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PREFACE

Starting from 1980-s the cross-disciplinary, multi-
dimensional field of links between cosmology and particle
physics is widely recognised by theorists, studying cos-
mology, particle and nuclear physics, gravity, as well as
by astrophysicists, astronomers, space physicists, experi-
mental particle and nuclear physicists, mathematicians
and engineers.

It is well understood that only joint efforts may
lead to progress in this field.

The relationship between cosmology and particle
physicsis now one of the important topics of discussion at
any scientific meeting both on astrophysics and high en-
ergy physics. National and international institutes, labo-
ratories and centres all over the world study specific
problems of such a relationship.

On some historical reasons many important results,
trends and directions of scientific research, undertaken in
80-90s in this field, in USSR and then in Russia are not
widely known. The present book is aimed to fill in this
ap.

Jap Covering this loophole in the English scientific lit-
erature the book, based dominantly on the most recent re-
sults, also includes discussion of some papers dated 80-s
or early 90-s. One may surprise how up-to-date are the re-
sults of these papers. One may find how useful they are
for solution of problems, clearly understood and formu-
lated in the English literature only now.

However, the very general approach that appeared,
evolved and highly developed in Russia in 80-90s is even
more  important. Originated from the works of
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A.D.Sakharov, Ya.B.Zeldovich, M.A.Markov and their sci-
entific schools this approach in its development naturally
embeds all the existing trends in studies of fundamental
links between cosmology and particle physics.

It offers the natural framework for self-consistent
analysis of nontrivial relationships between the theory of
Universe and particle theory. It provides the system of
studies of cosmology and particle physics in the complex
network of their indirect astrophysical and physical ef-
fects. It implies the specific name for the multidimen-
sional field of science studying the fundamental relation-
ship between micro- and macro- worlds.

This name "Cosmoparticle physics” is put into the
title of the book.

The reason we use "cosmoparticle physics™ to denote
the problems generally referred to "astroparticle physics"
or "particle astrophysics” is in no case the ambition of
terminological originality. 1t has much deeper reasons
than the simple following the Russian tradition to call
"cosmonauts" those Americans call "astronauts™.

There are many particular problems such as massive
neutrino as hot dark matter, invisible axions or neutralino
as cold dark matter in which astroparticle and cosmoparti-
cle physics practically coincide. But the proper choice of
dark matter candidate or of the mixture of different
forms of dark matter appears in astroparticle physics as
the matter of taste. Cosmoparticle physics can make this
choice the matter of test.

Thus cosmoparticle physics naturally contains as-
troparticle physics as important element but represents
much wider field of scientific research. The research in
this field implies nontrivial system of cross-disciplinary
studies, which are reflected in the specific form of scien-
tific organization.

In USSR first under charge of Ya. Zeldovich and
then of A. Sakharov the complex program of joint studies
in cosmoparticle physics was elaborated.

Founded in 1992, Centre for Cosmoparticle physics
"Cosmion" initiated practical realisation of some ideas of
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this program in complicated conditions of rapidly chang-
ing Russia.

The first results of scientific activities of more than
forty scientific groups from more than twenty Russian
centres and institutions, joined in the Russian National
project "Cosmoparticle physics™, were reported at the 1
International  conference on  Cosmoparticle physics
"Cosmion94", dedicated to 80  Anniversary of
Ya.B.Zeldovich and 5 Memorial of A.D.Sakharov, Decem-
ber 4-14, 1994, Moscow.

The 2 International conference "Astronomy. Cosmo-
particle Physics”, dedicated to 75 Anniversary of
A.D.Sakharov (COSMION-96), May-June 1996, Moscow,
and the 3 International conference on Cosmoparticle
physics "Cosmion 97", dedicated to 10 Memorial of
Ya.B.Zeldovich, December 8-14, 1997, Moscow succeeded
in the studies of various links between cosmology and par-
ticle physics and of various aspects of cosmoparticle re-
search.

These various studies, being important by them, are
within the project co-ordinated and started to be arranged
into cross-disciplinary networks, putting together as-
tronomers, space researchers and experimental physicists
into the particular cells of proper cosmoparticle studies.
In the context of cosmoparticle research theoretical stud-
ies play new important role gluing together experiments
and observations in different fields of science.

These studies and their results presented at Cos-
mion conferences uncover the features of cosmoparticle
physics as the new self-consistent field of scientific re-
search.

The system of cosmoparticle research is open. It
does not substitute for the well-established fields of stud-
ies in particle and nuclear physics, cosmology and astro-
physics but it illuminates nontrivial links between them
and offers new solutions for their old problems. It offers
to each scientist the possibility to use all his scientific
skill and experience in the joint study of the fundamental
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laws of our reality. It is the aim of this book to facilitate
participation in these studies.

The book uses personal author's experience in the
presentation of the problems of cosmoparticle physics to
both physical and astronomical audience. It accounts for
the author's course of lectures "Introduction into cosmo-
particle physics"”, given to students of Moscow Engineer-
ing Physics Institute. It also takes into account the simi-
lar course, given to post- graduate students of the Univer-
sity of Trieste.

Based on this experience the book concentrates the
readers attention to the transparent outlining of the prin-
cipal ideas of the modern particle theory and cosmology,
their mutual relationship and nontrivial correspondence of
their physical and astrophysical effects.

The puzzles of particles and Universe are bound in a
complicated knot of problems. | am grateful to my teach-
ers Ya.B.Zeldovich and A.D.Sakharov for my involvement
into the beauty of these puzzles.

| express my gratitude to co-authors of all my pa-
pers, especially, to Z.G. Berezhiani, S.I. Blinnikov, V.M.
Chechetkin, A.G. Doroshkevich, D. Fargion, S.S. Filippov,
S.S. Gershtein, A/A. Klypin, R.V. Konoplich, A.D. Linde,
G. Piragino, A.G. Polnarev, S.G. Rubin, AS. Sakharov,
M.G. Sapozhnikov, E.V. Sedelnikov, A.A. Starobinsky, to
collaborators and participants of National Project
"Cosmoparticle physics", to collaborators of International
projects "Astrodamus"”, "Coseth”, Eurocos-AMS for co-
operation in unbinding some ties of this knot.

| am grateful to CCPP "Cosmion", ETHZ (Switzer-
land), ECT*(Trent) and INFN (Trieste) for important sup-
port during the work on the book, to A.V. Berkov, E.V.
Sedelnikov and A.S. Sakharov for help in preparation of
the manuscript.



CONTENTS

PREFACE
CHAPTER 1. INTRODUCTION

CHAPTER 2. THE HIDDEN SECTOR
OF PARTICLE THEORY

1. Particle Theory-the Standard Model

1.1. Quantum Electrodynamics

1.2. Gauge Symmetry of Quantum Electrodynamics
1.3. Symmetry of Fundamental Particles

1.4. Standard Model of Electroweak
and Strong Interaction

2. Esthetical and Practical Grounds for
the Extensions of the Standard Model

2.1. New Physics from Grand Unification

2.2. New Physics in the Modern Trends
to the True Unification

3. Neutrino Mass and Invisible Axion
3.1. Physics of the Mass of Neutrino

3.2. Neutrino Instability

Xi

vii

19

24

29

32

39

47

48

51

58

59

65



12 COSMOPARTICLE PHYSICS

3.3. The Axion Solution for the Problem
of Strong CP violation

3.4 The Models of Invisible Axion

CHAPTER 3. THE HIDDEN PARAMETERS
OF THE MODERN COSMOLOGY

1. The Old Standard Big Bang Paradigm

1.1. The Expanding Universe

1.2. The Black Body Radiation Trace
of the Big Bang

1.3. Physical Cosmology of Old Big Bang Scenario

2. Inflationary Universe with Baryosynthesis
and Dark Matter

2.1. Magnetic Monopoles in Old Big Bang Model
2.2. Inflational Recovery of Old Big Bang Model
2.3. Baryosynthesis

2.4. Nonbaryontc Dark Matter

CHAPTER 4. COSMOARCHEOLOGY OF THE
VERY EARLY UNIVERSE

1. Primordial Black Holes as the
Cosmoarcheological Tool

1.1 Primordial Black Holes

74

79

91

100

106

128

130

144

155

160

165

166



CONTENTS

1.2. PBH Signatures of Dust:Like Stages
in the Early Universe

1.3. Direct PBH Formation at Dust-Like Stages
1.4. PBH Evaporation

2. Formation of Black Holes in the First Order
Phase Transitions

2.1. Field Configurations in Bubble Wall Collisions

2.2. Gravitational Collapse of False Vacuum Bag
and Black Hole Formation

2.3. The First-Order Phase Transitions
in the Early Universe

CHAPTER 5. PRIMORDIAL PARTICLES IN THE
PERIOD OF BIG BANG NUCLEOSYNTHESIS

1. New Particle Effectson Nucleosyntehsis

1.1 Restrictions on the Total Cosmological Density
1.2.The Shift of Equilibrium Rates of {3-processes
1.3. Non-equilibrium Particles and “He abundance
2. Metastable Particles and the BBBR Spectrum
2.1 Distorsion of the Thermal Background Spectrum

2.2 Dominance of Metastable Particles
in the Period of Nucleosynthesis

170

175

181

184

185

188

196

205

214

224

233

240

248



14 COSMOPARTICLE PHYSICS

CHAPTER 6. ANTIPROTONS IN THE UNIVERSE
AFTER THE BIG BANG NUCLEOSYNTHESIS

1. PBH Evaporation as a Source of
Nucleon-Antinucleon pairs

2. Effects of Antiproton Annihilation with
4He nuclei on D and 3He abundance

3. Restriction on Antiproton Sources

3.1. Constraints on PBH s and Physics
of Their Origin

3.2. The Problem of Primordial Gravitino
3.3. Constraints on Antimatter Domain Structure

CHAPTER 7. NON-EQUILIBRIUM EFFECTS
AS THE PROBE FOR NEW PHYSICS

1. The Non-Equilibrium Cosmological
Nucleosynthesis

1.1. Kinetic Equation for Non-Equilibrium Particles
1.2. Kinetic Equation for Weak Sources on RD Stage
1.3. Non-Equilibrium Nucleosynthesis. Special Cases

2. ASTROBELIX project.

2.1. AstroNuclear Experiment ASTROBELIX

259

260

274

282

291

298

301

302

303

301

314

324



CONTENTS XV

2.2. Lt and Be Abundance Constraint on Antiproton
Annihilation on RD Stage 329

3. Cosmological Backgrounds of Non-Equilibrium
Particles

3.1. High Energy Neutrino from the RD Stage 332

3.2. High-Energy Neutrino Background as the Probe
for New Physics 337

3.3. DUMAN D as the Tool for Cosmoparticle Physics 346

CHAPTERS8. THE NEW PHYSICS IN THE LARGE-
SCALE STRUCTURE FORMATION

1. Problemsof the Large-Scale Structure Formation

1.1. The Problem of Initial Fluctuations 351

1.2. The Problem of Self-Consistent Structure
Formation and BBBR Anisotropy 355

1.3. The Problem of Physical Self-Consistency in the
Theory of Large-Scale Structure Formation 360

2. The Neutrino Rest Mass and the Large-Scale
Structure of the Universe

2.1. Massive Neutrino in the Big Bang Universe 362
2.2. Gravitational Instability of Massive Neutrino 369

2.3. The Structure Formationin the
Neutrino-Dominated Universe 382



16 COSMOPARTICLE PHYSICS

CHAPTER 9. PROBES FOR THE DARK MATTER
PARTICLES

1. The Structure of the Universe as the
Detector for the Dark Matter Particles

1.1. The Structure Formation Constraints on
Unstable Particles

1.2. The Troubles of Simple Dark Matter Models

1.3. Arguments for the Existence of Unstable
Dark Matter Particles

2. Dark Matterin the Galaxy
2.1. The Condensation of Dark Matter in Galaxies
2.2. WIMP Annihilationin the Galaxy

2.3. Direct and Indirect Searches of WIMPs
in the Galaxy

389

401

409

416

420

423

CHAPTER10. MIRROR WORLD IN THE UNIVERSE

1. Mirror Particles

1.1. The Equivalence of Left and Right

1.2. Fractons and Alice Strings

2. Mirror Particlesin the Early Universe

2.1. Inflation and Constraints on the Domain
Structure

433

437

444



CONTENTS

2.2. The Inhomogeneous Baryosynthesis and the
Island Distribution of Mirror Baryons

2.3. The Big Bang Nucleosynthesis and the
Mirror World

3. Formation of Astronomical Objects
of the Mirror Matter

3.1. The Separation of Ordinary and Mirror Matter

3.2. The Gas Accretion on the Astronomical Objects
of the Other Mirrority

4. Observational Physics of the Mirror Matter

4.1. Galaxies and Galaxy Clusters of Definite
Mirrority

4.2. The Mirror Matter at the Scale
of Globular Clusters

4.3. The Effects of Mirror Matter at Stellar Scales

CHAPTER 11. COSMOPARTICLE PHYSICS
OF HORIZONTAL UNIFICATION

1. Physical Grounds for Horizontal Unification

1.1. The Symmetry of Fermion Families

448

450

451

454

466

475

476

482

486

493

1.2. The Gauge Model of Family Symmetry Breaking 498



18 COSMOPARTICLE PHYSICS

2. The Early Universe from Horizontal Unification
2.1. The Inflationary Dynamics and Energy Scale
2.2. The Formation of PBH in the MHU

2.3. Early "Horizontal” Phase Transitions

2.4. The Large-Scale Modulation in the Distribution
of Primordial A.xion Field

3. MHU Dark Matter Cosmology

3.1. The Dark Matter Unification in the Hidden
Sector of Models of Horizontal Unification

3.2. DM Models from Horizontal Unification
3.3. The History of the Universe Based on MHU

REFERENCES
SUBJECT INDEX

507

509

513

517

525
528
539

543
569



CHAPTER 1
INTRODUCTION

COSMOPARTICLE PHYSICS is a natural step in the
development of widely accepted relationship between
COSMOlogy and PARTICLE PHYSICS. This development
revives the tradition of Natural philosophy of universal
knowledge, the tradition to consider the world in its uni-
versal completeness and unity.

Cosmoparticle physics represents the new level of
this tradition and, being exact science, uses quantitatively
definite methods in description of the world and its struc-
tures at macro- and micro- scales.

In order to trace the tendencies, that lead to the
formation of Cosmoparticle physics, one should remind
the main steps of internal development of particle theory
and cosmology.

The experimentally proven part of the modern par-
ticle theory, referred to as the standard model of electo-
weak and strong interactions, is built as an extension of
electrodynamics on particle transformations in weak and
strong interaction processes.

The possibility of such an extension follows from
the principal change of the notion of charge and current
in quantum field theory. Instead of the internal properties
of eternal charged particles, treated by classical electro-
dynamics, one considers in quantum electrodynamics the
electromagnetic current as the locally conserved bilinear
combination of one-particle-state annihilation and creation
operators, acting on the physical vacuum.
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For instance, the electron current represents the
succession of annihilation and creation of the one-electron
state. Initial and final states may differ, that corresponds
to the current of a quantum electromagnetic transition.

The next logical step is to consider different parti-
cles in initial and final states and to generalise the notion
of the current of transition to the current of particle
transformation.

The electromagnetic current is the source of the
electromagnetic field. In quantum electrodynamics, anni-
hilation of electron in the initial state and its creation in
the final state is a quantum process of emission or absorp-
tion of a quantum of electromagnetic field.

In general, one can say, that annihilation of one
particle in the initial state and creation of another parti-
cle in the final state is the process of emission or absorp-
tion of a quantum of particle transformation, mediating
the corresponding interaction.

So, in the process of weak interaction, annihilation
of neutrino and creation of electron is the source of
W-boson — the quantum of the field of weak interaction.

The generalisation assumes the symmetry between
particles in initial and final states. Mathematically, the
symmetry provides the generalisation of gauge invariance
of electrodynamics to local gauge invariance, and it makes
possible to introduce the similar forms for weak, strong
and electromagnetic interactions. For particles of matter
(fermions), the Lagrangian density of all these interac-
tions has the same form

Ltn: = ngV , (1)

where g is the coupling constant, J, is the current and
Vuis the field of the corresponding interaction. The ob-
served difference in the interactions of fundamental par-
ticles is ascribed both to the difference in the groups of
gauge symmetry and to the mechanism of spontaneous
symmetry breaking.
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The standard model of interactions of particles,
based on the SU(2)xU(l) local gauge symmetry of elec-
troweak interaction and the SU(3)c symmetry of quantum
chromodynamics (QCD, the gauge theory of strong inter-
actions) does not find at present any direct contradiction
with the experimental data.

However, the internal theoretical inconsistencies
and esthetical challenges to unify all the fundamental
forces of Nature forces the theory go beyond the standard
model, losing on this way the possibility of direct experi-
mental proof.

The practical theoretical necessity to extend the
standard model follows from such internal problems of the
standard model as quadratic divergence of loop radiative
corrections to the mass of Higgs field or strong CP viola-
tion in QCD.

The solution of the former problem implies super-
symmetry — symmetry between bosons and fermions,
giving rise to cancellation of boson and fermion loop con-
tributions into the Higgs mass due to the difference in
Bose-Einstein and Fermi-Dirac statistics.

Supersymmetry should be broken, since we do not
observe it in fermion and boson mass spectra, and the
search for supersymmetric partners of known particles is
one of the strongest challenges for the next generation of
particle accelerators. But there is no hope in searching for
gravitino (supersymmetric partner of graviton), predicted
in local supersymmetric models, even in far future accel-
erators, due to its very weak, semigravitational coupling
to other particles.

The solution of the problem of strong CP violation

in QCD implies the existence of invisible r;]acxion, pseudo-
Goldstone boson, the "smaller brother” of y with su-

perweak interaction, being practically elusive for the di-
rect search at accelerators.

The esthetical motivation to extending the standard
model is connected with the attractive idea of unification
of fundamental forces.
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The similarity in description of electromagnetic,
weak and strong interactions, achieved in the standard
model, finds deeper grounds in grand unified theories
(GUT), extending the fundamental gauge symmetry and
putting SU(2)xU()xSU(3)c group of symmetry of the
standard model into the unique group G.

Arranging the set of known particles into the repre-
sentation of the group G, one finds "white spots™ to be
occupied to make the representation complete.

The larger G is, the more numerous is the amount
of new particles and fields, which should be introduced to
complete the basic particle and field content to the set,
corresponding to the full symmetry.

Such particles and fields correspond to the "hidden
sector” of the theory, since they are hidden from the di-
rect experimental probes either due to their large mass,
or owing to very weak interaction with the known parti-
cles.

In the Dboth cases (of weakly interacting and of su-
perheavy particles) one needs some indirect means to
test the respective predictions.

The same is true for the parts of hidden sector,
such as "invisible axion", gravitino, etc. invoked due to
practical needs to make the standard model self-
consistent.

There are very few indirect effects of superheavy
and/or superweakly interacting particles and fields, feasi-
ble for laboratory probes.

They are the mass of neutrino, CP violation, lepton
and baryon number nonconservation (reflected in neutrino
oscillations, double neutrinoless beta decay, flavour
changing neutral currents, proton decay, neutron-
antineutron and hydrogen-antihydrogen oscillations).

Being rare, these effects can be discriminated due
to manifest violation of conservation laws, included in the
standard model. Relatively small manifestations of such
effects appeal for additional probes of hidden sector of
particle theory.
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The problem of proper choice for the extensive hid-
den sector increases in the models of theory of everything
(TOE), putting into unique theoretical framework the
foundations for all the four fundamental forces of Nature,
including gravity.

Such a framework may follow from successive ex-
tension of gauge symmetry, for instance, from the combi-
nation of local gauge models and supersymmetry, as it
takes place in supergravity. Here the unification follows
from the extension of internal symmetries on the symme-
tries of space-time.

The alternative approach is based on the extension
of geometry of space-time to include the description of
particle interactions. In geometrical approach, the funda-
mental forces are ascribed to the effects of additional
compactified dimensions, and symmetries of space-time
are extended including symmetries of elementary parti-
cles.

The both trends are accumulated in superstring
theories based on principally new fundamental concepts of
string theories.

In the heterotic string theory one combines the
d=1O heterotic string theory with the Es x ES' gauge
symmetry. Its hidden sector should contain, in principle,
the whole zoo of particles, fields and new phenomena,
arising in various extensions of the standard model,
whose direct experimental search is either very hard or
virtually impossible.

That's why the Universe has drawn the most serious
attention of particle physicists as the possible source of
information on elementary particles.

Ya. Zeldovich called the Universe "the poor man's
accelerator”. As A.Linde followed, even the richest man
can not build the accelerator, that can reach the energies
of GUT or TOE physics, which are naturally released at
earliest stages of cosmological evolution.
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So, the internal development of particle physics has
lead to the Big Bang Universe as a probe of its fundamen-
tal ideas.

The modern cosmology is based on two observational
facts, i.e. that the Universe expands and that the Uni-
verse contains the background electromagnetic black body
radiation.

Putting them together, one comes to the ideas of
Big Bang Universe.

One inevitably comes to the conclusion, that at
early stages of cosmological expansion the physical condi-
tions in the Universe should have been dramatically dif-
ferent from those we observe now.

Extrapolating, or, more precisely, interpolating the
law of cosmological expansion to the past, one finds that
at earlier stages of cosmological expansion the energy
density of radiation exceeded the density of matter, so
that the radiation dominance stage should have existed.

One can easily check, that matter and radiation
were in equilibrium, that there were no galaxies, stars,
and the matter was in the state of nearly homogeneous
plasma.

The old Big Bang scenario was a self-consistent
combination of general relativity, thermodynamics and
laws of atomic and nuclear physics, well proven in labora-
tory. The laws of physics were applied to the evolution of
the Universe as a whole, under the assumption that it
contains only baryonic matter and electromagnetic radia-
tion (and neutrinos) (Zeldovich, Novikov, 1975).

According to this scenario, nuclear reactions should
have taken place to the end of the first three minutes,
that lead to the primordial chemical composition.

This picture found qualitative confirmation in the
comparison of predictions of Big Bang nucleosynthesis
with the observed abundance of light elements.

It gave the qualitative explanation to the observed
structure of inhomogeneities as a result of gravitational
instability in nearly homogeneous matter.



INTRODUCTION 7

However, quantitative disagreements, that turned
out to be more and more profound, made the whole pic-
ture controversial, unless some additional fundamental
elements were added to the basis of the whole construc-
tion.

The formation of the observed large-scale structure
of the Universe corresponded in the old Big Bang scenario
to the expected anisotropy of thennal electromagnetic
background radiations is inconsistent with the observa-
tions.

On the other hand, the low baryon density is needed
in order to reproduce the observed abundance of light
element as a result of Big Bang nucleosynthesis (for re-
view, see Copi and Schramm, 1996). It is inconsistent
with the much higher density one needs to explain the
formation of the large-scalestructure as a result of devel-
opment of gravitational instability.

The both problems seemed to found their laboratory
based solution in the framework of the old Big Bang sce-
nario when it was claimed in 1980, that the electron neu-
trino has the mass about 30 eV. The neutrino thermal
background, as abundant as the thennal photon back-
ground, was one of well established predictions of the old
Big Bang scenario.

Multiplying this abundance by the value of the neu-
trino mass, claimed to be measured in the ITEP experi-
ment, one can find that the modern density of massive
neutrinos should exceed the density of the baryon matter
by one-two orders of magnitude.

One came to scenario of neutrino-dominated Uni-
verse, in which massive neutrinos, weakly interacting
with the matter and radiation, has driven the cosmological
large-scale structure formation and dominate in the mod-
ern cosmological density. The anisotropy of the thermal
background radiation, predicted in this picture, seemed to
be consistent with the observational data.
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However, successive experimental studies did not
confirm that the mass of electron neutrino might be as
high, as it was claimed by Lubimov et al. (1980).

On the other hand, the cosmological analysis proved
the necessity for the existence of the dark matter, domi-
nated in the Universe in the period of the large-scale
structure formation. However, it found serious problems
in the neutrino-dominated Universe scenario.

It leads the physics of dark matter outside the ex-
perimentally proven standard model of elementary parti-
cles.

It made necessary to modify the old Big Bang sce-
nario by adding a new fundamental element — the dark
matter, and finding physical grounds for it's existence in
the hidden sector of the particle theory.

The problem of the true physical nature of the cos-
mological dark matter is accomplished by the following
fact.

From the cosmological viewpoint, the models of the
large-scale structure formation by the hot, cold, unstable
dark matter, or more sophisticated models, implying cos-
mic strings plus hot dark matter, late phase transitions
etc. are very different.

However, they are not alternatives from the view-
point of particle physics. These different models find
grounds in different and, in general, complementary parts
of hidden sector of particle theory.

So, in principle, the mixture of all these models
should be considered as the general case.

Another important initial condition for large-scale
structure formation is the spectrum of initial fluctua-
tions.

It could be easily checked that the statistical fluc-
tuations alone were too small to form the structure of in-
homogeneities in the expanding Universe. One has to as-
sume the existence of small initial inhomogeneities, origi-
nated from very early stages of the cosmological evolu-
tion.



INTRODUCTION 9

The old Big Bang scenario had no physical mecha-
nism for their origin.

Moreover, the main questions: why the Universe
expands? Why its initial conditions were so close to flat
Universe? Why they were so similar in causally discon-
nected regions? Why it contains matter and no antimat-
ter? had no answers in the old cosmological paradigm.

The first three questions, in principle, found their
solution in the inflational cosmological models (Gliner,
1965, 1970; Guth, 1981), that assume the existence of a
stage of the superluminous (in the simplest case, exponen-
tial) expansion of the very early Universe.

Such a stage can not be provided by the matter, ra-
diation, or relativistic plasma dominance, but can be real-
ised under some conditions as the cosmological conse-
quence of the particle theory, for instance, in strong first-
order phase transition or by slow rolling of scalar field
down to its true vacuum state.

Simultaneously the inflational models offered the
physical mechanisms for the generation of the spectrum
of initial fluctuations.

Most of these effects are related to experimentally
inaccessible parts of the particle theory, in particular, to
the mechanisms of symmetry breaking at superhigh-
energy scales.

One can also find, that different inflational models
follow from different theoretical grounds and, in general,
may co-exist in the complete cosmological scenario.

A.Sakharov (1967), and then V.Kuzmin (1970) were
first, who related the observed baryon asymmetry of the
Universe with the physical mechanism of the baryon ex-
cess generation. They found that the out-of-equilibrium
CP-violating effects in hypothetical processes, violating
the baryon number conservation, can generate baryon
asymmetry in the very early stages of the initially baryon
symmetric Universe.

The models of grand unification provided physical
basis for these original ideas of baryogenesis, having
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among their predictions the existence of baryon non-
conserving interactions.

The mechanisms of baryosynthesis found some other
grounds in supersymmetric models. Based on these mod-
els, the exostence of the primordial condensate of scalar
quarks is possible. The decay of scalar quarks in ordinary
quarks results in the excess of baryons.

In the standard model of electroweak interactions,
the baryon nonconservation can take place at very high
temperatures. The electroweak baryosynthesis is possible
provided that the standard model is extended by larger
Higgs sector and/or includes the lepton number noncon-
servation. The latter can be related with the mechanism of
generation of the neutrino Majorana mass.

So the modern cosmological paradigm reflects the
fundamental changes in our understanding of the Big
Bang cosmology.

From the self-consistent, but basically controversial
and incomplete old Big Bang scenario we come to the pic-
ture of inflational cosmology with the baryosynthesis and
the (multicomponent?) nonbaryonic dark matter.

Thus, directly or indirectly, the old Big Bang theory
is supplemented in the modern standard Big Bang Uni-
verse by at least three necessary elements: inflation,
baryosynthesis and nonbaryonic dark matter. All these
three elements are based on the physical laws, predicted
by particle theory but having no experimental proofs.

There is a wide spectrum of different physical
mechanisms for inflation and baryosynthesis. There are
various candidates on the role of the dark matter parti-
cles.

Unfortunately, the early Universe with inflation
and baryosynthesis, as well as the dark matter can not be
observed directly by astronomical means. One should
elaborate the system of indirect methods in order to make
the proper choice between variants, corresponding to un-
derlying cosmological scenarios and particle models.
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The problem is that the space of cosmological and
physical parameters is, in general, multidimensional, be-
cause the physical grounds for different mechanisms of
inflation, baryosynthesis and for different dark matter
candidates follow from different physical motivations and
in general are not alternative but complementary.

On the other hand, cosmological tests of particle
models should, in general, account both for the particular
realisation of inflation, baryosynthesis and dark matter
and for the additional modifications of cosmological sce-
narios, corresponding to the chosen realisation.

One may conclude that the internal development of
particle physics forces to find cosmological probes for its
foundations. In turn, the foundations of the modern cos-
mology have physical grounds, lying beyond the possibili-
ties of direct experimental tests.

Taking apart the hopes on capturing and storing
some relics of superhigh-energy physics, such as primor-
dial magnetic monopoles (t,Hooft, 1974: Polyakov, 1974;
Zeldovich, Khlopov, 1978; Khlopov, 1979; Preskill, 1979;
Rodionov, 1996), some nontrivial way to probe this phys-
ics should be found.

The clear understanding of mutual dependence and
relationship between the foundations of macro- and micro-
worlds and the practical absence of direct experimental
and astronomical means to probe them has resulted in the
formation of cosmoparticle physics, studying these foun-
dations in the complex analysis of their indirect effects.

The necessity of such a combination of indirect
methods follows from the central problem for the cosmol-
ogy and the particle theory.

Being the two extremes of the fundamental physics
in the largest and smallest scales, neither cosmology, nor
the particle physics can separately study foundations,
however feasible its experimental tools are.

Their foundations turn to be in such a close inter-
relation that virtually can not be separated. Thus, the ex-
tremities in frontiers of our knowledge at micro- and
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macro- levels converge. The mythical self-eating snake
Urobohros symbolises the wrong circle of problems, to
which leads the one-dimensional development of the fun-
damental physics.

The cosmoparticle physics offers the nontrivial way
out of this circle, based on the fundamental relationship
of cosmology and particle physics and on the principal
possibility to study it in the set of indirect cosmological,
astrophysical and microphysical effects.

In particle theory, cosmoparticle physics seems to
open the practical way towards the true Theory of Every-
thing, towards the Theory of Fundamental Natural Forces
having, however, indirect but still testable grounds.

In the theory of the Universe,it opens the way to
Physical Cosmology with the physically self-consistent de-
scription of the structure and the evolution of the Uni-
verse.

COSMOlogy PARTICLE PHYSIGS

Fig.l. The "encircled pyramid' as the possible solution of the
Urohboros puzzle.

The paradoxical form, that takes the body of cos-
moparticle physics relative to traditional fields of science
may be illustrated by Esher-like "encircled pyramid™™
demonstrating the multidimensional way out from th
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Urobohros puzzle. Urohboros's head-eating-tail-place cor-
responds to the foundations of the world system, that
should be probed by multidimensional set of indirect
macro- and microphysical tests.

The same picture can serve as an illustration for the
astroparticle physics (the linear relation between cosmo-
logical and particle physics parts, corresponding to the
head and tail parts of the snake) or for theories of every-
thing (head-eating-tail point). Moreover, the junction of
the pyramid and the snake body exhibit new aspects that
the cosmoparticle physics brings to traditional fields of
science.

Zero- and one-dimensional character of the most
popular and widely recognised views on the links between
cosmology and particle physics (the theories of everything
and the astroparticle physics, respectively) can not pro-
vide weighted and self-consistent viewpoint on the whole
subject.

The choice of underlying cosmological and particle
models is dominantly the matter of taste and popularity.
The criterion of naturality can hardly be useful. As
A.Linde reasonably mentioned, Natural is what follows
from the Laws of Nature, the ones we do not know and
try to discover both in cosmology and particle physics.

In fact, the cosmoparticle physics studies the world
as a whole in the fundamental relationship of its structure
at smallest and largest scales. It treatsworld systems, in
which the foundations of cosmology and particle physics
are interrelated, so that the complete cosmological sce-
nario is based on the unified particle theory, and the par-
ticle theory is cosmologically consistent. It is the first
principle of cosmoparticle physics that the world system
does exist.

The world system maintains the correspondence be-
tween the fundamental parameters, describing the phe-
nomena of particle physics, astrophysics and cosmology
and establishing quantitative links between microscopical
and macroscopical effects.
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macro- levels converge. The mythical self-eating snake
properties of fundamental particles and astrophysical and
cosmological parameters is the essence of the second prin-
ciple of cosmoparticle physics.

Finally, the amount of parameters, involved in the
world system, should be smaller than the amount of its
signatures in particle physics, astrophysics and cosmol-
ogy, thus providing the completeness of cosmoparticle
tests, which is the third principle of cosmoparticle phys-
ics.

Cosmoparticle physics seems to reproduce the gen-
eral feature of the fundamental physics in the largest and
smallest physical scales. It represents the new level in
fundamental relationship between microscopic and macro-
scopic descriptions, say, between thermodynamics, atomic
theory, hydrodynamics and kinetics, or between the fun-
damental macroscopic and microscopic quantities, for in-
stance, between the Avogadro number and the mass of
proton.

However, losing the possibility of direct experi-
ments at cosmological scales and in the superhigh-energy
physics, that underlie the modern cosmology, the cosmo-
particle physics has to evolve a set of nontrivial indirect
probes.

Cosmoarcheology, the search for the footprints of
new physical phenomena in the astrophysical data may be
viewed as already existing branch of the proper cosmopar-
ticle physics (Sakharov, 1989; Khlopov, 1989; 1996Db,c).
All its components are mixed up in the nontrivial manner
and result in a set of astrophysical probes, proving the
existence and investigating the possible properties of hy-
pothetical particles, fields, objects and phenomena, pre-
dicted as the cosmological consequences of the particle
theory.

The cosmoarcheology treats the Universe as a
unique natural accelerator laboratory, so that the astro-
physical data play here the role of specific experimental
sample in Gedanken Experiments.
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As in any experiment, in order to achieve the
meaningful result, one should have clear understanding of
the experimental device used, as well as the methods of
data sam piing and analysis.

The problem is that in the Universe both the
sources and detectors particles are out of control.

Astrophysical processes can not be directly repro-
duced in laboratories, but however complicated the combi-
nation of effects is, theoretical astrophysics uses, as a
rule, in its analysis the natural laws, proven in experi-
ment.

The trouble is that in theoretical treatment of the
inflationary Universe with the baryosynthesis and the
nonbaryonic dark matter, the basic physical laws are not
known. It makes the self-consistent formulation of cosmo-
archeological approach to be, in general, model-dependent.
One should account for the relationship between the hypo-
thetical particle or field, probed by the astrophysical data,
and the physics, underlying inflation, baryosynthesis and
nonbaryonic dark matter. Since the latter is model-
dependent, one should consider cosmological consequences
of the considered hypothesis referred to the picture of
cosmological evolution, based on the chosen particle
model, underlying these necessary elements of the modern
cosmology.

It means, that the cosmological trace of the hypo-
thetical particle or field may be multi-step, following the
nontrivial cosmological path, dictated by the model.

On the other hand, provided that the inflational
baryon asymmetrical cosmology with the nonbaryonic dark
matter is really the proper basis of the Universe, the real
picture of its evolution should be much more complicated,
than the original Gamowes Big Bang Universe scenario.
One should expect it to be generally more sophisticated,
than the simple addition of inflation, baryosynthesis and
nonbaryonic dark matter to this scenario.

The reason is, that any physically motivated theo-
retical framework, giving rise to the necessary elements
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of cosmology, is generally much more extensive, supple-
menting these elements by a number of additional cos-
mologically relevant details which may be called the hid-
den parameters of the modern cosmology.

Testing these details, the cosmoarcheology extends
the might of observational cosmology, connecting the true
theory of the Universe to observations.

One may take apart the cosmological necessities and
turn to the cosmological impact of the true particle the-
ory.

Esthetical arguments favour the unification of fun-
damental forces. However, the higher is the level of unifi-
cation the more extensive is the corrsponding particle
model and the larger is the hidden sector it implies. It
brings into consideration more and more exotic cosmologi-
cal implications, deserving serious attention in view of
their physical motivations.

There are more practical reasons to go beyond the
standard model of particle interactions, recovering its in-
ternal theoretical inconsistencies. It also leads to specific
cosmological effects, induced by cosmological conse-
quences of corresponding extensions.

In the both cases, one uses cosmoarcheology as an
astrophysical test. 1.1 the unified models one has the fun-
damental possibility of self-consistent treatment of the
cosmological evolution and effects of new particles and
fields. Separate consideration of some particular conse-
guences of particle model, used generally in practical ex-
tensions, looses the grounds of self-consistency.

The superstring models, claimed to be the theories
of everything, can not serve at the present level of their
development as an example of a world system in the true
cosmoparticle sense. Owing to the existing variety of their
realisations, it is practically impossible to analyse the
more or less complete set of physical, astrophysical and
cosmological predictions.

It makes interesting the alternative phenomenologi-
cal approach to the world systems. The main properties of
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elementary particles and the cosmologically relevant pa-
rameters, corresponding to the physical mechanisms of
inflation, baryosynthesis and dark matter, may be consid-
ered within the unique quantitatively definite theoretical
framework.

Such an approach may be illustrated by the recently
proposed model of horizontal unification, to be discussed
in the present book (see Sakharov, Khlopov (1994b, 1996)
and Refs. therein).

It was shown, that the extension of the standard
SU2)xU(1)xSU(3)c model of electroweak and strong (QCD)
interactions of elementary particles to the gauge symme-
try SU(3)H of quark and lepton families provides not only
reasonable theoretical description of the established exis-
tence of three families of quarks and leptons

Vv

(2)

u C
S b

but in its realisation turns out to be the theoretical
framework, incorporating in an unique scheme the physi-
cal grounds for the inflation, the baryosynthesis and the
dark matter existence.

This model, offering the alternative (horizontal)
way to unification, is in no case alternative to the more
popular GUT or supersymmetric extensions of the stan-
dard model.

The internal problems of the minimal horizontal
unification imply its further supersymmetric and GUT ex-
tensions, which are expected to give better consistency of
its astrophysical and cosmological predictions with the ob-
servations.

But even in the present form the model reflects the
main cosmoparticle principles. On the base of local gauge
model with the spontaneous symmetry breaking it pro-
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vides the phenomenology of world system, putting to-
gether practically all the main known particle properties
and the main necessary cosmological parameters, related
to the hidden sector of particle theory. Finally, the
amount of free parameters of the model turns out to be
much less, than the amount of its signatures in particle
processes, astrophysics and cosmology, thus providing its
definite test and exhibiting its completeness.

So, this model illustrates the might of cosmoparti-
cle approach. Its fundamental scale of horizontal symme-
try breaking is a priori unknownand corresponds to the
hidden sector of the particle theory, but the complex
analysis of the set of its physical, astrophysical and cos-
mological predictions makes it possible to fix the value of
this scale in two rather narrow windows (around 106 and
around 1010 GeV).

The second solution, corresponding to higher energy
scale, seems to reproduce all the main features of the
widely assumed as standard cosmological scenario with in-
flation, baryosynthesis and cold (axionic) dark matter.

The practical realisation of this scenario, which in
no case reflects complete physical basis, shows, that even
the most simple reduced cosmological scenario does con-
tain some additional elements. They are: the postinfla-
tional dust-like stage, at which the primordial black hole
(PBH) formation is possible, the successive PBH evapora-
tion at RD stage after primordial nucleosynthesis, the
formation of primordial percolation structure of archioles,
etc.

This example favours the conclusion, that in no
cases new cosmological elements, based on the hypotheti-
cal effects of particle physics, are reduced to inflation,
baryosynthesis and dark matter only. It also resembles the
system of nontrivial crossdisciplinary links that should be
used in order to probe the true world system using the
methods of cosmoparticle physics.
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CHAPTER 2
THE HIDDEN SECTOR OF PARTICLE THEORY

1. Particle Theory - the Standard Model

Dramatic history of the search for the most funda-
mental constituents of matter has resulted in the modern
guark-lepton picture of elementary particles and in the
so-called standard model of their electroweak and strong
interactions.

This picture followed from the revolutionary step,
made in the early thirties of our century by the mutual
efforts of the quantum theory and relativity and resulted
in the radical change of the very idea on "elementary par-
ticle”, "field" and "charge".

Since ancient world until the beginning of the XX
century the fundamental notion of "elementarity" was es-
sentially the same.

In accordance with the traditions of atomism, ele-
mentary particle was assumed to be an eternal non-
destructible and non-creatable entity, bearing the minimal
possible quantity of the corresponding quality.

Conservation of fundamental quantities, i.e., con-
servation of electric charge, was in this picture the trivial
reflection of the eternal entity of the elementary charged
particle, electron.

Elementary particles changed their names — from
molecules to atoms and then to elementary constituents of
atom — electrons and nuclei. The principle was the same -
all observed changes in material objects were ascribed to
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the result of recombination of elementary particles in the
same manner, as in the LEGO game.

Such an approach turned out to be very fruitful in
chemistry, where the whole variety of chemical composi-
tions was reduced to various combination of about 100
different chemical elements. However, the same approach
lead to serious troubles in the analysis of the structure of
atomic nuclei and nuclear transformations.

The discovery of positron and the detection of pro-
duction and annihilation of electron-positron pairs, the
problem of energy-momentum conservation in nuclear beta
decay, the "nitrogen catastrophe”, followed from the as-
sumption of the presence of electrons inside the nucleus,
seriously contradicted the idea of eternal electron at the
nuclear scale.

Electrons, emitted in nuclear beta decay, being
eternal, should have been located inside the nucleus before
the decay, i.e. localised in the space region with the size
of nucleus

ry <107 cm . (3)
But the uncertainty principle of quantum mechanics
Ap-Ar = h (4)

predicts the uncertainty in electron momentum,
h
Pe-llp — — 40 MeV/c (5)
IIrN

which exceeds the momentum of electrons, emitted in the
beta decay, by the factor of 5-10.

The uncertainty in electron energy, being typically
of the order of
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E, ~ p,c 240 MeV (6)

exceeds by the same factor the typical binding energy per
nucleon in the nucleus, which is about

Eb-1 MeV. (7)

On the other hand, if the binding energy of "nuclear
electrons” is taken equal to the energy of nucleons, the
size of the region, in which the electrons are localised,
turns out to exceed the size of nucleus by the order of the
magnitude.

Moreover, the account for spin of electrons inside
nucleus lead to the problem of nuclear spin-statistics cor-
respondence, that lead to the "catastrophe™ in the case of
14N nuclei. Nuclear charge is

Q= ZIeI,

where e is the charge of electron. In the case of nitrogen,
the nuclear charge is equal to

Z=7

and it was explained by the compensation of the charge of
14 protons by 7 electrons inside the nucleus. However, in
this case the total spin of odd (21) number of half-integer
spin constituents (protons and electrons) should be half-
integer in the units of

—h_
27t

whereas the statistical properties of 14N nuclei correspond
to Bose-Einstein statistics of particles with integer spin.
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Finally, the spectrum of electrons in beta decay
turned out to be continuous and not linear, as expected
for a single particle, emitted in the nuclear transition.

The hypothesis of neutrino, to be emitted in pair
with electron in beta decay, offered the solution both for
the "nitrogen catastrophe™ and for the energy-momentum
conservation in beta decay. The additional 7 half-integer
spin neutrinos inside the nucleus made the total amount
of constituents to be even, that resulted in the integer
spin of nitrogen nucleus. On the other side, neutrinos
were emitted together with electrons and carried away
some energy and momentum, thus making beta spectrum
continuous.

But this solution caused only more troubles, because
for light neutrinos inside nucleus the same momentum un-
certainty should have taken place as for electrons.

The discovery of neutron could not help, since the
problem of localisation of light particles (neutrinos and
electrons) inside nucleus reappeared as the problem of lo-
calisation of electron and neutrino in neutron before its
beta decay.

In the beginning of the XX century, the discovery
of electromagnetic field quantum — photon, which can be
created in emission and annihilated in absorption proc-
esses, offered the first example of elementary particle,
which can be created and annihilated.

The similar concept was not easily accepted in the
case of constituents of matter.

To save the idea of eternal electron, the conception
of "Dirac sea" was put forward.

"Creation" of electron-positron pair was interpreted
in this picture as the transition of electron from the sea
state to the state of free electron, accompanied by the hole
in the sea, which was associated with positron.

The process of electron-positron "annihilation” was
viewed in this picture as the occupation of the "hole" state
in the sea by a free electron.
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The fermion-hole formalism found applications in
the theory of nuclear structure and in the theory of semi-
conductors, but could not stand the development of rela-
tivistic quantum field theory, based on the alternative
idea of particle creation and annihilation.

In this alternative picture, the notion of charge and
its relationship with conservation laws and symmetries
takes on non-trivial and fundamental significance.

Charge conservation has lost the triviality of a
property, inherent to eternal elementary charged particle.

In the world with elementary constituents, which
can be created and annihilated, the laws of particle trans-
formations and the particle properties, conserved in these
transformations, reflect the fundamental symmetry of the
rnicroworld.

In the development of quantum field theory the par-
ticle symmetry and corresponding generalised charges
have put the basement to the set of theoretical ideas re-
ferred to as the standard model of particles and their
strong, weak and electromagnetic interactions.

Following the main aim of this book, we do not in-
tend to give the substitute for the well-known textbooks.

Instead of giving systematic detailed presentation of
the standard model, we concentrate attention on those as-
pects of the particle theory, which are important for ex-
tension of the standard model and relevant for cosmology.

Note that the ideas of quantum field theory, which
appeared in the early thirties of our century, follow the
idea on nonstationarity of the Universe, which was put
forward and found its first observational proof in the
twenties. This correspondence seems not to be occasional.

Beginning from the antique philosophy the stability
of elementary particles found psychological grounds in the
stability of world system.

Therefore the change in the world order — the ex-
pansion of the Universe — gave psychological background
for the radical change in the description of elementary
particles.
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1.1. Quantum Electrodynamics

To trace the logical steps, leading to the ideas of the
modern particle theory, let us consider the change of the
notion of particle, field and charge in the transition from
classical to quantum field theory of electromagnetism.

To the end of the XIX century the classical physical
grounds for electricity, magnetism and light were unified
in the Maxwell's electrodynamics.

The physical nature of interaction of electric
charges, magnetic action of electric currents and optical
phenomena was found in the existence of electromagnetic
field, acting on electric charges and currents and origi-
nated in them.

Mathematically, the Maxwell equations relate spa-
tial and time derivatives of the electromagnetic potential
to electric charge and current densities and their spatial
and time derivatives.

In classical electrostatics, electric charge density,
p(tx), is the product of electric charge of elementary
charged particle, electron e, and their number density,
n(t,x) , given by

p(t, X) = en(t, X) . (8)

The Lagrangian density Lez(t,x) of the interaction
of electric charge with the scalar electric potential ¢ (t,x)
has the form

L., =en(t, x)cp(t, X) , (9)

where the charge density and electric potential are, in
general, functions of spatial variables x and time t.

Taking into account the observed absence of mag-
netic charges, electrodynamics ascribes magnetic effects to
the motion of charges, so that the corresponding Lagran-
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gian density, describing the interaction of the (density of)
electric current

j =en(t, x)v (10)

with the vector potential A(t,x), is given by
Lmag = en(t, X)VA(t, x) . (11)
Relativistic theory is based on the relativity of
space and time variables, treating them as space-time

events

x = (t,X) (12)
as well as on the relativity of electricity and magnetism,
therefore the classical Lagrangian density of electromag-

netic interactions Lem(x) is built as the interaction of the
electromagnetic four-current

i" = (pc,j) (13)
with the electromagnetic four-potential
A () = (o(x), A(x)) (14)
in the form
L, =ej A" . (15)

In  the non-relativistic quantum mechanics, the
number density of electrons has the meaning of the den-
sity of probability to find an electron in the fixed time
moment t in the given place x, and is related to the wave

function of electron'l'(t,x) as
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different viewpoints. The same diagram (Fig.2), consid-
n(t,x) =¥ =¥ . (16)

With this modification, the Lagrangian density for
electrostatic interaction takes on the form

Le,(t,x) =€ (t, )\ (t, X\t X) - (17)

In the quantum field theory, instead of the wave
function \I'(t,x), defining the probability to find an eternal
electron in the considered region, creation and annihila-
tion of electrons and positrons is considered.

Operators \I'(x) and their conjugates r(x) are su-
perpositions of creation and annihilation operators of elec-
tron and positron states.

Instead of the classical electromagnetic field poten-
tial Al.(x), the operator of the electromagnetic field AlJ.(x)
is introduced as the superposition of creation and annihi-
lation operators of electromagnetic quanta. The quantum
field operate>r of electromagnetic interaction is given by

Lem = ejuA“’ (18)

where the quantum field operator of the electromagnetic
current has the form

J, =¥vr,Y . (19)
Here Y. with
I=0,12,3
are the Dirac gamma matrices.

Thus, all processes of electromagnetic interaction in
guantum electrodynamics are reduced to the combination
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of elementary acts of emission and absorption of electro-
magnetic quanta by charged particles.

The difference between quantum-mechanical and
quantum field description of electromagnetic interaction,
between their descriptions of emission and absorption of
electromagnetic quanta lies in the way they treat the
charged particle, emitting or absorbing such quanta.

Quantum mechanical description of photon emission
or absorption by an atomic electron uses the transition
current describing the change of the wave function of
eternal electron in the initial and final state.

A£, a result of emission or absorption, the electron
transfers from one atomic state to another, with the re-
spective change in the density of probability to find it in
the considered place and time.

The quantum field theory considers the same proc-
ess as annihilation of electron in the initial state and crea-
tion of electron in the final state with respective creation
(annihilation) of emitted (absorbed) electromagnetic quan-
tum.

The evident difference in these approachesarises in
the description of electron-positron pair creation or anni-
hilation.

Quantum mechanical approach should have consid-
ered the electron transition to or from Dirac sea with the
interpretation of the "hole" in the sea as a positron.

Quantum field theory considers electron and posi-
tron states on equal footing. It treats the creation of a
pair as the creation of electron and positron states from
physical vacuum and the annihilation of a pair as the an-
nihilation of corresponding electron and positron states.

The fundamental reason for the possibility to con-
sider electron in terms of its creation and annihilation is
the identity of elementary particles of the same type.

Following quantum field theoretical approach quan-
tum electrodynamics describes all quantum processes of
interaction of charged particles and electromagnetic
quanta on the base of one elementary act, treated from
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different viewpoints. The same diagram (Fig.2), consid-
ered from different sides, describes emission and absorp-
tion of photon by electron (from left to right) or positron
(from right to left), creation of electron-positron pair by
electromagnetic quantum (from downside upwards) and
one-photon electron-positron annihilation  (from upside
down). The arrow directing from initial to final state cor-
responds to the electron. The opposite direction denotes
the positron.

The elementary act of interaction in quantum elec-
trodynamics represents the succession of processes of an-
nihilation and creation of charged particles and electro-
magnetic quanta.

Fig.2. The elementary act of quantum electrodynamics

For instance, an elementary act of photon emission
from electron (Fig.2, viewed from left to right) is the pro-
cess, in which the electronl in the initial state is annihi-
lated, and the electromagnetic quantum and the final state
electron 2 are created.

Using the elementary diagram (Fig.2), one can re-
duce any process of electromagnetic interaction to the ap-
propriate combination of elementary acts, viewed from
different sides.

So, the electromagnetic scattering of two electrons
occurs in this picture as a result of two elementary acts of
interaction (Fig.3):

1) annihilation of initial electron1 and creation of final
electron 3, associated with creation of electromagnetic
quantum y,and 2) annihilation of electromagnetic quan-
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tum in transition, in which initial electron 2 is annihilated
and final electron 4 is created.

Fig.3. Electron scattering in quantum electrodynamics.

The possibility of creation and annihilation of elec-
tron states changesthe meaning of electron properties.

The electron charge and its electromagnetic field are
no more eternal properties of eternal particles.

Charge conservation and the electromagnetic field
as the necessary attribute of electric charge loose their
grounds in the eternity of elementary charged particles.

Both the electric charge and its electromagnetic
field should find their nature in the laws, governing crea-
tion and annihilation of electron states, in the laws of
symmetry of the quantum field theory.

1.2. Gauge Symmetry of Quantum Electrodynamics

In quantum mechanics, the charged particle is de-
scribed by the complex wave function.

The probability to find an electron is given by the
square of the modulus of the wave function. The phase of
the wave function is unobservable. One can assume it to be
arbitrary and make arbitrary change of the phase at dif-
ferent pointsin space and time without any observable ef-
fects.
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different viewpoints. The same diagram (Fig.2), consid-
invariance relative to phase transformations of ‘the elec-

tron wave function given by

\f\F exp(iex(x)), (20)

where e is the electric charge. Such transformations with
the constant X correspond to transformations of global
U(l) symmetry. Local phase transformations with Xx(t,x)
depending on space-time co-ordinates correspond to local
u(l) symmetry.

In the wave equation of quantum theory, local phase
transformations add arbitrary terms to all terms with
space and time derivatives:

8,¥(x) > 8,¥(x) +ied, x(x) . (21)

These terms are proportional to derivatives of x(x) and
have no physical meaning.

To preserve invariance relative to local phase trans-
formations of electron wave function, local gauge trans-
formations of the electromagnetic potential A are in-
volved. The local phase transformation, given by (20),

\f\F exp(iex(x))

is accompanied by the simultaneous local gauge transfor-
mation of the electromagnetic potential, given by

A > A +ed x(x) . (22)

Provided that the derivatives of the wave function
have the form of so called "long derivatives"
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3, '¥(x) - 8,¥(x) +ieA,(x) , (23)

the invariance relative to the phase transformation may be
easily proven.

Gauge transformation compensates the unphysical
terms arising from derivatives of the wave function.

On the other hand, phase rotations compensate the
effects of gauge transformations, making the theory
gauge invariant.

The condition of gauge invariance with the use of
long derivative offers an aesthetically appealing way to
introduce the electromagnetic interaction in the theory of
free charged particles.

Introducing long derivative, one specifies the form
of the electromagnetic interaction of particles with differ-
ent spins.

For instance, in the quantum theory of electron, it
specifies the form of the electromagnetic interaction with
electric charge and magnetic moment of electron.

Moreover, the idea of local gauge invariance opens
the way to relate the fundamental forces of Nature with
the symmetry of fundamental particles of matter.

The logical chain here is transparent.

From the Noether theorem, the exact symmetry of
the Lagrangian corresponds to the existence of the con-
served charge.

Assuming that the symmetry is local, we have to in-
troduce the gauge field, interacting with the charge, to
preserve the symmetry of the Lagrangian.

Thus, in the framework of the Lagrange field the-
ory, we can consider the symmetry between particles, re-
late some generalised charge to this symmetry, and intro-
duce the gauge field, mediating the interactions, induced
by these charges.

In the framework of the quantum field theory, one
should consider the symmetry between the field operators
of particle annihilation in the initial state and particle
creation in the final state.
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The transition from the initial to the final state
formally corresponds to the symmetry transformation, in-
duced by the corresponding generator of the symmetry
roup.

? IoThe set of charges, corresponding to the considered
symmetry, can be related to the set of group generators,
which are the sources of quanta of respective gauge field.

Hence one can expect that the true symmetry be-
tween different types of particles can provide mathemati-
cal description of their interactions, leading to the true
picture of processes, studied by the high energy physics at
accelerators.

1.3. Symmetry of Fundamental Particles

Starting from the late thirties of the XX century,
the development of experimental particle physics lead to
discovery of large amount of new particles. The way to
their modern systematics was not straight.

In addition to electrons and nucleons, being con-
stituents of all surrounding matter us, as well as electron
neutrinos — the inevitable participants of beta processes,
large amount of various particles was experimentally dis-
covered.

Almost all these particles turn out to be unstable.
With respect to fundamental interactions they represent
two groups: leptons and hadrons. These groups also differ
with respect to the internal particle structure.

One refers to leptons the electron e , and the elec-

tron neutrino ve , and two other pairs of a charged lepton
and its neutrino: the muon JI-, and the muon neutrino
v, the tau lepton t- , and the tau neutrino v, - One also
refers to leptons their antiparticles: the positron, J.I+, t+
and the electron, muon and tau antineutrinos. It was ex-
perimentally proved that neutrino is not identical to anti-
neutrino and that electron, muon and tau neutrino are
different particles.



THE HIDDEN SECTOR OF PARTICLE THEORY 33

In the entire observed particle processes, the lepton
number LI is conserved for each type of leptons I: the
number of leptons minus the number of antileptons is con-
stant.

The creation of electron in beta decay is accompa-
nied by the creation of the antilepton — the electron anti-
neutrino.

The same holds true in all observed reactions with
muons and tau leptons.

Leptons are created and annihilated either in pair
with corresponding antileptons, or such process is accom-
panied by the annihilation or the creation of lepton of the
same type.

For instance, the muon is produced in pair with the
antimuon or with the muon antineutrino.

The single muon appears as a result of reaction in-
duced by the initial muon or the muon neutrino.

Charged leptons differ strongly in their mass. The
mass of the electron is equal to

me= 0.511 MeV, {24)

whereas the masses of the muon and the tau lepton are
equal to

m,. = 105.7 MeV, {25)
m,= 1777 MeV. {26)

Owing to their large mass, the muon and the tau lepton
are unstable.

There are only experimental upper limits on the
mass of neutrino. In the Tables of Particle Properties
(Barnett et al., 1996) these limits are given as
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mv <7 eV, (27)
mv <0.27 MeV, (28)
mv <31 MeV . (29)

As we shall see, the question on the neutrino mass
is of great significance for cosmology.

Charged leptons participate in weak and electro-
magnetic interactions.

Neutrinos participate only in weak interactions.

Leptons are considered as fundamental particles,
having no internal structure.

On the contrary, hadrons, being much more numer-
ous, are considered as composite particles. The structure
of hadrons is explained on the base of the quark model.

All hadrons participate in strong interaction.

There are two groups of hadrons: baryons and mes-
ons.

Baryons are fermions. They have half-integer spin.
One refers to baryons the proton, the neutron, hyperons,
baryon resonances and their antiparticles, called antibary-
ons.

In all observed particle reactions, the baryon num-
ber B is conserved. It means that in any process the num-
ber of baryons minus the number of antibaryons does not
change. Another side of the baryon conservation is that
the proton, being the lightest baryon, is stable.

Tables of particle properties (Barnett et al.,, 1996)
give the lower limit on the proton lifetime

tp >1.6-10% years, (30)

which comes from the geochemical analysis and is inde-
pendent on the possible mode of proton decay, and

1, >10% + 5.10" years, (31)
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which comes from negative results of searches for par-
ticular modes of proton decay.

Such lifetimes, exceeding the age of the Universe by
15-20 orders of the magnitude, define the probability of
proton decay.

For instance, the strongest restriction in Eq.(31)
that the proton lifetime exceeds 5 1032 years, corresponds
to the constraint, that in the average there are no proton
decays during a year in 500 tons of the matter.

We shall see that the hypothetical baryon non-
conserving processes are of great importance for the ex-
planation of the origin of the matter in the Universe.

Mesons have an integer spin and are bosons. Pions,
K-mesons, D-mesons and B-mesons are the examples of
relatively long-living mesons.

The most numerous group of hadrons contains the
so-called resonances. The lifetime of a resonance with the
mass m is of the order of

me® (32)

what is the typical time scale for the reactions due to
strong interaction. The most part of the Tables of Parti-
cle Properties (Barnett et al., 1996) is occupied by baryon
and meson resonances.

All hadrons are classified by their internal quantum
numbers: spin, isospin, strangeness, charm, parity etc.

The set of these numbers determines the flavour of
a particle.

With the use of symmetry between flavours, the
classification of hadrons is possible.

The flavour symmetry provides the arrangement of
hadrons in multiplets, i.e. the identification of groups of
different particles as corresponding representations of the
considered group of the flavour symmetry.

For instance, the proton and the neutron are con-
sidered as a doublet relative to isotopic spin (or, isospin)
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SU(2) symmetry, and pions 7t-, 1+ and 1 form an isotopic
triplet.

Strong interaction, and, in particular, nuclear in-
teraction is invariant relative to the isospin symmetry.

Based on the isospin invariance, one can consider
different particles within one isospin multiplet as differ-
ent quantum (isospin) states of one particle.

So, one can treat the proton and the neutron as
"isospin-up™ and "isospin-down' states of one particle
the nucleon N.

Nucleons and pions together with strange particles
— hyperons, K-mesons, their antiparticles and resonances
-were classified on the base of flavour SU(3) symmetry.

The fundamental representations of this group
(triplet and antitriplet) found no realisation among the
known particles and were identified with the hypothetical
u, d and s quarks and their antiparticles — antiquarks.

On the basis of the quark model it is possible to
classify all hadrons as bound states of quarks and anti-
quarks.

The baryons are considered as the bound states of
three constituent quarks, the antibaryons — as consisting
of three antiquarks, and mesons — as the bound states of
qguark and antiquark.

For instance, the proton and the neutron are com-
posed of u and d quarks as

p =(uud) , (33)
n =(udd) , (34)

the positively charged pion is
w =(ud) , (35)

and the antiproton is the bound state of three antiquarks:
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p=(uud) . (36)

In such an approach, the symmetry is used only for
classification of particles, and the physical meaning of
quarks is not clear.

It may be easily seen that in the units of elementary
charge, defined as the absolute value of the charge of elec-
tron, quarks should have fractional electric charge, equal
to

2 1 1
for quarks and
2 1 ! \
Q=-3 Q =43 &= *3 (38]

for antiquarks.
Quarks are also assumed to have fractional baryon
number equal to

1
B, =+3 (39)
for quarks and
-1

for antiquarks. _ )
The results of experimental searches for fractionally

charged particles are negative, giving the upper limit on
the free-quark abundance in the Universe relative to hy-
drogen equal to
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<10, (41,
P

On the other hand, calculations by Zeldovich et al.
(1965) of the primordial abundance of free quarks in the
Big Bang Universe, predict such abundance to be by 10
orders of the magnitude higher.

This contradiction leads to the conclusion, that
there should be no free quarks in the Universe.

One should accept the idea, that quarks are always
confined within hadrons and never appear as free parti-
cles.

Quarks should have additional degree of freedom,
called colour. With the use of colour one resolves the
problem of the quark statistics.

In the quark model, ++resonance, having the spin
3/2 and the electric charge +2, should be the bound sys-
tem of three identical u-quarks, being in the same spin-up
state. If these quarks differ by colour, all three u-quarks
can be in the same ground state with

I = 0.

The colour plays the basic role in the gauge theory
of strong interaction, called quantum chromodynamics
(QCD).

The very name of this theory indicates the analogy
with quantum electrodynamics. The colour is crucial iIn
this analogy, playing the role of generalised charge in the
dynamics of strong interaction.

The gauge colour symmetry is based on the colour
SU(3)c group.

Colour transitions, determined by generators of
SU(3)c group, are the sources of fields of the colour inter-
action.

These fields glue quarks in hadrons and the quanta
of these fields are called gluonsg .
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The symmetry between the flavours of quarks and
leptons is used to build the gauge theory of weak interac-
tions.

The roles of weak charges play the transitions of
the weak isospin.

By the analogy with the electrodynamics, weak
charges are the sources of the field of weak interaction.

The quanta of this field, W- and Z- bosons, have
large mass

mw — 80 GeV, (42)
mz =91 GeV, (43)

and their exchange is effective at short distances only.

It explains the short range of weak interactions.

So, gauge symmetries between fundamental parti-
cles of matter (leptons and quarks) lie in the base of the
modern standard model of electromagnetic, weak and
strong interactions.

1.4. Standard Model of Electroweak and Strong
Interaction

The standard model is based on the group of gauge
SU(3)cxSU(2)LxU(l) symmetry, postulated for leptons and
quarks.

The model assumes that the quark of each flavour
has three colour states, i.e., is identified with the triplet
representation of the SU(3)c group of symmetry. For the
Lagrangian of the free quark field, the invariance relative
to the gauge SU(3)c symmetry group implies the existence
of gauge fields, mediating the colour interaction and
called gluons.

Since the group SU(n) has
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N=n*-1 (44)

generators, there are 8 generators of the colour gauge
group, which are the sources of 8 gauge fields of the col-
our interaction. Hence the gauge invariance of QCD im-
plies the existence of 8 gluons.

The structure of the Lagrangian for the quark-
gluon interaction has the form similar to electrodynamics:

qu = g,rj,yquA,’j ’ (45)
where
i,j=12,3

are colour indices, and the gauge coupling constant g, de-
fines the dimensionless QCD constant

a=9%

amic (46)

5

which plays in QCD the role, similar to the role of the fine
structure constant

ez
aem T 41t/iC (47)
in the quantum electrodynamics.

These dimensionless constants define the probability
of elementary acts of quark QCD and QED interactions,
respectively.

Owing to radiative effects, these constants are run-
ning. Their values depend on the distance between the cor-
responding charges, i.e., on the energy scale according to
the quantum theory.
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In quantum electrodynamics, the effect of renor-
malisation due to radiative corrections leads to the so
called "zero charge" problem.

For any finite charge taken at very small distance,
one obtains the value of this charge, measured at the large
distance, equal to zero.

In quantum chromodynamics, the non-abelean char-

acter of the colour symmetry plays important role in ra-
diative effects.

Gluon states transform as the octet of the colour

group. It means, that they also bear colour charge and are
the sources of gluon field.

In contrast to the tensor of the electromagnetic
field defined as

F,=0,A -0A,, (48)
the tensor of the gluon field is given by
G? =0,Af -0,Af + g IR ALA; (49)

where
a,b,c=1,...,8

are the SU(3) octet indices, fbca 1Is the SU(3)c structure
constant, anti ymmetric under the permutation of the in-
dices b,c.

So in contrast to the Lagrangian of the electromag-
netic field, given by

1 v
Lem! = "‘Z qull y

(50)

the Lagrangian of the gluon field, given by
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1 a apv
Ly =-7GLG ", (51)

contains the terms, which are trilinear and quadrilinear
products of the gluon field operators, defining the direct
three- and four- gluon couplings.

This specific features of gluon interactions lead to
the nontrivial property of the running QCD constant.

It vanishesat small distances and turns into infin-
ity at the scale of confinement.

One may parametrise the dependence of the QCD
constant on the energy scale 1l as follows:

Bo ln[“—z]
Aaep (52)

where the function P0 depends on the number and the type
of colour states contributing to the radiative effects, and
AQcn is the scale of confinement.

At large energy scales, corresponding to small dis-
tances, the QCD constant tends to zero, and the asymp-
totic freedom of colour interactions takes place.

Qualitative confirmation of the asymptotic freedom
comes from the parton picture of deep inelastic lepton and
photon scattering on nucleons.

At large transverse momenta, i.e., at small dis-
tances, leptons and photons scatter on free pointlike com-
ponents of the nucleon - partons. The quark-parton model
interprets partons in the terms of the momentum distribu-
tion of quarks inside nucleon.

The QCD confinement means, that no colour object,
quark or gluon, can be in a free state.

Being created as free particles at small scales,
quarks and gluons should be "dressed" at large distances
and appear as jets of hadrons.
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Thus, hadronic jets, induced by quarks, antiquarks
and gluons, and observed in the high energy particle col-
lisions, e.g., in electron-positron annihilation into
hadrons, may be considered as the experimental proof for
the existence of quarks and gluons.

The QCD scale AQcn is interpreted in terms of the
energy density of the gluon field inside hadrons, defining,
in particular, the mass of constituent u-, d- and partially
s- quarks.

In the standard model, the bare masses of these
quarks are given by the theory of electroweak interaction.

According to QCD, at high temperature

T> AQCD (53)

the phase transition in the hadronic matter should take
place to the phase of the quark-gluon plasma. It provides
physical grounds for the relativistic equation of state in
the so called "hadron era" of the early Universe.

Electromagnetic and:- weak interactions are unified
in the standard model on the basis of the SU(2)LxU(l)
group of the gauge symmetry. They are considered as the
unified electroweak interaction.

The left-handed states of quarks and leptons are put
into doublet representations of the weak isospin group
SU(2)L . Their right-handed states are singlets relative to
SU(2)L transformations.

The non-equivalence of left- and right- handed
states reflects the parity nonconservation in weak interac-
tions.

Three generators of SU(2)L group correspond to
three W gauge bosons. Charged w- and w+ bosons mediate
the interaction of charged weak currents. Neutral W-
boson and gauge boson B of the U(l) gauge group are
combined in the photon and the neutral Z-boson, mediat-
ing the interaction of neutral weak currents.
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The gauge interaction of weak currents, mediated
by W- and Z- bosons, is reduced to the effective four-
fermion interaction at the transfer moment much smaller
than the mass of these bosons.

Thus, the charged current interaction, mediated by
W-and W+ bosons, is reduced at low energies to the ef-
fective four-fermion Fermi interaction with the Fermi
constant Gp , expressed via the gauge constant gw and the

mass of W boson mw as

Gr _ 8w

V2 8mj, (54)

The underlying SU(2)LxU(l) symmetry of elec-
troweak interaction is broken down to the U(l) symmetry
of the electromagnetic interaction by the Higgs mecha-
nism of the spontaneous symmetry breaking.

This mechanism assumes that the auxiliary scalar
fields <« exist besides quarks, leptons and gauge bosons. In
the minimal model of electroweak interaction, the Higgs
doublet of scalar fields

‘,P+
q) =
[w"] (55)
together with the doublet of their antiparticles
—0
(s
P (56)

are introduced.

The Lagrangian of these fields formally preserves
the SU(2)LxU(l) symmetry, but the potential of self-
interactions of a linear combination of neutral fields « has
the form making energetically more favourable the exis-
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tence of the vacuum state with the nonzero vacuum expec-
tation value v:

2

V(o) =gl =) (57)

Thus, the spontaneous symmetry breaking takes
place. The symmetry of Lagrangian is broken by the
asymmetric ground (vacuum) state.

Relative to the true asymmetric vacuum, only one
linear combination of neutral fields < has the meaning of
the physical scalar field. The other combination of neutral
fields <« together with the charged fields < acquire the
meaning of the third, longitudinal components of the mas-
sive W- and Z- bosons.

The Yukawa couplings of the fields ¢ to fermions,
which have the form

LYuk = hfq)ff (58)

before spontaneous symmetry breaking, induce after spon-
taneous symmetry breaking the fermion mass terms, given

by
Lm = mfff ’ (59)

where the masses of fermions are determined by the
vacuum expectation value v of the Higgs field

m =hyv , (60)

1 1

and the index f denotes

f =eJd,t,u,d, s, b,ct .

At high temperature



46 COSMOPARTICLE PHYSICS

T> vr—, (61)

due to the effect of thermal fluctuations, the minimum of
the Higgs potential moves to the zero vacuum expectation
value

(<N=o0" (62)

and the underlying SU(2)LxU(1) symmetry of electroweak
interaction is restored. Thus, the Higgs mechanism of the
spontaneous symmetry breaking implies phase transitions
at high temperatures in the Big Bang Universe.

Phase transitions in the early Universe are the im-
portant cosmological consequence of the  spontaneous
symmetry breaking, involved in the particle theory.

In the standard model, the masses of fermions and
Wand Z are determined by the nonzero vacuum expecta-
tion value of the Higgs field. The restoration of the sym-
metry of the electroweak interaction at high temperature,
leading to the zero vacuum expectation value, should re-
sult in the wvanishing masses of fermions and gauge bos-
ons. It means that according to the standard model not
only physical conditions, but also the fundamental physi-
cal parameters (masses of elementary particles) should
change in the early stages of the Big Bang Universe.

Most of the calculations in the standard model are
based on the perturbation theory. For small dimensionless
electromagnetic, weak and QCD coupling constants a., one
may use in the calculations the perturbation series in the
powers of these constants, provided that

a<1l. (63)
However, the non-perturbative effects are important

both in the QCD and in the theory of electroweak interac-
tions.
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Such effects lead in QCD to the 9-term, resulting in
the non-vanishing and a priori not small effects of CP
violation in the strong interaction.

Similar effects lead in the electroweak theory to the
baryon and lepton number non-conserving transitions.

Such transitions, called sphalerons, are exponen-
tially suppressed at low temperature but at the tempera-
ture of the order of the temperature of the electroweak
phase transition and higher their probability is of order
of 1. This phenomenon has important consequence for the
theory of generation of the baryon excess in the initially
baryon-symmetric Universe.

2. Esthetical and Practical Grounds for the Extensions
of the Standard Model

Though the standard model of electroweak and
strong (QCD) interactions of elementary particles does
not meet any direct experimental contradiction, there are
several reasons to consider it as incomplete and to go to
its various extensions.

Esthetical arguments appeal to the unified theories
of fundamental forces of Nature, in which the symmetry
of standard model should be extended to the higher un-
derlying symmetry, and the set of known particles should
be completed to the full symmetry by a large variety of
particles and fields, forming a "hidden sector" of the cor-
responding model.

The higher is the level of unification, the wider is
the "hidden sector” it needs to complete the underlying
symmetry.

Attractive as these reasons may be, the extensions
of the standard model, following the needs to remove its
internal inconsistencies, seem even more important from
the prqlgmatic viewpoint. )

hus, one needs supersymmetry to remove quadratic
divergence of radiative corrections to the mass of the
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Higgs boson, as well as the axion solution for the CP vio-
lation problem in QCD.

Such extensions of the standard model are usually
considered separately, and, being related to different parts
of particle theory, are generally treated independently.

Note, that it is just this type of physical motiva-
tion, that is widely used as arguments for hot, cold,
mixed, unstable etc. dark matter candidates.

Cosmologically relevant consequences of both aes-
thetically and pragmatically motivated extensions of the
standard model are generally related to stable or suffi-
ciently metastable particles or objects predicted in them.

Since (meta)stability is based in particle theory on
some (approximate) conservation law, reflecting respective
fundamental symmetry andjor the mechanism of symme-
try breaking, the most fundamental new laws of Nature,
predicted by extensions of standard model, lead to cosmo-
logical consequences, accessible to astrophysical probes.

Indeed, new symmetries, extending the symmetry of
standard model, imply new exactly or approximately con-
served charges, and the lightest particle possessing corre-
sponding charge should be either stable or metastable.

The new charges may be related to local or global,
continuous or discrete symmetry.

They may be topological, i.e. induced by the topol-
ogy of the respective symmetry group.

In most cases the mass of hypothetical particles and
objects reflects the scale, at which the assumed symmetry
is broken.

Let us consider in more details the physical grounds
and cosmologically relevant implications of the extensions
of the standard model.

2.1. New Physics from the Grand Unification

The similarity in the description of the electromag-
netic, weak and strong interactions in the standard model
appeals for their unification.
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In the grand unified (GUT) models, the gauge sym-
metry SU(3)cxSU(2)LxU(1) of the standard model is em-
bedded into the unifying group GauT of the grand unified
gauge symmetry

Geyr © SU(3), ® SU(2), ® U(1) {64)

Quarks and leptons in this construction are placed
in the same representation of the unifying group GauT,
and the generators of the group related to lepto-quark
transitions imply the existence of gauge bosons, mediating
baryon and lepton number non conserving processes.

These processes play very important role in the
mechanisms of generation of baryon excess in the initially
baryon symmetric Universe.

The simplest unifying group, which can completely
embed the symmetry of the standard model is the SU(5)
group.

The number of its generatorsis 24, so even in the
simplest realisation of grand unification one should as-
sume the existence of 12 new gauge bosons in addition to
12 bosons mediating strong (8 gluons) , weak (3 —W and
Z bosons) and electromagnetic (photon).

In the SU(5) gauge model these twelve new bosons
mediate the processes violating baryon and lepton number
conservation.

The mechanisms of GUT baryosynthesis may find
experimental test in the searches for rare baryon non-con-
serving processes, such as proton decay.

