?(29) = 107%%. Then these regions
are as follows.

A. In the range |L,| > 5 x 107 the asymmetry fully suppresses neutrino oscilla-
tions.

The yield of helium-4 coincides with the values obtained in the models of primor-

dial nucleosynthesis without oscillations. Therefore, the nucleosynthesis bounds on
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the mixing parameters in the presence of such large asymmetries are waved away.

For |L| < 1072 the direct kinetic effect of such asymmetries on the neutron-to-
proton transfer is almost negligible, i.e. for the range 10~* — 1072 the only role of

asymmetry is to suppress oscillations.

Asymmetries greater than that effect nucleosynthesis by directly changing the
kinetics of nucleons and are exhaustively studied in previous works.Therefore for

|L| > 10~* we have not provided detail numerical calculations.

B. The range of smaller than 10~* asymmetries was more appealing to us as far
as it was totally unexplored. Therefore, we numerically analyzed the problem for
the initial values of the neutrino asymmetry in the range 1071 — 10~%, and for the
full mixing parameter space of the late active-sterile oscillations model, described

in Kirilova and Chizhov (1997).

The zone 1077 < |L| < 5 x 1075 is the most interesting one. The asymmetry with
magnitudes of that order is strong enough to influence neutrino oscillations although
the neutrino asymmetry is too small to effect nucleosynthesis directly. It does effect
nucleosynthesis yields in indirect way through its influence on neutrino oscillations
pattern. The asymmetry values in that range are able to enhance oscillations. So,
depending on the mixing angle for some L in this interval the ensemble of neutrinos
expires a resonance. For nearly maximal mixing it is roughly around L ~ 1075,
This enhancement of oscillations is big enough to influence considerably the electron
neutrino and electron antineutrino number density and spectrum and leads to an
enhanced depletion of the number densities of neutrinos and antineutrinos and a
decrease in their mean energy, as well as nontrivial evolution of the asymmetry itself.
Thus, it influences the helium-4 value, which is extremely sensitive to it. The result is
overproduction of helium-4 in comparison with the case of primordial nucleosynthesis
in the presence of oscillations with negligibly small L. This on its turn leads to a

strengthening of the nucleosynthesis bounds on the neutrino mixing parameters for
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Figure 4.5: Frozen neutron number density relative to nucleons as a function of the
relic initial lepton asymmetry for dm? = 1077 eV2. The solid curve corre-

sponds to maximal mixing, the dashed curve to sin®26 = 107%% and the
dotted curve to sin?20 = 107!, Figure from ref. (Kirilova, 2012).

that certain set of parameters (L, dm?,9).

C. For small asymmetries |L| < 107® asymmetry has too week effect on nucle-

osynthesis to be considered.

Finally, we have calculated the He-4 dependence on the neutrino asymmetry for
the whole range of mixing parameters of our model and we have obtained the primor-
dial helium yields Y, (L, dm?,9). This enabled us to obtain isohelium contours in the
dm? — ¥ plane. Some of these constant helium contours, for L = 107° and L = 1075,

are presented in the following subsection.

In Figure 4.5 the dependences of X/ on relic L for different mixings (to the left)
and different mass differences are presented. For L smaller than ~ 1077 X/ keeps
unchanged from the case without L. The higher the mixing - the higher is the

overproduction of He-4 due to oscillations. Increasing further L for fixed oscillation
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Figure 4.6: Frozen neutron number density relative to nucleons dependence on the
initial asymmetry for sin® 26 = 107%% and two different mass differences

dm? = 1078 eV? (lower curve) and dm? = 10~ eV? (upper curve). Figure
from ref. (Kirilova, 2012).

parameters leads first to an increase of helium production, corresponding to the region
of parameters space where L enhances oscillations, and then to a decrease of helium
production, corresponding to big L suppressing oscillations, and hence to less Y,
overproduction caused by oscillations. At some critical L value defined by the concrete
set of oscillation parameters L.(dm?, ) the produced helium reaches its standard BBN
value - i.e. L has stopped the oscillations. As is illustrated in the figure, the width
of the enhancement region and the height of the overproduction peak is sensitive to
the mixing. Bigger values (up to about an order of magnitude) for L. are necessary
to inhibit oscillations when decreasing the mixing.

Figure 4.6 illustrates the dependence of X,, on the initial asymmetry value for a
fixed mixing, namely sin® 20 = 107%% and different mass differences m? = 10~% eV?
and dm? = 1077 eV2. The enhancement peak due to L is more clearly expressed for
higher mass differences, and L. is bigger for bigger mass differences.

L bigger than ~ 107* leads to a total suppression of oscillations effect on BBN
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for late oscillations studied here and hence, eliminates the BBN bounds on oscillation

parameters. In that case instead the following approximate bound holds:

om?/eV? < L*/? (4.11)

4.4.3 Spectrum wave resonance

The ability of L within that range to enhance the oscillations looks quite amazing
at a first glance. The naive picture one expects as a result of increasing the initial L is
a gradual suppression of oscillations proportional to L. As far as L value, calculated
for the mean neutrino momentum is by orders of magnitude bigger than the necessary
one for a resonance transfer L > L,.

However, the detail numerical analysis, accounting for the momentum spread of
neutrino ensemble, showed a more complex picture. Varying L for fixed mixing
parameters we have observed a resonance region, i.e. an enhancement of oscillations,
as seen in the figures. And besides that, when a resonance for a given L value was
observed for neutrino it was followed with a negligible time delay by a resonance
in antineutrino! This leads to a considerable depletion of number densities and to
further overproduction of helium-4. This amazing results can be explained as follows.

The system of nonlinear differential equations cannot be solved analytically with-
out radical assumptions. However, the qualitative behavior of the ensembles and the
obtained results concerning helium-4 can be guessed from the following simplified
considerations.

The resonant conditions for the neutrino looks like:

cos(20)(0m?/2E,) = V2Gr(L — Q/ME,)N, (4.12)

while for antineutrino the sign before L term is the opposite one.
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For the mean neutrino momenta p = 3.15 7" in our model

Ll > Q/Mj

IL| > cos(20)6m?/(2V2E,GEN,).

Now let us consider the possibility that at a given temperature, for neutrino of a given
momentum p < p the resonance condition is fulfilled, i.e. L has the resonance value
L.(p). Then neutrinos with this momentum suffer a resonant transfer, leading to a
decrease in the number densities of neutrinos (in favour of the sterile neutrinos). As far
as for antineutrinos L has the opposite sign, oscillations remain suppressed, and the
number densities of antineutrinos do not change. Hence, the net result is a decrease in
L due to this resonant transition. This decrease makes possible the fulfillment of the
resonant condition for more energetic neutrinos, leading to further decrease of L and so
on; due to this ‘resonance wave’ passing to neutrinos with higher and higher momenta,
the neutrino number densities expire a considerable depletion, consequently, having
in mind the small initial values of the neutrino asymmetry (6N, ~ L, N,) soon this
resonant wave leads to a change in the sign of L. This suppresses further resonant
transfer for neutrinos, however, for the antineutrino ensemble now there appears the

possibility for a resonance. So, the same process follows in the antineutrino ensemble.

The only difference being that contrary to the neutrino system, for antineutrinos
the resonance is first fulfilled for the high energy neutrinos and then passes to the low
energetic ones - i.e. it reaches more rapidly neutrinos with mean momentum, and the
process is more avalanche like. This rapid decrease of antineutrinos leads to a rapid

bump of L which again becomes positive.

This pendulum like process proceeds relatively fast, the oscillation of the asym-
metry proceeds much faster than the temperature decrease. The total effect is that

the resonant transfer both for neutrino and antineutrino system is realized even for

157



a considerable initial asymmetry values (nonresonant ones, when calculated for the
mean neutrino momentum), and due to the enhanced transfer of active to sterile
neutrinos a considerable ‘resonant’ production of helium-4 is observed.

We would like to emphasize that the qualitatively new result, namely that small
asymmetries may enhance oscillations and consequently to strengthen the nucleosyn-
thesis bounds, was revealed only due to the correct approach accounting for the spec-
tral spread of neutrino momenta and energy spectrum distortion due to oscillations,
advocated in our previous papers and in the pioneer work of Dolgov (1981). Other
studies missed this possibility as far as there it was assumed that neutrino ensemble
follows the behavior of average momentum even in the presence of oscillations and

asymmetry.

4.4.4 Production of He-4 in BBN with neutrino oscillations and lepton

asymmetry
4.4.4.1 Relic lepton asymmetry

We have found that even small asymmetries |L| > 10~7 may considerably effect nu-
cleosynthesis (contrary to the conclusions of the previous works) and that asymmetry
is also able to enhance oscillations and consequently to strengthen the nucleosynthesis
bounds on neutrino mixing parameters for concrete regions in the parameter space
(L,dm? 1), besides suppressing oscillations and thus loosening the bounds on mixing
parameters from nucleosynthesis. Depending on its value, relic L may change BBN
bounds: It relaxes them at large mixings and strengthens them at small mixings Kur-
ilova and Chizhov (1998b); Kirilova (2006, 2001c); Kirilova and Chizhov (2001b);
Kirilova (2012).

Figure 4.7 presents the dependence of X,, on the mass differences at a fixed non
maximal mixing angle and for two different initial L. As illustrated, higher initial L

leads to an increase of helium production at bigger mass differences, and reduces he-
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Figure 4.7: The dependence of the frozen neutron number density relative to nucleons
on the mass differences at sin?20 = 107%! and for two different initial
lepton asymmetries L = 1071° (the dashed curve) and L = 1075 (solid
curve). Figure from ref. (Kirilova, 2012).

lium production at smaller mass differences. Correspondingly, increasing L at a fixed
mixing leads to relaxation of the bounds at small mass differences and strengthens
them for big mass differences.

At maximal mixing, however, bigger L leads to a suppression of the production
of helium for all mass differences, and L = 107° is enough to eliminate oscillations
effect, i.e. to eliminate also the constraints on oscillation parameters in the discussed
BBN model (see figure 4.8).

Finally in figure 4.9 we present the dependence of the helium production on the
mixing angle at different initial L. Bigger L leads to decreasing the production of
“He with increasing the mixing. I.e. for fixed mass differences, L relaxes the BBN
constraints at large mixings. Analysis at bigger mass differences ém? > 107% eV? has
shown that at fixed dm? L strengthens the constraints at small mixing. |L| = 107°
relaxes BBN bounds at large mixings and strengthens them at small mixings.

Assuming the conventional observational bound on primordial *He Y, = 0.24 the
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Figure 4.8: The dependence of the frozen neutron number density relative to nucleons
on the mass differences at sin? 26 = 1 and for three different initial lepton
asymmetries L = 107! (the dashed curve) and L = 107° (solid curve)
and L = 107" (the dotted curve).Figure from ref. (Kirilova, 2012).
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Figure 4.9: The dependence of the frozen neutron number density relative to nucleons
on the mixing angle at m? = 1078 eV? and for two different initial lepton
asymmetries L = 107'° (the dashed curve) and L = 107% (solid curve).
Figure from ref. (Kirilova, 2012).
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Figure 4.10: on the dm? — 1 plane the constant helium contours calculated in the dis-
cussed model of cosmological nucleosynthesis with neutrino oscillations
for L =107% and L = 107! are shown. Figure from ref. (Kirilova and
Chizhov, 1998b).

cosmologically excluded region for the oscillation parameters on the plane sin?(21) —

dm? in figure 4.10 lies to the right of the Y, = 0.245 curve, which gives 5% overpro-

duction of helium in comparison with the standard value. For comparison the curves

corresponding to L = 1071% and L = 107% are plotted.
In fig. 4.10 on the dm? — o plane the constant helium contours calculated in

the discussed model of cosmological nucleosynthesis with neutrino oscillations for

L=10"%and L = 1070 are shown.

4.4.4.2 Neutrino oscillations generated lepton asymmetry

In case of oscillations generated lepton asymmetry BBN constraints on neutrino

oscillations may notably change although the values of the asymmetry are small ( Kir-
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tlova and Chizhov, 1996a, 2000a; Kirilova, 2007; Kirilova and Panayotova, 2006;
Kirilova, 2012).

Our investigations and the numerical analysis showed that the dynamically pro-
duced asymmetry at small mixing angles suppresses oscillations, which leads to less
overproduction of *He in comparison with BBN with oscillations but without an
asymmetry account. Hence, the bounds on oscillation parameters are alleviated at

small mixing angles (Kirilova and Chizhov, 2000a; Kirilova, 2001c¢).

Here we present the updated cosmological constraints for electron-sterile oscilla-
tion case, accounting precisely for the oscillations generated asymmetry. The dynam-
ical asymmetry effect on BBN via neutrino oscillations is illustrated in comparison
with an artificial case without the account of asymmetry in order to extract the net

effect of the asymmetry on BBN.

In figure 4.11 the impact in helium-4 due to oscillations and asymmetry is pre-
sented as a function of the neutrino square mass differences. For comparison the curve
corresponding to the artificial case without the account of the asymmetry is presented
also. The difference between the two curves measures the net asymmetry effect on
BBN with oscillations. It is obvious, that for the range of oscillation parameters
discussed, the total effect of the asymmetry is a reduction in Y}, in comparison with
the case without asymmetry account. This reduction can be as big as 10%, which
is considerable on the background of our recent knowledge from primordial helium
measurements. As it is obvious from the figure, small ém? are also constrained from

BBN considerations.

In figure 4.12 we present a comparison of the iso-helium-4 contours, Y,, = 0.245, for
the resonant case, obtained without the account of the asymmetry, with the contours
obtained with the account of the asymmetry. The area to the left of the curves is the

allowed region of the oscillation parameters.

