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We use the following notations throughout the book (if not directly stated
otherwise):

h=c=1

The signature of metric tensor in the Minkowski space is chosen in the form

(1,-1,-1,-1).

The connection between Newton const@pt and Planck maskip is

Gn = MFTZ.

The interval in the synchronous reference frame

ds? = dt? — y,pdx*dx’.
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In the presence of eternity, the mountains are
as transient as the clouds.

Robert Green Ingersoll
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Modern cosmology is the field of researches which is quickly develop-
ing. New technical devices and tools supply community by new experi-
mental data measured with high accuracy. On the other hand, a number
of theoretical models increases exponentially. Thus, on one hand, we have
substantial amount of observational data needed selfconsistent explana-
tion. On the other hand, the theoretical models are able to explain most of
them, meantime producing huge amount of new predictions. Only small
amount of them corresponds reality, what will be revealed only in future.
Nevertheless, this boiling kettle of theoretical researches and experimental
efforts produces ideas that seems to be preserved for the following gener-
ations.

The aim of this book is to acquaint reader with those ideas which seem
more or less firm. The first two chapters devoted to necessary tools in
the inflationary paradigm, were we tried to discuss not only widespread
problems, but also those which usually not considered in details. The fol-
lowing chapters concern new ideas of the large scale structure formation
and crucial role of quantum fluctuations in creation of our Universe.

The regular course of lectures "Introduction to Cosmoparticle physics”
in Moscow Engineering Physics Institute and courses "Physics of Prim-
ordial Universe" in the 1 and 3 Rome Universities, given by one of us
(M.Yu.Kh.), helped us to make the book content eligible for a wide audi-
ence of students and PhD students, specializing in physics and astronomy.

We hope that this book helps reader being easily involved in the fascin-
ating problems discussed nowadays.

Authors
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Chapter 1

PRINCIPLES OF COSMOPARTICLE
PHYSICS

Cosmoparticle physics originates from the well established relationship between
microscopic and macroscopic descriptions in theoretical physics. Historic-
ally, it reminds the links between statistical physics and thermodynamics, or
between electrodynamics and theory of electron. To the end of the XX Cen-
tury the new level of this relationship was realized, linking the science on the
Universe as a whole and physics of elementary particles.

Now it has become evident that large scale properties of the observed Uni-
verse can not be understood without the proper model of elementary particles.
The modern Standard Model of Big Bang Universe is based on inflationary
cosmology with baryosynthesis, dark matter and possibly dark energy. Such
model can find its physical grounds only beyond the world of known element-
ary particles in the hypothetical predictions of particle theory. Particle theory
that will provide such grounds should use in its turn cosmological tests as the
important and in many cases unique way to probe its predictions.

The convergence of the frontiers of our knowledge in micro- and macro-
worlds leads to the wrong circle of problems, illustrated by the mystical Uhro-
boros (self-eating-snake). The Uhroboros puzzle may be formulated as fol-
lows: The theory of the Universe is based on the predictions of particle theory,
that need cosmology for their tes€osmoparticle physics [1, 2, 3] offers the
way out of this wrong circle. It studies the fundamental basis and mutual
relationship between micro- and macro-worlds in the proper combination of
physical, astrophysical and cosmological signatures.

1. Particle Physics in Big Bang Universe

Let us specify in more details the links between the properties of funda-
mental particles and their cosmological effects.
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1.1 Particles - Gauge Symmetry
of the Standard Model

To the end of the XX Century the set of experimentally proven ideas about
elementary particles and their transformations was fixed in the Standard Model,
which is based on the extension of the principle of gauge symmetry of quantum
electrodynamics to the case of weak and strong interactions (see [4] for re-
view).

This set of ideas implies the fundamental notion of particle symmetry, ascrib-
ing the observed difference in particle properties and interactions to the differ-
ence in symmetry properties, as well as to the mechanism of symmetry break-
ing.