In particular, it is predicted in the SU(5) gauge
model, the proton decay on the channel

p— nle’ {65)

with the lifetime
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1, <10% +10™ years (66)

that is excluded by the results of the searches for proton
decay.

Historically, strong argument favouring the sim-
plest scheme of grand unification followed from the analy-
sis of the energy dependence of the running dimensionless
constants a. of weak, electromagnetic and strong interac-
tions.

The early estimates of the weak coupling constant
lead to the conclusion, that all three curves, describing
the energy dependencies of these constants, intersect in
one point corresponding to the energy near

Eyp ~10% GeV (67)

provided that the particle content of the standard model
does not change up to this energy.

However, more precise measurements of W- and Zz-
boson couplings to fermions in the direct studies of W and
Z decays, resulted in the opposite conclusion. To reach the
intersection of all three curves in one point, one should
involve an additional set of particles in the theory, such
as the supersymmetric particles.

In all GUT models, unifying electromagnetism with
other interactions within a compact group of symmetry,
magnetic monopole solutions appear.

These solutions follow from the topology of the
GUT symmetry breaking. The GUT magnetic monopoles
are stable topological defects, having the Dirac magnetic
charge

ne
g=-

» (68)

and the mass of the order of
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A
m-- (69)

where Ais the scale, at which electromagnetic U(1) sym-
metry separates from the other interactions.

Taking the scale Aequal to the scale of grand unifi-
cation, being of the order of

A ~ Egyp ~ 10" GeV (70)

one obtains that the mass of the GUT magnetic monopole
should be of the order of

m -10"® GeV (71)

that makes the production of such monopoles impossible
at accelerators and in collisions of cosmic rays with ultra-
high energy.

On the other hand, in the early Universe magnetic
monopoles should have been produced as the result of the
GUT phase transition. Their calculated primordial abun-
dance turned out to be very high (Zeldovich, Khlopov,
1978; Khlopov, 1979; Preskill, 1979), and that lead to the
serious problem of magnetic monopole overproduction.
The solution of this problem implied the development of
both cosmology and particle physics.

2.2. New Physics in the Modern Trends to the True Unifi-
cation

In view of the evident insufficiency of the simplest
realisation of the idea of grand unification on the basis of
the minimal SU(5) model, more sophisticated extensive
GUT models, as well as more general grounds of unifica-
tion should be considered.
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Some GUT models imply nontrivial topology of the
GUT symmetry breaking. It leads to the existence of
topological defects.

In the case of spontaneously broken discrete symme-
try, the two-dimensional topological defects — domain
walls - should exist at the boundary of the degenerated
vacua, labelled by the underlying discrete symmetry.

The energy density per unit surface of the domain
wall is determined by the scale A of the discrete symmetry
breaking, being proportional to

P, < A? . (72)

If the continuous U(l) symmetry is spontaneously
broken, the one-dimensional defect (cosmic string) should
exist as a result of symmetry breaking.

The corresponding energy density per unit length is
proportional to

P, A*, (73)

where A is the scale of the symmetry breaking.

The combination of continuous and discrete symme-
try breaking leads to more sophisticated types of topologi-
cal defects, such as wall surrounded by strings etc. The
wall-surrounded-by-strings structure appears in the theory
of invisible axion, to be discussed later.

One expects that the realistic grand unification
naturally accommodates the theoretical ideas, leading to
the extension of the standard model on different physical
grounds.

The idea of supersymmetry is one of the most
popular ideas in the grand unification. The symmetry be-
tween bosons and fermions is not only aesthetically ap-
pealing, but plays also an important practical role, re-
moving the quadratic divergence in the radiative correc-
tions to the Higgs boson mass, as well as providing physi-
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cally natural grounds for the hierarchy of different sym-
metry-breaking scales.

For instance, with the use of supersymmetry the hi-
erarchy in the electroweak and GUT symmetry-breaking
scales, which differ by 13 orders of the magnitude, can be
made stable relative to radiative effects.

The renormalization effects in the supersymmetric
GUT model may induce the effect of the spontaneous elec-
troweak symmetry breaking at low energies.

Since there is no exact symmetry between the
known bosons and fermions, one assumes in supersymmet-
ric models the existence of a set of new particles — super-
symmetric partners for each known boson and fermion.

The supersymmetric partner has the same charge as
the ordinary particle, but differs by spin, so that the su-
persymmetric partners of the known fermions are bosons,
and the supersymmetric partners of the known bosons are
fermions.

In supersymmetric models, one puts into correspon-
dence to quarks and leptons scalar particles with zero
spin, squarks (or quarkino) and sleptons, having the same
charges as the ordinary quarks and leptons.

Supersymmetric partners of the gauge and Higgs
bosons are fermions with spin 1/2, called gaugino and
higgsino. One specifies photino, gluino, wino and zino as
spin 1/2 supersymmetric partners of photon, gluon, W

and Z bosons.

To explain the observed absence of supersymmetric
particles in the Nature, one should assume that the super-
symmetry is broken, so that supersymmetric particles are
much heavier, than their ordinary partners.

In supersymmetric models a new quantum number-
R-parity is considered, discriminating the ordinary and
supersymmetric particles.

Exact R-symmetry guarantees the absolute stability
of the lightest supersymmetric particle (LSSP). Its mass is
generally related to the scale of supersymmetry breaking.
In a wide class of supersymmetric models, the LSSP repre-
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sents the linear combination of zino, photino and higg-
sino, and is called neutralino.

In some supersymmetric models, R-parity is not
strictly conserved, so that the LSSP is metastable and de-
cays on the ordinary particles. Sufficiently long-living me-
tastable LSSP may also have important cosmological rele-
vance.

In local supersymmetric models, the scale of super-
symmetry breaking defines the mass of gravitino, the su-
persymmetric partner of graviton. Local supersymmetry
makes it possible to unify weak, electromagnetic and
strong interactions with gravity on the base of super-
gravity.

The models of supergravity are specified by the
number of sets of supersymmetric partners and of differ-
ent types of gravitinoN . TheN= 1 supergravity realises
the simplest case of a single gravitino. The maximal num-
ber of gravitino is considered in the N = 8 supergravity.

In supergravity, the gravitino has the semigravita-
tional coupling to other particles, inversely proportional
to the Planck mass mpz. Due to extreme weakness of its
interaction, such particle can not be experimentally stud-
ied even in the case when its mass does not exceed the en-
ergy threshold reached by accelerators. Cosmology turns
out to be the unique source of information on the possible
properties of such gravitino.

In the models of unification, more extensive than
the minimal SU(5) model, one can find natural place for
the physics of neutrino mass. Taking apart the whole set
of physical and cosmological phenomena related with the
physics of neutrino mass, to be considered later, let us
mention here only one interesting cosmologically relevant
effect: the see-saw mechanism of neutrino mass genera-
tion.

The see-saw mechanism implies heavy right-handed
neutrino state with the Majorana mass MR determined by
the scale of lepton number nonconservation. The mixing
of this state with the state of the ordinary left-handed
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neutrino owing to the Dirac neutrino mass results in the
generation of the Majorana mass of the ordinary left-
handed neutrino

m2
A Vi (74)

where mn is the Dirac mass of neutrino, typically related
to the mass of the corresponding charged lepton.

The lifetime of the heavy right-handed neutrino is
determined by its mixing with the ordinary left-handed
neutrino (-mn!MR) and turns out to be inversely propor-
tional to the mass of light left-handed neutrino. Thus, the
see-saw mechanism of neutrino mass leads to the predic-
tion of superheavy metastable neutrino.

The models of true unification should account for
the solution of the problem of strong CP violation in QCD.
Such solution generally involves Peccei-Quinn symmetry
(see Sec. 3.3). The spontaneous breaking of this symmetry
results in the existence of (pseudo)Goldstone boson, called
axion, with the mass

* F (75)

where m, and {, are the mass of pion and the pion con-
stant, and F is the scale of the Peccei-Quinn symmetry
breaking. Axion couplings to fermions are inversely pro-
portional to F, and the axion lifetime relative to the decay
on 2y is of the order of

2
e = yy) = 64“5 « F° .

m, (76)

The true unification should also take into account
the problem of the equivalence of right- and left- handed
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co-ordinate systems. Starting from the paper by Lee and
Yang (1956) the solution of this problem implies the exis-
tence of mirror partners of ordinary particles.

The mirror particles should not have ordinary gauge
interactions and their own mirror interactions should be
symmetric with the interactions of their ordinary part-
ners. The mirror particles, having the same mass spectrum
and the same internal mirror couplings, as their ordinary
partners, are coupled to the ordinary matter only by
gravitation. They represent very interesting form of the
dark matter to be considered in details in Chapter 10.

The inclusion of the mirror partners together with
the ordinary particles within the unique GUT symmetry
leads after the GUT symmetry breaking and the separation
of the ordinary and mirror sectors to the existence of the
Alice strings, which are the cosmic strings, changing the
relative mirrority of objects moving around them along
the closed paths.

Note that the topological condition for the string
solution as a result of the non-abelian symmetry breaking
implies the existence of a strict discrete symmetry be-
tween the subgroups, remaining unbroken after the sym-
metry breaking. The symmetry between the ordinary and
mirror particles is virtually the only known physically
reasonable discrete symmetry, which may be exact in the
particle theory. It makes the Alice strings to be the cosmic
string candidate, well motivated from the viewpoint of the
fundamental physics.

The hopes to build the final theory of everything
are related with the development of superstring models.
One finds in these models practically all the main trends
to the unification: gauge symmetry, multidimensional
space-time, supergravity and mirror symmetry, combined
on the basis of the string theory. Strings are here the
most fundamental elementary objects reduced to the effec-
tive quantum field theory in the four-dimensional space-
time.
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In such an approach, the fundamental constants of
the quantum field theory are claimed to be finite. It may
provide the quantitatively definite grounds for all the
fundamental physics, but the problem is that such models
contain very extensive hidden sector, to be probed by the
means of cosmoparticle physics.

So, in the widely discussed heterotic string model,
the initial Esx.E'sgauge symmetry is postulated in the 10
space-time-dimensional string model, assuming exact
symmetry between the ordinary (Eg) and mirror (Egy)
worlds. The initial mirror symmetry is broken due to the
combined action of compactification and gauge symmetry
breaking, so that the shadow matter appears. The initially
mirror partners lose the discrete symmetry with the ordi-
nary particles.

In the 4-dimensional effective field model, to which
the heterotic string model is reduced after compactifica-
tion, the gauge symmetry of the ordinary matter comes
from the Eg symmetry, which is broken down to Eg sym-
metry in order to compensate the effect of the compactifi-
cation. The ordinary matter is accompanied in this case by
the enormously large world of shadow particles and their
interactions, corresponding to the (broken?) E's gauge
group.

Thus, even in the simplest realisation of the super-
string models, one faces the problem of test for E8 sym-
metry model of the shadow world. To understand the com-
plexity of the problem, remind that there are 248 funda-
mental fermions and 248 gauge bosons in the ES group.

The mechanism of the gauge symmetry breaking in
compactification onto Calaby-Yao manifolds or orbifolds,
used in superstring models, implies homotopically stable
solutions with the mass

m=r,/a

(77)



58 COSMOPARTICLE PHYSICS

where r. is the radius of compactification and o' is the
string tension. These objects are sterile relative to gauge
interactions and may act on the ordinary matter by gravi-
tation only.

So, even brief discussion of the modern trends to
the Unification of the fundamental natural forces offers
many examples of the particle zoo, one should face on the
way to unification. The trouble is that the true unification
should account for all these hypothetical objects, but all of
them are related to the new phenomena, direct experimen-
tal search for which is either very hard or impossible in
principle.

The aim of the cosmoparticle physics is to elaborate
the cross-disciplinary system of studies available to probe
these phenomena. In many cases, the cosmological effects
are important or even unique sources of information on
their possible existence.

3. Neutrino Mass and Invisible Axion

The general trends in the grand unification and
practical extensions of the standard model will be com-
plemented here by more detailed analysis of the new
physics, related to the two widely discussed phenomena -
the mass of neutrino and the invisible axion solution for
the problem of the strong CP violation.

One may find from this discussion that these two
phenomena seem to represent very different parts of the
modern particle physics.

From the physical viewpoint, the Hot Dark Matter
scenario, finding physical grounds in massive neutrino,
and the Cold Dark Matter scenario substantially based on
the model of invisible axion, can not be considered as al-
ternatives and from the physical grounds should be
treated together.

Based on the cosmoparticle physics, we'll see that
the physics of neutrino mass and of the invisible axion can
be put into the framework of the horizontal unification,
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which provides the basis for proper choice of the model of
the cosmological dark matter in the physically self consis-
tent way.

3.1. Physics of the Mass of Neutrino

The search for the mass of neutrino started imme-
diately after the hypothesis on neutrino was put forward
by W.Pauli (1930).

The only type of neutrino processes known in 30-th
was nuclear beta decay. Neutrino was not detected di-
rectly, and the effect of neutrino mass was searched for
indirectly by the precise measurement of the beta spec-
trum near the maximum of electron energy.

In the beta decay of a nucleus with the mass number
A and the charge Z into the nucleus with the same mass

number and the charge (Z+I)
(A,Z)> (A Z+1)+e +V,, (78)
the maximal total energy of the electron is

Ep = (M(A,Z)- M(A,Z +1)- m,)e* , (79)
so that formally the exact measurement of the maximal
energy of electrons together with the precise data on the
masses of the initial and final nuclei provides the deter-
mination of the mass of neutrino.

However, in practice, the most precise data on the
mass difference of nuclei comes from the measurements of
beta spectra. Therefore, in order to determine the mass of
neutrino more sophisticated methods should be used.

If the neutrino mass is nonzero, the maximal ener-
gies of electrons correspond to the minimal energies of
neutrino, and the massive neutrino become nonrelativistic
in this energy range. Near the maximal electron energy,
the form of the beta spectrum should change because one
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should use instead of the relativistic relationship between
the neutrino energy and momentum

E...p.C (80)

the nonrelativistic relationship

E, = \/(P c)’ + mic* ~ mc’ +p—i”a (81)
v v v v zmv ‘

The first experimental claims on the existence of
the nonzero mass of neutrino based on the change of the
form of beta spectrum near the maximal electron energy
appeared in the late 30-th (Alikhanian et al, 1938; Alik-
hanian and Nikitin, 1938). The puzzle was that the esti-
mated value of neutrino mass, being of the order of 1
MeV, was not constant and varied from one decaying nu-
clei to another.

This puzzle was soon explained by Zavelsky (1939),
who found that the theoretical form of beta spectrum,
used by Alikhanian et al. (1938); Alichanian and Nikitin
(1938) near the maximal electron energy was inapplicable
for the whole spectrum. The correct description of the
whole spectrum implied no change of its form near the
maximal electron energy, thus giving only the upper limit
on the neutrino mass.

It was the first but not the last episode in the dra-
matic  story of the neutrino mass searches and
"discoveries".

The last edition of the Tables of Particle Properties,
putting aside the positive statements on the nonzero mass
of neutrino, presents only upper limits on the masses of
all the three types of neutrino.

The nonzero mass of neutrino implies the neutrino
mass term in the Lagrangian of the form
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L= m}Hv, (82)

linking the states of different helicity, i.e. left- and right-
handed states.

Simply speaking, words the nonzero mass of neu-
trino means that its velocity may be very close to but
never reaches the speed of light, so that the reference
frame always exists, relative to which neutrino of the
same polarisation moves in the opposite direction, i.e. has
the opposite helicity.

In particular, the left-handed neutrino state is
linked by the mass term to some right-handed "neutrino”
state, which should also exist in the Nature.

In all known particle processes only left-handed
neutrino and right-handed antineutrino participate. The
neutrino mass term links the left-handed neutrino to ei-
ther some new unknown state of right-handed neutrino or
to the known state of right-handed antineutrino. The both
possibilities lead us to the physics beyond the standard
model.

In the first case, the new state of right-handed neu-
trino should be introduced into the particle theory.

Provided that such state exists, the neutrino mass
term looks like the mass terms of all other fundamental
fermions. This situation corresponds to the Dirac mass
term.

In the second case, the neutrino mass term implies
the transitions, in which the lepton number is not con-
served, such as

v = vy - (83)

So the neutrino mass induces in the Lagrangian the lepton
number changing term with

de=2. (84)
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In this case, neutrino and antineutrino may be associated
with the different helicity states of one particle, the truly
neutral Majorana neutrino, and the neutrino mass term is
called the Majorana mass term.

It follows from the experimental upper limits, that
if the neutrino mass is nonzero, it should be by few orders
of magnitude smaller than the mass of the corresponding
charged lepton.

The theoretical idea, explaining the possible large
difference in the masses of neutral and charged leptons, is
called the "see-saw" mechanism (Gell-Mann et al, 1979).

This idea is based on the fact that in contrast to all
other fundamental fermions (charged leptons and quarks),
neutrino is electrically neutral, so that the electric charge
conservation does not forbid the possibility of the neu-
trino Majorana mass terms.

The see-saw mechanism assumes that the Dirac mass
of neutrino mp is of the same order of magnitude as the
mass of the respective charged lepton, but the right-
handed neutrino state involvedin the Dirac mass term has
the Majorana mass M, which is much larger than mp (see
Fig. 4).

M
®)
<7

Fig.4. The succession of transitions leading to the
see-saw mechansim of neutrino mass generation.

The Majorana mass term of the ordinary left-handed
neutrino is generated due to the following succession of
transitions

VL > Vg DV, DV, (85)

and is equal to
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_mp
m, =22 (86)

As a result, the two physically different neutrino
mass states appear: very heavy right-handed neutrino with
the Majorana mass

mp = M (87)

and the ordinary left-handed neutrino linked to the right-
handed ordinary antineutrino by the Majorana mass

m,=m,=—=-mp,

M (88)

which is by the factor of - (mDfM) smaller than the mass
mD of the corresponding charged lepton.

Thus, the see-saw mechanism provides the mass of
ordinary (left-handed) neutrino by few orders of magni-
tude smaller than the mass of the corresponding charged
lepton, and the mass of the right-handed neutrino higher
than the energy threshold, accessible in the experiments at
the modern accelerators.

Formally, the right-handed neutrino can decay due
to its small (of the order of - (mDIM) ) mixingwith the
state of the light left-handed neutrino. The probability of
decay of right-handed neutrino into the channel

v, > Vv, Z (89)

is estimated to be of the order of

2
wie, - vz)- 2 M= (0
T
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where a is the dimensionless weak constant. For the small
light neutrino mass the heavy right-handed neutrino is a
long-living particle.

Moreover, the smaller is the mass of the ordinary
light neutrino, the larger is the mass and the lifetime of
its heavy right-handed partner. This property makes the
superheavy metastable neutrino a very interesting object
from the cosmological viewpoint.

Note, however, that in the case when the Dirac neu-
trino mass term is induced in the Lagrangian by the Higgs
mechanism, that is the case in the standard model, neu-
trino couples with the Higgs boson, and this can induce
rapid decay of heavy neutrino on the light neutrino and
Higgs boson.

Though in its simplest form the see-saw mechanism
results in the small Majorana mass for the ordinary left-
handed neutrino, in more extensive versions this mecha-
nism can provide also small Dirac masses for the light
neutrino. It may be achieved by the multiple application of
the see-saw mechanism and the redefinition of the right-
handed antineutrino state as the states of right-handed
light neutrino. So, in the general case, the neutrino mass
Lagrangian may contain both Dirac and Majorana mass
terms.

Note, that the existing experimental constraints do
not put, in fact, too strong upper limits on the possible
strength of the light right-handed neutrino interactions.
The right-handed weak interaction, in which right-handed
neutrino participate, can be mediated by the intermediate
boson, being only 5-7 times heavier than W and Z bosons.

The Dirac mass term implies the existence of the
neutrino magnetic moment. In the absence of right-handed
currents the neutrino magnetic moment is of the order of

m, ~Gym,, (91)

where GF is the Fermi constant.



THE HIDDEN SECTOR OF PARTICLE THEORY 65

The existence of right-handed currents and mixing
of bosons, mediating their interaction, with Wand Z bos-
ons may result in the neutrino magnetic moment, propor-
tional to the mass of the charged lepton

P’v « Gle (92)
3.2. Neutrino Instability

In the standard model, the states of electron, muon
or tau neutrino are defined on the basis of the lepton
number conservation for weak interaction processes. So,
the electron neutrino is defined as the state which is cre-
ated together with positron creation or electron annihila-
tion.

Since the see-saw mechanism is based on lepton
number nonconservation, one can expect that the proper
mass states of neutrino do not coincide with the states
with the definite lepton number.

For instance, in this case the eeclectron neutrino™
created in beta decay is the superposition of several neu-
trino states with definite mass.

In general, the neutrino states with the definite lep-
ton number vl , where | denotes e, )1 or 1. , are given by

the superposition of the states vt with the masses mt
[vi) = 2 aufv.) (93)

where au are the mixing coefficients.

Provided that the neutrino masses are different, the
neutrino states, created with the given energy in the given
superposition, propagate with different velocities, so that
the superposition changes at some distance from the
source.

It means, that one can observe the effect of neu-
trino oscillations: the muon or the tau neutrino appear at



66 COSMOPARTICLE PHYSICS

some distance from the pure source of the electron neu-
trino.

Neutrino oscillations are described in terms of the
oscillation length. For neutrino with the energy E it is
equal to

E L]
L —om (94)

where OM 2 is the difference of the neutrino mass squared.

The second parameter is the amplitude of oscilla-
tions, determined by the neutrino mixing parameters. It
defines the maximal admixture of the other neutrino type
appearing in the neutrino flux from the source of neutrino
with the definite lepton number.

The amplitude of neutrino oscillations also defines
the maximal deficit of neutrino of the given type due to
the transitions into unobservable neutrino states.

In principle, there are two possibilities to search for
neutrino oscillations.

One may look for the other types of neutrino at
some distance from the pure source of the given type of
neutrino, or one may monitor the flux of the given type of
neutrino with the distance and search for the deficit of
these neutrino, induced by oscillations.

Neutrino propagation in the matter may cause the
resonance enhancement of neutrino oscillations (Mikheev.
Smirnov, 1981; Wolfenstein, 1980): at the resonant den-
sity, the amplitude of oscillations grows to the order of 1
even for very small vacuum mixing of neutrino. This ef-
fect is discussed as possible explanation for the observed
deficit of the solar neutrino. Resonance conditions may
also take place for neutrino oscillations in the longitudinal
magnetic field (Akhmedov, Khlopov, 1988).

The other form of possible neutrino instability are
the decays of heavier neutrino into lighter ones. It is easy
to find that in the standard model the massive neutrino
decays, for instance,
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Vy = Vv,V (95)

or
Vi VLY (96)

go through the creation of the virtual charged lepton and
W-boson (see Fig.5 and Fig.6) and are strongly suppressed.

Fig.5. In the standard model the neutrino decay on three
neutrino can go via creation of virtual pair of charged lepton
and W-boson, which emit Z-boson decaying on neutrino pair.

The reason is that these processes are respectively
the second-order weak and weak-electromagnetic, and
their probabilities are of the order of

W(vy = v,v,V,) < Gemy (97)

and
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W(vy = v,y) < a,,Gimy, (98)

where aem is the electromagnetic fine-structure constant,
Gp is the Fermi constant and mH is the mass of the heav-
ier neutrino vH-

Fig.6. In the standard model, the neutrino decay on neutrino
and photon can go via creation of virtual pair of W-boson and
charged lepton, which emit photon

Moreover, in the orthogonal neutrino mass matrix,
the mixing factors au are normalised by the condition

Lo =5, o

that leads to the vanishing amplitude for the non-diagonal
transition

Vg = Vi» (100)

corresponding to
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H=i"j=L. (101)

The non-vanishing amplitude of the transition (100)
can appear due to the account for the difference in the
mass mi of charged leptons in the intermediate state, that
induces the additional suppression factor in the probabili-
ties for the neutrino decays (95) and (96), which are
given by

2
_ . m?
W(vy > v,v,v,) Gf.m:,[z a;,a, —;]
z me, (102)
and
2 2
W(vy o> vy« aemGﬁmi[Z a4y, m_;J .
! My, (103)

On the other hand, one finds, that the family sym-
metry breaking plays the important role in the mechanism
of neutrino instability. Its effect is not reduced to the
neutrino mass difference, because the charged lepton mass
difference is also crucial. The nontrivial role of family
symmetry breaking seem to arise in all other mechanisms
of neutrino instability.

One may expect such mechanisms to come from the
physics of neutrino mass generation.

Indeed, lepton number nonconservation, assumed in
the see-saw mechanism, may be realised by the spontane-
ous symmetry breaking, what implies the existence of the
Goldstone boson called majoron.

Neutrino coupling with the majoron M can induce
the majoron decay modes of heavier neutrino, given by

Vg > v, M . (104)
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The so-called triplet majoron model (Gelmini, Ron-
candelli, 1981) assumes very low scale of majoron interac-
tion, leading to strong interneutrino interactions, medi-
ated by the majoron exchange. This model is practically
excluded by the measurements of the width of Z-boson, in
which the majoron effects should have contributed at the
unacceptably high level.

The model of singlet majoron (Chikashige et al,
1980) is free of this problem, since the singlet majoronis
decoupled from the processes with the known particles.

In the simplest singlet majoron model, the di-
agonalisation of the neutrino mass matrix leads simulta-
neously to the diagonalisation of neutrino-majoron cou-
plings. So, the nondiagonal transitions given by Eg. (104)
are nonvanishing in the next order of the small neutrino-
majoron coupling constant

h= mH (105)

only, where mH is the mass of neutrinovH , and F is the
energy scale of the lepton number global symmetry
breaking, which should exceed the electroweak scale, i.e.

F >10° GeV. (106)

The probability of the decay (104) is then of the or-
der of
my
W(vy » v, M)~—L (107)

Fl

making this decay for the reasonable values of the scale F
no more probable, than the photon decay (96).

The probability for the majoron decay (104) grows
significantly if different signs of the lepton number are
ascribed to different types of neutrino (Valle, 1983). In
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this case the probability of the majoron decay of the neu-
trinovH is given by

2 3
h my

W(vy - v,M)= 32. ™ = gpgr-

(108)

The differentiation in lepton number assignment,
being crucial in the enhancement of the majoron mode of
neutrino decay, is successfully realised in the models of
spontaneously broken symmetry of quark and lepton
families.

Spontaneous breaking of global family symmetry
results in the prediction of Goldstone boson(s) called fa-
milon(s). In the case of global SU(3)H family symmetry
breaking, the octet of massless familons is predicted. In
the model of singlet familon (Anselm, Uraltzev, 1983), the
family symmetry breaking results in the prediction of a
single familon state.

In the familon model, the massive neutrino can de-
cay due to neutrino coupling with familons f to the fa-
milon channel

Vg > vif, (109)

which has the probability, given by the same expression as
EQ.(108) with the scale F being the scale of the family
symmetry breaking.

The familon model finds experimental test in the
searches for familon modes of decay of quarks and
charged leptons, such as

n—ef (110)
T uf (111)

or
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s df (112)

predicted in this model together with the neutrino decay,
given by Eq. (109).

The physics of neutrino mass related with the see-
saw mechanism of neutrino mass generation can be
checked in laboratory searches for the lepton number L
nonconserving processes with

LIE=2, (113)

such as the double neutrinoless beta decay.

/
\

Fig.7. Double beta decay is the result of simultaneous
decay of two neutrons in a beta-stable nucleus.

There exist nuclei (A,Z) that are stable relative to
beta decays to neighbouring nuclei (A,Z+1) and (A,Z-1)
but unstable relative to the double beta decay, when the
two protons or the two neutrons (Fig.7) in the nucleus de-
cay simultaneously, so that the processes take place
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(A,2) (A, Z-2)+2e+ +2ve, (114)
(A, Z2) (A,Z+2)+2e- +2ve . (115)
The lepton number nonconservation, which follows

the selection rule given by Eq. (113), leads to the double
neutrinoless beta decays

AZ) (A,Z-2)+2e+ , (116)
(A,Z2) (A,Z+2)+2e-. (117)

In the case when neutrinoless double beta decay is
induced by the Majorana mass of the electron neutrino,
the amplitude of this process, represented by the diagram
on Fig.S, is proportional to this mass.

Fig.8. Owing to Majorana mass antineutrino, emitted in decay
of one neutron, is captured as neutrino by the second neutron.

Hence, the upper limits on the probability for dou-
ble neutrinoless beta decay impose constraints on the Ma-
jorana mass of electron neutrino. The model-independent
analysis of the experimental data, made with all the pre-
cautions, gives the upper limit of about few eV.
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3.3. The Axion Solution for the Problem of Strong CP
violation in QCD

Instanton effects in the quantum chromodynamics
induce complicated vacuum structure of QCD, resulting in
the so-called €term in the Lagrangian of the theory, given

by

g2 -
.. - __ n mo 118
fil = 79QCDG"VG"V (118)

where  BQcD is the arbitrary and, in general, not small
constant, g is the gauge constant of QCD, v is the ten-
sor of the gluon field, and its dual tensor is defined as

GI'V - EI'v:I..pGAP- (119)

One can easily see, that the €term violates P- and
CP- invariance.

Indeed, the product of the field tensor and its dual
tensor corresponds in electrodynamics to the well known
invariant scalar product of the electric and magnetic field
strengths E and H:

E-H = invariant (120)
for which

CP(E ‘H) =-1. (121)

The interference of the similar CP-odd combination
of gluon field strengths with the CP-even terms in the La-
grangian of QCD should induce effects of CP violation.

In the strong interaction processes, such effects are
not observed. Moreover, from the negative result of the
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searches for the electric dipole moment of neutron, put-
ting the upper limit

d, <10%e-cm , (122)

it followsthe upper bound on the value of the constant €,
given by

e <lo- . (123)

The main difficulty in the indicated problem of the
strong CP-violation comes from the fact, that even with
the initial bare constant

eQCD =0 (124)

the existence of the effective € term can not be excluded.

Such an effective term arises as the result of the
electroweak symmetry breaking due to the existence of
complex elements in the quark mass matrix in the stan-
dard model after unitary transformations to the physical
basis, in which the mass matrix is diagonal.

Thus the effective value of € in the Lagrangian,
given by Eg. (118), turns out to be the sum of two terms
of different physical nature

0 = 0gep +Oqrp » (125)
where
eQFD = detm. (126)

Here m denotes the full mass matrix, including all
coloured fermions, which are present in the theory. It
should take into account both the known quarks and all
possible hypothetical coloured fermions.
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The different nature of two terms in Eq. (125), each
being, in general, not small, can not a priori provide their
cancellation down to the level of

0<10?®

In fact, this lies in the essence of one of the naturality
problems in the particle theory.

The theoretical solution of this problem is related to
the mechanism of the natural suppression of €.

In order to provide such mechanism Peccei and
Quinn (1977) assumed the additional chiral global U(1)pQ
symmetry with nonvanishing colour anomaly.

If this symmetry is not broken, what corresponds to
the existence of e.t least one massless quark, c.f., u-quark
(Wilczek, 1977; Weinberg, 1978), all € vacua are equiva-
lent to the vacuum with

9=0. (127)

In other words, the 9-term may be excluded from
the Lagrangian by the chiral phase transformation of the
u-quark field.

The possibility of massless u-quark theoretically is
not excluded (Kaplan, Manohar, 1986), but it does not
find serious fundamental grounds in the standard model
and meets serious difficulties in the confrontation with
the results of the current algebra and PCAC hypothesis.

However, the problem of the 9-term finds natural
solution even in the case of the broken U(1)pQ symmetry.

The constant € acquires in this case the dynamical mean-
ing of the amplitude of the pseudo-Goldstone field, related
to the broken U(1)PQ symmetry, which, in turn, is mani-
festly broken by the colour anomaly. Hence, in the vac-
uum the condition
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(e)vac= o (128)

is automatically satisfied, thus providing the exact mutual
compensation of the terms in Eq. (125). Such pseudo-
Goldstone field is called axion.

The idea of the axion solution for the problem of
the strong CP violation can be explained by the following
simple argument. If the dynamical solution is found with
the use of axion, it meansthat we should consider the La-
grangian (118) as the Lagrangian of the axion-gluon in-
teraction. The nonvanishing colour anomaly means here
that the constant of this interaction is nonzero. Zero
vacuum expectation value for the axion field provides
then the effective cancellation of the 8-termin the QCD
vacuum.

The most important parameter, defining the proper-
ties of the axion, is the energy scale Fa at which the sym-
metry U(1)pQ is broken.

This scale appears in the Lagrangian of the axion-
gluon interaction

2
g *6 G,

16 F, "™ (129)

L(ogg) =

where a. is the axion field.

Lagrangian of axion interactions with the other
gauge field can be expressed in the same form with the
suitable change of the gauge coupling constants. So, the
axion coupling C with the gauge bosons is generally de-

fined by the scale Fa as
CocF'. (130)

In particular, in the case of small, but nonzero
axion mass, the axion-photon interaction leads to the
axion decay



78 COSMOPARTICLE PHYSICS

o =YY . (131)

The lifetime of the axion relative to this decay is
given in the complete analogy with the similar decay of
neutral pion as

64n

o — =—-
(o =) moF, (132)

Since neutral pion has the similar interaction with
gluons, owing to the non-vanishing coupling to the colour
anomaly, one can express the axion mass in terms of the
scale Fa and the respective parameters of pion, so that the
mass of axion is defined by this scale as

m(! = Aa n
F, (133)

where the constant Aa depends on the choice of the spe-
cific axion model.

The scale Fa also determines the strength h of the
axion interaction with fermions

h « F," (134)

The simplest variant of the axion model is the
model of Weinberg-Wilczek axion (Wilczek, 1977;
Weinberg, 1978) , in which the scale Fa coincides with the
scale v of the electroweak symmetry breaking. This model
was excluded by the combination of experimental and as-
trophysical constraints (Vysotsky et al, 1978; see review
and Refs in Kim, 1987; Cheng, 1988). The analysis of
these constraints lead to very high estimation of the lower
limit for the axion scale
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F >>v. (135)

Thus, the scale Fa should be related to some new
high-energy scale in the particle theory. At this scale
axion interactions turn out to be elusive, thus making the
axion invisible.

3.4 The Models of Invisible Axion

In all models of the invisible axion, this particle ap-
pears as the Goldstone boson, related to the phase of a
complex SU(2)xU(1)singlet Higgs field.

The axion coupling to gauge bosons is generated in
these models after U(1)pQ symmetry breaking due to
mechanisms, which provide the existence of nonvanishing
colour U(1)pQ-SU(3)c-SU(3)c-anomaly.

In the most general case, the Lagrangian of the
axion interaction with fermions (quarks and leptons) and
photons has the form

L = gaj}a.fa(sin8aj} + iy6 coseaj}tll + Ca:rraF)JVF)JV «  (136)
where
a,p=1, 2, 3

are the indices of families of fermions f and the constants
8al3

g < F, (137)
and

Ca

34

o« F (138)

depend on the choice of the axion model.
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Owing to the general theorem (Anselm, Uraltzev,
1983), the diagonal coupling of axion to fermions in
Eqg. (136) can be only pseudo-scalar,that gives

0, =0 (139)

and, neglecting the higher-order effects, the axion-
mediated long-range interaction is absent.

The non-diagonal axion couplings, which in general
are not excluded, can be both scalar and pseudoscalar or
their combination, corresponding to

O 20, (140)

depending on the choice of the model.
There are three main types of models of invisible
axion.

I.Dine-Fishler-Srednitsky-Zhitnicki (DFSZ) axion (Dine
et al, 1985; Zhitnicki, 1980). The model assumes only the
known types of fermions (quarks and leptons) and extends
the standard model only in the Higgs sector of the theory.
The number of Higgs doublets < is increased, as compared
to the standard model, as well as a new singlet Higgs field
¢ is added.

In the DFSZ, the Lagrangian of Yukawa interaction
of Higgs bosons with fermions has the form

Ly, = gs)?z,afﬂgq’f +h.c., (141)

where h(r) are the left-handed (right-handed) components
of quark and lepton fields,

f=ude,

the indices of generations in the case of three families of
quarks and leptonsare
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a,3=1"2, 3

and cot are the Higgs doublets.
For the doublet

(p+
Q.= 4 142
[(PﬂJ {142)
the vacuum expectation value of the neutral componentis
(c49) =42 {143)
and for the doublets
¥
¢ =9, =
’ [wﬂ] {144)

the corresponding vacuum expectation value is

(02) = vav2. {145)

It is assumed that these vacuum expectation values
are related by the condition

2 2\/2 '%
(o2 + )% = v=(+26,) " . {146)

In the most general case, the doublets Cit and ¢ can
be different. In particular, the choice

0. =0, {147)
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is possible. However, the choice of these doublets, given
here, is determined by the inclusion of the model into the
framework of GUT models.
The Lagrangian (141) is invariant relative to global

chiral phase transformations of the symmetry group

{La exp(iro)fLa

fRa exp(-iro )fRa

9, exp(2iro)p,

a exp(-2iro)a (148)

that is provided by the presence of the term in the Higgs
potential, given by

Ly = %9,0,0° +h.c. {149)
Assuming that

Y
J2 (150)

U << (0’) =
the axion field is mainly defined by the phase of the Higgs
field cr. The admixture of the phases of fields <u and < In
the state of the axion field is suppressed as

) - Uu,d

v (151)

(Arg(pu‘d o

The nondiagonal couplings of such axion with fer-
mions are absent, and the other parameters in the EQgs.
(136) - (138) for the DFSZ axion are given by
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AaDFSZ - 2N6 (1:]|_ZZ)| (152)

where
N, =3
is the number of quark-lepton families,

F =V,

m, (8,, + 8,42)N,
ETlX?' 1+2) ]

gf=

— mfm'o. X (Sfu + Sde)Ng
T m AT | T (14 2)

mo.,, 1+2(8 2(4+2)
c, = Melen 1+2/8 2 _
Con = Sty

3 3(1+2)
_a,,N, (8 2(4+2)

~ 4nF, [3 3(1+z)]'

(153)

Here the mass ratio of u- and d-quarks, given by the cur-
rent algebra estimation, is taken to be equal to

z = mu 0.56. (154)
md

For all up-typequarks (u, c, t ..), the parameter Xup is
equal to
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2

=G 2)
X

(155)

and for all charged leptons and down-type quarks (d,s,b..)),
the corresponding parameters are

2x

X pt = X down = t ls ' (156)
X4+=
X

where the ratio of the vacuum expectation values is de-
noted by

. (157)

In the parameters g, and in the Kronecker symbols
Ofu and Ofd ,the fermion index f is runningthe values

f =u,d,e, s,c,lLb, t--.

The Kronecker symbols Ofu and Ofd in Eg. (153)
mean that the corresponding terms are to be taken into
account for u- and d-quarks only, and aem is the electro-
magnetic constant.

2. The hadronic axion of Kim-Shifman-Vainshtein-
Zakharov (KSVZ) (Kim, 1980; Shifman et al, 1980). Here
the extension of the standard model takes place both in
the Higgs and the fermion sectors of the theory: addi-
tional Higgs fields, as well as fermions are introduced. In
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addition to the ordinary quarks and leptons, the existence
of new heavy quark colour triplet Q is assumed.

The Lagrangian of Yukawa interactions is given in
this case by

L, = £8,0Q, + h.c. (158)

This Lagrangian is invariant relative to global chiral
phase transformations

QL exp(iro )QL,
QR exp(-iro )QR,
or exp(-2iro )er . (159)

Such axion has no couplings with leptons in the tree
approximation, and its coupling with light quarks occurs
only due to its mixing with neutral pion.

The parameters of KSVZ axion in Egs. (136)-(138)
are given by

AKSVZ- FZ
a — {1+ Z) '

mu muma

160
gud = Fa(l+ z) = famn(1 + 2)A:svz ' (160)

and

" 8nfm, z (1+2)
_ O 2 _§(4+ 2) 161
~ 8nF, [GQ’ 3(1+ z)J ’ (161)
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where Qem is the electric charge of a heavy quark.
All Yukawa couplings of KSVZ axion with

f=esc .t
are negligibly small.

3. The model of archion (Berezhiani, Khlopov,
1990a,b,c;1991; Berezhiani et al, 1992; Berezhiani, 1983;
1985) appears in the framework of the model of horizontal
unification (MHU), which we consider in Chapter 11. The
theory naturally embeds the global U(1)H symmetry. The
spontaneous breaking of this symmetry results in the pre-
diction of Goldstone boson of the invisible axion type.

The boson, that was called archion by Berezhiani
and Khlopov (1990c), has both flavor diagonal and flavor
nondiagonal couplings with fermions.

The global U(1)H symmetry in MHU can be identi-
fied with the symmetry of Peccei and Quinn, provided
that there exist the triangle anomaly in the axial U(1)H
current interaction with gluons.

In the simplest variant of the MHU gauge symmetry
SU(3)exSUR)xU(1)xSU(3)HxU(L)H with the minimal set of
heavy fermions, the anomaly is cancelled, and the archion
remains almost massless similar to massless Goldstone
boson, called arion (Anselm, Uraltzev, 1982). But in con-
trast to arion, coupled to photons, there is also no archion
interaction with photons because of parallel cancellation of
the corresponding triangle current-photon-photon anom-
aly.

In any realistic extension of the MHU model up to
the GUT symmetry, c.f., up to the symmetry
SU(5)xSU(3)H , the cancellation does not take place due to
additional heavy fermions, so that archion turns out to be
similar to the hadronic axion with strongly suppressed
coupling to leptons.
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MHU symmetry leads to the following Yukawa cou-
plings

Lyu* = g{fmF}m‘Po + gn[FRangg;i) + P/F_:zqf; + h.C., (162)

where Jit are the mass parameters of the same order of
magnitude for

f=u,de.
In Eq. (162)
F=U,DE (163)

denote the additional heavy fermions and la<n> are the
horizontal Higgs bosons, inducing the family symmetry
breaking.

The Lagrangian (162) is invariant relative to global
chiral U()H symmetry transformations given by

fL exp(iro )L, R exp(-iro)R ,

FL exp(-iro )FL , FR exp(iro )FR ,
(n) exp(2iro) (n), P <p, (164)
Where
n=0,1, 2.

In the archion model, the parameters defined in
Egs. (136)-(138) are given by
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A, = A, £ ,
(1+2)
(1) (f) 2 (f) 2
_mg - m, (f = m, " S(f)
833 = v, 822 v, (Sza) » &n v, (18) ’
() (1) ()
m m (f _m (1) qlf)
833 = 2_;,; g;) y B3 = 2_‘8/1813) y 812 = 212/1 S1aS2 »
-1
_ Cemmy z Aem — 2(4 + 2) —
" dnfm, (1+2)| A, 3(1+2)
-1
_ oAz ,[A.m 24+ Z)J (165)
anF,(1+2)" (A 3(1+2)
where
sj =sin<,j with i,j=1, 2, 3

are the angle parameters of the unitary matrices V; of ro-
tation, diagonalizingthe fermion mass matrices

Vﬂ:m \/tR = rf%wg .
and the phases are determined by the phase content of ma-
tricesV in the form

V..V,
Q) = arg[%} » 13 = —arg Vi, , @y = —arg(Vy,V,). (166)
12

The scale
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iIs the scale of the U(1)H symmetry breaking and Ac and
Aem are the color and electromagnetic anomalies, respec-

tively.
In all three models of invisible axion, the Lagran-
gian of its interactionwith nucleons has the form

Lan = |'N' Ys(g © 4 g(a)'ts)N a'’ (167)

where

O_ M0 o _ M 1-2z,
& za*"g 2F, 1+z °

for DFSZ axion, and

©F Me (Xu X - Ng)G(Ao) _

(@ = n;a(X X 1—z)a

g 2N:Fa U= o~ 1+z7 a
for hadronic axion and archion. Here M is the mass of nu-
cleon and
G, =6\ =1.23

is the isotriplet axial nucleon form factor, determined in
the experimental measurement of parameters of weak nu-
cleon charged current.
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CHAPTER 3

THE HIDDEN PARAMETERS OF THE MODERN
COSMOLOGY

1. The Old Standard Big Bang Paradigm
1.1. The Expanding Universe.

Cosmology studies the Universe as a whole. Stars
and interstellar medium, galaxies and intergalactic space,
clusters of galaxies and galaxy superclusters, surrounding
giant voids, in which galaxies are not observed, exhibit
strongly inhomogeneous distribution of luminous matter
in the Universe. However at scales, exceeding the largest
scale of cosmological structure one finds the distribution
of matter to be almost homogeneous and isotropic.

The simplest and reasonable conjecture is to con-
sider homogeneous and isotropic cosmological model. Such
model accounts for the presence of the matter in the mod-
ern Universe via the unique parameter — cosmological
density p, which is the density of matter averaged over
scales, exceeding the scale of the observed structure.

In early twenties of the XX century, the application
of general relativity to the Universe as a whole found im-
possible the existence of stationary solutions of Einstein
equations.

One could obtain stationary Universe only adding to
the cosmological density the cosmological term, having no
physical relation to the properties of the ordinary matter.



92 COSMOPARTICLE PHYSICS

A.Friedman found nonstationary cosmological solu-
tions of the equations of general relativity without cos-
mological term. Nonstationarity means that the Universe
as a whole may contract or expand.

In the late twenties, astronomers found that several
objects, treated before as faint nebulae in our Galaxy, are,
in fact, distant galaxies, comparable with our Galaxy and
containing billions of stars.

The discovery of other galaxies and the analysis of
their luminosity lead to the discovery of systematic red
shift in their spectra. Observed red shifts in spectra of
distant galaxies, interpreted as the Doppler effect, corre-
spond to "run away" of galaxies.

v=Hry
Galaxv 1

Fig.9. The "run away" of galaxies.

The "run away" velocity of a galaxy v was found to
be proportional to its distance r according to the Hubble
law

vV =Hr, (168)

where the coefficientH with the dimension of the inverse
time is called the Hubble constant.
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Though we observe the Universe, in which galaxies
run away from us, it may be easily shown, that it does not
mean the preferential position of our Galaxy in the world.

2

Galaxy

Fig.1O. From the distant galaxy 1 the same picture
of galactic "run away" is observed as from our Galaxy.

Simple consideration of vector algebra (see Fig.lO)
for the observer on the galaxy at the distance r, shows,
that our Galaxy is observed by him as running away from
his galaxy with the velocity, proportional to the distance,
according to the Hubble law.

So, the phenomenon of the "run away" of galaxies is
considered as the argument in favour of the model of ex-
panding homogeneous and isotropic Universe. The Hubble
constantH is the second important cosmological parame-
ter of this model.

The Hubble constant is constant in space, not in
time. Having the dimension of the inverse time, it defines
the time scale of cosmological expansion.

The quantity, proportional to the inverse Hubble
constant1/H, determines the time from the beginning of
expansion tg, called the age of the Universe. For the mat-
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ter-dominated Universe, the age of the Universe is given
by

W= [IIJJ ' (169)

Followed from the general relativity, the model of
expanding Universe in some cases finds exact correspon-
dence with the results of simple classical consideration of
an isotropic and homogeneous sphere of radius Rand den-
sity p, expanding according the Hubble law.

A test body with the mass m has in this case the to-
tal energy, being the sum of the kinetic energy of expan-
sion and the potential energy of gravitation:

2
Etot = E™n + Epot = m%’—+ _HERM (170)

With the account for
v=~R

one finds, that the total energy is equal to

E =41tGmR ¢ 3v. _ \]:41tGmR cSH \]

tot 3 ° 8GRz P 3 7 gué p (171)

so that the sign of the total energy, determining the fu-
ture regime of expansion, is defined by the relationship
between the density p and the combination

_ 3H?
Pe = 8nG (172)

having the dimension of density and called the critical
density.
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If the cosmological density exceeds the critical den-
sity,

P>Pc (173)

Then the total energy is negative and the expansion
should inevitably changed by contraction.

For the cosmological density, smaller than the criti-
cal one,

P<Pc" (174)

expansion is going on forever.

In the first case, the model corresponds to the
closed world, in the second — to the open Universe. The
Universe with the density, exactly equal to the critical
one, is called flat.

General relativity relates closed, flat and open cos-
mological models to the models with positive,

= +1' (175)
zero,
and negative,
k=-1" a77)

space-time curvature k , correspondingly.

In the nonstationary Universe, all distances change
proportionally to the scale factor a(t).

In the closed Universe, the scale factor has the
meaning of the radius of the world.
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In the flat and open cosmological models, the scale
factor simply defines the time variation of the scales.

The comoving volume is proportional to a(t)®, so
that the density of matter, being inversely proportional to
the comoving volume, decreases in the course of expansion
as

py < aft)” - (178)

The time evolution of the scale factor follows from
Einstein equations. In the case of dominance of matter in
the Universe with

equations of time evolution have the form:

(:)'= S;aP. (179)
a_ e (180)

Solution of these equations gives the time depend-
ence of the scale factor at the matter-dominantstage

a(t) oct% . (181)

One can easily find the correspondence between this
exact form of equations, following from the general rela-
tivity, and the simple picture of expanding homogeneous
and isotropic sphere, discussed above on the basis of New-
tonian physics.

Taking into account that
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()=H, (182)

one can deduce the first equation from the definition of
the critical density, setting

P =Per - (183)

The second equation follows from the Newtonian
equation for the radial motion of the test body:

mR =-Gr;';" R. (184)

Astronomical measurements of both the cosmologi-
cal density and the Hubble constant contain ambiguities,
making at present impossible to give definite experimental
proof for the choice of the cosmological model.

Indeed, the cosmological density in Einstein equa-
tions, in general, corresponds to any form of matter, pre-
sent in the modern Universe.

Its estimation based on the luminosity of galaxies
gives only the lower limit on the total density, which cor-
responds to the contribution of the visible matter, con-
taining electrons and atomic nuclei. Atomic nuclei, i.e.
baryons, dominate in this contribution.

Therefore, the estimations of luminous matter den-
sity give the lower limit for the baryon density in the
Universe. One should treat it only as the lower limit, be-
cause the nonluminous baryon matter can exist, for which
this estimation is not valid.

Dynamical effects offer more universal way to esti-
mation of the cosmological density independent on its na-
ture. The estimations based on gravitational lens effects
can also be referred to such universal methods.

These estimations give the density, exceeding the
density of luminous matter by more than one order of the
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magnitude. One should take into account the existence of
the dark matter in the Universe. The elucidation of its
physical nature is one of the most important problems of
the cosmoparticle physics.

The value of the critical density is defined by the
value of the Hubble constant.

The complications arising in experimental determi-
nation of H, are related to the proper account for system-
atic errors in the measurement of distances to galaxies
and their velocities.

Nearby galaxies, distances to which can be esti-
mated more accurately, can not represent the proper Hub-
ble flow, since in the measured velocities dominate the ef-
fects of their motion in the local supercluster of galaxies.

"Run away" velocities of distant galaxies are more
representative for the Hubble flow, but in measuring the
distances to them one should use complicated procedure.

The change in the measured value of H by almost
an order of magnitude, occured beginning from the early
thirties up to the present time, is an illustration of the
above mentioned complications.

Moreover, even now the values, measured by differ-
ent groups, differ by the factor of 2.

The measured values are given with rather small
statistical errors, so one should ascribe the existing dif-
ference in these values to systematical trends. The modern
value of the Hubble constant lies in the interval

H =(50+100) km 185
( ) s-Mpc (185)

Further we shall take for the definiteness the value

H =50 km
s-Mpc (186)
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The critical density for the chosen value of His

Per=5.10"%° 5%” : (187)

The dimensionless cosmological density N, widely used in
cosmology, is

. (188)

With the account for the existence of the dark
nonluminous matter, one can define the density of the
luminous matter to be of the order of

;n:lum = Ptum 0.01 . (189)
Pc

With the account for the dark nonbaryonic matter,
one can define the relative contribution of baryons into
the total density as

o=
P. (190)

The comparison of the observed abundance of light
elements with the predictions of the theory of Big Bang
nucleosynthesis (see below and Chapter 5) is widely used
for the estimation of the total baryon density, which can
be contained in the modern Universe both in the luminous
and nonluminous objects. Such estimations give

Q,~01. (191)
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1.2. The Black Body Radiation Trace of the Big Bang

Tracing back the history of the expanding Universe,
one inevitably comes to the conclusion, that the physical
conditions in the Universe should have changed with time.

The modern picture of the Universe, full of galaxies
and stars, should have appear as a result of the evolution
of expanding dense nearly homogeneous and isotropic
plasma.

Such plasma might have been in the state of cold
degenerated matter, as it is now in white dwarfs and neu-
tron stars.

The alternative idea of G.Gamov,that the primeval
plasma was hot, found for more than three decades no ob-
servational confirmation, because it predicted the exis-
tence of relic thermal electromagnetic background radia-
tion, which should be conserved in this model from the
early hot stage of cosmological evolution.

The discovery in 1966 by Penzias and Wilson of the
thermal electromagnetic radiation background favoured
the model of hot expanding Universe.

The existence of the black body radiation back-
ground with the Planck intensity distribution Fem(v),
given by

2hV? 1
F‘em(v)= cz ’ hv ’
exp(——]—l
kT {192)
where the temperature
T=27 K, (193)

does not give any sizeable contribution to the modern
cosmological density.
The electromagnetic background density, defined as
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P, = —% (194)

where ¢&yis the black body background energy density,
given by

g, =oT" (195)

where the Stephan-Boltzmann constant

cr =757 10-1 er ,

o 9K4 (196)
is in the modern Universe by about three orders of magni-
tude smaller, than the density of luminous matter, and
plays no role in the dynamics of the modern cosmological
expansion.

The observed remarkable isotropy of the thermal
background, proven at the level of 10-° , givesthe strong-
est confirmation of the homogeneity and isotropy of the
Universe.

The quantity

=ar . (197)

where cr is the Stephan-Boltzmann constant and k is the
Boltzmann constant, determines the specific entropy of
the modern Universe, whereas the dimensionless ratio of
photon and baryon number densities defines the entropy
per baryon, equal to

n
S=-—"1=13-10°Q;'. (198)
n,
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Here the number density of photons at the tempera-
ture T isequal to

8

n, 20(1_4) cm-® (199)
that correspondsto
n, =400 cm™ (200)
at
T=27 K,

and the number density of baryons is expressed in terms
of the relative baryon density in the form

n,=+2=Pr g -3.10°Q, cm*®, (201)
mN mN

where
my = 16-10%* g

is the mass of nucleon, and the critical density is equal to
= . _80
Per = = 10 eths
for the accepted above value of the Hubble constant

H =50 km
s-Mpc
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The quantity, inverse to S, is the ratio of baryon to
photon number densities

r,=8"'="_075.10"0, . 202)
nY

It is considered as the third important cosmological pa-
rameter, being the measure of the baryon asymmetry of
the Universe.

The high specific entropy of the modern Universe
reflects the existence of the hot period at earlier stages of
the cosmological evolution.

Moreover, in the early Universe the role of thermal
background radiation turns out to be dominant in the dy-
namics of expansion.

The reason lies both in the high photon to baryon
ratio and in the different dependence of the matter and
radiation density on the scale factor.

The density of matter Pm is inversely proportional
to the cube of the scale factor, whereas in the case of ra-
diation density one should also take into account the red
shift in the average energy of photons.

The frequency of a photon, emitted in the early
Universe, experiences the red shift z, defined as

— — vem_ _1 (203)

vabs

where vem and vabs are the frequencies of emitted and ab-

sorbed photon, respectively.

Similarly the black body spectrum is red shifted in
the course of expansion, so that the radiation temperature
T(t) at some earlier time t is related to the modern tem-

perature To as
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T(t) = (2+ (D))o = (aZt) )T (204)

where the red shift z(t) is determined by the ratio of the
scale factors, taken now at

t=t,

and at the moment t.

VVith the account for the temperature decrease in
the course of expansion, one obtains

p, <&, (t) < T(t)" o« aft)". {205)

Going back in time (to large red shifts and respec-
tively small scale factors) we come inevitably to the period
of radiation dominance, when the energy density of radia-
tion dominated in the total cosmological density and in
the dynamics of cosmological expansion.

At radiation-dominant stage, the density of matter
turns out to be negligible, as compared to the energy den-
sity of radiation, i.e.

Pr >> Pm - {206)

Thermodynamics of the black body radiation defines
the radiation pressure

2

€ =3PC - (207)

o

P:

Hence, at radiation-dominant stage the equation of
state of the Universe is
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e

p=je, (208)

and one should take into account the pressure in the equa-
tions of expansion.

At radiation-dominant stage the Einstein equations
have the form:

[%] = S—ZC—;p : (209)
§=—52—G(p+3p/c2). (210)

With the account for the relationship between pres-
sure and density, given by the equation of state, one finds
from these equations the time dependence of the scale fac-
tor at the radiation-dominant stage as

a(t) oct.%. (211)

Note, that in the Einstein equations for the matter-
dominant stage one neglects the pressure, that corre-
sponds to the cosmological equation of state

p=0. (212)

Of course, it does not mean, that the matter has no
pressure. The dust-like equation of state of the Universe
(212) means, that the nonzero pressure of nonrelativistic
matter is of no cosmological meaning, since the pressure
is negligible in the equations of expansion, as compared to
the energy density of the matter.

Indeed, consider the ideal nonrelativistic gas of par-
ticles with the mass m and the number density n at the

temperature
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T <<mc® . (213)

Its equation of state has the form

p=*fnT. {214)

Taking into account that the number density n is related
to the matter density as

n -, (215)

and the temperature T is related to the thermal velocity

vr << ¢ (216)
as
_ 2
T= m;/r {217)
one obtains
p=3— S.p.m; -pAv/ri<<pc ’=t. 218
NnNT= L=
2 2m 2 4

1.3. Physical Cosmology of Old Big Bang Scenario

The simplest physically reasonable approach to treat
the history of expanding hot Universe was related to the
physically self-consistent picture of cosmological evolution
of radiation and baryon matter, originated from the Big
Bang.

In such picture, only the known types of elementary
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particles are considered in the modern Universe, and their
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early history is determined by thermodynamics applied to
the expanding hot Universe.

On the basis of the known laws of atomic and nu-
clear physics, one may easily prove, that the baryon mat-
ter in the early Universe was in the state of plasma in
equilibrium with radiation. In the early Universe, the
temperature of the thermal electromagnetic background
radiation was equal to the temperature of all particles in
equilibrium.

The expanding Universe can be treated as the closed
system with thermodynamic parameters varying due to
expansion.

For the two-component mixture of matter and ra-
diation, one can easily check that the expansion occurs
adiabatically. In the early Universe the rate of expansion

r-~ t—l ’ (219)

where t is the cosmological time, much slower, than the
rate of processes, establishing the equilibrium between
matter and radiation.

It means, that on the radiation-dominant (RD) stage
the condition

n(crv)t >> 1 (220)

is valid, where n is the number density of electrons and
nuclei, and the product (crv) of the cross section cr and the
relative velocity v is the rate of their interaction with ra-
diation. Hence, the thermal equilibrium is established on
the RD stage.

One could follow the thermodynamic equilibrium
conditions up to the earliest stages of the expansion, when
the formal cosmological solution of the general relativity

leads to singularity. ) ) )
However, there exists the physical constraint on the
classical relativistic cosmological solution at time interval
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t~t, . (221)

The Planck time

CE

Y
‘) =[@J = 5.104s (222).
is the dimensional combination of the speed of light,
Planck constant and gravitational constant, defining the
time scale, at which the quantum effects should be in-
volved into the space-time description.

At the Planck time the size of the cosmological ho-
rizon, i.e., the distance at which causal connection can be
established by the light signal, is equal to the Planck
length

%
1, = (@J =15-10%s .

cs

(223)

The Planck time and length are the natural border
for the interpolation of the classical picture of the expan-
sion, given by the general relativity.

So one could trace the classical evolution of the ex-
panding Universe during the period

t > tp, (224)
and at the distances
(225)

only.
In the hot expanding Universe the Planck time
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t- tPI

corresponds to the Planck temperature
T =Ty = mpc? =10" GeV . (226)

Here mpl is the Planck mass, being the third important
dimensional combination of the fundamental physical con-
stants

%
h
(5] 210, (227)

In the old Big Bang cosmology, the Planck scale im-
plied the physically motivated cut in the "smooth" inter-
polation of the observed expansion to the beginning.

The period

tpy <t<ls (228)

is referred to as the very early Universe.

Physical processes in this period are determined by
the high-energy physics. In the lack of the information on
the particle properties at superhigh energies, the old Big
Bang scenario simply postulated the relativistic particle
dominance in the very early Universe and the general
trend of the cosmological evolution given by

2

- 3 _ % Is g
= =45.107 = —“—. 229
P 32nGt 2 Ct> cm® (229)

In the units
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li=c=1 (230)

the time dependence of the cosmological density (229) has
the form

P=3on 2 (231)

The simplest assumption was that at very high tem-
peratures

T>>m (232)

all particles were relativistic and in the equilibrium with
plasma and radiation.

Thermodynamics of the relativistic gas leads to the
following relationship between the energy density of the
Universe e and its temperature T :

e = pc? = xoT*, (233)
where the Stephan-Boltzmann constant is

2, 4
gz MK —757.10.8 €9

15188 em® . K4 (234)

k is the Boltzmann constant

k =1.38 -10-6 erg
K

and « is the effective number of species of relativistic par-
ticles with account for their statistical properties.
One finds that

1 45 #Kc®

Kk 29=83 a2

(235)



THE HIDDEN PARAMETERS OF THE MODERN COSMOLOGY 111

that results in the time dependence of the temperature

Y%
l—ﬁJ i (236)

T=15.10° K K‘y‘[ t

For the temperature, expressed in MeV, one obtains

T =13 MeV K711(]ts)x (237)

and in the units
n=c=k=1

this relationship is given by

g NP e

The same relationship may be used to express the
cosmological time in terms of the temperature

2
t=225.10" s (%] x%

(239)
or in terms of the temperature expressed in MeV
1MeV ~ -X
t=17s T k- (240)

In the units
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li=c=k=1

one obtains

t= ].( 45>-m1. (241)

< '321f T

The total number density of all relativistic species,
taking for the average energy of particles

(E)- 3T (242)

is given by

n = E—==001. k™. )%t—%:

r 3KT iG

%
=5. 1031cm'31<%[1—t§] (243)

The thermodynamic equilibrium is established in
any system, if the rate of processes, maintaining the
equilibrium, exceeds the rate of the variation of the pa-
rameters of the system, such as its density, temperature
etc.

In the expanding Universe the latter rate coincides
with the rate of expansion.

If the time scale of the physical process exceeds the
cosmological time scale, the system goes out of the equi-
librium relative to the considered process.

The question on the going out of the equilibrium is
one of the most important questions of the physical cos-
mology. So let us considerit in more details.

If the system contains several types of different
particles, and there exist transitions between the particles
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of different type, the equilibrium distribution is estab-
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lished under the constant conditions. This distribution
further does not change with time.

If the parameters of the system change more rap-
idly, than the most rapid process, leading to the creation
of particles of given type or to their annihilation, the par-
ticles of this type go out of the equilibrium with other
particles.

Consider the particular case of creation and annihi-
lation of particle-antiparticle pairs.

The charged particle has the antiparticle. Particle
and antiparticle can annihilate. Pairs of the considered
particle and antiparticle can be created in the collisions of
other particles. Non-pair creation or annihilation of the
particles is also possible in the interactions with the other
particles.

In particular, when the most rapid is the process of
pair annihilation, the particles go out of the equilibrium
when the characteristic time of annihilation - exceeds the
cosmological time scale t i.e. when

>t . (244)
For particles and antiparticles with the concentra-

tion
np = nﬂ =nNn (245)

and relative velocity v the characteristic time of the
process of their annihilation with the cross section (I is

1= (ncrvr- (246)

If

't >t
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the further change of the particle concentration is deter-
mined only by the expansion of the Universe. In this case
the freezing out of the considered particles takes place.

Decoupling of weakly interacting particles repre-
sents the specific case of the particle freezing out. Here
t has the meaning of the characteristic time of the parti-
cle interaction with the other particle, so that n is the
concentration of other particles and (crv) is the rate of
their interaction with the weakly interacting particles.

In the process of decoupling at

t-t- {247)

the equilibrium distribution of weakly interacting parti-
cles does not change, and in the successive adiabatic ex-
pansion the gas of decoupled particles follows the equilib-
rium distribution until the particles become nonrelativis-
tic at

T-m, (248)

where m is the mass of these particles.

In the old Big Bang scenario, the physical motiva-
tion for the simple thermodynamically equilibrium picture
of the very early Universe.was based on the fact that
among the known particles only nucleons, electrons, pho-
tons and neutrino are of the cosmological significance.
The hundreds of all other particles, mentioned in Tables
of particle properties, are unstable.

In particle physics, unstable particles (e.g. reso-
nances) have the lifetime of the order of

t(wh {249)

and even the so-called "metastable” particles, being very
long-living relative to the particle physics time scale
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lished under the const [ B ] ns. This distribution
T>> ,

mc?

are very short-living relative to the cosmological time
scale for the particles with the mass m, that corresponds
to the cosmological time, when T - m, and is given by

- (%) ()
¢ m me? )’ (251)

In the cosmology it is reasonable to consider only
stable known particles. The list of these particles is virtu-
ally exhausted by photons, electrons and positrons, nucle-
ons and antinucleons, neutrino and antineutrino.

The cosmological effect of all other known particles
is reduced to some slight quantitative modificationsin the
relativistic equation of state (208) of the very early Uni-
verse. Only exponentially large set of such particles could
cause significant influence on the cosmological evolution,
for instance, the existence of the maximal Hagedorn tem-
perature, but the development of the quark model and
guantum chromodynamics found no physical grounds for
these possibilities.

To the end of the first second of expansion the net
result of the very early Universe in the old Big Bang sce-
nario was practically reduced to the conditions of the
equilibrium for the gas of photons, electron-positron and
neutrino-antineutrino pairs and to the small but funda-
mentally important admixture of nucleons with the con-
centration of the order of

n, ~10°n, .

The period of the radiation-dominated stage
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t>1s {252)
corresponds to the temperature

T <1 MeV, {253)

at which natural conditions for the well studied in the
laboratories nuclear and atomic processes should take
place.

The evident difference in cosmological and labora-
tory conditions for these processes is the very low density
of matter in the Big Bang Universe.

One finds from Eqgs. (199), (202) and (243) that the
baryon number density is

b = 3.8 .1028em'3nb(1t3J% {254)

that virtually correspondsto the conditions of laboratory
vacuum

nb < 3.8-10*°cm-® {255)
at
t>10%s (256)
and
€2, -0l1. (257)

It explains the specifics of particle, nuclear and
atomic processes in the Big Bang Universe.
During the period



THE HIDDEN PARAMETERS OF THE MODERN COSMOLOGY 117

t-0.1+1s (258)
corresponding to the temperature
T-3+1MeV, (259)

the time scale of reactions of weak interaction begin to
exceed the cosmological time scale, so that neutrino de-
couple from other particles.

It results in the existence of the thermal neutrino
background with the concentration determined by the
equilibrium conditions in the period of decoupling.

At the temperature T, the relativistic gas of neu-
trino-antineutrino pairs has the number density

n—=2I

exp( kTJ +1 (::;3 (260)

In the same conditions the number density of pho-
tons is determined by the Planck distribution and is given
by

WA Ek (2] (261)
n"' exp( )—1

One can find simple analytical relationship between
the equilibrium number densities of neutrino-antineutrino
pairs and photons, using the following mathematical trick
(see Okun,1981).

The thermodynamic functions of relativistic gas of
fermion-antifermion-pairs are given by the integrals over
the Fermi-Dirac distribution.

The fermion number density is
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d’p
=, (262)
n, :gl‘] exp(ll(CT‘] +1 (2nn)

where gil is the statistical weight and the fermion energy

density for relativistic fermions
E pc
is equal to
1
€f=gfjpc.ex [E]+l d°
Pler P (263)
(2nk)

One can express nq and £4 in terms of the integrals over
the Fermi-Dirac distribution function:

n kT . pc
o (e b (fr (264)
and
kT c
g,:zg%z.(nc T -(kT)-Ist(ET) , (265)

where the integrals In.! are defined as

1000=J o) 400 (266)

In the same manner, the corresponding quantities
for relativistic Bose gas can be expressed in terms of the
integrals over the Bose-Einstein distribution as
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_gb KT I pe
nb = 2712 ( lie y® . 2 €
and kT (267)
- gb kT pe
b 21t2  lie S KT

where gb is the statistical weight of the considered bosons
and the integrals Inb are given by

oo = ()4 o (269)

o XP

The values of the integrals Int and Inb are tabulated,
but it turns out that their difference has very simple
analytical form.

Indeed, consider the difference

1 XN | XN
() nf() exp(x) +1 ¥

I x -1 x = exp(x) _:L-dx—O (270)

Since the integrals converge one has

b O _ 1 0 = !:'[exp(x) —1-exp(x) +1J ax =
~ 2.xn 1 I (2xt
S exp(2x) -1 = o L exp(2x) -1

n nb LI

'd(2x) =
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I (x)
(271)
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and, finally, we obtain the analytical formula relating the
integrals for relativistic fermions and bosons

1
I (x =[1——AJ-I x) .
Taking into account this relationship one can relate
the equilibrium number densities of photons and  pairs of
left-handed neutrinos and right-handed antineutrinos of
one type

n: = (]. '22)' n, = §ny _ (273)

and their equilibrium energy densities

1
s:v;=[1—2—a]-t:’r =

In the similar relationship between photons and
relativistic electron-positron pairs one should take into
account that the number of degrees of freedom in the gas
of photons (left- and right- handed states) is two times
smaller, than this number for the gas of electron-positron
pairs (left- and right handed electrons and positrons).

So the relativistic electron-positron pair equilibrium
number density is given by

n. = 2 (1'22)' n, = gny (275)

and their equilibrium energy density is equal to

£ (274)

Y

00| =a
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E_.=2.[1_%}-a,=£av. (276)

e e

During the period of neutrino decoupling, their
number density is related to the number density of pho-
tons in the equilibrium.

After decoupling at

t>10% (277)

when in the process of expansion the temperature falls
down to

T <100 keV, (278)

the equilibrium electron-positron pairs annihilate, thus
increasing the number density of photons without any
significant influence on the neutrino density.

One can use the conservation of the specific entropy
for calculation of the corresponding change in the
neutrino-to-photon ratio.

At the temperature

T-T,, (279)

just before neutrino decoupling, the equilibrium mixture
of photons and electron- positron pairs has the specific en-

tropy

oT! + 7 oT}

SY +S¢'e‘ zg‘—_—4—
P (280)

and the pairs of neutrino and antineutrino of the given
type have the specific entropy
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S-=4. oia . (281)
™ 3 8 Pt
At some lower temperature

T=T,, (282)

after the neutrino decoupling and the electron-positron
annihilation, the specific entropy of photons is equal to

T¢ 3
Y =i.c = =SY +S¢'e‘ =i.1_1.GTI
3 Po 3 4 p (283)
and the neutrino entropy is
S_ =4l obr=4.l o (284)
38 P 38 p,

where we separately used the conservation of entropy in
the photon-electron-positron mixture and in the decoupled
gas of neutrino-antineutrino pairs in the course of the
adiabatic expansion.

So, the neutrino-to-photon ratio decreases and one
obtains finally the Big Bang prediction for the modern
concentration of primordial gas of left-handed neutrino
and right-handed antineutrino of one type to be equal to

Ne=pr-=-N =N (285)

where the factor 4/11 accounts for the photon number
density increase due to electron-positron annihilation.
Another important consequence of neutrino decou-
pling when the weak reaction time scale exceeds the cos-
mological time scale is that the beta processes, in which
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protons transform into neutrons and neutrons transform
Into protons.

ven ep.
VeP e+n

ep ven.
en—-v,p, (286)

went out of the equilibrium.
At the temperature

kT < Amc* , (287)
where the mass difference of neutron and proton
Am,e* =mc® - m,c® =128 MeV , (288)

these reactions maintained the equilibrium ratio of neu-
tron and proton concentrations. given by

n [ Am.mp(.‘2 ]
— = exp| - .
p

kT (289)

When beta processes went out of the equilibrium.
this ratio was frozen out and should not change until

t-, -10 s (290)

when neutrons decay.
However. most of neutrons do not decay. because at
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t~10% s (291)
corresponding to the temperature
T-T, -10° keV (292)
they react with protons and form deuterium in the process
Nn+p D+y. (293)
At higher temperature
T>T,, {294)
the inverse reaction of photodesintegration
v+D n+p (295)
destroys all produced deuterium, but at
T<T, (296)

photodesintegration is not effective, and the produced
deuterium participates successive thermonuclear trans-
formations

D+D T+p T+D "He+n,
D+D°He+n ‘He+n T+p. (297)

As a result of these transformations, the so-called
"primordial chemical composition” is formed. Its main
components are hydrogen and helium-4, with weight frac-
tions about 75% and 25%, respectively. There is small
(- 10-6 - 10-4) fraction of deuterium and helium-3 and
much more smaller amount of lithium-7.
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The absence of stable nuclear states with the atomic
number

A=5
puts practically unachievable threshold for further nu-
clear transformations in Big Bang nucleosynthesis.
The primordial light element abundance play very

important role in our further discussion.
At the temperature

T.~4-10°K, {298)
corresponding to the period of the recombination
t,.~10" s, {299)

when electrons and protons form neutral atoms of hydro-
gen, photons cease to interact with the matter.
At the temperature

T,-3 " m -3 M., (300)
the density of the baryonic matter
r, = myn, (301)
exceeds the density of radiation
o, - 3Tn, (302)

The moment tm when the matter domination takes
place,
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P> P, (303)
is determined by the value
r, = Z—b =75-10°Q, (304)

Y

and is rather close to the period of recombination.
Thus, at the time

t>ty, ~t, (305)

the modern matter-dominated stage of the cosmological
evolution begins.

The gravitational instability of neutral gas evolves
on this stage. Small matter density fluctuations grow,
forming the observed structure of inhomogeneities, to
which belong galaxies, their clusters and superclusters,
stellar clusters, stars, etc.

The growth of density fluctuations lasts consider-
able time. Long after the moment tRD matter expands al-
most homogeneously, and the growth of inhomogeneities
is reduced to the growth of density contrasts between dif-
ferent regions.

Only relatively not long ago, at

t, 210" s, (306)

there were formed the first inhomogeneities, separated
from the general cosmological expansion.

Their successive evolution resulted in galaxy forma-
tion. Thermonuclear reactions in stars, being formed at
this stage, lead to heavy element formation. Star explo-
sions enrich interstellar medium by heavy elements. So, as
a result of stellar nucleosynthesis, the chemical elements,
which are important for the existence of the bodies
around us, as well as for our own existence, formed.
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Based on the physical laws, well proven in laborato-
ries, the old Big Bang scenario is physically self-
consistent. Moreover, its main predictions for decades
found qualitative confirmation in observations. The dis-
covery of black body background radiation, measurements
of the light element abundance seemed to confirm this
picture.

However, the development of particle theory and
the attempts to apply its predictionto cosmology initiated
the critical analysis of the old Big Bang model.

The process started in the late 70-th with the opti-
mistic hope to use GUT models for the explanation of the
observed baryon asymmetry of the Universe. The mecha-
nisms of baryosynthesis, based on the simple SU(5) GUT
model, were expected to find experimental proof in the
searches for proton decay.

In the early 80-th, the experimental claims on the
nonzero electron neutrino mass stimulated the develop-
ment of the theory of cosmological structure formation.
These trends seemed to find physical grounds in the
measurements of the neutrino mass.

And though neither the rapid proton decay, nor the
nonzero electron neutrino mass found experimental con-
firmation, the theoretical analysis of the cosmological
consequences of particle theory has uncovered the internal
inconsistency of the old Big Bang model.

The set of troubles, unrecoverable in the framework
of the old cosmological paradigm, was clarified in this
analysis, and this opened the way to the new paradigm —
the inflationary models with baryosynthesis and non-
baryonic dark matter.