The apparently great asymmetry effect (as seen from the curves) is totally due
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Figure 4.11: The relative change in the primordial yield of helium-4 as a function of
the neutrino squared mass differences in case of BBN with oscillations for
sin?(26) = 0.05. The solid curve shows the complete effect of oscillations
with the account of the asymmetry. The dashed curve shows solely the
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Figure 4.12: On the dm? — 6 plane iso-helium-4 contour Y, = 0.245, calculated in the
discussed model of BBN with active-sterile neutrino oscillations and the
account, of the complete asymmetry effect, is shown. The dashed curve
presents a comparison with the same case, but without the asymmetry
account. The area to the left of the curves is the allowed region of the
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Figure 4.13: Cosmological constraints for the electron-sterile neutrino oscillations, are
presented by the solid curves Y, = 0.24. The dashed curve shows the
contour without asymmetry account. The dotted curve shows solar neu-
trino LOW solution.
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to the indirect effects of the asymmetry on BBN. The maximal asymmetry effect is
around 10% ’underproduction’ of Y, in comparison with the case of BBN with os-
cillations but without the asymmetry account. The total effect of oscillations, with
the complete account of the asymmetry effects, is still overproduction of helium-4,
although considerably smaller than in the calculations neglecting asymmetry. There-
fore, BBN constraints on the mixing parameters of neutrino are alleviated consider-
ably due to the asymmetry effect.

The updated constraints on active-sterile neutrino oscillations, precisely account-
ing for the asymmetry generation, spectrum distortion and the depletion of the neu-
trinos, are presented in fig. 4.13 . The plots correspond to Y, = 0.24. The net indirect
asymmetry effect on BBN is given for the resonant case by the difference between
the dashed curve (without asymmetry account) and the solid one. Due to asymmetry
growth account, and the corresponding suppression of oscillations, Y, overproduc-
tion is not so strongly expressed at small mixing angles, hence BBN constraints are
alleviated at small mixing angles for ém? < 0.

In the resonant case the cosmological constraints at large mixing are:

|6m?| < 8.2 x 10717 eV?, (4.13)

In the nonresonant case dm? > 0 an analytical fit to the exact constraints is:

dm?(sin? 20)* < 1.5 x 107? eV~ (4.14)

The constraints in both cases are strengthened compared to the previous ones due to
the precise account of the spectrum distortion and to the exact kinetic approach to
the neutrinos and nucleons evolution.

In conclusion we would like to stress once again that lepton asymmetries |L| >

107® can both enhance or suppress (completely or partially, depending on the con-
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crete values of the model parameters) neutrino oscillations and consequently can
strengthen or weaken oscillation effect on primordial nucleosynthesis. The cosmolog-
ical constraints in case of proper account of the asymmetry growth are less stringent
at small mixing angles (where the growth of asymmetry takes place) in comparison
with the case when the asymmetry growth was neglected.

The constraints on the oscillation parameters obtained from nucleosynthesis with
lepton asymmetry of the order of the baryon one Barbieri and Dolgov (1991); Enquist
et al. (1990b); Kirilova and Chizhov (1997); Barbieri and Dolgov (1990); Engquist
et al. (1992, 1990a); Cline (1992); Shi et al. (1993); Kirilova and Chizhov (1998c,
2000a, 2001a) can be considerably changed - either relaxed (or even totally removed)
or strengthened for (note!) not very large values of the initial lepton asymmetry. This
may have interesting astrophysical and cosmological implications.

The constraints and conclusions of previous works concerning asymmetry effect on
BBN with oscillations will change considerably when a proper selfconsistent account
for (a) the complete effect of the asymmetry (1)-(4) during its whole evolution in
nucleosynthesis epoch; (b) the neutrino spectrum distortion; (c) and the exact kinetics
of nucleons is provided using the kinetic equations in momentum space. The role
of the mixing-generated neutrino asymmetry in BBN is considerable and should be

accounted for precisely.

4.5 Cosmological Constraints on Lepton Asymmetry from

BBN with Neutrino Oscillations

The detection of the Cosmic Neutrino Background would provide L direct mea-
surement. Till then L is measured indirectly by its influence on observable relics
of the Universe. We have studied numerically the special case of influence of very

small L on oscillating neutrino and on BBN. Both small neutrino oscillations gen-
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erated asymmetry and small relic asymmetry influences considerably the primordial
production of *He in the model of BBN with late electron-sterile neutrino oscilla-
tions. The produced primordially *He in this model feels extremely small L, namely
1078 < L << 0.01 due to the indirect kinetic effect of L. Hence, BBN with oscillations
feels extremely small L and represents now the finest known ”leptometer”.

Having definite values for the neutrino mixing parameters, it will be possible, on
the basis of requirement of agreement between the theoretically calculated and the
extracted from observations values of helium-4, to put cosmological constraints on L
even within that range of exclusively small magnitudes.

Namely, equation 4.11 can be used to put the following BBN constraint on L:
Having the indications for active-sterile oscillations with dm? ~ 1075 (Holanda and
Smirnov, 2011) and replacing this value in eq. 4.11, a stringent upper limit on L
follows:

L <5107

This limit is much stronger than the one following from standard BBN.
Today it is reasonable to study L, also as a possible solution of the recently found

cosmological preference or/and indication for additional relativistic density.

4.6 Lepton Asymmetry and Excess Radiation Density

In recent years an increasing number of cosmological indications appeared suggest-
ing excess relativistic density, corresponding to different epochs (Izotov and Thuan,
2010; Aver et al., 2010; Komatsu and others (WMAP), 2009).

Namely, recent measurements of primordially produced *He, Y,, and CMB mea-
surements of Y, pointed to higher values of the effective number of the relativistic
degrees of freedom at the BBN epoch, at the CMB formation epoch, and at present

epoch (on the basis of LSS survey data) than previously estimated ones and higher
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than the theoretically predicted standard value for 3 neutrino species N¢r = 3.046.

Besides, recent analysis of the combined neutrino oscillation data, including LSND
and MiniBoone requires 1 or 2 additional low mass (sub-eV) sterile neutrinos v,
participating into oscillations with flavor neutrinos with higher mass differences val-
ues, than the ones required by solar and atmospheric neutrino oscillations exper-
iments Kopp et al., 2011; Giunti and Laveder, 2010. These light v, brought into
equilibrium by oscillations with active neutrinos may be a successful explanation of
the excess relativistic density.

It is interesting if cosmology allows 2 light additional sterile neutrinos and if they
can explain the excess relativistic density.

It is known that additional light sterile neutrinos with the mixing and mass dif-
ferences estimated by v oscillations data with mass differences in the eV range will
be brought into equilibrium in the early Universe. BBN favors the presence of one
such v4 but He and D data excludes 3 fully thermalized v,. Besides, neutrinos in
sub-eV range produce too much hot dark matter (Hamann et al., 2010). Thus, two
additional v are in tension both with BBN and with LSS requirements (Giusarma
et al., 2011).

Lepton asymmetry, namely its dynamical and direct kinetic effects, has been con-
sidered as an explanation of the excess radiation. It was shown that excess radiation
cannot be explained by degenerate BBN (Mangano et al., 2012). However, the pres-
ence of L may be the solution in case its value is enough to suppress active-sterile
oscillations so that v, are not fully thermalized. Our estimation (Kirilova, 2013) of
the value of L necessary to suppress oscillations and achieve the suppression of v
production is:

IL| > 0.08.

This is higher than the values discussed by Hannestad et al. (2012); Mirizzi et al.

(2012), that found |L| > 1072. The difference might be due to different approxi-
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mations used or to the fact that previous studies do not account precisely for the v
energy distribution.

Thus, in modified BBN with v oscillations and high enough L the models with
additional light sterile neutrinos may be allowed. To obtain the exact L value a
precise numerical analysis, solving the exact kinetic equations, including all v species
and accounting for all L effects, discussed above, should be provided.

Hence, the excess relativistic density might point to additional sterile neutrinos
and the presence of L. However, there exist other possibilities as well, namely: v
active-sterile late oscillations leading to the overproduction of He-4 and thus imitating
extra radiation, MeV decaying particles during BBN ( Kirilova, 2009; Ruchayskiy and
Ivashko, 2012), or other modifications of the standard cosmological model. Future
experimental and observational data will choose among different possibilities. In
particular, it is expected that Planck data will be able to check with higher sensitivity

the status of extra radiation.

4.7 Summary

Lepton asymmetry of the Universe has not been directly observed. It may be much
bigger than the baryon asymmetry, and hidden in the neutrino sector. Since relic
neutrino background is not yet detected, the lepton asymmetry in the neutrino sector
may be measured/constrained just indirectly, namely by its influence on Universe
expansion, Big Bang Nucleosynthesis, Cosmic Microwave Background, LSS, etc.

We discussed the case of small lepton asymmetry influence on the neutrino in-
volved processes in pre-BBN epoch, and particularly on neutrino oscillations and
pre-BBN kinetics.

Cosmological influence of such small lepton asymmetries, which do not have direct
effect on nucleons kinetics during BBN and are invisible by CMB, was explored and

shown to be considerable for certain range of oscillation parameters and L.
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It was found that lepton asymmetries as small as 10~® may be felt by BBN in
case of neutrino oscillations. The effect of the dynamically generated and initially
present L on BBN with oscillations was studied. We have calculated the dependence

of primordially produced helium-4 on the parameters of the model Y, (L, dm?,9).

Relic L present during BBN, depending on its value, may increase, decrease over-
production of Y}, or reduce it to the standard BBN value. Thus, the presence of an
initial asymmetry bigger than the baryon one may considerably change the bounds on
oscillation parameters obtained from primordial nucleosynthesis considerations. We
have obtained limits on the neutrino mixing parameters corresponding to nucleosyn-
thesis with degenerate neutrinos. Correspondingly, L can strengthen, relax or wave
out BBN constraints on oscillations. It relaxes BBN bounds at large mixing and
strengthens them at small mixings. Large enough L alleviates BBN constraints on
oscillation parameters. In that case, instead, L constraint on oscillation parameters

are derived.

An intriguing new result of our analysis is that the lepton asymmetry is able to
enhance oscillations and tighten the nucleosynthesis bounds on neutrino mixing pa-
rameters, besides its well known ability to relax them. We would like to emphasize
that the qualitatively new result, namely that small asymmetries may enhance oscil-
lations and consequently to strengthen the nucleosynthesis bounds, was revealed only
due to the correct approach accounting for the spectral spread of neutrino momenta

and energy spectrum distortion due to oscillations, advocated in our papers.

The evolution of asymmetry growth in case of small mass differences and rela-
tively big mixing angles was studied. The instability region in the oscillation param-
eter space, where considerable growth of L takes place, was determined numerically.
Higher resolution for the description of the neutrino momenta distribution is required
for the investigation of the asymmetry behavior in this oscillation parameter region.

In the case of relic lepton asymmetry we have determined the parameter range for
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which L is able to enhance, suppress or inhibit neutrino oscillations.

Oscillations generated asymmetry at small mixing angles decreases the production
of Y, and relaxes BBN constraints at these angles.

Finally we would like to point to the essential differences between our work and the
previous ones: we have considered the nonresonant case of oscillations with very small
mass differences; the oscillations proceed effectively relatively late i.e. after neutrino
decoupling and the change in the lepton number is dominated by oscillations, not
by collisions; we have accounted precisely for the momentum spread of neutrinos and
we have explored very small L and its indirect kinetic effect on BBN via neutrino

oscillations.
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CHAPTER V

Processes Essential for the Generation of the

Baryon Asymmetry of the Universe

5.1 Baryonic Component of the Universe. Introduction.

The baryonic component of the Universe, according to independent observational
data, corresponding to different epochs of Universe evolution, constitutes now around
5% of Universe matter budget. A basic cosmological and theoretical physics issue is
to explain the presence of the baryon component, its density and the observed locally

baryon-antibaryon asymmetry.

5.1.1 Locally observed baryon-antibaryon asymmetry

Amagzing and still unresolved mystery of our Universe is the strong predominance
of matter over antimatter in our surroundings. The Universe is predominantly bary-
onic in our vicinity: Cosmic ray (CR) and gamma-ray (GR) observations (within 20
Mpc) indicate that there exist baryon-antibaryon asymmetry in our neighborhood.
Namely, the available Cosmic ray (CR) data (Abe et al., 2012; Adriani and others
(PAMELA Coll.), 2010; Mayorov et al., 2011; Alcaraz and others (AMS Coll.), 1999;
Kappl and Winkler, 2014) and gamma-ray (GR) data (Steigman, 1976, 2008; Stecker,

1985; von Ballmoos, 2014) on cosmic/galactic antimatter, obtained from balloons and
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spacecraft searches (BESS, AMS, PAMELA, etc.), point to a strong predominance of
matter over antimatter in out Galazy. * Observational evidence for matter-antimatter
asymmetry in the Universe has been recently reviewed (Canetti et al., 2012; Dolgov,
2014).

Experimental search for antinuclei and p in CR:

CR search for anti protons p and antinuclei on high-altitude balloons and on
spacecraft found p with negligible numbers: p/p ~ 1075 —10~* depending on the part
of energy spectrum. The detected antiprotons and positrons in the primary CR can
be totally due to interactions of primary CR with the interstellar medium.

No antinuclei were observed. Only strong upper limits on anti-He and anti-D were
obtained. The bound on cosmic anti-helium is (Sasaki and others (BESS Collab.),
2008):

He/He < 3.1077,

The search continues at AMS and PAMELA missions as far as an antinuclei detection
would be certain signature for antimatter BBN and antistars, because the secondary
flux of antinuclei is predicted to be extremely low (Chardonnet et al., 1997).

Thus, CR data indicate that there are no antimatter objects within radius 1 Mpc. 2

GR data: Gamma ray data, interpreted as a result from annihilation provides
constraints on the antimatter fraction in different structures (Stecker, 1985; Steigman,
1976). No evidence for expected annihilation features in the ~-ray data, which may
be created by pp annihilations at the borders of the matter antimatter regions, for
the period z < 100 was found in the cosmic GR background. GR flux in the MeV
region excludes significant amounts of antimatter up to the distance of galaxy cluster

scales ~ 10 — 20 Mpc. This points to the absence of big antimatter objects in our

1Still, domains of antimatter are not absolutely ruled out (Dolgov and Silk, 1993; Khlopov et al.,
2000; Dolgov, 2014).

2However, recently positron 0.511 MeV line was observed from the galactic bulge, which can be
an indication for presence of antimatter.
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cluster of galaxies.