The fundamental role of particle symmetry follows naturally from the basic
principles of quantum field theory (QFT). The way QFT describes particles
in terms of creation and annihilation operators made a revolutionary change in
the notion of "elementary particle”. From antiquity to the XX century the basic
idea of elementary particle was to consider it being eternal. Elementary pieces
of a conserved quality could not be destructed or created, and the conservation
of quality was the natural consequence of eternity of its elementary bricks. So,
the conservation of electric charge simply followed from the eternal nature of
elementary charged patrticles - electrons.

The formalism of QFT allows electrons to be created and annihilated. It re-
volves the picture and attributes the priority to charge conservation. So, electric
charge should be conserved in all the processes of creation and annihilation of
charged particles. The theoretical reasoning for charge conservation comes
from the gauge invariance of quantum electrodynamics(QED) (see [5] for re-
view). Strict U(1) gauge symmetry, assumed for free charged particles, made
it possible to introduce the electromagnetism as gauge interaction, mediated
by the gauge boson — quantum of the electromagnetic field.

This picture could be naturally extended to the processes of particle trans-
formation, in which a particle of one type converts itself into a particle of
another type, provided that the both types of particles are related by symmetry.
Say, the process of weak interaction, in which incoming neutrino converts into
outgoing electron, can be described in a way similar to QED, if we assume
a symmetry between the neutrino and the electron and treat them as differ-
ent states of one (lepton) field. Such gauge SU(2) symmetry for free leptons
implies the existence of an intermediate gauge boson of weak interaction, cre-
ated or annihilated in the elementary act of weak interaction, when the initial
neutrino is converted into the final electron.

Weak interaction of elementary particles is short-ranged, because, unlike
the massless photon, W-boson of weak interaction is massive. The mass of
W-boson reflects the scale of the symmetry breaking. It is just this scale that
determines the masses of quarks and leptons. Another difference is the group
of symmetry: U(1) is an Abelian group, and SU(2) is a non-Abelian group.
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Gauge theory, based on non-Abelian group of symmetry, possesses confine-
ment. The scale of confinement determines the fundamental energy scale, even
if the non-Abelian symmetry is unbroken. This property is important in the
modern theory of strong interaction - quantum chromodynamics (QCD). The
non-Abelian nature of SU(g)gauge group of QCD implies QCD confinement
at the energy scaldqcp ~ 300 MeV. QCD confinement explains the absence
of free quarks — owing to confinement of their colors they can be found only
in the bound states. The energy scale of confinement determines the effective
mass of quarks in the bound state. It is just this constituent quark mass that
determines the mass of the proton.

The Standard Model assumes that the known elementary particles of matter
(the three families of leptons and quarks) poss®883): Q) SU(2) Q U(1)
local gauge symmetry, implying the existence of gauge bosons of stBa(8)c
— gluons), and electroweasJ(2) ® U (1) — W-, Z- bosons
indexz-boson and photon) interaction. TBE(2) @ U (1) symmetry of elec-
troweak interaction is broken by Higgs mechanism of spontaneous symmetry
breaking. It implies the existence of elementary scalar particle, called Higgs
boson.

The majority of the experimental data about elementary particles can be
reproduced by the Standard Model. However, it seems to be evidently incom-
plete, and this opens the door to the new physics.

1.2 Particles - Beyond the Standard Model

The new physics arises from the necessity to extend the Standard Model.
The white spots in the representations of symmetry groups, considered in the
extensions of the Standard Model, correspond to new unknown particles. The
extension of the symmetry of gauge group puts into consideration new gauge
fields, mediating new interactions. Global symmetry breaking results in the
existence of massless Goldstone boson fields.

For a long time the necessity of extending the Standard Model had purely
theoretical reasons. Aesthetical arguments favored embedding of the sym-
metry group of the Standard Model within a larger group of unifying symmetry
in order to reach full unification of fundamental interactions.