The physical grounds of these models lose the possi-
bility of the direct experimental tests, and need special
methods for their probe. Development of physically self-
consistent cosmological models and complex test for their
physical grounds is the main task of cosmoparticle

physics.
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2. Inflational Cosmology with Baryosynthesis and Dark
Matter

It followed from the old Big Bang Scenariothat the
early cosmological evolution should have taken place at
superhigh temperatures. This conjecture made the condi-
tions in the very early Universe dependent on the laws of
superhigh-energy physics.

Our modern knowledge of these laws is based on the
predictions of particle theory. Thus, the development of
particle theory implies natural influence on the picture of
the very early Universe. In principle, all cosmologically
significant phenomena, predicted by particle theory, can
find their place in the history of the Universe.

Since the true theory of superhigh-energy physics is
not developed yet, we can only make some reasonable
guess on the phenomenathat should exist in cosmology.

The development of particle theory and its applica-
tion to the Big Bang model found at least three phenom-
ena, which are widely accepted as being necessary in the
Big Bang scenario both on esthetical and practical rea-
sons.

It led to the change of the cosmological paradigm.
The modern Big Bang model is now generally referred to
as the inflational scenario with baryosynthesis and dark
matter.

The development of this scenario offers the exciting
possibility to explain the main cosmological parameters by
physical mechanisms.

So, the choice of open, closed or flat cosmological
model is related to the mechanism of inflation. In the
simplest cases, this mechanism leads to the prediction of a
flat Universe with

n=1.
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The observed baryon-to-photon ratio is considered
as a result of baryosynthesis, defining the modern baryon
density.

The difference between the modern total and baryon
density is ascribed to the nonbaryonic dark matter. In the
simplest case, the dark matter density is determined by
the mass and the concentration of frozen out weakly in-
teracting particles.

The attractive idea to determine cosmological pa-
rameters through the parameters of particles and fields is
not the only advantage of the new paradigm. Inflation,
baryosynthesis and dark matter recover internal inconsis-
tencies of Big Bang cosmology.

However,- the price is the unknown physical grounds
and the wide variety of possible realisations on the base of
different approaches. Our hope to remove this ambiguities
is related to cosmoparticle physics.

Assuming that the inflational baryon-asymmetrical
cosmology with the nonbaryonic dark matter is more
realistic, than Gamow's original Big Bang scenario, one
faces the problem of observational evidences, specifying
the choice of the inflational model, the mechanism of
baryosynthesis and with the proper form of nonbaryonic
dark matter. We refer to this problem as to the problem
of hidden parameters of the modern cosmology.

In cosmoarheology, the hidden parameters specify
the properties of the Universe as the natural accelerator.
We should invoke the details of the considered cosmologi-
cal model to make our statements on the possible proper-
ties of hypothetical particles and fields self-consistent.

Of course, we may ignore the hidden parameters,
but some reasonable measure of the uncertainty of cos-
mological statements should be introduced in this case.

Let us consider now the esthetical and practical rea-
sons for the extension of the old Big Bang model, result-
ing in the modern cosmological paradigm. Taking into ac-
count the existence of numerous reviews and books (see,
c.f., the books by A. Linde, 1990; Kolb, Turner, 1990) we
can limit our discussion to brief review of these ideas,
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trivial ways for their test.

2.1. Magnetic Monopoles in the Old Big Bang Model

The existence of isolated magnetic poles — magnetic
monopoles - was discussed at almost every stage of the
development of the fundamental theory of magnetism.

C.0.Coulomb developed his magnetostatics on the
basis of exact symmetry between electric and magnetic
forces. He suggested that the long-range Coulomb forces
should exist between isolated magnetic charges.

This symmetry is violated in classical electrody-
namics, and magnetic properties are ascribed to the
motion of charged particles. But on the next step of de-
velopment — in the framework of quantum mechanics -
the symmetry between electricity and magnetism was
considered again.

P.A.M.Dirac (1931,1948) pointed out that the exis-
tence of magnetic monopoles with the magnetic charge

lie
» (307)
can explain the quantization of electric charge.

Similar ideas were put forward by J. Schwinger and
D.Mandelstam in the context of quantum field theory. In
this case, the elementary magnetic charge was found to be
two times larger than the Dirac's quantum-mechanical
value (307).

In 1974, t'Hooft and Polyakov showed that mag-
netic monopole solutions can appear in the gauge models
of electroweak interaction. However, such solution re-
quired the compact group of the unifying symmetry, in
which the electromagnetic U(1) symmetry is embedded.
That is not the case in the standard model of electroweak
interaction.
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The common feature of all these approaches to the
problem of magnetic monopoles was their exotic position
in the corresponding theoretical framework. Magnetic
monopoles were possible, appealing, but not inevitable
elements of electromagnetic theory.

Experiments, resulting in increasingly restrictive
upper limits on monopole concentration in the terrestrial
and lunar matter and in cosmic rays, as well as more and
more severe lower limits on the mass of monopole in ac-
celerator research, seem to disfavour the idea on the exis-
tence of magnetic monopoles.

The status of magnetic monopoles has changed dras-
tically in the framework of GUT models. In these models
the U(1) symmetry of electromagnetic interaction was em-
bedded in the compact group of GUT symmetry, making
the existence of magnetic monopoles with the Dirac mag-
netic charge (307) an inevitable topological consequence of
the GUT symmetry breaking. The predicted mass of such
monopoles is of order of

m-Le (308)
e
where A is the scale of GUT symmetry breaking.
For
A -10"° GeV (309)
the monopole mass is
m -10%® GeV (310)

what explains the negative results of accelerator searches
for monopoles.

Moreover, no possible artificial or natural source of
energetic particles in the known Universe can provide the
condition for production of particles with such a huge
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mass. Only the extrapolation to the earliest stages of the
cosmological expansion seem to find natural conditions for
magnetic monopole production.

According to the old Big Bang model any species of
particles with the mass m should be present in the equi-
librium at the temperature

T>m, (311)

provided that the particle interaction is sufficiently
strong to maintain the equilibrium. It means that the par-
ticle reaction rate (av) is large enough to satisfy the con-
dition (compare with the Eq. (220))

n(T)(av) > T, (312)

where n(T) is the particle number density at the tempera-
ture T and (compare with the Egs. (219) and (241))

T2
Mp,

I"..

is the rate of the cosmological expansion.
When the temperature falls down to

T<m, (313)

and the equilibrium condition (312) is valid, the particle
number density in the equilibrium is

n(T) = [%J%(m'r)% exp[— ;J . (314)

At the temperature
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T-1. (315)

when the rate of particle interaction is equal to the expan-
sion rate

n(Tpev) =r(T) . (316)

the particles go out of equilibrium. Their concentration
deviates from the equilibrium concentration (314). As a
result, the particles freeze out and their relative concen-
tration does not change any more.

The idea of particle freezing out is based on the
nonstationarity of the Universe.

Consider, for example, some stable charged particles
with their antiparticles being in the equilibrium at high
temperatures. Their equilibrium concentration is main-
tained by the processes of pair creation and annihilation.

When the temperature falls down in the course of
expansion, the pair production is suppressed and the
equilibrium concentration falls down exponentially fol-
lowing the law (314). The annihilation rate also decreases.
When the rate of expansion exceeds the annihilation rate
particles and antiparticles should freeze out.

On the basis of this picture, one may easily estimate
the primordial concentration of any species of stable par-
ticle.

In the case of monopoles, the conservation of mag-
netic charge implies their absolute stability. On the same
reason, the production of monopole should be accompanied
by the production of antimonopole with the opposite mag-
netic charge.

For monopoles in the early Universe, one can apply
the above arguments, assuming that at high temperatures
the monopole-antimonopole pairs were in the equilibrium.
With the decrease of the temperature, the rate of expan-
sion should exceed the rate of monopole-antimonopole an-
nihilation, that results in the frozen out concentration of
primordial magnetic monopoles.



134 COSMOPARTICLE PHYSICS

mass. Only the extrapolation to the earliest stages of the

with the mass m and the magnetic charge g , Domogatsky
and Zheleznykh (1969) calculated their Big Bang primor-
dial abundance and put constraints on these parameters
from the observational constraints on the concentration of

monopoles in the Universe.

However, in the case of the GUT magnetic mono-
poles, the calculation of primordial monopole abundance
should be seriously modified. The reason is that GUT
monopoles are not the ordinary particles, i.e. they are not
quanta of corresponding quantum fields, but appear as
topological defects as a result of the GUT symmetry
breaking. Let us consider on a simple example of a triplet
Higgs field the production of monopoles in the course of
GUT phase transition (Kibble, 1976, Khlopov, 1988).

Consider a triplet scalar field

® = (@), D,, Dy} (317)
with the Higgs potential, depending on
2
@ = @} + @] + D] (318)

and achieving the minimum at zero temperature for the
nonzero vacuum expectation value of the field

<|‘D|2> =K. (319)

At high temperature, thermal fluctuations change
the form of this potential, so that at

T>A (320)

its minimum corresponds to the vacuum expectation value
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(of) =0, (321)

and the symmetry is restored. In the successive expansion,
the temperature sinks below the critical value

T-Tr-A, (322)

at which the transition takes place to the phase with the
vacuum expectation value, given by Eq. (319) and corre-
sponding to the broken symmetry.

But the asymmetric vacuum is degenerate, since
any set of fields satisfying the condition

2
<|<b| ) =l + D+ D2 = A? (323)

corresponds to the minimum of the Higgs potential. In the
field space, the minimum is achieved on the sphere

O + @ + D = A* . (324)

The co-ordinates on this sphere may be defined by
two variables, < and €, being polar and azimuth angles.
Any value of < and € corresponds to the minimum of the
Higgs potential.

In the course of the phase transition, the vacuum
rearrangement takes place in the ordinary space. In each
spatial point the ground state, being the physical vacuum,
moves to the asymmetric phase, defined by Egs. (319)
and (323). However, the values of < and € are arbitrary
and their values may be different in the different spatial
points.

To minimise the effect of gradient terms in the
Lagrangian of the Higgs field
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L=(a,0) -v(ef',T), (325)

the values of cp(x) and S(x) should be slow varying over the
scales smaller than the correlation length

1
re- — - (326)

But along the paths, much longer than rc, large
variations of cp(x) and S(x) are possible, since these angle
variables are not correlated. If they change on 21t along
the closed path, the contraction of such a path leads to a
singular point with ambiguous value of ¢ and €.

To provide the continuity of the triplet field <> , one
should put zero vacuum expectation value in this singular
point and impose significant deviation of the Higgs poten-
tial from its minimal value within the distance of the or-
der of rc from this point. Thus significant energy density
IS concentrated around this singular point, resulting in
the formation of a massive object- monopole.

The object looks like a hedgehog. The gradients of
cp(x) and S(x) determine the strength of its magnetic field,
corresponding to magnetic charge +g. It may be easily
shown that the same argument leads to the formation of a
neighbouring hedgehog with the opposite magnetic
charge, -g. So the non-local creation of monopole-anti-
monopole pair takes place.

Note that the variation of cp(x) and S(x) corresponds
to the spatial variation in the definition of electrically
charged and neutral states. "Having combed the hedge-
hog", i.e. having chosen in the entire space the unique
definition of the charged and neutral states, one obtains
the Dirac (1931,1948) magnetic monopole solution with a
singular string of magnetic flux, going from the monopole
to infinity.
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The GUT symmetry is restored inside the GUT
monopole. In particular, the baryon charge is not con-
served in the monopole interior. It turns out that in the
singular field of magnetic monopole the proton decay

poeee’ (327)

is induced (Rubakov, 1981; KaHan, 1982) with the cross
section determined by the size of the proton as

cr-10-*8 cm? . (328)

The specific properties of GUT monopoles resulted
in the nontrivial picture of their cosmological evolution in
the old Big Bang model.

Before the GUT phase transition massive magnetic
monopoles simply do not exist, since the symmetry is re-
stored. They appear in the Universe after the phase tran-
sition both as point-like singularities, described above,
and as pairs due to the mechanism of pair production.

The latter can take place in the phase transition of
the second order. The mass of monopoles is determined by
the vacuum expectation value. At the temperature smaller
but near the temperature of the phase transition

T->T,~A

the vacuum expectation value, being the parameter of or-
dering, should follow the Curie-Weiss temperature de-
pendence. It results in the same temperature dependence
for the mass of magnetic monopoles given by

m(T) < \TZ - T (329)

near the critical temperature (Zeldovich, Khlopov, 1978).
However, the estimated frozen out concentration of
monopolesturns out to be independent on all these details
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as well as on the precise value of the initial monopole con-
centration. Provided that it is sufficiently high, say, as
high as it may be estimated for the topological mechanism
of the non-local monopole production (Preskill, 1979)

n —-LeAX? (330)
IC

the successive diffusion of monopoles to antimonopoles
and their annihilation washes out the information on the
initial monopole concentration (Zeldovich, Khlopov, 1978).

Following Zeldovich and Khlopov (1978) let us con-
sider the theory of monopole-antimonopole annihilation in
the early Universe.

The annihilation cross section is determined by the
Coulomb attraction of magnetic charges. At the tempera-
ture T the Coulomb attraction is significant at the dis-
tances

gz

rsr, —_—

T (331)

If the mean free path of monopoles relative to scat-
tering in plasma exceeds rg ,

A>> 1, {332)

The free monopole-antimonopole annihilation can be con-
sidered. In the opposite case

A< T, . (333)

the annihilation should be calculated in the diffusion ap-
proximation.

In any case, the initial concentration of monopoles
is by few orders of the magnitude smaller than the con-
centration of relativistic plasma particles, and the mean
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free path of monopoles is defined by their scattering on
the charged particles and is given by

1
R0 (334)

A =

_ The cross section of the monopole multiple scatter-
ing on 90° is given by

(ge)2

(Zeldovich, Khlopov, 1978; Preskill, 1979). We obtain
that the condition (333), under which the diffusion ap-
proximation is valid, is satisfied at

m Pl

t<t ~ ,
Sh T T (336)

that correspondsto the temperature

T >am -eA -eTcr (337)

where a is the fine structure constant and m is the mass
of monopole.

The rate of the monopole-antimonopole annihilation
can be found in the diffusion approximation by the con-
sideration of the diffusion of particles with magnetic
charge-g to the absorbing sphere with the radius

asr,
and with the magnetic charge +g.

The spherically symmetric diffusion equation has
the form
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I
on(i,t) =D. ! . j_r2[on(r,t) + L .n(r,t)] (338)
0 T-r

X or or

where the diffusion coefficient Dis given by
- %‘A.v. {339)

The solution of (338) for the stationary distribution

on=2o0
ot

of diffusing particles with the boundary conditions

and
n@@=o0
is given by
0, r<a
_| 1-exs(2-%)
n(r) = n, r 6) .. {340)
1- exp(— r—“]
a

For the diffusion flux one obtains
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q = 47tr D—— (2 1 47101, N (341)

and the monopole annihilation rate in the diffusion ap-
proximation is given by the expression

(d(ﬂm) = -n2m 470D, (342)
(not by

(d:tm) = -nnma’v (343)

ann

as it is the case for free monopoles).
With the account for (342), the equation for the
relative concentration of monopoles

where nr is the concentration of relativistic particles, has
the form

dv = -41tDryn V2 = “AS 2 (344)
dt r
where
A= Sm, (345)
3 e

and the dimensionless temperature is defined as
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T=— (347)

and taking into account
8(t) = B(t, )t /% = 8,1 %, (348)
one obtains the solution of the equation (344) in the form

v(ty)

M- 1+3 Ae?ﬁzo[r% - l]v(to) .
for
t, <t<t . (35())
The diffusion approximation is not valid after
t>tlg ¢’ Pl (351)

m

when the rate of free monopole annihilation is given by
the Eq. (343).

Following Zeldovich and Khlopov (1978), the quan-
tity a, which determines the free monopole annihilation
cross section, is the maximal impact parameter for which
the monopole motion turns out to be finite due to brem-
sstrahlung. It was found that the free monopole annihila-
tion practically does not change the result of the diffusion
annihilation. The concentration of primordial magnetic
monopoles is given by
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vt >> ) =v(t,) .

Finally, provided that the initial monopole concen-
tration satisfies the condition

Vo >>

— 352
4400, (352)

the primordial magnetic monopole concentration is inde-
pendent on the initial concentration and is given by

_n, m m

Vp =— = 5—;3 IO_Q[TJ .
n, g°(eg)my 10°GeV {353)

One easily finds from the Eq. (353) that for the
mass of magnetic monopole

m = 10" GeVv (354)

the primordial magnetic monopole concentration exceeds
the baryon number density

n n
LAY

m

noon (355)
so that the magnetic monopole density
Pm=m-n, {356)

should be by 16 orders of magnitude larger than the den-
sity of the baryon matter. To solve the problem of the
monopole overproduction, the inflational cosmological
models were suggested, where the initial monopole concen-
tration is strongly suppressed (see the next Section).
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Note that in general the question on the formation
and the evolution of the magnetic field structure in the
Universe is of special interest in the presence of magnetic
monopoles.

In particular, the mechanism of topological mono-
pole formation in the course of phase transition proceeds
so that first the monopole field is formed in space and
only then the monopole is localised as the singularity in
this field. It is clear that the local field, being formed in
the phase transition, does not have any initial orientation.
Thus, loops of magnetic field may be formed together
with monopoles and antimonopoles (Khlopov, 1988). The
self-consistent evolution of these primordial fields to-
gether with the monopole-antimonopole plasma has not
yet been studied.

2.2. Inflational Recovery of the Old Big Bang Model

Inflation is the necessary element of cosmological
picture. Inflational models explain, why the Universe ex-
pands. They provide solution for horizon, flatness, mag-
netic monopole, etc., problems (Guth,1981; Linde, 1984).
The solution is based on superluminous expansion, which
takes place in the case of the cosmological equation of
state

p <——;E_ (357)

Under the condition (357), the acceleration in the
cosmological equation (compare with Eq. (210))

1=-AB+3p) (358)

a

is positive and the formal solution for the law of expan-
sion is given by
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a(t) ocexp(d Hdt), (359)

where H is defined from the Eg. (209) as

(I=H=y3co- 50

Neither the matter, nor the radiation dominance
can lead to the equation of state with the negative pres-
sure. One needs some hypothetical phenomena to occur in
the very early Universe, inducing unstable negative pres-
sure stage of cosmological evolution.

The simplest possibility, mentioned by Sakharov
(1965) and Gliner (1965), was first considered by Gliner
(1970) and Gliner, Dymnikova (1975), who assumed the
initial state of the cosmological expansion to be maximally
symmetric in space-time. It corresponds to the De Sitter
vacuum equation of state given by

p = -e = -1\ = const . (361)

The time dependence of the scale factor is then
given by the exponential law

a(t) ocexp(Ht) (362)
with the Hubble constant H defined as

I8TGA
3¢t (363)

Bugrii and Trushevsky (1976) found the possibility
for the exponential stage of expansion in the hadron stage
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but the conditions they assumed were not supported by
the hadron physics based on QCD.

The conditions close to the equation of state (361)
were found by Starobinsky (1980) to appear in the early
Universe due to R2 effects induced by the true vacuum
polarisation of the classical gravitational field (Gurovich,
Starobinsky, 1979; see review in Zeldovich, 1980).

However, the general clear understanding that
inflation is necessary both for cosmology and particle
theory, came only after the work of Guth (1981). Inspired
by the solution of the cosmological GUT magnetic mono-
pole overproduction problem, this work has stipulated in
the transparent form the list of internal inconsistencies of
the old Big Bang model to be removed by inflation.

The old inflational scenario (Guth, 1981) assumed
the GUT strong first-order phase transition, so that it re-
sulted in the supercooling of the Universe in the phase
with the restored GUT symmetry.

At low temperature the Higgs potential is given by
the EQ.(57). The symmetric phase corresponds to the zero
vacuum expectation value of the Higgs field. Then the
Higgs potential is reduced to constant and its dominance
in the energy density leads to the equation of state (361).
Owing to the time dependence of the scale factor, given by
Eq. (362), the correlation radius grows exponentially that
results in the exponentially suppressed topological produc-
tion of magnetic monopoles.

After successive reheating of the Universe, the
temperature is much smaller than the temperature of GUT
phase transition, so that the monopole-antimonopole con-
centration due to the pair production is also exponentially
small.

Thus the inflational scenario results in the suppres-
sion of the initial concentration of magnetic monopoles,
that removes the problem of GUT monopole overproduc-
tion.

Exponential growth of the scale factor at the infla-
tional stage recovers several problems of the initial condi-
tions inherent to the old Big Bang model.
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The horizon problem is related to the remarkable
homogeneity of the Universe within the modern cosmo-
logical horizon originated from different initially causally
disconnected regions.

To illustrate the fantastic fine tuning of the initial
conditions that is needed in the old Big Bang model, let us
estimate the initial size of the region within the modern
cosmological horizon lh , which at present time tu is of
order of

l, =ct, ~10*® cm . (364)

In the old Big Bang model, the scale factor changes
inversely proportional to the temperature. Therefore one
finds, that, say, at the Planck time tpz, when the tem-
perature was equal to the Planck temperature Tpz , this
region should have the size

Ly (tm) =1, (tu) ’ =1, (tu) : ;:_; ~2.5-10" cm, (365)

where we take the modern temperature of the thermal
background radiation to be equal to

T, =27 K.
On the other hand, the size of causally connected

region at the Planck time is equal to the Planck length
(compare to Eq. (223))

I, =cty, =15-10"% cm . (366)

Hence, the observed homogeneity within the modern cos-
mological horizon should be provided by the fine tuning of
initial conditionsgiven in the
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8
- [M] ~3-10% (367)

lPl

different causally disconnected regions.

In the case of a non-flat Universe the horizon prob-
lem is strengthen by the flatness problem.

The existing ambiguity in the total cosmological
density allows the existence both the model with positive
and negative curvature, and with density within an order
of the magnitude around the critical density.

Such uncertainty in the modern density corresponds
to very fine tuning in the initial deviation from the flat
Universe.

The deviation from the critical density in the non-
flat Universeis inversely proportional to the square of the
scale factor. It means that the order of modern uncer-
tainty correspondsto the initial deviation from the criti-
cal density, which should be at the Planck time of the
order of

i) - 1. [.|.. J 0(10) ,:W-6S (369)

Thus, the analysis of the global properties of the
modern Universe (Guth, 1981) uncovered the extreme fine
tuning in the initial conditions for the non-flat Universe.
It should be close to the flat Universe with the accuracy,
given by the Eg. (368) in each one of more than 1087 dif-
ferent causally disconnected region.

One can easily find that the exponential growth of
the scale factor naturally removesboth problems.

Provided that thee-folding, defined as the power in
the exponent in Eq. (359) or (362), exceeds 72, the size of
the region, causally connected at the Planck time, grows
so that it embeds the size of the modern cosmological ho-
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rizon. It explains the similarity of the initial conditions
for the observed part of the modern Universe.

For the non-flat Universe, such e-folding provides
the exponential growth of the scale factor making the
contribution of the curvature effect in deviations from the
flat Universe compatible with the existing uncertainty in
the cosmological density.

It may be said (see, e.g., Zeldovich, Khlopov, 1984)
that the cosmological expansion itself is explained by in-
flation. The acceleration at the inflational stage (its posi-
tive sign in the Eq. (358) ) gives the initial momentum to
the expansion, i.e. it is that very Big Bang the Big Bang
Universe originated from.

However the appealing idea of inflation finds seri-
ous problems in cosmological and physical applications.

In the "old inflational model", the strong first-order
phase transition, driving inflation, results in the "boiling"
of the Universe. The dominance of the false vacuum fin-
ishes, when the bubbles of the true vacuum nucleate, ex-
pand and collide.

The energy release in bubble collisions leads to the
reheating of the Universe. But the thermalisation of this
energy needs the small size of bubbles, that correspondsto
rapid bubble nucleation.

On the other side, the e-folding, being necessary for
the explanation of the global properties of the modern
Universe, assumes sufficiently slow bubble nucleation.
The large size of bubbles in this case means that all
energy released in the phase transition transforms into
the kinetic energy of bubble walls. It leads to the large
empty space inside the true vacuum bubble which can be
hardly reheated after the bubble wall collisions. The Uni-
verse turns to be strongly inhomogeneous.

In the "new inflational scenario” (Linde, 1982;
Albrecht, Steinhardt, 1982; for review, see Linde, 1984,
1990), the transition from the inflational stage proceeds
due to slow rolling of the effective potential down to the
true vacuum state. This scenario removes the problem of
inhomogeneities induced by the bubble nucleation. But the
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fluctuations of the scalar field induce density fluctua-
tions. To provide sufficiently low amplitude of these den-
sity fluctuations, the effective potential should be very
flat at

(@) > 0.

It implies very slow rolling of the field from the
symmetric phase down to the true vacuum of the asym-
metric phase.

The same condition of slow rolling appears in the
chaotic inflation scenario (Linde,1984). The idea of this
scenario may be easily illustrated on the base of the clas-
sical scalar field theory (Zeldovich, Khlopov, 1984).

Consider the Lagrange theory of classical scalar
field

L=2(3,0) -V(9), (369)

DO | b

and assume for simplicity that the potential V(<p) has the
form

1
vV = = mepn2
and the considered free massive field is homogeneous
9 = <I>cos(mt) . (371)

According to the Lagrange field theory, the energy-
momentum tensor is given by

T = (0*0)(0"0) - 8"'L . (372)
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In the case of the field, given by the Eq. (371), that leads
to the energy density
(373)

and to the pressure

N 2mt) .
P m(pcos(m) (7)

One easily finds from Egs. (373) and (374) that the
equation of state of the scalar field at

1
t<<<- (375)
m
Is
P —E. (376)

The equation of state (376) appears at the initial
stage of cosmological evolution of any scalar field, pro-
vided that its derivative terms are negligible as compared
with the potential. On the basis of the chaotic inflation
scenario, a wide variety of possibilities seem to appear for
the inflaton, i.e., the field driving the inflation.

To make the proper choice between these possibili-
ties, or, at least, to make some reduction of their number,
additional traces of inflational mechanism should be con-
sidered. Let us stipulate here (Khlopov, 1996) the possible
tracers of inflational dynamics to be considered in more
details below.

Fluctuations on inflational stage induce the spec-
trum of initial density fluctuations, giving rise to galaxy
and large scale structure formation in respective scales.
The amplitude of these fluctuations is constrained by the
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observed isotropy of the thermal electromagnetic back-
ground radiation.

It rules out all inflational models with high ampli-
tude of predicted fluctuations, the most of GUT-induced
phase transition scenarios, in particular.

In the simplest models with the equation of state on
the inflational stage close to Eq. (376), the flat Harrison-
Zeldovich form of the spectrum is predicted. Then the es-
timated amplitude of initial fluctuations at the modern
scale of the cosmological large scale structure provides
some information on the possible properties of inflaton,
e.g. on the form and parameters of scalar field potential.

For more complicated inflational models, e.g., mul-
ticomponent inflation, the form of the predicted spectrum
of fluctuations can differ from the simple flat one.

Phase transitions on the inflational stage lead to
specific peaks or plateaux in the spectrum with the posi-
tion and amplitude defined by the parameters of the
model. One should also account for the phase transitions
after the global inflational stage, in which the initial
spectrum can be modified.

Both in R2 and scalar-field-driven (e.g., chaotic) in-
flational scenarios long dust-like post-inflational stage
appears, induced by coherent inflaton field oscillations.

For instance, in the case of massive homogeneous
non-interacting scalar field, considered above, one easily
finds that at the time t large as compared with the period
of the field oscillations

t >>% (377)

the pressure given by Eq. (374), averaged over the time
intervals much larger than the period of oscillations, is



THE HIDDEN PARAMETERS OF THE MODERN COSMOLOGY 153

(Ptmsl = /- m® ? cos(2mt)) 0. (378)

tm>>|

The duration of such stages defines the maximal
temperature of the Universe after reheating, when radia-
tion dominance stage begins. It also defines the specific
entropy of the Universe after reheating.

The initial density fluctuations grow on post-infla-
tional dust-like stage. The growth follows the general
law of development of gravitational instability on matter-
dominated stage in the expanding Universe and is given

by

% oC t% .
p (379)

If the ratio of cosmological time scales, corre-
sponding to the end t4 and the beginning ty of the dust-
like stage exceeds

b5 ,

t, (380)
where 0 is the amplitude of fluctuation, the corresponding
inhomogeneities are formed. Evolution of such inhomoge-
neities can lead to primordial black hole (PBH) formation.

The spectrum of PBHs reflects the scales, at which
inhomogeneities are formed, as well as the mechanism of
PBH formation.

The minimal probability of the PBH formation cor-
responds to the direct formation of PBHs in contraction
of a very small fraction of configurations, evolved from
specifically isotropic and homogeneous fluctuations.

The account for PBH formation, as a result of evo-
lution of the bulk of inhomogeneities, strongly increases
the number of expected PBHs.
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Peaks in the spectrum of density fluctuations, pro-
duced at inflational stage, can also induce the PBH forma-
tion even on radiation-dominant stage with the probability
exponentially dependent on the amplitude of fluctuation.

It makes primordial black holes as important tracer
of the inflational physics. We shall consider it in details
in Chapter 4.

To conclude, one can find different realisations for
the inflational stage.

The internal constraint on these realisations is put
by the condition of "the graceful transition from inflation
to Friedman expansion™. In strong first-order phase tran-
sitions such transition should follow bubble collisions, in
the slow rolling scenario the particle creation by coherent
field oscillations should take place. One may consider such
transition as the evaporation of the condensate of physical
particles (Dymnikova, Krawczyk, 1996; Dymnikova,
Khlopov, 1998).

The other important problem is the physical nature
of inflaton. The development of inflational models makes
more and more elusive the hidden sector of particle
theory, responsible for inflation. The condition of physical
self-consistency of inflational physics with the baryosyn-
thesis and the physics of dark matter may be important.
Af3 the solution the physical self-consistency of the initial
conditions is formulated (Dymnikova, Khlopov, 1998).

Note in conclusion that the different physical moti-
vations for inflation are in fact not alternative and may
be combined in the true cosmology of the very early Uni-
verse. However, one important property seems to be valid
in all inflational models.

The scale, corresponding to the maximal e-folding
given by inflation, puts the physical constraint on the
homogeneity of the Universe.

The other side of the inflational mechanism of the
homogeneity of the observed part of the Universe is the
inhomogeneity of the Universe far beyond the modern
cosmological horizon. In studies of the Universe as a
whole the physical mechanism offered as the basis for the
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homogeneous and isotropic cosmological model inevitably
leads to much more complicated cosmological picture.

2.3. Baryosynthesis.

The generally accepted motivation for the baryon-
asymmetric Universe is the observed absence of antimat-
ter at macroscopic scales up to the scales of clusters of
galaxies. In the baryon-asymmetric Universe, the observed
baryonic matter is originated from the initial baryon ex-
cess, surviving after the local nucleon-antinucleon anni-
hilation, that was taking place at the first millisecond of
cosmological evolution.

The baryon excess is assumed to be generated in the
process of baryogenesis (Sakharov, 1967; Kuzmin, 1970),
resulting in the baryon asymmetry of the initially baryon-
symmetrical Universe.

It turned out, that under some conditions virtually
all existing mechanisms of baryogenesis may lead to the
inhmogeneous baryosynthesis and even to the generation
of antibaryon excess in some places. So, inhomogeneities
of the baryon excess distribution, and even domains of an-
timatter in the baryon-asymmetric Universe can provide a
probe for the mechanism of baryogenesis.

In the original Sakharov's scenario (1967) of baryo-
synthesis, the baryon excess originated from the CP-
violating effects in out-of-equilibrium baryon-noncon-
serving processes.

To illustrate the idea of the Sakharov's mechanism
consider the baryon-symmetric Universe in which the out-
of -equilibrium decays of some particles X and of equal
amount of their antiparticles take place.

The baryon non-conservation in these decays means
that the products of decay along different channels have
different baryon number. Assume, for definiteness, that
there are two different decay modes of the particle X,
namely, the channel
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< qq, (381)
and the channel

><gl, (382)

where q and | denote quark (e.g. d quark) and charged lep-
ton. The corresponding channels for the antiparticle are

X —>qq (383)

and
X ql. (384)

Owing to CPT invariance, the total widths of parti-
cle and antiparticle are strictly equal. However, due to
CP-violation the relative probabilities, called branching
ratios or simply branchings, for particular decay modes of
particle and antiparticle do not coincide.

Let the total decay probability be equal to 1. The
relative probability of the decay (381) is

Br(X qq) =T, (385)
and the branching ratio for the channel (382) is
Br(Xqgl) =1-r. (386)

For the antiparticle, the branching ratio for the
channel (383) is

Br(Xx qq) =T (387)

and for the channel (384)
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Br(x qb)=1-r. (388)

~ With the account for baryon charges of quarks and
antiquarks

1 _ 1
B =+3. B =-3. (389)

one finds that as a result of the out-of-equilibrium
decays (381)-(384) in the baryon symmetric Universe with
the equal initial concentrations of particles and antiparti-
cles

Ny =Ny (390)
the baryon excess is generated, equal to
n,=(r-r)-ny . (391)

The magnitude of the baryon excess is determined
by the concentration of the decaying particles as well as
by the difference of branching ratios of respective modes
for particles and antiparticles. This difference is deter-
mined by the magnitude and the sign of the CP-violating
phase 4>,

If the magnitude and even the sign of 4J(x) varies in
space, in the regions, where the CP-violating phase 4J(x)
changes its sign, the same out-of-equilibrium baryon-non-
conserving processes leading to the baryon asymmetry, re-
sult in spatial dependence of the baryon density nb(x) and
even in the antibaryon excess

B(x) <0 . (392)
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The spatial dependence of is predicted in the
model of spontaneous CP violation or in models, where
CP-violating phase is associated with the amplitude of the
invisible axion field. The size and the amount of antimat-
ter in domains, generated in this case, is related to the
parameters of models of CP violation and/or of the
invisible axion (see review in Chechetkin et al, 1982;
Khlopov, Chechtkin, 1987; Khlopov, 1996) .

Supersymmetric (SUSY) extensions of GUT models
offer another possible origin of the baryon asymmetry of
the Universe. Recall (see Chapter 2) that the supersymme-
try puts ordinary quarks into correspondence with their
partners with zero spin. These scalar quarks are bosons
and can form the Bose condensate. Mfleck, Dine (1983)
and Linde (1983) found that the superpotential is flat
relative to the baryon charge, and the existence of scalar
guark condensate is not forbidden.

Such a condensate, being formed with the positive
baryon charge (B > 0), induces the baryon asymmetry, af-
ter the decay of scalar quarks on quarks and gluinos.
However, the mechanism does not fix the value and the
sign of the baryon charge of condensate, opening the pos-
sibilities for inhomogeneous baryon charge distribution as
well as for antibaryon domains.

It was already mentioned in Chapter 2, that at the
high temperature the standard model of -electroweak
(EW) interactions predicts baryon charge nonconservation.
This effect puts severe constraints on the GUT and SUSY
GUT mechanisms of baryosynthesis.

Electroweak non-conserving processes follow the
selection rule

B+L=0 (393)

and wash out any initial baryon asymmetry, which follows
the selection rule
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B-L=0. (394)

In particular, the electroweak baryon nonconserva-
tion (EW BNC) makes impossible to generate the observed
baryon asymmetry by the processes, predicted in the
SU(5) GUT model, since they obey the selection rule (394).

On the other hand, the EW BNC opens the new ap-
proach to baryosynthesis, because one can use it for the
generation of the observed baryon asymmetry.

It was found (Shaposhnikov, 1996) that one can not
generate the baryon excess sufficient to explain this
asymmetry in the framework of the minimal standard
model. The extensions of the standard model are necessary
to provide the mechanism for baryosynthesis based on EW
BNC. It proves the general statement that the physical
grounds for baryosynthesis are related to the hidden sec-
tor of particle theory.

Among the possible extensions of the standard
model needed for the baryosynthesis based on EW BNC,
an interesting possibility exists related with the physics of
the mass of neutrino. The Majorana mass of neutrino is
induced by the violation of lepton number with the
selection rule

Uu=2. (395)

CP violation in the out-of-equilibrium Ilepton-
number-non-conserving processes implied by neutrino
mass physics can lead to lepton excess, which is trans-
formed into baryon excess owing to EW BNC. Such sce-
nario is realised in the model of horizontal unification to
be discussed later in the present book.

Based on the extensions of the standard model, the
mechanisms of EW BNC baryosynthesis also imply the
possibility of antimatter domains, e.g., due to the sponta-
neous CP violation (Comelli et al, 1994).

Thus antimatter domains may appear in baryon
asymmetric Universe and may oe related to practically al
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the mechanisms of baryosynthesis, as well as to mecha-
nisms of CP violation and to possible mechanisms for pri-
mordial baryon charge inhomogeneity.

The size of domains depends on the details of the
respective mechanisms. With the account for inflation the
domains may be as large as the modern horizon, what is
the case for the models of the “island Universe™ (Dolgov
et al, 1987) with very large scale inhomogeneity of baryon
charge distribution.

The averaged effect of the domain structure is de-
termined by the relative amount of antimatter

n="~ra (396)
Per

where Pa is the cosmological density of antimatter aver-
aged over the large scales, and

_3H?
8nG

pcr

is the critical density, and by the mean size of domains I,
which are the characteristic scale of their spatial distribu-
tion or (for small domains) the time scale tann of their an-
nihilation with the surrounding matter.

One can consider antimatter domains as a profound
tracer of the origin of the matter in the baryon asymmet-
ric Universe.

2.4. Nonbaryonic dark matter.

The main arguments favouring nonbaryonic nature
of dark matter in the Universe are Big Bang nucleosyn-
thesis (BBN) in the inflational cosmology and the forma-
tion of large scale structure of the Universe in conditions
of the observed isotropy of relic radiation.
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Since the both lines will be discussed in details in
following chapters, let us consider briefly the troubles of
the old Big Bang model to be recovered by the hypothesis
of the nonbaryonic dark matter.

The first line of arguments comes from the predic-
tions of the theory of Big Bang nucleosynthesis. The rea-
sonable fit of this theory to the observed abundance of
light elements is obtained at the baryon density

nb s 0.1+ 0.2, (397)

whereas the total density, predicted by the simplest
variants of the inflational cosmology, corresponds to

Q. =1. (398)

One can ascribe the difference between the total and
the baryon density to the nonbaryonic dark matter.

The second type of arguments is that the formation
of the large scale structure is compatible with the ob-
served isotropy of thermal electromagnetic background
only if some weakly interacting form of matter triggers
the structure formation with the minor effect in the an-
gular distribution of relic radiation.

There are several scenarios of structure formation
by hot (HDM), cold (CDM), unstable (UDM), mixed
hot+cold (H+CDM), hierarchical decaying (HDS), etc.
dark matter.

These scenarios physically differ by the ways and
succession in which the elements of structure are formed,
as well as by the number of model parameters. But having
in mind the general independence of motivations for each
type of dark matter candidates, one finds from the parti-
cle physics viewpoint that the hot, cold, unstable, etc.
dark matter are not alternatives and rather supplementary
options to be taken together, accounting for the whole set
of reasonable physical arguments.
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Indeed, one considers the would be eV-(10eV)- neu-
trino mass as physical motivation for the hot dark matter
scenario. But, as we have seen in Chapter 2, massive
neutralinos, predicted in supersymmetric models, or in-
visible axions, following from the Peccei-Quinn solution
of the strong CP violation problem in QCD, being cold
dark matter candidates, are based on physical grounds,
which are in no way alternative to the physics of neutrino
mass.

So mixed hot+cold dark matter scenarios seem to be
physically more reasonable, than simple one-parameter
HDM or CDM models.

However, all these motivations do not correlate with
the problem of quark-lepton families, of the existence of
three types of neutrinos.

Physical mechanisms of family symmetry breaking
lead to new interactions, causing the massive neutrino in-
stability relative to the decay on lighter neutrinos and
light Goldstone boson, familon or singlet Majoron. Neu-
trino instability, intimately related to family symmetry
breaking, provides physical grounds for unstable dark
matter (UDM) scenarios (Doroshkevich, Khlopov, 1984;
Gelmini et al.,, 1984; Turner et al., 1984).

At the expense of the additional parameter, namely,
the lifetime of unstable particles, the UDM models remove
the contradiction between the data on the total density
within the inhomogeneities, estimated as

ninhm < 1., (399)

and the prediction of the inflational cosmology, given by
Eq. (398). In these models, the difference in N is ascribed
to the homogeneous background of decay products of un-
stable dark matter particles.

AB we shall discuss in Chapter 9 the UDM models
also recover the disadvantages of HDM scenarios, related
to quite rapid evolution of the structure after its forma-
tion.
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Owing to neutrino instability the large scale struc-
ture formed at red shifts corresponding to observed dis-
tant objects, survives after the decay of the most part of
the dark matter, having formed the structure.

The actual multicomponent content of dark matter
may be extremely richer, if one takes into account the hy-
pothesis of the mirror and shadow matter. As we men-
tioned in Chapter 2, this hypothesis recovers the equiva-
lence of left- and right- handed co-ordinate systems in
Kaluza-Klein and superstring models.

For instance, in the heterotic EgXE g string model
one have to account for the whole set of 248 matter fields
and their 248 interactions, arising from the shadow Eg
sector of this model.

Even the above far from complete list of options
poses the serious problem of the proper choice of the true
combination of various dark matter candidates in physi-
cally motivated multicomponent dark matter scenarios.

Thus, since physical grounds for all nonbaryonic
dark matter candidates lie outside the standard model and
lose the proper experimentally proven basis, we should
either to take into account all the possible ways to extend
the standard model, treating all the candidates as inde-
pendent, or to find a quantitatively definite way to esti-
mate their relative contribution.
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CHAPTER 4

COSMOARCHEOLOGY
OF THE VERY EARLY UNIVERSE

Following the new cosmological paradigm, one con-
siders the very early Universe as the period when infla-
tion, baryosynthesis and freezing out of dark matter par-
ticles has taken place. The uncertainty in the description
of these three phenomena leads to the ambiguity in the
very early history of the cosmological evolution.

To specify the picture of very early Universe, one
should specify the physical laws, underlying the processes
in this period. It needs special methods of linking the
observational data to the effects of superhigh-energy
physics, which governs the physical conditions in the very
early Universe. The whole complex of problems related to
elaboration of such methods is the subject of the part of
cosmoparticle physics called cosmoarcheology.

Cosmoarcheology considers the observational data
on the Universe as the data sample of the Gedanken

Experiment, undertaken to test the cosmological models
and particle theories, on which these models are based.

As to the cosmoarcheology of the very early Uni-
verse, the complexity of cosmoarcheological analysis is
multiplied by the model dependence of the cosmological
evolution.

To calculate the abundance of hypothetical particles
or to analyse the formation of hypothetical objects, one
has to make assumptions on the physical conditions in this
period. The physical processes, as well as the cosmological
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conditions follow from the hidden sector of particle theory
and should be treated self-consistently to obtain the
reliable estimation. It means that cosmological conse-
guences of the particle theory should be considered in the
framework of the cosmological model based on the same
particle theory.

In the framework of the inflational model with
baryosynthesis and nonbaryonic dark matter, the old Big
Bang model calculations of the freezing out of hypotheti-
cal particles or of the formation of topological defects in
cosmological phase transitions are model dependent and
lose their reliability.

However, we found in the previous Chapter the
tracers of the very early Universe, which are less model
dependent and are shared by different mechanisms of
inflation and baryosynthesis. They are primordial black
holes and antimatter domains, which we discuss in this
Chapter.

1. Primordial Black Holes as the Cosmoarcheological
Tool

1.1 Primordial Black Holes

According to the theory of gravitation, any object
with the mass M can form a black hole, if thismass is put
within its gravitational radius, given by

g =——=—. (400)

The existence of black holes, following from the
general relativity, was considered historically in the
framework of the Newton theory of gravitation.

Still in the early XIX century P.S. Laplace pointed
out, that the parabolic velocity may reach the speed of
light on the surface of supermassive stars, so that such
objects can exist but can not be observed.
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Laplace has deduced the above expression for the
gravitational radius rg assuming that the sum of the Ki-
netic energy of the particle of the light with the mass m
given by

and the potential energy of its gravitational attraction to
the body with the mass M, given by

E =-GMm

pot
r

is equal to zero", i.e. he found the value of the gravita-
tional radius from the equality

mc. _ GMm =0 (401)
2 r,

similar to one generally used to calculate the parabolic
velocity of material bodies.

Though the argument of Laplace was based on the
corpuscular theory of Ilight, the quantitative answer
turned out to be true even in general relativity.

Theoretical astrophysics considers black holes as the
final stage of natural evolution of stars with the mass,
exceeding few solar masses. For smaller objects, the natu-
ral physical conditions for their collapse into black holes
can hardly be arranged in the modern Universe.

However, as it was pointed out by Zeldovich and
Novikov, black holes with any mass, exceeding the Planck
mass, can, in principle, be formed in the early Universe,
since any mass within the cosmological horizon can natu-
rally form black hole, provided that expansionstops in the
considered region. Such black holes are called primordial
black holes (PBH).
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However, this general possibility to form primordial
black hole is highly improbable in the homogeneously ex-
panding Universe, since it assumes metric fluctuation of
the order of unity. In the case, when metric fluctuations
are given by the Gaussian distribution with the dispersion

(87) <1, (402)

the probability for a fluctuation of the order of unity is
given by the exponentially small tail of this distribution
with the high amplitude.

In the Universe with the equation of state

p =y’ (403)
where the numerical factor y lies in the interval
O<y<lI, (404)

the probability to form the black hole by the fluctuation
within the cosmological horizon is given by

2

Wopy = exp[— —Y—] .

2(8*)

So, the PBH spectrum exhibits exponentially strong
sensitivity to the amplitude of fluctuations.

In the inflationary cosmology, the spectrum of fluc-
tuations is constrained by the theory of the large-scale
structure formation and by the data on the isotropy of the
black body background radiation. It corresponds to the
scales varying from the scale of the modern large scale
structure to the scale of the modern cosmological horizon.
The PBH spectrum reflects the primordial inhomogeneity
at much smaller scales, thus offering the probe for the far
ultraviolet part of the primordial fluctuation spectrum.

(405)
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The case
y <<1 {406)

corresponds to the dust-like stage of cosmological evolu-
tion with the equation of state

p=0, {407)

and the estimation (405) is not valid, because using of
Eqg. (405) one formally finds the wrong answer that in the
limit

y O

the probability tends to unity.

Nevertheless, the detailed analysis of the
probability of the PBH formation at the dust-like stage
shows its strong enhancement, as compared to the case of
radiation-dominant stage. It makes the PBH spectrum the
sensitive probe for the existence of early dust-like stages
in the early Universe and for the physical mechanisms,
based on the particle theory and leading to such stages.

Another source of strong inhomogeneity in the
early Universe, which may also result in black hole forma-
tion, is related to the first-order phase transitions in the
early Universe.

The bubble nucleation gives rise to strongly inho-
mogeneous structure of bubble walls expanding in the
false vacuum, so that the latent energy, released in the
transition from false to true vacuum, converts into the
kinetic energy of these walls. Bubble collisions may con-
centrate the mass equivalent to this energy within the
gravitational radius, so that black holes are formed. It
makes the PBH spectrum to be a sensitive probe for the
character of phase transitions in the early Universe.

The important property of black holes is the inde-
pendence of their properties on the form of matter, from
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which they are formed. Therefore, the parameters of su-
perweakly interacting forms of matter, such as the
shadow matter, giving rise to the PBH formation, can also
be studied with the use of the PBH spectrum.

1.2. PBH Signatures of Dust-Like Stages in the Early
Universe

Regardless to their orlgm, dust-like stages in the
early Universe cause the development of gravitational in-
stability within the cosmological horizon. Similar to the
formation of the modern cosmological structure, the
growth of small initial density fluctuations should have
been resulted in the formation of inhomogeneities.

Though the size of inhomogeneities in the early
Universe can be as small as the size of atoms or even
nuclei, the classical theory of gravitational instability is
valid for the analysis of their evolution.

The mass distribution and the other properties of
gravitationally bound objects, formed at the dust-like
stage, depend both on the initial spectrum of fluctuations
in the considered scale and on the matter content.

The main point is that any such object is unstable
relative to gravitational instability and should inevitably
collapse into black hole. However, the time scale for the
loss of the gravitational stability strongly depends on the
evolution of the object, being determined by the mecha-
nisms of energy dissipation in this object.

One can specify two in principle different types of
objects: "galaxies™ and 'stars", which can be formed at
the dust-like stage and whose evolution can result in the
black hole formation.

As we know, in the modern Universe both stars and
galaxies are formed by the baryonic matter. However, the
baryonic matter in stars can lose energy by emission of
radiation. It induces very rapid stellar evolution as com-
pared to the cosmological time scale. The existing stellar
candidates to black holes are assumed to be the final stage
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of such evolution for stars with the mass, exceeding sev-
eral solar masses.

Stars in galaxies represent the collisionless gas. The
time scale of star collisionsis much larger than the age of
the Universe, and the evolution of galaxies takes much
more time, than the evolution of stars.

Active galactic nuclei are the second example of the
modern candidates to black holes. It is assumed that the
high concentration of stars in the central part of galaxies
provides their collapse into black holes with the masses of
the order of

M ~10° +10°M, . (408)

These analogies may be useful in the analysis of
possible inhomogeneities and their evolution on the dust-
like stages of the early Universe.

For definiteness and for the sake of simplicity let
us consider only one type of nonrelativistic matter in the
early Universe. In the case, when its density Pm exceeds

the density of relativistic particles Pr ,

Pm > Pr « (409)

one obtains the matter-dominant stage with the cosmo-
logical equation of state

p =0.

Starting from the beginning of the matter-
dominant stage at

t=t,, (410)

density fluctuations in the considered non-relativistic
matter grow within the cosmological horizon as
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P 4% (412)
p

If the initial amplitude of density fluctuations is
equal to

dp
F)=85,
p (t) (412)
at the time
t~t, =157 (413)

the amplitude density fluctuations grows up to

B -1 (414)

and the fluctuations form inhomogeneities, separated
from the general cosmological expansion. These inhomo-
geneities are the gravitationally bound systems of the con-
sidered non-relativistic matter.

The successive evolution of such gravitationally
bound systems are determined by the properties of the
non-relativistic matter forming the inhomogeneities.

Weakly interacting massive particles form gravita-
tionally bound systems of collision-less gas, being in the
respect to successive evolution similar to the galaxies,
composed by the collision-less gas of stars.

Energy dissipation in the gravitationally bound sys-
tem of weakly interacting massive particles is very slow
(Zeldovich, Poduretz, 1965). It is basically determined by
the long process of evaporation of particles, whose veloc-
ity exceeds the parabolic velocity of the system.
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In the case of particle binary collisions, the crude
estimate of the time scale of evolution of such a system
gives

e (415)

for the gravitationally bound system of N particles, where
for the system with the density pthe free fall time is

t" - (47tGpr (416)

Ac ording to Gurzadian and Savvidi (1987), the
evolution jme scale can be strongly enhanced due to col-
lective effects in the gas of collisionless particles, so that
for large N this time scale is of the order of

t, = N%t; . (417)

One finds that even in this case in the period, when
the objects are formed from small initial density perturba-
tions, the formation of black holes as a result of the evo-
lution of gravitationally bound systems of weakly inter-
acting particles lasts more than the cosmological time.

The latter time, being of the order of

t~ (G % (418)

where pis the cosmological density in the period, when
density fluctuation in the considered scale grows up to

8p-1"
p
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is of the order of the free fall time in the gravitationally
bound system formed from this fluctuation

t, - til . (419)
Since

tev >> tf - til " (420)

the duration of the dust-like stage should be sufficiently
long and it should finish at

t,>t, >t (421)

[ ev

to provide the formation of black holes in the result of the
evolution of gravitationally bound systems of weakly
interacting particles.

Nonrelativistic matter, coupled to relativistic
particles and radiation, forms gravitationally bound sys-
tems, whose evolution is defined by the energy dissipation
due to radiation, as it is the case for the usual matter in
ordinary stars.

With the use of this analogy, one can naturally
deduce, that the evolution time scale for such systems is
comparable with the cosmological time of their formation,
or even smaller, and as a result of this evolution primor-
dial black holes are copiously produced even for relatively
short periods of the matter dominance in the very early
Universe, provided that

te > tf 2 tw (422)

It turns out that the minimal estimation of the PBH
formation at early dust-like stages can be done
independent on the form of the nonrelativistic matter,
dominating in the early Universe.
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1.3. Direct PBH formation at dust-like stages

The idea of direct PBH formation at the dust-like
stage, first put forward by Khlopov and Polnarev (1980)
(see Polnarev, Khlopov, 1985; Chechetkin, Khlopov,
Sapozhnikov, 1982; Khlopov, Chechetkin, 1987 for re-
view), can be expressed as follows.

As we have mentioned above, the mass within the
cosmological horizon is just the mass within its gravita-
tional radius, provided that there is no expansion. The
original idea of Zeldovich and Novikov (1966) (see also
Novikov et al., 1979, and Polnarev, Khlopov, 1985 for re-
view) was to stop the relativistic expansion. In the case
of homogeneous and isotropic Universe, that corresponds
to exponentially small probability.

The other possibility is to consider the density fluc-
tuation at dust-like stage and to study the conditions
under which the growth of this fluctuation results in the
formation of sufficiently homogeneous and isotropic con-
figuration that contracts within its gravitational radius.

The direct PBH production means that after the
growth of the fluctuation to the order of unity and sepa-
ration from the cosmological expansion the configuration
contracts within its gravitational radius.

To the moment t, when the contraction starts the
configuration may be characterised by the following quan-
tities:

1) the mean density p, equal by the order of the magni-
tude to the mean cosmological density at the time ta ;
2) the size of the configurationri ;

3) the deviation from the spherical form s defined as

1, (423)

V1= Yshlve —¥s

§= max{'?l - 'Yzl’

where y,,Y,, y; define the deformation along the three
main orthogonal axes of the configuration;
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4) the inhomogeneity u of the density distribution inside
the configuration defined as

op,

u~—

Py (424)

The black hole formation as the result of contrac-
tion corresponds to the mean density

pH- 4 _ Pt , (425)
r, X

where

X=...1.. (426)

and rg is the gravitational radius of the considered con-
figuration with the mass M.

On the other hand, the maximal density, which may
be reached in the contraction of non-spherical configura-
tion is given by

Prax ™ 3 (427)

Eq. (427) follows from the estimation of the m.lru-
mal size of the configuration, which may be achieved as
the result of contraction, and is given by

rmin — Max{tc - Llv, LIr} , (428)

where tc is the time scale of contraction,
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Av < s- (429)

o+

is the characteristic difference of initial velocities of con-
traction along the different axes and

Ar < son, (430)

is the characteristic initial "flatness™ of the configuration.

One finds from Egs. (425) and (427) that in order to
form the black hole the configuration should be nearly
spherical symmetric,

s x <<1. (431)

For most configurations s > x , and the contraction
results in the formation of structures with small gravita-
tional potential. The specific features of these structures
depend on the properties of particles that participate in
their formation (see the preceding Section).

When the density approaches peH in the course of
contraction at the time tBH , the equation of state inside
the configuration can be relativistic,

€.

oo

p:

To provide the sufficient condition for the PBH forma-
tion, the pressure gradients should not exceed the gravita-
tional forces. That condition imposes the constraint on the
inhomogeneity of the configuration at the moment tBH :

GPQBI?H <1 (432)

If the massive particles represent the collisionless
gas, the equation of state may not change when the den-
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sity approaches peH- To provide the PBH formation in
this case, it is sufficient to assume that the configuration
contracts inside the gravitational radius before the time
tcaus, When caustics forms in the centre of the configura-
tion. The corresponding constraint has the form

tcaus > tBH - (433)

Indeed, if the condition (433) is not valid,
collisionless particles may pass the caustics and leave the
region inside the gravitational radius so that the PBH
may not form.

If to the moment tBH the configuration is frag-
mented onto weakly interacting "pieces” with the mass

LM << M,

the account for the wvelocity dispersion of these pieces
results in the condition of the PBH formation, also given
by Eq. (433).

The contraction of nearly spherical dust-like con-
figuration is described by the Tolmen solution. The analy-
sis (Khlopov, Polnarev, 1980; Polnarev, Khlopov, 1985) of
the Tolmen solution shows that both conditions (432) and
(433) are reduced to the same constraint on the inhomo-
geneity of the configuration at the momentH :

u< x% . (434)

The conditions of high  spherical symmetry and
homogeneity of the configuration given by Egs. (431) and
(434) provide the sufficient conditions of the direct PBH
formation.

Khlopov and Polnarev (1980,1981,1982, 1985) used
the following arguments to estimate the probability for
configuration to satisfy these conditions:
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1) In the case of the normal law of distribution of con-
figurations in the inhomogeneity ( u ) with the dispersion
of the order of unity, the probability of configuration
with the anomalously small inhomogeneity

U X%<<1

is determined by the phase space corresponding to such
configurations so that this probability is given by

3
W, ~u-~ . (435)

2) Before the tensor of deformations is transformed to the
principal axes, one should consider its six independent
components as random quantities. Therefore one should
take into account that the sphericity condition, given by
Eqg. (431) implies that five independent conditions should
be simultaneously satisfied.

Namely, one should impose three conditions that
the nondiagonal components are very small, and two con-
ditions that the three diagonal elements are very close to
each other.

Assuming that the probability for spherically sym-
metric configuration satisfying the condition (431) is also
determined by the phase space corresponding to configu-
rations with

S<X,

one finds that this probability should be proportional to
the fifth power of x :

W, - x°. (436)

It follows from Egs. (435) and (436) that the direct
production of black holes takes place on the dust-like
stage with the probability no less than
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1
Wey 2 W, W, ~x72, (437)

Eg. (437) determines the minimal fraction of
matter, which enters black holes of the mass M at the
dust-like stage in the period of the PBH formation.

The spectrum of mass of primordial black holes
formed by the direct mechanism at the early dust-like
stage can be related to the spectrum of density fluctua-
tions, which is formed in particular at the inflational
stage.

It can be shown (Khlopov, Polnarev, 1980) that for
the fluctuations which enter the cosmological horizon
before the beginning of the dust-like stage as well as for
the fluctuations which have not grown up to unity before
the end of this stage the PBH formation by the direct
mechanism is strongly suppressed. The direct mechanism
is effective only in the interval of PBH masses M

M, <M <M, . (438)

The minimal mass Mo is the mass within the

cosmological horizon at the beginning t, of the dust-like
stage and is equal to

Mo = 478, olto) 8 - mer . - (439)

Pl

The maximal mass is indirectly defined by the
condition that the fluctuation of the mass M, entering
the horizon with the initial amplitude o(M), grows up to
the amplitude of the order of unity just in the end of
the dust-like stage at the moment te . This condition
has the form
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t, ~ (M) [8(M,,, )]'% i (440)

In the interval given by Eqg. (438), the probability of
the direct PBH formation is no less than

Woae (M) 2 [3(M)] % . (441)

Note that the direct mechanism of BH formationis
universal because it does not depend on the form of non-
relativistic matter and on the period of its dominancein
the Universe.

However, its formal application to the modern Uni-
verse leads to very low minimal probability of the forma-
tion of black holes with the mass of the order of the mass
of galaxy superclusters.

On the other hand, this mechanisms provides the
universal model-independent probe for the inhomogeneity
on early dust-like stages. The sensitivity of this probe on
the basis of astrophysical data is strongly enhanced by the
analysis of the possible effects of the PBH evaporation.

1.4, PBH evaporation

The possibility of the black hole evaporation, first
discovered by Hawking (1975), is the most important
property of primordial black holes related to their possible
astrophysical effects in the Universe after the first second
of expansion.

The black hole with the mass M has the gravita-
tional radius, given by Eq. (400) which we rewrite here in
the units (230) as

r =2GM :“% (442)
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In the strong gravitational field near the black hole
particles can be created (Zeldovich, Starobinsky, 1976).

Therefore, the particle emission from the black hole
is possible due to quantum effects (Hawking, 1975).
The black hole emission is described as the emission from
the surface of a black body with the temperature TPBH

Torrr = =—r
PBH 4nr 8nM (443)

(Hawking, 1975; Page, 1981).
The luminosity of black hole is by the order of
magnitude equal to

dE 4.2 2 ”l:’
— ~T*rs ~ ro° o~ t
g

dt & (444)

The energy loss, determined by Eq. (444), means that the
black hole loses its mass with the rate

aM dE .
od—_2_ mpz (445)
dt dt M2

One can easily find from Eq. (445) that after the
time

t,-C: e (446)

mpz

the black hole with the mass M loses all its mass. It
means that the black hole evaporates.

With the account for all the numerical factors, the
time scale of the black hole evaporation is equal to
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t_ 710275 (M 5 (447)

(Hawking, 1975; Novikov et al., 1979; Hawking, 1976;
Page, 1976).

According to the theory of stellar evolution, black
holes should be formed in the result of evolution of stars
with the mass M exceedingat least two solar mass

M>2M, -

The time scale of evaporation of such black holes is
of the order of

to, ~ 10% years ,

and their evaporation can be neglected. But the masses of
primordial black holes may be much smaller than the
stellar masses. Virtually any value is possible for the PBH
masses down to the Planck mass mpz (Markov, 1965; 1966)
or even smaller than mpz (Zeldovich, 1981).

Primordial black holes with the mass, smaller than

M < Ma\rp - 1016 g ’ (448)

have the evaporation time smaller, than the age of the
Universe. Being formed in the very early Universe, such
black holes should have been completely evaporated to the
present time.

But the effects of their evaporation may lead to ob-
servational consequences, thus providing a definite test of
their existencein the past. Detailed discussion of PBHSs
and restrictions on their possible concentration in the
early Universe may be found in papers of Carr (1975),
Hawking (1974, 1975), Zeldovich, Starobinsky (1976),
Page, Hawking (1975), Novikov et al. (1979),in the re-
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views of Carr (1981), Polnarev, Khlopov (1985), Chechet-
kin et al. (1982), Khlopov, Polnarev (1982), Khlopov,
Naselsky, Polnarev (1985), Khlopov, Chechetkin (1987)
and in Refs. therein.

The fluxes of particles, produced in PBH evapora-
tion, may cause the same influence on the physical proc-
esses in the Universe as the products of decay of metasta-
ble particles. However, virtually all species with the mass

m < Ty »

predicted by the particle theory should be produced in the
PBH evaporation.

Irrespective to the values of their coupling con-
stants, the production rate of any species of particlesis
determined by thermodynamic equilibrium at the tempera-

ture TPBH-

Due to gravitational mechanism of particle produc-
tion, the evaporating black hole is the unique universal
source of all types of particles, existing in Nature, with
the mass, not exceeding TPBH-

2. Formation of Black Holes in the First-Order Phase
Transitions.

In the first-order phase transitions, the bubble walls
collisions can lead to the PBH formation (Hawking, Moss,
Stewart, 1982; Moss, 1994), provided that the kinetic en-
ergy of colliding bubbles is concentrated within its gravi-
tational radius. However, such concentration needs very
special conditions for the collision, say, simultaneous col-
lision of several walls, that strongly suppresses the
probability for the PBH formation.

Recently, a new mechanism of PBH production in
the collision of only two bubbles was suggested (Khlopov
et al.,, 1998; Konoplich et al., 1998)), thus making PBH
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spectrum to be a sensitive indicator for the cosmological
first-order phase transitions.

The simplest example of a field theory, leading to
the cosmological first-order phase transitions with bubble
creation, is a scalar field theory with two nondegenerate
vacuum states. The state with the lower energy is the true
vacuum and the higher-energy state corresponds to the
false vacuum.

Being stable on the classical level, the false vacuum
state decays due to quantum effects, that results in the
nucleation of the true-vacuum bubbles and their subse-
guent expansion within the region of the false vacuum.
The potential energy of the false vacuum is converted into
the Kkinetic energy of bubble walls thus making them
highly relativistic in a short time.

The bubble expands until it collides with another
one. As it was shown by Hawking, Moss, Stewart (1982)
and Moss (1994), black holes may be created directly in
the simultaneous collision of several bubbles. In papers by
Khlopov et al. (1998) and Konoplich et al. (1998) the
mechanism was found of BH formation in the collisions of
only two bubbles with a probability of the order of unity.
It induces the huge production of BH leading to substan-
tial cosmological consequences discussed below.

2.1. Field Configurations in Bubble Wall Collisions

Consider a field theory, in which the probability of
the false vacuum decay per unit volumeis equal to I' and
the energy difference of the false and true vacuum states

in the unit volumeis Pv:

The vacuum decay proceeds through the nucleation
of bubbles with the new phase separated walls initially at
rest. Following Hawking, Moss, Stewart (1982) and
Watkins, Widrow (1992), suppose for simplicity, that the
horizon size is much greater than the distance between the
bubbles. Due to conversion of the false vacuum energy
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into its Kkinetic energy the velocity of the bubble wall
grows rapidly up to the velocity of light,

v=C=1. (449)

Let us discuss the dynamics of the collision of two
bubbles being initially nucleated in points (rbtq) and

(ro,to) and expanding in the false vacuum region. The suc-
cessive stages of the process of are illustrated in Fig. 11.

ke F.V.
§ X

Fig.ll. Formation of the false vacuum bag in the collision
of two bubble walls.
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Just after the collision, mutual penetration of walls
at the distance, comparable with the wall width, is accom-
panied by the increase of the potential energy (Konoplich,
1980). Then the walls reflect and move backwards into the
region of the true vacuum (Fig. 11c).

The space between them is filled by the field in the
false vacuum state converting the kinetic energy of the
wall back to the energy of the false vacuum state and
slowing down the velocity of the walls.

Meanwhile the outer wall, that expandsand acceler-
ates outwards, absorbs the false vacuum in the outer area.
Evidently, there is some moment, depending on the pa-
rameters of the theory, when the central region of the
false vacuum is separated and a trapped false vacuum bag
(FVB) is formed.

It was shown by Hawking, Moss, Stewart (1982) and
Watkins, Widrow (1992), that the further evolution of
FVB consists of the following stages:

1) the FVB area grows up to the definite size DM until the
kinetic energy of its wall vanishes;

2) the false vacuum volume begins to shrink down to the
size D*, comparable with the width of the wall,

3) the volume expands again and then contracts again, so
that the increase of the false vacuum volume is followed
by its decrease and so on.

Such a process of periodical mutual interchange of
expansion and contraction, i.e. oscillation leads to the loss
of the FVB energy, transforming into fluctuations of the
classical scalar field. It was shown in papers by Watkins,
Widrow (1992) and Belova, Kudryavtzev (1988) that only
several oscillations take place.

On the other hand it is important that the secon-
dary oscillations might occur only if the minimal size of
the FVB appears to be larger than its gravitational radius,

D¥>r, . (450)

The opposite case
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D* <r, (451)

leads to the formation of black hole with the mass of the
FVB.

The main idea of the indirect mechanism of BH
formation in two-bubble collisions in the first-order phase
transitions is to consider the contraction of the false
vacuum bag down to its gravitational radius. As we will
show later, the probability of the BH formation in this
process is almost unity for a wide range of parameters of
theories, predicting the first-order phase transitions in
the Universe.

Note that the FVB does not possess spherical sym-
metry at the moment of its detachmentfrom outer walls
but the wall tension restores the symmetry during the
first contraction of FVB.

2.2. Gravitational Collapse of FVB and BH Formation

Consider now the conditions for the FVB transfor-
mation into a black hole in more details.

The mass M of FVB can be expressed in terms of
the parameters of considered theory and calculated in the
coordinate system K, in which the colliding bubbles were
nucleated simultaneously.

In this system, the radius of each bubble b is equal
at the first moment of collision to the half of the initial
distance between the centers of bubbles. Apparently, the
maximum size DM of the FVB is of the same order as the
size of a bubble, for it is the only length parameter at this
scale, and is equal to

DM = 2b'C. (452)

The parameter
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C-1 (453)

can be calculated for each theory, but its numerical value
does not affect the conclusions significantly.

One can find the mass of the FVB that is formed in
the collision of two bubbles of radius b':

4n
M =(C) e, (454)

This mass is contained in the shrinking area of the
false vacuum.

The minimal size of FVB D* is of the order of or
less than the wall width ..

The BH is created if the minimal size of FVB ap-
pears to be smaller than its gravitational radius. It means
that at least at the condition

A<r,=2GM (455)

the FVB should transform into BH.
As an example, consider a quite simple model with

the Lagrangian

1 2 A 2
L=§(auq>) —g(nb”—cbf,) +eD3(D + D) . (456)

In the thin wall approximation the wall width can
be expressed in terms of the parameters of Lagrangian as

follows:
= 2(V10,) - (457)

Using the condition Eq. (455), one can easily find that
FVB with the mass
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-1

M > (VrGo,) (458)

should transform into a black hole of the mass M.

Note that this conclusion is valid provided that FVB
is completely contained within the cosmological horizon,
namely, that the condition

My > (‘/IG‘DO)_I (459)

is valid.
At the moment of the phase transition, which may
be related to the scale of the symmetry breaking as

mPI (460)

<
0

the mass MH within the cosmological horizon is
mPI
M, "5 . {461)

Thus, for the potential (456) and with the condition

2
]
Mpy {462)

the black hole formation from the false vacuum bag is
possible.

It is easy to see that this conditionis valid for any
realistic model of particle theory.

Following Konoplich et al. (1998) consider now the
distribution of the mass M and the velocity v of black
holes formed in two-bubble collisions, assuming that their
masses satisfy the inequality (455). These quantities
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depend on coordinates and times of nucleation of the col-
liding bubbles so that one obtains the mass and the veloci-
ty of black hole as the functions of these parameters:

.M:Rdh—q

vty ~ 1) (463)
and

vty — 1) . (464)

v= v(|r2 -1

The probability dP of collision of two bubbles, which
have been nucleated at the distance r,-rq from each other

at the moments t, and t;, has the form

dP = dP,dP,dP. , (465)
where
dP, = Tdt,dr, (466)

is the probability of the bubble nucleation in the space-
time point with the coordinates (thrl)

dP, = Tdt,4nir, - r,[ djr, — ;| (467)

is the probability of the nucleation of the second bubble at
the distance

Ir, - x| = 2b (468)

from the first one. The integration over angles was per-
formed here assuming the space isotropy.
The factor
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P_=exp(-re) (469)

determines the probability that no other bubbles nucleate
in the 4-dimensional region €, in which the collision of
the two considered bubbles takes place.

In what follows, we consider the probability density
of the false vacuum decay I being a free parameter. The
region € will be calculated below.

After integration, assuming that the probability of
false vacuum decay does not depend on time, we obtain
(Konoplich et al., 1998)

‘f/—P = 32nl"? exp(-I'@)b’dt,dt,db . (470)

¢

Here Vc is the volume within the cosmological horizon at
the moment of the phase transition.

In the following we shall consider the K' system
mentioned above which moves with the velocity

(tl - tz)

D= .
2b (471)

Evidently, the velocity v is also the velocity of FVB and of
the black hole it forms. The radius of the colliding bubbles
is given by

b'= " 472)

where
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Using Egs. (454) and (470), it is easy to obtain the FVB
distribution in terms of new variables M, v, t, whereM s
the mass of FVB (or BH), that is formed in the bubble
collision, v is its velocity, and

(473)

is the first momentof the bubble contact. One finds that
this distribution has the form (Konoplichet al., 1998)

Vc dvdM 3 Cpv Cpv

The difficult problem of the exact determination of
the four-dimensional area e can be considered in the rea-
sonable approximation (Konoplich et al., 1998).

Namely, suppose that each bubble that has reached
the sphere with radius b' and with the center in the point
O (see Fig. 11b) at the moment of the first bubblescontact
t' prevents the creation of FVB. With this assumption the
area e can be determined quite easily and is given by

®= Tdr' d*r (' +r-b'—t') = g[(b'u')‘ - (b')“] . (475)

Here the parameter b' is connected with the mass M ac-
cording to the EQ. (454) and the time t' in the K' system
is equal to

t=yt. (476)

Therefore, after integration over t, the mass and the ve-
locity distributions of FVB have the form
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. dP =647t r2 M Y| M yva 477
VT dvdM 3tr expl- r( Cpv ] (va) anv 477
where
w A !
M
I= ;|:d1:exp —gfl[cpj +WJ (478)
and
L= d+v m_JYs (479)
pv

Let us compare the volume vbag containing one FVB
and the volume wvbubble of one bubble at the end of the
phase transition.

After numerical integration of (477) we obtain

%
Vi = Vi ~39T 74 (480)

On the other hand, the average volume per one bub-
ble is

V: :‘Ztu%r-% 40.r-%. (481)

bubble

where it was assumed, that the bubbles have the spherical
form. The expected equality

Viee = Voubble (482)

is fulfilled quite satisfactory to prove the above approxi-
mation.



COSMOARCHEOLOGY OF THE VERY EARLY UNIVERSE 195

Distribution (477) may be conveniently expressed in
terms of the dimensionless variable Il , defined as

"= (g FJ%[CTV ]% | (483)

In terms of this variable, this distribution has the form

Here
JU.LV) = jdlz exp(-1:5 | (485)
where _
o= p(l+y*(1+v)) . (486)

This distribution appears to be rather narrow: the
number of black holes with the mass 30 times greater
than the average one is suppressed by the factor of the

order of 10°.
The average value of the dimensionless "mass" is

117032 . (487)

Using of this value Konoplich et al. (1998) related the
average mass of the black hole and the average volume
containingit in the moment of the phase transition:
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(M) = 0.25Cu°p, (Vi) = 0.012Cp, (V) - (488)

Remind that the constant C here is the model
dependent value of the order of unity and its exact value
is not important for the further estimations.

2.3. First-Order Phase Transitions in the Early Universe

Inflational models, where inflation is finished by
the first order-phase transition, occupy a notified position
in the modern cosmology of the very early Universe (see
for example La, Steinhardt, 1989; Holman, Kolb, Wang,
1990; Holman et al., 1991; Adams, Freeze, 1991; Cope-
land et al., 1994; Occhionero, Amendola, 1994; Amendola
et al., 1996).

In particular, in the framework of such models it is
possible to consider the observed large-scale voids as rem-
nants of the primordial bubbles with the characteristic
size of several tens of Mpc (Occhionero, Amendola, 1994;
Amendola et al., 1996). A detailed analysis of cosmologi-
cal first-order phase transitions in the context of extended
inflation can be found in (Turner et al., 1992).

Hereafter we will concentrate our attention only on
the final moment of the inflational stage when the phase
transition is completed. Remind that the first-order phase
transition is considered as completed immediately after
the percolation regime in the true vacuum is established.
The establishment of such regime roughly takes place
when at least one bubble per unit Hubble volume is
nucleated. Accurate calculation (Turner et al.,, 1992)
shows that the first-order phase transition is completed if
the condition

4n( T
Q ?(FJ,“‘ =1 (489)
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is valid. Here I is the bubble nucleation rate, tend denotes
the time of the phase transition and H is the Hubble con-
stant in this period.

In the framework of the inflational models the true
vacuum fills all space in the result as the first-order phase
transition due to collisions of bubbles, nucleated at the fi-
nal moment of exponential expansion. The collisions bet-
ween such bubbles occur when their co-moving spatial di-
mension lis less or equal to the effective Hubble horizon

| < H-l (490)
at the transition epoch.
If we take
H, =100k km
s-Mpc
for the Universe with
n=1,

the co-moving size of these bubbles is approximately given
by

1 -10"h™ Mpec . (491)

It is generally believed that such bubbles are rapidly
thermalized leaving no trace in the distribution of matter
and radiation.