Analysis of annihilation features within concrete baryogenesis model and EGRET
gamma-ray background data showed that a fraction (< 107%) of antimatter stars in
our Galaxy is allowed (Belotsky et al., 2000). Possibility of primordial black holes,
antiquasars and antistars was also revealed (Dolgov and Silk, 1993). CR and GR data
constrain antimatter fraction at certain scales.

Other signatures of antimatter are the distortions of the CMB spectrum and
the spatial variations of the light elements abundances. The isotropy of CMB rules
out large voids between matter and antimatter regions during earlier time. BBN
restricts the ammount of annihilation at early epoch and, hence, limits the fraction
of antimatter (Kurki-Suonio and Sihvola, 2000; Chechetkin et al., 1982).

The observational value of the baryon-antibaryon asymmetry in our neighborhood

within radius of 1 Mpc is:

8= (Np— Ng)/N, ~ Ng/N,=n~6.1x 107" (5.1)

There exist different ways to determine the baryon density. Contemporary obser-
vational knowledge on the baryon density of the local Universe is provided mainly on
the basis of precise observational data from BBN and CMB. Namely:

(i)Data based on BBN

The baryon density is determined from the requirement of consistency between
theoretically predicted and observationally measured abundances of the primordially
produced light elements. This consistency at BBN epoch z ~ 10° (Olive and others,

2014) requires:

51x 107" < nppy <6.5x 107 at 95% CL (5.2)

(iil)Deuterium data
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The determined 7 from measurements of Deuterium towards low metallicity quasars

combined with BBN data (Pettini and Cooce, 2012) is:

np=6+03x10""" at 95% CL (5.3)

(iii)) CMB anisotropy data

CMB anisotropy measurements , allow precise determination of the main Universe
characteristics, including the baryon density. Precise determination of 7 correspond-
ing to z ~ 1000 by WMAP9 (Bennett et al., 2012) and Planck (Ade and others
(Planck Coll.), 2014, 2015) give:

Nwarap = 6.16 £0.16 x 107° at 68% CL (5.4)

NPlanck = 6.05 £0.09 x 1071% at 68% CL (5.5)

The observed seemingly small value of /3, actually is unexpectedly big: In the frame-
work of the SCM, equal quantities of matter and antimatter at the early hot stage
of Universe evolution without BV-processes are expected, which after annihilation

result in 3 ~ 10718 today.

We do not know yet if the Universe is globally baryonic (6 = const) or the
observed in our vicinity baryon excess is just a local characteristic (8 = f(z)) and

perhaps somewhere 3 < 0.

In case this locally observed asymmetry is a global characteristic of the Universe,
i.e. there exists 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, even-
tually, during its further evolution gave the value observed today. I.e. baryogenesis
mechanisms are required to explain the asymmetric production of matter or/and

anti-matter. At present different baryogenesis mechanisms are proposed to explain
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the generation of the big excess.

The observed asymmetry is the only known ”experimental” indication for baryon
violation (BV). The unaesthetic assumption that the asymmetry is just an initial
condition while baryon number is conserved, shortens by an order of magnitude the
inflationary stage, making impossible the successful evolution of the Universe to its
present state (Dolgov et al., 1988). BV processes must have proceeded during inflation
or after it, in order to generate the observed today baryon asymmetry.

The explanation of the observed asymmetry, its sign and its value, is the main
goal of numerous baryogenesis scenarios, like GUT baryogenesis, electroweak baryo-
genesis (Kuzmin et al., 1985b), baryo-through-lepto-genesis (Fukugita and Yanagida,
1986), Affleck-Dine baryogenesis (Affleck and Dine, 1985), etc. The chosen by Nature
baryogenesis mechanism is not known yet.

Most of the baryogenesis models fulfill Sacharov’s conditions for baryogenesis (Sakharov,

1967):
e Nonconservation of baryon number.
Such B-violation is predicted by GUT and by electroweak theory. Inflation also
points to necessity of B-violation.
e Violation of symmetry between particles and antiparticles, i.e. breaking of C
and CP invariance.

The mechanisms of CP-breaking can be different, namely: explicit CP-violation,
by complex parameters in the Lagrangian; spontaneous CP-violation, by a
non-zero expectation value of C or P odd scalar field; stochastic CP-violation,
generated by a complex scalar field, shifted from its equilibrium position.

e Departure from thermal equilibrium.

This is realized easily in the expanding Universe.

177



None of these conditions is obligatory. Different baryogenesis scenarios, where
some of the Sakharov’s requirements are not fulfilled have been discussed in ref. (Dol-

gov, 1992).

5.1.2 Baryogenesis scenarios

Numerous baryogenesis scenarios exist today, see the reviews (Dine and Kusenko,
2004; Buchmuller et al., 2005). Different mechanisms for generation both of the
baryon asymmetry and the dark matter of the Universe and their dependence on
the reheating temperature have been discussed (Buchmuller et al., 2005). The most
studied among the baryogenesis scenarios are Grand Unified Theories (GUT) baryo-
genesis (Sakharov, 1967), Electroweak (EW) baryogenesis (Kuzmin et al., 1985b,a),
Baryogenesis-through-leptogenesis (often called leptogenesis) ( Fukugita and Yanagida,
1986), Affleck-Dine (AD) baryogenesis (Affleck and Dine, 1985), etc.

GUT baryogenesis is the earliest baryogenesis scenario, proceeding at GUT
unification scale Mgyr. However, most inflationary models predict reheating tem-
perature below this scale. Besides, successful unification requires supersymmetry.
SUSY implies the existence of gravitinos, which are too numerously produced unless
the reheating temperature is well below Mgyt (Rubakov et al., 1982; Weinberg, 1982).

EW baryogenesis is theoretically attractive because it relies only upon weak
scale physics and is experimentally testable scenario. For a review see Rubakov and
Shaposhnikov (1996); Morrissey and Ramsey-Musolf (2012). However, the simplest
and most appealing version of this scenario cannot generate within the Standard
Model the observed value of the baryon asymmetry, because of the insufficient CP-
violation induced by CKM phase and the requirement of first order electro-weak
transition, possible only for Higgs boson mass considerably smaller than the detected

one by ATLAS and CMS collaborations.

EW baryogenesis in Minimal Supersymmetric Standard Model was considered.
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Now MSSM window for EW baryogenesis is substantially narrowed by the experimen-
tal data from LHC (Carena et al., 2013) and recent electron dipole measurements.
The viable parameter space is considerably reduced.

Baryogenesis-through-leptogenesis is a plausible possibility. Baryon asym-
metry in this scenario is created before the electroweak phase transition, which then
gets converted to the baryon asymmetry in the presence of (B+L) violating anoma-
lous processes. For a review see Buchmuller et al. (2005); Davidson et al. (2008);
Blanchet and Di Bari (2012). It has become especially attractive after the discov-
ery of non-zero neutrino masses in neutrino oscillations experiments. Baryogenesis
through leptogenesis mechanisms in different extensions of the SM are studied.

Possibilities for falsifying concrete realizations of high scale leptogenesis from re-
cent LHC data have been proposed (Frere et al., 2009).

Neutrino Minimal Standard Model (vMSM) can potentially account simultane-
ously for baryon and dark matter generation and neutrino oscillations (Caneti and
Shaposhnikov, 2010). vMSM is testable at colliders and in astrophysical observa-
tions. For a recent review and constraints form collider experiments, astrophysics
and cosmology see Canetti et al. (2013).

AD baryogenesis scenario (Affleck and Dine, 1985; Dine and Kusenko, 2004)
is one of the most promising today baryogenesis scenarios, compatible with inflation.
Nice reviews of AD baryogenesis contemporary status can be found in Dine and
Kusenko (2004); Enquist and Mazumdar (2003). AD baryogenesis has numerous
attractive features. A short list of these is as follows:

(1) It is extremely efficient - it can produce equal or much bigger than the observed
baryon asymmetry;

(ii) It can be realized at lower energy, i.e. relatively late in the Universe evolution.
L.e. it is consistent with the low energy scales after inflation;

(iii) AD condensate can be generated generically in different cosmological models;
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(iv) It can explain simultaneously the generation of the baryon and the dark

matter in the Universe, and explain their surprisingly close values;

(v) AD model, due to its high efficiency, can be successful even in case of significant

production of entropy at late times, predicted by some particle physics models.

The original AD scenario is based on SUSY. In supersymmetric models scalar
superpartner of baryons and leptons ¢ exist. The potential of such scalar field U(y)
may have flat directions, along which the field can have a non-zero vacuum expectation
value due to quantum fluctuations during inflation. After inflation ¢ evolves down to
the equilibrium point ¢ = 0 and if U(yp) is not symmetric with respect to the phase
rotation it acquires non-vanishing and typically large baryon charge. Subsequent B-
conserving decay of ¢ into quarks and leptons transforms baryon asymmetry into the
quarks sector. In contrast to other scenarios of baryogenesis, in which the generated
asymmetry usually is insufficient, the original Afleck-Dine scenario leads to higher
value of § and additional mechanisms are needed to dilute it down to the observed

value.

AD mechanism was re-examined in Dine et al. (1996).It has been realized that
finite energy density of the early Universe breaks SUSY and induces soft parameters
in the soft potential along flat directions, which are of the order of the Hubble param-
eter. Then, contrary to the original AD mechanism the observed value of the baryon
asymmetry may be generated, without the requirement of subsequent entropy release.
Different issues on AD baryogenesis were presented in Dolgov and Kirilova (1989).
AD baryogenesis mechanism was used in numerous SM extensions and different in-
flationary scenarios. Just to list several of the more recent studies: AD in effective
supergravity, AD in anomaly mediated SUSY breaking models, AD in SUSY with
R-parity violation, AD in D-term inflation, etc. Most of AD baryogenesis models can

naturally explain as well the origin of the dark matter in the Universe.

Here and in the next chapter we discuss the scalar field condensate baryogenesis

180



model (SFC baryogenesis), which is among the preferred today baryogenesis scenarios,
compatible with inflation. It is based on the Affleck-Dine scenario.

Here we discuss baryogenesis model based on Scalar field condensate (SFC) baryo-
genesis model first discussed by Dolgov and Kirilova (1991) and further studied and
numerically analyzed in series of papers (Kirilova & Chizhov, 2000), (Kirilova and
Chizhov, 1996b; Kirilova, 2003b) and (Panayotova and Kirilova, 2012; Kirilova and
Panayotova, 2007; Kirilova, 2011b). The next section describes the basic features of
the model. Numerical analysis of the evolution of the baryon charge carrying scalar
field is provided for many different sets of models parameters. The role of particle
creation by the time-varying scalar field and a proper account for particle creation
is discussed. The dependence of the evolution and of the final value of the baryon

excess on the model’s parameters is presented.

5.2 Scalar Field Condensate Baryogenesis

The SFC baryogenesis model was first discussed analytically by Dolgov and Kir-
ilova (1989, 1991). There it was also shown that the account of particle creation by
the time varying scalar field will lead to strong reduction of the produced baryon
excess in the Affleck-Dine scenario. Namely, it was proven that fast oscillations of ¢
result in particle creation due to the coupling of the scalar field to fermions gy f1fs |
where ¢*/41 = a. For )\f/ S g the rate of particle creation I' exceeds the ordinary
decay rate of ¢ at the stage of baryon non-conservation and, therefore, its amplitude
is damped. Hence, the baryon charge, contained in the condensate, is reduced due to

particle creation at this stage with considerable baryon violation. *

3In case of I' = const the baryon charge, contained in the condensate, is reduced exponentially
and it does not survive till ¢ decays to quarks and leptons. In case when 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.
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It was discussed in detail in (Dolgov and Kirilova, 1991) that for a constant I" this
reduction is exponential and generally, for a natural range of the model’s parameters,
the baryon asymmetry is waved away till baryogenesis epoch as a result of the particle
creation processes. Fortunately, in the case when the production rate is a decreasing
function of time, the damping process may be slow enough for a considerable range
of acceptable model parameters values of m, H, o, and A, so that the baryon charge
contained in ¢ may survive until the advent of the B-conservation epoch.

The temperature of evaporation of the condensate was also discussed.

The precise numerical account for the particle creation processes in SFC baryoge-
nesis was found necessary. In series of papers (Kirilova and Chizhov, 1996b), Kirilova
€ Chizhov, 2000, (Kirilova, 2003b; Kirilova and Panayotova, 2007; Panayotova and
Kirilova, 2012), we explored numerically SFC baryogenesis model. In this chapter we
present the results of our numerical analysis of the evolution of the baryon excess in
SFC baryogenesis model and its dependence on the model parameters.

The production of matter-antimatter asymmetry in this scenario proceeds gener-
ally at low energies (< 10° GeV). This is of special importance having in mind that
the low-temperature baryogenesis scenarios are the preferred ones, as far as for their
realization in the postinflationary stage it is not necessary to provide considerable
reheating temperature.

The essential ingredients of the SFC baryogenesis model are:

e baryon charged complex scalar field ¢ (scalar superpartner of quarks), present

together with the inflaton;
e flat directions in the potential U(¢);

e BV at microdistances at the inflationary stage;

The baryon charge of the field is not conserved at large values of ¢ due to

B-violating self-interaction terms in the field’s potential. Due to that the con-
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densate of a baryon charge (stored in < ¢ >) is produced during inflation

B ~ H?.

e decrease of the field’s amplitude after inflation;

After inflation ¢ oscillates around its equilibrium point with a decreasing ampli-
tude, due to (i) Universe expansion and (ii) particle production by the oscillating

scalar field.

e fields decay.

In case the baryon charge contained in ¢ survives until B-conservation epoch
ty, it is transferred to quarks during the decay of the field ¢ — qqly at t;, and an
antisymmetric plasma appears. Its charge, eventually diluted further by some

entropy generating processes, dictates the observed baryon asymmetry.

5.2.1 Scalar field condensate

The essential ingredient of the model is a scalar field — squark condensate ¢, with
a nonzero baryon charge. It naturally appears in supersymmetric theories and is
a scalar superpartner of quarks. The condensate < ¢ >%# 0 is formed during the
inflationary period as a result of the enhancement of quantum fluctuations of the ¢
field (Vilenkin and Ford, 1982; Linde, 1982; Bunch and Davies, 1978; Starobinsky,
1982):
< ¢? >= H%/4n?

until the limiting value < ¢? >~ HZ?/y/X in case that Ap* terms dominate in the
potential energy of .
The baryon charge of the field is not conserved at large values of the field ampli-

tude due to the presence of the B nonconserving self-interaction terms in the field’s
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potential. As a result, a condensate of a baryon charge (stored in < ¢ >) is devel-
oped during inflation with a baryon charge density of the order of H3, where H; is

the Hubble parameter at the inflationary stage.