Practically, introduction of new particles and fields was used to save the
Standard Model from internal theoretical inconsistencies. So, introduction of
axion provides solution for the problem of strong CP violation in QCD [6, 7, 8]
(see [3, 9] for review), and supersymmetric partners compensate divergences in
the quantum corrections to the mass of Higgs boson (see review and references
in [10]).

Theoretical description of neutrino mass also implies new physics (see re-
view in [11, 3]). In particular, new particles — heavy right handed neutrinos
— are introduced to explain the smallness of neutrino mass in the see-saw
mechanism of neutrino mass generation. New physical property - Majorana
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mass, violating conservation of lepton number arises in this mechanism. Neut-
rino and its antiparticle (antineutrino) are identified with left- and right-handed
states of the same particle - massive neutrino. This identification is possible if
neutrino does not possess conserved charge.

The Standard Model cannot provide sufficient physical basis for the modern
cosmology. One has to go beyond the Standard Model to explain inflation,
baryosynthesis and nonbaryonic dark matter.

Recently a set of experimental evidences for the existence of neutrino os-
cillations (see for recent review e.g. [12], [13], [14],[15] ), of cosmic WIMPs
[16], and of double neutrinoless beta decay [17] appeared. Whatever is the ac-
cepted status of these evidences, they indicate that the experimental searches
may have already crossed the border of new physics.

In particle physics direct experimental probes for the predictions of particle
theory are most attractive. The predictions of new charged patrticles, such as
supersymmetric particles or quarks and leptons of new generation, are access-
ible to experimental search at accelerators of new generation if their masses are
in 100GeV — 1TeVrange. However, the predictions related to higher energy
scale need non-accelerator or indirect means for their test. Moreover, discovery
of new particles even at accelerators implies hard efforts in the interpretation
of experimental data making them more and more 'indirect’.

The search for rare processes, such as proton decay, neutrino oscillations,
neutrinoless beta decay, precise measurements of parameters of known particles,
and experimental searches for dark matter represent the widely known forms
of such means. Cosmoparticle physics offers the nontrivial extensions of indir-
ect and non-accelerator searches for new physics and its possible properties.
In experimental cosmoarcheology the data has to be obtained, to link the cos-
mophenomenology of new physics with astrophysical observations (See [18]).
In experimental cosmoparticle physics the parameters that are fixed from the
consistency of cosmological models and observations, define the level at which
the new types of particle processes should be searched for (see [19]).

Future theory should provide the complete physical basis for cosmology.
The problem is that the string theory [20] is now in the form of a "theoretical
theory", for which the experimental probes are widely doubted to exist. The
development of cosmoparticle physics can remove these doubts. In its frame-
work there are two directions to approach the test of the theories of everything.

One of them is related to the search for the experimentally accessible effects
of heterotic string phenomenology.

The mechanism of compactification and symmetry breaking leads to the
prediction of homotopically stable objects [21] and shadow matter [22, 23],
which are accessible to cosmoarcheological means of cosmopatrticle physics.

The condition to reproduce the Standard Model naturally leads in the het-
erotic string phenomenology to the prediction of fourth generation of quarks
and leptons [24] with a stable massive 4th neutrino [25]. The comparison
between the rank of the unifying groliy (r = 6) and the rank of the Stand-
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ard Model ¢ = 4) implies the existence of new conserved charges and new
(possibly strict) gauge symmetries. New strict gauge U(1) symmetry (sim-
ilar to U(1) symmetry of electrodynamics) is possible if it is ascribed to the
fermions of 4th generation. The lightest particle, possessing this new charge
(4th neutrino) should be absolutely stable. New strictly conserved local U(1)
gauge symmetries can also arise in the development of D-brane phenomeno-
logy [26, 27].

Following the hypothesis [24] quarks and leptons of 4th generation are the
source of a new long range interaction-g€lectromagnetism), similar to the
electromagnetic interaction of ordinary charged particles. This can be the sub-
ject of a complete experimental test in the near future. If proved, the practical
importance of this property could be hardly overestimated.