However, it has been shown in the previous Section
that for realistic parameters of the underlying field the-
ory the collisions between only two bubbles lead to
the black hole formation with the probability of the order
of unity. The mass of these black holes is given by
(see Eq. (488))
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MBH = Y1Mbub (492)
where

y, <107 (493)

and Mbub denotesthe mass that could be contained within
the bubble volume in the period of bubble collision, if the
energy density of bubble walls is completely thermalized.

The mechanism, suggested by Konoplich et al.
(1998) leads to a new possibility of the PBH formation at
the epoch of reheating in the inflational models, assuming
the first-order phase transition in the end of inflation.

In the previous discussion we have considered either
the process of PBH formation in the course of the evolu-
tion of small initial density perturbations at the post-
inflational dust-like stage, what can lead to rather large
probability but takes long time, or rapid PBH formation
from the Gaussian tails of the distribution of the fluctua-
tions, which is suppressed exponentially in the case of
small post-inflation initial perturbations.

Quite different situation takes place in the end of
the inflational stage, if the first-order phase transition
takes place.

Namely, in the percolation regime, the collisions
between the bubbles, having the size of the order of the
effective Hubble radius, lead to formation of black holes
with the masses

Mo=v 1My (494)

where Mendhor is the mass within the Hubble horizon at
the end of inflation. According to (488) the initial mass
fraction of such PBH is given by the relation:
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Po=Y,exp(-1). (495)
The suppression factor
P_ = exp(-1) (496)

causing slight difference with the expression in Eq. (488)
is connected with the condition, that no secondary bubble
nucleation takes place inside FVB, while it collapsesinto
black hole.

One can rewrite the expression for the PBH mass,
given by Eq. (494), in terms of inflationary energy scale
Hend in the form

2
Mo — IL me (497)

2 Hend

For example, let us take in Eq. (497) the estimation
for the inflationary scale

H, ~4:10°m, , (498)

which follows from the observations of the anisotropy of
the thermal electromagnetic background. One obtains
then, that the initial massfraction

B, =6-107° (499)

is contained in the Universe immediately after the first-
order phase transition in the form of PBH with the mass

M, 0.7 09. (500)

In the radiation-dominated stage, after reheating,
the relative contribution of these PBH into the total cos-
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If one supposes that the BH evaporation leaves a
that at the moment

tl ~ (BgHBnd)_l (501)

over 50% of the total density is contained in the primor-
dial black holes.

Since the PBH behave as the dust-like matter, from
the moment t, the equation of state of the Universe
should have the form

pr=0.

The PBH-dominated dust-like stage ends at the moment of
the complete evaporation of PBH at the moment:

= '(MO Jior (502)

g mpPI

where g is the effective number of degrees of freedom of
massless particles at this time.

In general, at the PBH-dominated stage black
holes with greater masses could be formed. However, the
probability of formation of such more massive PBH will
be negligibly small for non-ultraviolet spectra of density
fluctuations. In the case when the initial spectrum does
not grow to small scales, the amplitude of initial post-
inflation density perturbations does not exceed

b =105 . (503)

For such amplitude, the probability of the direct
black hole production at the dust-like stage is very small
and the evolutional process of PBH formation takes much
more time than the time scale of the initial small black
hole evaporation.
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There is a number of constraints on the maximum
allowed mass fraction of PBH, covering various ranges of
PBH mass (Zeldovich, Starobinsky, 1976; Naselsky, 1978;
Miyama, Sato, 1978; Lindley, 1980; Zeldovich et al.,
1977; Rothman, Matzner, 1981; MacGibbon, Carr, 1991;
Hawking, 1974; see for review Polnarev, Khlopov, 1985
and Khlopov et al.,, 1984). Based on the astrophysical
observations they use different signatures for the possible
existence of PBH and can be divided into two major
groups.

The first group of constraints is based on the analy-
sis of the effect of the Hawking PBH evaporation, and the
second uses the PBH gravitational effects only.

The PBH evaporation via thermal emission has
potentially observable astrophysical consequences. Obser-
vations have established limits on the maximum fraction
of PBH allowed during the period of their evaporation.
The PBH with mass

M, <5 10" g (504)

should evaporate before the present epoch.

For more massive PBH, the effect of evaporation is
not significant, and they should be present in the modern
Universe. The wuniversal constraint on their number
follows from the condition, that their density does not
exceed the upper limit on the total density. In the case of
simple inflational scenario that gives

Qpgyy <1 (505)

It is generally assumed, that the evaporation pro-
ceeds until the PBH completely vanishes (Hawking, 1974),
but there are various arguments against this assumption
(Markov, 1984; Zeldovich, 1981; Barrow et al., 1992;
Carr, Gilbert, 1994; Alexeyev, Pomazanov, 1997; Dym-
nikova, 1996).
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If one supposes that the BH evaporation leaves a
stable relic, normally assumed to have a mass of the order
of

m, = xmy, , (506)
where
k=1+10° (507)

one can derive the density of PBH relics from all PBH,
evaporated to the present moment.

In particular, one can estimate the density of PBH
relics from the small-mass PBH formed in the first-order
phase transition after inflation.

Since the probability of the formation of such PBH
was estimated to be large, they soon start to dominate in
the Universe and to realise the early dust-like stage of
their dominance, which is finished at the moment of PBH
evaporation. The mass fraction of the Universe going to
PBH evaporation relics is given by

%
Az
M, \ t, (508)
where t, is the period of evaporation of PBH with the
mass Mg , and the beginning of the modern stage of mat-

ter dominance is

t, =32-10"r"s . (509)

From the condition, that the matter dominance can
not start at
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t<t,, (510)

one finds (Konoplichet al., 1998) that the inequality
a, <1 (511)

must be valid. With the use of Egs. (497), (506) and (507)
one can express this condition as the following constraint:

%
H,, 0.6y, 1773 ’ -11 h%h
< <10 .
4 S 7

g7k (512)
On the other hand, the restriction

-8 ].Oug
M)<10% —=2
(M) < { M ] (513)

(Zeldovich, Starobinsky, 1976), obtained from the condi-
tion that the PBH evaporation does not lead to the over-
production of the entropy of the Universe, implies that
the evaporating PBH can represent the dominant fraction
of the cosmological density in the period of their forma-
tion only provided that their mass does not exceed 103 g .
In principle, it means that all observed entropy of the
Universe can be produced in the evaporation of small-mass
PBH. So PBH with the mass

M <10°% g (514)

could be produced in the very early Universe with the
probability of the order of unity without any contradic-
tion with the observations. Moreover, one can ascribe the
observed entropy of the Universe to the evaporation of
small-mass PBH.



204 COSMOPARTICLE PHYSICS

In terms of PBH, formed as the result of the first-
order phase transition at the end of inflation, the condi-
tion, that the observed entropy is the result of PBH
evaporation, implies the following lower limit on the in-
flation energy scale

Hew >107%y, .
Mo (515)

The two conditions, given by Egs. (512) and (515)
are incompatible, if the hypothesis on the existence of
stable relics of PBH evaporation is valid.

One may conclude, that it is difficult to make
compatible the existence of relics of BH evaporation and
the first-order phase transition at the end of inflation.
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CHAPTER 5

PRIMORDIAL PARTICLES AND THE THEORY OF BIG
BANG NUCLEOSYNTHESIS

1. New Particle Effects on Nucleosynthesis

The simplest way to use the observed abundance of
light elements for tests of particle theory is to estimate
the effect of hypothetical phenomena on the parameters of
the theory of standard Big Bang nucleosynthesis (see
Chapter 3).

In such an approach, the effects of new particles are
reduced to parameters of Big Bang nucleosynthesis the-
ory, so that the restrictions on possible properties of such
particles follow from constraints on these parameters.

In order to restrict the parameters of Big Bang
nucleosynthesis, one compares the observed abundance of
light element, extrapolated to their primordial values,
with the results of detailed calculations by Wagoner,
Fowler, Hoyle (1967), Wagoner (1973) (see also Gamow,
1946; 1948; Hayashi, 1950; Alfer, Herman, 1953; Reeves
et al., 1973; Yahil, Baude, 1976; Yang et al., 1979; Olive
et al.,, 1981; Yang et al, 1984; Olive et al., 1990;
Schramm, Copi, 1996).

Let us consider the main assumptions, parameters
and results of these calculations.

Assumptions.
1. The expansion of the Universe is considered on the
basis of the metric theory of gravitation;
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2) There are no strong inhomogeneity and anisotropy
during the period of nucleosynthesis in the Universe
(On the effect of inhomogeneity on nucleosynthesis see:
Zeldovich, 1975; Scherrer, Applegate, Hogan, 1987,
Alcock, Fuller, Mathews, 1987; Fowler, Malaney, 1988;
Kurki-Suonio et al., 1990; Alcock et al., 1990. On ef-
fects of anisotropy see: Rothman, Matzer, 1984,
Yushkevich et al., 1985 and Refs. therein);

3) It is assumed, that there was a high-temperature stage
in the evolution of the Universe with the temperature

T>10" K. (516)

The  equilibrium  between nucleons,  neutrino-
antineutrino, electron-positron pairs and radiation
was established on such stage. In the course of succes-
sive expansion beta-processes went out of equilibrium
and the freezing of neutron to proton ratio takes
place.

4) All local processes of antinucleon annihilation had
been finished before the beginning of the period of
nucleosynthesis, and the effects of annihilation in
nucleosynthesis were negligible (On the effects of anni-
hilation, or non-equilibrium particles see below).

Parameters.
1) The baryon density Pb-

It is assumed, that cosmological expansion takes
adiabatically (see Chapter 3), so that the specificentropy

sh = T o= canst 517
- -0 _r -
P Tib (17)

(compare with Eg. (198)). If there was no additional
energy release, enlarging the number density of primor-
dial photons (with the exception of electron-positron pair
annihilation, being taken into account explicitly in calcu-
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lations) the value of sb is defined by the modern baryon to
photon ratio.

2) The parameter , determining the expansion rate at
the stage when

as follows

dv._a_ e ——
gr= @t 247tGp . (518)

Here a is the scale factor, and Pnis the cosmological den-
sity in the period of Big Bang nucleosynthesis, accounting
for all known types of particles (photons, electron-positron
pairs, neutrinos and antineutrinos) only. The baryon rela-
tive contribution into the total cosmological density does
not exceed

P <10
» (519)

If the parameter > 1, some new types of relativis-
tic particles should be present in the Universe. (Effects of
non-relativistic particles will be discussed further in this
Chapter).

Shvartsman (1969) first obtained general restriction
on the possible number of species of light weakly inter-
acting particles, i.e. on the value of from the results of
Big Bang nucleosynthesis. In particular, assuming, that
all such particles represent new types of neutrino; the
maximal possible value of imposes an upper limit on the
number of neutrino species. According to Shvartsman
(1969), this upper limit on the number of new neutrino
species was
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MW <8 + 10" (520)

giving no practical use for neutrino physics.

However, in successive papers (Steigman, Schramm,
Gunn, 1977; Yang et al, 1979; 1984) the limit was
reduced to

AN, <1, (521)

For long time, this number was the strongest restriction
on the number of neutrino species (Schramm, 1990).

Severe constraints, obtained in these papers, cor-
respond to the absence of new families of quarks and lep-
tons, except for the three families,

Vil

C t
S b

related to the three known types of light neutrinos ve , v-

and vt.

The existence of extra families does not contradict
this stringent limit, if the respective neutrinos are mas-
sive, since the contribution of heavy neutrinos or hypo-
thetical heavy stable neutral leptons with the mass

mv >> 1 MGV (522)

into the total density is small

£y (MRS )

P.o,
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due to annihilation of the bulk of this particles in the
period of their freezing out in the very early Universe at

T <m, (524)

(see review in: Dolgov, Zeldovich, 1981, and Chapter 3).

In this case, putting the cosmological limit together
with the measurements of the Z-boson width, one can
exclude the existence of new heavy neutrinos with the
mass, smaller than

m
m =3z (525)

where mz is the mass of Z-boson.

On the other hand, the upper limit on the value Of
imposes severe constraints on the particle models, pre-
dicting new types of light weakly interacting particles,
related to new fundamental symmetries, arising in such
models.

In the case of CP violation, the equivalence of left-
and right-handed co-ordinate systems can be restored only
due to the existence of invisible twins of the ordinary
particles — their mirror partners (Lee, Yang, 1956;
Kobzarev, Okun, Pomeranchuk, 1966; Okun, 1983).

Such particles should not have practically any inter-
actions, except for gravitational interaction, with the
ordinary particles, and their existence can be tested only
by their astrophysical effects (Blinnikov, Khlopov, 1982,
1983; Dubrovich, Khlopov, 1989; Khlopov et al., 1991).

In this model, mirror electrons, positrons, photons,
right-handed neutrinos and left-handed antineutrinos are
predicted with the masses coinciding with the masses of
corresponding ordinary particles, and they should be
present in the Universe with the same concentrations as
their ordinary twins.
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Thus, the model of mirror particles predicts

=.J2, (526)

what is equivalent to about eight additional types of
neutrinos.

It means that the restriction (Yang et al., 1979,
1984) excludes completely the possibility of exact
symmetry of ordinary and mirror matter in the Universe
(Carlson, Glashow, 1987). The room is left for asymmetry
in either mirror particle properties or in their cosmologi-
cal evolution. The former case corresponds to shadow
world with distinct difference of properties of ordinary
and shadow particles, as in the case of the Egx.Eg' super-
string model. The latter can take place for asymmetric
mechanisms of inflation, suppressing the relative contri-
bution of mirror particles into the cosmological density.

Note, however, that the severe constraints on the
value of follow from the comparison of predictions of
Big Bang nucleosynthesis and the extrapolation of the
observed abundance of light elements to their primordial
values. The critical analysis of the observational data,
given in Chapter 3, makes us to be more cautious, than it
is usually accepted in the literature, concerning possible
ambiguities and model dependence in such extrapolation.

The frozen neutron-to-proton ratio njp is deter-
mined from the comparison of rates of expansion and
beta-processes. In particular, the cross section of beta-
reactions

v, —>ep,

ver €in”
ep ven'

e'n - ;ep (527)
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is determined by the value of the weak transition matrix
element, extracted from the data on the lifetime of
neutrons.

In the calculations of Wagoner (1973), Wagoner,
Fowler, Hoyle (1976), Yang et al. (1979, 1984), the free
neutron lifetime relative to beta-decay was taken equal to

=22 (528)

where the constant C took into account for the ambiguity
in the experimental value of neutron lifetime.

Neutrino degeneracy in the period of nucleosynthe-
sis (Yahil, Baude, 1976; Linde, 1979; Salam, 1981), CP
violation effects in non-equilibrium neutrino oscillations
to sterile neutrino states (Khlopov, Petcov, 1981; see
below), the presence of non-equilibrium neutrino fluxes
(Weiner, Naselsky, 1977; Dolgov, Kirilova, 1987) can
influence the rate of beta-processes.

In the standard model of Big Bang nucleosynthesis,
it is assumed that

c= =1, (529)

and  the annihilation of electron-positron pairs is
considered as the only source of energy release after
nucleosynthesis.

Results.

The analysis (see, e.g., review by Khlopov,
Chechethkin, 1987) of the dependence of light element
abundance, predicted in the standard model with the
parameters given by Eqg. (529), on the baryon density Pb
shows that the deuterium concentration is most sensitive
to the value of Pb- The greater is Pb , the stronger is deu-
terium depletion due to its burning.
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Thus, significant deficit of deuterium abundance
X nth is predicted for

p >10-30 | (530)

as compared with the observed average value of this
abundance Xnth,

X8 <X ~10"°+107 . (531)

The qualitative physical explanation of this result,
which belongs to Ya.B.Zeldovich (private communication),
is as follows.

In the chain of reactions of nucleosynthesis after
the deuterium production in the reaction (see Chapter 3)

n+p—o>D+y,
the most part of it convertsinto tritium in the reaction
D+D T+p.

Therefore, the main process of deuterium burning is
the reaction (see Eq. (297))

D+T "He+n,

in which the relative concentration of deuterium is
reduced according to the kinetic equation

dX,
dt

= -X,X,(n,0v) . (532)
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Since at sufficiently large baryon densities
Pb > 0-31 le& (533

the relative concentration of tritium Xr is virtually inde-
pendent on baryon density, the frozen out concentration
of deuterium depends exponentially on the baryon density:

>oc exp(-Anb) . (534)

On the other hand, “4He abundance has significant
dependence on Ph at very small baryon densities only. At

P <to8l I (535

the frozen n/p ratio is greater, than <n/p> in nuclei,
produced as the result of nucleosynthesis, due to decay of
the fraction of free neutrons.

The dependence of 4He abundance on S(or on the
number of neutrino species N v) was given in Chapter 3 for

Ph > t0-81.
em

The existence of the symmetric mirror world
corresponds to the weight concentration of 4He

yprim — 029 (536)

for

P >10-31 !
b Tm3
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If
Y, .. <0.25 (537)

in accordance with the most severe constraints, the
allowed value of the total number of light neutrino species
Nv can not exceed

N, <4. (538)

1.1. Restrictions on the Total Cosmological Density

According to the standard Big Bang model, the weak
beta-transitions, namely, the reactions

e'n < p;e (539)
at
T >1MeV (540)

maintain the equilibrium value of neutron-to-proton
concentration ratio

E):e(xl:lmnp I’ (541)

where lmnp is the difference of neutron and proton
masses.
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At
T <1 MeV {542)

the rate of these transitions turns out to be smaller than
the rate of cosmological expansion. Relative concentration
of neutrons freezes out. The most part of neutrons goes
after successive nuclear reactions into 4He nuclei. Thus,
the 4He abundance is essentially determined by the value
of the frozen njp ratio and is very sensitive to the
conditions of njp freezingin the early Universe.

In the absence of significant electron neutrino (or
electron antineutrino) excess in the Universe in the period
of njp freezing, the rate of beta reactions is determined
only by the temperature T so that the corresponding time
scale is given by

2m2\1
t(n < p)= (n,ov) " = [ATS %} ,

{543)

where GF is the Fermi constant of weak interactions and
the numerical factor is equal to

A= 0.1.

At the given temperature, the expansion rate
depends on the equation of state. If this equation is
relativistic,

p=3}E

the expansion rate is determined by the total density of all
relativistic particles, that existed in the Universe in the
considered period. The total density should account for
the contribution of both known and unknown types of par-
ticles, and is equal to
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p=E%p, , (544)

where Pnis the density of all known types of particles.
The greater is , the higher is the expansion rate,

the earlier (at higher Tr) fulfils the condition of freezing
out

-c(np) =t (545)

leading to
TB
BGITF =¢—L-, (546)

Mmp,

where B is constant.
The greater is the frozen ratio

- exp[— Am""} , (547)

T

SRR

the more 4He is produced.
At

(548)

the predicted amount of 4He exceeds the amount of 4He,
observed in the modem Universe. It provides upper limit
on the allowed contribution of light weakly interacting
particles into the cosmological density in the period of njp
freezing out (Shvartsman, 1969).

Restriction of the concentration of primordial 4He
by the value (Steigman et al., 1977; Olive et al., 1979;
Ellis et al.,, 1986; Schramm, Copi, 1996) (compare with
the Eq. (537))
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Yprim 25% (549)

rules out the existence of even one extra type of light two-
component neutrino with the ordinary weak interaction.
Because the restriction on the number of neutrino species
Is

N, <4

(see Eqg. (538)).

In this case, the right-handed neutrinos (left-
handed antineutrinos) can exist, provided that their cos-
mological abundance is significantly smaller, than the one
of the ordinary left-handed neutrinos (right-handed anti-
neutrinos). Such a suppression of concentration of the
right-handed neutrinos can take place, if their interaction
is much more weak, than the ordinary weak interaction,
so that decoupling of the right-handed neutrinos has taken
place earlier, than the ordinary neutrinos, at higher
temperature

T >100 MeV, (550)

when there were more relativistic species in the equilib-
rium with plasma and radiation (see Chapter 3).

The restriction on the primordial “He abundance,
given by Eq.(549), provides in this case an upper limit on
the cross section crR Of right-handed neutrino interaction

og ~ G, (551)

where GR is the dimensional constant of four-fermion

interaction of right-handed currents. _
Assuming that this interaction is mediated by cor-

responding gauge bosons, so that
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G« M7, (952)

the upper limit on the cross section of interaction of
right-handed currents, following from the upper limit on
4He abundance, corresponds to the lower limit on the
value of MR.

If

2
G, G,,[ﬁwJ , (553)

one obtains (Olive et al., 1979; Dolgov, 1981)
M, >10M, . (554)
Similar restriction
Mz >10Mz (555)

can be obtained for neutral current Z' interaction of right-
handed neutrinos, predicted in Eg x Eg superstring
models (Ellis et al., 1986).

In the realisation of the original idea of Shvartsman
(1969), such consideration can be applied to any form of
relativistic matter, predicted in the framework of particle
theory. For instance, Koikawa (1991) has considered the
contribution of gravitational waves, emitted by the cosmic
strings, into the cosmological density in the period of
nucleosynthesis and imposed constraint on the parameters
of cosmic strings.

Let us show now, that the observational upper limit
on the 4He abundance can also be used in order to lay on
restrictions on the possible properties of massive non-
relativistic particles, dominating in the early Universe
during the period of freezing out of n/p ratio.
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Consider particles with the mass m and relative fro-
zen out concentration

=

r=—1=
n, (556)
where nm and nr are the number densities of the frozen

out and the relativistic particles, respectively. The density
of considered particles Pm, given by

P, =mn, =rmn,, (557)

begins to exceed the density of relativistic particles Pr ,
which can be approximated as

p, ~3Tn, , (558)
at the temperature

T, ~irm (559)

2
o Doa (B, (560)

At
(561)

the frozen out non-relativistic particles dominate in the
Universe, and that correspondsto the dust-like stage with
the equation of state

p=0.
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On this stage the temperature decreases with time
as

t %
T= (—"J T, (562)

and time is related to the temperature as

t = mPl
8
%

(563)

If the njp ratiois frozen out at this stage at the
freezing temperature

T, <1, (564)
the inequality
T, >T, (565)

is valid, where the temperature Tn' defined as
T = (BGim, )7 ~
w = (BGimp,) 7® ~ 1 MeV (566)

with numerical constant J3, is the njp ratio freezing tem-
perature in the standard model with

=1.

Indeed, using Egs. (543), (545), (546) and (563), one
obtains
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u Y b
T; T,
T, = [B_Z_J - [F] T . (567)

With the account for Eqg. (564) one obtains from (567)
that the n/p ratio freezes out on p = 0 stage at higher
temperature Ttr than on p = s/3 stage in the standard
model without unknown particles, so that the corre-
sponding frozen ratio is higher.

Dicus et al. (1978) have studied the Kkinetics of
nuclear reactions, leading to the 4He formation on p = O
stage after n/p freezing out. It was shown, that the pre-
dicted 4He abundance exhibited no significant dependence
on the equation of state, being determined mainly by the
value of I',, (or frozen out n/p).

It is interesting, that according to Dicus et al.
(1978) and Polnarev and Khlopov (1982), for the fixed
modern baryon density the predicted deuterium abundance
is higher in the presence of p = 0 stage in the period of
nuclear reaction, corresponding to the time interval

1<t <10%s . (568)

The effect is enhanced in the presence of inhomoge-
neities (Zeldovich, 1975; Polnarev, Khlopov, 1982) to-
gether with some decrease of the #He abundance. So there
is no contradiction with the observed helium abundance,
provided that

T, <T,, (569)

and, consequently, the n/p ratio freezes out on p=s/3
stage under the condition
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T, =T, .

=T (570)

If hypothetical massive particles start to dominate
in the Universe before cosmological nucleosynthesis at the
temperature T ,, satisfyingthe inequality

T, > 2T, , (571)

the freezing out of the njp ratio on such stage with p = O
results in the predicted “He abundance, exceeding its
maximal observed value.

T,s
1'1 1
1 _ _ VI DD
5 | 2
I |
0.5 6 rm, MeV

Fig.12. Constraints on rm and t of heavy metastable
particles from observed (lines 1 and 2) and extrapolated
to primordial (line 1) helium abundance

Thus, the existence of massive particles does not
contradict the observational data on 4He abundance, if
either:

1) they start to dominate in the Universe at the tempera-
ture, To, satisfying the condition

T, < 2T, (572)
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that correspondsto the values of rm, given by
rm <6 MeV (573)

and constrained by line 1 on Fig.12,

or

2) the p = 0 stage of massive particle dominance has fin-
ished before freezing out of the njp ratio, i.e. the life-
time of massive particles relative to decay or to anni-
hilation in inhomogeneities, formed at p = O stage, did
not exceed 1 s. The respective constraint is given by
line 2 on Fig.12.

According to more restrictive condition Eq. (549)

Yprim 25% *

one gets much stronger limits, presented also on Fig.12
(dashed lines).

The observed 4He abundance provides the possibility
to constrain the contribution of any form of hypothetical
particles and fields at the first second of expansion. Such
contribution can not exceed the contribution of the known
particles (or even 1/6 of that), taken into account by the
old standard theory of Big Bang nucleosynthesis.

This restriction is universal. It takes into account
the energy density of new particles only. The correspond-
ing contribution into the total density leads to the higher
expansion rate and the higher temperature freezing of the
n/p ratio.

However, the effect of hypothetical particles on the
relationship between the rates of expansion and
-processes, resulting in the change of the frozen njp ra-
tio, can be induced not only by the increase of expansion
rate.

The existence of new particles, fields or phenomena
can give rise to a number of effects in the period of njp
freezing, influencing the rate of -processes. All these ef-



224 COSMOPARTICLE PHYSICS

fects, being different by their physical. nature, influence
directly the Kkinetics of nucleon reactions, changing the
value of the njp ratio.

1.2. The Shift of Equilibrium Rates of /)-processes

Let us considerfirst the effects, changing the equi-
librium rates of -processes.

The theory of Big Bang nucleosynthesis has ana-
lysed possible effects of nonzero chemical potential of
electron neutrinos on the rates of -reactions (Fowler,
1970; Steigman, 1979; Linde, 1979; Salam, 1981). The
dependence of 4He abundance on the value of this chemical
potential was determined in numerical calculations by
Yahil, Baude (1976) and Fowler (1970).

This dependence can be easily understood qualita-
tively (see Fig.13), because the nonzero chemical potential
fl corresponds to the suppression of either antineutrino, or
neutrino density, depending on the sign of excessive
lepton charge.

-10% 0 102 @

Fig.13. Large chemical potential of the electron neutrino
leads to the decrease of helium abundance for ¢ > 0 and to
the increase of this abundance at ¢p < O.

In the former case, the neutrino excess is present,
inducing the decrease of the frozen njp ratio. In the latter
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case, the antineutrino excess leads to the increase of this
ratio.

In the presence of chemical potential Il instead of
Eq.(541) one obtains the frozen value of njp ratio

n o [ Am,, ]
— xp — —_— (P .
p

T, (574)

Here the dimensionless parameter ¢ is introduced,
defined as

¢ = 575
- (575)

In the framework of GUT models, the existence of
lepton asymmetry by 8-10 orders of the magnitude larger,
than the baryon asymmetry, seems rather improbable
(Langacker, Pi, 1980; Kolb, Turner,1983). As a rule, in
these models the value of lepton asymmetry, being gener-
ated in the very early Universe together with the baryon
asymmetry, is of the same order of magnitude. Moreover,
if there was a period in the very early Universe, when
lepton non-conserving processes were in equilibrium, any
initial lepton asymmetry has been washed out.

At high temperatures, of the order and higher than
the electroweak scale, i.e. at

T=2m, ,

rapid processes due to nonperturbative electroweak effects
(see Chapter 3) become possible, in which lepton (L) and
baryon (B) numbers are not conserved separately, and
only the combination B - L is conserved (Kuzmin,
Shaposhnikov, 1985). These processes result in vanishing
of the sum B + L, so that the absolute value of the baryon
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asymmetry t:J3 should be equal to the value of the lepton
asymmetry!!.£.

Thus, on the basis of various theoretical arguments,
the observed t:J3seem to exclude large value of !'.£ in the
period of freezing out of the n/p ratio. However, having
in mind various possible modification of the scenario of
very early Universe, the question on the dependence of the
frozen njp ratio on the value of lepton charge of the
Universe still remains open.

Khlopov and Petcov (1981) have pointed out the
possibility, that significant difference in electron neutrino
and antineutrino concentrations can appear in the period
of n/p freezingout even for the zero lepton number of the
Universe.

The possibility is related to the existence of "sterile
states” of right-handed neutrinos (and left-handed anti-
neutrinos) and CP violation in non-equilibrium oscillations
of electron neutrino into left-handed sterile antineutrino

vV, & VL, (576)

and of electron antineutrino into right-handed sterile
neutrino

Ve € Vp . (577)

Owing to superweak interaction of sterile neutrino
with the ordinary particles, the concentration of sterile
neutrinos in the Universe should be much smaller, than
the concentration of ordinary neutrinos (see Chapter 3).
The same is true, if mirror particles exist, interacting
with the sterile neutrino states in the same manner as or-
dinary particles interact with ordinary neutrino, provided
that there is no symmetry in the distribution of mirror
and ordinary particles in the Universe.

Indeed, even if sterile neutrinos were in equilibrium
with the other particles, their decoupling should have
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taken place much earlier (at much higher temperatures),
than the decoupling of ordinary neutrinos due to much
weaker interaction of sterile neutrinos, as compared to the
ordinary weak interaction. Therefore, the decoupled
sterile neutrinos should have the smaller concentration,
than the ordinary neutrinos.

The concentration of sterile neutrinos should have
been even more smaller,if there was no period in the
very early Universe, when sterile neutrinos were in the
equilibrium with the rest of particles (Dolgov, 1980).

If neutrino have both Majorana and Dirac masses,
the oscillations between the ordinary and sterile neutrino
states given by Eq. (576)

vV, © VL
and by Eq. (577)
Ve © Vg

are possible, together with the oscillations of electron neu-
trino into ordinary left-handed neutrino

v, &V, (578)

and the oscillations of electron antineutrino into ordinary
right-handed antineutrinos

Ve €> VR (579)

If such transitions are "switched on™ before the or-
dinary left-handed neutrino (right-handed antineutrino)
decouple from radiation, there is an effective mechanism,
bringing sterile left-handed antineutrino (right-handed
neutrino) states into the thermodynamicequilibrium.
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It takes place, if the oscillation length Lose , being
for the bulk of neutrino at the temperature T of the order
of

Losc - Lz ’

dm (580)
where om2 is the square mass difference of neutrino mass
states, is smaller, than the mean free path | of ordinary
neutrinos in plasma, given by

1=(no,)" - (GT°) (581)

In Eg. (581), it is taken into account that at the
temperatures 1-100 MeV the main effect of neutrino
opacity is given by the neutrino interaction with relativis-
tic ordinary neutrino-antineutrino and electron-positron
gases, so that nz is the number density of these gases, be-
ing at the temperature T of the order of

n, ~T®, (582)

and c¢vz is the corresponding weak interaction cross
section

on —;T?. (583)
One obtains that the condition
L. <l {584)

takes place at T > 3MeV, provided that the square mass
difference for neutrino states with definite mass satisfies
the inequality
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dm? >10"eV? . (585)

The secondary decoupling of sterile neutrinos occurs
in this case, when the rate of weak left-handed neutrino
(right-handed antineutrino) interactions with plasma turns
out to be smaller than the rate of expansion. Sterile and
ordinary neutrinos decouple simultaneously from the
other particles. Hence the concentration of sterile neutri-
nos after their secondary decouplingturns out to be equal
to the concentration of ordinary neutrinos.

Note, that low-energy neutrinos with the energy

E, <<T (586)
begin to oscillate much earlier, than the condition

L, ~! (587)
is fulfilled for neutrino with

E -~-T.

However, low-energy neutrinos present a small frac-
tion of all neutrinos, since the maximum of their energy
distribution corresponds to

E, ~-3T. (588)

That is why in order to estimate the effect of oscil-
lations, it is reasonable to consider neutrinos with the en-
ergy near the maximum of the energy distribution. In this
case there can be doubling of neutrino species in the pe-
riod of freezing out of the n/p ratio due to equilibrium
oscillations between ordinary and sterile neutrino states.

In principle, the condition (587)
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L, ~1
should be corrected by the factor, taking into account the
amplitude of oscillations. However, Enqvist, Kanulainen
and Maalampi (1990) shown, that in the case of negative
square mass difference of neutrino mass states, lying in
the interval

-10%V < ém? <0 (589)

resonant transition of MSW type (Mikheev, Smirnov,
1985; 1986; Wolfenstein, 1978; 1979) should take place in
neutrino oscillations into sterile states. It should lead to
the doubling of neutrino species for a wide range of 8m2
and neutrino mixing angles, satisfying the condition

sin2e >10-4 . (590)

Combining the prediction on doubling of neutrino species
due to neutrino oscillations together with the stringent
restriction on the primordial 4He abundance

Y im S 25%
given by EQ.(549) one can exclude rather wide range of
possible values of 8m2 and neutrino mixing angles
(Dolgov, 1980; Enqvist, 1990).

Electron neutrino oscillations into sterile neutrino
states

vV, © VL

and

Ve © vp
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with the neutrino square mass difference, lying in the
interval

107" < dm? <10%eV? (591)
are "switched on" in the period

T -1 MeV (592)

that is just the period when the njp ratio freezesout.

In the case of more than two different neutrino spe-
cies phenomenology of neutrino oscillation (Bilenky et al.,
1980; Kobzarev et al.,1980) allows CP violation effects in
oscillations. Such effects can cause the difference in the
"switching on" of

vV, € VL
and

Ve €» Vp
oscillations. Thus, in the period of "switching on" of these
oscillations the significant excess of electron neutrino
over electron antineutrino (or vice verse) can appear, com-
parable with their total concentration.

Due to existence of such an excess, the relationship

between the rates of weak transitions

vl — €ep

and

vep > e'n
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is changed, resulting in significant change in the frozen
njp ratio. In the case when oscillations cause substantial
electron neutrino excess

n, >>n; (593)

the njp ratio decreases, whereasin the opposite case
n, <<n; (594)

this ratio increases.

So the observed 4He concentration can be used as a
sensitive indicator of CP violation in neutrino oscillations
with

10 < &m? <10%eV? .

Note, that the existence of such oscillations can
give rise to season variations of fluxes of monochromatic
electron neutrino from the Sun.

Even in the presence of a small magnetic moment Jlv
for neutrino with Dirac mass mv of the order of

i, ~ Gem, (595)

where GF is the Fermi constant, the existence of primor-
dial magnetic field

Bprtm > 4-10 °Gs 1+ z)z(l%vJ , (596)

where z is the red shift, provides helicity flips of neutrino
before they decouple from the cosmic plasma. Then the
concentrations of ordinary and sterile neutrino turn out to
be equal, what is excluded by "stringent” interpretation of



PARTICLES IN THE BIG BANG NUCLEOSYNTHESIS 233

the observational data on primordial 4He abundance
(Wasserman, Feinberg, 1980; Enquist et al., 1995).

The shift of the time moment of the njp ratio
freezing out can be induced by the time variation of fun-
damental constants due to effects of additional (compacti-
fied) dimensions.

In this case, the observed #He abundance puts an
upper limit on the rates of time variation of the radius of
compact dimensions and of fundamental constants, deter-
mining the rate of [) processes (Kolb et al., 1986).

1.3. Non-equilibrium particles and 4He abundance.

Possible existence of non-equilibrium particles in
the Universe in the period of Big Bang nucleosynthesis is
related to another class of effects influencing the value of
njp ratio.

So, Vainer and Naselsky (1977) have estimated the
change in the value of njp ratio due to interactions of
nucleons with energetic neutrinos from evaporating pri-
mordial black holes (PBH). It is easily seen, that interac-
tion of nucleons with equal fluxes of electron neutrino and
electron antineutrino from PBH, evaporating at

t <10%s

(on the PBH evaporation see Chapters 4 and 6), increases
the value of njp ratio. It provides restrictions on possible
neutrino fluxes and, consequently, on the concentration
of PBHSs, evaporating in this period.

The same argument can be used in order to restrict
the concentration of any hypothetical type of massive par-
ticles, for which neutrino are predicted among the
products of their decay at

t <10%s .
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Depending on the mass of particles with neutrino among
their decay products, the value of njp ratiocan be shifted
either to higher, or to lower values.

For energetic non-equilibrium neutrino n/p ratio
increases, since the interactions of energetic neutrino with
nucleons tend to make equal concentrations of neutrons
and protons

n-:1. (597)
p

The existence of hypothetical sources of non-
equilibrium neutrino with low energy

Ev< 5 MeV (598)

shifts down the value of the n/p ratiodue to threshold ef-
fects in weak reactions

v,n —ep,

vep > e'n (599)

in which the mass difference of neutron and proton and
the mass of electron should be taken into account (Dolgov,
Kirillova, 1987; Sato, 1987).

Note, that in the considered period

t <10%s

electron-positron pairs were in equilibrium with plasma
and radiation, and their concentration exceeds the concen-
tration of nucleons by 8-10 orders of magnitude.

Thus, due to neutrino and antineutrino scattering
on electrons and positrons, the Universe turns out to be
opaque for neutrinos with the energy
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E.>E, |OOM€V(,) (600)

and such energetic neutrinos can not virtually manage the
interaction with nucleons. Thus, the value of njp ratio can
be influenced by the weak interaction of neutrinos with
the energy, not exceeding

3 -|OOM€V(;.) , (601)

with nucleons.

It makes the “He abundance sensitive to such fluxes
of non-equilibrium neutrino, which are only by 1-2 orders
of magnitude less intensive, than the fluxes of equilib-
rium neutrino.

Relatively weak sensitivity of njp ratio to the
fluxes of non-equilibrium neutrino is related to the
weakness of neutrino-nucleon interaction. The sensitivity
should increase, if the sources of non-equilibrium particles
are predicted, that give rise to stronger interactions with
nucleons,.

Indeed, as it was shown by Zeldovich et al. (1977)
on the example of evaporating PBH, the existence of
sources of antinucleons in the Universe at

1<t <10s (602)

should lead to much more noticeable influence of such
sources on the value of n/p ratio.

In the case of primordial black hole evaporation, the
production of nucleon-antinucleon pairs can be considered.
The isotopic invariance of the process of PBH evaporation
leads to equal amount of neutron-antineutron and proton-
antiproton pairs, produced with the concentration
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Depending on the mass of particles with neutrino among

where the nucleon concentration n4 is proportional to the

relative contribution a(M) of PBHs into the total density
in the period of their evaporation

oM )p:ot

n, =T,

L Tesn (604)
Here ptot is the total density and TPBH is the temperature
of the PBH evaporation.

The production of equal amounts of neutrons and
protons in the considered period of cosmological evolution
leads to the growth of the value of njp ratio. After anti-
nucleon annihilation, the value of njp turns out to be
equal to

2=(£J
P \prj (605)

instead of the value, defined by its freezing out and
denoted as

L(EJ _ N
P \Pj Po (606)

We see that

)3
Pj/y Pothy Dy P (607)

It gives the strongest upper limit on the possible
concentration of PBHs, evaporating in the Universe
(Zeldovich et al., 1977) in the period (602)
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1<t <10%s

from the observed 4He abundance.
Same arguments give the strongest upper limit on
the possible value of the product rm for hypothetical

metastable particles with the mass m, having the frozen
relative concentration

n, (608)

and decaying in this period having nucleon-antinucleon
pairs among the products of their decay:

rm < 6.5eV % (1-Y,,) (1 +Y,,/2)" (Yo, - Ys) . (609)

N

Here Yobs is the observed abundance of 4He, the magnitude
Yois defined as

)
p), (610)

Qb is the relative cosmological baryon density and BN is
the fraction of nucleon-antinucleon pairs, produced inde-
cays of such particles. In Fig.14 the restriction (609) is
shown together with other restrictions, following from the
analysis of effects of hypothetical particles on the 4He
abundance.

In addition to CP—vioIating effects in neutrino os-
cillations, considered above, the *He abundance turns out
to be sensitive to another possible effect, related with
some mechanisms of CP violation, namely, with existence
of antimatter domains, predicted in baryon-asymmetrical
Universe in the models of inhomogeneous baryosynthesis,
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based, in particular, on the models with spatial variation
of CP, such as the models of spontaneous CP violation
(Chapter 3).

|
3 x|
L, ——- ==
|
l rm,eV
| | | N
5 510 610°

Fig.14. Constraints on metastable particles following from
effects of nucleon-antinucleon pairs on helium abundance
(line 3) in comparison with analogous constraints
from "thermodynamic™ effects (lines 1' and 1).

Since after local nucleon-antinucleon annihilation
further annihilation is possible only at the boundaries of
domains, the domain structure of the matter-antimatter
distribution provides conservation of significant amount
of antinucleons in the periods, when antinucleons should
be absent in the case of homogeneous matter-antimatter
mixing. The time scale of domain annihilation is deter-
mined by the size of domain. The greater is domain, the
greater is the time scale of its annihilation, and the
greater is the period, when antinucleons are retained in
the Universe.

The annihilation of antimatter domain in the period

1<t <10%s
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reduces the concentration of neutrons, because they dif-
fuse more effectively, than protons, to the boundary of
the matter domain (Steigman, 1976). As a result of such
annihilation the njp ratio decreases. The observed 4He
abundance imposes an upper limit on the averaged concen-
tration of antinucleons in the Universe, annihilating in
the considered period. The limit follows from the lower
estimation of the primordial He abundance.

Indeed, let N be the concentration of annihilated
antinucleons. The ratio njp is reduced due to neutron dif-
fusion to the boundary of domain and annihilation and af-
ter annihilation turns out to be equal to

n\] =no —N < no (611.)

G pe P

In this estimation, the difference of cross sections of
nucleon-antinucleon annihilation in the states with iso-
topic spin 0 and 1 was not taken into account. However,
this does not influence the result significantly.

The fraction of annihilated antinucleons

f . (612)
P

is constrained by the following inequality

f<lo [EJ . (613)
p

pD min

The evolution of antimatter domains was discussed
in the book by Zeldovich and Novikov (1975) and in the
reviews of Steigman (1976) and Chechetkin et al. (1982).
The new level of understanding of the problem of possible
existence of antimatter in the Universe as a profound sig-



240 COSMOPARTICLE PHYSICS

nature of the mechanism of matter generation is consid-
ered in the present book.

Thus, the observed “4He abundance provides non-
trivial restrictions on various effects of hypothetical par-
ticles and fields in the period of Big Bang nucleosynthesis,
corresponding to

1<t <10s .

In the next section we shall consider the observational
data on the- spectrum of the thermal electromagnetic
background radiation as the source of information on the
possible cosmological effects of the hidden sector of
particle theory.

2. Metastable Particles and the BBBR Spectrum

2.1 Distortion of the thermal background spectrum

As we have already mentioned, the data on the
thermal background spectrum provide important observa-
tional information on the possible physical conditions on
the RD stage, that supplementsthe information obtained
from the observed abundance of light elements. The data
from COBE satellite (Smoot, 1990) show, that the spec-
trum of relic radiation corresponds to the Planck distribu-
tion with the temperature

T =27K (614)

with the accuracy of some tenths of percent. It means,
that possible distortion of this thermal spectrum should
lie within these observational errors. According to
Zeldovich, Sunyaev (1969), Sunyaev, Zeldovich (1970),
this provide restrictions on the character of out-of-
equilibrium processes on the RD stage.

In the framework of the standard Big Bang
scenario, some non-equilibrium processes are predicted.
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They are: electron-positron annihilation, and recombina-
tion of hydrogen. The predicted distortions of the thermal
spectrum due to these processes are by one-two orders of
magnitude smaller, than the level of sensitivity, accessible
in the modern observations.

However, some hypothetical non-equilibrium
processes are predicted on the RD stage in the framework
of various particle models. Decays of massive metastable
particles, PBH evaporation, particle production as a result
of cosmic string decay, annihilation of antimatter domains
are the examples of such non-equilibrium processes.

Interaction of fluxes of non-equilibrium particles
from these sources with the matter and radiation heats
the matter, so that hot electrons appear. On sufficiently
late stages of expansion, the interaction of these electrons
with radiation can not provide the Planck spectrum of
heated radiation, so that the thermal background spec-
trum is distorted (Zeldovich, Sunyaev, 1969; Sunyaev,
Zeldovich, 1970; Zeldovich, Novikov, 1975).

The magnitude of distortion and, consequently, the
possibility of its observationis determined by the energy
release and by the period when it takes place.

The observations impose upper limit on the possible
magnitude of distortions, and, consequently, restrict the
possible time scale and the energy release of hypothetical
sources (in particular, the lifetime, the concentration and
the mass of hypothetical particles).

Let us give a brief discussion of the results of the
theory of distortions of the thermal background spectrum.
According to this theory (see Zeldovich, Novikov, 1975;
Zeldovich, Sunyaev,1969; Sunyaev, Zeldovich, 1970; Gunn
et al.,1977, Sunyaev et al.,1978), if the energy release
takes place at the values of the red shift

z> 103.{'25é , (615)
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where Qb is the relative baryon density in the Universe,
corresponding to the period

t<10°Q;' s, (616)

additional soft photons are produced in the reactions

€p epy,
ye yye . (617)

After the energy release the Planck spectrum is estab-
lished.

On the other hand, if the energy release takes place
at the red shift

z<10°0f% (618)

these reactions are ineffective for production of additional
photons and the Planck form of the spectrum can not be
established.

The theory (Zeldovich, Sunyaev,1969; Sunyaev,
Zeldovich, 1970; Zeldovich, Illarionov, Sunyaev,1972)
distinguishes two cases depending on the red shift z, cor-
responding to the period of energy release and satisfying
the condition (618):

i) early energy release, corresponding to the red shift

4-10°Qf <z <10°Q) | (619)

and
ii) late energy release at the red shift

2<4-10°0% . (620)



PARTICLES IN THE BIG BANG NUCLEOSYNTHESIS 243

In the case of the early energy release, the thermal
equilibrium is established between hot electrons and cool
photons under the condition of the fixed number of pho-
tons. If the energy release takes place in the period (619),
the photon distribution established by photon-electron
scattering differs from the Planck distribution, but is the
equilibrium distribution of the fixed number of photons,
Interacting with matter, i.e. the Bose-Einstein distribution

E(v)= 2hv? 1
- c? oxp| PV BET, )
e (621)

Here v is the frequency, and Te is the electron tempera-
ture. The value of the dimensionless chemical potential 1l
defines the relative contribution of the energy release to
the energy density of the thermal electromagnetic back-
ground radiation. It determines the difference of the spec-
trum (621) from the Planck form, and measures the dis-
tortion of the Planck thermal spectrum of the electromag-
netic background radiation.

The observational data on the spectrum of the
thermal background imposes the -following restriction on
the possible energy release in the period (619) (Sunyaev,
Zeldovich, 1970; Khlopov, Chechetkin, 1987; Smoot,
1990):

? <ily[<11-10™

y (622)

for the ideal Bose-Einstein distribution, using the strin-
gent COBE constraint on the value of 11 (Mather et al.,
1994):

Il <3310 . (623)
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Here OE is the specific energy release, and Ey is the energy
density of the thermal radiation.

The detailed theory of the early energy release spec-
trum distortions (Sunyaev, Zeldovich, 1970) accounts for
the nonideal form of the distorted spectrum due to brem-
strahlung and Compton scattering, what specifies the
parts of the photon spectrum, most sensitive to distortion.
From the COBE data, stringent limits on the energy re-
lease can be derived as a function of red shift (Wright et
al., 1994). However, such constraints are strongly model-
dependent and sensitive to very specified parameters of
the hypothetical source.

If the energy release has taken place at rather late
stage, corresponding to the period (620), the equilibrium
Bose-Einstein spectrum (621) can not be established. The
distortion of the thermal spectrum is determined by the
kinetics of heating of the photon gas by hot electrons.

With the use of the COBE observational constraint
on the parameter y, given by Mather et al. (1994),

|y| <25 10—-5 ’ (624)

it follows from the observational data, that the late
energy release should not exceed

L 12y <3-10™
&y (625)

(Zeldovich, Sunyaev, 1969; Khlopov, Chechetkin, 1987;
Smoot, 1990; Mather et al., 1994; Wright et al., 1994) for
Compton scattering induced distortions.

On the basis of restrictions (622) and (625) one can,

in particular, put an upper limit on the contribution f to
the total density of heavy metastable particles with the
mass m and concentration nm (relative to baryons)
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f=——n (626)

m,-ng

decaying in the Universe in the period (618).
Indeed, the energy density of the thermal back-
ground &y is given by (see Chapter 3)

E -4 10—18(7:“. 1+ 2)° erg , (627)

where To is the modern temperature of the black body
background radiation. Assuming for simplicity, that par-
ticles decay instantaneously at

z=2z2,, (628)

one obtains the energy density, released in these decays,

m-n

ée = a, mc’n, = a,, m_p,c0 =
m,-n,
= 5.10 aemn/(1+ Z)S e (629)
em
where
aem - 0.5 (630)

is the fraction of the rest energy of metastable particle,
contributing into the heating of electrons.

At z=zd one obtains from the Egs. (627) and (629)
the expression for relative energy release
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% _6.10°Q,f(1+ z)_{

€y

2.7K] (631)

T,

The upper limits (622) and (625) lead to the following
constraints on the possible value of f:

. T, \'
f<16-107Q,' (1+ z‘)[2,7(}{] :

-4 H0tor

11-10%,4.10°Q%% < z < 10°Q}2.

It is seen from Eq. (632) that the restrictions on f
are rather weak at

z, >10° (633)
i.e. if the lifetime of particles is equal to
1<10%s . (634)

The constraint (632) for such particles is
f<2-107(1+2,) (635)
at
Q,=01.
Relatively weak sensitivity of distortions of the thermal
background spectrum to the possible properties of hypo-
thetical particles, decaying on the RD stage, is explained

by the dominance of the radiation energy density in the
total cosmological density Othis stage. Thus, significant
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effect on the spectrum of thermal background radiation
can take place, if the hypothetical sources of non-
equilibrium particles release the energy density, exceeding
some tenths of percent of the total density, what strongly
exceeds the matter density during earlier periods of the
RD stage.

However, the restriction on the energy release at
the red shifts (618) strictly excludes the possibility of
complete "regeneration™ of the thermal background in this
period.

In particular, at these red shifts the stages of domi-
nance of massive metastable particles can not end due to
decay or annihilation of such particles, if the products of
their decays or annihilations interact with plasma and ra-
diation.

If relativistic particles, produced in such decays (or
annihilations), do not interact with plasma and radiation,
they do not influence directly on the spectrum of thermal
radiation, but they can cause an influence on the develop-
ment of gravitational instability and on the formation of
the large scale structure of the Universe (see below).

Putting together restrictions on the possible effect
of non-equilibrium particles, produced in the end of dust-
like stage, with the restrictions on the existence of such
stage in the period of the Big Bang nucleosynthesis, one
can exclude long p = 0 stages after the first second of ex-
pansion.

On the other hand, the energy release at the red
shifts

2>10°Q%
corresponding to the cosmological times

t<10°Q;'s , (636)
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results in thermalisationand recovering of Planck spec-
trum of radiation. With the account for restriction on the
non-relativistic matter dominance at

t<ls

deduced in the Sec 1.1, one can concludethat there is not
excluded the principal possibility (Doroshkevich, Khlopov,
1983; Polnarev, Khlopov, 1981) of relatively short domi-
nance of massive metastable particles in the period

1<t <10's. (637)

2.2. Dominance of metastable particles in the period of
nucleosynthesis.

The natural possibility of energy release in the period
(637), corresponding to the temperature

30 keV < T <3 MeV (638)

is related to decay of hypothetical metastable neutrinos
(e.g. 1l:-neutrino) with the lifetimel: in the interval

1s<+t<10*s (639)
and the mass m, lying in the interval
30 keV <m <30 MeV . (640)

For the considered period, the frozen concentration
of massive left-handed neutrinos and right-handed anti-
neutrinos relative to the number density of all the rela-
tivistic particles nr is given by (Dolgov, Zeldovich, 1981,
Lee, Weinberg, 1977; Vysotsky et al.,, 1977, see also
Chapter 3):
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1, m <3 MeV
r=(n.L+nyR) =f(m)=._ (3 MeVJ®
n K { m

m3mev, 64

where the numerical factor k , taking into account derela-
tivisation of electron-positron pairs and their annihilation
in the considered period, lies in the interval

5<K<6. (642)

Neutrinos with the mass in the considered interval begin
to dominate at

t>t, (643)

where tg is

to=1s ( rm \)2 : (644)

1 Me
The dominance of such neutrinos v in the period
t, <t <t (645)

corresponds to the dust-like equation of state p=0.
The dominant decay mode of neutrinovH can be the
process

vy > e'ey, (646)

if the mass of vH is
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m>1 MeV, (647)

or the process

Vg = VY (648)

(Kim, Uehara, 1981). Reasonable choice of parameters of
such decays may lead to the values of -r, compatible with

the condition (639).
Indeed, consider, for instance, the decay mode given

by Eq. (646). This decay can occur due to the mixing of vH
and ve in the ordinary weak interaction of charged
currents

ji=Wey, (1 +7,)¥,, (649)

and
B = Yy, (T+ys)Y, . (650)
The Fermi constant Gp in the interaction of these
currents is suppressed by the mixing factor UHe deter-

mined by the neutrino mass matrix, so that the Lagran-
gian of the current-current weak interaction is given by

L= &Uﬂej,f“ i - (651)

NG

Assuming that the mass of vH is
m=m, >>m,, (652)

where me is the mass of electron, the probability of the
considered decay is given by the expression, similar to the
muon decay
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W = GRUHe X me
192ns (653)

The lifetime of vH is

1MeV Y -2
1= 10‘3[ — } U 4] (654)

General restrictions on the value of mixing factor
are given in the Review of Particle Physics (Barnett et al.,
1996). The most stringent laboratory restrictions on this
factor in the considered mass interval (640) follow from
the data on the decay

nev. (655)
The deviations from the ordinary mode
T —>e’v, (656)

induced by the neutrino mixing with the massive neutrino
state and by the additional channel

nt - e'vy (657)

were searched for (Bryman et al., 1981; Barnett et al.,
1996). As a result of these experimental studies, the up-
per limit on the mixing factor was obtained:

lMeVJz
==

U g (658)

? < 2.5-10-3(
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It follows from EQ.(654) that this experimental upper
limit on the mixing factor imposes the lower limit on the
life time of massive neutrino:

10MeV]3

‘E>4-1038[
m

(659)

Hence, the existing experimental constraints do not
exclude the possibility for existence of heavy neutrinos vH
with the mass

10 MeV < m <30 MeV , (660)

which can dominate in the Universe at
t <10%s . (661)
Using the data on the direct measurement of the
number of neutrino species from the measurement of

Z-boson width (Barnett et al., 1996), given by

NV=3.09 +0.13 (662)

for neutrino with the ordinary weak interaction and the
mass

m
m<_2_ .

2 (663)

and with the account for the experimental upper limit on
the mass of v, given by

mv, < 24 MeV



PARTICLES IN THE BIG BANG NUCLEOSYNTHESIS 253

(Barnett et al., 1996), vt can dominate in the considered
period, if their mass lies in the interval

10 MeV < mv, <24 MeV . (664)

Electron-positron mode of vH decays at

1s<t<10*s

due to successive thermalization and annihilation of posi-
trons and electrons lead to the increase of the photon con-
centration by the factor of

o &]}6("’*)" ' (665)

The Planck form of the photon spectrum should be estab-
lished after thermalization. As was shown in Section 1,
vH dominancein the Universe at

t,>1s (666)

virtually does not influence on the value of the frozen njp
ratio. If the lifetime of these particles is

1>10%s, (667)

their dominance in the period of thermonuclear reactions
of Big Bang nucleosynthesis leads at the fixed baryon den-
sity to small (< 1%) increase of the primordial 4He abun-
dance and to some increase of the primordial deuterium
abundance. Both effects do not contradict the observa-
tional data. Much more serious problems for the consid-
ered schemes of massive unstable neutrino can arise in
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their confrontation with the data on Supernova explosions
(Falk, Schramm, 1978; Hut, White, 1984).

In the models of GUT, SUSY GUT, superstrings,
and other particle models considered above, various types
of massive metastable particles are predicted. Since their
existence follows from different physical motivations, vir-
tually all of them may be present in the Universe.

Self-consistent treatment of these possibilities in-
cludes joint analysis of multicomponent scenarios, in
which some particles may be predicted with the parame-
ters, at which they can dominate in the Universe in the
period (637).

The restriction (637) on the possible duration of the
corresponding p = 0 stage imposes constraints on the pre-
dicted by each concrete model: frozen concentration r ,

mass m , and the lifetime t of such hypothetical particles

10 keV < rm <3 MeV , (668)
max(t,, 1s) <t<10* s, (669)

where ty in EQ.(669) is given by EQ.(644).

The discussed scenarios of short dust-like stages can
result in the change (decrease) of the predicted relative
concentration of all other frozen particles, since after the
end of dominance of massive metastable particles photon
concentration grows, and the concentration of frozen pri-
mordial stable particles has the same value.

Consider some stable frozen particles present in the
Universe in the period under discussion and having after
the 1 s of expansion the frozen concentration relative to
photons

r=—t. (670)
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The maximal possible decrease of relative concentration
for all such frozen particles after the short dust-like stage
is finished can be reached at

t-t _-10%s (671)
for Nb=0.1 and
t, -1s. (672)

Remind that the upper limit on the duration of
dust-like stage follows from the condition that the Planck
spectrum is recovered after this stage is finished, and the
lower limit follows from the Big Bang nucleosynthesis
constraints on the possible contribution of massive parti-
cles into the cosmological density.

With the account for these constraints, the maximal
decrease of relative concentration after the end of dust-

like stage is
().
n? t>1 to max n7 t<ls (673)

In the case, when the dust-like stage is provided by
the massive neutrino dominance, the experimental bounds,
given by Egs. (658), lead to the minimal time moment,
when the dust-like stage can start,

t, ~10%s , (674)
corresponding to the mass of unstable neutrino

mv-10 MeV. (675)
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At these parameters possible dominance of massive unsta-
ble neutrino can take place in the limited time interval,

ty~10°s <t <10 s . (676)

The maximal possible decrease of relative concentration of
primordial stable particles can not exceed in this case the
factor of 10.

The true scenario of very early Universe can contain
various particle physics effects and their possible combi-
nations. It makes the considered effect of short-term dust-
like stages only one of the possible factors to be accounted
for in the prediction for the relic concentration of parti-
cles, which were created, frozen out or decoupled in the
very early Universe.

However, such effect may cause quantitative change
in the cosmology of massive neutrino, generally consid-
ered as quantitatively well established one.

In the case of primordial neutrinos, the standard
Big Bang model seems to predict unambiguously the con-
centration of primordial neutrinos on the basis of quanti-
tatively definite relationship with the observed concen-
tration of relic photons (see Chapter 3). The numerical
factors in this relationship given by Eg. (285),

nv+n- _3 4

ny 4 11 (677)

are determined by the thermodynamic equilibrium of rela-
tivistic boson and fermion gases, and the specific entropy
conservation in the equilibrium mixture of radiation and
electron-positron pairs.

The account for a possible stage of dominance of
non-relativistic particles induces an additional factor in
this relationship, which is inversely proportional to the
relative increase of photon concentration as a result of the
electromagnetic energy release in the end of the dust-like
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stage. The dilution factor for the primordial radiation is
given by

(m), ) (678)

Taking into account this dilution factor due to pos-
sible dust-like stage after 1 s of expansion, one can obtain
the generalised form for the neutrino photon ratio

nvn¢ Nv _ fl(t_o,\]YZ - (679)

Note, that in a number of papers there were given
arguments (Lindley, 1980, 1984; Sarkar, Cooper, 1984;
Hut, White, 1984) against possible dominance in the
Universe of particles with the mass

5 MeV <m<10 MeV (680)
decaying at
©>10% s (681)

with the production of photons or electron-positron pairs.
These arguments were based on rather detailed calculation
of deuterium photodesintegration by the products of these
decays (Lindley, 1984).

In particular, these results exclude the possibility
for vt dominance in the early Universe, and, being put to-
gether with the bounds on the mixing and lifetime of vto
they completely exclude the possibility for the mass of
vt , exceeding 1 MeV (Sarkar, Cooper, 1984).
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However, these calculations do not take into ac-
count, that the neutron, produced as the result of deute-
rium destruction in the reaction

yD-—+1p
can further be captured by proton in the inverse reaction
np---+ yD.

This possibility, first pointed out by Zeldovich et al.
(1977) in the analysis of the PBH evaporation and then
considered in more general case of various sources of non-
equilibrium particles (see Chechetkin et al., 1982;
Khlopov, Chechetkin, 1987) recovers the effects of deute-
rium  photodesintegration. One can easily estimate
(Zeldovich et al., 1977), that at

t <10°s Qb% (682)

the time scale of neutron capture by protons, given by

t,, = (n,00(np - D))", (683)

is smaller, than the neutron lifetime'n - 103 s.

Thus, neutrons can form deuterium before their de-
cay. Moreover, as we shall see later, in the most cases the
decay products of metastable particles can destruct
4He nuclei, resulting in the increase of deuterium and 3He
abundance.
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CHAPTER 6

ANTIPROTONS IN THE UNIVERSE AFTER
THE BIG BANG NUCLEOSYNTHESIS

In the baryon asymmetrical Universe, the baryon-
antibaryon pairs, being in the equilibrium with plasma
and radiation at earlier stages, should annihilate after the
first microsecond of expansion.

The important consequence of the baryon asymme-
try is the exponentially small amount of antiprotons,
which can survive after this annihilation.

In the standard baryon asymmetrical cosmology, the
exponential suppression of antiproton abundance is pre-
dicted from the first microsecond of expansion up to the
period of galaxies formation, when the interaction of
cosmic rays with the matter can lead to the production of
antiproton component of cosmic rays.

One may conclude, that the appearance of non expo-
nentially small amount of antiprotons and sizeable effects
of their annihilation from the first microsecondto the pe-
riod of galaxy formation serves as the profound signature
of new cosmological phenomena, to be related with the
new physics, which are not taken into account in the stan-
dard Big Bang scenario.

On the basis of the observational data, one can use
this signature to constrain the allowed parameters of the
hypothetical sources of antiprotons on the RD stage after
the first microsecond of expansion, and to impose restric-
tions on the parameters of a particle model, predicting
such sources as its cosmological consequence.
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The particle theory leads to a number of nontrivial
possibilities for antiprotons to appear in the Universe af-
ter the annihilation of equilibrium nucleon-antinucleon
pairs and even after the period of Big Bang nucleosynthe-
sis (Khlopov, Chechetkin, 1987; Chechetkin et al., 1982).

Primordial antinucleons may retain in antimatter
domains, predicted in the framework of some particle
models, in particular, in the models of spontaneous CP
violation.

Another possibility is related to the production of
nucleon-antinucleon pairs by some sources of non-
equilibrium particles at the RD stage. Such sources are:
a) evaporation of PBH, formed in the very early Universe
(see Chapter 4), b) decays of metastable particles with the
mass, exceeding 1 GeV, c) residual annihilation of frozen
massive stable particles.

Let us consider first the PBH evaporation as a
source of nucleon-antinucleon pair production.

1. The PBH evaporation as a source of
nucleon-antinucleon pairs.

As it was already discussed in Chapter 4 the possi-
bility of black hole evaporation, first discovered by
Hawking (1975), is the most important property of PBH
from the point of view of their possible effects on the RD
stage.

The black hole emission is described as errusslOn
from the surface of a black body with the temperature
TPBH' given by Eq. (443)

2
1 mp,

T, =——=—£&_
PBE " gmp 8nM

8

Here M is the mass of black hole and rg is its gravita-
tional radius, given by Eq. (442). According to Eq. (447),
the time scale of evaporation is
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tevp = 10_278 ( JS o
19

The fluxes of particles, produced in the PBH evapo-
ration, can cause the same influence on the physical
processes in the Universe as the products of decay of
metastable particles.

Consider now, following Chechetkin et al. (1982)
and Khlopov, Chechetkin (1987), only one particular
channel of the PBH evaporation, namely, the antinucleon
production by evaporating PBH.

Let us estimate the average number of antinucleons
F, evaporated by the PBH with the mass M. It follows
from Eq. (443), that PBH with the mass

_ 118
M <M, =10"g (684

have the surface temperature, exceedingl GeV, so in the
process of evaporation of such PBH the antinucleon pro-
duction is possible.

The modern theory of strong interactions (see Chap-
ter 2) assumes that quarks and gluons are produced first
in hadronic processes at high energies. Then their frag-
mentation into hadrons (hadronization) takes place.

The same seems to be true for the evaporating PBH,
emiting gluons and quarks. The distribution of these par-
ticles, corresponding to thermodynamic equilibrium at

T= TPBH ’

is realised through the set of individual processes of emis-
sion. Each individual process is the process of creation of
a pair of particles in strong -gravitational field. One of
created particles falls to singularity of PBH, and the other
goes to infinity.
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If a pair of coloured particles (quark-antiquark pair
or a pair of gluons) is created, their fragmentation into
hadrons may be considered similar to description of
hadron production in electron-positron annihilation (or in
hard hadron processes).

Namely, when the separation | between two colour
charges reaches the scale of confinement

- — L 105 em (685)

AQCD

hadronization should take place, and the emitted quark or
gluon transforms into hadronic jet.

The estimation of antiproton content of such jet can
be based on the arguments of Azimov, Dokshitzer, and
Khoze (1983), which considered antiproton production in
electron-positron annihilation. One obtains

(ch'J | app | 0B (Pp, p,)t(p, )dp,S

F = = t=q.a.9 ©86)
dMI lt(0,)E.dp.S ,
dt ,

where

f(p,) =f(p,, TPBH) (687)

is the momentum distribution of i-type elementary parti-
cles, emitted by PBH,

S = 47!7‘82 (688)

is the "surface" of PBH,
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D;(p;, p.)

is the probability for fragmentation of quark, antiquark
or gluon with momentum Pt into antiproton, Et is the
energy of the particle of type i.

With the account for fragmentation of gluons in
antinucleons, which is more effective, than the quark (an-
tiquark) one (Azimov et al., 1983), one has

P == () =5 (N) (689)

where the average multiplicity of pions is related to the
gluon multiplicity:

(690)
with
- 1 GeV . (691)

Since the PBH mass decreases in the course of
evaporation, antiprotons can be produced on late stages of
evaporation of PBH with the mass

_1nl18
M > M; =10"g (692)

when PBH mass decreases down to 1013 g.
In this case, the antinucleon multiplicity is equal to

F=f M3 (693)
=
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Relativistic antiprotons, produced by the PBH
evaporation at

t< 10% s (694)

when the temperature of plasma is

T >10 keV, (695)

slow down before annihilation, because the presence of
electron-positron pairs in the equilibrium with the radia-
tion makes the rate of the Coulomb deceleration of anti-
protons greater, than the rate of their annihilation.

After positron annihilation, i.e. at

t>10% s (696)

the value of the electron number density decreases to the
value of the baryon number density, and the energy losses
of antiprotons due to their Coulomb interaction with
plasma are small.

However, at high energy, the annihilation channel
IS suppressed in antiproton interaction with protons. The
annihilation cross section crann is of the order of the dif-
ference of total cross sections of antiproton and proton
interactions

crann Crlr?; —cr :J%t , (697)

which is decreasing with the energy.
The cross section of inclusive inelastic reactions

p+p p +anything (698)

contributes about one half into the total cross section, and
relativistic antiprotons lose energy in these reactions.
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So, even at
t>10° s "

a significant fraction of antiprotons from evaporating
PBHs slows down. At the RD stage, the annihilation rate
for relativistic antiprotons exceeds the rate of expansion.
Therefore, the bulk of antiprotons, produced in this
period, should annihilate.

Let us estimate the number density of antiprotons,
produced at

t=t = 10°"s (MT (699)

in the process of evaporation of PBH with the mass M.
The total number of antinucleons Na© produced by one
PBH, is equal to

min(M.M;) @ a7 min(M M
N, = j [ M’:]dM: J;fa dM , (700)

4 d

where crude estimation for

gives

oV
LpeH
_dN; g, (Ny) _g,( u]

“ dM gtax 3TPBH B gtut 21TPBH

8, -y g, [S‘RM] 701
= pT = . ( )
tot ( PBH) 21g!ot
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In Eq. (701) one assumes that the ratio of gluon and total
multiplicities of particles, emitted by PBH, is equal to the
ratio of their statistical weights g,

(N') o (702)
(Ntot) = gtot
and that the PBH emits particles with the mean energy

E =3Tppy - (703)

The number density of antiprotons, produced in the PBH
evaporation averaged over the Universe, is given by

i, = Npgy (M)-N, , {704)

where npBH(M) is the number density of PBH with the
mass Min the Universe in the period of their evaporation

PronM) _ o 0y Pus (705)

Npgy (M) = M M

Here
a(M) = PPBH(M) (706)
Ptot

is the relative contribution of the PBH with the mass M
into the total cosmological density ptot - One obtains from
Egs. (686)-(706)
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s g QX 1
n-p=63.gtt . —;- -mp_-
-min(MX. Mb_J -a(M)-p (707)

Primordial black holes, evaporating on the RD
stage, have masses

M<M-=10% g . (708)

In this case,

H2LIM
ns = g° - LI -a(M) -, - (709)

gtot 63np

Here the total cosmological density is

2
mPl

Piot = 3 -

t2
In the numerical estimations we also used the expression
1s ®
Ptot=5-10° Zs-
em <t
From Eq. (447) one can obtain the following rela-

tionship between the mass of the PBH M and the time of
its evaporation
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] t %
M =10°g [I——J . (710)

8

Substituting the expression for ptot into Eg. (707), one ob-
tains the estimation for the number density of antiprotons
from evaporating PBH

o= a. . | (20MI%. (M), mp: =

p gtot B3 Il t2

= 6 -10%t cm-2 g, (M\]% a(M)g J =

gtot 1g

=2-10%° cm- g, a(M)g )I_'£§ (711)

gtot

at time moment
t=t,. (712)

Using of the relation

n, =2.5-10'n;'n, =5-10"cm-+(*J% (713)

one obtains

Y
g 1s)%
n. = 10° g—”a(M)[t—sJ Q;'n, . (714)

[4

Since virtually all antiprotons, produced in the PBH
evaporation on RD stage, annihilate, one obtains from Eq.
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(714) the averaged amount of annihilated antiprotons per
baryon

- A
ro=—2 =10° Ef—a(M)[E] o . (715)
nb gtol’ t

e

Eg. (714) is valid for the PBH, evaporating on the
RD stage. Primordial black holes with the mass

10" g <M <10* g (716)
evaporate on the matter-dominant stage at
t>10"s. (717)

It follows from Eqg. (707), that the averaged number den-
sity of antiprotons, evaporated from such PBH is equal to

3
g8, 4 (2n % M;é
n-=—~— r-——|— ' 'a(M)'ptot =
Pog, 63 p mp M
_ & ._‘1_(2_“} e T (M) £ =
8o 63\ 1 M
= gg i[gﬂ] i — p'a(M)'lenbi
8 63 M mpM (718)

where the total density is taken equal to the critical den-
sity.

The relative concentration of antiprotons, produced
in the PBH evaporation, is



270 COSMOPARTICLE PHYSICS

_ % M/ |
=t {2“] Loa(M) ;! =
nb gl‘ot 63 mPIM
M-
=410 i[—PJggla(M) . (719)

Note, that for the homogeneous baryon distribution
ny(x) = (m,(x)) (720)

on the MD stage, the magnitude (719) does not coincide
with the fraction f of antiprotons, participating annihila-
tion, since for relativistic antiprotons the time scale of
their annihilation

-1
tonn = (P5(00),,.) (721)
exceeds the cosmological time scale at

_ 9. 101
t,>t,=2-10"s Q, (722)

so that the rate of their annihilation is smaller, than the
rate of expansion, and the most part of relativistic anti-
protons do not participate annihilation. For nonrelativistic
antiprotons, the effects of the Coulomb attraction are sig-
nificant in the rate of antiproton-proton annihilation
given by

(crv) =6.5-10-" ems Q : (723)

ann

where v is relative velocity (Morgan, Hudges, 1970; Cohen
et al., 1997). Thus, for non-relativistic antiprotons the
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probability for their annihilation is enhanced, and at the
low velocity, satisfying the condition

v -4
c S0 (724)

the rate of annihilation exceeds the expansion rate even in
the modern Universe.
After the galaxies are formed at

t>t -10"s . (725)

neither matter, nor PBH are distributed homogeneously.
Primordial black holes, being in this case one of the forms
of dark matter, are concentrated in halos of galaxies (see
below), and their evaporation may be the local (galactic)
source of antiproton component of cosmic rays (Carr,
1981; Chechetkin et al., 1982).

Antiprotons, produced in the period

t-<t<t, . (726)

experience red shift, but such a red shift can not move
relativistic and semi-relativistic antiprotons, produced in
PBH evaporation, to low-velocity conditions of complete
annihilation, as well as can not provide their condensation
in galaxies. The latter can take place only for very slow
antiprotons, having the velocity in the period of evapora-

tion te, smaller, than
< 10-61‘(3\] P (727)

but the annihilation rate for such slow antiprotons is of
the order of the expansion rate, so that their significant
fraction should annihilate. More energetic antiprotons
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should form isotropic background of antiprotons, homoge-
neously distributed in the Universe.

Consider now the possible effects of antinucleon an-
nihilation on the RD stage. First let us discuss the antinu-
cleon annihilation with nucleons.

As we have mentioned earlier, antiprotons should
slow down in the cosmic plasma before their annihilation.
As, a result of annihilation of slow antiproton with nu-
cleon, pions are produced with the averaged multiplicity
about 5 (see Chesquire, 1974; Chechetkin et al., 1982;
Cohen et al., 1997).

One can easily estimate that at

t>10%s Qzé (728)

the time scale of pion-nucleon interaction

tow = (7,0C) (729)
exceeds the lifetime of charged pions

T,.=T = 2.107%s . (730)

T

Hence, both neutral and charged pions from nu-
cleon-antinucleon annihilation should decay. The annihila-
tion of slow antiprotons in the Universe on the RD stage
leads to a cascade of pion and muon decays. As a result,
there are finally produced neutrinos, carrying out about
50% of the energy released in annihilation, y-quanta, car-
rying out about 34% of this energy, and electron-positron
pairs, carrying out the rest 16% of the energy.

Neutrinos, produced in pion and muon decay cas-
cades from nucleon-antinucleon annihilation, have ener-
gies Egq, not exceeding several hundred MeV. Such neutri-
nos practically do not interact with the matter and they
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should retain in the Universe, having experienced the red
shift down to the energies

-1
E = EO(]. + Zam‘) R (731)

where zann is the red shift, correspondingto the period of
annihilation. The fluxes of these neutrino with the
energy, not exceeding the value

E -10-? MeV (732)
for

24 > 10° (733)

seem to be not detectable.

Gamma quanta, electrons and positrons from anni-
hilation interact with electrons of the cosmic plasma, as
well as with positrons, born in annihilation process, anni-
hilate further with cosmic electrons. The energy release in
these processes leads to distortions of the thermal back-
ground radiation spectrum.

However, the existing restrictions on such distor-
tions (Eg. (632)) are not very sensitive to antinucleon an-
nihilation on the early RD stage. The effect in the energy
release should be compared with the total energy density
of the thermal radiation background. The significant ef-
fect implies the amount of annihilating antiprotons of the
order of the total amount of baryons in the Universe.

As we shall show, much stronger restrictions on an-
tiproton sources follow from the analysis of the astro-
physical effects of antiproton annihilation with “He nu-
clei.
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2. Effects of antiproton annihilation with 4He nuclei
on D and 3He abundance.