5.2.2 Evolution of the baryon asymmetry in SFC baryogenesis model

After inflation ¢ starts to oscillate around its equilibrium point with a decreasing
amplitude. This decrease is due to the Universe expansion and to the particle pro-
duction by the oscillating scalar field. We discuss the more promising case of particle
production when ¢ decays into fermions and there is no parametric resonance. (The
case of decays into bosons due to parametric resonance, especially in the broad reso-
nance case, will lead to an explosive decay of the condensate, and hence an insufficient
baryon asymmetry.)

We study the natural case, when the inflaton density dominates, py, > pg, and after
inflation H = 2/(3t), because the Universe is dominated by a coherent oscillations of
the inflaton field

Y = mpr(37) "2 sin(myt).

Its density diminishes with the expansion according to:
p = m3 MR,/ RP (5)
Then in the expanding Universe ¢ satisfies the equation
¢ —a 2%+ 3Ho + iw + U}, =0, (5.7)

where a(t) is the scale factor and H = a/a.

For spatially homogeneous field the second term vanishes.
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The potential U(¢) is chosen in the form
2o A A2y A3 00
U(9) = m*? + Lol + 226" + ™) + 2P (6 + 2) 58)

Baryon charge of the field B is not conserved at large ¢ values due to the B-violating

terms in the potential.

The mass parameters of the potential are assumed small in comparison to the
Hubble constant during inflation m < H;. In supersymmetric theories the constants

\; are of the order of the gauge coupling constant oe. A natural value 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}, then ¢ ~
H A Y4 and ¢, = 0.

The term I'é in the equations of motion explicitly accounts for the eventual damp-
ing of ¢
o — ¢pexp(—Tt) (5.9)

as a result of particle creation processes due to the coupling of the field to fermions
gbfifo. For g < A¥/* T considerably exceeds the rate of the ordinary decay of the
field:

[, =am. (5.10)

Fast oscillations of ¢ after inflation result in particle creation due to the coupling
of the scalar field to fermions g¢ f, f2, where g2 /47 = asysy. Therefore, the amplitude

of ¢ is damped as

¢ — gexp(—T't/4)
and the baryon charge, contained in the ¢ condensate, is considerably reduced.
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5.2.3 Numerical analysis of the evolution of the baryon charge carrying

scalar field

We have analyzed semi-analytically and numerically the evolution of the baryon
charge carrying scalar field ¢(¢) and B(t) using the exact kinetic equations in the
period after inflation until the BC epoch. * The typical range of energies discussed is
10 — 100 GeV. We analyzed ¢ and B evolution for natural ranges of values of the
model’s parameters: A = 1072 —-5x 1072, a = 1073 =5 x 1072, H = 107 — 10 GeV,
m = 100 - 1000 GeV. We studied around hundred sets of model’s parameters.

Due to the oscillatory character of B, the value of the generated asymmetry is
very sensitive to the parameters of the model, as well as to the numerical methods

used, and therefore, the problem requires precise studies.

5.2.4 Baryogenesis epoch tp

When at later stages ¢ relaxes to its equilibrium state, its coherent oscillations
produce an excess of quarks over antiquarks (or vice versa) depending on the initial
sign of the baryon charge condensate.

This epoch when ¢ decays to quarks with non-zero average baryon charge and
thus induces baryon asymmetry we call baryogenesis epoch t5. This epoch for our
model coincides with the advent of the baryon conservation epoch, i.e. the time after
which the mass terms in the equations of motion cannot be neglected. In the AD
original version this epoch corresponds to energies 102 — 10* GeV.

However, as it was already explained, the amplitude of ¢ may be reduced much
more quickly due to the particle creation processes and as a result, depending on the
model’s parameters the advent of this epoch may be considerably earlier.

For the correct estimation of t5 and the value of the generated baryon asymmetry,

4In previous studies it was studied semi-analytically.
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it is essential to account for the eventual damping of the field’s amplitude due to
particle production processes by the time-dependent scalar field, which leads to a

strong reduction of the baryon charge contained in the condensate.

5.3 The Role of Particle Creation Processes

Particle creation processes by the time dependent scalar field play essential role
for the determination of 3, hence it is important to account for them as precisely as
possible.

The explicit account for the effect of particle creation processes in the equations
of motion was proposed in (Kirilova and Chizhov, 1996b). The production rate I'
was analytically calculated by Dolgov and Kirilova (1990).

In our works, in particular see (Kirilova and Panayotova, 2007; Kirilova and
Chizhov, 1996b) we have accounted for the damping due to particle creation qualita-

tively: using the perturbation theory approximation for the production rate:

T =af, (5.11)

where the frequency of the scalar field 2 was estimated as Q ~ A\'/2¢, ¢?/41 = a.

Then we have provided also a precise numerical calculations of 2 and of the
particle creation processes, calculating numerically €2 at each step. We solved the
system of ordinary differential equations, corresponding 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 numerically calculated oscillation frequency of the field
for certain model’s parameters may be quite different from the analytically estimated
one, used in the adiabatical approximation of the particle creation.

We have found that the results for ¢ and B evolution and the final value of B at
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BC epoch considerably differ when different accounts for particle creation processes
are made.

On the next figures we illustrate the evolution B(7) for fixed model’s parameters
M =5x1072 Xy = A3 = 5 x 1074 o = 1073, H = 101GeV, m = 350GeV,
0o = 27VAHNY4 and ¢, = H?, and in two different cases, namely when the particle
creation is accounted either numerically or analytically.

The amplitude of B,,,,, decreases more sharply than the amplitude of B,,, and
hence at BC epoch Bum = —2.2 x 1072 and B,,aq = —1.7 x 1072, Therefore, a
precise numerical approach for the account of particle creation processes is necessary
for constructing a realistic baryogenesis model.

Using the numerical account for I' we have calculated the dependence B(«),
namely B(7) was calculated for a = 1072,1072,5 x 107% and fixed other parame-
ters. The next figure illustrates the dependence of B on «a.

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

In cases of more effective particle creation, like the case with flat directions in the
potential, or in the case when ¢ decays spontaneously into bosons due to paramet-
ric resonance, the discussed mechanism of the baryon asymmetry generation is not

efficient.

5.4 Dependence of the Baryon Charge Contained in the SFC

on Model’s Parameters - Numerical Results

We have numerically explored the SFC baryogenesis model for numerous sets of
model’s parameters, within their natural range of values. In several works (Kirilova
and Panayotova, 2007, 2013; Panayotova and Kirilova, 2012) we have presented our
results concerning 8 dependence on gauge coupling constant o, Hubble constant dur-

ing inflation H;, mass of the condensate m and self coupling constants \;. Namely:
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Figure 5.1: The evolution of the scalar field ¢(7) and the baryon charge B(7) for
A = 5x1072, Mgy = Ay = 5x107%, a = 1073, H = 10" GeV, m = 350GeV,
0, = 27VAHA"Y4 and ¢, = H?. The particle creation processes are
accounted analitically. Figure from ref. (Kirilova and Panayotova, 2007).
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Figure 5.2: The evolution of the scalar field ¢(7) and baryon charge B(7) for \; =
5x 1072, Ny = A3 =5 x 1074, a = 1073, H = 10"'GeV, m = 350GeV,
0, = 27VAHX"Y4 and ¢, = H?. The particle creation processes are
accounted numerically. Figure from ref. (Kirilova and Panayotova, 2007).
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Figure 5.3: The evolution of the baryon charge B(7) for Ay = 5 x 1072, A\y = \3 =
5x 1074, H = 101°GeV, m = 350GeV, a = 1073,1072,5 x 1072, Figure
from ref. (Kirilova and Panayotova, 2007).
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(i) Dependence on the value of the Hubble constant H;:

We have followed the evolution B(t) varying H; for fixed values of the other
parameters. We have explored the evolution of the field and the baryon charge B(t)
contained in it varying the Hubble constant at the inflationary stage H; for fixed
values of the other parameters.

Our detail analysis for numerous different parameters of the SCF model shows
that B evolution becomes longer and the final B value decreases with the increase
of Hy. This result is in agreement with previous numerical and analytical studies.
Qualitatively, this dependence is an expected result because the initial value of ¢
is proportional to H; and particle creation, which reduces S is proportional to ¢,
[' ~ Q ~ . Thus, the bigger H; - more efficient is the decrease of 8 due to particle
creation.

(ii) Dependence on the mass m of the condensate:

The dependence of the final baryon charge on m for fixed \;, \o, A3, o and H;
has been discussed by Kirilova and Panayotova (2007, 2013).

It has been found that in general B decreases with the increase of m. This behavior
is more clearly and more strongly expressed for big values of H; and then corresponds
to the expected one from analytical estimations (Namely, as far as m defines the onset
of BC epoch: ts ~ 1/am, and hence for lower values of m, B evolution is longer and
the final B value is smaller.)

For smaller values of H; the dependence is weaker and not so straightforward and
clear.

(iii) Dependence on gauge coupling constant a:

Using the numerical account for I' we have calculated B(t) for o varying in the
range 1073 — 1072 and fixed other parameters. 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
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in mind that the analytical estimation is I' = af2.
With increasing o, B evolution becomes shorter and the final B decreases.
(iv) Dependence on the self-coupling constants

The dependence of the baryon charge, at the B-conservation epoch, on the value
of the coupling constants \; was first discussed in (Panayotova and Kirilova, 2014).
Our extended analysis confirms that the final B value decreases when increasing \;
and B evolution becomes shorter. The effect provides a difference in the final B value

of an order of magnitude.

The results of the extended analysis showed that the final value of B may be much
sensitive to Ay and A3 than previously estimated. Namely, we have found that the
final values of B may differ up to 3 orders of magnitude even for small changes of

these parameters (measuring the B-violating terms in the potential).

Thus, we have found that although the dependence of baryon generation on the
self-coupling constants is important for determination of the parameters range for the

successful baryogenesis model.

5.5 Estimation of the Generated Baryon Asymmetry

In order to estimate the baryon asymmetry on the basis of the obtained results for
the produced baryon density it is necessary to know the temperature of the relativistic

plasma after the decay of ¢ and the decay of the inflaton.

In case the inflaton energy density dominates until the decay of ¢, i.e. prior to
reheating, py, > p,, the entropy is mainly defined by the relativistic particles from

inflaton decay. Thus, the temperature after the decay of ¢ at ¢,, will be approximately

Tr ~ (pg) " = (P)) " (to/ts)"2. (5.12)
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Then the baryon asymmetry will be given by:

B ~ Np/Tj, ~ (B/Hr)(Mpi/ty)"? (5.13)

The baryon asymmetry may be also expressed through the reheating temperature

after the decay of the inflaton:

B~ Ng/Tp ~ BTr/H; (5.14)

From these estimations it is seen that the later the inflaton decays the smaller the
produced § will be. Also, the lower the reheating temperature after inflaton decay
the lower the produced baryon asymmetry will be. Knowing that the reheating tem-
perature should be sufficiently low to avoid gravitino ptoblem, i.e. in our model it
should be several orders or more lower than the value of Hy, and having the results
for B it is easy to obtain the value of the observed baryon asymmetry for different

sets of parameters in this model.

Our analysis shows that for a natural range of SCB model’s parameters, a value
of B of the order of the observed one may be obtained. The SCF baryogenesis model

can serve as a successful baryogenesis, compatible with inflation.

Of course Hj, the decay time of ¢ and the value of the reheating temperature may
be different in different inflationary scenarios. We would like only to note that the
results of the numerical analysis of the SCF baryogenesis model are encouraging. The
analysis points that this model provides an opportunity to produce baryon asymmetry
[, consistent with its observed value for natural values of the model’s parameters.

Therefore, this model deserves further considerations.

194



5.6 Summary

We have provided precise analysis of the homogeneous SFC baryogenesis model.
The post-inflationary evolution of the baryon charge carrying scalar field was followed

both semi-analytically and numerically using exact kinetic equations.

It was found that the analytical estimations of the baryon charge evolution and
its final value in SFC baryogenesis model may considerably differ from the exact
numerically calculated ones. Hence, in several works we have numerically explored

the SFC baryogenesis model for numerous sets of model’s parameters.

It was shown that particle creation processes play essential role for the B evolution
and its final value. It may lead to a considerable decrease of the field’s amplitude
for large g or/and H values, which reflects finally into strong damping of the baryon
charge carried by the condensate. We have accounted precisely for particle creation
processes: we have obtained self-consistently the frequency 2 and the rate I' from
the exact numerical analysis of the field’s evolution. Numerically calculated €2 may
be quite different from the analytical estimation. Thus, the numerical approach for

the calculation of I" was proved necessary.

The precise numerical account for particle creation points to stronger and earlier
reduction (up to two orders of magnitude) of the B excess in comparison with the

case of analytical account of particle creation processes.

We have investigated the dependence of the evolution of the field and the evolution
of the baryon charge contained in it, as well as the final value of the baryon charge
on the model’s parameters: the gauge coupling constant «, the Hubble parameter at
the inflationary stage H;, the mass m and the self-coupling constants ;. Qualitative
dependance of the final B on these parameters have been found. Namely, it was
shown that the produced baryon excess is a strongly decreasing function of o and

also a decreasing function of H;. The dependence on m is not so straightforward. For
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small m values B decreases with m increase, however for larger m the dependence is
more complicated.

We have found that due to the oscillatory character of the baryon charge stored
in the scalar field, the generated baryon asymmetry is sensitive both to small shifts of
the model’s parameters and to the numerical methods used. Nevertheless, the main
trend of the behavior of the final baryon excess B on the parameters’ values can be
determined.

The analysis may be used to indicate the values of the model’s parameters for
which baryon asymmetry [, consistent with its observed value, may be produced in
a given inflationary scenario.