It is interesting that heterotic string phenomenology embeds even in its
simplest realization both supersymmetric particles and the 4th family of quarks
and leptons, in particular the two types of WIMP candidates: neutralinos and
massive stable 4th neutrinos. The multicomponent analysis of WIMP effects
is therefore favorable in the framework of this phenomenology.

In the above approach some particular phenomenological features of simplest
variants of string theory are studied. The other direction is to elaborate the ex-
tensive phenomenology of theories of everything by adding to the symmetry
of the Standard Model the (broken) symmetries, which have serious reasons to
exist. The existence of (broken) symmetry between quark-lepton families, the
necessity in the solution of strong CP-violation problem with the use of broken
Peccei-Quinn symmetry, as well as the practical necessity in supersymmetry to
eliminate the quadratic divergence of Higgs boson mass in electroweak theory
is the example of appealing additions to the symmetry of the Standard Model.
The horizontal unification and its cosmological consequences represent the
first step on this way, illustrating the approach of cosmoparticle physics to the
elaboration of the proper phenomenology for theories of everything [28].

1.3 New Particles in the Universe

Physical processes in the Big Bang Universe are determined by the condi-
tions of cosmological expansion and by matter and radiation content. As we
will see, the opposite is also true in the modern cosmology: the conditions
of expansion and the physical content of the Universe are realized in the res-
ult of processes determined by the physical laws, underlying the cosmological
scenario.

The set of astrophysical data fixes the main stages of the cosmological evol-
ution. These data prove the basic picture of the Big Bang Universe that follows
from the extrapolation to the past the trend of the modern cosmological expan-
sion and the presence of thermal electromagnetic background radiation. In the
course of such extrapolation we inevitably come to the hot period of radiation
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dominant stage, when the radiation energy density exceeded substantially the
density of matter.

The old picture of Big Bang Universe was physically self-consistent. It con-
sidered only baryonic matter and radiation and it applied to the cosmological
evolution the known laws of atomic physics, nuclear physics, thermodynam-
ics, hydrodynamics and kinetics (see review in [29]). Matter and radiation
were treated, respectively, as nonrelativistic and relativistic homogeneous and
isotropic fluids. At early stages it was easily checked that baryonic matter was
ionized and had the form of plasma. It could be also easily checked that plasma
and radiation were in thermal equilibrium.

The thermal history of the Universe, qualitatively confirmed by the obser-
vational data, included the period of very early Universe (the first second of
expansion), when the temperature Wwas> 1 MeV, the period of Big Bang
nucleosynthesis (the famous "first three minutes”), when primordial chemical
composition (dominantly hydrogen and helium) was formed, the period of ra-
diation dominance stage, that ended when the matter density began to exceed
the energy density of radiation, and the period of recombination of hydrogen,
when electron-proton plasma recombined into gas of neutral hydrogen atoms.
After the recombination period, the radiation pressure could not prevent devel-
opment of gravitational instability of neutral gas, so that galaxies and all the
observed matter inhomogeneities were formed in the result of growth of small
initial density fluctuations.

The cosmological expansion and its initial conditions provided the back-
ground in the old Big Bang scenario, on which the evolution of plasma and
radiation took place. The whole set of known fundamental particles, most
of which are unstable, was taken into account in the conditions of thermody-
namic equilibrium, and the number of particle species entered the relationship
between the temperature and cosmological time.

The properties of stable particles cause much more influence on the physics
of expansion. At initially given baryon to photon ratio the baryon mass de-
termines the change of equation of state in the transition from the radiation to
matter dominance.

The rate of beta-reactions the frozen out ratio of neutrons and protons. To-
gether with the nuclear reaction rates this ratio enters the parameters of prim-
ordial nucleosynthesis. Nuclear Coulomb interaction determines the Coulomb
barrier in reactions with electrically charged nuclei, suppressing production of
elements heavier than helium. In that way nuclear physics data determine the
primordial chemical composition.