Helium 4He is the most prevalent after hydrogen
element in the Universe. Its weight concentration is equal
to

m"l-l.n"ﬁa 4n4.
Y=X, = H 025,
% mun, (ny +4n,) 734

whereas the concentration of other light elementsis much
smaller. For example, deuterium abundance is estimated
as

X, =ZmD—nD=2,5.10-5 ,
m,n
rolli (735)
and the abundance of 3He is given by
Xy, =42 10°° . (736)

Annihilation of antiprotons with 4He nuclei can lead
to the production of deuterium and 3He in the following
reactions

PT*HeD+  p(n)+ Nyt (737)
Pt He *He + Ny, (738)
p+'He T+N g, (739)

where N 1, N, , Na are the numbers of pions.

If therewere antiprotons in the Universe after the
Big Bang nucleosynthesis, their annihilation should
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inevitably result in production of additional amounts of
deuterium and 3He.

Comparison of 4He and D, 3He abundances shows
that the destruction of even a small fraction of 4He (-10-4)
due to interaction with antiprotons can lead to the crea-
tion of all nowadays observed abundance of deuterium
and/or 3He.

Note that in the early Universe deuterium can be
produced not only directly in reactions (737). The destruc-
tion of 4He nuclei in the process of antiproton annihila-
tion is the source of free neutrons (Chechetkin et al.,
1982; Zeldovich et al.,1977).

If the matter density in the Universe is sufficiently
high in the period of annihilation, neutrons can partici-
pate the reaction

n+p—>D+y, (740)

thus forming additional amount of deuterium.

So, there are two wai/s to produce deuterium in
antiproton annihilation with “He nuclei after the Big Bang
nucleosynthesis:

1) in the direct reactions (737)
and

2) indirectly, due to the interaction of protons with
neutrons, produced after antiproton-induced destruction
of 4He nuclei.

The indirect mechanism is effective, if protons can
capture neutrons before neutron decay, i.e. if the time
scale of the reaction (740) does not exceed the neutron
lifetime

n - 10° s - (741)

This condition has the form:
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t,=(n,0,,0) <1, (742)

np

Here np is the proton concentration and cinpv is the rate of
the  neutron capture reaction. The estimations by
Zeldovich et al. (1977) show that the indirect mechanism
is not effective after

o =101 s (743)
since
tnp > 'tn (744)
at
t>t , (745)

In the period (745), the direct mechanism is the only
source of deuterium production in the early Universe after
the Big Bang nucleosynthesis.

Let us discuss the restrictions on f from the analy-
sis of the influence of antiproton interaction with 4He nu-
clei on light element abundance. Due to antiproton anni-
hilation with 4He, an additional amount of deuterium

An - no (fo +1,)f for10® s<t<t,,
D n,Hefo for t> tp (746)

can be produced, where na with A= 4He is 4He concentra-
tion and fn and fn are the average multiplicities of D nu-
clei and neutrons, produced in the result of annihilation,
respectively. Similarly, one obtains for 3He
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An,, =n. fo.f - (747)
Assuming that nn should not exceed the observed

D abundance Xn, one obtains the following upper limit on
the value of T:

| 2Xp for 10> s<t, <t,,
Y(fy +1,)
2Xp for t,., <t,,
{5: Y1y
(748)

where Y is the observed 4He abundance.

As to the 3He production, note that 3He nuclei are
also the products of decay of tritium, producedin the re-
action (739). So both reactions (738) and (739) contribute
into the 3He production.

With the use of Eq. (747), one can find the restric-
tion on f similar to the one given by Eq. (748) from the

observed 3He abundance

f < E . X’He
= eff ?
3 Y, (749)
where
foll = foga + 1z - (750)

It follows from Egs. (748) and (749), that the upper
limit on f depends essentially on the values of fA, where
A =D, n, T and 3He. To obtain more reliable information
on the possible sources of ant.iprotons at the RD stage
(Chechetkin et al., 1982), special experimental studies of
antiproton interaction with “He nuclei were undertaken
(Balestra et al., 1980; Batusevet al., 1984) in the experi-
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ment PS179 in LEAR. The value
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fape = 0.102+0.008 (751)

was obtained in this experiment (Batusev et al.,, 1984).
With these experimental data, the relative prob-
ability of tritium productionwas also estimated:

fT = (1.32 £ 0.05)faHe (752)
giving the value for the effective 3He production constant
iy = 0.237 £0.014 . (753)

, It follows from Eq. (749) that the maximal 3He
abundance allowed from the observations,

X,,, =12 107 (754)

corresponds to the restriction on f given by
f<25-10-S . (755)

The data of Batusev et al. (1984) show, that the
magnitude fA for A = 3He exhibits rather weak dependence
on antiproton momentum in the range 200-600 MeVjc. It
confirms the theoretical arguments of Kondratyuk and
Shmatikov (1983) in favour of weak dependence of this
magnitude on the antiproton energy. So, in the first ap-
proximation, one can assume this magnitude to be inde-
pendent on the energy of antiproton. In this approxima-
tion the predicted concentration of 3He, produced in anti-
proton annihilation with 4He nuclei, is independent on the
spectrum of antiprotons and on their behaviour in the
cosmic plasma (in particular, on the mechanisms of decel-
eration in plasma in the case of energetic antiprotons).

In this approximationthe upper limit (755) is valid
for all hypothetical antiproton sources on RD stage. It
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provides reliable test for the possible physical nature and,
as we shall see in the next section, makes it possibleto ob-
tain some nontrivial information on the hidden sector of
particle theory, as well as on some phenomena, probing
the physical mechanisms for inflation, baryosynthesis and
dark matter.

Note, that decays of metastable particle and PBH
evaporation are the sources of not only antiprotons but
also of other particles, namely, of protons, mesons and
hyperons, electron-positron pairs, gamma quanta and neu-
trinos. oreover, for any source of antiprotons, the pro-
ton-antiproton annihilation is also the source of y-quanta
with the energy about 100 MeV (see above).

The interaction with 4He nuclei of protons and vy-
quanta with the energy, exceeding 20 MeV, can also lead
to destruction of 4He nuclei and D and 3He production
(Ellis, Nanopoulos, Sarkar, 1984; Dimopoulos et al., 1987;
Levitan et al., 1988). Analysis of these mechanisms in-
volves detailed study of the evolution of energetic nucle-
ons andy-quanta in cosmic plasma with the use of numeri-
cal simulations. Such analysis should take into account all
mechanisms of energy losses and interactions of non-
equilibrium particles, as well as all specific properties of
the considered hypothetical source of non-equilibrium par-
ticles (in particular, spectra of particles, emitted by the
source).

In the first approximation, the analysis of effects of
antiproton-4He interaction on light element abundance
avoids the consideration of all these details, giving reli-
able universal minimal estimation of the effect of antipro-
ton sources. Additional production of D and 3He due to
4He destruction by energetic particles strengthens the ef-
fect and corresponding restrictions on the parameters of
antiproton sources on the RD stage.

Such an enhancement of restriction (755) due to ad-
ditional 3He production in 4He destruction by energetic
particles of nucleon cascade in the early Universe, induced
by antinucleon with initial energy E,, was calculated by
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Levitan et al. (1988) in Monte Carlo simulations of
development of nucleon cascade (see Fig.15).

|
I
I
I
1IgE,
1 2 GeV

Fig.15. The energy dependence of nucleon cascade
enhancement factor for the constraint on antinucleon
sources from 3He abundance.

Detailed analysis of the predicted ratio of light ele-
ment abundance, corresponding to each specific source of
non-equilibrium particles, makes it possible to distinguish
effects of different sources and to test their existence and
possible parameters in the confrontation with the observed
chemical composition of the Universe.

In conclusion, let us consider another aspect of the
relationship between the abundance of light elements and
parameters of antiproton sources.

In the case of strict equality in the Eq. (748), the
existence of observed deuterium may be ascribed to non-
equilibrium processes of 4He destruction on RD stage
(Zeldovich et al., 1977). New mechanism of deuterium
production arises, in which the deuterium abundance does
not depend on the baryon density, as it is in the case of
the standard theory of Big Bang nucleosynthesis. Even in
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the case Qb =1, when the theory of standard Big Bang
nucleosynthesis predicts

X, <10+ (756)

(see Chapter 3) the “4He destruction on the post-
nucleosynthesis RD stage can give rise to the prediction of
the amount of deuterium, consistent with its observed
abundance.

Such a possibility is of special interest for the
problem on the physical nature of the dark matter in the
Universe (see below), since the standard theory of Big

Bang nucleosynthesis favours @b = 0.1 thus providing
serious argument for nonbaryonic nature of the dark mat-
ter, dominating in the Universe and making the total den-
sity equal to the critical density, in accordance with the
simplest inflationary models.

So, the possibilities of non-equilibrium cosmological
nucleosynthesis and, in particular, of antiproton-4He
mechanism of deuterium production deserve special inves-
tigation. Such an investigation generally involves detailed
consideration of possible properties of hypothetical
sources of non-equilibrium particles on the RD stage.

However, if the antiproton-*He mechanism domi-
nates in the non-equilibrium cosmological deuterium pro-
duction, one can test its viability independenton the na-
ture of antiproton source (Chechetkin et al.,, 1982).

To probe experimentally the viability of this mecha-
nism, it is sufficient to compare the values of fA for
A =Dand A = 3He.

If in the experimental measurement of these quanti-
ties it will be found that

£, < 0.1f,, (757)
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The antiproton annihilation with helium should result in
the deuterium abundance, which is of the order of the
magnitude smaller, than the abundance of 3He.

Ascribing all the observed deuterium abundance to
the antiproton-4He mechanism, one comes to overproduc-
tion of 3He, since with the account for all the uncertain-
ties in the observed deuterium and SHe abundance they
can not differ by an order of magnitude.

Hence, one can experimentally disprove the
antiproton-4He mechanism of deuterium production at the
RD stage in the measurement of fA ratio for A = D and
A= 3He.

3. Restriction on antiproton sources.

Let us consider now the relationship between anti-
proton sources on the RD stage and the parameters of par-
ticle models. We shall see, how the restrictions on the ef-
fects of antiproton annihilation on the RD stage impose
constraints on these parameters.

3.1. Constraints on PBHs and Physics of Their Origin

In the Chapter 4, it was demonstrated that the spec-
trum of PBHs, formed on the stage of dominance of su-
perheavy metastable particles (or scalar fields), can be re-
lated to the parameters of these particles (or fields). The
upper bound on the amount of antiprotons from PBHSs
with the mass

10 « M< 10¥ g (758)

evaporating on the RD stage, imposes the restriction on
the possible contribution, a (M), of such PBHs into the
cosmological density in the period of their evaporation.

It follows from Egq. (715), that the fraction of the
total density, correspondingto PBHs with the mass
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M < 10%g

in the period of their evaporation te , can be related with
the quantity f by the equation

a(M) = ].0"m,GJ = (759)

where
a(M) = PPBH(M) (760)
Ptol
and
k- = g9 761
P gl (761)

is the fraction of antiprotons in the spectrum of evapo-

rating PBH.
It follows from Eqg. (759) that the restriction given

by Eq. (755) provides the upper limit on a(M = 101 @),
evaporating at
t, ~10° s . (762)

In Eq. (759), one can take ND = 0.1 and

& 8 (763)
gtot %N0+%Nl+g+%Nv+N}u

where N q@3 is the number of quark (lepton) flavours with
the mass
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m < Tegy » (764)

Nvis the number of neutrino species, and Nhs is the effec-
tive two-component species of particles, predicted in the
hidden sector of particle theory. Then, putting

Nhs =0 (765)

i.e. neglecting the effect of superweakly interacting parti-
cles, one obtains the upper limit

a(M) < 10+ . (766)

To deduce from this upper limit the restriction on
the probability WreH of PBH formation, one should take
into account the succession of dust-like and radiation-
dominant stages, which follows the period of the PBH
formation.

Consider, for definiteness, the case, when PBH are
formed at the dust-like stage of superheavy particles
dominance, so that this probability defines the fraction of
the particles, forming PBHs. When the particles decay or
annihilate within the inhomogeneities, at

t- t, (767)
early dust-like stage comes to end, and the magnitude

WpPBH defines the contribution of PBHs into the total
cosmological density at

tt,. (768)

During the successive stage of the dominance in the
Universe of relativistic particles, produced after the ther-
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malization of decay products (or annihilation) of super-
heavy particles, with the equation of state

p_'¢ .

The relative contribution of PBHs into the cosmological
density increases as

PPBH(M) oc M oc a(t) oc ('_] (769)
Ptot T t,

Hence, in the period of PBH evaporation on the RD stage,
i.e. at

[ ~ Ja
t, = tp s
m, (770)

the relative contribution of PBHs into the cosmological
density a(M) is

% %, V%
0L(JW ) = Wpgn [t_eJ = Wiy [_M J [tﬂ] .
g (771)

t, mp, /

If the particle model predicts one or more additional
types of superheavy metastable particles, so that at

t>1,

one or more stages of dominance of non-relativistic me-
tastable particles take place, one should put into the right-
hand side of Eq.(771) an additional factor
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a-nifz]"

where tot and tt correspond to the beginning and the end

of the i-th stage. The factor A takes into account that
relative contribution of PBHs into the total density does
not grow during dust-like stages. But the possibility of
such a succession of dust-like stages p = 0 is constrained
from the observed baryon asymmetry of the Universe,
since after each stage the specific entropy S increases by

the factor
t{'_‘] ' (773)

and the initial baryon asymmetry is suppressed by the
factor

n -
- A

n, (774)

The weaker are restrictions on the probability of
PBH formation, the stronger are constraints on the
mechanisms of baryogenesis.

The upper limit (766) on the magnitude a(M) im-
poses the upper limit on the probability W pBH' depending
on the amplitude of density perturbations 0. It provides
tests for superheavy particles and fields, predicted by the
particle theory.

Indeed, the spectrum of masses of PBHs, formed
during the stages of superheavy particles dominance, is
restricted (see Chapter 4) within the mass interval from
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2

Mo = mz (i (775)

up to the maximal mass

=m, 8% (776)

Pl

M

max

and the spectrum in this interval is determined by the
spectrum of initial perturbations o(M). In the framework
of inflational models, the shape and the amplitude of this
spectrum are related to the parameters of the inflaton
potential.

1 8
0>t0-S
r____
100 v ..M
I NN NN N
! 8>6-10-¢
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ll vt rm
|
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Fig.16. Constraints on '+ and rm of metastable particles,
forming PBH in the period of their dominancein the
very early Universe.

Therefore, the parameters of superheavy fields and
particles determine the lower bound of the PBH spectrum,
given in Chapter 4. The condition, that the lower bound of
the PBH spectrum does not contradict the upper limit on
this spectrum, given above, provides nontrivial con-
straints on the masses, concentrations and lifetimes of su-
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perheavy metastable particles, predicted by particle theory
at super-high energy scales. Such restrictions on the
values of rm and 't, depending on

o(M) =0 =const (777)

are given in Fig.16. Some examples of such restrictions
were presented in Chapter 4.

Note, that according to Carr (1975), Zabotin and
Naselsky (1982) the PBH may form on

0 [

P=3¢E

stages due to the high amplitude tail in the Gaussian dis-
tribution of amplitudes of perturbations. In this case,
PBHs with the mass M are formed at

t- (ﬂ]t
my )" (778)

and the probability of PBH formation is determined
only by the value of 0 (Zabotin, Naselsky, 1982; Khlopov
et al.,, 1984) and is given by

WPBH — exp(— %8 . (779)

Thus, the upper limit on a.(M) due to the influence
of PBH evaporation on primordial chemical composition
via the antiproton interaction with “He provides strong
constraints on the inhomogeneity of the early Universe at

t<10-*% s . (780)
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Since the relative contribution of PBHs into cos-
mological density increases as

Ppex (M ) « M
Prot T (781)

during the RD stage, the upper limit on a(M), given by
Eqg. (766), imposes the restriction on the probability of
PBH formation at

t= ltm ’
mp, (782)
given by
Woss ~ exp[— 1857 } =pB(M) =
m p —20[ 10"°g
=——ua(M)<4-107%"| —=
o) <a10°(108), s

thus providing the upper limit on the possible amplitude
of perturbations in small scales:

8 < 3.5-10-° (1+1In(101°gJJ-X . (784)

This restriction imposes constraints on possible parame-
ters of self-interaction of scalar fields, being introduced in
inflational models (Khlopov et al., 1984).

On the other hand, it was pointed out in Chapter 4
that relatively long stages of coherent scalar field oscilla-
tions can be predicted in the framework of inflational
models (Linde, 1984; Starobinsky, 1980; for review see
Dymnikova, 1998). The PBH formation is possible on
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these stages (Khlopov et al., 1985; 1984). After the end of
such stages (Starobinsky, 1980) the decay products ther-
malize due to decay of the scalar inflaton field and the
Universe is reheated up to the temperature TR, deter-

mined by the duration 't of the coherent field oscillation

stage (see Chapter 4):
' .
T (785)

In the simplest case, the duration of this stage, as
well as the probability of the PBH formation are defined
by the parameters of the same inflationary model and by
the inflaton scalar field self-couplings. Constraints on
these parameters follow from the upper limit on the prob-
ability of PBH formation (see Fig.17).

T I,

10201

|
101?_ _ -t — — — lunu_: .

| .
|
| 0

3-10-3 2-10-2

Fig.17. Constraints on the duration and inhomogeneity
of post-inflational dust-like stage from upper limits on
the spectrum of primordial black holes.
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Note that the restriction on the value of - imposes
lower limit on the reheating temperature after inflation
TR for

0>6-10- . (786)

These lower limits are closely related with the
restrictions on the parameters of local supersymmetric
models (Balestra et al., 1984; Khlopov, Linde, 1984,
Ellis et al., 1984; see Chapter 2), predicting the existence
of gravitino with the mass

me -100 GeV (787)
(Ellis et al., 1983).
3.2.The Problem of Primordial Gravitino
Gravitino plays a special role in the supersymmetric
models due to its extremely weak interaction with other

particles. The cross section of the processes of gravitino
absorption or emission is of the order of

no—a—i -10 ®en? . (788)
mPI
where
2
a= L_-10-? (789)
4Tt

and g is the gauge constant. On that reason, in the pres-
ence of other more light supersymmetric particles, the
gravitino turns out to be a particle with the very long
lifetime, given by
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8
Tg = (mmJ iy (790)

(Weinberg, 1982; Nanopoulos et al., 1983). For gravitino
with  the mass (787) predicted in many minimal super-
symmetric models (Nanopoulos et al., 1983), the lifetime
exceeds

t~1, ~10%s . (791)

Thus, supersymmetric models (see Chapter 2) pre-
dict the existence of a massive particle, being either ab-
solutely stable (if it is the lightest supersymmetric parti-
cle and the R-parity is conserved), or metastable one with
the lifetime, exceeding 1 sat

mg < 10°GeV . (792)

This prediction of supersymmetric models caused troubles
in cosmology (Weinberg, 1982).

Indeed, in the case of gravitino decoupling from
other particles at

T~ mp (793)

the standard arguments on the decoupling of weakly in-
teracting particles in the early Universe (see Chapter 3)
give the primordial gravitino concentration of the order of

- :_;(by_ —Nl . (794)

where N is the effective number of relativistic species,
being in the equilibrium in the Universe at
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T~m,g .

Such an abundance of stable gravitinos with the mass
ma - 100 GeV corresponds to their density in the modern
Universe

pe = Mgng =10°m -%-nY ~3-107p,,

P

(795)

being by seven orders of magnitude larger, than the upper
limit on the modern cosmological density (see Weinberg,
1982).

The contradiction with observations is not removed
in the case of metastable gravitino, decaying on the RD
stage. The products of gravitino decays interact with the
plasma and radiation, and that should induce distortion in
the Planck form of the spectrum of the thermal electro-
magnetic background.

Indeed, the energy density Eareleased in gravitino
decays at t -t - 108 s is given by

€, = Mg, ~100 MeV -n, (-10(;’1%} , (796)

whereas the energy density of the thermal background in
this period is only

g, ~100 eV -n . (797)

One obtains the energy release by six orders of
magnitude exceeding the thermal background energy den-
sity for the period, in which no more, than cents of per-
cent of the total radiation energy density are allowed to be
released (see above).

The attempt to resolve the contradiction was made
on the basis of inflational models (Ellis et al., 1983).
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In these models no equilibrium between gravitino
and other particles takes place, since there was no Planck
temperatures during inflation. The abundance of primor-
dial gravitinos is not determined in this case by the equi-
librium concentration in the period of their decoupling.

However, according to Nanopoulos et al. (1983),
even in this case the non-vanishing abundance of gravitino
is predicted. There is small but nonzero probability of
gravitino production in collisions of particles with their
supersymmetric partners.

Following Nanopoulos et al. (1983), the main source
of gravitinos after inflation should be related to the
process

X+V-o>X+G, (798)

where X are scalar particles, interacting with the gaugino
V and gravitino G. The cross section for this process is of
the order of

mp, (799)

where

2
a=.!1 -10-?
47t

and g is the gauge constant. Owing to this process, the
relative concentration of gravitino grows after the end of
inflation with the rate, given by

at " m, (800)

(Khlopov, Linde, 1984). Here
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N(T)- 10? (801)

is the effective number of degrees of freedom, defined as
the number of species of particles with masses m < T at
the temperature T with the account of their statistical
weights.

It follows from Eg. (800), thatif the Universe after
inflation was reheated up to the temperature

T=Tg, (802)

the gravitino abundance grows from virtually zero values
to the value

o, [N (T)Ty o0 T
Mp Mp, (803)

re ~

Consider for definiteness the minimal N =1 super-
gravity (Cremmer et al., 1979; 1983) coupled to the
matter, in which photino and gluino are usually more
light, than gravitino, so that gravitino decays

G- v (804)

and -
G —> gg (805)

are possible. S
The gravitino lifetime is in this case equal to

8
1 = (@] t, . (806)
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m, ; << mg (807)

one has the relation between the branching ratios for the
considered modes of gravitino decays

BrG i) 1

Br(G gg) 8 (809)

The concentration na of antinucleons produced in
the gravitino decays is

n, =ng - Br(G > gé")-J‘dpaJ-dng(pu,p)-B[p—%] , (809)

where Dga(pa,p) is the probability of fragmentation of
gluon with momentum p to the antinucleon with momen-
tum Pa, and 8 is the Dirac delta-function.

One can estimate the fraction of antinucleons in
gravitino decays similarly to our previous treatment of
the antiproton production by evaporating PBHSs. In this
case this quantity defined as

g (810)
is of order of
(811)
(c.f. with Khlopov, Linde, 1984; Balestra et al., 1984).

According to Balestra et al. (1984) and Khlopov,
Linde (1984), the experimental data of Batusev et al.
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(1984), leading to Eq. (755), correspond to the restriction
on the value of relative gravitino concentration

n -

.
n, (812)

Comparison of Eg. (812) with the theoretical esti-
mation of the primordial gravitino concentration gives
rather stringent upper limit on the possible maximal
reheating temperature of the Universe after inflation:

T, < 10° GeV . (813)

This restriction leads to serious problems in the ex-
planation of the observed baryon asymmetry of the Uni-
verse. The bosons, predicted in GUTs (see Chapter 3), can
not be present in the Universe in any sizeable amount at
such low temperatures. With the account of Eq. (813), a
similar problem arises for the particles with the masses
1010 1011 GeV, predicted by supersymmetric models and
considered as a source of cosmological baryon excess
(Linde, 1984).

We see that the serious problem of primordial
gravitinos appears in local supersymmetric GUT models.
The analysis of the effect of gravitino decays on the pri-
mordial chemical composition implies such a low reheating
temperature TR that the problems with baryosynthesis
arise.

Besides, the low reheating temperature TR corre-
sponds to a long stage of coherent scalar field oscillations,
so that PBH, evaporating on RD stage, should form. Up-
per limits on the concentration of such PBH put addi-
tional constraints on the parameters of the theory, deter-
mining the spectrum of small-scale density perturbations.

Consider in conclusion restrictions on another
source of antinucleon annihilation on RD stage, namely,
on antimatter domains, predicted on the base of particle
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models, in particular, of the model of spontaneous
CP violation.

3.3. Constraints on Antimatter Domain Structure

The analysis of dissipation of antimatter domains
(for details see Chapter 3 and Chechetkin et al.,, 1982;
Zeldovich, Novikov, 1975; Steigman, 1976) shows, that
the domains, containing the average baryon number Na4.
dissipate in the period

10° <t <10 s, (814)

if NA is in the interval
1037be < NA < 10“be . (815)
Here f is the fraction of antibaryons within such domains.
The data on antiproton annihilation with 4He nuclei

make it possible to restrict f on the base of analysis of its
effect on the abundance of light elements. One obtains

f <25-10-S . {816)

The analysis of possible distortions of the thermal
electromagnetic background spectrum gives much more
weak restrictions on such domains, since Eq. (632) gives

f<2.102¢ +Z)
1
10 {817)
at the red shifts

z>10° (818)
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corresponding to the period
t <10%s . (819)

. Based on GUT models, the scale of domains is de-
termined by the character of the phase transition in the
early Universe (Kuzmin et al., 1981; Chechetkin et al.,
1982), and in the models with spontaneous CP violation
the magnitude f can be expressed through the phases of

soft (spontaneous) <, and hard <>h CP violation

f — Qs — Py .
9, +9, (820)

Then Eq. (816) imposes stringent constraint on the
mechanisms of CP violation.
If

@y > @, (821)

and the formation of antimatter domains of the considered
scales is possible, <« should be very close to <ph, so that the
following condition is satisfied

<p.-<ph < 2.5-10-3 (822)
<p.+<ph

Such restriction can not be obtained in the analysis of pos-
sible distortion of thermal electromagnetic background
spectrum.

So, tracing only one effect of hypothetical sources
of non-equilibrium particles on the RD stage, namely the
effect of antiproton interaction with *He on the abundance
of light elements, one can perform rather effective test of
particle models, giving rise to sources of antiproton anni-

hilation at



300 COSMOPARTICLE PHYSICS

t>10%s .

The abundance of light elements turns out to be a
much more sensitive detector of possible effects of non-
equilibrium particles, than the spectrum of the thermal
electromagnetic background.

It is clear, that more complete analysis of effects of
non-equilibrium particles on the RD stage may serve as
even more sensitive indicator of the presence of hypotheti-
cal sources of such particles in the early Universe.
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CHAPTER 7

NON-EQUILIBRIUM EFFECTS AS THE PROBE
FOR NEW PHYSICS

Decays of metastable particles, evaporation of pri-
mordial black holes, fragmentation of cosmic strings into
small loops (Smith, Vilenkin, 1987) with successive decay
of such loops on high energy particles are the sources of
hadronic, electromagnetic and neutrino cascades of parti-
cles with the energies, exceeding significantly the mean
thermal energy of equilibrium particles on the RD stage.

These processes are also the sources of considerable
amount of particles, which are not in the equilibrium, or
which equilibrium concentration is negligible.

The examples for the latter case are given by the
sources of antiprotons in the baryon asymmetric Universe
at t > 10-4 s (see Chapter 6) or the sources of positrons
after the first 100 s of expansion.

It is evident, that the physical conditions on the RD
stage should change in the presence of hypothetical
sources of non-equilibrium particles.

Moreover, the example of antiproton-He annihila-
tion has demonstrated, that the astrophysical data are
much more sensitive to non-equilibrium effects on the RD
stage, than to the effects, shifting the equilibrium pa-
rameters on that stage.

Let us turn to general analysis of possible effects of
non-equilibrium particles on the RD stage. Based on such
analysis, the sensitivity of the astrophysical data to the
presence of hypothetical sources of non-equilibrium parti-



302 COSMOPARTICLE PHYSICS

cles in the early Universe can be studied, thus refining the
probes for cosmological and physical phenomena underly-
ing these sources.

1. The Non-Equilibrium Cosmological Nucleosynthesis.

Let us consider the succession of processes, induced
by the source of non-equilibrium particles on the RD
stage.

Elementary particles (quarks, leptons, photons,
gluons,..) are the primary products of a source, such as
massive particle decays or PBH evaporation. The sources
of superhigh-energy particles can produce massive parti-
cles, e.g., W- and Z-bosons, among its products.

Successive decays of unstable particles and frag-
mentation of quarks, antiquarks and gluons into hadrons
reduce the net output of the source to the fluxes of non-
equilibrium photons, neutrino-antineutrino, electron-
positron and nucleon-antinucleon pairs. In the RD stage,
after the 1 s of expansion, all other particles decay be-
fore their interaction with plasma and radiation takes
place. The interaction of energetic non-equilibrium parti-
cles with plasma and radiation, being in the equilibrium
on the RD stage, decelerate the non-equilibrium particles.

Provided that the source may be considered as a sta-
tionary one, the stationary spectrum of non-equilibrium
particles is formed as a result of particle emission by the
source and their interaction with the medium.

Interaction of fluxes of non-equilibrium particles
with nuclei - the products of the Big Bang nucleosynthe-
sis — results in the fluxes of non-equilibrium secondary
nuclei, whose deceleration in plasma is accompanied by
reactions with nuclei from the equilibrium plasma.

The analysis of the chain of nuclear transforma-
tions, induced by non-equilibrium particles, as a function
of the parameters of their source, is the subject of the
theory of non-equilibrium cosmological nucleosynthesis.
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The complete theory is not developed yet. Only some
elements of this theory and the analysis of some special
cases can be found in the literature. But the pattern of the
future theory can be pictured rather definitely.

1.1. Kinetic Equation for Non-Equilibrium Particles

The two physically distinct types of the sources of
non-equilibrium particles in the Universe are of interest.

The data on the spectrum of the thermal back-
ground (see Chapter 5) impose upper limit on the possible
energy release 8s at

t>10% s (823)
given by

% < 11104 - (824)

where &y is the energy density of the black-body back-
ground radiation.

In this period, the sources of non-equilibrium parti-
cles can not dominate in the Universeand the existence of
these sources practically does not influence the law of
cosmological expansion, except for pure of weakly inter-
acting particles, for example, pure sources of neutrino.

The sources of non-equilibrium particles, giving
negligible contribution to the cosmological density, will be
called weak sources.

At

t<10* s (825)

the density of plasma is sufficiently high for effective
transformation of the energy of non-equilibrium particles
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and formation of the Planck spectrum of the background
radiation.

The value of BE may exceed the value of &y in this
period, what implies the change of the law of expansion in
the period, when non-equilibrium particles appear in the
Universe. So, strong sources of non-equilibrium particles
may, in principle, exist in the Universeat t <10%s .

The existence of such sources drastically changes
the standard picture of the Big Bang nucleosynthesis. It
influences both on the thermodynamic conditions for nu-
clear reactions between the equilibrium particles and on
the kinetics of the processes, induced by non-equilibrium
particles.

Unstable primordial gravitinos, discussed in the
Chapter 6, are the example of the weak source of non-
equilibrium particles.

Unstable massive '+t neutrinos, considered in the
Chapter 5, are the example of strong source of non-
equilibrium particles.

Let us come to the quantitative description of non-
equilibrium cosmological nucleosynthesis. For simplicity,
following Sedelnikov, Filippov and Khlopov (1995) we
shall consider the case of uniformly distributed sources of
non-equilibrium particles in the Universe.

This approach is valid, when the inhomogeneity of
the distribution of the sources is significantat the scales,
much smaller than the scale of the modern inhomogenei-
ties, since in the case of small scale strongly inhomoge-
neous source distribution, the net effect of sources, being
averaged over large scales, is reduced to redefinition of
parameters of uniformly distributed individual sources.

More complicated redefinition of parameters makes
it possible to use this approach even in the case of the in-
homogeneous early Universe on the RD stage or of inho-
mogeneous baryon distribution on this stage (Zeldovich,
1975; Polnarev, Khlopov, 1981).

In the considered case of the uniform medium at the
moment t the momentum Ptdistribution of particles of the
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i-th type, being in the thermal equilibrium at the tempera-
ture T(t), is given by the distribution function ft(pt,T(t),t).
Such distribution of non-equilibrium particles of the i-th
type is given by the distribution function <vt(ptt). The
number density of all particles of the i-th type is deter-
mined by both equilibrium and non-equilibrium particles,
i.e. by the quantity

F.=f+op, " (826)
and is equal to
() = F.(p)db. (827)

The source of non-equilibrium particles is charac-
terised by its intensity Qt(pt,t,-r), defined as the number
density distribution of particles of the i-th type emitted
with the momentum Pt per unit time at the moment t.
Here 'tis the time scale of the source. If the decays of me-
tastable particles are the sources of non-equilibrium parti-
cles, 't means their lifetime. In the case of evaporating
PBHSs 'tis the time of evaporation.

In the analogy with the case of photons in the ex-
panding Universe (see, e.g. Zeldovich and Novikov, 1975)
one can deduce the system of kinetic equations for distri-
bution functions Fi(pt,t) (Filippovet al., 1993; Sedelnikov,
Filippov, Khlopov, 1995)

BF, + 2HF ,-Hp ,BF, =I' -I +0Q, 828
o pap, Q (828)

Here H(t) is the Hubble constant at the moment t, and the
collision terms J+ and I determine the income and out-
flow of particles of the i-th type in the spherical layer of
the radius Pt in the momentum space with the width Apt
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due to their interaction with the other particles. The
structure of collision terms has the form

ll .
F d(r]) d
.i..J J dg)J) pJ * ( )
1740 = ) 1 U 829
P. d(cr )
+JIL ek dpjdpk +...
Ik dp

and

I'(p)= F,[(l“,) + jz}: F)(c”)dpjh..J , (830)

where dots stay for omitted terms, corresponding to n-
particle collisions with n > 3, the occupation factor

= 1xF,(p,) (831)
4np;

accounts for the effects of quantum statistics (the sign
"+" for bosons corresponds to induced absorption and the
sign "'-" for fermions takes into account the Pauli exclu-
sion principle) and the brackets <...> mean the average
over the final states with the account for their occupation
factors

jds P 2A, .
dP (832)

The system of equations (828) together with the
system of Friedman-Robertson-Walker cosmological equa-
tions can be considered as the most general basis for the
analysis of non-equilibrium processes in the homogeneous
and isotropic Universe.
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i-th type, being in the thermal equilibrium at the tempera-
equilibrium particles on the light element abundanceit is

useful to pass from Eqs_ (828)-(830) to more simplified
description. It takes into account the difference in the ef-
fects of equilibrium and non-equilibrium components and
sufficiently rapid (as compared with the expansion rate)
formation of the spectrum of non-equilibrium particles.

If
Hr, <<1, (833)

where '« is the time scale of the i-th process of particle in-
teraction (or decay), one can neglect in the left-hand side
of Eq. (828) the effects of expansion and of the red shift,
being proportional to H.

In the opposite case

H-c,>>1, (834)
the effects of particle interactions are insignificant, and
one can neglect the contribution of collision terms into the
right-hand side of Eq. (828).

To analyse the effects of non-equilibrium fluxes on
the light element abundance, one can neglect the presence
of low energy non-equilibrium charged particles with

E <<10 MeV, (835)

photons and neutrinos. We shall also neglect the effects of
occupation numbers, putting them equal to

=1. (836)
1.2. Kinetic Equation for Weak Sources on RD Stage.

The source of non-equilibrium particles is weak,
when the energy density of its productsis small as com-
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pared with the energy density of the thermal background.
We can formulate this condition as

] |E,Q,(p|'t,-r:)dp,6.t << Ey (837)
with
6.t-t (838)
for all t.

In the presence of weak sources, the equilibrium
conditions after thermalization of non-equilibrium parti-
cles do not change significantly. So, one can assume the
expansion law

a(t) oct

and study effects of non-equilibrium particles on the
background of the processes with equilibrium particles,
considered by the standard Big Bang scenario on the RD
stage.

If the condition (833) is valid, the system of equa-
tions (828)-(830) is reduced to the system of Kinetic equa-
tions for the processes with non-equilibrium particles,
taking place in the stationary equilibrium conditions. One
obtains for the distribution function <t of non-equilibrium
particles of the i-th type the equation

I
6([); d(O'U)ﬁ‘ dl"
9 _ B g 4,
ot sz'[(pl x dp, depn“";q’; dp,

- (P![r‘ + ; (nt (cv)r}(pl) + J.(p}(cv)”dp})] +Q,(p,t,T) . (840)
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In the case of equilibrium particles one can use the
number density of particles nt(T) at the temperature T in-

stead of their distribution function ft. One has
n:(T) = Iﬁ(P,,T.t)dP, ’ (841)

where T(t) is determined by the law of expansion. For
equilibrium particles we obtain the equation

an T)=-n.(r,+ Ny(Cn), + ey (o)), dpp +

+Indn,(crv):, +on,(T) + In}r; . (842)

]

Here It is the total probability of decay of unstable
particles of the i-th type, I/ is the relative probability of
production of particles of the i-th type in the decays of
the particles of the type j, and the term

on,(T) = PTu<p,(p,)dp, (843)

accounts for the rapid deceleration of nonrelativistic
charged particles in the cosmic plasma and for the energy
thresholds of reactions.

Consider now in more details the succession of the
processes, induced in the Universe by a weak source of
non-equilibrium particles.

In general, lepton-antilepton and quark-antiquark
pairs, photons and gluons are the primary products of
such a source. More massive fundamental particles, e.g.
W-,Z-bosons, may be produced by a superhigh energy par-

ticle source.
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Decays of unstable particles and quark, antiquark
and gluon fragmentation into hadrons result in the forma-
tion of fluxes of non-equilibrium neutrino-antineutrino
pairs, electrons, positrons, photons, nucleons and antinu-
cleons and, possibly, charged pions and muons. These
fluxes interact with the equilibrium particles.

Such interaction with nuclei, formed in the Big
Bang nucleosynthesis, results in the fluxes of non-
equilibrium nuclei. Deceleration of the latter in the cos-
mological plasma is accompanied by their reactions with
the equilibrium nuclei.

Hence, the non-equilibrium particles can be direct
products of the source, as well as the result of the inter-
action of some other non-equilibrium particles with the
plasma and radiation.

For detailed analysis, the most significant particles
and processes should be specified. Stable particles (pho-
tons, neutrinos and antineutrinos, electrons and positrons,
nucleons and antinucleons) and the processes induced by
them are definitely under consideration.

The metastable particles with the lifetime t(p)
should be taken into account in the processes with parti-
cles of the type j only provided that the following condi-
tion is valid:

(nj(o'v)u)t,(p‘) >1, (844)
where
o (o e m)
t(p) =1(0) m, — (845)

and t1(0) is the lifetime of a particle of the type i at rest.
This condition means that the rate of particle interaction
is greater then the probability of their decay.

For instance, charged pions, having the lifetime
tlt(0) - 10-8s and the cross section of the interaction with
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nucleons of the order of c7tN - 10-26 cm2 are significant in
nucleon and nuclear reactions when

2 3 8
Q, H, [27KJ E, [EJA >1,
5056 )\ To ) m, N\t (846)

N Pb
b —
Per

where

Pb, HO, TO are the modern density of baryons, the Hubble
constant and the temperature of the thermal electromag-
netic background, respectively, and t is the cosmological
time. The above estimation shows, that charged pions with
the energy
E" < 100 GeV (847)
decay before their interaction with nucleons and nuclei at
t>10-°s. (848)

It follows from the definition (837) of the weak
source, that all types i of non-equilibrium particles should
satisfy the condition

_[er‘dept <& . (849)

In particular, restricting ourselveswith the case

o, >> kT, (850)
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where 0, is the energy of non-equilibrium photon, and T is

the temperature of the thermal background radiation, we
obtain from the condition (849), that the number density

of non-equilibrium photons N non satisfies the inequality

T ls %
nu:_[(pdm <<( }11~[—J n, o,
Y L 1 MeV t (851)

where t is the cosmological time and n,is the number den-
sity of equilibrium photons. It means that at

t>>1s (852)

the number density of energetic non-equilibrium photons
is much smaller, than the density of equilibrium photons.
Therefore, in each case, when the process can go due to
thermal photons, the contribution from non-equilibrium
photons into this process can be neglected.

On the other hand, the condition (849) allows for
the number densities of non-equilibrium electrons, posi-
trons, nucleonsand antinucleons to be

n) = [0 Py >> ne (853)
for electrons (positrons) at t > 102 s, and

nty = | Pu(w)9Pu(w) >> P (854)

for nucleons (antinucleons) at t > lo-a s, where ne and nN
are the electron and nucleon number densities in the equi-
librium plasma.

In these cases, non-equilibrium electrons (positrons)
and nucleons (antinucleons) play the dominant role in the
development of electromagnetic and nucleon cascades,
respectively.
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To formulate the general problem of a weak source
of non-equilibrium particles we present the structure of
the set of Eqgs. (840) explicitly

Ty = (e -4y)+axe 4 Y)+ 0y<p 4Y)-
~<py((nee -4)+(ny -4)+(<pe* -4)+(<py -4))
<p, (P -4)+(n4 -4))+Q, (p,, 1)

s - Aeen, -4 et) +{Q Qe -4 £4) + (e<p, -4 €7) 4
+(P<p, -4 e+) +(nfq, -4 e+)-<pe(np -4) +(nd -4))-
= Qe ((ne’ -4) +(ny -4) +(cle -4) +(dly -4)) +Qe,(Per 1)
0 3 2konnne -an, ]2 A koNNn, -aN N+
(<IINN<pNN -4 N,N)-<pN,N((nP -4)+(n, -4)+(<pN,N -4))-
—<pNA( )Coul + QN.N(PN.N' 1)

a: = (onnn, -4 d)+ (k0,04 -4 d)+ (<pnnp-4 d)+
(<lin<llp -4 dy-<pd((nP -4)+(nd -4)+(<p, -4)+(n, -4))-
—<pd ()Coul
8<pE';TiaHe :I\<pN,Nn, -4T ,aHe)+(<pyn4 -4T,aHe)-
-<pT,aHe((np -4)+(n4 -4))-<pTHe( )Caul

7 =(<pN\Nn , -4*He)-<p,((nP -4)+(<pN,N -4))-<p4( )eoul- (855)
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Here brackets < > stand for respective collision term, cpt
and ni denote the distribution function of non-equilibrium
particles of the type i and the number density of equilib-
rium particles of the type j, respectively, < >coul stands
for Coulomb deceleration in plasma, <y, (n4) is the distri-
bution function (number density) of non-equilibrium
(equilibrium) 4He nuclei.

Due to strong Coulomb deceleration in plasma, in
the first approximationone can neglect non-equilibrium
fluxes of nuclei with the charge Z > 2, and consider the
changes of their concentrations under the condition that
these nuclei are in the thermal equilibrium with plasma.

Neutrino (antineutrino)-induced reactions and the
evolution of neutrino cascade are not taken into account
in Egs. (855) and will be considered below.

1.3. Non-Equilibrium Nucleosynthesis. Some Special Cases

The full set of equations (855) is rather compli-
cated, and it was not studied in detail so far even under
the simplified assumptions, mentioned above. The results
of simplified studies of some specific processes of non-
equilibrium cosmological nucleosynthesis in electromag-
netic and nuclear cascades induced by several hypothetical
sources of non-equilibrium particles are only available
now.

Following Burns, Lovelace (1982), Aharonian,
Vardanian (1985), Lindley (1985), the reaction

Y+y>e +e” (856)

is important in the development of electromagnetic
shower by high-energy photons in astrophysical conditions
and, especially, in the conditions of the RD stage. The
pair production induces a sharp upper cut off in the non-
equilibrium photon spectrum given by
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2

me
E, = o5 In(15Q,) , (857)

where the baryon density @b - 0.1 , and me is the mass of
electron.

Dimopoulos et al. (1987) expressed the non-
equilibrium photon spectrum in terms of the energy dis-
tribution function y(E), defined as the photon number
density in the unit energy interval per two body decay of
a hypothetical superheavy particle X with the mass M , in
which high-energy y-quantum is emitted. They obtained

Mx 1
11+ 3 - E <Emax

r(E):{ZEO:X E72
, E>Emax ,

(858)

where Emax is given by Eg. (857)

Dimopoulos et al. (1987a,b) have also reduced the
set of equations (855) to the set of equations for reaction
rates, accounting for non-equilibrium fluxes (Dimopoulos
et al., 1987a), and found a simple analytic treatment, be-
ing in good agreement with the numerical solutions of this
set of equations and giving an interesting possibility for
light element production.

The analytical treatment by Dimopoulos et al.
(1987b) was based on the numerically calculated
(Dimopoulos et al., 1987a) quantities being defined as
the number of i-type nuclei per baryonic X decay and de-
termined by the chain of nuclear reaction induced by nu-
cleons and antinucleons from X decay.

It was assumed that 4He abundance decreased domi-
nantly due to baryodestruction, and the contribution of
photodestruction is neglegible. The variation with time of
the relative concentration of 4He nuclei, defined as
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n
f,=—4%, (859)

where n, and ny are the number densities of “He nuclei
and photons, respectively, is

Ofy, _ o .
Iy _ T i
Bt fxTx exp(-Tyt)r &, (860)
where
=X
*on, (861)

is the frozen relative concentration of superheavy
particles X,

ot = Ty (862)

is the rate of X decay, rb*is the effective branching ratio
of X decays to final states containing baryons and 4 is
negative.

The equations for D, 3He, 6Li and ‘L.i abundance are
derived under the assumption, that the dominant produc-
tion occurs inside the hadronic showers and involves the
relevant t and the dominant destruction is by photodisso-
ciation. These equations have the form:

Epu(t)
g_f = foTy exp(-Tyt)r&, -n, [£(EJo,(E)dE, (863)
&

where Qt is the photodissociation threshold, nt is the num-
ber density and crytis the photodissociation cross section of
the nuclear species i , and Emax(t) is given by Eqg. (857)
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with the account for the standard Big Bang time-
temperature dependenceon the RD stage

Tcx:t_% .

The nonthermal photon spectrum fy(E) is given by its
fixed point value, i.e. by the solution of the equation

afgtE) = 2T exp(-Ty )¢, (E) - n,o (E)f,(E)  (864)
at
oAE) _,
ot (865)
One obtains
f(E) == (E)flx expl( ) (866)

n,c.(E)

Assuming, that equations (863) reach their fixed
points

Qa[{ =0, (867)

Dimopoulos et al. (1987b) obtained forD, 3He, ®Li and Li
abundances the values

T
> f,,
X

f = 305,01 EL, (1) 2

(868)

where fb is the baryon-to-photon number density ratio
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2 8

f,=nl =75 10-90 J C+7KI . (869)
} ny [50 ]V[c 0

the cross section ratio is

o,(B) 1

o, (E) 30

(870)

and trt is the freeze out time, when both photodissociation
and baryoproduction come to end. The condition

Epu(tn) > @ (871)

and the constraint on 4He photodissociation lead to rather
narrow interval of the lifetimes

4.10° <x <8-10° s (872)
when the fixed point values (868) are valid. That gives
D:%He :°Li:"Li=1:1:10-° :10° (873)

determined predominantly by the ratio of t. The absolute
values of these abundances correspond to the observed
ones, if

2-10* < NILX <10° GeV . (874)
]

Assuming significant depletion of 6Li abundance
Dimopoulos et al. (1987b) show the principal possibility of
interpretation of the observed abundance of the light ele-
ments in terms of the keV-era nucleosynthesis.
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Such an approach removes the strong dependence of
predicted abundance on the number of neutrino species or
on the baryon-to-photon ratio but involves the hypotheti-
cal particle X with very specific properties.

The allowed intervals for the lifetime+ and mass-to-
baryon branching ratio Mxlrb* are very narrow, and they
can vanish after more detailed information on the nuclear
processes involved will be available. Anyhow, it illustrates
the possibilities of nuclear cosmoarcheology, relating the
light element abundance to the relic "footprints” of hypo-
thetical physics in the early Universe.

Non-equilibrium  cosmological nucleosynthesis es-
tablishes new type of relations between the cosmological
and nuclear data.

The results of the standard Big Bang nucleosynthe-
sis are dominantly determined by the thermodynamic con-
ditions, so that a slight change in thermodynamic parame-
ters compensate any drastic error in nuclear reaction
rates.

The results of non-equilibrium cosmological nucleo-
synthesis are directly determined by particular properties
of nuclear reactions, namely, of their total and differen-
tial cross sections.

It turns out that sometimes the corresponding
nuclear data are absent.

Experimental nuclear cosmoarcheology formulates
the experimental tasks to fill the gap and by respective
experimental measurements completes the link in the cos-
moarcheological chain.

To prove that the source of non-equilibrium parti-
cles is responsible for the observed light element abun-
dance, we need detailed self-consistent treatment of all
channels of light element production in all nonthermal
particle cascades, induced by the considered source of non-
equilibrium cosmological nucleosynthesis. Such a treat-
ment shows what the parameters of the hypothetical
source should be.
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However, we can use only one particular trace of
the source to find what the parameters of this source
should not be, i.e., to exclude their values, corresponding
to overproduction of some elements.

The very existence of antinucleons in the Universe
after the Big Bang nucleosynthesis is a profound signa-
ture of a source of nonthermal particles.

We have seen above that, whatever the source of
antinucleons is, their annihilation in the Universe on the
RD stage is severely restricted by the observed D and/or
3He abundance. The only fact, that antiprotons were pres-
ent in the Universe and annihilated with 4He, was suffi-
cient for the restrictions on antiproton sources, given in
Chapter 6.

However, the sources of nucleon-antinucleon pairs
on the RD stage, such as gravitino decays or PBH evapo-
ration, produce high-energy nucleons and antinucleons,
inducing nuclear cascades. One can expect, that the ac-
count for the development of non-equilibrium particle cas-
cade should increase the sensitivity of cosmoarcheological
analysis.

Levitan et al. (1988) analysed with Monte Carlo
simulations the D and 3He production in nucleon cascades,
induced by energetic nucleons and antinucleons from
hypothetical sources of nucleon-antinucleon pairs.

There are several factors, leading to the enhance-
ment of D and 3He production in such cascades as com-
pared to slow antiproton annihilation with 4He, considered
in Chapter 6.

Due to suppression of relativistic antinucleon
annihilation, the main mechanism of D and 3He produc-
tion by high energy antiprotons are inelastic inclusive
processes
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p+‘He p + D +anything (875)
p+‘He p+ *He + anything (876)
p+ “He p + T +anything (877)

and the dominant mechanism of relativistic antiproton
energy loss is related to inelastic scattering on nuclei
(dominantly on the most abundant hydrogen nuclei, i.e.
protons), in the process

p+pp+p+anything. (878)

Hence, the relativistic antiproton, before it is
slowed down to non-relativistic energies, can participate
more than one collision, giving rise to D, 3He and T
production.

The next factor is related to recoil protons, acquir-
ing after antiproton interaction with proton or antiproton
destruction of helium the energy, exceeding the threshold
of proton-induced 4He destruction. Destruction of 4He by
recoil protons is the additional source of D, 3He, T pro-
duction in the case of high-energy primary antiproton.

The last, but not least, factor is related to interac-
tions of primary protons, produced by the source in the
pairs with antinucleons. Such protons, as well as the
secondary protons, produced in the nucleon cascade, also
give rise to D, T and 3He production.

The quantitative estimation of relative significance
of all these factors is obtained in numerical calculations
by Levitan et al. (1988).

One finds that in the case of antiproton-induced
D(3He) production the dominant contribution is given by
antiproton at its maximal energy. The second maximum at
low energies is due to antiproton annihilation at rest. The
minimum of D(3He) production at low kinetic energies



322 COSMOPARTICLE PHYSICS
E 0.1GeV (879)

of slowed down antiproton with the initial energy
E, >E (880)

are due to strong Coulomb deceleration of non-relativistic
charged particles in the cosmic plasma. The effective cross
section of Coulomb scattering is proportional to

crCoul —V_4 ' (881)

where v is the velocity of a charged particle.

We see that the probability for charged particle
(proton and antiproton) to destruct “He before the particle
is slowed down to the thermal energies by Coulomb inter-
action with plasma is strongly suppressed.

The energy dependence of the enhancement factor
for the constraint on antiproton sources as well as the
sensitivity of this factor to the data on the energy de-
pendence of D(3He) yield in antiproton interactions with
4He was given on Fig.15 in Chapter 6.

Levitan et al. (1988) found simple analytical for-
mulae, providing good approximation to their numerical
results.

Consider, for example, the probability SnA of
D formation in antiproton interactions. The rate of anti-
proton slowing down exceeds significantly the rate of the
change in the parameters of the medium or the rate of the
evolution of the source. So the probability distribution
cpa(E,Eo) for antiproton with the initial energy Eo to have
the energy E is stationary. This probability is determined
by the equality of the rate of slowing of antiprotons with
the energies
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E>E (882)

down to the energy E and of the further slowing of anti-
proton with the energy E down to lower energies

Eq d(cv)tn(e) tot
0,(¢, E)) —————>n,de =n_(ov) ¢,(E,E,) .
l @4 P 7 “7 (883)
At high energies one can use the approximation

atot(E) = canst , (884)
aann <<crtot " (885)

crn afot
d(avt (E _fn 2 att (836)

dE E 3 t

giving for the solution of Eq. (883)

0. (B E)) x E7 . (887)

The probability for deuterium formation in antiproton
interactions is given by

S = r;T<i>a(E, Fo ecr JE)v1:dE ' (888)

0

where foa is relative yield of deuterium in antiproton-
helium interaction, assumed to be equal

I, =canst (889)

and
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1 1
r=(ncrv)- (890)

is the time scale of cascade development. One finds from
the above equations, that the energy dependence of SnA is

St < EJS . (891)

The examples, given by Dimopoulos et al. (1987),
Levitan et al. (1988) exhibit the direct relationship
between the data on particle interactions with nuclei,
measured in experimental nuclear physics, and the light
element abundance, measured in astronomical data.

Putting together the respective experimental and
astronomical data one can make rather definite conclu-
sions on the possibility for the sources of non-equilibrium
particles to exist in the early Universe, thus providing
complex indirect test of the underlying super high energy
physics, unachievable by direct laboratory means.

The new type of relations between astronomical, ex-
perimental nuclear and theoretical research, arising in the
context of nuclear cosmoarcheology, may be illustrated by
the ASTROBELIX project, considered in the next section.

2. ASTROBELIX project.

2.1. AstroNuclear Experiment ASTROBELIX

The main motivation for the ASTROBELIX project
follows from the fact, that no antiprotons are present in
the baryon-asymmetrical Universe from the end of the lo-
cal nucleon-antinucleon annihilation at t < 10-3 s to the
period of galaxy formation at t > 10% s when the interac-
tion of cosmic rays can produce antiprotons.

Thus, the antiproton annihilation in the early
Universe after the Big Bang nucleosynthesis is the pro-
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nounced signature of some new cosmological phenomena,
related to the physics beyond the standard model.

Indeed, the nature of sources of antiproton annihi-
lation can be related to cosmological consequences of par-
ticle models (Chechetkin et al.,, 1982b), so that the analy-
sis of possible effects of antiproton annihilation provides
constraints on possible parameters of these models.

Since different particle models can provide infla-
tion, predict the same observed baryon asymmetry of the
Universe and offer candidates for dark matter, one can
use additional effects, related to cosmological conse-
quences of such models to distinguish them and to choose
among them. The sources of antiproton annihilation after
the Big Bang nucleosynthesisturn out to be such addi-
tional effects, related to a wide class of physical mecha-
nisms for inflation, baryosynthesisand dark matter.

From the phenomenological viewpoint, there are two
principal possibilities of appearance of antiprotons in the
baryon-asymmetrical Universe after the end of the local
nucleon-antinucleon annihilation: a) antiprotons can
survive in domains of the antimatter and b) they can be
produced in nucleon-antinucleon pairs by some source of
energetic particles.

Concerning the possibility (a), one can find that vir-
tually each realisation of baryosynthesis (see Chapter 3)
can naturally lead under some conditions to the generation
of antibaryon excess.

In the mechanisms of baryosynthesis, related to
baryon non-conserving non-equilibrium processes, the
excess of baryons implies the specific choice of the
CP-violating phase. The possibilities of the spatial varia-
tion of the value and the sign of this phase gives, the ex-
cess of antibaryons in some regions in the same mecha-
nism (see Chapters 3 and 6).

In the mechanisms of Affleck, Dine (1985), Linde
(1985) (see Chapter 3), the existence of baryon asymmetry
is provided by the independence of the supersymmetric po-
tential on the baryon charge of the condensate of scalar
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quarks, that leads naturally to the possibility of spatial
variation of the baryon charge density in such a conden-
sate.

The possibility (b) is related to the existence of new
(approximately) conserving charges in virtually all exten-
sions of the standard model. The lightest particles, having
such charge, are metastable, and should be present long
after they freeze out in the very early Universe.

The existence of primordial metastable particles
leads directly to the sources of energetic particles on the
RD stage owing to their decays.

In the case of gravitino (see Chapter 6) with the
mass mG- 100 GeV, gravitino decays at t— 10s s to gluino
and gluon (805) resulting in hadronic jets, containing
nucleon-antinucleon pairs, due to gluon fragmentation to
hadrons.

Superheavy metastable particles may have insuffi-
cient lifetime to survive during the period of the Big Bang
nucleosynthesis. However, they can be the cause of non-
equilibrium particles on the RD stage indirectly through
the primordial black holes (PBH) formation on stages of
their dominance (see Chapter 4).

PBH evaporation on the RD stage results in crea-
tion of nucleon-antinucleon pairs among the products of
evaporation (see Chapter 6).

The influence of antiproton annihilation with 4He
nuclei on the abundance of light elements turns out to be
the most sensitive probe for the existence of hypothetical
sources of antiproton annihilation on the RD stage (see
Chapter 6).

In the earlier studies of nuclear cosmoarcheology,
hypothetical sources of antiproton annihilation on the RD
stage were probed by the analysis of D and 3He production
induced by antiproton annihilation with 4He nuclei.

The gap in the logical chain linking the analysis of
the relationship of antiproton sources to the existence of
PBHs, antimatter domains and gravitino, predicted on the
base of GUT, SUSY etc. particle models, to the observed D
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and SHe abundances was filled by the data of CERN LEAR
experiment PS 179, undertaken with the special aim to
measure D and SHe yields in antiproton annihilation with
He. As a result of this experiment, it was shown, that
the predicted overproduction of 3He in the antiproton-4He
annihilation puts the most restrictive constraints on the
possible amount of antiprotons, annihilating on RD stage
and, in particular, causes serious troubles for the simplest
versions of local supersymmetric models (see Chapter 6).

Since Li, Be and B are by 6 orders of the magnitude
less abundant, than 3He, the “possibility of the chain of
nuclear processes

p+*H °He+... :» SHe+'H "Be+ y (892)

p+“He D+... w> o D+ PLi+y (893)
p+He T+... > T+'He Li+y (894)
p+‘He T+... o T+ PLi+n (895)

provides more sensitive tool to probe the existence of
antiproton annihilation on the RD stage by comparing Li,
Be, B abundance, predicted in this chain, with the
observed one.

However, this logical chain tracing the cosmological
consequences of particle theory to astronomical observa-
tions of light element abundance is incomplete, since there
IS no information on the high momentum distribution of
3He, T, D, produced in antiproton annihilation with 4He
as well as the pregalactic Li, Be and B abundance is poorly
known.

To complete the chain, the ASTROBELIX project
proposed (Khlopov, 1990, 1992):

a) to measure the momentum distribution of D, T,
3He in the OBELIX studies of antiproton_4He interactions
in LEAR, and

b) to elaborate the methods of measurements of
primordial chemical composition with the use of the
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narrow-band distortions in the Rayleigh-Jeanspart of the

relic radiation. _ S
Though each source of antiproton annihilation is

simultaneously the gamma source, y-*He interaction can
not provide significant Li, Be, B production since

i) the cross sections of reactions of “He photodesin-
tegration

y+‘He T+ p (896)
y+‘He °He +n (897)

are peaked near the threshold, and

ii) the y-spectrum of electromagnetic cascade,
formed in plasma on RD stage is also decreasing with the
energy E of y quanta,

f,(B)< E7 . (898)

Thus, contrary to the case of 3He production, the photode-
sintegration-induced chain of nuclear reactions

y+'He T+p = T+'He °Li+n (899)
y+'He T+p = T+'He 'Li+y (900)
y+‘He °*He+n => °He+*He ’'Be+y  (901)

can not compete with (antiproton + 4He)-induced Li, Be, B
production.
The full body of ASTROBELIX project contained:

1) theoretical investigation of relation between parameters
of particle models and sources of antiproton annihilation;
2) numerical simulation of antiproton annihilation in
plasma on the RD stage and of the Kkinetics of corre-
sponding reactions of non-equilibrium  cosmological
nucleosynthesis, clarifying the loopholes in the data on
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antiproton-helium interaction and astronomical observa-
tions,

3) experimental measurement of cosmological relevant pa-
rameters of antiproton-helium interaction by the OBELIX
collaboration in LEAR and

4) elaboration of radioastronomical methods of primordial
chemical composition measurement via the searches of
narrow-band distortion in the electromagnetic thermal
background spectrum.

The project exhibited the cross-relations between
the main components of cosmoparticle studies: the theo-
retical, the numerical, the experimental and the observa-
tional ones. In particular, the new, astronuclear, level of
relations between nuclear physics and astrophysics is
achieved in the context of cosmoparticle studies.

While nuclear astrophysics applies the well proved
laws of nuclear physics to the problems of astrophysics,
astronuclear experiments combine nuclear and astrophysi-
cal research in the studies of unknown physical laws, hid-
den at superhigh-energy scale.

The full-body realisation of ASTROBELIX pro-
gramme turned out to be impossible. Experimental spe-
cifics of the OBELIX experiment was not adequate for
proper measurements of secondary nuclei yields in anti-
proton-helium interaction. But the cosmoarcheological
studies, undertaken in the framework of ASTROBELIX
project, clarified the importance of their further develop-
ment and have given rise to "Astroparticle Studies of
Dark, Decaying and Annihilating Matter in the Universe"
(ASTRODAMUS project), now being under way.

2.2. Li and Be Abundance Constraint on Antiproton
Annihilation on the RD Stage

Among the results of cosmoarcheological studies,
initiated by ASTROBELIX, let us discuss briefly the theo-
retical proof of high sensitivity of Li, Be, B abundance to
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parameters of antiproton sources as compared with the
case of deuterium and helium-3.

It was shown by Khlopov et al. (1994), that even in
the absence of direct experimental data rather definite
cosmoarcheological conclusions can be done on the basis of
observational data on Li abundance. Using the Monte
Carlo simulations, it was shown, that the existing uncer-
tainties in the exact form of the momentum distribution
of secondary nuclei produced in antiproton interaction
with “He cause rather small uncertainty in the relation
between the number densities of antiprotons and of Li, Be
nuclei, originated from antiproton induced cascade.

Relative stability of this relation followed from the
fact, that virtually all existing nuclear physics models for
distributions of secondary nuclei in destruction of 4He by
antiprotons, predict the maximum of the distribution at
energies, exceeding the threshold of the successive nuclear
processes. Thus, in the first approximation, the amount of
produced Li is determined by the integral amount of sec-
ondary nuclei, which is much less ambiguous.

Based on the observed SLi abundance, Khlopov et al.
(1994) found the constraint on the relative amount of
antimatter, given by

1 GeVJ%

0

f<1ll. 10“‘[
(902)

where Eo is the initial energy of antiproton. The con-
straint (902) imposes the upper bound on the gravitino
concentration (see Chapter 6)

e .38.10° 2
i n, (903)

This upper limit was obtained for gravitino with the mass
me - 100 GeV with the account for the relation between
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the mean energy of antiprotons and the energy of gluon
Eg, given by

E; -(1GeV -E ) . (904)

If the mass of gluino in the gravitino decay (805) is small
as compared with the mass of gravitino

m; <<mg , (905)
the initial gluon energy is

E :_r% =50 GeV , (906)

therefore the initial energy of antiproton is
E, 7 GeV. (907)

Since the primordial gravitino concentration is related to
the reheating temperature TR as

n, Mp (908)

one obtains finally the upper limit on the temperature of
reheating from the observed 6Li abundance

TR < 3.8-10° GeV . (909)

The comparison with the corresponding limit,
obtained in Eg. (813) from the observed S3He abundance,
shows that the account for antiproton-induced nucleosyn-
thesis results in the more than the order of magnitude
stronger constraint.
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This example shows the importance of the non-
equilibrium nucleosynthesis theoretical network as the
sensitive tool in the cosmoarcheological equipment.

3. Cosmological Backgrounds of
Non-Equilibrium Particles

3.1. High Energy Neutrino from the RD stage.

The weakness of neutrino interaction makes non-
thermal neutrino cascades virtually ineffective in non-
equilibrium cosmological nucleosynthesis, so we can
hardly use abundance of light elements to test the
presence of nonthermal neutrino sources on the RD stage.

The same reason makes impossible to use the ther-
mal background radiation spectrum as a calorimeter for
neutrino sources.

However, due to the weakness of neutrino interac-
tions, direct experimental probes for high-energy neutrino
sources are possible. Since nonthermal neutrinos can
survive to the present time, they can be searched for in
neutrino observatories.

The higher is the neutrino energy, the larger is the
probability to detect them and/or to test the presence of
their hypothetical source in the early Universe.

There are several possibilities for the source of
energetic particles to produce high-energy neutrinos.

Neutrinos can be produced directly, as in the case
of evaporating PBHs or superheavy metastable particles
decaying on the channel

M v+ anything. (910)

The source can produce high-energy charged pions
and kaons, having neutrinos among their decay products.

The development of nucleon cascade is accompanied
by inelastic nucleon interactions, giving rise to pions and
K-mesons, successively decaying on neutrinos.
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The existence of the Big Bang thermal neutrino
background imposes an upper limit on the energies of
nonthermal neutrinos.

Due to the neutrino-neutrinoweak interaction, neu-
trinos with the energy

E>Ernax (911)

should lose their energy in neutrino-neutrino scattering on
the thermal neutrino background. One can estimate the
value of Emax as (Khlopov, Chechetkin, 1987)

Emax - 1G€V( fS) | (912)

which is determined by the opacity of the thermal
neutrino background for energetic neutrinos.

If the source of energetic neutrinos creates neutri-
nos with the energy E > Emax , neutrino-neutrino interac-
tion induces neutrino cascade, since the scattering of
energetic neutrino with

E >> Emax (913)
on a thermal neutrino with the energy

Er- 3T, (914)

where T is the thermal neutrino temperature, results in
the average energy of recoil neutrino

E-E . (915)
2

So, the "multiplication™ of energetic neutrinos can also
take place.



334 COSMOPARTICLE PHYSICS

Superposition of all these processes forms the spec-
trum F(E) of energetic neutrinos, induced by the source
of superhigh-energy particles.

In general, the form of the spectrum can be deter-
mined only by detailed numerical simulations. The de-
tailed information on all particle cascades, produced by
the source, is needed. However, some principal features of
the spectrum and the possibilities of its detection can be
estimated on the base of such general properties of the
source, as its time scale 't , relative contribution of its
superhigh-energy products into the total cosmological
density and the maximal energy E, of energetic particles,
produced by the source.

Consider, for definiteness, the case of hypothetical
superheavy particles with the mass m, relative concentra-

tion r = nm/TLy and the lifetime +. The quantity Vv(E) is
the number of neutrinos with the energy E (in the energy
interval with the width dE in the vicinity of E) per decay
of this particle.

The spectrum F(E) is to be cut at the high energies

E > min(Emax, m) . (916)

To estimate the sensitivity of the existing or
planned cosmic neutrino detectors to such a source of
superhigh-energy neutrinos we should compare first the
maximal modern energy of neutrinos from the considered
source with the threshold energy of neutrino detectors.

Consider, for definiteness, the case

E, <m. (917)

max

The maximal energy of nonthermal neutrinos is redshifted
in the modern Universe down to
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En = m(1+zd) . (918)

where zd is the red shift, related to the period of particle
decays at t - 't by the relation

; 1, for 1 > t,,,
3
Y=zl 142, VA .
T ,for 1<ty
1+2,, (919)
Here
2
zvD = 104(Sd'|(?m ) (920)
—SMpoT
for O= 1, Ho is the modern Hubble constant,
t, =4-10"s (921)
is the age of the Universe and
typ = 4-10"s (922)

is the beginning of the modern nonrelativistic matter
dominant stage in the Universe.

Eg. (919) should be modified, accounting for
possible recent decays of dark matter particles after the
formation of the large scale structure of the Universe,
what take place in unstable dark matter scenarios of large
scale structure formation (see below). However, this modi-
fication is not significant for the further discussion.

It follows from the Eq. (919), that the modern value
of Emax in the case of superheavy particles, decaying on

the RD stage, i.e. at
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t— t < tMD (923)

is given by

Emod =E (1+Z )-I]/ (g ‘J : (924)

u

Using the estimation of Emax (924), one obtains
that the modern maximal energy of nonthermal neutrinos,
induced by decays of superheavy metastable particles with
the mass satisfying the condition (917) at the time de-
fined by Eg. (923) is given by (Khlopov, Chechetkin,
1985)

Emod = 2:10-0 GeV(_]ZG)% : (925)

It can be easily found from Eg. (925) that at
1>10% s (926)

the maximal energy of nonthermal neutrinos exceeds the
energy threshold for detection of such neutrinos in
neutrino observatories.

The sensitivity of neutrino detectors to the sources
of superhigh-energy particles on the RD stage is also de-
termined by the intensity of the flux of high energy
neutrinos.

In the considered case of superheavy particles the
flux Fv(E) of nonthermal neutrinos is determined by the
relative concentration r the magnitude v(E).

The phase space number density of nonthermal
neutrinos is
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dJ, _d’F, d°n,
EZdQ - daE = daE rn\rc . (927)

Here c is the speed of light and the spectrum is normal-
ised on the modern number density of relic photons nv.
The density

is related to the spectrum v(E) of the neutrino cascade,
induced by decays of superheavy particles,

%Q’ = \]\]& (1+Ez(t))\] -exp( I).%'%L'dt -d3p, (928

where the dependence of « on Ej(1+Zz) takes into account
the red shift of neutrino energy, and the exponential
factor in the integrand corresponds to the exponential law
of decay. The momentum distribution of decaying
particles is also taken into account in Eg. (928).

3.2. High-Energy Neutrino Background as
the Probe for New Physics

The comparison of the differential, Jv, and the inte-
gral, Fv, spectra of non-thermal neutrino background with
the corresponding characteristics of atmospheric neutrinos
Jvaand Fva makes it possibleto estimate the sensitivity of
neutrino telescopes to the existence of high-energy par-
ticle source in the early Universe.

The highest-energy neutrinos are of the most
interest for such a comparison, since the calculations of
Volkova and Zatzepin (1965) exhibit rapid fall of the



338 COSMOPARTICLE PHYSICS

atmospheric neutrino spectrum with the energy of neutri-
nos (see review of Chudakov, 1983).

To estimate the spectrum of neutrinos from decay
of superheavy metastable particles, assume the instanta-
neous decay. In other words, we shall put the Dirac delta-
function o(t-'t) instead of exp (- tj"C) into Eq. (928).

We shall also neglect the momentum distribution of
superheavy particles:

n - §(p) .
& (p) (926)

In this case the neutrino distribution coincides with the
spectrum

dsnv:g{ E ]
d’E  \(1+2z,))" (930)

To find the function v(E), the relation between the
mass m of metastable particle and the value of Emax is
essential.

In the case opposite to the condition (917),

m < Emsx (931)

neutrino interaction with the thermal background is neg-
ligible, and the function v(E) is determined by the
detailed properties of metastable particles and products of
their decay.

In the case

m>>E._, (932)

the (vv) interaction is essential.
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Consider the latter case, assuming that the effects
of this interaction dominate in the formation of nonther-
mal neutrino spectrum.

The matrix element of (vv) scattering due to neutral
current interaction in the standard theory of electroweak
interactions has the form

G, _ —
M= ﬁvﬁp(l +Ys )V Vﬂu(l +¥5)Vs » (933)

where Gp is the Fermi constant.
The differential rate of (vv) scattering is

d(ov)  GZ(1-cos6) Eo,
2npidp, 8n’plp (934)

where E 1 and 1o, are the initial neutrino energies, 8 is the
angle between their momenta,

E,=p, (935)
is the energy of final neutrino and
p*=E! +0l +2E0, cosO . (936)
With the use of the condition
01> El (937)

the differential rate of (vv) scattering obtains the form

dicrv) Gi(l-cos8) E,

st (938)
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In the case of the scattering of identical neutrinos
the right hand sides of Eqs. (934) and (938) are to be mul-
tiplied by the factor 1/2.

Consider, following Souslin et al. (1982) (see also
Yuae and Buchler (1976)), the Kkinetic equation for the
neutrino distribution function in a homogeneous medium.

The neutrino distribution function fv (E,t) is in this
case the sum of the equilibrium distribution <0l of the
thermal neutrino background and of the high-energy
distorsion of this distribution tY>, induced by decay of
superheavy metastable particles.

The concentration of thermal neutrinos is evidently
much greater as compared with the energetic neutrinos,
i.e. the following inequality is valid:

ny = If\fO)d3P >> vamdap - (939)

Let us assume also the dominance of thermal
neutrino energy density over the one of non-equilibrium
particles, i.e. consider the case of a weak source of non-
equilibrium neutrinos

0 < [BpOaps B0y, (oo

Then, one obtains the set of linear equation for the
functions ft with i=1,...,N neutrino species( N = 3)

: $p [ g p. A5 d*(cv)"
=Z_[dp,Jd Pty foy) ————
dPr

—fw’zjd?'p,h (ov)" +S,(p,) . (941)
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Here

& (ov)"
dp,

is the differential rate of (vv) scattering and St<Pt)is the
function of the source.

If the neutrinos of all species have the same unper-
turbed distribution function, the quantity

Z (1)

satisfies the equation, having the same form as the equa-
tion for tY>in the case of only one species of neutrino,
given by

2

af'ice) = | dap tlo>(ro). ]dxl c:(l-cos8)

dt v v 87t

2(1- 2
~FHEid *p-f°)(ro)- GF( Br(1:088) +Sv(E,t). (942)

Therefore we can consider the case of only one

neutrino type.
Using the normalisation conditions

j E. f I)(E)dE = manm (943)
and
m 1 mn
IE- S(E)dE = mnmIx-SX)dx = _m , (944)

0 0 av
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the functions tY> and Sv can be conveniently normalised

as follows:
443
S Py (945)
and
Sv(E,t) =mm :;E o(t-,) =S(E)o(t-,;), (946)
where

(947)

Here av-' has the meaning of the fraction of the rest
energy of decaying particles, corresponding to the total
energy of the initial non-equilibrium neutrino flux.

One can also introduce the dimensionless variable

mod
L E (1+2,) ’

m (948)
where zd is the red shift, correspondingto the period of
decay and Emod is the modern energy of non-equilibrium

neutrino.
Then the equation for

f(x) = £.(x) (949)

has the form
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df(x,t) |
dt’ = 2BJ dyf(y,t)- Bt(x,t) +Sv(x,t) , (950)

where

_ Giem
67

B (951)

and ev is the energy density of the thermal neutrino back-
ground.

The solution of EQ.(950) can be easily obtained with
the use of the Laplace transformation method. It has the
form

f(x,t) =

exp(-Bu  S(x)+2B<[ S(y)dy+(B<)’ryS(y)dy} . (952)

The quantity

Bt~no, vt (953)

has the meaning of the optical depth in the thermal neu-
trino background for energetic neutrinos with the energy

E-m (954)

One finds from Eg. (952) that the larger is the
opacity for initial energetic neutrinos from the source, the
better is the approximation, in which the term, propor-
tional to



344 COSMOPARTICLE PHYSICS

I yS(y)dy

X

dominates in the distribution function. This term corre-
sponds to the "multiplication” of high-energy neutrinos
owing to neutrino scattering on the thermal neutrino
background.