The results of this analysis may be used for constructing realistic SCF baryogenesis
models. Moreover, assuming SCM baryogenesis and assuming a concrete inflationary
scenario, from the observed value of the baryon asymmetry it is possible to put
cosmological constraints on the model’s parameters, provided by physics theories, i.
e. constrain physics beyond Standard model.

On the other hand, it is expected that future searches for experimental and ob-
servational signatures of physics beyond the standard model, as well as searches for
antimatter and dark matter, and also the more precise future cosmological and as-
trophysical data will provide constraints on baryogenesis models and hopefully soon

will point to the baryogenesis mechanism realized in Nature.
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CHAPTER VI

Processes Essential for the Generation of the

Baryon Inhomogeneities in the Universe

In this chapter we discuss inhomogeneous baryogenesis model, based on SFC
baryogenesis. First we discuss the possibility of primary antimatter in the Universe.
We study numerically the evolution of the baryon density space distribution and the
possibility of SFC baryogenesis model to provide a mechanism for efficient separation
of matter from antimatter domains in the Universe. Predicted antimatter structures
and observational constraints on their size and separation distance are discussed. In
the second section we review the observational indication for a very large scale in
the large scale structure of the Universe and study the possibility to generate baryon
density perturbations in the SFC baryogenesis model, which can explain the observed
large scale and the quasi-periodicity of the visible matter. The last section presents

a summary of the results.
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6.1 Inhomogeneous SCF Baryogenesis Model Predicting An-

timatter in the Universe

6.1.1 Possibilities for primary antimatter in the Universe - observational

status

Though the available CR and GR data on cosmic/galactic antimatter, obtained
from balloons and spacecraft searches (BESS, AMS, PAMELA, etc.), point to a strong
predominance of matter over antimatter in out Galaxy and the small antimatter con-
stituent may be explained as of secondary origin, a small primary component of
antimatter is not excluded.

CR data: Although the measured p flux and its spectrum is in agreement with
the predicted for secondaries, extragalactic primary component is not excluded. On
one side, CR at the rigidities accessible to antimatter experiments are expected to
be strongly suppressed by galactic, cluster and intergalactic magnetic fields (Ormes
et al., 1997). On the other hand the uncertainty of the predicted secondary antimatter
is big. Namely, the analysis of uncertainties in the predicted antiproton flux due to
spallations of CR on interstellar matter in our Galaxy, including all possible sources
of uncertainty, show: 10 — 25% propagation related uncertainty and 25% related to
nuclear reactions (Donato et al., 2001). Hence, primary extragalactic component in p
cannot be ruled out with high significance. Even in case the propagation parameters
were known it is very probable that a fraction of the observed antiprotons are cosmic
rays from distant antigalaxies.

The observations do not forbid astronomically significant clumps of antimatter in
our dominated by matter Galaxy (Dolgov, 2011).

Gamma ray data:

The absence of the expected annihilation features of pp annihilations, in the v-ray

data limits the antimatter fraction for different structures (Steigman, 1976) and/or
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the distance to the antimatter domains — [, > 10 Mpc. L.e. we can expect the nearest
anti-galaxy to be at least at 10 Mpc distance from our Galaxy.

The mass fraction of antimatter in the two colliding galaxies in the Bullet cluster
was estimated to be smaller than 107% (Steigman, 2008).

In case of assumptions of baryosymmetric Universe, adiabatic perturbations and
continuous close contact between the antimatter and matter domains, the limit is
much stronger — [, > 1 Gpc Cohen et al. (1998).

Analysis of annihilation features within concrete baryogenesis model and the
EGRET gamma ray background data showed that a fraction (< 107%) of antimatter
stars in our Galaxy is allowed (Belotsky et al., 2000).

There are also limits based on BBN considerations, which forbid large fluctuations
of the baryon density at distances higher than 1 Mpc. CMB anisotropy data restricts
noticeable isocurvature fluctuations larger than 10 Mpc.

Thus, observational data do not rule out antimatter domains in the Unioverse,
they constrain antimatter fraction at certain scales. So, it is interesting to explore
possibilities for production of antimatter regions in the Universe in the inhomoge-
neous SFC baryogenesis model and their observational signatures and constraints.
Moreover, it has already been shown that SCF inhomogeneous baryogenesis model
can naturally explain the generation of small fraction (< 107%) of antimatter stars,
primordial antiblackholes, antiquasars, Dolgov and Silk (1993), one antimatter globu-
lar cluster, allowed by CR and GR data within our Galary. We have explored bigger
antimatter structures, namely beyond our Galaxy, at distances typical for galactic
clusters, big antimatter structures like antigalaxies, groups and clusters of antigalax-
ies (Kirilova and Chizhov, 1996b; Kirilova, 1998a, 2003b) are predicted for natural
range of the parameters of the discussed here SFC baryogenesis model.

In case of local character of the asymmetry, the problem reduces to finding a

natural baryogenesis mechanism able to produce inhomogeneities and baryons and
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antibaryons at different space regions.

There exist different baryogenesis models, predicting matter and antimatter re-
gions Dolgov (1992). In the next sections SFC inhomogeneous baryogenesis model
predictions concerning antimatter in the Universe will be presented. The cosmological

constraints for different cases of antimatter structures will be discussed.

6.1.2 SFC inhomogeneous baryogenesis model

Attractive features of SFC baryogenesis from the view point of antimatter cosmol-

ogy are:

e [t does not suffer from the basic problems of antimatter cosmology models,

i.e. the causality problem, the annihilation catastrophe problem, the domain walls

problem, discussed in detail in (Steigman, 1976).

e [t generates large antimatter domains and can provide a natural separation

between them and the matter domains.

e The characteristic scale of antimatter regions and their distance from matter
ones may be in accordance with the observational constraints for natural choice

of parameters, as will be shown below.

The necessary conditions for gemeration of vast separated regions of matter and
antimatter by the SFC baryogenesis model are (Chizhov and Dolgov, 1992):

(i) initial space distribution at the inflationary stage ¢(r,ty), B(r,to);

(ii) unharmonic potential of the field carrying the baryon charge;

(iii) inflationary expansion of the initially microscopic baryon distribution.

Due to that initially microscopic domains with given B sign evolve into matter

and antimatter regions with astronomically considerable size.
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6.1.3 Evolution of the baryon density distribution

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 B(r, to) ~ ¢(r,to). For different sets of parameter values of the model
i, o, m/H;, we have numerically followed the evolution B(r,t) for all initial values
of the field ¢! = @(ry, to) till t,.

In case of nonharmonic field’s potential, the period depends on the amplitude. In
our model the dependence is w ~ A/2¢;(r). As a result in different points different
periods are observed and the initial smooth distribution ¢;(r) soon transfers into
quasiperiodic. Correspondingly, the spatial distribution of baryons B(t,, ) is found to
be quasiperiodic (Kirilova and Chizhov, 1996b; Kirilova, 2003b), Kirilova & Chizhov,
2000.

The region ry which initially was characterized with its baryon excess splits into
regions with baryon excess and such of baryon underdensities. Due to the smoothly
decreasing baryon density towards the borders between the baryonic and antibaryonic
regions, predicted by the model, annihilation is not considerable, and hence the strong
GR constraint (Cohen et al., 1998) does not apply. Matter and antimatter domains
become separated by large empty from baryons voids, perhaps filled with dark matter.

Due to inflation the regions with different baryon density (overdensity, under-
density or density of antibaryons with size d) becomes macroscopically large d —
dexp(Ht). The characteristic scale between matter and antimatter regions is a func-
tion of the models parameters, [, = [(\;, ¢(7,t;), tp, 7o), namely: the coupling constants
of the potential \;, the initial amplitudes of the field ¢(r,t;), the period of baryogen-
esis t, and the characteristic scale of the baryonic spatial 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.

Different cases of CP-violation are possible:
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A. Stochastic CP-violation: There is no explicit breaking of the C'P-symmetry.
CP is broken only stochastically at the inflationary stage by the chaotic initial con-
ditions ¢;(x) # 0. Due to the quantum fluctuations of the field a baryon charge is
generated at micro distances. In different domains it may have different values. On
macro distances there is no global BV, i.e. at macro scales the baryon density fluc-
tuations are unobservable. Due to the exponential expansion during the inflationary
epoch these microscopic regions become of astronomically considerable size.

The variations of B appear around zero. The initially baryonic domain is bro-
ken to baryonic and antibaryonic regions and divided by nearly baryonically empty
space. The case is attractive as far as it allows the realization of symmetric Universe
without domain walls. However, the resulting fluctuations of the baryon density may
be considerable and lead to unacceptably large angular variations of the microwave
background radiation.

B. 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 ¢, the domain with a given sign of explicit CPV
may consist predominantly of baryonic regions plus small quantity (for [ ~ 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.

6.1.4 Predicted antimatter structures and observational constraints

Using the constraints from gamma rays and CR data, BBN and CMB anisotropy
measurements, we 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 possibilities, when besides the inflaton there exists a second scalar
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field during inflation with the features discussed in our model remain viable. Accord-
ing to the recent mixed isocurvature plus adiabatic models, although the isocurvature
contribution is not suggested it has neither been ruled out.

A. Stochastic CP-violation

Case A.1. The first most simple case we considered assumed that the overdensity
regions correspond to galaxy or antigalaxy superclusters with big voids between with
a characteristic size ~ 120—130 Mpc. In that case the antimatter domains are roughly
of the same scale and the similar density as the matter ones. CR and gamma-ray
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 (Enquist et al., 2000).

Case A.2 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. Spatial variations of the light elements are expected
also.

B. Stochastic+explicit CP-violation:

Case B.1. There exist vast matter superclusters with typical scale D at 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 about [, ~ 60 Mpc.

All the observational constraints may be satisfied.

Case B.2 The scales of the antimatter domains are of galaxy cluster or galaxy
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scales. As CMB constraints weaken at smaller scales, mainly CR and GR data re-
stricts the number of antimatter object in that case. Different possibilities for anti-
matter domains may be realized, namely an antimatter galaxy may wonder between
galaxy clusters, a globular star anticluster may be found in the space between groups

of galaxies.

In conclusion: In general the model proposes the possibility that only our vicin-
ity is baryonic, while globally the Universe may contain considerable quantities of
antibaryons, and in the extreme case may be symmetric. The inhomogeneous baryo-
genesis model may predict different antimatter structures (Kirilova, 2003b): anti-
galactic clusters, antigalaxies situated between clusters of galaxies, antistar globular

clusters

The discussed mechanism of separation of matter from antimatter domains could
be realized in a variety of models, depending on the type of the baryogenesis model,
on the field potential, on the type of the CP-violation, on the initial space distribution

of the baryon density at the inflationary stage, etc.

Eventual future positive indications for antimatter at CR experiments on long
balloon flights and spacecraft, planning to measure antiproton and positron spectra
at wide range of energies (0.1 — 150 GeV) (as by PAMELA magnetic spectrometer)
and reach a sensitivity for antinuclei at ~ 1077 (AMS magnetic spectrometer), will
help to choose among the existing variety of baryogenesis models, give information

about their parameters.

Future searches for antimatter among cosmic rays are expected to increase this
lower bound of the distance to the antimatter regions (20 Mpc) by nearly an order of
magnitude. Namely, the reach of the AntiMatter Spectrometer is expected to exceed
150 Mpc (Ahlen et al. 1982) and its sensitivity is three orders of magnitudes better
than that of the previous experiments. Then future experiments on long balloon

flights and spacecraft may reveal the secrets of nearby (up to 150 Mpc) antiworlds
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and may allow to to establish the theory of baryogenesis.

6.2 SFC Baryogenesis and Large Scale Structure of the Uni-

verse

6.2.1 Introduction.

The large scale texture of the Universe shows a great complexity and variety of ob-
served structures, it shows a strange pattern of filaments, voids and sheets. Moreover,
due to the increasing amount of different types of observational data and theoretical
analysis during the last years, it was realized, that there exists a characteristic very
large scale of about 130h~" Mpc in the large scale texture of the Universe.

Below we discuss briefly some of the indications for the presence of the very large

scale 120 — 130~ Mpc in the LSS.
e Galaxy deep pencil beam surveys

The galaxy deep pencil beam surveys by (Broadhurst et al., 1988, 1990) found an
intriguing periodicity in the very large scale distribution of the luminous matter.
The data consisted of several hundred redshifts of galaxies, coming from four distinct
surveys, in two narrow cylindrical volumes into the directions of the North and the
South Galactic poles of our Galaxy, up to redshifts of more than z ~ 0.3, combined to
produce a well sampled distribution of galaxies by redshift on a linear scale extending
to 2000h~! Mpc. The plot of the numbers of galaxies as a function of redshifts displays
a remarkably regular redshift distribution, with most galaxies lying in discrete peaks,
with a periodicity over a scale of about 130h~! Mpc comoving size, extending over
13 periods. Though initially rejected as a statistical anomaly, the periodicity was
confirmed by the following studies.

It was realized that the density peaks in the regular space distribution of galaxies
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in the redshift survey of Broadhurst et al. correspond to the location of superclusters,
as defined by rich clusters of galaxies in the given direction (Bahcal, 1991).

The survey of samples in other directions, located near the South Galactic pole
also gave indications for a regular distribution on slightly different scales near 100h™!
Mpe, see for example Ettori et al. (1995).

This discovery of a large scale pattern at the galactic poles was confirmed in a
wider angle survey of 21 new pencil beams distributed over 10 degree field at both
galactic caps (Broadhurst et al., 1995) and also by the new pencil-beam galaxy redshift
data around the South Galactic pole region (Ettori et al., 1997).

The analysis of observations of other types of different objects confirm the exis-

tence of this periodicity.
e quasars, galaxies and galaxy clusters

Such structure is consistent with the reported periodicity in the distribution of
quasars and radio galaxies and Lyman-« forest; the studies on spatial distribution of
galaxies (both optical and IRAS) and clusters of galaxies.

An indication of the presence of this characteristic scale in the distribution of
clusters has been found also from the studies of the correlation functions and power
spectrum of clusters of galazies (Finasto et al., 1994, 1997).