The hydrogen recombination period is determined by the mass and Cou-
lomb interaction of electron. The scale of gravitational instability is defined
by the dissipation scale, being in turn determined by photon-electron Compton
scattering. In the framework of Standard Model of particle interactions the
above microphysical parameters reflect the QCD and electroweak scales. In
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the early Universe, when the temperature was of the order of these scales the
QCD and electroweak phase transitions should have taken place.

The expansion of the Universe is governed by Einstein’s equations (see for
review [30, 31, 32]). The role of particle content in the Einstein’s equations is
reduced to its contribution into the energy-momentum tensor. So, the set of re-
lativistic species, dominating in the Universe, realizes the relativistic equation
of statep = ¢/3 and the stage of relativistic expansion. In the equilibrium the
contribution of various relativistic bosons and fermions differs by their statistic
weight. The treatment of different species of particles as equivalent degrees of
freedom of the equilibrium relativistic gas physically assumes a strict sym-
metry between them.

Such strict symmetry is not realized in Nature. There is no exact symmetry
between bosons and fermions (e.g. supersymmetry). There is no exact sym-
metry between various quarks and leptons. The symmetry breaking implies the
difference in particle masses. The particle mass pattern reflects the hierarchy
of symmetry breaking.

Noether’s theorem relates the exact symmetry to conservation of respective
charge. The lightest particle, bearing the strictly conserved charge, is abso-
lutely stable. So, the electron is absolutely stable, and this reflects the conser-
vation of the electric charge. In the same manner, the stability of proton is con-
ditioned by the conservation of baryon charge. The stability of ordinary matter
is therefore protected by the conservation of electric and baryon charges, and
its properties reflect the fundamental physical scales of electroweak and strong
interactions. Indeed, the electron mass is related to the scale of the electroweak
symmetry breaking, whereas the proton mass reflects the scale of QCD con-
finement.

Extensions of the Standard Model imply new symmetries and new particle
states. The respective symmetry breaking induces new fundamental physical
scales in the patrticle theory. If the symmetry is strict, its existence implies
new conserved charge. The lightest particle, bearing this charge, is stable. The
set of new fundamental particles, corresponding to the new strict symmetry, is
then reflected in the existence of new stable particles, which should be present
in the Universe and taken into account in the total energy-momentum tensor.

Most of the known particles are unstable. For a particle with the nmass
the particle physics time scale s~ 1/m, so in the particle world we call
particles with lifetimer > 1/m as metastable. In order to have cosmological
significance, metastable particles should survive after the temperatafe
the Universe fell down below ~ m, which means that the particle lifetime
should exceed ~ (Mp/m) - (1/m). Such a long lifetime should find its
reason in the existence of some (approximate) symmetry. From this viewpoint,
cosmology is sensitive to the most fundamental properties of microworld, to
the conservation laws reflecting strict or nearly strict symmetries of particle
theory.
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However, the mechanism of particle symmetry breaking can also have a
cosmological impact. Heating the condensed matter leads to restoration of its
symmetry. When the hot matter cools down, the transition to the phase of
broken symmetry takes place. In the course of the phase transitions, corres-
ponding to given type of symmetry breaking, topological defects could form.
One can directly observe formation of such defects in liquid crystals or in
superfluids. In the same manner the mechanism of spontaneous breaking of
particle symmetry implies restoration of the underlying symmetry [33, 34]
(see review in [35, 36]). When the temperature decreases in the course of
cosmological expansion, transitions to the phase of broken symmetry could
lead (depending on the symmetry breaking pattern) to the formation of to-
pological defects in the very early Universe [37]. These defects can repres-
ent new form of stable particles (as it is in the case of magnetic monopoles
[38, 39, 40, 41, 42, 43, 44]), or the form of extended structures, such as cosmic
strings [37, 45, 46] and cosmic walls [47, 37].