Putting
a,~1, (955)
one obtains
1
f(e) = Xp[- \] mm (956)
where
Get)
E, = [LJ ~E . (957)
671

Finally, the modern spectrum of high-energy
neutrinos, predicted in this case, has the form

rmn

J (E) = i zd)(E;r';:j)z -exp[—

] <
E™ |8
mx /ST (g5g)

Since there is no significant excessive background
over the predicted flux of atmospheric neutrinos in neu-
trino telescopes, one can put an upper limit on the flux of
nonthermal cosmological high-energy neutrinos

FV(E > 1 GeV) < Fi(E >1GeV) . (959)
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Using Egs_ (958)-(959), one finds the restriction on
the wvalues rm and 't for superheavy metastable particles
with the mass

m >>10°GeV (960)
decaying at

t>10°s . (961)

The restriction is shown in Fig.18.

rm
10-20.1 eV

Fig.I8. Constraintson superheavy metastable particles from
the upper limit on super-high energy neutrino background.

In spite of the ambiguity of the form of the spectrum in
the case (931), one can assume that there is no strong
suppression of the high-energy tail up to the energy

m
e (962)
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Then the restriction, presented on the Fig.l8, is also valid
in this case.

3.3. DUM.AND as the Tool for Cosmoparticle Physics

The planned Deep Underwater Muon and Neutrino
Detectors (DUMAND) will open new possibilities for the
tests of the existence of high-energy particle sources in
the early Universe.

The planned minimal sensitivity of these detectors
at

E-1TeV (963)

-1

F,(E>1TeV)=10""(cm* s-sr) (964)

One finds in this case from Eq. (958) that DUMAND will
be able to detect the effects of decays of primordial
particles with

rm>107"" eV.(1+2,). (965)

The planned  threshold of neutrino detection in
DUMAND is about 200 GeV. One obtains from Eqgs. (924)
and (925), that the condition

E: > 200 GeV (966)
is valid, if

t>10°% s . (967)
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The values of rm and -t, accessible to DUMAND are
presented in Fig.l19 together with the restrictions on these
values following from the data from neutrino telescopes,
on the light element abundances (Chapter 6) and on the
observed spectrum of the relic radiation (Chapter 5). One
finds from Fig.19, that DUMAND can play the role of an

unique detector for decays of particles with the masses,
exceeding

m >200 GeV-(1+2,), (968)

in the period 't > los s.

10-14 rm

10-41Q-31  MeV

Fig.19. Constraints on rm and 't from 1- DUMAND in
comparison with the constraints from neutrino telescopes,
light element abundance and spectrum of relic radiation.

In studies of a "white spots” on the plane (rm, 't), it
may be useful to probe such cosmological effects of super-
high-energy physics, which can influence neither the light
element abundance, nor the thermal background spectrum.
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The existence of metastable particles with the
Planck mass

m=mp , (969)

the so-called electrically charged maximons, can be a non-
trivial consequence of quantum gravity (Markov, 1984).
Decays of these particles can be accompanied by formation
of superhigh-energy neutrino cascades. This case corre-
sponds to the condition (932), so the spectrum of neutri-
nos, induced by maximon decays, is given by Eq. (958).

Note, that the process of cosmic string evolution
may be an interesting example of the source of superhigh
energy neutrino fluxes. The DUMAND experiment can
probe in this case the relative contribution of cosmic
strings into the total density, exceeding

P 5q0m
Ptot (970)

(Khlopov, Chechetkin, 1985; 1987).

The particle theory (see Chapter 2) relates this con-
tribution, defined by the linear energy density of cosmic
strings, to the energy scale A, at which the symmetry
breaking takes place resulting in cosmic strings as topo-
logical defects, so that

A2
L L
Ptot Mp (971)

The existence of cosmic strings is related either to U(1)
symmetry breaking, or to the breaking of the symmetry
leaving unbroken the subgroup of the symmetry, con-
taining the strict discrete symmetry (see Chapter 2).

Therefore, DUMAND turns out to be sensitive to
the pattern of symmetry breaking at scales, exceeding
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A> 10" GeV. (972)

Hypothetical particles, PBH and other objects, pre-
dicted by the modern particle theory and considered in the
preceding chapters can be considered as various forms of
the dark matter in the Universe. Analysis of possible in-
fluence of these forms of the dark matter on the physical
processes in the Universe, makes it possible to use the
observational data for definite conclusions on possible
measure of such an influence, thus imposing restrictions
on possible properties of hypothetical objects, and, conse-
guently, on the parameters of initial models.

Such analysis leads to negative result, to restric-
tions on the properties of the dark matter in the Universe.
On the other hand, there are the areas of the modern cos-
mology, in which one should assume the existence of the
dark matter to give self-consistent explanation to the
whole set of the observational data. As we shall see below,
it is just the case in the confrontation of the theory of the
large-scale structure formation in the Universe with the
observations.
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CHAPTER 8

THE NEW PHYSICS IN THE LARGE SCALE
STRUCTURE FORMATION.

1. Problemsof the large-scale structure formation
1.1.The Problem of Initial Fluctuations

The structure of inhomogenities in the expanding
guasihomogeneous FRW Universe should be the result of
a long stage of growth of small initial density perturba-
tions. In the cosmological model such perturbations should
be preassigned initially. They can not be ascribed to sta-
tistical fluctuations of the particle numbe:r density.

Indeed, there are

N ~107 (973)

baryons in the observed galaxy superclusters with the
mass

M > 10%M_ . (974)

where

Mg, =2-10%g (975)

is the Solar mass.
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The relative amplitude of statistical density fluc-
tuations in these scales is

8 _8N __L1 _ g0 (976)

Plt N JN

On the other hand, density fluctuations grow in the
expanding Universe according to the law

poc (1+2( . (977)
p

To form the inhomogeneities with

8p -1 (978)
p

at the present moment, there should have been density
fluctuations with the amplitude

5=0 10"
p (979)

in the period of recombination, corresponding to the red
shift

Z2 = zrec - 103 * (980)

There are two different possibilities for the nature
of initial perturbations in the cosmological models, as-
suming that baryonic matter and radiation are the only
constituents of the Universe. (Here we put aside the
so-called vortex theory of galaxy formation (Ozernoy,
Chernin, 1966)).

According to the first possibility, the density per-
turbations are generated by metric perturbations, includ-
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ing both matter and radiation, so that the specific entropy
is not changed. Such perturbations are called adiabatic,
and the theory puttung their evolution into the bedrock of
galaxy formation is called the adiabatic (A) theory of
galaxy formation.

The other possibility is the perturbation of baryon-
to-photon ratio at the homogeneous total (baryon and pho-
ton) density on the RD stage. The specific entropy of the
matter is perturbed in this case, so the perturbations are
called entropy perturbations, and the theory of their evo-
lution leading to galaxy formation is called the entropy
(E) theory of galaxy formation.

The case of the so-called isothermal density pertur-
bations, in which the baryon charge inhomogenities are
given on the homogeneous background of radiation, corre-
sponds to the superposition of adiabatic and entropy
perturbations.

Both adiabatic and entropy theories assume that the
formation of inhomogenities takes place effectively at the
stage of baryon matter dominance after recombination,
when the radiation pressure does not influence the
development of gravitational instability in the baryonic
matter.

But A- and E-theories differ in the order of the
formation of different objects.

They also differ in the predictions for the large-
scale distribution of the matter. Beginning from the late
seventies — the early eighties, a number of observational
evidences was found in favour of the existence of evolved
cellular structure in the Universe (De Vaucouleuers, 1959,
1976; Einasto et al., 1980; Tully, 1982).

The existence of this structure was predicted in the
framework of the A-theory of galaxy formation (see
review of Shandarin et al., 1983), and is a specific feature
of this theory.

In contrast with the entropy (E) or vortex (Ozernoy,
Chernin, 1966) theories, according to the A-theory the
large-scale inhomogenities (so-called pancakes) (Zeldovich,
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1970), should be formed first. Successive fragmentation
of pancakes leads to the formation of galaxies and clusters
of galaxies within the pancakes.

The E-theory in its most developed variants leads
naturally to hierarchical clustering of inhomogeneities
(Jones, 1976; Gott, 1977), so that small-scale inhomoge-
neities (at the scales of globular clusters) should be
formed first. Their successive clustering results in the
formation of inhomogeneities at larger scales (galaxies,
clusters of galaxies).

The A-theory of galaxy formation turned out to be
virtually the theory of the large-scale structure formation
in the Universe. The existence of the pancakes (super-
clusters of galaxies) and giant (of the order of tens Mpc)
"voids" (De Vaucouleuers, 1959, 1976; Einasto et al.,
1980; Tully, 1982; Kirshner et al.,1981; Davis et al.,
1981), exhibiting no apparent presence of galaxies within
them, seemed to give final proof to the A-theory.

However, the theory of the large-scale structure
formation met a number of dificulties in its confrontation
with some observational facts. One of these difficulties is
related to the ambiguous data on the mean density of the
Universe, estimated by different methods. These questions
were discussed in Chapter 3.

Data on the density of the Iluminous matter in
galaxies and on the light element abundances favoured
small mean matter density of the Universe

N<0.1+0.2. (981)

On the other hand, data on the dynamics of the
matter in galaxies, clusters of galaxies and galaxy super-
clusters favoured the higher total density

11>0.2. (982)

The strongest lower bound on the cosmological den-
sity followed from the analysis of the dynamics of large-
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scale structure formation and of the influence of initial
density perturbations on the anisotropy of the relic
radiation.

1.2. The Problem of Self-Consistent Structure Formation
and BBBR Anisotropy

Soon after the discovery of relic radiation was, it
was pointed out (Silk, 1968; Sunyaev, Zeldovich, 1970),
that the temperature of this radiation can not be strictly
constant along the whole sky.

Density and velocity perturbations, having evolved
into the modern structure of the Universe, should have
left the "footprints” in the relic radiation. The tempera-
ture of relic radiation should vary and the amplitude of
the fluctuations of the temperature is unambiguously re-
lated to the amplitude of the initial density and velocity
fluctuations in the Universe. There are only upper bounds
on the amplitude of these fluctuations at the angular scale
corresponding to clusters of galaxies

BT <2-10-5 (983)
T

and the statements on the existence of the positive effect
at the level

T L0 (984)
T
at the angular scales
8>r (985)

(Smoot et al., 1992; Smoot, 1997; Strukov et al., 1996),
fixing the amplitude of initial density and velocity per-
turbations at such a low level that the observed structure
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could not be formed in the Universe at low values of the
mean cosmological density. These data favour the value
given by the Eq. (982)

.0> 0.2
or, in fact, even

n-1. (986)

These contradictions are naturally resolved qualita-
tively in the cosmological models with neutrinos with the
mass

m, ~ 30eV (987)

(Marx, Szalay, 1976; Zeldovich, Sunyaev, 1980;
Doroskevich et al., 1980a,b; Bisnovatyi-Kogan, Novikov,
1980; Hut, Klinkhammer, 1980; Schramm, Steigman,
1980; Sato, Sato, 1980).

Indeed, the observations of the luminous matter as
well as the light element abundance provide only the esti-
mation of the baryon component of the total density,
whereas dynamical es-timations and the arguments con-
cerning the fluctuations of the temperature of relic radia-
tion are related to the total density, including both
baryonic and neutrino components.

Hence, the cosmology of neutrino rest mass
promised a natural unique solution of a number of old
astrophysical problems.

But the significance of cosmological models with
massive neutrinos went far beyond the simple qualitative
solution of these problems.

Based on the analysis of cosmological impact of
experimental evidences for electron neutrino rest mass
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14 < mv < 46eV (988)

(Lubimov et al.,1980), these models lead in their develop-
ment to irreversible change of the ideas concerning the
period of structure formation. They have clarified the in-
ternal inconsistency of models with baryon matter domi-
nance in this period, making the existence of nonbaryonic
dark matter to be an inevitable element of the theory of
cosmological large-scale structure formation.

Combined analysis of the data on the angular dis-
tribution of the thermal electromagnetic background and
on the large-scale distribution of the matter in the Uni-
verse makes it possible,in principle, to obtain the infor-
mation on the physical nature of the dark matter (Dor-
oshkevich, Khlopov, 1984).

Quantitative analysis of the development of cosmo-
logical structure in the models with massive neutrinos
found some difficulties in the confrontation of detailed
predictions of these models with the observational data on
the large-scale distribution of the matter.

The quantitative discrepancy between the estimates
of the dark matter density from the condition of forma-
tion of the structure at the observed isotropy of the relic
radiation and the estimates of the dark matter density
within the formed structure (Klypin, Shandarin, 1983;
Frank et al., 1983; White et al., 1983) was demonstrated.
This discrepancy can not be removed by simple change of
massive neutrinos by some other hypothetical stable
weakly (or superweakly) interacting particles.

One of the possible solutions rejects the idea, that
the dark matter in the period of large-scale structure
formation is the same, as in the modern Universe. In
other words, the unstable dark matter is invoked.

Analysis of the evolution of the cosmological large-
scale structure makes it possible to determine in this case
the mass and lifetime of dark matter particles.
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could not be formed in the Universe at low values of the

sible to determine the parameters of hypothetical neutrino
interactions, inducing the decay.

However, the problem on the physical nature of the
dark matter has not found vyet its final solution. The
choice of definite candidate for dark matter particles de-
termines the physics of dissipation of their density fluc-
tuations, determining the short-wave cut in the spectrum

of these fluctuations.
In the simplest case of the thermal background of

weakly interacting particles (e.g. massive neutrinos) the
scale of the short-wave dissipation Rcis determined by the
mass m of these particles,

R -m™ . (989)

The scale Rc defines the characteristic size of the
inhomogeneities, which are formed first.

Subject to this scale, the type of dark matter is
specified as hot, warm or cold.

The scale Rc corresponding to superclusters (or
clusters) of galaxies is referred to hot dark matter (HDM),
e.g. to the .primordial thermal gas of weakly interacting
particles with the mass

m -30 +100 eV . (990)

In the case of warm particles, e.g. of the primordial
thermal gas of particles with the mass

m -1 keV (991)

Rc corresponds to the scale of galaxies.
Inhomogeneities formed by the cold dark matter
(CDM) have the scales Rc much smaller, than the scale of
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galaxies. CDM candidates are heavy weakly interacting
particles with the mass

m >> 1 keV (992)

such as neutralino in supersymmetric models or heavy
stable neutral leptons with the mass

m >(1+10) GeV . (993)
Invisible axions have very small mass
m-~10"° +107 eV . (994)

However, the dissipation scale of their density fluctua-
tions (see Chapter 3) is very small, as in the case of heavy
particles with the mass

m>>1 GeV. (995)

That is why axions are also considered as CDM candidates.
The relation between the lifetime of dark matter

particlest and the age of the Universe tu divides the

dark matter on stable one,

(996)

't >> tu

and unstable one,
T<ty, . (997)

Weakly interacting dark matter particles, men-
tioned above, represent collisionless gas in which dissipa-
tion proceeds at rather long timescale. The mirror and the
shadow matter has internal interactions leading to dissi-
pation rates comparable or even higher, than the rates for
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the baryonic matter. Hence, the dissipational forms of the
dark matter are possible, resulting in the possible exis-
tence of compact dark matter objects. This possibility
makes the interpretation of the observational data even
more complicated.

1.3. The Problem of Physical Self-Consistency in the
Theory of Large-Scale Structure Formation

The other problem of the theory of cosmological
structure formation is the spectrum of initial density
fluctuations.

The most popular is the so-called "flat" spectrum
of fluctuations (Harrison, 1967; Zeldovich, 1970). Its ad-
vantages seem evident, since it assumes no preferred
scale. The amplitude of fluctuatins is the same for all
scales in the period, when the scale of the fluctuation is
equal to the size of the horizon.

Flat spectrum of density fluctuations followed from
the simplest variants of inflational scenario (Hawking,
1982; Brandenberger et al., 1982; Guth and Pi, 1982;
Starobinsky, 1982). It is also formed in the case of den-
sity fluctuations, induced by the structure of long cosmic
strings (Zeldovich, 1980).

However, the development of realistic models of
multicomponent inflation, accounting for several types of
scalar fields (Linde, Kofman, 1986; Sakharov, Khlopov,
1993) and the development of the theory of cosmic strings
accounting for the contribution of closed loops of strings
(Vilenkin, 1985) and their decay on smaller loops (Smith,
Vilenkin, 1987), lead to more complicated forms of spec-
tra of initial fluctuations.

Moreover, the variety of particle physics effects in
the scenario of the very early Universe (see Chapters 3
and 4) opens new ways in the physical interpretaion of the
phenomenology of adiabatic and entropy fluctuations and
provides a nontrivial pattern of physical phenomena com-
bined with the old ideas of A- and E-theories.
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The initial density fluctuations, induced by inflaton
and considered in the Chapters 3 and 4, are adiabatic and
seem to give foundamental support to the A-theory.
However, the evolution of these fluctuations in the CDM
models results in the hierarchical clustering, typical for
E-theory.

The realistic theory of cosmological structure for-
mation seems to be multicomponent. It should reflect all
main features of realistic models of the particle theory.
This point is favoured both by the physical grounds of
cosmological models and by the evident incapability of a
simple one-parameter cosmological dark matter scenario to
reproduce the whole set of the observational data.

Taking into account all these possibilities, following
from the modern particle theory, one should take in mind
that not only adiabatic, but also entropy fluctuations can
find physical grounds in some scenarios of the very early
Universe, based on the predictions of particle models.

Entropy fluctuations naturally follow from the
inhomogeneous baryosynthesis, which can be related, for
instance, to the spatial dependence of CP-violating phase,
determining the value of the baryon asymmetry of the
Universe (see Chapter 6). It can take place in the model of
invisible axion (loshimura, 1983), or in the multicompo-
nent model of spontaneous CP violation (Kuzmin et al.,
1981). It may also take place in the framework of super-
symmetric models, ascribing the baryon asymmetry of the
Universe to the existence of the primordial condensate of
scalar quarks (squarks) (Affleck, Dine, 1985; Linde,
1985).

In the latter case, the supersymmetric potential
energy density is independent of the amplitude of the
squark field, so that the amplitude of this field can be
different in different spatial regions. As a result, the spa-
tial dependence of the baryon number density arises.

So, during the last years, cosmology has expanded
its ideas on both the possible physical nature of the mat-
ter, forming the cosmologicalstructure of inhomogenei-
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ties, and the possible physical origin of initial density
perturbations. Accounting for the physical motivations
following from different parts of the particle theory one
finds in the theory of the cosmological large-scale struc-
ture formation the nontrivial reflection of the physical
mechanisms of inflation, baryosynthesis and mixture of
various forms of the dark matter. Here the complicated
knot of the three central problems of the modern
cosmology is tied up. The cosmoparticle physics should
develop all its skill to untie this knot and find physically
self-consistent picture of the origin of galaxies.

Let us consider now some dark matter candidates in
more details.

2. The Neutrino Rest Mass and the Large-Scale
Structure of the Universe.

Experimental evidences in favour of the existence
of electron neutrino rest mass of the order of 30 eV
(Lubimov et al., 1980) inspired exstensive discussion of
possible cosmological impact of massive neutrinos
(Doroshkevich et al.,, 1980a,b; Zeldovich, Khlopov, 1981,
Schramm, Steigman, 1980; Sato, Takahara, 1980;
Bisnovatyi-Kogan, Novikov, 1980, Bisnovatyi-Kogan et
al., 1980; Bond et al., 1980; Klinkhammer, Norman,
1980). The possibility to ascribe the existence of dark
matter to massive neutrinos, first mentioned by Szalay
and Marx (1976), is of special interest.

2.1. Massive Neutrinos in the Big Bang Universe
Following Doroshkevich et al. (1980a,b) and
Doroshkevich, Khlopov (1981) consider the cosmological

evolution of massive neutrinos.
As we have already mentioned in the Chapter 3, at

T >>m, (998)
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neutrino were in the thermodynamical equilibrium with
the other particles — photons, electrons and positrons.

In this period, the mass of neutrino can be
neglected,

T >>m,>> myv, (999)
and therefore
E =p,, (1000)

where Ev is the energy and Pv is the momentum of neu-
trino.

According to the Fermi statistics, the occupation
number of ultrarelativistic neutrino in the phase space is

=le Py -I-:l]_1
" [ xp( TJ (1001)

with the neutrino chemical potential

JI=0. (1002)
In this case
n, = nN-. (1003)
At
T::; 1 MeV (1004)

(see Chapter 3) the gas of neutrinos is collisionless.
The momentum of collisionless neutrinos decreases
as
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p ex (1+2) (1005)

and their phase space density (the occupation number) is
conserved in the course of cosmological expansion.

According to (1001), it is equivalent to the decrease
of the neutrino temperature T proportional to

Toc(1+2z). (1006)
At
T::: 0.1me (1007)

electron-positron pair annihilation takes place, increasing
the temperature of the thermal background radiation rela-
tive to the temperature of neutrino (see Chapter 3)

=W tl‘-y =183 (1+2) K (1008)
at
T, <0.1me , (1009)
where
1'-y=2.7-(1+2)K. (1010)

The distribution function (1001) gives the neutrino
concentration

3
Nv= | 9P =75+2) em- (1011)
n —

(21)



NEW PHYSICS IN STRUCTURE FORMATION

Note, that the distribution function (1001)

equilibrium one at

T, <<m,,

365

is not

(1012)

since the equality Ev=Pvis not valid in the nonrelativistic

case, and the relation
1
p. = (E* - m2)"

gives the phase space density in the form

e )Y,
wxp[(om )V +

where the neutrino kinetic energy

E =P— E,-m, <<mv,
2mv

and

E +m_ ~2m

at

T,<m, .

(1013)

(1014)

(1015)

(1016)

(1017)
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Using Eqg. (1001), one obtains after the averaging
over the phase space (Doroshkevich et al., 1980a) the
mean Kinetic energy

2 2

(Ei) = () 47T
2m, m, (1018)

and the mean velocity
2
(v2) = 0385 ';'2 (1019)
(V) =3.6=664 -(1+ Z) km (1020)
mv s

at mv=30 eV . This mean velocity corresponds to the
temperature
m(v2

)
Teqv = , - 55.10-°(1+ Z) K (1021)

of the Maxwell gas of neutrinos with the mass (987).
Neutrinos turn out to be nonrelativistic at the red
shift

Z=45.10°¢c_mv \] . 1022
30 eV (1022)

In this period the law of the cosmological expansion
changes. Nonrelativistic neutrinos soon begin to dominate
in the total cosmological density and their dominance
determines the law of cosmological expansion.

The approximate analytical expression for the equa-
tion of state of the Universe in the period of transition
from the RD to the MD stage can be found on the basis of
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the  neutrino  distribution  function (Doroshkevich,
Khlopov, 1981).

Namely, one can find an approximation for the time
dependences of the energy density Ev and pressure p of

neutrino gas with the use of its distributon function
(1001). It has the form

p 9x? %
21+ -
) x £

€, = Eou Xy ~—2 x:(1+x;2)%
V| exp(x)+1 J2

(1023)

o salX

P=-c Xj'X'a =1+ - x=n-Eq X (1 +x:2rX , (1024)

q exp(x) +1 "
0
where
% = (1+2) {1025)
(1+2,)

and eeq is the neutrino energy density at

z2=2 =55 10° QO@J (sd'!.ﬁl-u (1026)

Mos J

Here Ho is the modern value of the Hubble constant.

Egs. (1023)-(1024) have correct asymptotics both in
the case



368 COSMOPARTICLE PHYSICS

25> 2, (1027)

corresponding to the equation of state
p = te!
and in the case

z << 2z, (1028)

when the equation of state is

p <<e (1029)

that correspondsto the cosmological dust-like stage p = 0.
Using the approximate equation of state of the gas
of massive neutrino, given by Egs. (1023)-(1024), one can
find the cosmological expansion law in the period, when
massive neutrinos turn out to be nonrelativistic and start
to dominate in the Universe.
The transition from the relativistic expansion law

aft) %
to the dust-like stage expansion law
a(t) cct%

turns out to be rather long. It goes slower, than in the
case of the transition from the radiation dominance stage
to the baryonic matter dominance. The transition turns
out to be even more longer, if there are several types of
relativistic neutrinos besides the thermal electromagnetic
background in the Universe, when the massive neutrino
speciesstarts to dominate in the cosmological density.
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The question on the mean free streaming path of
massive neutrino in the expanding Universe is of impor-
tance for the theory of evolution of density perturbatons.

At

z>z, (1030)

the particles are relativistic and their chaotic velocity is
close to the velocity of light, so that the free streaming
path is close to the size of horizon, which increases with
the decrease of z.

The particles are nonrelativistic at

2 <z, (1031)

and their free streaming path is much smaller, than the
size of the horizon.

So the maximal free streaming path of neutrino in
the expanding Universe is determined by the period

2wz, (1032)
when the particle turns out to be nonrelativistic. The
value of this maximal free streaming path defines the
most important parameter of the theory of gravitational
instability in the gas of massive neutrinos: the scale Rv of
the cosmological structure formed by massive neutrinos.

2.2. Gravitational Instability of Massive Neutrino

Due to the isotropy and homogeneity of the unper-
turbed matter distribution in the linear theory of gravita-
tional instability, it is convenient to use Fourier expan-
sion of perturbations
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p = Lo Jg(k. 1) - exp(ikr) Tk . (1033)
(2n) 2

Time evolution of perturbations is given by the
transition function C(k,t,tin), relating perturbation at the
time t with the initial perturbation at the time tin. One
has the relation

8(k,t) =8(k, ¢, ) C(kit,t,,) - (1034)

The initial density perturbations 8(k,ttn) are gener-
ated on the inflational stage (see Chapter 3) or by some
other mechanism, related to the physics of the very early
Universe.

The phases are usually assumed to be uncorrelated
and the initial (stochastic) fluctuations are completely de-
termined by the spectrum

b* (k) = (8°(kst,,)) - (1035)

The widely used "flat" spectrum (Zeldovich, 1972;
Harrison, 1967), predicted by the simplest variants of in-
flational models, is given by

b¥(k) < k . (1036)

Examine now the problem of the evolution of den-
sity perturbations of massive neutrinos. Irrespective to
the physical mechanism of their origin, assume the exis-
tence of metric, density and velocity perturbations in the
early Universe and consider their evolution.

Ultrarelativistic particles and radiation dominate on
the RD stage of the evolution of Big Bang Universe. On
this stage both the evolution of the Universe as a whole,
and the development of density perturbations are analysed
in the framework of hydrodynamical model of the
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Universe with the equation of state of the relativistic
liquid p = E/3.

This model was studied yet even by Lifshitz (1946).
The main results of his analysis are as follows (see review
of Shandarin et al. (1983)).
1) Pressure does not influence the evolution of perturba-
tions in the large scales. There is only one mode growing
with time and there is another mode decreasing with time
in these scales.
2) Gravity plays no role at small scales, and density per-
turbations transform into sound waves. The amplitude of
these waves decreases slowly due to cosmological expan-
sion in accordance with the theory of adiabatic invariants.
3) The border between large and small scales is the Jeans
scale, corresponding to the distance covered by the sound
wave in the expanding Universe at the time t

2ct

R, =2
Y (1037)
In the period, when the temperature of radiation is
much larger than the mass of neutrino, neutrinos are rela-
tivistic and this picture remains unchaged. Of course, the
collisionless gas of neutrino can not be treated as the fluid
with isotropic pressure, but it turns out (Khlebnikov,
1982), that the difference is insignificant for the evolu-
tion of long-wave perturbations.
So, in the early period, when neutrinos were ul-

trarelativistic, the Jeans mass MJ in neutrino perturba-
tions was of the order of the mass Mh , contained within
the cosmological horizon,

M.; ~M, =my —
i (1038)

The Jeans mass linearly increases with time, and is
the boundary between the region | (see Fig.20), corre-
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spondInr to the Ineruinr neutrino perturbations, and the
region Il, 111 whleh no oolind waves arise at small scales
and neutrino perlurbatlonB dissipate due to the Creo
etreamlnr. Tho boundary belwn the large and amllll
acolaa lastill close to Ma-

n,..!10. EMlutican. of denait.y perturb4tlont of
relativistic nw\ri.n.o.

) Di8lipation of neutrino densit%/ perturbations (r..
(ion N in Fig-20) is indu«d by the free stroaming ot

weakly Inlerectlng neutrinos from the regions of higher
density to the regions of lowor dually. Detailed anolyalt
of this problem is possible only on the buts of numerleal
simulations (s.. Bond, Szalay, 1982), but the large
asymptotlcs (sm&U wavelengths)

KR, >>1 {1039}

can be follnd a.nalylicaUy (Doroshllevich "I al., 1980a)
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Neutrino momentum distribution is given by the
Fermi-Dirac function (1001) with zero chemical potential.
Density perturbations are related to perturbations of the
distribution function. Adiabatic perturbations correspond
to inhomogeneity of the density and mean energy of neu-
trinos. Neutrino motion turns out to smooth these inho-
mogeneities in the scales, corresponding to neutrino free
streaming, so that the perturbations at corresponding
wavelengths dissipate.

The problem on the dissipation of waves in colli-
sionless gas was considered in detailes for the Big Bang
Universe in plasma and in neutral gas (Zeldovich,
Novikov, 1975).

The difference between these cases and the case of
massive neutrino in the Big Bang theory is due to the dif-
ference of the neutrino spectrum from the Maxwell distri-
bution, resulting in the different law of dissipation.

The perturbations of neutrino gas at the wave-
lengths, much smaller, than Ry, dissipate mainly in the
period tb zb when neutrinos turn out to be nonrelativis-
tic (see below).

The condition

A<R, (1040)

in this period means that gravity can be neglected. Hence,
the problem is trivialy reduced to the particle motion with
constant velocity.

If the phase space density n is given by the func-

tion n(p,x) at the time tb one obtains

n=n(p,x -v-(t -ty (1041)

at arbitrary moment t.
If the initial phase space density is given by
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n =n,(P) +8n,(p) - exp(ikx) (1042)

at t = 0, one obtains for the perturbation of the phase
space density

8n = 8n,(p) - exp(ik(x- vt)) (1043)
and the density perturbation is given by
8p(x, 1) = J8n(p, x, )d®p = J 8ny(p) - exp(-ikx)d’k .  {1044)

The velocity v should be treated as the function of
momentump,

v = p - c2p((mvcz)2 4 p2c2 Jgé

E (1045)

In the case of the expanding Universe one should

evidently replace the product kvt by the integral

J= f k.::d,:[..:.,tt' (1046)

where k and x are expressed in terms of the proper coor-
dinates

dl =a- dx | (1047)

where a is the cosmological scale factor, so that

dx _v (1048)
dt " a

Moreover, the momentum of free (trial) particle de-
creases inversely proportional to the scale factor a :
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P =Po (1049)

Therefore the integral J finally has the form

k CQPOaO

J = const - Y %
a2 ) 2
a’| poc® =5 + mjc’
a

(1050)
At the relativistic stage the integral can be reduced to
J = const f kv= dt, (1051)
and it converges at
t O
because
a=a(t) octx .

At the nonrelativistic stage one obtains

a
J = const- J’kv Lo gy |
m.,a (1052)
Since

a= a(t) oct %

at this stage, the integral converges at
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t 00.

Both estimations show that the integral should
reach the maximum just in the period of transition from
one stage to the other.

The order of magnitude estimation of the maximal
value of J gives

J — k Ct} pl) — kv pO

"a(t,) (Po)  Fumax (Po) (1053)

where kmSJC. is the maximal wave vector corresponding to
the minimal wavelength Rv, introduced above, Po is the
momentum of a given particle at some early ultrarelativis-
tic stage tyg << tq , <py> is the neutrino momentum
averaged over the spectrum at the same stage, the ratio
Po/<po> being constant with time. We have already used
<po> in calculations of t4 and kv.

The law of dissipation of perturbations depends sig-
nificantly on the form of the function ONy(p).

If the perturbations in the nonrelativistic gas have
the Maxwellian form

&n «< ex —ﬁ
e ) (1054)

one obtains for the fixed time interval

2 2,2
J’exp(—v— - ikthdv ~ exp(— k't 9] .
6 4 (1055)

But, if only particles at rest are perturbed, so that
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on(p) = const.o(p) , (1056)

such perturbaton does not dissipate at all.

Using the same arguments in the case of invisible
axion, one easily finds the explanation for the cold dark
matter spectrum of primordial axions. Being the coherent
oscillation of the axion field, the axion density fluctua-
tions correspond to the particle distribution of the form

0N oc o(V)f(x) , (1057)

for which the short wavelength dissipation is absent.

In order to deduce the law of dissipation, one
should clear up the nature of initial perturbation, gener-
ated on the ™"acausal" stage, when the wavelength was
larger, than the size of horizon. This question is related to
the mechanism of generaton of density fluctuations, being
in the case of inflational models related to the parameters
of scalar fields (see Chapter 3).

Remind that in the case of inflatonal models adia-
batic density perturbations are generated due to the small
difference of expansion rates in different spatial points,
leading to the difference of temperature in these points
and to the perturbations of the form

0N oc AN exp(ikx) . (1058)
oT

To prove this statement let us consider, following
Doroshkevich et al. (1980a), the one dimensional calcula-
tion of perturbation in relativistic gas, induced by
gravity.

Consider the initial distribution of phase density

n= n(p) = n(%] . (1059)
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The effect of metric perturbation can be considered
as an effect of the gravitational field. The change in the
momentum of relativistic particle is in the given metric or
in the given field proportional to momentum. Therefore

.
gFZ t(x)p na_p (1060)
where
f(x) oc exp(ikx) . (1061)

The following relation is of importance

af)_af)

p = at (1062)

an
OonNnocC-=

al

one has the desired formula
n=n, +on=n(p,T +0T - exp(ikx)) . (1063)

The same is approximately valid in the case of three
spatial dimensions.
To estimate the effect of dissipation, consider
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1
d(exp(cp) +1]-
= i i 3
8p = exp(ikx)J JT exp(lkaﬁv\]d p . (1064)

One has the expansion

[exp(%‘") + 1]—1 = exp[— %J - exp(—~2 C?P}r... , (1065)

where the first term dominates.
Integrating (1064) with the assumption

RE>>1 (1066)

GIL G ()
P Vit>>t, P “El k .

s (1067)
To find the prediction for the short wavelength
amplitude at large

we obtain

t>>1, (1068)

one should take into account that the shorter is the
wavelength, the later starts to grow the fluctuation on the
given wavelength on the nonrelativistic stage at tq,

t>t >t, (1069)

and the smaller is the growth of this fluctuation to the
time t. It gives an additional suppression factor
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(kR,)" = (%J—J (1070)

in the amplitude of the fluctuation.
On the other hand, only fluctuations with the

wavelength

A>ct (1071)

increase at the relativistic stage t < tv giving another
suppression factor

¢ I o (KRX" (1072)

Finally, the approximate law of suppression of short
wavelength fluctuations for the wave numbers Rvk >> 1 is
given by

(<>pJ = ()p (Rv)- (kRvr® (1073)
pPv P

so that the approximate formula for the distorsion of the
initial amplitude of density fluctuation due to dissipation
can be interpolated as

(<>pJ = (op) L (1+k*R)-4 (1074)
p f p in

The evolution of density fluctuations changes its
character drastically in the period, when neutrinos become
nonrelativistic.

It takes place at
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(1075)
at the temperature
T-T -10° K (1076)

if the neutrino mass is mv - 30 eV.

Note, that the evolution of the Universe as a whole
is determined only by the total neutrino density, so that
the wvariant 1) when the mass of neutrino of one type is
equal to, say,

m, ~ 30 eV (1077)

and the masses of the other types of neutrinos are small,
and the wvariant 2) when the masses of all the types of
neutrinos are equal

m; ~m, ~my; ~10 eV, (1078)

are equivalent.

The both variants are definitely different from the
viewpoint of the evolution of density perturbaions. Here
the heaviest neutrino plays the dominant role. It becomes
nonrelativistic earlier, than neutrinos of other types, thus
causing the change in the evolution of fluctuations. The
contribution of nonrelativistic particles into the cosmo-
logical density soon starts to dominate, since the density
of these particles decreases in the course of cosmological
expansion more slowly, than the density of relativistic
particles.

The evolution of nonrelativistic particles is de-
scribed well by the hydrodynamical model with the equa-

tion of statep =0.
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The ©hanto of tho oquati:on of slate loads, on the
one hand, & tho ehanro of the cosmological ex ponsion
rate |©

o(t)" eX

and, on the other hnnd, I the changelIn tho law of ovo)u.
lion of density perturbations.

2.3. StrucluN. Formation in tlu Neulrlno- Domtnoted
Unlw.n«

In tho period bolot - t.the evolution of perlurba-
lions in neutrino, phol<>nand baryon components was
similar, so that to the momenL (1075) tho amplitude o!
these perturbations was the same In all components.

However, after t > t.the oevolullon of perturbations
in th0lle throe components becomes dliflerent,

t‘. s

Fia.2t. Evolution ol perturboJions<0f non-relettvietic neutrino.
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At large scales, neutrino perturbations continue to
grow, at small scales the perturbations continue to dissi-
pate, but the boundary between the two regimes (Fig.21)
moves to smaller scales. All perturbations at scales ex-
ceeding the Jeans scale at t - tv continue to grow

%pOC(lﬁ'Z( (1079)

The Jeans scale, corresponding to the period t - tv
plays an important role in the problems of the large-scale
structure formation, determining many aspects of the
predicted features of the Universe (Szalay, Marx, 1976).

This scale can be expressed in terms of the mass of
the perturbed region, defined by the mass of neutrino and
the Planck mass mpl , being the dimensional combination
of fundamental constants (Markov, 1964; Szalay, Marx,
1976; Bisnovatyi-Kogan, Novikov, 1980)

2
. m
M = D,D,Rj = mPt[m_PI]

v

(1080)

More precisely, the corresponding length scale is
given by the value Rv

Rv = 12.5(1+ 2)"'CREV) mpe (1081)

(Doroshkevich, Khlopov, 1981).

At t > tv perturbations in the photon and baryon
components grow together with neutrino perturbations
(region Il on Fig.21) at the scales, exceeding the tempo-
rary Jeans scale
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REER (1082)

i.e. at

M=>MJ. (1083)

At smaller scales, the radiation pressure prevents
the growth of perturbatons and, as before, perturbations
in photon and baryon components convert into sound
waves with the constant amplitude (Bisnovatyi-Kogan et
al., 1980; Doroshkevich, Khlopov, 1981).

Only after the recombination of hydrogen at

T<Te:=45-10° K (1084)

baryons cease to interact with the radiation, and the per-
turbations in the baryon component grow at all scales, ex-
ceeding

M, ~10°M, . (1085)

The magnitude Mb corresponds to the Jeans mass calcu-
lated for the proper pressure of baryons.

However, the density perturbations in baryon and
photon components have to the moment of recombination

t = treeat scales
R, <R <R,(t,.) (1086)

the amplitude much smaller, than the amplitude of neu-
trino perturbations at same scales.
At larger scales

R > RJ (trec) (1087)
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perlurbollo,. In aU three components have (I"Own simul -
tAneously and remain equal.

The difference In the amplitudes of neutrino and
baryon-and-photon perturbations provides the smallness of
fluetuotlono of the temperature of the relic rodloUon In
the neutrino-dominated Universe.

Reloll$od from the influence of rudintlon prcuure,
the amplitude of baryon perturbations reaches rapidly the
amplitude of neutrino perturbations, so that the unique
growing mode of density fluctuations is formed (I<KI
Flg.22).

8dp

Fig.22. The growth of baryon dontlt.y perturb.atlons
in th<l neutrino-dominated UnvorN.

The amplitudes of portu rbatlont of baryons and
neutrinos do not coi.nclde for aome time alter recombina-
lion. But, as it was shown by Doroshicevich et al. (1980a),
the differences are virtually washed out In few cosmologi-
cal times aftor recombinetton.

Alter recombination of hydroees- the radiation
ceases to Interact with the matter and practically freely
penetrate the neutral gas, so that tho tmall-scale fluetua-
Uont of the temperature of the thermal baekJround radia-
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tion gives the snapshot of density and velocity perturba-
tions in photon and baryon components in the period of
recombinaton (Silk, 1968; Sunyaev, Zeldovich, 1970;
Doroshkevich, Khlopov, 1981). Thus the smallness of the
amplitude of fluctuations of the relic radiation demon-
strates the small amplitude of perturbations in baryon and
photon components.

In the cosmological models without nonbaryonic
dark matter (e.g. with massless neutrinos), the same per-
turbations determine the formation of the large-scale
structure of the Universe. However, in the neutrino-
dominated Universe, the formation of this structure is
related to neutrino perturbations, which started to grow
earlier, and in the period of recombination can be much
larger than the perturbations in photon and baryon com-
ponents at the same time.

Owing to the presence of density perturbations of
massive neutrino even very small matter density perturba-
tions can increae and form the structure of inhomogenei-
ties.

Let us describe qualitatively the nonlinear stage of
the evolution of perturbations in the neutrino-dominated
Universe.

As it was mentioned above, gravitational interaction
of massive neutrinos with matter leads to the unification
of perturbations with very high precision.

According to the nonlinear theory of gravitational
instability, the evolution of these perturbations leads to
formation of "pancakes", i.e. of the flattened regions of
high density with the size, determined by the dissipation
scale of neutrino density perturbations. The phase correla-
tion of neutrino and matter perturbations leads, in turn,
to simultaneous contraction of the baryonic matter. But
the further fate of these two components is different.

The gas component is stopped to contract and is
heated in the shock wave, surrounding the contracted
matter. It formsthe usual gas "pancake", studied by
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Sunyaev, Zeldovich (1972), Doroshkevich and Shandarin
(1973), Doroshkevich et al. (1980b).

Neutrino  form the  collisionless "pancake"
(Doroshkevich et al., 1980b,c) with the width, being
2-3 times larger than the width of the gas '"pancake".
Therefore the ratio of mean densities of contracted matter
and neutrinos is by 2-3 times larger, than in the average
over the space.

The calculations of photoionization of intergalactic
gas by the radiation of "pancakes" (Doroshkevich et al.,
1978; Doroshkevich, Khlopov, 1981) have shown, that in
the absence of nonbaryonic dark matter the neutral
hydrogen (HI) number density can not be lower, than

My ~8-107" em™ (1088)

at N =0.1" whereas the studies of spectra of distant qua-
sars (Gunn, Peterson, 1965) evidence, that

-3

My <107 em (1089)

or even

-3

Ny < 102 em™ . (1090)

Estimations, made in the model of the neutrino-
dominated Universe by Doroshkevich et al. (1980b) and
Doroshkevich, Khlopov (1981), show, that significant in-
crease of the amount of the thermal energy in the con-
tracted gas and of the luminosity of this gas in the hy-
drogen ionizing range provide the explanation of low con-
centration of neutral hydrogen between the clusters of
galaxies.

The analysis of cosmological impact of neutrino rest
mass have found better agreement between the theory of
large-scale structure formationand observations.
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Based on this theory, the relation between the pre-
dicted parameters of the structure and anysotropy of the
thermal background, on one hand, and the mass of neu-
trino, on the other hand, was established in a transparent
way.

The successive development of the theory of large-
scale structure formation, based on the theory of singu-
larities of Lagrange transformations (Arnold et al., 1982)
the so-called "theory of catastrophes™ (see review Arnold,
1982), on the methods of statistical analysis of the ob-
served properties of the structure correlation analysis
(Zeldovich et al., 1982), on the cluster-analysis
(Doroshkevich et al., 1983b; Fry, 1983), and on the
methods of the percolation theory (Shandarin, 1983), pro-
vided detailed quantitative grounds for the proper choice
of the candidate for dark matter particles.

The development of the models of the neutrino-
dominated Universe has uncovered the need for non-
baryonic dark matter. The successive development of the
theory of large scale structure formation have found that
massive stable neutrinos with the mass mv - 30 eV do not
satisfy the set of requirements for the proper candidate
for dark matter particles.

So the structure of the Universe began to play the
role of specific detector of the dark matter particles.

Let us consider this particular aspect of the large
scale structure formation theory, i.e. the use of the set of
data on the structure formation for determination of pos-
sible properties of the dark matter particles.
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CHAPTER 9
PROBES FOR THE DARK MATTER PARTICLES

1.The Structure of the Universe as the Detector for
the Dark Matter Particles.

1.1. The Structure Formation Constraints on
Unstable Particles

To present the connection between the observational
data and the parameters of dark matter particles in a
straightforward way, let us turn to the description of
gravitational instability, used in Chapter 4, where pri-
mordial black hole formation was considered.

This description is useful in order to clearly demon-
strate the dependence of the parameters of cosmological
structure and the anisotropy of the temperature of
thermal background on the parameters of dark matter
particles.

To illustrate this dependence, remind the approach
of Chapter 4 to the problem of metric perturbations in the
very early Universe.

The flat spectrum of metric perturbations corre-
sponds to the constant amplitude at scales, exceeding the
cosmological horizon. The density fluctuations at these

scales grow as
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op cct {1091)
p

The initial spectrum of density perturbations was
taken in Chapter8 for some period in the very early
Universe (e.g., after the end of inflation) and its time
evolution was determined by the transition function.

Here, for the sake of simplicity, we shall use the
constancy of metric perturbations behind the horizon and
assume that the spectrum of metric perturbations at the
scales under consideration is flat, being determined by a
small dimensionless quantity

O0<<1. {1092)

The flatness of the spectrum means, that the value
Op/p at the scale of the cosmological horizon coincides
with 0 at any moment of time.

Such description does not account for a number of
factors, induced by the change (or even changes) of the
equation of state.

However, these numerical factors are insignificant
for the purpose of illustration of main features of rela-
tions between the parameters of dark matter particles and
the observational data.

The evolution of perturbations at scales, smaller
than the horizon, is determined by the properties of con-
sidered particles and by the law of cosmological expan-
sion.

Let us restrict ourselves by the class of weakly
interacting particles.

In the context of the problems of gravitational
instability, the primordial black holes are also referred to
this class.

The primordial magnetic monopoles (in the absence
of primordial magnetic fields) also can be referred to this
class. Owing to their large mass and low density of plasma
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on the RD stage after electron-positron annihilation, the
drag force in plasma is negligible. Putting aside magnetic
charge fluctuations, monopoles can be considered in this
case as weakly interacting particles.

So, consider the evolution of density fluctuations of
particles with the mass m, the frozen relative concentra-
tion r =nm/ 1zy , and the lifetime -

Consider first sufficiently long-living particles with

1>ty , (1093)

where tu is the age of the Universe.
Assume in the accordance with the simplest infla-
tional models (see Chapter 3) that N =1 and that the con-

sidered particles dominate in the modern cosmological
density. This condition fixes the quantity

ampo =0 ev(50H JZ(Z';OKJa ' (200

a-Mpc

where Hy and T are the modern Hubble constant and the
temperature of the thermal background radiation, respec-
tively.

From the condition, that the total and critical den-
sities are equal, one finds that any form of stable parti-
cles should satisfy the condition

rm< (rm)O . (1095)

This condition may be weaker by a factor 2-3 in the
case when we use the upper limit on the total density,
following from the lower estimations of the age of the
Universe.

In any case, the particles, for which
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rm >> (rm), (1096)

is predicted, should be unstable and their lifetime should
be less, than the age of the Universe,

t<tu . (1097)
At
t <1 (1098)
and
t> Mo (1099)
(rm)

such particles dominate in the Universe.

After the decay unstable of .particles, relativistic
products of their decay dominate, experiencing the red
shift, so that at t = tu the effective value of rm , being

the measure of the contribution of unstable particles into
the total density, does not exceed

(rm)eff = rm(tllE‘JX . (1100)

Thus, the wupper Ilimits on the total cosmological
density do not exclude the existence unstable particles
with rm >> (rm)g and the lifetime

1< tv[(rm)"] (1101)

rm
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Let us consider now the refinement of these limits
from the analysis of the influence of stable and unstable

weakly interacting particles on the evolution of density
perturbations.

At the temperature T >> m the particles of the
mass m are relativistic and their density perturbations
within the cosmological horizon dissipate due to free
streaming.

In the period, when T - m , particles turn out to be
non-relativistic. The size of horizon in this period is

_Mmp Mp

Rm 2 2
™ m (1102)

In the modern Universe this scale is equal to
Rmod = R (t =t )=R, -(1+z,)=R ym= mp . (1103)
5 mwo -

where To is the modern temperature of the thermal elec-
tromagnetic background and zm is the red shift, corre-
sponding to the period, when T-m .

The scale Rm defines the minimal scale of inhomo-
geneities, formed by the considered particles.

Owing to weak (logarithmic or small power) growth
of inhomogeneities of non-relativistic weakly interacting
particles in the period, when the temperature falls from
the value T - m down to the value

T-rm <<m (1104)

the density fluctuations at this scale grow a little, so that
it is just this scale that determines the scale of the struc-
ture of inhomogeneities, formed by the weakly interacting
particles with the mass m.
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So, as it was established in Chapter 8 for neutrinos,
there is an unambiguous relation between the mass of
weakly interacting particles and the scale of the cosmo-
logical structure, formed by these particles. One has

Ri oc]l ) (1105)
m

Based on the A-theory, the scale of the observed
large scale structure of the Universe can be related to the
parameters of the spectrum of initial perturbations, and
the scale of perturbations can be found (Shandarin et al.,
1983).

The correlation function of relative density pertur-
bations can be taken in the form

((p(r) -~ (o) - (olr) = o)) _ 62[1 T

o e ] , (1106)

where <p> is the mean cosmological density, cr is the dis-
persion of perturbations and rc is the correlation radius.
From the observational data the estimation for the corre-
lation radius (Doroshkevich, 1983a,b) gives

5(7'12) =

~10 +30 Mpc . (1107)
The equality of the values rc and Rmmod
Ry (m)=r, (1108)
gives the interval

m =40 + 120 eV (1109)
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for the possible value of the mass m (Doroshkevich,
Khlopov, 1984)

We see, that the scale of the observed large-scale
structure of the Universe permits to determine the mass
of weakly interacting particles, forming the structure.

Note, that all particles with the fixed value of rm
have also characteristic scale in the spectrum of their per-
turbations, corresponding to the horizon at the moment
tm , when the particles begin to dominate in Universe.
This scale is

Mp

R = .
(rm)T, (1110)

For any form of stable non-relativistic particles,

dominating in the modern Universe at O= 1 that scale
corresponds to the allowed value of rc.

As will be discussed later, the presence of this
characteristic scale can be considered as the evidence, that
weakly interacting particles of any kind can form some-
thing like the observed structure (Melott et al.,, 1983).
This possibility can not be excluded on the basis of the
existing observational data. Moreover, it is just this pos-
sibility, that is considered as the standard Cold Dark
Matter model of the large-scale structure formation.

Our simplified approach makes it possible to relate
the value of d with the predicted anisotropy of relic radia-
tion.

The value of d determines the amplitude of density
and velocity perturbations in plasma, inducing the fluc-
tuations of the temperature of the relic radiation in the
period of recombination, so that a relation is valid:

al_ ra<@TJObS (1111)
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where the numerical factoryO.1 + 1 is defined by the
details of the processes in which the temperature fluctua-
tions are formed in the thermal radiation, as well as by
the conditions under which these processes take place.

On the other hand, O determines the time scale of
the structure formation. The growth of perturbations,
starts from the moment of time tm and follows the law

8—pcct%
P

The existence of the observed structure of the Universe
corresponds to the growth of perturbations up to

op-a
p
and demands that

-3
t, 0 % < ty - (1112)
Consider now the constraints on the possible pa-

rameters of hypothetical massive weakly interacting
metastable particles with the lifetime

T<ty, (1113)

following from the existence of the large scale structure
of the Universe.

Assume, that the particles decay only on weakly
interacting particles, so that the constraints found in the
preceding paragraph of this chapter are not appropriate.

If the value of rm for these particles exceeds sig-
nificantly the value (rm)o , given by Eq. (1094), the exis-
tence of relativistic products of decay of the considered
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particles should lead to strong deceleration of the growth
of perturbations in the period, determined by the values
rm and ‘'t

Based on the fact that, on the one hand, the large
scale structure is formed and, on the other hand, the
thermal background is isotropic to the observed extent,
one can impose constraints on rm and 't in order to ex-
clude the effect of suppression of growth of perturba-
tions, contradicting the combination of the both facts.

The two cases are possible.

In the first case, unstable particles decay before the
non-relativistic particles with

rm = (rm), (1114)
start to dominate in the Universe, i.e. at

t >1. (1115)

m

It means, that the considered unstable particles do
not survive to the period of large scale structure forma-
tion and there should exist much more long-living parti-
cles, forming the structure.

Let us suppose for definiteness that the dark matter
particles, forming the structure, are stable with
rm = (rm)o.

Then, if the rm-value of unstable particles exceeds

rm= (rm)o . (t )u (1116)

the stable particles with rm = (rm)o start to dominate not

in the period t = tm when their density exceeds the density
of the thermal background radiation and primordial
massless neutrinos, but later, whn their energy density
turns out to be larger, than the energy density of
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relativistic products of the decay of unstable particles, i.e.
at the moment t,, determined from the equation

(rm), = rm (t,llt) . (1117)

One should change tm in Eq. (1112) by t1, given by

t =( il ]21:>tm .
(rm), (1118)

The set of inequalities (1111) (1112) leads to the
constraint on the values rm and

rm < (rm)o( ) [J'(T>T0b. (1119)

The constraint turns out to be by three orders of
magnitude stronger, than the similar constraint, followed
from the lower estimations of the age of the Universe.

Consider now the second case

T>t, . (1120)

In this case the period of the growth of perturbations is
longer by the factor rm/(rm)o, if rm > (rm)o .The growth
of the time scale of the evolution of perturbations can be
found from the following argument.

Relativistic products of decay of unstable particles
should experience the red shift, making their energy den-
sity smaller by the factor rm/(rm)o , in order to make
their contribution into the total density compatible with
the upper limits on the cosmological density and to
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provide the stage of dominance of stable particles with

rm = (rm)o t at which the effective growth of perturba-
tions continues.

In this case the existence of the large-scale struc-
ture is crucial in obtaining the constraints on rm and 't .

Unstable particles have dominated in the Universe
starting from the period

mPl
(rm’

m
— Pl
<tm— 7 <71

(rm), (1121)

before their decay at t < 't t thus providing the effective
growth of perturbations at the scalest ranging from their
minimal nondissipating scale

Mp,
mT, (1122)

Rmod =

min

to the scalest corresponding to the horizon in the periodt
when the particlesstart to dominate in the Universe,

mP!
(rm)- T, (1123)

Rmod _

mod

Growth of perturbations in these scale can provide

the galaxy formation, which might not be prevented by
the intermediate RD stage of dominance of relativistic

decay products.

However t the formation of the large-scale structure
meanst that the perturbations at the scale of the large-
scale structure have grown up to

0p-1,
p
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and this growth can start within the cosmological horizon
from the initial amplitude 0 only after the perturbation
..comes out of the horizon.., i.e. after

c-(1+2(1)

t > {1124)

where rcis the correlation radius of the structure, C is the
speed of light and z(t) is the red shift, corresponding to
the period, when the scale of the perturbation turns out to
be equal to the scale of the horizon.

The growth of these large-scale perturbations is
suppressed on the intermediate RD stage of dominance in
the Universe of relativistic products of unstable particles
decays. For sufficiently long RD stage, it prevents the
formation of the large-scale structure in view of the upper
limits on the amplitude 0, following from the observed
iIsotropy of the thermal electromagnetic background.

So one should restrict the possible duration of the
intermediate RD stage, resulting in the following con-
straint on rmand 't -

rm< :“ O%(rm)j = tt“ (rm) (;(ODObS M , {1125)

max

t <1<t {1126)

Constraints (1115), (1119) and (1125)-(1126) are
shown in Fig.23. These constraints do not specify the
detailed properties of hypothetical particles. Only possible
contribution into the cosmological density of the
considered particles or their decay products is used.

In this sense these constraints are as universal, as
the constraints on the weakly interacting particles fol-
lowing from “He abundance, age of the Universe or upper
limits on PBH concentration in the Universe.
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Fig.23. Constraints on unstable particles from the
condition of large-scale structure formation.

1.2. The Troubles of Simple Dark Matter Models

The problems of the model of neutrino-dominated
Universe were realised after the detailed quantitative
analysis of predictions of the simple model of the domi-
nance of stable neutrinos with the mass mv - 30 eV . This
model predicted clear  cellular structure (Klypin,
Shandarin, 1983; Frank et al., 1983; White et al., 1983;
Centrella, Melott, 1983) well confirmed by the observa-
tions both qualitatively (see review by Oort, 1983) and by
a number of quantitative parameters. They were:

i) estimation of the contrast of the structure
(Kuhn, Uson, 1982);

ii) the results of the cluster-analysis and of the
methods of the percolation theory (Zeldovich et al., 1982;
Doroshkevich et al., 1983; Shandarin, 1983),

iii) comparison of the scales obtained in the theory
with observations (Doroshkevich, 1983a,b) and, finally,

iv) some specific features of correlation relations

(Fry, 1983).
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The predicted values of the large-scale fluctuations
of the temperature of relic radiation

% ~(2+38)-107° (1127)

were still compatible with the observational upper limits
at small angles, corresponding to perturbations on the
scale of superclusters of galaxies (Shandarin et al., 1983;
Cecarelli et al.,, 1983; Starobinsky, 1983; Fixen et al.,
1983)

gT<T( 4+6) -10° . (1128)

However, quantitative comparison of numerical
models with the observations disclosed the following
problems of the model of stable massive neutrinos (Kly-
pin, Shandarin, 1983; Frank et al., 1983; White et al.,
1983).

First, the evolved cellular structure at N =1 decays
so rapidly, that it turns out to be impossible to make the
formation of first "pancakes" (the observed distant
quasars!) at the red shifts

z-4+5 (1129)

compatible with the existence of the evolved cellular
structure at z -0 .

Second, similar conclusions followed from the
studies of the time evolution of correlation function,
deduced from the results of numerical simulations.

Third, one could not explain on the basis of this
model the observed parameters of galaxy clusters — their
masses, central densities and the fraction of the matter,
contained in them.
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All these troubles are related to the too dense and
too massive pancakes, predicted in the framework of neu-
trino-dominated Universe. Such pancakes decay rapidly
and evolve in a system of giant clusters of galaxies.

The simplest solution of these problems is the tran-
sition to smaller cosmological densities, say, to

n-o.3. (1130)

But this solution implies smaller period of growth
of perturbations. In order to form the structure, the
greater initial amplitudes of density perturbations ¢ are
needed, which is in contradiction with the observational
upper limits on the fluctuations of the temperature of
relic radiation.

Moreover, the solution with NM-0.3 should corre-
spond to very specific type of inflational models.

Melott et al. (1983) and Bond et al. (1982) have
turned to dark matter models, assuming the dominance in
the Universe of heavy weakly interacting particles with
the mass

m >> 30 eV (1131)

or coherent axion field oscillations, having the same type
of the spectrum of density fluctuations.

In such models spectrum of density perturbations is
characterised by two scales.

The smaller scale corresponds to horizon in the pe-
riod, when the particles became nonrelativistic, and the
larger scale is related to the horizon in the much later pe-
riod, when the considered particles began to dominate
(Shandarin et al., 1983; Bond et al., 1982).

In that two-scale model the "pancakes" correspond
to the smaller scale, but there is some correlation in their
distribution at the distances, corresponding to the larger
scale. The latter, as we have already mentioned , in the
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cosmological model with the critical density, i.e. with
N=1"is rather close to the scale of the observed large-
scale structure. Such models may provide the formation of
galaxies (and quasars) before the large-scale structure is
formed, removing some problems of neutrino-dominated
Universe.

However, in the simplest versions of these Cold
Dark Matter (CDM) scenarios it was impossible to recon-
struct clear structure at z -0 .

The second trouble was that galaxiesin voids were
inevitably predicted.

And, finally, it was hardly possible to make com-
patible the observed and predicted dark matter densities
in galaxies and galaxy clusters, if the "pancake" forma-
tion took place at z- 4-:-5 .

To remove these problems, more refined versions of
CDM scenario were evolved, invoking the so-called
"biasing" hypothesis. It assumed that galaxies are formed
in the cases, when the amplitude of fluctuations exceeds
the mean dispersion by a certain "biasing" factor. This
hypothesis induces biasing in the mass and light distribu-
tion, but the physical grounds for it are not clear.

To conclude the discussion of the problems of sim-
ple dark matter scenarios, the problem of small-scale dis-
tribution of the dark matter should be considered.

The existence of inhomogeneities at the scales of
galaxies is the evident advantage of the cold dark matter
models. Massive dark halos of galaxies, proved by the
observed galactic rotation curves, and finding recent con-
firmation in the effects of gravitational lensing, have
natural explanation in the framework of CDM models.

On the other hand, the existence of such halos,
especially in the case of dwarf galaxies, as well as the
very origin of galaxies at large red shifts can not be easily
explained in the Hot Dark Matter (HDM) models.

Indeed, the suppression of small-scale fluctuations,
being so important for the large-scale structure formation
in the HDM models, in the neutrino-dominated Universe,



PROBES FOR THE DARK MATTER PARTICLES 405

in particular, causes problems for formation of small-scale
dark matter objects within neutrino "pancakes™.

Moreover, there is effective suppression of pure
baryon density fluctuations at the scales, smaller, than
the supercluster scale in this model. We shall discuss be-
low the mechanism of this suppression in view of its im-
portant application for the case of multicomponent dark
matter.

So, assume, that there are some sources of baryon
charge density fluctuations, so that entropy fluctuations
exist at small scale.

Consider now the evolution of such fluctuations in
the neutrino dominated Universe.

Linearised equations for the evolution of small bar-
yon density fluctuations may be easily found (Dor-
oshkevich et al, 1980a) in the Newtonian approximation.

Before recombination in the Universe, containing
massive neutrino and the mixture of baryons, electrons
and radiation the equations have the form

Sv+38—“—36—;=0 (1132)
3¢t 3t
. S et VA
§ + 340, R {Ll} =25 (1133)
3t 3 t 31t

where

SVE(S—pJ and BmE[S_pJ ’
P/, Py

the dots mean the time derivatives, c is the speed of light
and k, is the wave vector of the perturbations at the
period tv when massive neutrino started to be non-

relativistic.
The equations were deduced under the assumptions:
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i) nonrelativistic neutrino dominate in the Universe in the
period

z, <2<z, (1134)

where the red shift zr - 1500 corresponds to the period of

recombination,

i) the cosmological model is close to the model of
the "flat" Universe,i.e. to the model with N =1,

i) the scales, smaller than the horizon, were
considered and the gravitational interaction of baryons
and radiation was neglected.

It follows from Egs. (1132)-(1133), that at
zr < Z <z 1 neutrino perturbations grow as

6 = A(tt)% (1135)

1

and baryon density perturbations evolve as

. % %
5, = A+t_A C, sin «/gkl(tiJ +C, cos Jgk{tiJ . (1136)

1

The constants C; and C, can be easily found from
the initial conditionat t =t -

It is seen, that the oscillating component dissipates
slowly and due to the presence of the growing mode of
neutrino the constant component

TRy (1137)

arises, growing with the wavelength and reaching bv near
the Jeans scale RJ.
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After the recombination, the baryon matter and the
radiation cease to interact with each other, and the third
term in the left-hand side of EQ.(1133) can be neglected.
Putting the initial conditions at the moment of recombi-
nation tr

8,(t)=0 (1138)
and
5,(t)=0, (1139)

one finds, that for neutrino perturbations growing
according Eq. (1135), the baryon density fluctuations

evolve as
t (tV*
5, =8, 1+2T'—3(7f] . (1140)
If
t=t(1+4), (1141)
then
8
=—8 A",
On =30 (1142)
and
5 = %z% (1143)

at the red shifts

z-10 (1144)

only.
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At
z> 2 (1145)

entropy fluctuations are the baryon charge perturbations
on the homogeneous background of radiation and neu-
trino.

At

z2<2 (1146)

baryon density fluctuations induce neutrino density fluc-
tuations at scales, smaller, than the horizon. The growth
of neutrino perturbations is given by the equation

— (1147)

which has the solution

= m rq- i 1+qu)% + é”(_J . (1148)

For
I-IV =150

m

the amplitudes of perturbationsm and . can grow only 8
times to the modern period, corresponding to z =0 .
Neutrino perturbations at the scales

R <R, (1149)
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do not grow due to strong dissipation. After recombina-
tion, the growth of Om is completely detennined by the
value of Ov « For

0,=0 (1150)

the equation
§ +——m_Z2mTm_g (1151)
has the solutions, corresponding to the decreasing mode

5, «t /s (1152)

and to the weakly growing mode

5, xt", (1153)
where the index n is
1 Q, Q, 1
”‘E[ 1+24Q_\, ]~29v~75 (1154)
for
nm=_1_
nv 150

1.3. Arguments for the Existence of Unstable Dark Matter
Particles

All troubles of the model of stable neutrino domi-
nance in the Universe are related in essence to the contra-
diction between the condition of the structure formation,

implying
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N 1, (1155)

and the condition of the conservation of the already
formed structure, corresponding to smaller density of the
matter within evolving structure

0.< 05 (1156)

One can interpret this contradiction as the evidence,
that during relatively short period in the beginning of
nonlinear evolution, the structure loses the most part of
the dark matter, contained in it.

The formulation of the problem in this manner
shows the definite way to solve it. It makes clear that the
solution may be related to the instability of the most part
of the dark matter, dominated in the Universe in the
period of the structure formation.

In fact, the same contradiction may be formulated
in the framework of simplest inflationary models as the
contradiction between the predicted critical density N=1
and the indications, that the density within the observed
inhomogeneities corresponds to O>0.5 (Gelmini et al.,
1984; Steigman, Turner, 1984; Turner et al., 1984).

Hence, this problem is formulated as the problem of
the two types of dark matter. There should exist homoge-
neously distributed dark matter, dominating in the total
density, and the nondominating dark matter within the
inhomogeneities.

In the framework of the theory of the large-scale
structure, the existence of two modern forms of dark
matter (homogeneous and inhomogeneous) reflects the
existence of the two stages of dark matter evolution. At
the linear stage of the growth of perturbations, the whole
dark matter was distributed inhomogeneously, but in the
beginning of the nonlinear evolution of inhomogeneities
the most part of the dark matter should be outside them.



PROBES FOR THE DARK MATTER PARTICLES 411

In the CDM scenario, all dark matter is in fact
inhomogeneous, but its distribution differs from the dis-
tribution of the visible matter due to biasing. The dark
matter associated with galaxies represents only small part
of the total dark matter.

However, the most part of the modern dark matter
may be really homogeneous and in this case
(Doroshkevich, Khlopov, 1984a,b) both the solution of the
problem of the two types of the modern dark matter,
arising in the inflational models, and the solution for the
problem of the structure formation and conservation may
be found on the basis of models with unstable dark matter
particles. Then the condition of the structure formation
(see Sec.l.l) imposes lower limit on the lifetime of these
particles and the condition of slowing down the nonlinear
evolution of the structure imposes the upper limit on this
lifetime.

One can use the theory of the large-scale structure
formation to determine the desired properties of unstable
particles that form the structure.

Indeed, the scale of the observed structure (its cor-
relation length) determines the mass of the dark matter
particles. Then the conditions of

1) structure formation;

ii) slowing down of the nonlinear evolution of the

structure
fix the lifetime of unstable dark matter particles.

In the framework of the Unstable Dark Matter
(UDM) scenario the problem of the confrontation of infla-
tional models with the observations can be naturally
solved. Here the decay products of unstable particles form
the modern homogeneous dark matter, and stable dark
matter particles (or simply baryons (Gelmini et al.,
1984)), contributing as the nondominant fraction into the
total density, represent the dark matter within the mod-
ern inhomogeneities.

Let us demonstrate now the principal possibility to
determine from the set of astronomical data the type of
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unstable dark matter particles. This is possible on the base
of old Big Bang model, if such primordial particles are
fermions.

If the particles were in the equilibrium with the hot
plasma in the early Universe, they decouple the earlier,
the weaker is their interaction. The earlier particles de-
couple from the other particles in plasma, the more spe-
cies of the other particles were in the equilibrium and the
smaller is the relative concentration of the decoupled par-
ticles, r , (see Chapter 3).

If the primordial concentration of particles is not
determined by their decoupling, but is the result of some
non-equilibrium process, the frozen concentration of fer-
mions can be only smaller than the equilibrium concentra-
tion of relativistic particles taken at the moment of their
decoupling.

In the case of bosons, their generation in the
coherent state is possible, as it takes place for invisible
axion or inflaton.

In the case of fermions, the maximal value of rm at
the fixed m corresponds to the one, given by the
decoupling of relativistic particles from the equilibrium
hot plasma in the early Universe.

This statement follows naturally from the fact, that
the non-equilibrium process leads to the increase of the
specific entropy and, consequently, to the increase of the
thermal photon number density.

Moreover, since any non-equilibrium process, taking
place after decoupling of the considered particles, leads
also to the growth of the specific entropy (and the photon
number density), the maximal frozen concentration of
fermions is determined in the framework of the Big Bang
model by the number of species of particles, being in the
equilibrium in the period of decoupling (see Chapter 3).

On the other hand, in the models of unstable parti-
cles their value of rm may exceed (rm)o , corresponding to

N = 1 for stable particles.
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The greater is rm , the earlier particles start to
dominate in the Universe and the longer is the period of
growth of their small initial density perturbations. For
larger rm the structure may be formed at smaller ampli-
tude of fluctuations, B, as compared with the case of the
stable particles.

The relation

puts into correspondence the amplitude Band the ampli-
tude of fluctuations of the temperature of the thermal
electromagnetic background (BT jT). Using the observa-
tional data on the black body radiation anisotropy one
obtains from this relation the estimation of the value of
Band, consequently, the lower limit on the value of rm.

Putting together this lower limit and the estimation
of the mass m from the correlation length of the large
scale structure, one obtains the lower limit on r, which
may be compared with the maximal possible value of r ,
estimated for decoupling of particles in the thermal equi-
librium. Thus, in principle, the value of r can be fixed,
giving some indirect information on the coupling strength
of the dark matter particles.

The condition of sufficient growth of large scale
perturbations, deduced in Sec. 1.1, causes serious trouble
for the models of unstable neutrino of the type of Gelmini
et al. (1984) and Davis et al. (1981).

In the model of Gelmini et al. (1984) the mass of

unstable neutrino with the relative concentration r = 3/11
was taken to be equal to

mv = 550 eV (1157)

giving the value
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rm =150 eV. (1158)

From the arguments of Sec 1.1. one immediately finds,
that the formation of the large scale structure is virtually
impossible in this model.

The simple arguments, given in this Section, may
be modified with the account for more nontrivial cosmo-
logical scenarios and cosmological consequences of the
particle theory.

The extension of simple inflational model to more
realistic multicomponent scenarios, accounting for the set
of Higgs fields, maintaining the hierarchy of symmetry
breaking, can lead to rather peculiar spectrum of density
perturbations (Linde, 1984b; Linde, Kofman, 1986), if the
phase transition corresponding to the symmetry breaking
takes place on the inflational stage. These spectra, defined
by the parameters of scalar field potentials, strongly
deviate from the "scale-free" spectrum.

Rather complicated "hidden sector” of particle
theory arises in the case of mirror or shadow matter,
having non weak internal interactions and superweak
interaction with the ordinary particles. The existence of
sufficiently strong internal interactions modifies the
relationship between the dissipation scale of perturbations
and the parameters of dark matter particles.

For example, in the case of mirror matter (see
Chapter 10) the existence of mirror photons and mirror
electromagnetism leads to the similar dissipation scale as
in the ordinary baryon matter. In the same manner, as in
the ordinary plasma, this scale is determined by the re-
combination of mirror electrons and nuclei into the mirror
atoms and not by the masses of the mirror particles.

Invisible axions (see Chapter 2) give another
example of nontrivial relation between the dissipation
scale and the mass of dark matter particles. In spite of
very small mass of axion the dissipation scale of axion
density perturbations turns to be very small. The reason is
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that in the case of coherent axion field oscillations (see
Chapter 3) this scale is determined by the product of the
axion mass and the amplitude of axion field oscillations.

So the restrictions, given above, generally constrain
some definite combination of the parameters of dark
matter physics.

Note, that the data on the observed nonthermal
electromagnetic background in different ranges (see
Chapter 2 and e.g. Zeldovich, Novikov, 1975; Dolgov,
Zeldovich, 1980) impose rather stringent restrictions on
the possible modern energy density of electromagnetic
radiation from the dark matter decay. One has the upper
limit

9
p, <107p,, (1159)

in the X ray and gamma ray range,

p, <107p,, (1160)
in the infrared and optical range, and
p, <10-tp (1161)

in the radio wave range.

The constraint on the branching ratio of photon decays
of dark matter particles follows from these data. Such a
restriction was discussed in connection with the possible
neutrino decay

in the modern Universe (Zeldovich, Khlopov, 1981;
Petcov, 1977; Shabalin, 1980; Aliev, Vysotsky, 1981;
Berezhiani et al., 1986).

Crude estimation of upper bounds on the possible
branching ratio of photon decay modes can be obtained



416 COSMOPARTICLE PHYSICS

from the wupper limits, given by Egs. (1159)-(1161), by
multiplying them by the factor, accounting for the
decrease of relative contribution of radiation into the total
density due to the dust-like expansion after the dark
matter decay. These upper bounds provide additional
information on the possible physical nature of dark matter
particles and their interactions.

In the class of unstable weakly interacting particles,
the problem of formation and evolution of the structure
can find solution, implying the existence of weakly inter-
acting particles with the mass

30 <m <100 eV (1162)
and the lifetime
10° <+ <10’ years (1163)

with the dominant decay into weakly interacting particles.

Among the known particles massive neutrino can be
the candidates, provided that the new neutrino interaction
exist, inducing the neutrino decays with the characteris-
tics given by Egs. (1162) and (1163). The simplest variant
of the model of the structure formation by unstable dark
matter — the cosmological model of unstable neutrino was
elaborated in (Doroshkevich, Khlopov, 1984 a,b;
Doroshkevich et al., 1985, 1987, 1988, 1989).

Unstable dark matter finds deep physical grounds
in the gauge theory of broken symmetry of quark and lep-
ton families, what we consider further in Chapter 11.

2. Dark Matter in the Galaxy
2.1. The Condensation of Dark Matter in Galaxies

At the stage of galaxy formation, massive neutri-
nos, neutralinos, axions and most of the other forms of
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The considered process of condensation of a colli-
interact with matter only by gravitation. Therefore, no
energy dissipation due to radiation takes place in the gas
of collisionless dark matter particles, as it is in the case
of the ordinary matter.

Nevertheless, as it was shown by Zeldovich et al.
(1980), the motion of dark matter particles in the non-
static gravitational field of ordinary matter, which con-
tracts due to the energy dissipation via radiation, pro-
vides an effective mechanism of energy dissipation for
neutrinos as well. Consequently the contracting ordinary
matter induces the condensation of the dark matter that
leads to significant increase in the dark matter density in
the  Galaxy as compared with its mean cosmological den-
sity.

Let wus consider the mechanism, suggested in
(Zeldovich et al., 1980) and developed by Fargion et al.
(1995) in more details. For the sake of simplicity, we re-
fer to the gas of collisionless dark matter particles as to
the gas of massive neutrinos.

When ordinary matter ("baryons") contracts due to
the energy dissipation via radiation, weakly interacting
dark matter particles (“neutrinos™) move in a potential,
which varies with time.

Since the energy of a particle moving in a time-
dependent potential is generally not conserved, neutrinos
can reduce their energy and, consequently, increase their
density. Let us treat the simplest case of particle motion
along radial orbits in the central part of the contracting
baryon system, where the density is independent of ra-

dius. If Pv(t) and Pb(t) are, respectively, the central densi-

ties of neutrinos and baryons, the motion of neutrinos is
determined by the equation

2
%2 = -co(t)’r, (1164)

where
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oft) = %(pv(t) o)) - {1165)

Suppose that the baryon density slowly increases.