The study of the whole-sky distribution of high density regions defined by very rich
Abell and APM clusters of galaxies confirmed from 3-dimensional data the presence
of the characteristic scale of about 130h~! Mpc of the spatial inhomogeneity of the
Universe, found by Broadhurst et al. from the one dimensional study. For a detail

list of references on the regularity of the Universe on large scales see (FEinasto et al.,

1997), Kirilova & Chizhov, 2000.

e superclusters
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The supercluster distribution was shown also to be not random but rather de-
scribed as some weakly correlated network of superclusters and voids with typical
mean separation of 120h~! Mpc. Peculiar velocity information suggests the existence
of a large scale superclusters-voids network with a characteristic scale around 130h1
Mpc. These results are consistent with the statistical analysis of the pencil beam

surveys data, which advocated a regular structure.

e CMB data

The fact that the Universe is not homogeneous and fully isotropic at scales 130h™!
Mpc does not contradict the observed level of isotropy of the CMB. CBM data favors
the presence of a peak at this scale and the subsequent break in the initial power
spectrum. Namely, CMB background anisotropy data indicates the presence of a
features in the spectrum, consistent with the LSS data, indicating a peak in the

matter power spectrum at k& ~ 0.054 Mpc™.

Thus, the observations and their theoretical analysis present an evidence for the
reqularity of the supercluster-void network: Different objects trace the same structure,
the same high-density regions at large scales, pointing to the real existence of a typical
large scale of the matter distribution of the Universe. Rich superclusters and voids

form a quasi-rectangular lattice with a mean separation of rich superclusters across

voids of 120 — 130h~! Mpc.

However, this scale is significantly larger than the predicted by standard models
of structure formation by gravitational instability, see for example (Fisenstein et al.,
1998), and is rather to be regarded as a new feature appearing only when very large
scales (> 100h~! Mpc) are probed. Cosmological N-body simulations in CDM model

showed that the regularity has a probability below 1072 in these models.
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6.2.2 Generation of the spatial periodicity. Qualitative description

The problem of the generation of the spatial periodicity in the density distribution
of luminous matter at large scales was discussed in numerous publications. It was
shown that a random structure could not explain the observed distribution. Statistical
analysis of the deviations from periodicity showed that even for a perfectly regular
structure a somewhat favored direction and/or location within the structure may be
required. The presence of the observed periodicity up to a great distance and in
different directions seams rather amazing. Its physical origin, its scale and extend is

an open question.

Having in mind this results, we chose another way of exploration, namely, we
assumed these as a typical new feature characteristic only for very large scales (>
100h~' Mpc) and considered the possibility that density fluctuations required to
explain the present cosmological largest scale structures of the universal texture may
be a result from a completely different mechanism not necessarily with gravitational
origin. Namely, we considered SFC inhomogeneous baryogenesis scenario and we

found it capable to answer these questions rather naturally.

A successful baryogenesis mechanism, explaining the observed periodicity, was
proposed by Chizhov and Dolgov (1992) in the framework of high-temperature baryo-

genesis scenarios.!

According to the discussed mechanism an additional complex scalar field (besides
inflaton) is assumed to be present at the inflationary epoch, and it yields the extra
power at the very large scale discussed. Primordial baryonic fluctuations are produced
during the inflationary period, due to the specific evolution of the space distribution

of the complex scalar field, carrying the baryon charge.

!By high-temperature baryogenesis scenarios we denote here those scenarios which proceed at
very high energies of the order of the Grand Unification scale, and especially the GUT baryogenesis
scenarios. In contrast, low temperature baryogenesis scenarios like Affleck and Dine scenario and
electroweak baryogenesis, proceed at energies several orders of magnitude lower .
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We studied the possibility of generating the periodic space distribution of pri-
mordial baryon density fluctuations at the end of inflationary stage, applying this
mechanism for the case of low temperature baryogenesis with baryon charge conden-
sate of Dolgov and Kirilova (1991).

We provided detail analysis of the evolution of the baryon density perturbations
from the inflationary epoch till the baryogenesis epoch and described the evolution of
the spatial distribution of the baryon density (Kirilova, 2003b; Kirilova and Chizhov,
1996b, 2000b).

It was already discussed (Chizhov and Dolgov, 1992) that a periodic in space
baryonic density distribution can be obtained provided that the following assumptions
are realized:

(a) There exists a complex scalar field ¢ with a mass small in comparison with
the Hubble parameter during inflation;

(b) Its potential contains nonharmonic terms;

(c) A condensate of ¢ forms during the inflationary stage and it is a slowly varying
function of space points.

All these requirements can be naturally fulfilled in SFC baryogenesis and in low
temperature baryogenesis scenarios based on the Affleck and Dine mechanism (Affleck
and Dine, 1985).

In case when the potential of ¢ is not strictly harmonic the oscillation period
depends on the amplitude P(¢o(r)), and it on its turn depends on r. Therefore,
a monotonic initial space distribution will soon result into spatial oscillations of ¢.
Correspondingly, the baryon charge, contained in ¢: B = i¢* 30 ¢, will have quasi-
periodic behavior. During Universe expansion the characteristic scale of the variation
of Np will be inflated up to a cosmologically interesting size. Then, if ¢ has not
reached the equilibrium point till the baryogenesis epoch ¢z, the baryogenesis would

make a snapshot of the space distribution of ¢(r,t5) and B(r,tg), and thus the present
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periodic distribution of the visible matter may date from the spatial distribution of
the baryon charge contained in the ¢ field at the advent of the B-conservation epoch.

Density fluctuations with a comoving size today of 130h~' Mpc reentered the
horizon at late times at a redshift of about 10 000 and a mass of 10'®M,. After
recombination the Jeans mass becomes less than the horizon and the fluctuations of
this large mass begin to grow. We propose that these baryonic fluctuations, peri-
odically spaced, lead to an enhanced formation of galaxy superclusters at the peaks
of baryon overdensity. The concentration of baryons into periodic shells may have
catalysed also the clustering of matter coming from the inflaton decays onto these
"baryonic nuclei”. After baryogenesis proceeded, superclusters may have formed at
the high peaks of the background field (the baryon charge carrying scalar field, we
discuss). We imply that afterwards the self gravity mechanisms might have optimized
the arrangement of this structure into the thin regularly spaced dense baryonic shells
and voids in between with the characteristic size of 130h~!Mpc observed today.

The analysis showed that in the framework of our scenario both the generation
of the baryon asymmetry and the periodic distribution of the baryon density can be
explained simultaneously as due to the evolution of the complex scalar field.

Moreover, for a certain range of parameters the model predicts that the Universe
may consist of sufficiently separated baryonic and antibaryonic shells, as discussed in
the previous section.

The following subsection describes the results of the numerical analysis of the

generation of the periodicity of the baryon density and discusses the results.

6.2.3 Generation of the baryon density periodicity. Numerical analysis

In order to explore the spatial distribution behavior of the scalar field and its

evolution during Universe expansion it is necessary to analyze eq.(5.7). We have
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made the natural assumption that initially ¢ is a slowly varying function of the space
coordinates ¢(r,t). The space derivative term can be safely neglected because of the
exponential rising of the scale factor a(t) ~ exp(H;t). Then the equations of motion

for ¢ = x + 1y read

1
&+ 3Hd + o + A+ A3)z® + Nay® =0

1
i+ 3Hy + Zryy + A=)y + Nya? =0 (6.1)

where A = A1 + Ag, A= A\{ — 3.

In case when at the end of inflation the Universe is dominated by a coherent oscil-
lations of the inflaton field ¢ = mpr,(37)~/2sin(myt), the Hubble parameter is H =
2/(3t). In this case it is convenient to make the substitutions = Hj(t;/t)*/?u(n),
y = Hj(t;/t)*3v(n) where n = 2(t/t;)"/3. The functions u(n) and v(n) satisfy the
equations

u” 4+ 0.75 afy, (v — 2un™) + u[(A + A3)u? + Nov? — 272 =0 62)

0" +0.75 a2, (v — 2on7) + v[(A — A3)v? + Nu? — 272 = 0.
The baryon charge in the comoving volume V' = V;(t/t;)> is B = N -V = 2(v/v —
v'u). The numerical calculations were performed for wu,,v, € [0, A\"V4], u/ v/ €

[0,2/3X"1/4]. For simplicity we considered the case: A\; > Ay ~ A3, when the un-
harmonic oscillators u and v are weakly coupled.

For each set of parameter values of the model \; we have numerically calculated
the baryon charge evolution B(n) for hundreds sets of different initial conditions of
the field corresponding to the accepted initial monotonic space distribution of the

field ¢(r;,t;) (see the following figures).

The numerical analysis confirmed the important role of particle creation processes

for baryogenesis models and large scale structure periodicity, which were obtained
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Figure 6.1: The evolution of the baryon charge B(n) contained in the condensate
<¢>for A =5x107% Ay = Ny =a =107, Hy/m =107, ¢, = H A7V,
and ¢, = 0. Figure from ref. Kirilova € Chizhov, 2000.
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Figure 6.2: The evolution of the baryon charge B(n) contained in the condensate <

¢ >for Ay =5x107% Ay = Ay = =10"%, H;/m =107, ¢, = = H A"/,
and ¢, = 0. Figure from ref. Kirilova & Chizhov, 2000.
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Figure 6.3: The space distribution of baryon charge at the moment of baryogenesis
for \j = 5 x 1072, Ay = A\3 = a = 1072, H;/m = 10". Figure from
ref. Kirilova & Chizhov, 2000.

from an approximate analytical solution. We have accounted for particle creation
processes explicitly. It was shown, that the damping effect due to the particle creation
is proportional to the initial amplitudes of the field. As far as the particle creation
rate is proportional to the field’s frequency, it can be concluded that the frequency
depends on the initial amplitudes. This result confirms our analytical estimation
provided in earlier works.

The space distribution of the baryon charge B(tg,r) is followed numerically till
for the moment ¢p. It is obtained from the evolution analysis B(n) for different initial
values of the field, corresponding to its initial space distribution ¢(t;,7) (see Fig.6.1.
and Fig. 6.2). The calculated space distribution of the baryons at ¢p for one set of
model’s parameters is presented in (Fig.6.3).

Due to the nonharmonic field’s potential, the initially monotonic space behavior

is quickly replaced by space oscillations of ¢, because of the dependence of the period
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on the amplitude, which on its turn is a function of r. As a result in different
points different periods are observed and space behavior of ¢ becomes quasiperiodic.
Correspondingly, the space distribution of the baryon charge contained in ¢ becomes
quasiperiodic as well. Therefore, the space distribution of baryons at the moment of
baryogenesis is found to be periodic.

The observed space distribution of the visible matter today is defined by the
space distribution of the baryon charge of the field ¢ at the moment of baryogenesis
tg, B(tg,r). So, that at present the visible part of the Universe consists of baryonic
shells, divided by vast underdense regions.

For a wide range of model’sparameters’ values the observed average distance of
130h~Y Mpc between matter shells in the Universe can be obtained. The parameters
of the model ensuring the necessary observable size between the matter domains belong
to the range of parameters for which the generation of the observed value of the baryon
asymmetry may be possible in the model of scalar field condensate baryogenesis. This
is an attractive feature of this model because both the baryogenesis and the large scale
structure periodicity of the Universe can be explained simply through the evolution

of a single scalar field.

6.3 Summary and Discussion

Observational cosmic ray, gamma-ray, BBN and CMB data do not rule out anti-
matter domains in the Universe, separated at distances bigger than 10 Mpc from us.
Hence, it is interesting to analyze the possible generation of vast antimatter structures
during the early Universe evolution.

First, we discussed a inhomogeneous SFC baryogenesis model, which model pro-
vides generation of the small locally observed baryon asymmetry for a natural initial
conditions. The characteristic scale of antimatter regions and their distance from the

matter ones is in accordance with observational constraints from cosmic ray, gamma-
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ray and cosmic microwave background anisotropy data.

The model proposes an elegant mechanism for achieving a sufficient separation
between regions occupied by baryons and those occupied by antibaryons, necessary
in order to inhibit the contact of matter and antimatter regions with considerable
density (Kirilova, 1998b).

Besides, in some realizations of the model neither explicit, no spontaneous charge
asymmetry violation are needed. Charge asymmetry is broken stochastically by quan-
tum fluctuations during inflation. Thus, the domain wall problem is evaded.

According to our model, the visible part of the Universe at present may con-
sist of baryonic and antibaryonic regions, sufficiently separated, so that annihilation
radiation is not observed.

Second, we discussed a mechanism for producing baryon density perturbations
during inflationary stage and studied the evolution of the baryon charge density dis-
tribution in the framework of the low temperature SFC baryogenesis scenario. It was
shown that this mechanism may be important for the large scale structure formation
of the Universe and particularly, may be essential for understanding the existence of
a characteristic scale of 130h~! Mpc (comoving size) in the distribution of the visible
matter.

The detailed numerical analysis showed that both the observed very large scale of
the visible matter distribution in the Universe and the observed baryon asymmetry
value could naturally appear as a result of the evolution of a complex scalar field
condensate, formed at the inflationary stage.

The SFC baryogenesis deserves further precise numerical studies. On the first
place, due to the extreme sensitivity of the generated baryon excess on I' it is necessary
to account as precisely as possible for particle creation processes.

It is interesting to provide a more precise study of the question for different pos-

sibilities of particle creation and their relevance for the discussed scenario of baryo-
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genesis and periodicity generation.

In the case of narrow-band resonance decay the final state interactions regulate the
decay rate, parametric amplification is effectively suppressed and does not drastically
enhance the decay rate. Therefore, we expect that this case will be interesting to
explore. Another interesting case may be the case of strong dissipative processes
of the products of the parametric resonance. As far as the dissipation reduces the

resonant decay rate it may be worthwhile to consider such a model as well.
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CHAPTER VII

Processes Involving Chiral Tensor Particles in the

Early Universe

7.1 Chiral Tensor Particles in the Early Universe

The new chiral tensor (ChT) particles — a new type of spin-1 particles — are
inserted into the standard model of elementary particles to complete the set of Yukawa
interactions and realize all possible irreducible representations of the Lorentz group.
Such model was first presented by Chizhov (1993) and was discussed in more detail
in the reviews (Chizhov, 1995, 2011).