For slowly varying ro , the amplitude of oscillations is
given by the adiabatic invariant

E - 10R? = const | {1166)
©

where E is the energy and R is the amplitude of the os-
cillations.

With the increase of 10 , the oscillation amplitude of
neutrinos decreases and their density increases respec-
tively, according to the equation

R(0)Y f) Y £) +p, (6) V*
(1) [ ( )} :[m()J :[pv( ) + Py )] (1167)
p.(0) | R(t) (0) p.(0) +p,(0)
Due to radiation energy losses, the baryon density
can grow so that the condition

ps(t) >> p.(2) {1168)

finally holds. Then we obtain from EQ.(1167) that the
density of neutrinos increases with time as

pv(t)z[ X0 ]/
1

p.(0) +p,(0

{1169)

The analytical treatment, given above, was com-
pleted in Zeldovich et al. (1980) by numerical models,
proving the law of condensation given by Eq.(1169).
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The considered process of condensation of a colli-
sionless gas may take place in any collapsing system of
ordinary matter, provided that at all stages contraction is
dominantly supported by self-gravitation.

It is generally assumed that this condition is not
satisfied at the initial stages of formation of objects
smaller than globular clusters, at which the development
of the thermal instability and the effects of the outer
pressure of the hot gas are dominant (see Chapter 10).

Thus the considered mechanism should be effective
in the course of galaxy formation but does not seem to
work in the process of formation of globular clusters and
smaller astronomical objects (stars, in particular).

If massive neutrinos (or any other form of colli-
sionless dark matter particles) dominate in the cosmologi-
cal density, such a mechanism provides an explanation for
the formation of massive halos of galaxies by these parti-
cles. It was used e.g. in (Doroshkevich et al., 1980b) for
the scenario of the neutrino-dominated Universe to
explain why massive neutrinos remain at the periphery of
galaxies and do not contribute much to the density in the
central parts of galaxies.

The assumption that the hypothetical particles
dominate in the galactic halo allows one, without any re-
course to an explicit dynamical model of halo fonnation,
to obtain estimation for the density distribution of parti-
cles. Using the fit for mass distribution in halo, one can
fit the particle distribution in the Galaxy and evaluate
possible effects of their weak annihilation, as it was done
by Silk and Srednicky (1983) for supersymmetric
particles.

However the universality of the mechanism of
condensation (1169) permits its application to the case of
a small contribution of the hypothetical particles to the
total density, thus providing a reasonable estimation for
the expected distribution of the particles in the Galaxy
and their possible effects, even if they do not play any
significant role in the dynamics of halo formation. It
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strongly increases the sensitivity of astrophysical data to
the existence of such particles. That leads to stringent
constraints on their allowed parameters.

2.2. WIMP annihilationin the Galaxy

There are many theories of cosmic rays origin, con-
necting it with the activity of galaxy nuclei, supernova
explosions, processes in magnetospheres of pulsars and
different acceleration mechanisms in galactic magnetic
fields (Ginzburg, 1990; Hill et al.,, 1987).

Cosmoarcheology opens new possible mechanisms
for cosmic ray and gamma background production, related
to cosmological consequences of particle theory, leading to
sources of energetic particles in the Universe.

It offers new insight into relationship between
physics of cosmic rays and super high energy physics and
cosmology, provides exotic sources of cosmic ray and
gamma backgrounds and opens new aspects in experimen-
tal physics of cosmic rays and gamma astronomy. For in-
stance, cosmic gamma ray background provides informa-
tion on the existence of antimatter domains (see Stecker,
1985 and Refs. therein) or evaporating PBHs (Sedelnikov,
Khlopov, 1996) in the Universe.

Extensive study ef cosmoarheological chains,
linking the data on cosmic rays and gamma backgrounds
to possible tests of the models of inflation, baryosynthesis
and dark matter, as well as of various cosmological
consequences of GUT, SUSY particle models and of theo-
retical mechanisms of CP violation, mass of neutrino etc.,
Is assumed by AstroDamus project (Khlopov et al., 1996).

One of the effects of the new physics in cosmic rays
is related to the effect of weak annihilation of weakly in-
teracting massive particles (WIMP) in the Galaxy. Fol-
lowing Zeldovich et al. (1980) and Fargion et al. (1985) let
us consider this effect on the example of heavy stable
neutrino.
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The condensation of heavy neutrinos in the Galaxy
leads to the increase in the rate of the neutrino annihila-
tion resulting in a copious production of cosmic rays. The
most stringent limit on the mass of heavy neutrinos can
be obtained by considering the electronic component of
cosmic rays, which is most sensitive to the new sources of
cosmic rays.

The flux of relativistic electrons from neutrino an-
nihilation in the Galaxy is given by

J=T, dny & ms ster™
dt 8n (1170)
where
dn, 2
=nlov
dt (1171)

is the rate of neutrino annihilation in the Galaxy per unit
volume, crv is the cross section of the neutrino annihila-
tion in the Galaxy,

Tp 10 ' years (1172)

is the life-time of cosmic rays in the Galaxy, c is the speed
of light, 8 is the number of relativistic electrons which are
produced in one act of the neutrino annihilation.

In order to obtain the constraint on the heavy neu-
trino mass, we consider first the annihilation of heavy
neutrinos into e+e- pairs in the Galaxy. Since heavy
neutrinos in the Galaxy are non-relativistic, the ultrarela-
tivistic electrons in the annihilation reaction

wee * (1173)
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are produced practically monochromatic with the energy
E = m so that even for m = 1 TeV the energy spread is
LIE << 1 GeV.

Electrons can also be produced in the secondary
processes from the decays of !J.-, -r-leptons and quarks, but
these processes contribute only to the soft part of the
cosmic ray spectrum and therefore we shall neglect them.

The annihilation cross section for the process (1173)
in the Galaxy can be written as

ov=~29sM:D,107% ecm? . ¢, (1174)
where Dz is the Z-boson propagator given by

S

(s—M3) + 1M , (1175)

D,s «<

the relativistic invariant s = (pv + p v)2 - 4m2 ,and I is
the Z-boson width.
Therefore for the flux of cosmic electrons we have

J, ~10%n*sM} D, em?s'ster . (1176)

The experimental energy spectrum of cosmic electrons

(Lang, 1974) integrated over the energy resolution LIE of
the detector is

26

jaxp 116 -102¢ E )- . ¢ LlE\) cm-2s-ister-t |, (1177)
1GeV 1Ge

where 3 < E < 300 GeV and LIE << E

Comparing Egs. (1176) and (1177) one finds that
the existence of heavy neutrinos is forbidden in the mass
range
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60 <m <115 GeV . (1178)

The absence of the constraint in the mass range
44-60 GeV is due to the smallness of the relic neutrino
concentration (the annihilation cross section of neutrinos
in the early Universe is very large in the vicinity of the
Z-boson peak). The constraint in the region of large neu-
trino masses is a consequence of the rapid decrease of the
flux (1176)

J, oc m-s (1179)
as compared with the experimental flux (1177)

J o m-z2s6
exp .

2.3. Direct and Indirect Searches of WIMPs in the Galaxy

Let us combine the indirect information discussed
above with the experimental data on the direct under-
ground search for WIMP-nuclei elastic scattering in order
to obtain bounds on the mass of stable neutrino of
the fourth generation, following the recent results of
Fargion et al. (1997) .

For the sake of definiteness, consider the standard
electroweak model, including one additional family of
fermions. The heavy neutrino v and heavy charged lepton
L form a standard SU(2)L doublet. In order to ensure the
stability of the heavy neutrino, we assume that its mass
does not exceed the mass of respective charged lepton ML,
m < Mg, and that the heavy neutrino is a Dirac particle.

It is known that modern laboratory experimental
results do not contradict the existence of heavy Dirac
neutrinos with mass
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m>|y;z— ' (1180)

where Mz is the mass of the Z-boson.

In the early Universe at high temperatures, such
heavy neutrinos should be in thermal equilibrium with
other particle species. As the temperature in the Universe
drops, heavy neutrinos become non-relativistic at T - m
and their abundance falls off rapidly according to expo-
nential law. In the further expansion of the Universe, as
the temperature decreases below the freeze-out value T,,
the weak interaction processes become too slow to keep
neutrinos in equilibrium with other particles. As a conse-
guence, the number density of heavy neutrinos is given by
their frozen out concentration being equal now to

-1
6-10° (m, \(m Per [ "
n= " [m;J[H:J[lo_zgh:,ﬁ}[;[dxm?(cv)] em™, (1181)

where

Per =1.879 -10°°h? om (1182)

is the critical density of the Universe; h is the dimen-
sionless Hubble constant H normalised as

h=_—— (1183)

=—; x'__-, (1184)
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a is the annihilation cross section; v is the relative
velocity of the neutrino-antineutrino pair in its center-of-
mass frame; g* is the effective number of relativistic de-
grees of freedomat T = T4. The contribution of bosons and

fermions to g* is equal 1 and 7/8, respectively. The
freeze-out temperature I', can be computed by iterations

from

<t = 1n[0.0955pPlamFJ

(1185)
vge
and in the considered case is
T1""3'6 (1186)

In general, the following processes could lead to the
annihilation of heavy neutrinos in the Universe

w t1,w+w-,zz,zH,HH.

However (see Fargion et al., 1997 and Refs. wherein) the
dominant processes are

vv ff (1187)
below the threshold for W+W- production, and
W WW- (1188)
above this threshold.
Fig.24 shows the dependence of cosmological den-

sity p=2mn of heavy neutrinos (and antineutrinos) as a

function of neutrino mass. In the region m - mz/2 the
neutrino density is extremely small as a result of the huge
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value of the annihilation cross section at the Z-boson pole.
When the neutrino mass increase, the cross section for
neutrino annihilation drops and this leads to an increase
of the neutrino density, which reaches its maximum value
at m- 100 GeV.

At m > mw the annihilation channel into W=+W-
opens and gradually becomes the dominant one, and since
its cross section grows like m2, the present neutrino
density drops again.

Ptot | — — —

4

3MevV mz/3 m

Fig.24. Dependence of the neutrino density in
the Universe on the mass of neutrino

As is seen in Fig.24, neutrino density is small in
comparison with critical density. However neutrino
condensation, discussed in Sec 2.1, leads to significant
increase in the neutrino density in the Galaxy as com-
pared to mean cosmological density. One obtains for the
central density of neutrino
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0
Noo n(p; : T , (1189)
where
Pog = 107 % (1190)

is the central density of the matter in the Galaxy and Pb is
the density of baryon matter in the Universe. To evaluate
neutrino density from below the upper limit on the baryon
matter density should be taken.

It is often assumed that the density of dark matter
halo in the Galaxy decreases with the distance from the
center according to the law

mo:lj%y.

(1191)

where

2 <a<10 kpc (1192)

is the core radius of the halo.

Assume that neutrino density also follow the
distribution (1191). Taking the minimal value for the core
radius a = 2 kpc and substituting into EQq.(1191) the

distance

rsun 8.5 kpc (1193)

from the Sun to the centre of the Galaxy, we find that the
density in the solar neighbourhood is reduced by the
factor 19 in comparison with the central neutrino
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_ 1200
account (1189)—(1193),mv3e450bct;a%/ that the densgty o}
heavy neutrinos in the solar neighbourhood have to satisfy
the condition

ng,, >3.3-10°n . (1194)

Let us apply the results obtained above to the ex-
perimental data on the direct search for WIMPs by
WIMP-nucleus elastic scattering.

Neutrinos scatter from nuclei by Z-boson exchange
and therefore the axial coupling, which only produces
small spin-dependent effects, can be neglected. In the
nonrelativistic limit, the neutrino cross section due to co-
herent scattering on nuclei is given by

m2M2 2 2
crel 2 G&Y K ' (1195)
27t(m + M)
where
K = N- (1-sin? sw)z; (1196)

N, Z are numbers of neutrons and protons, respectively;
M is the mass of target nucleus, Gp is the Fermi constant;
Y is the average hypercharge (Y-1). The nuclear degrees

of freedom can be taking into account by a nuclear form
factor.

One finds from the results of underground experi-
ments with Ge detector (Caldwell, 1995) that the existence
of very heavy neutrinos is forbidden in the mass region

60 <m <290 GeV . (1197)
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Note that the constraint (1197) represents the
minimal region excluded by Ge underground experiments
because this result has been obtained with the use of the
conservative set of values for astrophysical and cosmo-
logical parameters. But even such conservative treatment
leads to more restrictive limits on the mass of heavy neu-
trinos than Eqg. (1178) obtained from the analysis of the
spectrum of electrons in cosmic rays.

If Higgs meson exists, the bound (1197) does not
exclude the possibility for heavy neutrinos to have mass
in the region

[y —m| < Ty, (1198)

where IH is the width of Higgs meson, because in this
case the s-channel annihilation

W  H anything (1199)

could reduce significantly the neutrino density in the
Galaxy.

Recently preliminary results on the search of
underground WIMPSs, using the annual modulation signa-
ture with large mass Nai(Tl) detectors, were published
(Bernabei et al.,, 1997). The overall analysis have shown
that there is an indication on the single crystal response
(however, as it was mentioned by Bernabei et al. (1997),
only very large exposure would possibly allow to reach a
firm conclusion).

Bernabei et al. (1997) note that the region of the
signal is well embedded in estimations for neutralino sig-
nal based on the minimal supersymmetric standard model.
However this case can correspond also to the elastic scat-
tering by nucleus of Nal of relic neutrinos with the mass
between 45 GeV and 50 GeV. This region is consistent
with the present laboratory bound
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m > 45 GeV. (1200)

The independent confirmation of this event and the
test for its possible physical nature can be obtained in
experiments with cosmic rays, by AMS spectrometer,
which is in preparation for the Alfa space station.

The detection of monochromatic positrons with
energy above 45 GeV would be a clear signature of the
annihilation of Dirac neutrinos in the galactic halo
because the direct annihilation of Majorana fermions into
electron-positron pair in the Galaxy is severely sup-
pressed. On the other hand, the detection of the effect in
the continuum spectrum of positrons could be an indica-
tion on the annihilation of neutralinos.

The search for effects of cosmic heavy neutrinos
may be supplemented by the search for such neutrinos at
accelerators (Fargion et al., 1996). The reaction

e‘e” > vy (1201)

gives the possibility of analysing the mass region
m-_& (1202)

which is difficult for an astrophysical investigation be-
cause of small value of neutrino density but can be impor-
tant in relation with an event possibly observed in DAMA
experiment (Bernabei et al., 1997).

If heavy neutrinos exist, there could be also an
interesting  hadronless signature for  Higgs meson
Bremsstrahlung production at accelerators

e'e > ZH - Zw > U'l"vv , (1203)

and this mode could be the dominant one.
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Thus only complex investigations including under-
ground experiments, accelerator searches, and astrophysi-
cal investigations can clarify the physical nature of dark
matter.

Note in conclusion, that the condensation in the
Galaxy is also important for direct searches for cosmic
light neutrinos and axions.

Light neutrinos with the mass m - 30 eV and the
velocity dispersion in the Galaxy - 300 kmjs have the
wavelength of the order of

Al _6.10¢ em. {1204)
mv

Owing to weak Vvector current interaction, the galactic
neutrinos can scatter coherently on the bodies with the
size a < A..

The momentum transfer in this scattering causes
small acceleration, which may be in principle detectable
(Sewartsman et al., 1982).

The existence of axion photon ayy interaction leads
to the possibility of axion-photon conversion in radio-
frequency cavity (Sikivie, 1983). This principle is used in
axion halo- and helio-scopes, used for experimental
search for axion fluxes in the galactic halo and from the
Sun, respectively.

Shadow and mirror matter represent the form of
dark matter candidates which are hardly accessible to di-
rect experimental means. Astronomy turns to be the
unique source of information on the existence and possible
properties of this form of the dark matter, which we dis-
cuss in the next Chapter.
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CHAPTER 10
MIRROR WORLD IN THE UNIVERSE

1. Mirror Particles
1.1. The Equivalence of Left and Right

Putting aside the "Through the Looking Glass" mir-
ror world of Lewis Carroll (1871), the fundamental rea-
sons for the existence of mirror partners for the known
elementary particles were first put forward in the same
famous Nobel-prize-won paper of T.D.Lee and C.N.Yang
(1956) , in which they questioned the parity conservation
in the weak interactions.

In the quantum field theory, the P-parity transfor-
mation, i.e. the inversion of the space coordinates

P: (t,X)(t-x) (1205)
results in the transformation of the field operator
P : 'P(t,x) 'PP(t,-x) . (1206)

Before the work of Lee and Yang (1956) it was as-
sumed that parity is conserved in all fundamental interac-
tions of elementary particles. It means, that the inversion
of coordinate axes results in the transformation of the
field of definite particle into the other field describing
particles that also exist in the Nature.
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For example, the left-handed state of a field with
nonzero spin transform into the right-handed state of the
same field, so that

W[ (t,-x) = ¥g(t, x) (1207)

and conversely, the right-handed state of the field trans-
forms into the left-handed state.

The field operator, corresponding to a particle with
a zero spin, can be invariant under P-transformation, so
that as the result of P-inversion of spatial coordinates

VP (t,—x) = +¥(t,x) . (1208)

Such field correspond to a scalar particle.
The field operator of a spinless particle can change
its sign after P-transformation,

PP (t,-x) = —\¥(t, x) (1209)

and that correspondsto a pseudoscalar particle.

Parity conservation means that the Lagrangian is
invariant under P-inversion, i.e. it is a scalar.

P-inversion may be viewed as the reflection in a
mirror. Until 1956, it was assumed, that the mirror re-
flection of any fundamental particle process is either the
same process, or some other process, also existing in the
Nature.

Parity violation in the weak interactions put for-
ward the processes, for which this fundamental rule is not
valid.

So, neutrino, created in beta-decay has only one
helicity. P-transformation gives the neutrino state, which
is not produced in weak interactions.

In the beta-decay of polarised nuclei electrons are
emitted preferentially along the direction of nuclear spin.
Mirror reflection of this process results in the process
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with the opposite preferential direction of electron mo-
mentum relative to the polarisation of the nucleus, that is
not observed in the Nature.

In the conclusive Section of their work Lee and
Yang (1956) considered the evident theoretical problem,
related to parity violation. P-violation leads to the non-
equivalence of the right- and left-handed coordinate sys-
tems.

Fig.25. Mirror reflection of P-non-conserving process
leads to the process, which does not exist in the Nature.

Indeed, P-transformation of the coordinate system,
in which P-violating process is described, corresponds to
the transition from the left-handed to the right-handed
co-ordinate system, or to the mirror reflection of the pro-
cess. As a result, due to P-nonconservation such a trans-
formation leads to the process, which does not exist in
the Nature (see Fig.25). So P-violating process fixes the
preferential coordinate system.

On the other hand, the existence of preferential co-
ordinate system means, that the empty space time has
some preferential orientation. The only difference between
the left- and right- handed coordinate systems is the di-
rection of the rotation along the short arc from the axis X
to the axis y around the fixed z axis. It seems doubtful,
that God has some reasons to choose some preferential di-
rection of such rotation for the empty space.
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To restore the equivalence of left- and right- handed
coordinate systems, Lee and Yang (1956) assumed, that
mirror partners should exist for all known particles. In
this case P-inversion should be accompanied by the mu-
tual interchange of the ordinary (0) particles and their
mirror (M) partners.

If P-violation in the mirror world has the opposite
sign relative to the ordinary particles, combined reflection
and mirror partner interchange does not cause any change
in the description of the original process and its mirror
image. Then P-asymmetry of our world turns to reflect
the asymmetry of the chosen set of elementary particles
due to the evident absence of significant amount of mirror
particles around us.

The economical choice for mirror partners was soon
offered by the idea of CP-invariance, according to which
the already found partners of the matter particles, i.e.
antiparticles, were identified with the mirror partners
(Lee, 1957, Landau, 1957).

Antiparticles seem to exhibit the main property of
the mirror particles — their strict symmetry to the re-
spective ordinary partners. The absolute values of all their
fundamental parameters (masses, charges, lifetimes,
branching ratios) were assumed to be strictly equal to the
analogous parameters of the corresponding particles.

Indeed, CP-transformation puts the observed left-
handed state of neutrino into correspondence with the
state of the right-handed antineutrino,

CP: v, > Vv, (1210)

and since right-handed antineutrinos are also produced in
weak interactions the symmetry between left and right is
restored.

In the same manner, the - decay of polarised nu-
cleus is put by CP-parity transformation in correspon-
dence to the -+ decay of antinucleus. The theory of
P-violating weak interactions predicts the opposite direc-
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tion of the preferential emission of positrons as compared
to the emission of electrons.

Hence the combination of mirror reflection with the
interchange of particles and antiparticles seemed to sup-
port the equivalence of left- and right- handed coordinate
systems.

However, the discovery of CP violation made the
identification of the mirror partners with antiparticles er-
roneous, and the question on the true set of mirror parti-
cles and their expected properties was put forward again
(Kobzarev et al., 1966).

It turned out, that in the case, when mirror parti-
cles are not identified with antiparticles, they can not
share the same interactions, the ordinary particles par-
ticipate.

Kobzarev et al. (1966) mentioned that the strict
symmetry between ordinary and mirror electrons leads to
serious problem in the atomic physics, if ordinary and
mirror worlds have identical electromagnetic interactions.
One expects doubling of the atomic states in this case
owing to the additional degrees of freedom, related to
mirror electron states.

Similar problem appears in the hadron physics, if
the strong interaction of ordinary and mirror particles are
identical. Due to mirror pa_rticles, the doubling of some
hadron states, e.g. the states of neutral pions, should take
place.

The discovery of intermediate W- and Z-bosons of
weak interactions and the measurement of their widths
excludes common weak interaction for ordinary and mir-
ror particles. So not only ordinary matter particles but
also gauge bosons of their interaction should have their
mirror partners.

1.2. Fractons and Alice Strings

The simplest way to include mirror particles into
the particle model is to add to the SU(2)xU(1)xSU(3)c
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gauge symmetry of the standard model the same symme-
try ascribed to mirror particles.

One should assume that mirror particles correspond
to trivial representation of the ordinary gauge group and,
vice versa, the states of ordinary particles transform as
scalars under the mirror gauge group transformations.

It means that particles of definite mirrority (i.e.
ordinary or mirror) are sterile relative to the interactions
of the other mirrority.

So, the mirror electron interacts with the mirror
photon with the same strength as the ordinary electron
interacts with the ordinary photon. However, the mirror
electron does not interact with the ordinary photon, and
the ordinary electron does not interact with the mirror
photon.

One may expect that the states referred to nontriv-
ial representations of the gauge groups of both mirrority
should correspond to hypothetical particles with very pe-
culiar properties (Khlopov, 1980).

Indeed, the state of X-lepton, transforming relative
to the group [SU(2)xU(1)xSU(3)c]ox[SU(2)xU(1)xSU(3)cIM
as

X @, ,1 1, 1, 3) (1211)

shares the properties of ordinary lepton and mirror quark,
and is a doublet relative to electroweak ordinary gauge
symmetry and a triplet relative to mirror colour trans-
formations.

Owing to mirror colour confinement, such states
should be bound together with some other mirror coloured
states into composite particles, giving states that look like
anomalous leptons.

The bound states of X-leptons and mirror partners
of ordinary quarks gM such as baryon-like state (XgMqM)
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behaves in ordinary electromagnetic processes as a
colourless particle with fractional charge, called fracton.

Fractons also arise as bound states of X-quarks,
which correspond to the representation of the gauge group
[SU(2)xU( 1)xSU{3)clox[SU{2)xU( 1)xSU{3)c]M

X @13 2 ,1). (1212)

X-quarks have fractional mirror electric charge and are
neutral with respect to ordinary electromagnetic interac-
tion.

X-quarks bound with the ordinary quarks in the
baryon-like or meson-like hadrons form fractionally
charged composite colourless particles such as (Xuu)
baryon with the electric charge +4/3.

In the early Universe, X-quarks {or X-leptons)
freeze out with their antiparticles and can form fractons
in the period of QCD confinement. The specifics of frac-
tons as compared to the free quarks {Zeldovich et al.,
1967) is that the primordial fracton concentration can
strongly decrease in the modern astrophysical objects, say,
in Earth, due to the process of X-quark recombination

(Xuu) +(Xu) (XX)+ ordinary hadrons (1213)
with the successive decay of X-quarkonium
(XX) ordinary hadrons (1214)

or

(XX) mirror particles . (1215)
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X-quark recombination (1213)-(1215) induced by
the "Coulomb" attraction of uncompensated mirror elec-
tric charges of X-quark and antiquark reduces fracton
abundance and makes their existence compatible with the
negative results of the searches for fractionally charged
particles (Khlopov, 1980).

In the framework of grand unification, the gauge
symmetry [SU(2)xU(1)xSU(3)c]ax[SU(2)xU(1)xSU(3)c]M of
ordinary and mirror particles is embedded within the uni-
fying GUT symmetry group, GaM-

Breaking of GaM results in the separation of ordi-
nary and mirror particle sectors under the condition of
strict discrete symmetry between them. Topology of GaM
breaking is reduced under this condition to the case of
U(1) symmetry breaking and provides the existence of
topological string solution.

One may illustrate this strict topological result
(Tyupkin, Shwartz, 1982) by the following simple argu-
ment .

Breaking of GaM divides the Higgs multipletH of
the unifying group on the subsets of Higgs fields Ha and
Hm corresponding to unbroken subgroups of separated
symmetries of ordinary and mirror particles.

The discrete symmetry between the multiplets Ha
and HM makes these two sets of fields equivalent to
imaginary and real part of one complex field that reduces
the analysis to the case of broken U(1) symmetry. Then
the topological argument is valid proving the existence of
string solution in the considered case of broken non-
abelian symmetry.

Shwartz (1981) found that this string solution ex-
hibits the property to change the mirrority of object in
the result of its motion along the closed path around the
string. Shwartz mentioned that Lewis Carroll's Alice could
pass through the looking glass along the closed path
around such string and called the solution Alice string.
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In the early Universe the phase transition to the
phase of broken GaM symmetry with separated sectors of
ordinary and mirror particles should result in the appear-
ance of a network of cosmic strings.

The evolution of the string network within the cos-
mological horizon leads to straightening of long strings
and decay of small string loops. As a result of this evolu-
tion the string network contribution into the total density
is given at the time t by

Ps-2 (1216)

where 11 is the mass per unit string length related to the
scale A of GaM symmetry breaking as

e~ AR (1217)

One finds from Egs. (1216) and (1217) that the
relative contribution of strings into the total density is
given by

2
Qszp—3~Gu~[ AJ .

Per Mp, (1218)

Owing to the negative pressure corresponding to the
false vacuum inside the string space-time properties of
cosmic strings differ from the ones of one-dimensional
structures of the ordinary matter. General relativity pre-
dicts zero gravitational potential outside the string but
there should exist an angular cut in the flat space-time
along the string. The angular size of the cut is of the or-
der of
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6~Gp~(AJ . (1219)

PI

Due to the cut of space-time along the string, its
intersection with the line of sight on astronomical object
causes the effect of gravitational lens. Instead of the ob-
ject one observes its two images whose angular coordi-
nates are separated by the value (1219).

String motion produces the wake in the passed mat-
ter. The matter perturbed by the string moves in the wake
towards the plane of string motion with the velocity vw of
the order of

A
M p, (1220)

v %
2o (Gu)? ~
=~ (Gw)

It is interesting to note, that the strict results of
general relativity calculations of these phenomena turn
out to coincide formally with the Newtonian treatment of
a one-dimensional matter string with the mass per unit
length I moving with the speed of light (Gasilov et al.,
1987).

The Alice string is the typical cosmic string and
should share all the properties mentioned above. However
the change of relative mirrority of objects around the
Alice string adds new aspects in their observational ef-
fects.

The object defined as ordinary along the path to the
left of the Alice string is defined as mirror object along
the path to the right of this string.

Therefore the Alice string crossing the line of sight
changes the mirrority of object relative to the observer.
Ordinary stars become mirror and invisible. Mirror stars
turn out to be ordinary and visible.

The objects of mixed mirrority radiate both ordi-
nary and mirror photons. The Alice string crossing the
line of sight interchanges the mirrority of radiation. Mir-
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ror photon radiation to the left of the string turns out to
be the process of ordinary photon emission to the right of
the string and vice versa.

For non-correlated processes of ordinary and mirror
radiation, the Alice string crossing the line of sight iIn-
duces the interchange of mirrority, which can be observed
as anomalously rapid variation of luminosity. Blinnikov
and Khlopov (1982) noted that such effect may explain
the 100 s X-ray luminosity variation of QSO 1525+227
observed in 1981 by Einstein X-ray observatory.

Gravitational lensing by the Alice string induces the
two images of different mirrority. In the second image
one observes the mirror radiation of the first image.

If the radiation is non-correlated, the usual identi-
fication of string-induced gravitational lensing by the
identical patterns of the spectra of the two images can not
be valid in the case of the Alice string (Sazhin and Khlo-
pov, 1989).

The account for the different mirrority of images
may revive the string lensing interpretation of broad pair
Q1146+111 B,C and offer such interpretation for "twin
galaxy" field 0249-186 or double quasar GL Q2345+007
(Oknyansky, 1996).

The successive development of mirror particle model
should account for the possible breaking of the strict
symmetry between ordinary and mirror particles.

The shadow world appears in this case. Strict
correspondence between the original and mirror image
transforms in this case into the peculiar distortion of the
size and form of the object in its shadow.

Cosmoparticle physics should develop the system of
tests both for the mirror and shadow matter. The cosmo-
logical evolution of mirror or shadow matter is the impor-
tant input for such analysis.
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2. Mirror Particles in the Early Universe

2.1. Inflation and Constraints on the Domain Structure

In the framework of inflational cosmology, the ratio
of the ordinary and mirror matter densities in the Uni-
verse is determined by the relative probability of ordinary
and mirror particle production in the course of reheating
after inflation.

In the absence of mutual strong, weak and electro-
magnetic interactions, one can not exclude that some in-
teraction at the energy scale

F >>10° GeV (1221)

provides transitions between ordinary and mirror parti-
cles. Following Khlopov et al. (1989, 1991) one can esti-
mate the cross section for such transition, given in the
units (230), by

forT=F
a(T) = [y.l;: (1222)
04 forT<F,

where y < 1.

This interaction can provide the thermal equilib-
rium Dbetween the ordinary and mirror particles, if the
rate of its reactions

nov ~ Tc (1223)

exceeds the rate of the cosmological expansion, given at
the stage of relativistic expansion by
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T2
mPI

r~

(1224)

One obtains (Khlopov et al.,, 1989, 1991) that the condi-
tion

ncrv > I (1225)
takes place for

F <ym,, (1226)

and for the reheating temperature

TR>—F_ (1227)
JIag

(ympz

only. Provided that these conditions are valid independ-
ently on the mechanism of inflation after its end, the
cosmological reheating leads to equilibrium symmetric
distribution of ordinary and mirror matter.

If no such interaction (except for gravity) exist, or
the mutual interaction is too weak to provide the above
conditions, the equilibrium distribution between the ordi-
nary and mirror matter still may be established, if the de-
cay of the inflaton field is induced by the interaction mu-
tual for ordinary and mirror matter, in particular, by
gravity.

The latter is true in the case of inflation, induced
by R2 effects in the polarisation of gravitational vacuum,
or in the case of inflaton, having symmetric interaction
with the ordinary and mirror matter.

If the products of inflaton decay have definite mir-
rority, the symmetry between the ordinary and mirror
particles demands the existence of the mirror partner for
such inflaton.
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Within the frame of the model of chaotic inflation
(Linde, 1984), the initial amplitudes of the ordinary and
mirror inflatons may be different, and that leads to the
formation of the domain structure in the distribution of
the ordinary and mirror matter (Dubrovich, Khlopov,
1989).

In the regions, where the amplitude of the ordinary
inflaton is higher, than the one of the mirror inflaton, the
ordinary particles should dominate after inflation and the
admixture of the mirror particles should be exponentially
small. On the contrary, dominance of the mirror inflaton
results in the negligible density of the ordinary particles
after inflation.

Since the inflated regions are generally much
greater than the observed part of the modern Universe,
the mirror asymmetrical inflation, driven by the ordinary
inflaton, corresponds to the exponentially small density of
the mirror matter within the modern cosmological hori-
zon. The inverse case of the inflation, driven by the mir-
ror inflaton and resulting in the exponentially small den-
sity of the ordinary matter, is evidently excluded for the
presently observed part of the Universe.

If the inflaton has no definite mirrority and the
equal amounts of the ordinary and mirror particles are
produced after inflation, the domain structure may be
formed due to the random local asymmetry of the ampli-
tudes of ordinary and mirror scalar fields in various peri-
ods after the general inflation, say, in the phase transi-
tions.

The scale of such domain structure is determined by
the concrete parameters of the fields, involved in the pro-
cess, and it may be much smaller than the scale of the
modern cosmological horizon (Dubrovich, Khlopov, 1989;
Khlopov et al., 1989, 1991).

In the case of such small-scale structure its scale
must be either smaller, than the size of the horizon in the
period of the Big Bang nucleosynthesis, or larger than the
size of superclusters. These constraints follow from the
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analysis of the effects of mirror domain structure on the
physical processes in the early Universe after Big Bang
nucleosynthesis (Dubrovich, Khlopov, 1989).

Mirror domain looks like empty void for ordinary
particles. At the radiation-dominated stage the radiation
pressure pushes the ordinary matter into domain, that
leads to violent processes of semirelativistic shock wave
collisions.

Nuclear collisions in the shock wave fronts influ-
ence the light elements abundance, and the condition that
there is no overproduction of D, 3He, 6Li, 7Li and /Be im-
poses severe constraints on strong shock waves.

The energy release from even weak shock wave col-
lisions distorts the Planckean form of the black body
background radiation spectrum, what strengthens the con-
straints on the domain structure up to the scales of su-
perclusters of galaxies.

The case of the allowed small-scale structure, corre-
sponding to masses

M << M, (1228)

has no practical difference by its cosmological features
from the case of initially homogeneous mixture of the or-
dinary and mirror matter.

The allowed Ilarge scale mirror domains, corre-
sponding to the mass scales

M >10"M, (1229)

would look like giant voids in the distribution of the ordi-
nary matter and in an especially highly peculiar case
might have lead to the “island™ model of the Universe
(Dolgov, Kardashev, 1986; Dolgov et al., 1987).

The observed isotropy of the thermal electromag-
netic background excludes the case, when the modern
outer border of the mirror domain is beyond the cosmo-
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cosmological horizon. It excludes the structure of such
domains (Dubrovich, Khlopov, 1989) in the scales

L(te) 1+ 2, <L <l(ty), (1230)

where |h (tree) is the size of the horizon in the period of
recombination at the red shift z = zrec and Ih (tu) is the
size of the modern horizon.

Note, that the constraints on the domain structure
are based on the averaged over the Universe effects in the
assumption on the symmetric distribution of mirror and
ordinary domains. In the asymmetric case, when ordinary
matter dominates within the modern cosmological horizon,
isolated mirror domains are not excluded, provided, that
their effect, averaged over the observed part of the Uni-
verse is within the observational upper limits.

2.2. The Inhomogeneous Baryosynthesis and the Island
Distribution of Mirror Baryons

The necessity in the special set of mirror partners,
not coinciding with antiparticles, follows from the fact,
that in the presence of CP violation in the world of the
ordinary particles, the equivalence between the left- and
right-handed coordinate systems should be restored. For
the mirror partners, CP-violating effects are equal by the
magnitude and have the opposite sign to the correspond-
ing effects of ordinary particles. In particular, it leads to
the opposite sign of CP-violating effects in the processes
of baryosynthesis in the mirror world.

So, the generation of the baryon excess in ordinary
particles formally corresponds to the generation of anti-
baryon excess in mirror particles, provided that there is a
strict symmetry between the processes of baryosynthesis
in the ordinary and mirror worlds.
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However, since the sign of the baryon number for
mirror particles is not observable we shall refer to the
"baryon" excess in the cases of the both mirrority.

Since the evolution of ordinary and mirror matter is
symmetric, local processes of baryon excess generation in
the very early Universe lead to simultaneous production
of the equal baryon excesses in the ordinary and mirror
matter. In the absence of domain structure ordinary and
mirror baryons are produced in the Universe with the
equal local densities.

In the presence of domain structure the domain
scales and the averaged densities of ordinary and mirror
baryons within domains should be equal.

If the baryon excess generation is not related to CP-
violating local baryon-violating processes in the ordinary
and mirror matter, the interesting possibility of "entropy"
density perturbations in the relative distribution of the
ordinary and mirror baryon excesses arises, in principle,
at any scale (Khlopov et al.,, 1989, 1991).

In particular, the mechanism of baryosynthesis in
supersymmetric GUT models (Affleck, Dine, 1984; Linde,
1985), ascribes the cosmological baryon asymmetry to the
existence of primordial condensate of supersymmetric
scalar quarks and leptons. Even for the strict symmetry in
the supersymmetric potentials of the ordinary and mirror
particles, such mechanism provides inhomogeneous rela-
tive distribution of ordinary and mirror baryon excesses.

In the difference from the mirror domains consid-
ered in the previous Section the baryon excess inhomoge-
neities represent local suppression of the baryons of the
other mirrority. The energy densities of relativistic mirror
and ordinary particles are equal in this regions.

At radiation-dominated stage the existence of re-
gions of strong domination of mirror baryona over ordi-
nary baryons (or vice versa) does not cause any violent
dynamic effect and is not excluded by the observational

data.
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cosmological horizon. It excludes the structure of such

mirrority (Khlopov et al., 1989, 1991), astronomical ob-
jects may be formed at any scale, up to the scale of the
modern horizon.

2.3. The Big Bang Nucleosynthesis and the Mirror World.

Note, that in all cases, except for the very large
scale mirror domains, relativistic mirror particles are pre-
sent in the same amount as the ordinary relativistic parti-
cles in the period of the Big Bang nucleosynthesis. It
means that after the first second of the cosmological
expansion, when the freezing out of the neutron to proton
ratio in the ordinary matter takes place, one should add
the contribution of mirror photons, mirror electron-
positron pairs, right-handed neutrinos and left-handed
antineutrinos into the total density.

Such doubling of the relativistic species in the pe-
riod of nucleosynthesis should lead to the growth of the
primordial ordinary “He abundance up to (Blinnikov,
Khlopov, 1980, 1982, 1983; Khlopov, Chechetkin, 1987;
Carlson, Glashow, 1987)

Yprim 28% . (1231)

Taking into account the widely accepted upper limit
on the primordial helium abundance, Yprim < 25 % (see
Chapters 3 and 5), we come to the conclusion (Carlson,
Glashow, 1987) that homogeneous mixing of ordinary and
mirror mater is excluded by the observation.

Taken this fact for granted, one should consider
some asymmetrical solution for the mirror matter, or con-
clude that the symmetry between ordinary and mirror
matter is broken, and the shadow matter should be con-
sidered as the most realistic case.

Even in this case the successive discussion of the
symmetric mirror matter is important, since the quantita-
tive definiteness of this model is very instructive in
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finding qualitative astronomical effects to be shared by
more general asymmetrical cases.

However, one should take in mind, that the ob-
served “He abundance (see Chapter 5 and Refs. wherein) is
given by

Yobs — (28 i12)%

that by itself does not contradict the prediction of the
mirror world model. Recent observations of radio recom-
bination lines in HIl regions together with the analysis of
lonisation structure of these regions show (Ershov et al.,
1988; Tsivilev, 1991; Gulyaev et al., 1997) that primor-
dial abundance is in the interval (23.8 — 28.4)% what also
does not exclude the case of the symmetric mirror world.

One does not observe directly the primordial he-
lium, and in the absence of direct methods has to use rea-
sonable interpolations of the observational data to the
pregalactic abundance. However reliable this procedure is,
it is model dependent, and in the absence of model inde-
pendent results, the question on the existence of homoge-
neously mixed ordinary and mirror matter can not get its
final answer.

3. Formation of Astronomical Objects of the
Mirror Matter

With all reservations made in the previous Section,
we shall follow in our analysis the general scenario of the
cosmological evolution of homogeneously mixed mirror
and ordinary matter in the period of galaxy formation
(Blinnikov, Khlopov, 1980, 1982, 1983; Khlopov et al.,
1989, 1991).

Starting from its early versions, this scenario, as-
suming the equal cosmological densities of the mirror and
ordinary matter, invokes the dark matter in the form of
massive neutrino (Blinnikov, Khlopov, 1980, 1982, 1983)
or of some other unspecified physical nature (Khlopov et
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al., 1991), dominating in the Universe in the period of the
galaxy formation and maintaining the dominant part of
the modern cosmological density. This assumption to-
gether with the account for inflation and baryosynthesis,
considered in the previous Section, transfers the analysis
into the framework of realistic inflationary cosmological
model with baryosynthesis and dark matter.

The scenario assumes the dominance of ordinary
and mirror radiation on the RD stage with equal density
together with relativistic light neutrino with a small ad-
mixture of ordinary and mirror baryons with equal densi-
ties. The scenario can naturally account for the existence
of a small (at the RD stage) admixture of equal densities
of nonrelativistic ordinary and mirror particles, such as
ordinary and mirror neutralino, ordinary and mirror
axions etc.

Note again, that the equal densities of mirror and
ordinary particles in the period of Big Bang nucleosynthe-
sis are in the contradiction with the widely accepted con-
jecture on the primordial “He abundance.

So, taking this conjecture for granted, one should
invoke some mechanism, suppressing the contribution of
mirror matter in the first second of expansion.

However it practically does not influence the fur-
ther discussion, which concerns the evolution of mirror
baryons, whose contribution into the cosmological density
in the period of Big bang nucleosynthesis is negligible in
the case of the strict symmetry between ordinary and mir-
ror matter as it is for ordinary baryons.

After the end of RD stage the non-relativistic dark
matter particles start to dominate in the Universe and the
gravitational instability evolves within the cosmological
horizon.

The concrete choice of the model of the large scale
structure formation, as well as of the form of the dark
matter determining it, is not essential for the bulk of our
further conclusionson the effects of mirror baryon mat-
ter.
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Mirror baryons with the averaged density equal to
the one of the ordinary baryons, maintain admixture of
non-relativistic matter participating the general develop-
ment of the gravitational instability. This development is
determined by the form of the dark matter, dominating in
the cosmological density.

The influence of the mirror matter on the observed
properties of the large scale structure is possible only in
the case of large-scale mirror domains, corresponding to
the mass scales

M >10"°M, (1232)

or large-scale island distribution of baryons.

In this case, the scale of mirror baryon inhomoge-
neities can be arbitrary, so that the formation of "pure”
mirror objects is possible in all the scales. Having this
possibility in mind, we consider below the effects of mir-
ror objects in all possible astronomical scales.

Note, that the large-scale island baryon distribution
may provide the physical mechanism for the "biasing"” in
the distribution of the luminous and dark matter. Mirror
baryon islands must look in this case like voids, in which
ordinary matter galaxies are absent.

However, the problem of rapid structure evolution
seems to retain in this case, being inherent to all models
of structure formation by the stable dark matter
(Doroshkevich et al., 1989).

Following Blinnikov, Khlopov (1980, 1983) and
Khlopov et al. (1989, 1991) consider the "pancake" sce-
nario of structure formation.

The main feature of this scenario is retained in the
unstable dark matter model, more realistically reproduc-
ing the observational data.

Moreover, as we shall see further, the main features
related to formation of mirror baryon objects are adequate
for any other dark matter model, e.g., the CDM scenario.
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In the absence of island or domain structure of bar-
yon distribution, mirror (M) and ordinary (0) baryons
form together with the dark matter the common non-
linear flattened structure (the pancake). At the border of
the O+M gas protocluster (pancake) the shock wave is
formed.

The cooling of the gas compressed by the shock
wave due to 0- and M- electromagnetic radiation leads to
the fragmentation of the pancake.

Fragmentation of the ordinary and mirror baryon
matter within the pancake goes independently, since the
0-gas pressure does not act on the M-matter and vice
versa, whereas the gravitational potential of fragments is
too low to cause the capture of fragments of the other
mirrority.

This is the crucial point in the argument for separa-
tion of mirror and ordinary astronomical objects at the
scales, at which the thermal instability is essential. Ho-
mogeneously mixed ordinary and mirror baryonic matter
forms dominantly "pure" stellar objects of definite mir-
rority up to the scales of globular clusters.

Let us consider in more details this principal fea-
ture of the evolution of homogeneously mixed ordinary
and mirror gases.

3.1. The Separation of Ordinary and Mirror Matter
Following Doroshkevich et al. (1978) and Blin-
nikov, Khlopov (1980, 1983) the mass of 0- and M-gas

fragments are determined by the scale of the evolving
thermal instability, given by (Field, 1965; Doroshkevich,

Zeldovich, 1981)
ATV
by = (_‘J ’
€ (1233)

where the electron thermal conductivity is equal to
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erg

A =10°T7% (1234)

cm-s-K

T is the temperature, and the energy losses due to the
bremsstrahlung radiation are equal

E=1021n2Tx  erg (1235)

cm?® s

The mass of fragments is then given by

2
r V%1000 =%
IOGK} cm_| , (1236)

My =mnly =5 109M@[ B

where the pressure on the shock front P = nkT is the uni-
versal function of the moment of the pancake formation,
given by

4 erg

P=4.10"%1+2)) —
(1+2,) em® (1237)

for .@ =0.3 (Doroshkevich et al., 1978).
Taking the red shift in the period of the pancake forma-
tion equal to

Z,-5+2, (1238)

one obtains the mass of O and M fragmentsof the order
of

M, ~10° +10°M, , (1239)
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respectively, since the temperature of the hot gas is al-
ways close to

T=10° K. (1240)

Similar estimations of the mass of the ordinary gas frag-
ments were obtained by Doroshkevich (1980) for the dif-
ferent mechanism of fragmentation.

The fragments are not gravitationally bound and
exist as separated objects owing to the outer pressure of
the hot gas with the temperature T- 100 K .

Since the pressure of the ordinary hot gas does not
act on the mirror matter cloud and vice versa, there is no
reasons for mixing of 0- and M- gas clouds, if such mix-
ing was not given in the initial conditions for the density
fluctuations, from which the clouds evolve. The strict
identity of the initial conditions for the fragmentation of
the ordinary and mirror matter seems, however, highly
artificial.

O-clouds and independently M-clouds can merge
with the clouds of the same mirrority, grow their mass,
bind gravitationally and contract, forming stellar clusters.

Then the joint merging of 0- and M- clouds with
the higher mass of the order of

M ~10° +10° M, (1241)

takes place forming large gravitationally bound systems.
Gravitational capture of O-fragment by M-fragment and
vice versa is in principle possible at this stage. Following
Blinnikov and Khlopov (1983) let us estimate the prob-
ability of this capture.

Let the protocluster of the mass M and the typical
radius R decay on N fragments with the mass m = MjN
and with the typical size r . If we even assume that the O-
and M-clouds are at rest and are at the mean distance r
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from each other, the time scale of their merging is of the
order of several free-fall times, given by

t - (Ee_)X (1242)

and this value is of the order of

t~(Gp) % (1243)

where p - MjR3, what is close to the hydrodynamic time
scale of the protocluster. So, during the merging time es-
timated above, the Maxwell distribution of the clouds on
their relative velocities is established with the dispersion
of the order of the virial velocity of the fragments in the
cluster, given by

v? —912/'— (1244)

It means that the probability of the low relative velocity
of clouds is small.

The total probability w that the M-fragment will be
captured by one of the O-fragments is determined by their
neighbourhood in the phase space, i.e. is given by the
product of the probability w, that the M-fragment is near
the O-fragment (at the distance r) and the probability wv
that the relative velocity of M-fragment is smaller than
the escape velocity from the O-fragment, that corresponds
to relative velocity of the fragments

Y
b, = (G—’"’J , (1245)
R
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Note that the probability of merging for two clouds of or-
dinary matter is given by their size and the rate of energy
dissipation.

The total probability of gravitational capture of
mirror matter fragment by the cloud of the ordinary mat-
ter is

w=w, -w, , (1246)

where
W= 1- (]. 'MJN (1247)
and

= Ve LV exp Vo (2] - (mll%:: (1 % cazee

(Blinnikov, Khlopov, 1983).

At N >> 1 the maximum in the probability, given
by Eq. (1246), is formally reached at the earliest stages of
the contraction for

- R
N/ (1249)
Then
1
wW=g (1250)

Since N - Mjm,one obtains for the mass of the
protocl uster
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M~10"M, , (1251)

and for the masses of fragments
m~10° +10° M (1252)

the upper limit for the probability of the 0- and M- cloud
merging

w S l\ra -10-8+10-° . (1253)

The probability of merging of clouds of the same
mirrority, i.e. of the two O-matter or two M-matter frag-
ments is determined by the cross section of their collision,
given by

2
o, = 41tr2[1 + v_;] .

Vo

(1254)

So the collision time scale for one fragment is of the order
of
R3

t, ~
No v, (1255)

In the beginning of contraction, when r is large, this time
scale is smaller than the time of the free crossing of the
cluster, that correspondsto

R
t, <—

Vo (1256)

Thus, only one of N fragments could have compara-
ble amounts of 0- and M-matter, which should separate
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within it in the course of the successive fragmentation on
stars.

The admixture of M-matter in the rest of O-
fragments (and vice versa, of the O-matter in M-
fragments) is provided by the gas homogeneously filling
the O+M pancake. So the relative fraction of such admix-
ture is given by a small value

)

P, (1257)

being the ratio of the mean density of gas within the pan-
cake (or later — within the galaxy) and the density within
the considered object.

At the stage of the thermal instability the pressure
of the hot gas with the temperature T - 106K is nearly
equal to the pressure of the cold gas with the temperature
T -10* K so that the relative fraction of the admixture of
the matter of the other mirrority is given by

LS T

p 10° (1258)

This fraction freely (taking apart the effects of ac-
cretion, to be considered below) passes the inhomogenei-
ties and does not participate the processes of star forma-
tion etc. At later stages, the density contrast grows,
making respectively smaller the fraction of the other mir-
rority admixture. So, in the Galaxy the mean density is
equal to

(p) =107 (1259)
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and in the volume of the Solar system the free stream of
M-matter provides (taking apart M-matter inside the Sun
to be considered below) the admixture not exceeding

M,<10" g (1260)

and the fraction of the M-matter inside the Earth is esti-
mated (Blinnikov, Khlopov, 1983) to be smaller, than

f~107 (1261)

what seems practically impossible to be detected.
Therefore, in what follows, by the O- and M-matter
separation within single fragments with the mass

M <10° +10° M, (1262)

we mean, that the probability for the fraction of the ad-
mixture of the matter of the other mirrority to exceed 1%
is not larger, than

w<107° . (1263)
The largest single fragments with the mass
M ~ 10" Mg (1264)

seem to form dwarf galaxies. The admixture of the ordi-
nary matter in the dwarf mirror galaxies should not ex-
ceed 1% and they may be observed by the effect of gravi-
tational lens.

On the other hand, in the case of the hot dark mat-
ter scenario both the admixture of M-matter and hot dark
matter (massive neutrino) in the dwarf O0-galaxies should
be small and they should not practically contain dark mat-
ter.
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In the case of cold dark matter scenario small-scale
inhomogeneities of dark matter is expected, that can lead
to the presence of dark matter as well as to the compara-
ble amounts of 0- and M-matter in dwarf galaxies.

At the scale

M <10° M, (1265)

the estimation of 0- and M-matter mlxmg, given above
for the case of hot dark matter scenario, is completely
valid also in the case of cold dark matter scenario.

0- and M-fragments, corresponding to these smaller
scales, form together with the dark matter (both hot and
cold) normal and giant galaxies. In the establishment of
the equilibrium in the gas component, the processes of
dissipation play important role.

Since the laws of dissipation are strictly symmetri-
cal in 0- and M-gases and the condensation of already
formed stellar systems is determined by the unique gravi-
tational interaction, one should expect, that 0- and M-
matter practically separated at the scale of single frag-
ments have the same distribution at the scale of galaxies.

Practically complete separation of 0- and M-matter
at the scale (1265) leads to formation of stars and stellar
systems, composed of the matter of the definite mirrority
(taking apart small admixture due to accretion and spe-
cific conditions under which the mixing is enhanced - see
below). With the same reservations, the formation of dou-
ble M-0O-stars or stars, composed of the comparable
amount of mirror and ordinary matter is in the general
case strongly suppressed.

Indeed, in the general conditions in the Galaxy,
such suppression can be estimated following Blinnikov
and Khlopov (1983). This estimation is strongly enhanced
in some specific cases, such as in the molecular clouds or
in globular clusters, what will be considered in Sec.4.2.

The process of the stellar capture in binaries needs
either triple collisions or binary collisions with strong
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tidal dissipation. At the normal stellar number density in
the Galaxy, given by

n,~0.1 pe*® (1266)

these processes practically don't go. They can be consid-
ered in the dense stellar clusters or galactic nuclei only.
Blinnikov and Khlopov (1983) have estimated following
Fabian et al. (1975) and Press, Teukolsky (1977) the rate
of binary formation due to tidal dissipation.

In the cluster of the radius R , containing N stars
of the solar type, the rate of formation of the O-matter
binaries is given by

4 24
Nbin = 3(1'\(; )t (S_FI;—)_ ' (10° yearsr ' (1267)

In the clusters of ordinary stars the rate of 0-M bi-
nary is given by this expression multiplied by the factor,
accounting for the small fraction of M-matter, and the es-
timation is typically very small.

For instance, if the mixture of M-matter is even of
the order of f - 1% the rate of 0-M binary formation is

. -1
N,,(0-M)~03-(10" years) (1268)

(Blinnikov, Khlopov, 1983).

In galactic nuclei, where the comparable amounts of
0- and M-matter are expected, the number of 0-M pairs
should be of the same order as the number of ordinary bi-
naries, but separate stars are not observed there.

Due to assumed strict symmetry of 0- and M-
interactions, the M-star evolution should go in the same
way it takes place for the O-star of the same mass. As a
result of such evolution M-star forms M-white dwarfs, M-
neutron stars, black holes (whose properties are evidently
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independent on the physical nature of the matter they are
originated from), or it is completely disrupted.

On the other hand, the averaged densities of 0- and
M- matter (and of 0- and M- gas, in particular) in galax-
ies should be equal. One also expects strict symmetry in
the distribution on the different types of objects and in
the mass and velocity distributions of the objects of each
type.

In particular, the strict symmetry of distributions
should lead to the existence of compact nonluminous ob-
jects in the spherical component of our Galaxy with the
density of the order of the baryon density. Such objects
(MACHOSs) are observed in the halo of the Galaxy by the
effect of gravitational micro-lensing, and one should seri-
ously consider the interpretation of these observations on
the basis of the existence of a mirror world.

With the comparable orbital momentum of the ga-
lactic 0- and M-components, the unique disc with the
comparable amount of 0- and M-matter should be formed
in the Galaxy. Formation of separate 0- and M-discs
seems impossible (Blinnikov, Khlopov, 1983). Their mu-
tual attraction still at the stage of their formation should
lead to merging into unique disc component. The averaged
density of the dark matter (the M-matter) in the disc
should be equal to the one of the visible matter.

The question on the existence of this "local dark
matter" has rather long history (Oort, 1965; Gliese,
1977). The observational estimations (Hill et al., 1979;
Jones, 1972; Balakirev, 1976; House, Kilkenny, 1980)
that the density of the dark matter should not exceed
30% of the density of the visible matter in the vicinity
of the Solar system were found by Blinnikov and Khlopov
(1983) not to be sufficiently precise to exclude the density
of the local dark matter of the order of the visible matter
density. This possibility finds support in the series of pa-
pers (Bahcall, 1984; Bahcall et al., 1992), where the total
local density in the vicinity of the Solar system is esti-
mated as
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Pot _ 2.3, (1269)
Pu

where Pv is the averaged density of the visible matter ob-
jects in the local part of the disc component of the Gal-
axy.

_ Note, that the formally symmetric mirror world im-
plies

Plot =2 (1270)
Pu

but the account for the ordinary stars with low luminos-
ity, such as brown dwarfs, and for respective M-stars as
well as for small contribution into the density of disc of
the dark matter particles, forming the nonluminous halo
of the Galaxy,

pam < 0.1 (1271)
Pu

make the result of Bahcall, provided that they are con-
firmed (see critisism of Kuijken and Gilmore (1989,
1991)), a serious argument, favouring the existence of the
mirror world.

One should stress, that though the local dark mat-
ter, if it exist, provides rather small contribution into the
total density, being of the order of the baryon density

Qjm ~ Q, <0.1 (1272)

and plays no important dynamical role in the cosmological
evolution, its physical significance can not be overesti-
mated.

The reason is that all weakly interacting particles,
considered as the candidates to cosmological dark matter,
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represent collisionless gas, which condense in the visible
part of Galaxy according the law (see Chapter 9)

Panl?) m[p.,(t) ]%

Pam (0) Pe (0)

so that no more than 10% of the visible density can be
provided by the dark matter halo particles. Hence, the lo-
cal dark matter with the density comparable with the bar-
yon density should have nontrivial physical nature. It
should have effective mechanisms of dissipation as the
baryon matter does.

The simplest solution is to try to explain the exis-
tence of the local dark matter by some faint baryonic ob-
jects such as brown dwarfs. In the case such attempts are
found unsuccessful, one should face on the problem of the
existence of dissipational dark matter, such as the mirror
or shadow matter. It invokes dark matter particles weakly
interacting the ordinary matter but having much stronger
and even long range interactions between themselves.

3.2.The Gas Accretion on the Astronomical Objects of the
Other Mirrority

Sufficiently pure separation of the O- and M-matter
in the astronomical objects with the mass

M <10° M,

makes the process of accretion of the 0-gas on the M-
objects (and vice versa, of the M-gas on the 0-objects) the
most important for the mixing of O- and M-matter in
these objects.

Let us consider this process, following Blinnikov
and Khlopov (1983).
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According to the classical theory of accretion the
gravitating body with the mass M and with the velocity v
captures the matter from the distance

_2GM
v? (1273)

R,

For the subsonic movement, the velocity v should be
changed by the speed of sound v, -

From the standard formula for the mass flow de-
fined as

M = nR’pv (1274)

one obtains, that with the constant boundary conditions
the incoming matter comprises for the time t the mass
fraction, given by

1«1m3

MM _ o M 10 == o ¢
M v 102 _E 10" years
cm®

] .(1275)

Thus, even for large globular clusters, having the
mass of the order of

M-10°M, , (1276)

and the velocity of their movementof the order of

v -100 l% , (1277)

the fraction of the accreted matter is negligible.
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The same is true for the dwarf galaxies, having the
mass

M ~10°M, (1278)
and the velocity of motion

p-10% +10° XM (1279)
)

Due to very low density of gas in the galaxy clusters, be-
ing of the order of

g
p-10-27 em® ’ (1280)

one obtains from Eq. (1275) that

AM 1075 - 1072
M (1281)

In fact, Eq. (1275) is strictly valid only for the ac-
cretion on stars. In the case of stellar clusters and galax-
ies it provides only upper limit on the mass fraction of
the accreted matter. The reason is, that the typical veloc-
ity v of these objects

v2v, (1283)
exceeds the escape velocity v, , so that the capture radius
R, <r (1284)

turns out to be smaller than the radius r of the cluster. It
makes the gravitational potential insufficiently effective
for the capture.



MIRROR WORLD IN THE UNIVERSE 469

If the radius of the accreting M-star is small, as
compared to the capture radius

r<<R,, (1285)

the fall of the ordinary matter down on such star results
in the luminosity of the order of

L-GMM (1286)
r
If the density of the accreting matter is of the or-
der of (1280) this luminosity is very small even in the
case of the accretion on the M-neutronstar, i.e. such star
may be observed only at relatively small distance of some
tens pc.
For the period of the M-neutron star evolution, be-
ing of the order of

t- 10" years (1287)
and for the radius of the M-neutron star
r~10° em (1288)
with the mass
M~1M, (1289)

the mass of the ordinary matter stored by it can be esti-
mated as

AM ~10*° -10*® g (1290)

(Blinnikov, Khlopov, 1983).
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After the accreted O-matter loses angular moment,
it contracts. Followingthe conditions of equilibrium it is
compressed in the gravitational field of the M-star up to
the densities

p~10° +10" (1291)

within the size of the M-neutronstar (1288).

The magnetic field frozen in the accreted matter
experiences rapid change when the matter reaches the
central optically opaque central part of the O-matter core
of the M-star. V. Shwartsman estimated the size of that
core to be of the order of

ro ~10° em, (1292)

and the time scale of the rapid variation of the luminosity
in the photoshere of the 0-core, induced by the recommu-
tation of the magnetic fields, should be

dt- reo -3.10-¢ s . (1293)
C

As Shvartsman pointed out, it is possible to use the
methods of the searches for effects of short variation by
MANIA experiment (Shwartsman, 1977) and to distin-
guish the effect of M-neutron star from similar effects of
single ordinary neutron stars and black holes.

The idea was based on the estimation, that the
gravitational radius of a black hole with the mass equal to
the few Solar masses, and the radius of the surface of the
ordinary neutron star are by the order of magnitude
larger, than the radius of the photoshere of the 0-core in
the M-neutronstar. In the case of M-neutronstar it pro-
vides the time variation which is so short, that it can not
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be explained by the similar effects from the single black
hole or ordinary neutron star.

For larger radius of Me-star, its O-luminousity due
to O-matter accretion falls down respectively, and the ac-
creted O-matter cools down and forms objects like planets
or comets in the potential well of the M-star, provided
that such objects are not disrupted by tidal forces. The
indirect effects of such M-star may be observed only at
very near distance from the Solar system, not exceeding
1000 astronomical units. Owing to very small probability
for the 0-M binary formation, this close neighbourhood of
the M- star to the Sun may take place in the cross rather
improbable passing of the M-star in the vicinity of the
Sun.

The most stringent constraints on the existence of
the close invisible companion of the Sun of any possible
physical nature come from the sky distribution of pulsars
with anomalously low deceleration rates. The acceleration
of the Solar system in the direction of the invisible com-
panion shifts this distribution to the blue end, thus in-
ducing anisotropy in it. Using the observational data on
the sky distribution of pulsars with the measured decel-
eration rates, Blinnikov and Khlopov (1983) deduced the
constraint on any invisible companion object of the mass

M at the distance d from the Sun

M::; ].MO( ad )2 (1294)

10 a. u.

According to the Eq. (1275), with the average den-
sity of M-matter in the galactic disc of the order of

P-1o24 |

cm?®

and with the velocity of Sun relative to disc component,
being of the order of
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v —10—:—2‘%“—

the Sun during its lifetime can accrete approximately
AM ~10*" +10% g (1295)

of the mirror matter. Some part of this M-matter can
have the angular moment and can form the planet rotat-
ing inside the Sun near its surface, where the gravita-
tional force is maximal. Blinnikov and Khlopov (1980) es-
timated, that if the planet has the mass

M,~10% g (1296)
and moves at the depth of about
h=2-10km (1297)

under the surface of the Sun, this planet should cause
nonradial oscillations of the Sun with the observed period

T =160 min (1298)

(Severnyi et al.,, 1976, 1979).

The existence of such planet composed of the mirror
matter does not contradict the observations of the shifts
in the Mercury orbit. The planet may be detected by pre-
cise gravimetric measurements.

The specific angular momentum, which is necessary
for the formation of such planet, and which is by the or-
der of the magnitude lower than the one of the Mercury,
can appear due to M-gas density fluctuations of the order
of 1% at the accretion radius
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R, -10* em (1299)

M-planet might be formed outside the Sun and then imbed
it alongthe spiral due to the tidal friction.

Consider following Blinnikov, Khlopov (1980, 1983)

the effects induced by the motion of the M-planet inside
the Sun.

According to the standard Solar model, at the depth
h=2-10"km
inside the Sun the temperature is
T~10° K (1300)
so that the speed of sound is

v 23.100 M (1301)
S

The velocity of the M-planet motion along the cir-
cular orbit is equal to

em
V=4.4-107 S (1302)

so that the accretion radius on it is
r, = 10 em . (1303)
If the radius of the M-planet is of the order of

rio & em, (1304)
one has
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AL (1305)

rA Us
and a rather unusual case of accretion takes place (Blin-
nikov, Khlopov, 1980).

Still for

r>r, (1306)

the solar matter is not captured by the mirror planet, and
if the condition given by Eg. (1305) also holds, the veloc-
ity perturbations of the incoming gas .lv is everywhere
much less, than the speed of sound,

Av <<, . (1307)

It means, that even if the accretion shock wave is
formed, it is weak and the maximal heating of the solar
matter is in this case very small, so that the correspond-
ing energy release per unit time is of the order of

. (.Lv)a
E-M-- (1308)
v$
where
M- nr 2pv (1309)

is the mass of the solar matter, being perturbed (but not
captured!) by the M-planet per unit time.

Thus, the M-planet should cause inside the Sun
gravitational and weak acoustical effects only.

It is interesting to note, that the search for the
mirror matter inside the Earth seems rather unreasonable.
The probability for the existence of the primary M-matter
object inside the Earth is negligible, and the accretion of
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the M-matter can not lead to any storage of the M-matter
in the Earth, since the M-matter velocity near the Earth
is determined by the gravitation of the Sun and can not be
less than

>2<VE =42 k?m , (1310)

V,E = 2

where the velocity of the orbital motion of the Earth is
equal to

m
VE = 3(135— (1311)

Thus the velocity of the M-matter accreted by the
Solar system is in the vicinity of the Earth greater than
the escape velocity from the Earth and no capture of the
M-matter by the Earth can take place.

4. Observational Physics of the Mirror Matter

On the basis of the scheme of the evolution of the
mirror matter described above, contemplated by possible
effects of island baryon distribution, let us consider the
observational effects of mirror matter predicted on differ-
ent astronomical scales.

It is clear from the above discussion, that all possi-
ble observational effects of the mirror matter must be in-
duced exclusively by its gravitational interaction with the
ordinary matter. With the account for possible island dis-
tribution of mirror baryons the existence of any type of
mirror object is possible.

From the most general viewpoint one can distin-
guish two types of effects. They are the case of pure
gravitational interaction and the situations, in which
gasodynamics effects are also induced by gravity.

In the first case, the effects of mirror matter in-
duce peculiar velocities of the ordinary objects. Effects of
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this kind may be called "kynematic". It is clear that they
are mostly pronounced in the cases, when the ordinary ob-
ject is in the gravitational field, induced by the mirror
configuration of much larger mass.

In the second case, one considers effects, arising
due to gravitational action of different types of objects on
the gas of the other mirrority.

Let us discuss some examples of the interactions of
various objects of different mirrority, which may be ac-
cessible for observational discovery in more details.

4.1. Galaxies and Galaxy Clusters of Definite Mirrority

In the case of island baryon distribution on the
scales of galaxies or clusters of galaxies these astronomi-
cal objects are of definite mirrority, i.e. are dominantly
composed either of the ordinary or the mirror matter.
Possible admixture of the ordinary matter in the mirror
galaxies or mirror matter in the ordinary galaxies may be
originated from either the presence of small additional
admixture, determined by the local mirror asymmetry in
the process of baryosynthesis (see Sec. 2.2) or from the
accretion of intergalactic gas on such objects.

One can consider the following observational effects
of existence of mirror galaxies and clusters of galaxies.

I. The capture of ordinary galaxies by the cluster of
mirror galaxies can result in the appearance of an object
with large peculiar velocity or of small groups of galaxies
with velocities leading to anomalous virial paradox, i.e.
with the velocity dispersion up to

A% (1. 0y 10 kM
(v) (1+2)-10 - (1312)

what is typical for dense rich clusters of galaxies (Vo-
rontzov-Veliaminov, 1972).

Peculiar velocity component of massive galaxy can
be found, in principle, at the level of
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k
wee 107 S—m (1313)

by the methods, suggested by Zeldovich and Sunyaev
(1982) for the measurement of peculiar velocities of gal-
axy clusters, i.e. by the measurement of distortions of
black body background radiation induced by its scattering
on the electrons of the gaseous halo of the galaxy.

The probability for the capture of galaxy by rich
cluster seems to be rather large.

Indeed, assume that the dissipation of energy, nec-
essary for the capture, takes place at the distance between
the centers of galaxies of the order of the diameter of gal-
axy d. Then the cluster, containing N galaxies and having
the diameter D , will capture background galaxies with
the probability

2
w:1t.d2.n-22D:4N(ld\] 001-1. (1314)

Here

= _ (1315)
D

is the number density of galaxies in the cluster. The nu-
merical estimation is given for the rich cluster of

N =10° + 10 (1316)

galaxies the ratio of galaxy and cluster diameters was
taken equal to



478 COSMOPARTICLE PHYSICS

%: 10° +107% . (1317)

Il. In the described above process of the capture by
the mirror galaxy cluster of the ordinary matter galaxies,
the latter will inevitably lose significant amount of gas.
As a result the poor cluster of galaxies, formed in the po-
tential well of the mirror cluster, can have significant
amount of Inter Stellar Gas (IGG), filling the region with
the size typical for rich galaxy clusters.

The amount and, consequently, the density of 1GG
must be by the factor of

Ny
N, (1318)

k=

times smaller, than in the rich clusters. Here Nm and Ng
are the numbers of galaxies in the rich cluster of M-
galaxies and of the O-galaxies captured by it. The numeri-
cal factor a < 1 takes into accountthat in the difference
to rich clusters, capturing the galaxies of the same mir-
rority, the cooling flow (see for review Fabian et al.,
1984; Gilfanov, Sunyaev, 1987; Gorbatsky, Kritzuk,
1987) will not be maintained and gas is not lost by the
cluster.
Thus at

NO . 10—2
Ny (1319)

one may expect the suppression factor to be equal to
k' ~0.03 (1320)

and the emissivity of IGG to be the factor of
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E? =107 +1072 (1321)

smaller than in the case of rich galaxy clusters.

The next generation of X-ray telescopes will make it
possible to search for QSO up to the red shifts equal to
z=5+ 10 and for IGG with the red shifts z= 1+ 3 in the

rich galaxy clusters with the red shiftsup to z=2 + 4.
Hence, in the case, considered here, IGG may be ob-
served for the red shifts

z=1+3. (1322)

Observation of hot intergalactic gas without visible
rich galaxy cluster can be strong argument, favouring the
existence of the mirror (shadow) matter.

I1l. The gravitational interaction of ordinary and
mirror galaxies results in the distortion of their form. In
the ordinary galaxy the distortion must be observed in the
absence of its visible source. The evolved numerical meth-
ods of the calculation of tidal interactions between the
galaxies (see Toomre, Toomre, 1972; Korovyakovskaya,
Korovyakovsky, 1982; Naguchi, 1987 and ref. therein)
can provide solution for the inverse problem of determina-
tion of the parameters of the body, inducing the perturba-
tions, by the form of the distorted galaxy.

Contrary to the perturbation, induced by a single
black hole of the same mass, the perturbation by the mir-
ror galaxy is not related to the observational effects of ac-
cretion on such black hole. Corresponding effects of accre-
tion on the active nuclei of a mirror galaxy will be sup-
pressed by the mass ratio of the galactic nucleus Mnuc to

the mass of the whole galaxy Mgal being of the order of

Mnuc 10-2 +10-4 (1323)

M11al
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for active galactic nuclei.

IV. The gravitational perturbation, induced by the
M-galaxy, can initiate the burst of star formation in the
O-galaxy rich by gas or in the protogalactic 0-gas cloud.
As a result the 0-galaxy will be observed as the irregular.

The phenomena Il and IV can be also induced by
non-luminous gravitationally bound clusters of dark mat-
ter, which may be formed due to the biasing in the distri-
bution of baryons and dark matter.

However, the collisionless gas of dark matter parti-
cles can not form dense inhomogeneities, typical for the
mirror matter, in which the mechanisms of dissipation
exist. So one must look for the effects, induced by the
mirror matter of the moderate concentration, differing
from the effects of both black holes and diffused weakly
interacting dark matter.

V. If the activity of galactic nuclei is determined by
the existence of black holes with the masses of the order
of

M., ~10° +10"M_ , (1324)

the symmetry between 0- and M-matter provides the con-
jecture on the exsistence of such black holes in the nuclei
of mirror galaxies. In this case, M-galaxies with active
nuclei will be observed as the separate supermassive black
holes and their observational properties will be determined
by the amount of the ordinary matter in their neighbour-
hood.

As it was mentioned by Blinnikov and Khlopov
(1983), the presence of M-matter in the mixed 0-M galaxy
makes it easy to explain the origin of closed binary su-
permassive black holes in galaxy nuclei.

VI. The massive M-galaxies can induce the effect of
gravitational lens without optically visible source of this
effect.

VIIl. Rapid motions of M-matter masses may be the
source of gravitational waves without any other observa-
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tional effects. One can discriminate them from the super-
massive black holes, which also may be the source of
gravitational radiation, by the effects of accretion on such
black holes.

VIIIl. The presence of O-gas in the M-galaxy will re-
sult in the observed single gas clouds or small mass gal-
axy with the large internal velocity dispersion, i.e. with
the large internal virial paradox.

As the possible candidates in such fomations inter-
galactic gaseous clouds can be considered. In a number of
the neighbouring groups of galaxies cold gas is observed
in the form of massive HI clouds with the mass

M >10°M, (1325)

(Haynes, 1979) and with the sizes, typical for galaxies
and being of the order of

r- 20 +25 kpc . (1326)

The most massive from the known HI clouds is dis-
covered (see Khlopov et al.,, 1991 for Refs.) in the galaxy
group G11 in the Lion constellation near the galaxy M96.
This cloud has the size no less, than

r2:30 +100 kpc . (1327)
The mass of neutral HI hydrogen in it is estimated as
M >10°M, (1328)
and the concentration
n=4.10"ns0 em * (1329)

where the dimensionless Hubble constant is defined as
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h = (1330)

The surface brightness of this cloud is in the optical range
smaller, than 30 stellar magnitudes per the square arc
second.

Such clouds may cause effect in the absorption
spectra of QSO.

4.2. The Mirror Matter at the Scale of Globular Clusters

Let us consider now the case of separation of M-
and O-matter at the scale of globular clusters.

Globular clusters are among the oldest astronomical
objects, being formed possibly before the galaxy from the
inhomogeneities with the mass

M <10°M, . (1331)

They seem to be the objects of definite mirrority even for
the homogeneous initial mixing of the 0- and M-matter
(see Sec. 3).

I. The capture of O-stars by the M-globular cluster
can lead to the formation of diffused cluster of ordinary
stars, surviving for very long time and possessing strong
virial paradox.

The better chances to form such objects by captures
of background O-stars have M-globular clusters, moving
near the galactic plane along the orbit with not large ec-
centricity. But, following Khlopov et al. (1989; 1991), the
better chances for diffused cluster to be formed in the
gravitational field of M-globular cluster are in the case,
when the diffused cluster is formed from 0-gas, captured
by the mirror globular cluster in the period of separation
of the matter of different mirrority. Accordingto Blin-
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nikov, Khlopov (1983) (see Sec.3) the fraction of gas of
the other mirrority is in this case of the order of

f=107% . (1332)

The time scale of decay of normal diffused clusters
(Wielen, 1971) is

we = (1+ 3)-10 ® years, (1333)

whereas such cluster, being formed in the potential well
of mirror globular cluster, can have the age

dc 10" years . (1334)

There are several old diffused clusters, observed in
the Galaxy with so great lifetime.