These chiral tensor particles belong to the fundamental representation of SU(2)
Standard Model group, which contains the known fermions and the Higgs doublet.

The introduction of new ChT particles into the standard electroweak model, is
based on the experimental fact that such type of particles exist in Nature at the QCD
scale as hadron resonances, see Chizhov (2004). An extension of the standard model
by ChT particles at the electroweak scale is similar to the technicolor idea, which
considers hadron resonances like prototypes of the electroweak bosons.

The new ChT particles contribute to the matter tensor in the right-hand side
of the Einstein—Hilbert equation, increasing the Universe density and changing the

dynamical evolution of the Universe. Besides, they have direct interactions with the
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particles present at the early stage of the Universe evolution.

Cosmological influence of antisymmetric tensor particles present in the primeval
plasma, namely their effects on the Friedmann expansion and on the processes in
the early Universe has been considered for a first time in 1994 in the M.S. thesis
of T. Velchev under my supervision and then in (Kirilova et al., 1995). Further it
was investigated for the updated characteristics of these particles in (Kirilova and
Chizhov, 1998a), Chizhov and Kirilova (2009); Kirilova and Chizhov (2009).

In the next section we briefly describe the status of the chiral tensor particles in
the extended electroweak model, their experimental constraints, signatures and the
possibilities for their detection at the new colliders. In the third section we estimate
the characteristic scale of their typical processes and their effect on the expansion rate
of the Universe. The BBN constraint on their effective coupling constant is provided
in the fourth section. The last section presents our conclusions and vision about

future exploration of the ChT particles.

7.2 Status of the Chiral Tensor Particles

According to the extended model with ChT particles (see Chizhov (1993, 1995)),
the latter are described by an antisymmetric tensor fields of a rank two. An anti-
symmetric tensor field describes two fields with spin one, which are represented by a
polar and an axial vectors with respect to spatial transformations. (Unlike the com-
mon association of the word tensor with particles with spin two, which are described

by a second rank symmetric tensor, like the graviton.)

7.2.1 Chirality

The new particles have a chiral charge and change the fermion chirality in contrast
to the gauge bosons with spin one, which have minimal interactions with fermions

and do not change their chirality. They have an anomalous (Pauli) interaction with
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matter, which provides a distinguishing signature for their detection.

7.2.2 Introduction of chiral tensor particles into the SM

The ChT particles are introduced as doublets (T ;TSV), like Higgs particles, due to
the same as Higgs chirality property. As a result of their richer interaction possibilities
new chiral anomalies appear. The latter are avoided by introducing an additional
doublet (U ou- ) with an opposite chiral- and hypercharge. This doubling of doublets

uvs py

concerns also the Higgs sector, thus, similar to the SUSY case, it becomes (Hfr Hf),
(H9Hy ).

Massless tensor particles have just longitudinal degrees of freedom. In order for
them to acquire mass a Higgs-like mechanism should be applied. However, in this
case the role of the Higgs field will be played by a triplet and a singlet gauge vector
particles or by four SU(2), singlets (depending on the chiralities of the ChT particles),
which supply them with the transverse physical degrees of freedom. Thus, in addition
to the discussed Higgs doublets an extra triplet and five singlets, denoted further on
by C), and Pﬁ (i =1,...,5), correspondingly, should be introduced as well for the two
tensor doublets.

However, the doublets doubling may cause a flavor violation in the neutral sector.
This can be easily avoided if the doublets H; and 7}, interact only with down-type
fermions, while the doublets Hy and U,,, — with up-type ones (Glashow and Weinbery,
1977).

7.2.3 Chiral tensor particles degrees of freedom

The antisymmetric tensor particles while massless, have only longitudinal physical
degrees of freedom opposite to the case of gauge fields. Therefore, the presence of the
two additional tensor doublets, the triplet and singlets gauge vector particles and the

extra Higgs doublet leads to an increase of the total effective number of the degrees
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of freedom

Jgonr =9r+9u +9c+9p+ 9y =4+44+6+10+4 = 28.

The total number of the degrees of freedom, while the additional particles are rela-
tivistic, is:

G« = gsm + gonr = 106.75 + 28 = 134.75

7.2.4 Chiral tensor particles masses

As in the SM the particle masses are induced through the Higgs mechanism. The
presence of the vacuum expectation values of the two different Higgs doublets leads to
different masses for the tensor particles interacting with up- and down-type fermions.
Present experimental constraints on the masses of the tensor particles interacting
with down type fermions at 95% CL are: Mpo > 2.85 TeV and M, > 3.21 TeV (Aad
and others (ATLAS Coll.), 2014a,b). Constraints on the masses of tensor particles

interacting with up-type fermions are not available yet.

7.2.5 Experimental signatures and constraints

The presence of the ChT particles do not contradict the present experimental
data and, moreover, can explain successfully a number of anomalies in the precise
low energy physics, namely: weak radiative pion decay anomaly (Chizhov, 2005),
CVC anomaly in tau decays (Chizhov, 2007), muon g-2 anomaly (Chizhov, 2009).

Besides the successful explanation of the listed above anomalies, the tensor in-
teractions do not contradict the precise low energy experiments like: super-allowed
beta decay, muon decay, neutron decay, etc. The results of DELPHI, TWIST and

ip, experiments do not exclude the presence of these particles with the parameters
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discussed above.

The chiral tensor particles may be produced and detected at powerful high energy
colliders. For example, some feature indicative for the ChT particles was already
observed at the Tevatron (Chizhov, 2008), however it is not yet confirmed by LHC.
The chiral tensor particles, if they exist, should be certainly discovered at the ongoing
Large Hadron Collider by CMS and ATLAS experiments at CERN, in case they have
the theoretically predicted masses and coupling constants (Chizhov and Budagov,
2008). After the first run of the LHC the mentioned above experimental constraints
on the tensor particles masses were obtained. This year (2015) began the second run
of the experiment, which hopefully will discover the ChT particles or provide new

constraints on their characteristics.

7.3 Cosmological Effects of the Chiral Tensor Particles

Here two types of cosmologically important effects of Ch'T particles are discussed:
first, their influence on Universe dynamics due to the increase of the energy den-
sity; second, ChT particles directly interact with the other constituents of the early

Universe plasma.

7.3.1 ChT particles effect on the Universe expansion

The presence of two doublets of antisymmetric tensor particles and the corre-
sponding additional Higgs doublet, triplet and singlets of gauge vector particles leads
to a considerable increase of the energy density of the Universe in comparison with

the Standard Cosmological Model case:

p = pscm + pont- (7.1)
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This results in speeding up the Friedmann expansion: H = ,/%’r Gnp. At the early
stage, while the additional particles are relativistic, their contribution can be ex-

pressed through the effective degrees of freedom, namely:

71_2

POKT = 35 9CAT T, (7.2)

where T is the photons temperature. Hence, for cosmic times t later than ChT
particles creation time ¢, and before Ch'T particles became non-relativistic or decay,

ie. t. <t <ty the Friedmann expansion is speeded up

H = /873G ng,/90 T? (7.3)

where g, is the total number of the effective degrees of freedom g. = 134.75, as
discussed in the previous section.

The temperature-time dependence:

t~ 1/(/G T%) (7.4)

is also shifted, namely the cosmic time, corresponding to a given temperature, slightly

decreases compared to the standard cosmological model case, since g, > ggas.

7.3.2 ChT particles interactions in the early Universe

Through their interactions with the fermions the tensor particles directly influence
the early Universe plasma. Analyzing the interactions of the tensor particles, we
have estimated the characteristic temperatures and cosmic times of their creation,
scattering, annihilation and decay.

ChT particles unfreezing

Tensor particle interactions become effective when the characteristic rates of in-
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teractions I';,; ~ on become greater than the expansion rate H(7T). At energies
greater than the tensor particles masses, the cross sections have the following behav-
ior 0 ~ E~2. Hence, at very high energies tensor particles have been frozen, and with
the cooling of the Universe during its expansion, they unfreeze. The temperature of
unfreezing T.s¢, i.e. the temperature corresponding to the beginning of the epoch of

particles effectiveness due to a given interaction ¢ — f is defined from the relation
aif(Tepp)n(Teps) = H(T) (7.5)
and the corresponding cosmic time in seconds is estimated as

ters ~ 2.42/3/9: Tl (7.6)

where T, ¢; is in MeV.
ChT particles creation from fermion-antifermion collisions

The cross-section for the creation of pairs of longitudinal tensor particles from

fermion-antifermion collisions is calculated to be:

_ ma*In(E/v)

c ™~ 77
7™ Gasin® Oy B2 (7.7)

where the fine-structure constant a(My) ~ 1/127.9, the weak-mixing angle sin? fy, ~
0.23136 and the Higgs vacuum expectation v = 250 GeV. Thus, the tensor particle

creation becomes effective at
T <T,~3.3x10'% GeV (7.8)

which corresponds to cosmic times ¢ > t. ~ 1.9 x 10740 s.

Fermions scattering on ChT particles
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The fermions scattering on tensor particles has a cross-section

Ta?

PO — 7.9
192 sin* 0y B2 (7.9)

Os

It becomes effective at T' < T, ~ 3.4 x 10'* GeV and t > t; ~ 1.8 x 10730 .
ChT particles annihilations

Tensor particles annihilations proceed till
ta~242/(\/g. T?[MeV]) s = 2.3 x 107 s (7.10)

where T, = 2Mr and we have assumed Mp = 3 TeV.
ChT particles decays

The decay width of the tensor particles is
I' =~ aMy/sin? 0y ~ 102 GeV. (7.11)

The lifetime and the corresponding cosmological temperature are t; = 6.5 x 10727 s

and T; = 5.7 x 10° GeV.

The decay time is much earlier than the annihilation time, hence the tensor par-
ticles disappear from the cosmic plasma mainly by decay. The period of their effec-
tiveness is the period from the time of their creation to the moment of their decay,

i.e. during the very early stage of the Universe evolution:
c=19x10"s<t<t;=65x10"s.

The corresponding energy range spreads from 10 GeV down to 10° GeV. So, the
ChT particles decay safely early so that their decay products do not disturb BBN
and CMB.

224



On the other hand they are present at energies typical for inflation, Universe
reheating, lepto- and baryogenesis, et cetera. The ChT particles eventual role in
these processes is to be explored in future studies. We would like only to mention
here that the extended model with Ch'T particles proposes new source for CP-violation
due to the richer structure of particles and interactions, and therefore, may present

a natural mechanism for leptogenesis and baryogenesis scenarios.

7.4 BBN Constraint on the ChT Particles Interactions Strength

In the discussed extended model with the ChT particles right-handed neutrinos
interact with the chiral tensor particles and in case the neutrinos are light they can
be produced through ChT particles exchange. Then it is straightforward to obtain
rough cosmological bound on the coupling constant of the ChT particles G on the

basis of BBN considerations (Dolgov, 2002).

Using the BBN bound on the additional light neutrinos
Nesr = 9r(Ton/ T )t < 1 (7.12)
and assuming three light right-handed neutrinos, it follows that
3(T,,/T,,)" < 1, (7.13)

which puts a constraint on the decoupling/freezing of the right-handed neutrinos.
The temperature of freezing Ty of vgr may be determined using the BBN constraint

and entropy conservation relation g7 = const, namely

T,./T, = (t—?’/g*(Tf))l/3 < 0.76. (7.14)
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Then the rough constraint on the ChT particles decoupling temperature is:

T; > 140 MeV. (7.15)

On the other hand the decoupling temperature of a given species is connected with

its interactions coupling strength, hence

(Gr/Gp)® ~ (Ty/3 MeV) ™,

where we assume 3 MeV as the decoupling temperature of the active neutrino species.

Then the constraint on the Ch'T coupling is:

Gr < 107Gp. (7.16)

In case of two light right-handed neutrinos, the corresponding constraints on the
decoupling temperature is:

T; > 100 MeV, (7.17)

which slightly changes the constraint on the coupling. These two cases provide BBN
constraints in agreement with the value of the G provided from the experimental
data discussed in the second section. So BBN cosmological constraint points as well

to the possibility of a centi-weak tensor interactions.

Considerably looser BBN bound will follow in case of only one light right-handed
neutrino species, as seen from the above considerations, namely Gy < Gpg. Vice
versa, the eventual future detection of the ChT particles and determination of their

coupling constant may point to the number of the light right-handed neutrino species.
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7.5 Summary

As has been discussed, the existence of chiral tensor particles does not contradict
the experimental data of the precise low energy experiments like: super-allowed beta
decay, muon decay, neutron decay, etc. Moreover, chiral tensor particles help to ex-
plain some anomalies in the precision low energy physics, namely, the weak radiative
pion decay anomaly, the CVC anomaly in tau decays, the muon g-2 anomaly, etc. Be-
sides, the inclusion of the ChT particles helps to solve the hierarchy problem (Chizhov
and Dvali, 2011).

It is remarkable that chiral tensor particle anomalous interactions with matter
provide a distinguishing signature for their detection. The new particles may be
produced and detected at powerful high energy colliders. Particularly, if they exist,
they should be certainly discovered at the ongoing Large Hadron Collider by CMS
and ATLAS experiments at CERN, in case they have the mentioned above masses
and coupling constants. At present the search of these particles is conducted in the
ongoing experiments of the ATLAS Collaboration at LHC. First experimental results
provided constraints on the tensor particle masses.

As demonstrated in this work, these particles are allowed by cosmology, as well.
BBN cosmological considerations allow a centi-week tensor interactions strength.
ChT particles cause a slight increase of the Friedmann expansion. This dynamical
cosmological effect is due to the density increase caused by the introduction of the new
particles, and correspondingly the change of the temperature-time dependence. The
characteristic interactions of the chiral tensor particles in the early Universe plasma
were calculated. The period of effectiveness of the interactions with the other Uni-
verse constituents was determined. This period lasts from the time of their creation

till their decay, namely:

t,=19x10"s<t<t;=65x10%s (7.18)
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The corresponding energy range is from 10'® GeV (typical for the inflationary period)
down to 10° GeV, which according to us is very promising for theoretical specula-
tions involving the chiral tensor particles concerning inflationary models, reheating
scenarios, baryogenesis, leptogenesis scenarios, etc.

In conclusion: The existence of the chiral tensor particles is allowed from cosmo-
logical considerations and welcomed by the particle physics phenomenology.

Hopefully, in future more particle physics experiments will pay attention to the
experimental exploration of the characteristics of the chiral tensor particles and they

will be included in the theoretical models of the early Universe evolution as well.
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CHAPTER VIII

Summary and Conclusions

Main results and achievements

The main results and achievements of the research work, on which this thesis is

based are summarized below.

Nonequilibrium neutrino oscillations

1. We have proposed precise kinetic approach for the description of the evolution
of the non-equilibrium oscillating neutrino. We have derived kinetic equations for
the density matrix of neutrino in momentum space accounting simultaneously for
the Universe expansion, neutrino oscillations and the interactions of neutrino and
the nucleons. These equations provided an accurate description of the evolution of
the neutrino depletion, neutrino energy distribution and the neutrino-antineutrino
asymmetry.

2. We have constructed and explored a model of nonequilibrium electron-sterile
neutrino oscillations, effective after active neutrino decoupling in the early Universe.
The qualitative numerical analysis of neutrino oscillations effects was provided for the
whole range of neutrino oscillations parameters of the model and for different initial

population of the sterile neutrino 0 < N, < 1.
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3. Thanks to the exact kinetic approach used we have found quantitatively new
effects caused by nonequilibrium neutrino oscillations. We have established that the
nonequilibrium active-sterile neutrino oscillations lead to considerable distortion of the
energy spectrum of electron neutrinos (antineutrinos) and depletion of their number
densities. The distortion decreases with the increase of d V.

4. We have found that resonant MSW nonequilibrium active-sterile neutrino os-
cillations lead to enhancement of the neutrino-antineutrino asymmetry.

i) In case of small mass differences and relatively big mixing angles the maximal
possible growth of L was found to be by 4-5 orders of magnitude.

ii) The instability region in the oscillation parameter space, where considerable
growth of L takes place, was determined.

For the proper description of the asymmetry behavior in this oscillation parameter
region high resolution for the description of the neutrino spectrum distribution is

required.

BBN with nonequilibrium neutrino oscillations

5. We have constructed and studied numerically a model of BBN with nonequi-
librium v, <> v, neutrino oscillations, effective after electron neutrino decoupling.

i) We have proposed precise kinetic approach for the simultaneous description of
the evolution of the non-equilibrium oscillating neutrino and the evolution of the
nucleons.

ii) The primordial production of ‘He in the presence of oscillations was numeri-
cally analyzed for hundreds sets of oscillations parameters values in non-resonant and
resonant oscillation case.

iii) It was shown that the total effect of neutrino oscillations for the whole param-
eters range of the model is overproduction of “He.

iv) The effects of neutrino oscillations on BBN were numerically studied.
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— It was found that the kinetic effect due to the distortion of the electron neutrino
energy spectrum, caused by nonequilibrium v, <+ v, oscillations, plays the dominant
role for the overproduction of e.

— It was found that the asymmetry growth due to resonant v, <> s neutrino
oscillations takes place at small mixing and in that range of parameters of the model
the production of *He is reduced in comparison to the case without an account of
asymmetry growth. However, this asymmetry effect is subdominant.

6. A precise quantitative study of the mazimum overproduction of *He, accounting
for all oscillations effects was provided. Enormous maximum overproduction of ‘He
(up to 32% in the resonant case and 14% in the non-resonant case) was found possible.
It was shown that the net effect of spectrum distortion on the production of “He may
be several times larger than previously accepted in literature maximal overproduction

due to the dynamical effect of an additional neutrino type.

Cosmological constraints on neutrino oscillations parameters (J /N, = 0 case)

7. We have calculated isohelium contours in the ém? - 6 plane for 3%, 5% and
7% helium uncertainties. Observational data on primordial “He and D were used
to determine the cosmologically allowed range for oscillation parameters. We have
obtained cosmological constraints on nonequilibrium v, <> v, neutrino oscillations,
which are:

— more stringent by an order of magnitude towards small mass differences in com-
parison with previous studies. This is a result of the precise account of the strong
kinetic effect of neutrino spectrum distortion caused by active-sterile oscillations,
while previous studies considered the integral effects like neutrino number density
depletion and shift of the temperature of otherwise equilibrium neutrino spectrum;

— at the time (1996-2000) by 4 orders of magnitude stronger than the experimen-

tally available constraints. They excluded almost completely the LOW electron-sterile
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solution, in addition to the sterile LMA solution already excluded in previous inves-
tigations, years before the analysis of solar neutrino oscillations experiments data
pointed to the preferred flavor oscillation channels. Thus, these cosmological con-
straints served as indicators for the mixing pattern of neutrinos.

In the resonant case we have obtained precise cosmological constraint on neutrino
oscillation parameters dm? and 6 accounting for the dynamical evolution of the neu-
trino asymmetry, its interplay with oscillations and its effect on primordial production
of “He. It was found that the account for asymmetry growth relaxes the cosmological
constraints at small mixing.

8. We have studied different possibilities of change of the BBN constraints on
neutrino oscillations. Namely, additional sterile population, which due to the inter-
play between its dynamical and kinetic effect could either increase or decrease “He
overproduction and thus strengthen or relax the constraints; presence of relic lepton
asymmetry, which depending on its value is able to enhance, suppress or even stop

the neutrino oscillations.

Non-zero population of sterile neutrino and BBN with neutrino oscillations

9. BBN with nonequilibrium v, <> v, oscillations, in the more general case of
initially (at the start of the neutrino oscillations) non-zero population of v, before
oscillations d Ny # 0, was numerically explored.

i) “He primordial production was calculated for different initial populations of the
sterile neutrino state 0 < d /N, < 1 and the full range of oscillation parameters of the
model of nonequilibrium electron-sterile neutrino oscillations.

ii) An exact numerical analysis of N, effects on pre-BBN nucleons freezing and
the production of *He in BBN with oscillations was provided. It was found for a first
time that 0N, has two-fold effect on *He:

— enhancement of the cosmic expansion rate, leading to Y, overproduction.
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—suppression of the kinetic effects of oscillations, caused by the v, energy spectrum
distortion and the v, — 7, asymmetry generation by oscillations, leading to decreased
Y, production.

Depending on oscillation parameters and d Ng one or the other effect may domi-
nate, causing, correspondingly, either increase or decrease of Y, overproduction.

10. Isohelium contours corresponing to to 3% and 5%, 7% and 9% overproduction
of Y, were determined. More general BBN constraints on v, <+ v, oscillation parame-
ters, corresponding to 3% and 5% Y, overproduction, for different initial populations
of the sterile state 0 < 6Ny < 1 were calculated. It was found that cosmological
constraints may be relaxed or strengthened by non-zero § N,. The possibility to sup-
press the kinetic effect and relax the cosmological constraints due to non-zero d N,

was revealed for a first time.

Small lepton asymmetry and BBN with neutrino oscillations

11. We have provided a detail numerical study of the interplay between small
lepton asymmetry |L| << 0.01, either relic (initially present) or dynamical (gener-
ated by MSW active-sterile neutrino oscillations) and v, <> vs oscillations for the
whole parameters range of the model of nonequilibrium nonresonant v, <+ v, neu-
trino oscillations. We have found that there are significant modifications of neutrino
number densities and energy distributions over a large range of values of the initial
asymmetry.

12. We have shown that relic L is able to enhance (an intriguing qualitatively new
effect), suppress or inhibit neutrino oscillations. We have determined the parameter
ranges for which L enhance, suppress or inhibit neutrino oscillations.

On the basis of the numerical analysis we have obtained empirical relations be-
tween oscillations parameters and lepton asymmetry value (that provide relatively

good fit to the exact results) corresponding to the qualitatively different types of
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lepton asymmetry effect.

13. We have found that the capability of small lepton asymmetry to enhance
oscillations is due to a new type of resonance in the neutrino oscillations - spectrum
wave resonance.

We would like to emphasize that this phenomenon and the enhancement of neu-
trino oscillations by lepton asymmetry was revealed due to the correct account for
the spectral spread of neutrino momenta and energy spectrum distortion due to os-
cillations, advocated in our papers.

14. The indirect kinetic effect (via neutrino oscillations) of lepton asymmetries
|L| << 0.01 on BBN and especially on helium production, was numerically analyzed
in a model of cosmological nucleosynthesis with v, <+ v, neutrino oscillations. Both
the case of oscillations generated asymmetry and the case of initially present (relic)
asymmetry were studied.

The account of spectrum distortion of the oscillating neutrinos as well as the
selfconsistent account of neutrinos and nucleons evolution was proved essential for
revealing the indirect kinetic effect of small lepton asymmetries.

i) It was found that relic L, due to its effect on neutrino oscillations and on
neutrino number densities, may increase, decrease overproduction of Y, or reduce it
to the standard BBN value.

ii) It was found that the neutrino-antineutrino asymmetry, generated at small
mixing angled by resonant neutrino oscillations, reduces the overproduction of Y, at
these mixing angles.

15. We have studied and established the possible change of the BBN constraints on
neutrino oscillations due to small lepton asymmetries. BBN limits on the oscillation
parameters derived for the case of lepton asymmetry of the order of the baryon one are
considerably altered by asymmetries |L| > 107%: they may be strengthened, relaxed

or waved out.
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i) The capability of lepton asymmetry to enhance neutrino oscillations and con-
sequently to tighten the nucleosynthesis bounds on neutrino mixing parameters is
revealed for a first time.

ii) Large enough L is capable to alleviate BBN constraints on oscillation parame-
ters. In that case, instead, new constraint is derived: the oscillations parameters are
constrained by L.

iii) It particular, it was found that relic L ~ 107¢ relaxes BBN bounds at large
mixing and strengthens them at small mixing.

16. On the basis of the interplay between L and neutrino oscillations stringent
cosmological bounds on L may be obtained. For example from the indications for
active-sterile oscillations with dm? ~ 107° a stringent upper limit on L follows: |L| <
5 x 10™* (stronger than standard BBN limit |L| < 0.01).

17. We have proposed the ability of L to suppress neutrino oscillations as a possible
solution of the recently found indication for additional relativistic density. We have
estimated the value of L necessary to suppress neutrino oscillations and thus to inhibit
the sterile neutrino thermalization through active-sterile neutrino oscillations and,

thus, evade the stringent BBN constraints.

SFC baryogenesis model and particle creation processes

18. We have provided precise analysis of the SFC baryogenesis model, based on
the Affleck-Dine baryogenesis scenario. The post-inflationary evolution of the baryon
charge carrying scalar field ¢ was followed both semi-analytically and numerically
using exact kinetic equations and accounting for particle creation processes.

i) We have calculated numerically the produced baryon asymmetry for natural
ranges of model parameters and for hundred different sets of the model parameters.

ii) The dependence of the produced baryon asymmetry on the model’s parameters

was explored. Namely, we have found the dependence B on m, « and \; for different
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sets of other parameters values.

19. It was shown that particles creation processes influence considerably the
evolution of the scalar field and the generated baryon excess. We have proposed
explicit account for the particle creation processes in the kinetic equations for the
baryon charge carrying scalar field. It was found that particles creation leads to
a considerable decrease of the field’s amplitude, which reflects finally into strong
damping of the baryon charge carried by the condensate.

i) We have studied particle creation processes semi-analytically and numerically.
We have obtained self-consistently the frequency €2 and the rate I' from the exact
numerical analysis of the field’s evolution. It was found that numerically calculated
) may be quite different from the analytical estimation.

ii) The numerical analysis showed that B evolution and the final value of B after
¢ decay, numerically calculated with a precise account for particle creation processes,
may be considerably different from those calculated semi-analytically for a wide range
of model’s parameters. The precise numerical account for particle creation points to
stronger and earlier reduction (up to two orders of magnitude) of the B excess in

comparison with the case of analytical account of particle creation processes.

Inhomogeneous SFC baryogenesis model, LSS and antimatter in the Uni-

verse

20. We explored a mechanism for producing baryon density perturbations during
inflationary stage and studied the evolution of the baryon charge density distribution
in the framework of the low temperature inhomogeneous SFC baryogenesis scenario.

i) We have proved numerically that this mechanism of production of baryon den-
sity perturbations may be important for the large scale structure formation of the
Universe and particularly, may explain the existence of a characteristic scale of ap-

proximately 130h~! Mpc (comoving size) in the distribution of the visible matter.
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ii) The detailed numerical analysis showed that both the observed very large scale
of the visible matter distribution in the Universe and the observed baryon asymmetry
value could naturally appear as a result of the evolution of a complex scalar field
condensate, formed at the inflationary stage.

21. We explored the possible generation of vast antimatter and matter struc-
tures during the early Universe evolution in inhomogeneous Scalar Field Condensate
baryogenesis model.

i) The numerical analysis has shown that the model predicts vast antimatter
domains, separated from the matter ones by baryonically empty voids. This is an
interesting possibility as far as the observational data do not rule out the possibility
of antimatter galaxies, antimatter galaxy, clusters and superclusters in the Universe.

ii) The model proposes an elegant mechanism for achieving a sufficient separation
between regions occupied by baryons and those occupied by antibaryons, necessary
to inhibit the contact of matter and antimatter regions with considerable density.

iii) Different possibilities for the characteristic scale of antimatter regions and their
distance from the matter ones were studied, requiring an accordance with observa-
tional constraints from cosmic ray, gamma-ray and cosmic microwave background

anisotropy data.

Processes of chiral tensor particles in the early Universe

22. We have studied the cosmological place and role of the chiral tensor parti-
cles. We have shown that the existence of the chiral tensor particles is allowed from
cosmological considerations.

i) The dynamical cosmological effect, namely the speeding of the Friedmann ex-
pansion, due to the density increase caused by the introduction of the new chiral
tensor particles, was evaluated.

ii) The characteristic interactions of the chiral tensor particles in the early Universe
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plasma and the corresponding period of their cosmological influence were determined.

iii) The strength of the ChT particles interactions was estimated on the basis of
BBN constraints on additional particles. The interactions were estimated to be by two
orders of magnitude weaker than the weak interactions. This result is in agreement

with the experimental data and the theoretical indications.
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