For NGC 188 the age is estimated (Vandenberg,
1983; Jane, Demarque, 1983) as

tdc (5 + 10) -10° years . (1335)
For M67 the age estimated in (Nissen et al.,, 1987) is
e (5 +0.5)-10° years . (1336)
For NGC 752 this age is equal to (Twarog, 1983)
we 2-10° years . (1337)

For NGC 2243 and Melloffe 66 their age is estimated by
Gratton (1982) to be equal to

we 6-10° years. (1338)
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Stars, captured by mirror globular cluster, can have
various ages contrary to the usual diffused clusters. This
fact should be taken into account in the determination,
whether the star belongs to the diffused cluster.

Il. After the capture of ordinary star by mirror
globular cluster or of mirror star by the ordinary globular
cluster close binaries may be formed with the components
of the different mirrority, 0-M binaries. The existence of
nonrelativistic invisible companion is the specific feature
of such systems (see below).

In the cases, when the gas clouds of ordinary and
mirror matter, giving birth to globular clusters , are close
to each other in the phase space (see Sec. 3), the mixed
globular 0-M cluster can be formed.

Besides the evident virial paradox in the compact
mixed 0-M globular cluster of the radius R , containing N
stars, during the time t owing to tidal dissipation binaries
can be formed as a result of the large star concentration.

For the 0-M cluster with N = 2 10° stars, within the ra-
dius of R = 5 pc during the time 101° years there will be
formed

Ny, =60 (1339)

binaries, about half of which will be the 0-M binaries.

1. As it was shown by Khlopov et al. (1989; 1991),
the effects of mirror matter in the clouds of ordinary
molecular gas are strongly enhanced as compared with the
general case, considered in Sec. 7.3 .

Giant molecular clouds are the most abundant
among the massive unitary objects in galaxies. Having the
mass of the order of the one of the globular clusters, i.e.

M =10" +10°M, , (1340)

these clouds are by the order of magnitude more abundant
than globular clusters in the Galaxy (Solomon, Edmunds,
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1980). They also have the size by the order of magnitude
higher, than the one of the globular clusters.

Hence, in the galaxy, containing comparable
amounts of ordinary and mirror matter, cross-penetration
of 0- and M-clouds through each other should be rather
frequent.

The molecular clouds contain large amount of inter-
nal inhomogeneities, which are the regions of the en-
hanced density close to the development of the gravita-
tional instability.

The structure of the regions of star formation
shows that even relatively small perturbation can initiate
the formation of stars within the molecular clouds.

Shock waves are the usual triggers for star forma-
tion, so that the youngest objects are found in a thin
outer layer of molecular clouds (Thaddeus, 1977).

Penetration of a massive body through molecular
cloud may also initiate star formation,so that the region
of star formation will be determined by the spatial distri-
bution of gravitational perturbation and may take place in
a significant part of the cloud volume.

In the case of the comparable amounts of 0- and M-
matter in the galaxy, what is considered here, such per-
turbation may be induced first of all by M-molecular cloud
and with the probability by an order of the magnitude
smaller by M-globular cluster.

Since molecular clouds intersect with a small rela-
tive velocity v - 10 km/s and are the strong dissipating
objects, the intersection of 0- and M-clouds may form a
giant molecular cloud with the mixed mirrority, inside
which the probability to form the mixed 0-M stars and
0-M binaries is enhanced.

Multiple gravitational interaction of stars with the
inhomogeneities within the molecular clouds may lead to
capture of some stars by molecular clouds, strongly en-
hancing the effects of interstellar gas accretion on such
stars. It gives rise to higher accretion rate of gas on the
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star of the other mirrority, i.e. of the 0-gas on M-star or
M-gas on O-star.

4.3. The Effects of Mirror Matter at Stellar Scales

We have already mentioned in Sec. 3 some effects
of the existence of the mirror matter at the stellar scales.
Let us give here more general and systematic treatment of
such effects, following Khlopov et al. (1989, 1991).

I. The accretion of interstellar gas by the star of the
other mirrority results in the admixture of the matter of
the other mirrority in stars.

The estimations based on the analysis of the process
of accretion, presented in Sec. 3 give for the admixture of
O-matter in M-stars and of M-matter in O-stars the mag-
nitude of the order of tinf - 10-" + 10-°5 M1 .

If such admixture of the mirror matter in the Sun
forms a mirror planet near the solar surface, it may give,
according to Blinnikov and Khlopov (1980, 1983) the ex-
planation of the source of non-radial solar oscillations

with the period T = 160 min.

V.F. Shwartsman pointed out the possibility to ob-
serve the accretion of interstellar 0-gas on the single M-
neutron star by the effects of supershort variations of its
luminosity (see Sec. 3.3 for more details)

I1. The rotation of an ordinarystar and of M-matter
captured by it around their common center of mass leads
to periodical variations of pulsar period due to Doppler
effect.

Contrary to the similar effect of hardly observed
ordinary-matter planets, the variations, induced by the M-
matter, can have the period, corresponding to such close
orbits, for which the formation of ordinary planets or
their survival after Supernova explosionare impossible.

The searches for these effects need highly preci-
sional timing of pulsars on time intervals, smaller than
few hours.
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& 803 They . also have Lhe |ze y the o der of ma nlhude
ust on irror star, t ! protop anet type without

young star in its center WI|| be formed in the interstellar
medium.

Such discs may be observed by radio line of the
molecule CO- 2.6mm.

The mass of the central configuration can be deter-
mined by the Doppler effect, and it will be in strong con-
tradiction to the low luminosity of the central body.

The accretion in the regions of higher density of the
gas with other mirrority and the formation of 0-M bina-
ries give new possibilities of searches for the mirror mat-
ter.

As it was pointed out in Sec.4.2 , 0-M binaries may
be formed inside the globular cluster and at the star for-
mation during the mutual penetration of giant 0- and M-
molecular clouds.

IVV. The star formation or the evolution of 0-M bi-
nary can lead to a mixed 0-M star, containingthe compa-
rable amounts of the ordinary and mirror matter.

For the ordinary matter in the mixed 0-M star the
relation between the main stellar parameters (mass, ra-
dius, luminosity, colours, effective temperature etc.) can
be strongly violated.

In particular, such star must occupy an unusual po-
sition on the Herzsprung-Russel diagram.

After Supernova explosion in the mirror component
of the mixed 0-M star, the rearrangement of its gravita-
tional field takes place. It is inevitably followed by the re-
arrangement of the stellar structure and by a one-time
change of the properties of the optically visible object.
The star should seem to enlarge its size and to decrease
its surface temperature.

V. In the close 0-M binaries accretion of the ordi-
nary matter on the potential well, induced by the mirror
companion star, must result in the formation of accretion
discs without visible centres of accretion.
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In the case of nonrelativistic mirror star, when the
potential well has rather "flat' bottom, the thick accretion
disc or the spheroidal configuration of the accreted O-
matter should be formed around the invisible M-
companion. For the rates of mass exchange typical for
close binaries, the configuration typical for highly non-
spherical star arises.

One of perspective methods to study such objects is
the analysis of linear polarisation of their radiation
(Khlopov et al., 1991; Dolginov et al., 1979; Bochkarev,
Caritskaya, 1988).

For the low mass O-companion of the 0-M binary,
the 0O-disc around the M-companion should remain rather
cold, looking like low-luminosity infrared source, and with
mass being in the sharp contradiction to the value of the
"disc mass", determined by the Doppler effect and equal
to the mass of M-star.

In the separated 0-M binaries, the effects of accre-
tion of the non-degenerated M-star may be absent. Such
star can be discovered as the invisible massive companion
of the ordinary star.

The estimation of the fraction of 0-M systems
among the binaries can be obtained on the basis of the
existing catalogue of spectral binaries.

In the catalogues (Batlen et al., 1978; Pedoussaut et
al., 1984, 1988) the physical parameters and the elements
of orbits for about 1500 spectral binaries are given.

Taking into account, that the theoretical upper
limit for the mass of the neutron star is

Mns < 3MO (1341)

(Baym, Pethick, 1979) one can put in the analysis of spec-
tral binaries the constraint

Minv > 3MO (1342)
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on the mass of the second invisible companion, in order to
exclude the systems with faint white dwarfs and neutron
stars.

One can find 45 binaries in the catalogue (Batlen et
al.,, 1978; Pedoussaut et al., 1984, 1988) satisfying this
constraint, since the function of masses for these binaries
are

f(M)>3M, . (1343)

Among these 45 binaries only 6 have no lines corre-
sponding to the second companion. With the account for
the possibility, that the second invisible companion is
faint O-star or black hole, Khlopov et al. (1989) have es-
timated the fraction of 0-M binaries as

a<§= 13%. (1344)
45

V1. Consider now, following Khlopov et al. (1989;
1991) the properties of these 6 binaries and the possibili-
ties to discriminate in the observations a black hole and a
massive M-star as the invisible companion.

The parameters of these 6 spectral binaries are
given in the catalogue (Batlen et al., 1978; Pedoussaut et
al., 1984, 1988).

In these binaries there are no lines observed, which
definitely belong to the second companion.

The function of masses for these binaries satisfy
the condition (1343).

From the definition of the function of masses

f(M) = EA1+ ) , (1345)

where i is the inclination of the orbit, one obtains that
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2
[ ’]
P

sin® i

M = (M) > f(M) > 8M, (1346)

So in both cases the second component can not be
the white dwarf or the neutron star.

If the successive detailed study of these systems
will definitely exclude the O-star on the stage of ignition
of central thermonuclear burning as the second compan-
ion, that means that either the black hole or the M-star is
present in the system.

The main criterion to choose between these two
variants seems to be the total rate of the energy release in
the binary.

In the case of black hole, this rate should be by sev-
eral orders of the magnitude higher, than in the case of
mirror star.

With the account for the possible effective shield-
ing of the radiation by the accretion disc one should con-
sider the integral luminosity over the whole spectrum.

Moreover, very fast variations of luminosity with
the minimal time scale of the order of

t- (1347)

should arise in the case of accretion on the black hole.

In this context the binary A0620-00, being the X-
ray Nova with millisecond bursts, should be related to the
systems with the black hole rather with the M-star.

In the binaries W Cru and V600 Her, the lower es-
timations of the mass of the second invisible companion
give respectively 16 and 32 solar masses.

With such mass, the second component, being nei-
ther black hole, norM-star, should have luminosity higher
than the visible component.



MIRROR WORLD IN THE UNIVERSE 491

VII. The inflow of the ordinary matter on the mir-
ror white dwarf or on the mirror neutron star can lead to
the formation of a dense region of O-matter in the centre
of accretion disc, having the size of the M-star or its cen-
tral core. The latter is by the order of magnitude smaller
than the size of the whole star.
Observational properties of such a dense region will
be close to the corresponding properties of ordinary de-
generated stars with some quantitative differences, such
as possibly smaller size and higher temperature.
Furthermore, in the case of the mirror white dwarf
presumably hydrogen 0-object will be observed on its place
as the result of O-matter accretion.
Detonation in such an object may lead to phenom-
ena looking like Novae explosions with some possible
guantitative differences.
In the case of the mirror neutron star phenomena
like bursters can arise with quantitative parameters possi-
bly different from the usual ones.
The ordinary neutron star, being the binary for the
normal mirror star, will be observed as radio pulsar in a
binary with invisible companion.
Such binary can be distinguished from the binary of
relativistic O-stars by the rate of change of the binary or-
bit, which is by many orders of magnitude more rapid
than the rate owing to gravitational wave radiation from
the O-relativistic binary.
The rapid evolution of the orbit of 0-M binary may
follow from
a) the motion of the apsides line induced by the final size
of the normal M-companion,

b) accretion of the mirror matter from the normal M-
companion on the observed O-neutron star,

c) mass loss by the system owing to non-conservative
mass exchange etc.
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CHAPTER 11

COSMOPARTICLE PHYSICS OF
HORIZONTAL UNIFICATION

1. Physical Grounds for Horizontal Unification
1.1. The Symmetry of Fermion Families

The problem of fermion families (generations) re-
mains one of the central problems of the particle physics.

The standard SU(3)xSU(2)xU(l) gauge model, as
well as its possible "vertical” extensions based on the uni-
fication gauge groups SU(5), S0(10) etc., is constructed
in the framework of one fermion generation. These models
do not contain any deep physical grounds for the existence
of mass hierarchy between the fermion families and for
the observed weak mixing of quarks (and leptons).

In these models, Yukawa couplings are arbitrary,
and one has to input by hands their values for each fer-
mion to reproduce the experimental data on their masses
and mixings.

The identity of quark and lepton families
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relative to strong and electroweak interactions strongly
suggests the existence of a "horizontal® symmetry be-
tween these generations.

It is reasonable to consider the concept of local
horizontal symmetry SU(3)H, first proposed by Chkareuli
(1980).

Under the action of this symmetry transformations
left-handed quark and lepton components transform as
SU(3)H triplets, and the right-handed ones transform as
antitriplets. Their mass terms transform as

3®3=6EB3 (1348)

and consequently can arise only as a result of horizontal
symmetry breaking.

This approach may be trivially generalised on the
case of n generations, assuming the respective SU(n)
symmetry. In the case of three generations, the choice of
the group of horizontal symmetry is unique, since the or-
thogonal and vector-like gauge groups can not provide
different representations for left- and right- handed fer-
mion states.

In the considered approach the hypothesis is reason-
able, that the structure of the mass matrices is deter-
mined by the pattern of the horizontal symmetry break-
ing, i.e., by the structure of vacuum expectation values
(VEV) of horizontal scalars, maintaining SU(3)H breaking.

The mass hierarchy between generations is related
to the hypothesis of a definite hierarchy in this breaking.
Berezhiani, Chkareuli (1982, 1983) and Berezhiani (1983)
called it the hypothesis of horizontal hierarchy — HHH.

The simplest realisation of the HHH invokesthe in-
troduction of additional superheavy fermions, acquiring
their masses via direct coupling with horizontal scalars.
The ordinary quark and lepton masses are induced by
their "see-saw" mixing (Berezhiani, 1983) with these
heavy fermions.
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The concept of grand unification (GUT) is another
argument in favour of chiral horizontal G symmetry. In
the GUT models, left-handed quarks and leptons are put
together with antiparticles of their right-handed compo-
nent into the same irreducible representations of GUT
group GGUT- In the framework of GGVTXGH symmetry,
left-handed and right-handed components must transform
as the conjugated representations of the group GH, i.e. the
GH symmetry must be chiral.

One may hope, that the complete unification of
horizontal and vertical symmetries will be achieved on the
basis of unifying fundamental symmetry G , including
GGUTXGH Iin the course of superstring theory development.
The most elaborated simplest variant of realistic super-
string model EgxE g (Candelas et al., 1985; Witten, 1985)
does not leave any room for inclusion of horizontal sym-
metry. However, such inclusion is possible in the frame-
work of wider class of superstring models, e.g., in 80(32)
or in heterotic string models with direct compactification
to 4-dimentional space-time.

In the latter case (Narain, 1986; Kawai et al., 1986)
a wide class of GUT groups with the rank r smaller than

r; 22 (1349)
is possible.

The analysis of the horizontal unification as the
phenomenology for theories of everything, to be given
here on the basis of cosmoparticle physics, may be useful
in this aspect for the proper choice of realistic models
from the variety of possibilities, existing for the super-
string models.

Here we will not consider supersymmetric exten-
sions of the model, in which a number of new particles
are predicted, extending the hidden sector of the theory.
Properties of such particles depend critically on the de-
tails of supersymmetry breaking and need special study.
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To build the realistic model of broken horizontal
symmetry, rather wide set of parameters is to be intro-
duced.

However:

1. the number of these parameters is smaller than in the
realistic models without horizontal symmetry;

2. the bulk of these parameters is fixed by the experimen-
tal data on the quark and lepton properties,

and, finally,

3. the set of new nontrivial physical phenomena, pre-
dicted by the model, provides in principle complete
check of the model and determination of all the pa-
rameters.

These new phenomena arise at high-energy scale of
horizontal symmetry breaking F , which is of the order of

F >10° +10° GeV, (1350)

and can not be achieved at accelerators even in the far
future.

However, the combination of experimental searches
for their indirect effects in the rare processes with known
particles with the analysis of their cosmological and as-
trophysical effects makes it possible to study physics,
predicted at this scale, as well as the cosmological scenar-
ios, based on this physics.

The model proposed by Berezhiani, Khlopov
(1990a,b,c; 1991), Berezhiani et al. (1990a,b, 1992),
Sakharov, Khlopov (1993; 1994a,b; 1995; 1996) satisfies
the following naturality conditions.

1) Natural suppression of flavour changing neutral
currents (FCNC) (Glashow, Weinberg, 1977).

The light scalar SU(2)xU(1) doublets, transforming
according to nontrivial representations of GH (vertical-
horizontal fields) and leading to unacceptably strong
FCNC, are absent.

Yukawa couplings, responsible for quark and lepton
mass generation, include the only standard SU(2)xU(1)
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Higgs doublet, though left-handed and right-handed fer-
mion components transform as the conjugate representa-
tions of horizontal symmetry group.

The price for it is the introduction of additional
superheavy fermions, maintaining the hidden sector of the
theory. Mixing with these heavy fermions induces quark
and lepton masses. The so-called 'see-saw" mechanism
(Gell-Mann et al.,, 1979) is realised not only for neutrinos,
but also for all the quarks and leptonseither.

Besides that, this approach provides natural expla-
nation of the hierarchy of electroweak and GUT scales on
base of mechanisms suggested for GUT models with one
generation, e.g., by means of supersymmetric extensions
of SU(5), S0(10) etc. (Nilles, 1983; Vysotsky, 1985).

Quark and lepton mass generation via the vertical-
horizontal fields would have needed unnatural fine tuning
of their parameters even in the supersymmetric case.

2) Natural horizontal hierarchy.

The observed mass hierarchies of families, say, the

charged lepton mass ratio

me:m,,..mt = 1 : 200 : 4000 (1351)

is explained by much more moderate hierarchy of
horizontal symmetry breaking. The parameters of such
breaking are proportional to square root of masses of
quarks and leptons. So there is no need in special
mechanisms to protect the hierarchy from loop correc-
tions.

3) Natural solution for QCD CP-violation problem (Pec-
cei, Quinn, 1977).

Though there is the only one Higgs doublet, the
theory provides natural inclusion of U(1) Peccei-Quinn
symmetry (Peccei, Quinn, 1977), associated with heavy
Higgs fields, which break the horizontal symmetry GH at
the scale F. Breakingof this global U(1) symmetry results

in the existence of pseudo-Goldstone boson a of invisible
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axion type with the interaction scale F (Zhitnicki, 1980;
Dine et al.,, 1981; Wise at al., 1981).

The boson a has both flavour-diagonal and flavour-
non-diagonal coupling with quarks and leptons, i.e., is si-
multaneously familon of the singlet type (Wilczek, 1982;
Anselm, Uraltzev, 1983).

Finally, it is related to neutrino Majorana mass
generation, being also in fact the Majoron of the singlet
type (Chikashige et al., 1980).

The inevitable consequences of this model are:

a) the flavour-changing neutral transitions, related
to axion and horizontal gauge bosons interactions;

b) the existence of neutrino Majorana mass and
of the neutrino mass hierarchy of different families;

c) the instability of heavier neutrino relative to
axion decay on lighter neutrino;

d) the existence of metastable superheavy fermions.

The model can be tested in the combination of
laboratory tests, such as:

— the search for neutrino mass,

— the search for neutrino oscillations,

— the search for double neutrinoless beta decay,
— the study of Ko ++ 0 and Bo ++ .i}{J transitions,

— the search for axion decays y. — ea, K — na, etc.
together with the analysis of its predicted cosmological
and astrophysical effects.

The latter includes the study of axion emission ef-
fects on stellar evolution, investigation of primordial
axion field and massive unstable neutrino effects on the
dynamics of cosmological large scale structure formation,
as well as the analysis of the mechanisms of inflation and
baryogenesis, based on the hidden sector of the model.

1.2. The Gauge Model of Family Symmetry Breaking

Following Sakharov, Khlopov (1994a,b) and
Khlopov, Sakharov (1994), consider the SU(2)xU(l) model
of electroweak interactions supplemented by the local chi-
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ral horizontal symmetry SU(3)H between the fermion
families (2) (Chkareuli, 1980; Berezhiani, Khlopov,
1990a,b,c, 1991; Berezhianiet al.,, 1990a,b).

Quarks and leptons are joined in the following rep-
resentations of the group SU(2)xU(I)xSU(3)H

uf(l_(z.,a);(:L(z-Ls)

t:u @, 2. a) d 1, 53 .
@ @1, -2, 3)' (1352)

where we retain the family (SU(3)H)index a= 1, 2, 3.

We can choose scalars, breaking the horizontal
symmetry, as SU(3)H sextets and triplets. All of them
should be SU(2)xU(l) singlets, to prevent the electroweak
symmetry breaking at the SU(3)H symmetry breaking
scale.

To generate realistic quark and lepton mass
matrices, at least three such "horizontal" scalars are

needed.
At least one of them with the largest vacuum expec-

tation value (VEV) should be a sextet:
;Y a,=1,23, (1353)

where the brackets {..} denote symmetrisation on the
group indices. Otherwise, triplet fields only can not
generate realistic mass matrices.

For the two other scalars

I a=123 (1354)

and
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; a,p=123 (1355)

we do not specify further their SU(3)H content, mention-
ing only those cases, when sextet and triplet representa-
tions result in the different consequences.

Let us introduce additional fermions in the form

FE UL (1, 3) I (1. 33 E @ 293
F... U.. (1. . a) ¥ -3 a)

(I -2, 3); n~ra (I, 0, 3) (1356)

(Berezhiani, 1983; Berezhiani, Khlopov, 1990a,b,c, 199I;
Berezhiani et al., 1990a,b).

These fermions cancel the SU(3)H anomaly of the
ordinary quarks and leptons (1352), what implies the exis-
tence of the partner for neutrino, neutral lepton N.

The most general Yukawa couplings for quarks and
leptons allowed by the symmetry are given by Lagrangian

0 + G(MFCIE gncie | G FCICI

Ly = glf-LCI Ralr’ R ||+ " (1357)

where n=0, I, 2; f=u,d,e; F=U, D, E;

(Berezhiani, 1983; Berezhiani, Khlopov, 1990a,b,c, 1991;
Berezhiani et al., 1990a,b; Khlopov, Sakharov, 1994a,b)
and for neutrinos such couplings have the form

Lyssy = 8,V Ng$® + Gg)NmCNRﬂE(H)aB +h.c. (1358)

(Berezhiani, Chkareuli 1983; Berezhiani, Khlopov,
1990a,b,c; 1991; Berezhiani et al., 1990a,b; Khlopov,
Sakharov, 1994a,b).
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Here «9 is the neutral component of the standard
SU(2)xU(1) Higgs doublet. It corresponds to the represen-
tation of the considered SU(2)xU(1)xSU(3)H group, given

by
o (2, -1, 1) (1359)

and has the vacuum expectation value

(0°)=v= (J§GF)'% = 250 GeV . (1360)

In the Eg. (1357) the Higgs field 11 is the real
SU(2)xU(1)xSU(3)H singlet scalar, having the vacuum ex-
pectation value

_H
) G, (1361)

Yukawa couplings, given by Egs. (1357)-(1358) are
invariant under the global axial U(I)H transformations:

fL fL exp(iu>) ; fR fR exp(-ico) ;
FL FLexp( -ico) ; FR FR exp(ico) ; b
m) (n) exp(2ico) , (1362)

where n =0, I, 2.
The Higgs potential also possesses this U(I) symme-
try, provided that there are no trilinear couplingssuch as

(0)y (e (1)
L, = A, €78 +hec. . (1363)
These couplings are not induced by any other (gauge

or Yukawa) interactions. So their absence in the Lagran-
gian is natural (Berezhiani, Chkareuli, 1983; Berezhiani,
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Khlopov, 1990a,b,c, 1991; Berezhiani et al., 1990a,b;
Khlopov, Sakharov, 1994a,b)

The analysis of the Higgs potential (see Berezhiani,
Chkareuli, 1983; Berezhiani, Khlopov, 1990a,b,c, 1991,
Berezhiani et al.,, 1990a,b; Khlopov, Sakharov, 1994a,b
for details) shows, that the VEV matrix can obtain the
form:

n P Ps
VH — (g(ﬂ] + &,.(1) + &(ﬂ) — ipl r2 P2 ,
tp; tp, T (1364)

where "+" and "-" signs correspondto sextet and triplet
representations for the scalars (1) and <, respectively.

The vacuum expectation values have natural 5-10 fold
hierarchy

n>pP>n>p,>p3 >0 . (1365)
Inserting the VEV of scalar fields into Yukawa cou-

plings, given by Egs. (1357) (1358), one obtains full 6 x 6
mass matrix for charged fermions:

: (o)
F, \n M, (1366)

and the corresponding mass matrix for neutrinos

v Np

( v VNJ 6;
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M, = 2(@‘”)(};”’ (1368)

with F = U, D, E, N; and the neutrino states are defined
as

N,=CN,; vp=Cv, .

Note, that only sextet scalars contribute into Majorana
mass matrix MN.

So, one has Dirac "see-saw" mechanism of the quark
and lepton mass generation and ordinary Majorana "'see-
saw" mechanism for neutrino mass term. In the latter case
the neutral lepton states NrR play the role of right-handed
neutrino.

The quark and charged lepton mass matrices ob-
tained from the block-diagonalisation of the matrices,
given by the Eq. (1366) have the form:

1
m,=—4gu,
oM (1369)

where f = u, d, e; and the mass matrix for neutrinos after
the block-diagonalisation of the matrix (1367) is given by

(g.0)

oM, (1370)
The mass hierarchy between the families appears to
be inverted with respect to the hierarchy of the
SU(B)HxU(1)H symmetry breaking:
SU(3), ®U(1), = 8U(2), ®U'(1), = U"(1), = I, (1371)

where 1 is the trivial group of identical transformations.
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Here the intermediate SU(2)HxU'(1)H horizontal
symmetry is maintained between the second and the third
generations of quarks and leptons. The global U"(1)H
symmetry remaining unbroken after the second step of
symmetry breaking is appropriate to the third generation
only.

The considered case is called the inverse hierarchy
model, in contrast with the direct hierarchy model, where
the hierarchy of quark and lepton masses is parallel with
the  hierarchy of SU(3)HxU(1)H symmetry breaking
(Berezhiani, 1985; Berezhiani, Khlopov, 1990a,b,c, 1991;
Berezhiani et al., 1990a,b; Khlopov, Sakharov, 1994a,b).

The global U(1)H (U"(1)H) symmetry breaking
results in the existence of a massless Goldstone boson, a.,
named archion, having both flavour diagonal and flavour
non-diagonal couplings with quarks and leptons and thus
being familon of the singlet type (Anselm, Uraltzev, 1983;
Anselm, Berezhiani, 1985). We have discussed the model
of archion in the Chapter 2.

In the minimal SU(2)xU(1)xSU(3)H model the ar-
chion a. is the particle of the arion type (Anselm, 1982,
Anselm, Uraltzev, 1982). It has vanishing couplings with
photons and with gluons due to strict compensationof re-
spective triangle diagrams.

The archion interactions with the ordinary matter
are suppressed sufficiently to remove the strong astro-
physical restrictions (see review in Kim, 1987; Cheng,
1988) on the scale v'H-

At the lowest possible scale of family symmetry
breaking, the flavour changing decays can go with notice-
able probability such as

i ea., + C., K lta., B K(K")a.,
D Tt(p)a. . (1372)
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The search of such decays could provide the valu-
able information about the structure of fermion mass ma-
trices.

In any realistic extension of the scheme of hori-
zontal unification, e.g. in the framework of the gauge
model based on the symmetry SU(5)xSU(3)H triangle dia-
grams owing to the inevitable presence in GUTs of addi-
tional heavy fermions induce archion couplings with pho-
tons and gluons, so that U"(1)H symmetry may be identi-
fied with the Peccei-Quinn symmetry (Peccei, Quinn,
1977). Archion represents the specific type of invisible
axion (see Chapter 2).

The scale

V' - Vg (1373)

is then restricted from below by astrophysical estimations
of stellar energy losses due to archion emission:

Vpe > 10° GeV . (1374)

The constraint (1374) is based on the observational
data on the Sun and red giants and follows from the
theory of stellar evolution.

At each stage of stellar evolution the time scale tev
is determined by the rate of energy losses L for the fixed
energy Q released in thermonuclear reactions at the con-
sidered stage and is equal to

t — =

Q
o L (1375)
Additional energy losses due to axion emission La lead to
smaller evolution time scale tev'
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t - 137
eV Lﬁ_a (1376)

Observational data on the Sun, stars of main se-
quence and red giant provide lower limit on this time
scale, putting upper limit on the rate of axion emission
and thus the lower limit on the scale of axion (archion)
interaction.

On the other hand, the maximal allowed effect of
archion emission accelerates the evolution of denser and
hotter central part of stars what may be important in the
interpretation of data on presupernova SN 1987A. The
predecessor of this supernova did not exhibit the proper-
ties expected for stars in the end of their evolution. It
may be explained by higher rate of evolution of the cen-
tral core, which is not observed directly.

Archion emission from the collapsingstar can re-
duce the energy and time scale of neutrino radiation. The
claims on the observation of the neutrino signal, preced-
ing the burst of Supernova SN1987A are used to constrain
the possible axion luminosity and thus the scale of axion
interaction

vwq > 10" GeV . (1377)

In view of the complications related to calculations
of neutrino transport in the collapsing star opaque for
neutrino the restriction (1377) should be taken with cau-
tion.

This restriction assumes free propagation of archion
radiation in the collapsingstar what is true when the ar-
chion interaction is as weak as it is at the scales of the
order of (1377). At smaller scales of archion interaction,
collapsing star turns out to be opaque for archions reduc-
ing the effect of archion radiation. One needs very accu-
rate analysis of archion transport in the dense matter to
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get reliable restrictions on the allowed values of the scale
vPQ. In any case at the scales

Upe ~ 10° GeV (1378)

energy losses due to archion emission are reduced to the
extent compatible with the neutrino signal from
SN1987A.

2. The Early Universe from Horizontal Unification
2.1. The Inflationary Dynamics and Energy Scale.

The inflation scenario can find its physical grounds
in the framework of the MHU, since the Higgs field Tl (see
Eq. (1361)), determining the flavour independent mass
term, may play the role of inflaton.

In general, the vacuum expectation value (I7) de-

fines in MHU the suppression of the masses of neutral
fermions (light neutrinos) relative to charged fermions
(see Sec.1)

m,  Gy(n) (1379)

It is assumed that the global symmetry is spontaneously

broken at the energy scale f and that the real field T has
the potential

V(n) = x[n‘*’ —~ %Jz .

(1380)

Thus, the discussion here is reduced to the infla-
tionary model with a single rolling-down scalar field with
the potential (1380). It means that the simplest realisation
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of MHU corresponds to the simplest chaotic inflation sce-
nario.

To fix the parameters of the inflaton potential, we
can put observational constraints on the inflaton energy
density at the time when the fluctuations at the scales ob-
servable in the microwave background were generated.

It has taken place as these scales crossed the Hubble
radius during inflation, typically when the scale factor
was of the order of exp(-60) of its size at the end of in-
flation. This quantity is normally referred to as
60 e-folding from the end of inflation.

With the use of the limit at 60 e-folding from the
end, we can analyse the evolution of the system and con-
strain the energy density at the end of inflation.

In such approach to reconstruct the inflaton poten-
tial the equations of motion must be written in the
Hamilton-Jacobi form (see Khlopov, Sakharov, 1998 and
Refs. therein)

d2 J2 -122n H2 =- 322 V{ll)
( dil mpz mpz
|
g g s dH {1381)
47t dll

In principle, the Hamilton-Jacobi formalism enables us to
treat the dynamical evolution of the scalar field exactly,
at least at the classical level (1381).

Using the inflaton potential, one can calculate the
amplitude of density perturbation 8H(k). One can then
satisfy the COBE result (Smoot, 1996), most conveniently
taken to be evaluated at 60 e-folding from the end of in-
flation.

For the models with sufficiently flat scalar spectra
with negligible gravitational waves such as obtained in the
simplest models of MHU (Sakharov, Khlopov, 1998), the
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appropriate value of BH reproducing the COBE results is
given by

8,=17-10"° . (1382)

One can also estimate the value of the Hubble constant in
the end of inflation Hend being for the wide range of vac-
uum expectation values f equal to

H, =18-10"m, (1383)
(Khlopov, Sakharov, 1998).

2.2. The Formation of PBH in the MHU.

The ultraviolet behaviour of density perturbation
spectrum may be effectively constrained by the analysis of
primordial black hole (PBH) formation in the early Uni-
verse.

Following the discussion in the Chapter 4 consider
spherically symmetrical Gaussian fluctuations with a rms.
amplitude f>(M) and a background equation of state p =yE
with 0 <y < 1.

The probability for a region of mass M to form
PBH is given by the Gaussian tail of the distribution of
density fluctuation (compare with Eg. (405))

2

y
Bo(M) = S(M)exp[— ] .
' 25°(M) (1384)
This probability defines the fraction of the total density
expected to transform into PBH with the mass M. The
mass of a primordial black hole, being formed at time t,

must be at least y312 times the horizon mass, so
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3/t
Myt tm, . (1385)

Usually the value of y in the very early Universe is
taken to be equal to y=1/3 what correspondsto a radia-
tion dominated equation of state, postulated for the early
Universe in the old Big Bang model.

In the case y=0 both the Egs. (1384) and (1385)
are formally inapplicable (see Chapter 4).

During a dust stage, to which formally corresponds
the equation of state p =0, density fluctuations grow and
form gravitationally bound objects.

The fraction of the total density going into PBH de-
pends on the probability for these objects to collapse
within their Schwarzschild radius. The minimal probabil-
ity corresponds to direct collapse into PBHs just in the
period of object formation, given by (Polnarev, Khlopov,
1982; compare with Eq. (441))

P(M)2 -1028(M) % . (1386)
If the dust-like stage takes place in the period
L, <t<t,, (1387)

then the probability given by Eq. (1386) is valid for for-
mation of PBHs in the mass range (compare with Eq.
(438))

M, <M<M,, , (1388)

where M1 is the mass within the cosmological horizon at
tl and Mmax is the mass of objects just separated from the
expansionat t2. The latter is given implicitly by (see Eq.
(440))
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3
M, =[5(M,., )]4 :i m, . (1389)
Pl

The product of the last two factors in the right hand
side of Eg. (1389) is the mass within the cosmological ho-
rizon at t2. In order to define mmax explicitly, one should

know the form of 8(M).
The possibility of a soft equation of state may occur
during the reheating phase at the end of chaotic inflation
(Khlopov et al., 1985) that is realised in the inflation

model based on MHU. In this model the inflaton field os-
cillates around the potential minimum from the time

t,=H, (1390)

until the reheating occurs.

The friction generated by the coupling of the scalar
inflaton field to other matter fields turns the kinetic en-
ergy of motion into the background radiation. The re-
heating is completed on a time scale determined by the de-

cay width fTJ. In the considered case rTJis given by

G*m

Ff)=—"2—1" .
L Ff)=—4, (1391)

We can calculate GTJ from the potential, given by
Eg. (1380) using the expressions for the constant of self-
interaction of the field 11 and the mass of 11- Provided that
the minimal self-interaction of inflaton is generated by
the fermion loop corrections according to Eq. (1357), the

constant is
G't

M 1392
11 87%2 ( )
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On the other hand, one can estimate f, from the recon-
struction of inflaton potential and to obtain for the wide
range of the scale f the value

r‘l = 10-14mPI (1393)
It is clear from Eqgs. (1383) and (1393) that
rit s> A, (1394)

and the sufficiently long stage of coherent scalar field os-
cillations with the dust-like equation of state should take
place.

The dust-like stage, starting at the end of inflation
at tio lasts until reheating is completed at the time

o=, (1395)

when the scalar field decays rapidly into relativistic parti-
cles. However, in the case of chosen numerical parame-
ters, the PBH do not have an extended mass spectrum,
peaking around Mlo which coincides with the mass given
by Eq.(439).

In the more general case of non-minimal inflaton
self-coupling its constant A is fixed by the condition
(1382), but the smaller coupling to the other fields leads
to an extended PBH mass spectrum.

Substituting the value (1382) into Eqg. (1386) one
finds the probability of PBH formation leading to insig-
nificant effect of their existence and evaporation. But the
necessity in the internal consistency of MHU scenario
makes the picture more complicated and the constraints
on PBH formation play important role in its analysis.

Indeed, in the MHU it is necessary to impose the
condition
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Gt < GP(E™), (1396)

which ensures the right structure of fermion mass matrix,
generated by Dirac see-saw mechanism (1369). This condi-
tion requires that

f<10°m, (1397)

for the minimal inflaton self-coupling (1392).

However, the inevitable consequence of such low
value of f is the domain-wall problem, induced by quan-
tum fluctuations of real inflaton field on the post-
inflational dust-like stage (see Khlopov, Sakharov, 1998
and Refs. therein).

To remove this problem, one should either take

f=mpy (1398)

and remove condition (1392) of minimal inflaton coupling,
or to introduce complex inflaton field. In the first case,
the duration of the post-inflational dust-like stage is
enormously long, and in the second case the non-minimal
axion model is realised.

So even at this level of study we find that the solu-
tion should lead to much more complicated multi-
parameter cosmological scenario.

2.3. Early <chorizontal>> phase transitions.

The interaction of horizontal scalar fields with in-
flaton may result in phase transitions on inflational stage.
The reason is that due to such interaction Higgs fields ac-
quire positive mass. When in the course of slow rolling
the amplitude of inflaton field falls below some critical

value lic' the mass term in the Higgs potential changes its
sign and then the phase transition takes place.
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As pointed out in (Sakharov, Khlopov, 1993), the
<chorizontal» phase transitions lead to the appearance of a
characteristic spikes in the spectrum of density perturba-
tions. Kofman and Linde (1986) first found the existence
of such spikes in chaotic inflation scenario.

These spike-like perturbations, on scales that left
the horizon (40+1) e- folds before the end of inflation re-
enter the horizon during the radiation or dust-like era and
could in principle collapse to form primordial black holes.

Let us now evaluate following Khlopov, Sakharov
(1997) the typical size and mass of the black holes pro-
duced by these perturbations.

Suppose that after the phase transition the Universe
inflated by the exp(Ne) times. Then at the end of inflation
the physical scale that left the horizon during the phase
transition is

L, = Hy' exp(N,) , (1399)
where Ho is the Hubble constant during inflation.
If the equation of state is p = e/3, the scale factor of
the Universe grows after inflation as
a(t) oc tH, . (1400)
The scale
| = HyjtH, exp(N,) (1401)

turns out to be equal to the scale of the cosmological hori-
zon in the period

t, = Hy' exp(2N,) . (1402)

At that time perturbations with the density contrast 0 - 1
form black holes of the size
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ry ~ Hy' exp(2N,) (1403)
and of the mass
2
M = D2 exp(2N,) . (1404)
HO

If PBH are formed at the dust-like stage, the time of its
formation is

t, = Hy' exp(3N,) (1405)

and the PBH mass is equal to

H, ' (1406)

We can include the horizontal scalars ©), (1) and (2)
in the effective inflationary potential which we take here

in the form

2 A 2 2 2
V[ﬂyi(o),i(l),im) = —%ﬂz +Tnn4 - Z%{ém) +
i=0
2 A ()t < N2
RS R e
=0 1=0

In MHU Higgs boson masses mt are connected with scales
of horizontal symmetry breaking, which can be given by

the expression

me 10-aV2 (1408)

where vacuum expectation values of Higgs fields
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m:@%,i=0¢2 (1409)

follow the hierarchy

V,: V,:V,=1: 30: 200

(1410)
and

A=A =107, (1411)
" The minimal interaction of inflaton with horizon-
a

scalars is generated by fermion loop corrections,

in-
duced by Yukawa interactions (1357) and is given by
2( A0
¢i(a)
=V, = —
Vi = Ve 8’ (1412)

Due to the interaction (1407) between the inflaton 11 and
horizontal scalars phase transitions occur, when the am-
plitude of the field 11 falls down to

(1413)

According to (Sakharov, Khlopov, 1993) such phase

transitions lead to the appearance of characteristic spikes

on the spectrum of adiabatic perturbations with density
contrast

J J (1414)
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where - 1.
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One can relate the scale of horizontal symmetry
breaking with the e-folding and mass of PBH formed by
the spikes. From the condition that all three horizontal
phase transitions do not lead to formation of PBH with
the mass exceeding 1000 g, one obtains the constraint

V, <10" GeV . (1415)

2.4. The Large-Scale Modulation in the Distribution of
Primordial Axion Field.

Recent analysis (Sakharov, Khlopov, 1994;
Sakharov et aL, 1996) of the invisible axion model of cold
dark matter found large scale inhomogeneity in the
energy density distribution of coherent oscillations of the
primordial axionic field. These inhomogeneities, to be
shared by all the models of axionic cold dark matter, have
been called archioles (Sakharov, Khlopov, 1994)-

Archioles are the formation that represents a reflec-
tion of the percolation Brownian vacuum structure of
axionic walls bounded by strings and which is fixed in the
strongly inhomogeneous primary distribution of cold dark
matter. They seem to appear in all the cosmological mod-
els of invisible axion as their necessary element_

In the general case, the axion field appears in the
early Universe after the phase transition with Peccei-
Quinn (PQ) symmetry breaking. Axion corresponds to the
phase 8 of the complex Higgs boson, breaking PQ symme-
try, and remains practically massless until the QCD phase
transition takes place in the early Universe. The true vac-
uum state is degenerated for all the values of €.

Due to instanton effects PQ symmetry is not free
from colour anomaly, what is effectively described by the
potential
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v(e) = A (1- cos(eN)) . (1416)

It removes the degeneracy of the true vacuum state and
results in the nonzero axion mass given by

m =A mlhn
¢ F

a

: (1417)

a

where Fa is the scale of PQ symmetry breaking and the
constant AC - 1 dependson the choice of the axion model
(see Chapter 2).

In the period of the QCD phase transition, the
axion mass depends on the temperature (Ipser, Sikivie,
1982) until the Compton wavelength of the axion becomes
comparable with the cosmological horizon and the condi-
tion

m(t)-t = 0.75 (1418)

is fulfilled. Then the axion mass is "switched on" and co-
herent oscillations of the axion field are turned on. Coher-
ent axion field oscillations correspond to condensate with
zero momentum and energy depsity (see for review Berez-
hiani et al, 1992)

3914 Tm Y TY
(T) = 1M, | 2 | g2
P(T) ( 2 J[ mp, ](TJ (1419)

where T is the temperature of the thermal background

radiation and T1=A1 .

In the cosmology of an invisible axion, it is usually
assumed that the mean energy density of coherent oscilla-
tions is distributed uniformly and that it corresponds to
the averaged phase value of axion field amplitude
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6=1.

However, the local value of the energy density of
coherent oscillations of the axion field depends on the lo-
cal phase € that determines the local amplitude of coher-
ent oscillations.

It was shown in (Sakharov, Khlopov, 1994) that the
initial large-scale inhomogeneity of the distribution of €
must be reflected in the distribution of the energy density
of coherent oscillations of the axion field. The large-scale
modulation of the distribution of the phase € is due to the
formation of topological defects in the two (PQ and QCD)
phase transitions.

As soon as the temperature of the Universe falls
down Fa, the formation of axion strings takes place in PQ
phase transition (Harari, Sikivie, 1982). These strings can
be infinite or closed. A numerical simulation of string
formation has found (Vilenkin, 1982) that about 80% of
the total length of strings corresponds to infinite
Brownian lines. It means that 80% of the total length of
strings within any finite region corresponds to strings
spreading out of this region. The remaining 20% of this
length are contributed by closed loops. Infinite strings
form a random Brownian network with the step

L(t) = Lt (1420)

where/..:;: 1.

When the temperature of the Universe becomes as
low as T :: Tb the potential (1416) contributes signifi-
cantly into the total potential. It removes the degeneracy
of the vacuum on 8 so that the minimum of energy at the

number of families N = 1 correspondsto vacuum with

e =2nk (1421)
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where k is an integer, for example, equal to zero.

The vacuum value of the phase 8 cannot be zero
everywhere, since the phase must change by 8 =2n along
the closed path around string. Hence, we come from the
vacuum with 8 =0 to the vacuum with 8 =2n along such
path.

The vacuum value of 8 is fixed in all points in
space around the string. The exception is the sheet along
the direction 8 =1t from the string. Across this sheet, a
transition from the one vacuum to another occurs, and the

vacuum axion wall is formed along the sheet. The width
of such a wall bounded by strings is of the order of

v=ma . (1422)

The initial value of the phase 8 must be close to it
near the wall, and the amplitude of coherent oscillations
in Eq. (1419) is determined by the difference of the initial
local phase 8 and the vacuum value. The maximal energy
of the axion field oscillations is thus given by

P.(6~m)=n’p,(6~1) . (1423)

It means that the distribution of coherent oscilla-
tions of the axion field is modulated by non-linear inho-
mogeneities in which the relative variations of density are

8p > 1.
P

Sakharov and Khlopov (1994) called such inhomogeneities
archioles.

The scale of this modulation in the density distribu-
tion exceeds the cosmological horizon because of the pres-
ence of 80% -of length infinite string component in the
structure of axionic strings.
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In other words, the large-scale structure of archioles
replicates the vacuum structure that axionic walls
bounded by strings had by the moment, when the axion
mass is "switched on". But it is frozen at the radiation-
dominated stage and retains after the wvacuum structure
itself decays and disappears.

The spectrum of inhomogeneities developed by the
density in response to the large-scale Brownian modula-
tion of the distribution of coherent oscillations of axion
field has been studied in (Sakharov et al., 1996).

Density perturbations, associated with the Brownian
net of archioles, were described in the terms of a two-
point auto-correlation function, which has the form

<6—p (k)a—p(k')> =12p,u k8% (k+ k)t f2GHY,  (1424)
PP

where p is the background density, G is the gravitational
constant,

for p = 0 stage ,
1327t

Pa is the total energy density of the Brownian lines, lla is
the linear density in the net. The mean square fluctuation
of the mass in archioles is given by

2
(@4—} (k) = 12p,p,t G Rt" .
M (1425)

Using Egs. (1424)-(1425), one can calculate quad-
rupole anisotropy of relic radiation induced by archioles
structure and given by
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!

al ii,a 10.0( Fa ) 1426
T 2:3-10- 10° GeV ( )

It leads us to a new model-independent constraint on the
scale of PQ symmetry breaking in the model of invisible
axion

Fa ::1.5-10" GeV . (1427)

This upper limit on Fa has an essentially different
character than the upper limit quantitatively close to the
value (1427), but obtained by Davies (1987) in the com-
parison of the density of axions from decays of axionic
strings with the critical density.

The point is that the density of axions formed in
decays of axionic strings depends critically on the as-
sumption about the spectrum of such axions. The estima-
tion of the density of axions from strings has thus an un-
certainty factor - 70. The corresponding uncertainty is in
the estimated upper limit on Fa. Arguments that lead to
the constraint (1427) are free from these ambiguities,
since they have a model-independent character.

In addition, the low-scale evolution of archioles can
provide physical grounds for rms. fluctuations in the mass
distribution within spheres of radius 8h"Mpc. Such fluc-
tuations are used for normalisation of the amplitude of
the density perturbation spectra in the standard CDM.

At the smallest scales, corresponding to the horizon
in the period when the axion mass is "switched on", evolu-
tion of archioles just in the beginning of axionic CDM
dominance in the Universe should lead to formation of the
smallest gravitationally bound axionic objects.

Such objects formed at red shifts zmp :: 4-104 with
the minimal mass
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M=p,t°=10"M, (1428)

should have typical minimal size

R

mn

1
t[ 2 ]; 10® ¢m , (1429)
1+2,,,

where zt.is the red shift correspondingto the period, when
the axion mass is "switched on".

One can expect the mass distribution of axionic ob-
jects at small scale to peak around the minimal mass, so
that the existence of halo objects with the mass

M ~ (104‘ - 10_1)M® (1430)
and size
R ~10% +10" em (1431)

iIs rather probable, what may have interesting application
to the theoretical interpretation of ACHO micro-lensing
events.

Even at the presented level of MHU the model pro-
vides a mechanism for baryogenesis without GUT-induced
baryon nonconservation. The mechanism combines the
(B+L) non-perturbative electroweak nonconservation at

high temperatures with IIL = 2 non-equilibrium transi-
tions, induced by the physics of Majorana mass of neu-
trino.

It is possible that under the right order of the
magnitude and sign of the mean baryon asymmetry local
spatial variation of baryon charge may take place. Such a
variation can be induced by modulation of 8(x) if the
axion-induced CP violation takes part in processes of
baryosynthesis. The baryon asymmetry in this case may
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depend on 9(x) (see for example loshimura (1983)), being
the sum of constant and spatial varying contributions

A(X) = AO + Al sin G(x) . (1432)

In the case of the amplitude of spatial varying axion-
induced contribution exceeds the constant baryon excess
.1, > .1, antibaryon excess is generated in the regions for
which the condition

‘e(x):?»n + Zn% >arccos(-1° (1433)

)
2 11

is valid.

Axion-dominated baryosynthesis can provide non-
trivial picture of antimatter domain evolution (Khlopov,
1998). Small domains annihilate in this scenario before 1s
of expansion, thus escaping the severe constraints on an-
timatter annihilation (see Chapters 6 and 7).

Larger domains, satisfying these constraints, can
in the result of their evolution form antimatter objects in
the modern Universe. The minimal mass of such objects is
determined by the condition of their survival in the anni-
hilation with the surrounding matter. The total mass of
such domains is restricted by the observed gamma back-
ground.

It was shown recently that the modern data do not
exclude the existence of a globular cluster of anti-stars in
the halo of our Galaxy (Khlopov, 1998).

Such cluster should be the source of anti-nuclear
component in galactic cosmic rays what can be tested in
AMS experiment.

So the MHU-based cosmology may realise the ideas
of anti-world in baryon-asymmetrical Universe.
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3. MHU Dark Matter Cosmology

3.1. Dark Matter Unification in the Hidden Sector of
Models of Horizontal Unification

In the case of family symmetry breaking the see-saw
mechanism of neutrino mass generation provides inverse
hierarchy of neutrino masses with the respect to the
hierarchy of horizontal symmetry breaking.

The mass of ordinary (light) neutrino is to be in-
versely proportional to the Majorana mass of its heavy
partner(see Eq.(1370))

mv oc Mt - (1434)

In the case of the model of inverse hierarchy the
same inverse proportionality to the masses of their heavy
partners takes place for quarks and charged leptons. Ac-
cording to Egs. (1369) and (1370), the hierarchy of neu-
trino Majorana masses is similar to the ordinary quark
and lepton mass hierarchy:

mv‘ : mvn . mv[ ~m,. m“: m. . (1435)

In the model of horizontal unification the mlxmg
angles, defining the amplitude of neutrino oscillations,
are determined by the relative rotation in the horizontal
group space of the neutrino and charged lepton mass ma-
trices. Therefore the experimental constraints on the neu-
trino mixing angles from the searches for neutrino oscilla-
tions impose upper limits on deviations of neutrino mass
ratio from the strict proportionality to the masses of
respective charged leptons. With the account for the ex-
isting uncertainties such deviations should be within the
factor of 2.

For the sextet representation of horizontal Higgs
fields () and (2) the neutrino mass matrix, given by Eq.
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(1370) is non-diagonal, and decays of heavier neutrino vH
on lighter neutrino vL and archion are possible with the
lifetimes

16~n
T(VH —> VL +C(.) = 2 ]
EuLMy (1436)
where
m
gH’L = g"'H"L = —HL-
Upg (1437)

and TnHL is the corresponding non-diagonal element of the
neutrino mass matrix.

For the scale of family symmetry breaking being as
"small™ as

UPQ ~ 106 GeV (1438)

the predicted effect of Majorana masses of neutrino is
rather close to the modern sensitivity of the searches for
double neutrinoless beta decay.

Since the archion couplings to fermions of the lightest
family (u, d, e, ve) are suppressed, the existing constraints
on the respective invisible axion scale are weakened down
to

Upg 2 10°% GeV (1439)

making the model of archion rather close to the model of
hadronic axion (Kim, 1979; Shifman et al., 1980; see
Chapter 2).

However, it turns out (Berezhiani et al., 1992), that
the archion model escapes the serious problem of primor-
dial superheavy stable Q quarks, predicted in the model of
hadronic ax ion.
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One can estimate the frozen concentration of Q
quarks and corresponding Q hadrons in the Universe and
find it contradicting the upper limits on such concentra-
tion, following from the search for anomalous nuclei (so
called "crazy isotopes™). Hence the theory of hadronic
axion should introduce the mechanism of superheavy
quark instability.

The inclusion of the hadronic axion model into GUT
models leads inevitably to the existence of superheavy lep-
ton, coupled to axion. The mixing of superheavy quark Q
with the light (ordinary) quarks, inducing the instability
of Q, would lead to the existence of the axion coupling to
leptons, so that the axion is not hadronic.

In view of these troubles of the model of hadronic
axion the model of archion is of special interest, since it
naturally provides both superheavy quark instability and
the suppression of the axion coupling to leptons.

Since the mass of neutrino depends in MHU on the
scale of horizontal symmetry breaking,

m, o« u;; , (1440)
the neutrino lifetime

(v, = v,a) < v, (1441)
and the mean density of the primordial axion field

Pa = Pa(0 =1) < Vg (1442)

changing the parameter vpQ one reproduces all the main
types of cosmological models of the formation of the
structure of the Universe.

At larger vpq the axion field should dominate in the
Universe. Massive stable neutrino dominance corresponds
to smaller vePq- Finally, the smallest possible values of this
parameter correspond to cosmological models with massive
unstable neutrino (see Chapter 9).
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In the framework of MHU the formal continuous
change of the fundamental physical parameter vpQ results
in continuous transition from one to another form of dark
matter, dominating in the Universe. The model makes
definite predictions for each type of dark matter from the
combination of cosmological, astrophysical and physical
constraints.

The total cosmological density ptot and the baryon

density Pbbeing fixed, the relationship
(UPQ) me + D:“(qu) Zpdec(UPQ) TPy = Prot (1443)

turns out to be an equation relative to vrPQ.

In Eq. (1443) both the contribution of primordial
axions and neutrinos with the lifetime, exceeding tu, and
the contribution of axions and neutrino from the decay of
unstable neutrino are taken into account.

The solutions of this equation define a discrete set
of cosmological models with different types of dark mat-
ter, forming the structure of the Universe.

In general, there are six different dark matter sce-
narios which may be realised in the framework of MHU.

3.2. DM Models from Horizontal Unification

I.Cold dark matter (CDM) scenario. The cosmologi-
cal evolution of the axion field after Peccei-Quinn symme-
try breaking follows in MHU the general features of the
"invisible” axion cosmology.

In the result of hierarchy of SU(3)HxU(1)H symme-
try breaking, U(1)"H turns out to be Peccei-Quinn symme-
try of only one quark-lepton generation. It resolves auto-
matically the cosmological 8-domain problem in the axion
theory (Ipser, Sikivie, 1983).

In the axion theory with N > 1 fermion families,
the discrete degeneracy of vacuums with different N after
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PQ phase transitions leads to overproduction of vacuum
walls at the border of 8 domains. This problem does not
exist for the axion theory with only one generation to
which the case of MHU is reduced.

As we discussed in Sec. 2, the stochastic distribu-
tion of the axion field

Ura (1444)

can lead to its change on 2n along a closed path, resulting
in the appearance of string structure, decaying rapidly af-
ter the axion mass switches on at

T 800 MeV. (1445)

The axion field oscillates with the local amplitude 8(x) -

gvac - The energy density of the oscillations decreases in
the course of expansion as (see Eq. (1419))

Pa oc a(tf (1446)

where a(t) is the scale factor and the modern axion mass
density is equal to

— UPQ . p
Pa = 4.10'" GeV e’ (1447)

where Per is the critical density (Abott, Sikivie, 1983;
Preskill et al., 1983; Dine, Fishier, 1983).

According to Davis (1986), the intensive axion
emission by decaying axion cosmic string structure results
in the growth of the modern cosmological axion density

up to
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= i (1448)
Pa=12710"° Gev ) P -

Comparing these predictions with the total cosmo-
logical density, taken to be equal to per , one obtains the

upper limit on vpQ -

However, within the framework of inflational cos-
mology the situation is possible, when the axion field in
the observed part of the Universe has an amplitude

B(x) - 6,0,

<<l. (1449)

(Linde, 1988).

Exponential expansion of the region with the axion
field given by Eq. (1449) provides also the absence of
axion strings in this region, so that there is no increase of
the axion density due to axion emission of such strings.

Cosmological upper limits on the scale vpQ seem to
be absent in this case, so that this scale can reach even
Planck values vPQ - mpz . Howeverin MHU the scale vPQ
can be constrained even in this case.

In MHU cosmology, both the axion and the infla-
tional cosmology follow from the same physical model. It
provides self-consistent treatment of axions in the frame-
work of inflational cosmology.

Following the discussion of the Sec. 2, one can fix
the inflaton potential from the data of COBE and take
into account the condition on the absence of phase transi-
tion at the inflational stage.

Based on the chaotic inflation scenario following
from MHU, in order to avoid the peaks in density fluctua-
tions, one should exclude the possibility of horizontal
symmetry phase transitions at the inflationary stage,
what leads to the restriction
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vPQ < £ - e
210" GeV (1450)

(Sakharov, Khlopov, 1993).

Under the condition given by Eq. (1450), horizontal
phase transitions can take place at post-inflational dust-
like stage or at radiation-dominance stage after reheating.

In both cases after PQ symmetry breaking the axion
string structure is formed. When the axion mass switches
on, the wvacuum wall surrounded by string structure ap-
pears and dissipates, replicated in the structure of ar-
chioles (see Section 2). From the observational data on the
quadrupole anisotropy and the estimated by Eg. (1426) ef-
fect induced by archioles one has the model-independent
constraint (1427).

According to Berezhiani et al. (1992) at

wo <10° GeV (1451)

coherent axion field oscillations are thermalised after QCD
phase transition. The rate of axion interaction with equi-
librium nucleon-antinucleon pairs in reactions

a+N(N) n+N(N) (1452)

is under the condition (1451) higher than the rate of ex-
pansion. As a result, the axion condensate evaporates, and
the archioles structure dissipates.

At small values of vpq corresponding to Eg. (1451),
the evaporation of axion condensate results in thermal
axion background. Primordial axion gas represents in this
case thermal gas of particles with zero spin and with the
mass ma decoupled from plasma and radiation at the tem-
perature 60-160 MeV, depending on the value of vPQ.

In the period of decoupling, relative concentration
of thermal axions and neutrino is given by equilibrium
values (see Chapter 3)
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n o _2 {1453)

n; 3

Depending on the exact value of vepQ, the modern relative
concentration of thermal axion gas should be corrected by
the effect of neutrino heating by muon pairs and pions,
present in the equilibrium in the period of thermal axion
decoupling. Say, for veqQ - 10° GeV the modern relative
concentration of thermal axion gas is

na =0.57 . {1454)

nvv

The existence of axion field distribution before the QCD
phase transition and the condensate evaporation can lead
to inhomogeneous baryosynthesis, discussed in Sec.2.

So at "low" values of the scale vpq (1451) primor-
dial axions are not cold rather hot dark matter. However,
this form of hot dark matter is not dominant in MHU
cosmology.

2. Hot dark matter (HDM) scenario. The dominance of
tau neutrino vwith the standard Big Bang model concen-

tration (285) corresponds to the mass of v
mv =20 eV {1455)
and the lifetime exceeding the age of the Universe
(v, w. +a)>tu . (1456)

The cosmological density of such tau neutrino is given in
terms of MHU parameters as
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13 '
Pv, = 6.6-10 Gev ((g)—J -Per » {1457)
N

VPQ

For the combination of Yukawa constants taken in
MHU in the interval

2
10° < &+ 10

Gy {1458)

the HDM scenario of tau neutrino dominance is realised in
MHU at the scales in the respective range

10° < vy, < 10" GeV . {1459)

The range given by Eq. (1459) practically coincides with
the interval corresponding to axionic CDM and defined by
the constraints (1427) and (1451). It makes the mixed
CDM+HDM dark matter model rather natural solution of
MHU cosmology.

3. Relativistic unstable dark matter (UDM) sce-
nario. This solution corresponds in MHU to the dominance
in the Universe of relativistic archions and vf!, being the

products of the decay of vt with the mass
m, :::50+100 eV {1460)
and the lifetime
(v, > v, +a)=4-10" +10" 5. {1461)
Muon neutrino from the decay (1461) are relativistic in

the modern Universe provided that their mass does not
exceed 5 eV.
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The considered solution of Eq. (1443) follows from
the expression for the energy density of relativistic
products of tau neutrino decay given by

PVHPa = (101‘68evJ% % (@ X per + (1462)

where X - 1 is the neutrino mixing parameter and the red
shift of the relativistic decay products is taken into ac-
count.

4. Nonrelativistic UDM scenario. The dominance of
non-relativistic vil with the mass -10 eV, both primordial
and from the decay of vt with the mass -100 eV and the
lifetime -101%5 s, is realised provided that

‘E(Vp -V, + a) >ty . (1463)

The density of non-relativistic muon neutrino dominating
in the Universe in the considered solution of Eq. (1443) is
given in terms of MHU parameters as

Per o (1464)

_6.6-1olzGeV.((g:\].
VPQ N

5. Relativistic hierarchical neutrino decay (HND)
scenario. In the modern Universe the dominance of rela-

tivistic archions and electron neutrino from the decay of
muon neutrino with the mass

mv =50+ 100 eV (1465)
and the lifetime

v, > v, +a)=4-10" +10" s (1466)
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is realised under the condition of rapid decay of tau neu-
trino with the mass

mv ::1--10 keV (1467)
and the lifetime
v, > v, +a)<10* +10" s . (1468)

The modern density is given in this case by

y %
v 21 (G, Y?
dec | dee _ PQ 28, aa
Py, TP (IOBGeV] x [ng Per - (1489)

6. Non-relativistic HND scenario. The dominance of non-
relativistic or semi-relativistic archions, originated from
both early decay of v, satisfying Egs. (1467) and (1468),
and successive decays of v,." satisfying Egs. (1465) and
(1466), is realised in the case

m, > m,, (1470)

The main contribution into the inhomogeneous dark
matter (in rich galaxy clusters and halos of galaxies) is
maintained by both primordial thermal archion back-

ground and non-relativistic archions from early vdecays.
The total density accounting also for the dominant contri-
bution of the homogeneous non-relativistic archion back-

ground from recent V.l decays is given by

_5-10°GeV

VPO

Pa -Per (1471)

In the opposite case,
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m,<m, , {1472)

dominate non-relativistic ve , both primordial and from v

and vf.Ldecays, and their contribution to the modern cos-
mological density as

10 ' '
py, = 2310 GeV (9 ) Por {1473)
VPQ N
So MHU provides the unique physical basis for
CDM (primordial axion condensate), HDM (stable tau neu-

trino), relativistic and non-relativistic UDM and HND
scenarios, being realised as the solutions of Eq. (1443).

P4

Perl

OeV

Fig.26. The set of the MHU dark matter scenarios determined
by the scale of horizontal symmetry breaking.

The complete set of the solutions of Eq. (1443) can

be realised subject to vpQ for the combination of Yukawa
couplings in the interval
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2
15-10° < (g;—“ <4-10° (1474)

N

The graphical solution of Eq. (1443) is shown in the
Fig.26.

On the other hand, the set of cosmological and as-
trophysical constraints considered in Sec. 2 leaves only
two small intervals near

Upg ~ 1010 GeV » (1475)

where CDM and HDM scenarios or their mixture are pos-
sible with the admixture of archioles; and near

wo - 10° GeV , (1476)

in which HND scenarios 5 and 6 can be realised.

The UDM scenarios 3 and 4 are excluded from
SN1987A restrictions on vPQ.

The first possibility given by Eq. (1475) corresponds
to more conservative "standard” CDM model of large-scale
structure formation with the natural extension to the
mixed CDM + HDM scenario. The nontrivial effect pre-
dicted by MHU is the percolation structure of archioles,
which may be desirable for CDM model for better corre-
spondence to the observations of the large scale structure.

The second solution (1476) offers more nontrivial
possibility for large sale structure formation. HND sce-
narios 5 and 6 combine the attractive features of HDM,
CDM and UDM models. It makes HND scenarios appealing
physically relevant theoretical basis for detailed models of
the cosmological large scale structure formation and for
comparison of the predictions of such models with the as-
tronomical data.

Indeed in the HND scenarios the dominance of v
with the mass (1+10) keV in the period (108+101°) s
induces short wave fluctuations in the spectrum of den-



538 COSMOPARTICLE PHYSICS

sity perturbations of v-l with the mass (50 +100) eV. These
short-wave fluctuations correspond to the scales of galax-
ies since they induce the growth of baryon inhomogenei-
ties with the masses

10" < M <10"°M, . (1477)

Muon neutrino from decays of vt are relativistic in
the period of decay td but then at

tor —td LV,,\] (1478)

they are red-shifted down to non-relativistic energy and
enhance in the spectrum of fluctuations by the factor of 2
the long-wave component, inherent to HDM models and
stimulating the formation of more clear cell structure of
voids and superclusters.

Though only one species of dark matter particles —
muon neutrino - induce the formation of the structure,
the model is effectively two-component. The structure is
formed Dby the mixture of cool component of primordial
vl-l, having the spectrum typical for the thermal gas of
particles with mass (1+10) keV, and of hot component of
vi-Ifrom vt, behaving in respect to gravitational instability
as the thermal gas of particles with a few eV mass.

Finally, decays of the both types of v at
(1035 + 1016 s slow down the rate of the evolution of the
structure and provide its survival to the present time. It
also removes the contradiction between the total density
equal to critical density, predicted by inflational models,
and the estimations of the density in inhomogeneities,
giving the values less than the critical density.

The primordial thermal archion background, being
in these models the coldest component of the modern dark
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All these disadvantages will be easily removed in
shortest wavelength part of density perturbations, induc-
ing, in particular, the formation of massive halos outside
the visible parts of galaxies. Note that according to
(Jensen, 1990) the phase space restrictions on the mass of
halo particles (Tremaine, Gunn, 1979) can be weakened or
even completely removed in the case of Bose gas.

The both MHU DM solutions, corresponding to the
Egs. (1475) and (1476), provide natural basis for the
mixed CDM + HDM model of large scale structure forma-
tion. The data of COBE experiment (Smoot et al., 1992)
seem to favour such mixed scenario.

3.3. The History of the Universe Based on MHU

To conclude, the cosmological phenomena, discussed
above, maintain the MHU-based history of the Universe —
the two physically self-consistent inflationary DM scenario
of baryon asymmetrical Universe.

In these scenarios, all steps in the cosmological
evolution are in quantitative correspondence with the pa-
rameters of particle theory.

The physics of inflaton corresponds to the Dirac see-
saw mechanism of quark and charged lepton mass genera-

tion, lepton number (M =2) non-conserving decays in

combined (M =2) + EWBNC nucleosynthesis are based on
the physics of neutrino Majorana mass generation. The
axionic CDM parameters in the high branch solution
(1475) and masses and lifetimes of neutrino in HND find
physical relevance to the scale and pattern of family
symmetry breaking.

Even in the minimal realisation of CDM inflationary
scenario, based on the solution (1475), one finds addi-
tional nontrivial patterns, such as post-inflational dust-
like stage, horizontal phase transitions, axionic string-
network, archioles structure, possible PBH formation and
evaporation as well as possible baryon charge spatial
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variation and antibaryon domains formation in the Uni-
verse dominated by baryons.

Qualitatively similar picture of the very early Uni-
verse on the basis of low-energy branch of MHU is sup-
plemented by the succession of stages of unstable massive
neutrino and their decay products dominance, in which
the large scale structure of the Universe is formed.

Two-photon decays of archions in HND scenario,
causing small ionising effect in the period of recombina-
tion, completely ionise baryon matter in the recent period
of muon neutrino decays and should lead to the existence
of non-thermal electromagnetic background in UV, optical
and IR ranges.

From the physical viewpoint, both low- and high-
energy branches of MHU are still incomplete versions of
phenomenology for Theories of Everything.

One needs supersymmetry to remove the problem of
Higgs mass divergence, grand unification — to provide
axionic solution of strong CP violation, shadow or mirror
matter — to restore the equivalence between left and right
co-ordinate systems etc.

Therefore, though the presented cosmological sce-
narios do not find direct observational contradictions,
these scenarios do not and should not provide the best fit
to the observational data.

For instance, the predicted spectrum of fluctuations
grows to the red and not to the blue side as it seem to be
favoured by the set of the data on large and medium angle
BBBR anisotropy.

Archioles and hot dark matter admixture may be
not sufficient to remove the troubles of CDM model of
structure formation.

On the contrary, the cool component in HND may be
insufficient to explain the effects of dark matter at the
scale of small galaxies. The dominance of relativistic
products of neutrino decays may find troubles in putting
together the observed large scale structure with the ob-
servation of the relic radiation anisotropy.
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All these disadvantages will be easily removed in
more sophisticated scenarios, based on more complete
physical grounds. Such scenarios will exhibit nontrivial
cosmological patterns, and cosmoparticle physics is suffi-
ciently strong now to face them on and to analyse them in
all the physically motivated details, to what the cosmopar-
ticle physics analysis of MHU should serve as a proof.

In any case, MHU provides the illustration for the
unified fundamental basis for theoretical description both
of the structure of elementary particles and of the struc-
ture of the Universe.

Such unified approach to cosmological and particle
phenomena is the striking feature of cosmoparticle
physics. Unifying the separate results of studies of partial
problems of cosmology and particle physics, the model of
horizontal unification seems to be the first step on the
way towards realistic unified description of unique fun-
damental grounds of the micro- and macro-world struc-
ture.

The way to the highlights of the theory, based on
the detailed elaboration of its "low-energy" basis, can give
valuable recommendations for the choice of realistic vari-
ant of the complete unified "theory of everything" (super-
string theory, for example), what is of the evident impor-
tance in view of the existing theoretical uncertainties in
the searches for the fundamental grounds of physics and
cosmology.

The important epistemological aspect of the pre-
sented studies is to be pointed out. We have demonstrated
the principal possibility of the detailed study of multi-
parameier "hidden" sector of particle theory.

The example of the model of horizontal unification
implies the hope to test any realistic multiparameter
model of super-high energy physics. Being elaborated in
details, it will lead to indirect effects, accessible to ex-
perimental and observational tests. If the amount of such
effects exceeds the number of independent model parame-
ters, so the over-determined system of equations relative
to these parameters can be deduced.



542 COSMOPARTICLE PHYSICS

variation and antibaryon domains formation in the Uni-
the theory, based on the over-determined system of equa-
tions for unknown parameters, can be realised.

In the framework of cosmoparticle physics the com-
bination of indirect effects, predicted by the theory, pro-
vides its detailed analysis in the case, when direct experi-

mental test is impossible.
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lepton, 33, 69, 423-426,
498-500, 502-504

lepton asymmetry, 225,
226

light element abundance,
99, 125, 127, 162, 205,
212, 241' 279, 282,
283, 302

local gauge invariance, 31

local gauge
transformation, 30

local phase
transformation, 30

long derivative, 31

LSSP, 54, 293, 429

M

magnetic monopole, 51,
131, 133, 138, 145,
146, 148

Majorana mass, 62, 160

Majoron, 70, 163, 497

matter dominance, 96,
105, 172, 175, 205

maximon, 350

metastable massive
particles, 258

mirror particles, 56, 210,
433-440

mirrority, 56, 442

multicomponent dark
matter, 164

N

neutralino, 54, 429

neutrino decays, 69, 251-
255, 557

neutrino dominance, 256,
362-388, 527, 532-538

neutrino magnetic
moment, 65

neutrino mass, 8, 33, 34,
59-64, 127, 160, 163,
362-388, 497, 502-504,
525, 527' 532-538

neutrino mixing, 66,

neutrino oscillations, 66,
510

neutrino species, 208,
213, 214, 217, 230,
231, 232, 253

neutron capture, 278

neutron lifetime, 211,
278
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non-equilibrium
cosmological
nucleosynthesis, 305,
306, 318, 323

non-equilibrium neutrino,
332-348,

non-equilibrium particles,
235, 241, 247, 248,
260, 262, 282-284,
302-307, 309-314, 316,
314, 320, 325, 328, 342

non-equilibriurn
processes, 241

nuclear cosmoarcheology,
323, 328, 331

)

old Big Bang scenario,
110, 115, 116
open Universe, 95

p

parity nonconservation,
43, 434-436

PBH evaporation, 185,
204, 206, 233, 236,
241, 259, 263, 270,
287, 292, 304, 324, 331

PBH formation, 154,
166-180, 188-195,
509-512, 539,

PBH mass spectrum, 201,
526

PBH relics, 202-204

PBH, 167-170, 175, 176,
178-182, 184, 185,
186, 200-204, 262-

274, 282, 287, 288,
290-294, 300, 301, 526

PBH formation, 292

Peccei-Quinn symmetry,
55, 77, 497; 505, 517-
519, 528

period of recombination,
126

photino, 53, 298

Planck length, 108

Planck mass, 109, 167,
184

Planck scale, 55

Planck spectrum, 241,
242, 244, 249, 256, 306

Planck temperature, 109,
149

Planck time, 108, 109,
149, 150, 151

primordial monopole
abundance, 135

proton decay, 35, 50,
128, 138

Q

QCD confinement, 42

QCD phase transition, 43,
548

QCD vacuum, 78

QCD, 38

guantum electrodynamics,
40

guantum field theory, 29

quark mass matrix, 76,
502

quark, 38, 42, 71, 264,
265, 287" 517
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R

radiation dominance, 104,
105, 147, 155, 156,
534, 535,

RD stage, 108, 240, 241,
247, 261, 262, 267,
269, 271, 274-276,
280, 281-286, 288,
292, 297' 301-304,
311, 318, 321, 324,
330, 331-333, 337’
341, 342

red shift, 92, 103, 104,
164, 233, 242, 244,
274, 275, 309, 340,
343, 348, 363, 364,
402, 406, 408, 448, 523

reheating, 148, 151, 155,
293, 300, 512

R-parity, 54, 293

S

scale factor, 95, 96, 103,
105, 147, 148, 149,
150, 151, 202, 207,
285, 365, 374, 375, 514

see- saw mechanism, 55,
503, 525

shadow particles, 58, 413
450 '

shadow world, 58

slow rolling, 152, 156

specific entropy, 206,
258, 289

spontaneous CP violation,
158, 160, 238, 262,
299, 300

spontaneous symmetry
breaking, 45

sterile neutrino states,
211, 227, 230, 231

strong CP violation, 59,
163

supergravity, 54, 298

superheavy fermions, 510

superheavy particles, 288,
290, 320, 339, 341-344

superstring theory, 5, 16,
57, 163, 210, 218, 495

supersymmetric models,
291-293, 298

supersymmetric particles,
53, 54

supersymmetry, 48, 54,
158

T

theories of everything, 5,
16, 57, 495

thermal neutrino
background, 118, 338,
343, 346, 349

thin wall approximation.

togological defects 51
33 ' '
tritium, 280, 281

u

unstable dark matter,
163, 164, 410-415
533-539 '

unstable neutrino, 66-71,

255, 257' 526, 527"
533-539
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\Y

very early Universe, 110,
115, 116, 129, 147,
157, 165, 166, 175,
185, 198, 204, 507-
517, 523

voids, 198

W

W boson, 43, 425, 426
wall-surrounded-by-
strings, 53, 521
weak isospin group, 43
weak source, 304, 309,
311, 313, 341
WIMP, 420-430

y

Yukawa interaction, 81,
500, 502

Z

Z boson, 43, 209, 253,
254, 421, 423, 425

Z boson width, 209, 253,
421
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