2. Physics of the Modern Cosmology

In the old Big bang scenario the cosmological expansion and its initial
conditions were giver priori. In the modern cosmology the expansion of
the Universe and its initial conditions are related to the process of inflation
[48, 49, 50, 51, 52, 53, 54, 55]. The global properties of the Universe as well
as the origin of its large scale structure (LSS) are the result of this process
(see review in [56, 57, 58]). The matter content of the modern Universe is also
originated from the physical processes: the baryon density is the result of bary-
osynthesis [59, 60] and the nonbaryonic dark matter represents the relic species
of physics of the hidden sector of particle theory (see review in [36, 3]). Phys-
ics, underlying inflation, baryosynthesis and dark matter are referred to the
extensions of the Standard Model, and the variety of such extensions makes
the whole picture ambiguous in general.

However, in the framework of each particular physical realization of infla-
tionary model with baryosynthesis and dark matter, the corresponding model
- dependent cosmological scenario can be specified in all the details. In such
scenario the main stages of cosmological evolution, the structure and the phys-
ical content of the Universe reflect the structure of the underlying physical
model. The latter should necessarily include main features of the Standard
Model, which describes the properties of baryonic matter, and the extensions
of the Standard Model that are responsible for inflation, baryosynthesis and
dark matter. In no case the cosmological impact of such extensions is reduced
to reproduction of these three phenomena only. The nontrivial path of cosmo-
logical evolution, specific for each particular realization of inflationary model
with baryosynthesis and nonbaryonic dark matter, always contains some ad-
ditional model - dependent cosmologically viable predictions, which can be
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confronted with astrophysical data. The part of cosmopatrticle physics, called
cosmoarcheology, offers the set of methods and tools probing such predictions.

2.1 New Physics and cosmological evolution

Cosmoarcheology considers the results of observational cosmology as the
sample of the experimental data on the possible existence and features of hy-
pothetical phenomena predicted by particle theory. To undertakegtianken
Experimentwith these phenomena some theoretical framework should be as-
sumed in order to treat their origin and evolution in the Universe. As it was
pointed out in [18] the choice of such framework is a nontrivial problem in the
modern cosmology.

Indeed, in the old Big Bang scenario any new phenomenon predicted by
particle theory was considered in the course of the thermal history of the Uni-
verse, starting from Planck times. The problem is that the bedrock of the mod-
ern cosmology, namely inflation, baryosynthesis and dark matter, is also based
on experimentally unproven part of particle theory, so that the test for possible
effects of new physics is accomplished by the necessity to choose the phys-
ical basis for such test. There are two possible solutions for this problem: a)
a crude model - independent comparison of the predicted effect with the ob-
servational data and b) the model dependent treatment, when the considered
effect and physical mechanisms of inflation, baryosynthesis and dark matter
arise from the same physical model.

The basis for the approach (a) is that whatever happened in the early Uni-
verse, its results should not contradict the observed properties of the mod-
ern Universe. The set of observational data and, especially, the light ele-
ment abundance and thermal spectrum of microwave background radiation put
severe constraint on the deviation from thermal evolution after 1 second of
expansion, what strengthens the model - independent conjectures of approach

().

2.2 Cosmophenomenology of new physics

To study the imprints of new physics in astrophysical data one should spe-
cify the forms and means in which new physics leaves such imprints. So,
the important tool of cosmoarcheology in linking the cosmological predictions
of particle theory to observational data is tBesmophenomenologyf new
physics. It studies the possible hypothetical forms of new physics, which may
appear as cosmological consequences of particle theory, and their properties,
which can result in observable effects.

The simplest primordial form of new physics is the gas of new stable massive
particles originated from early Universe (see [61] for review). For particles
with massam, at high temperaturé > mthe equilibrium conditiom-ov-t > 1
is valid if their annihilation cross section > 1/(mMp) is sufficiently large
to establish the equilibrium. AT < m such particles go out of equilibrium
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and their relative concentration freezes out. More weakly interacting species
decouple from plasma and radiationTat> m, whenn-ov -t ~ 1, i.e. at

Tdgec ~ (6Mp)~L. The maximal temperature, which is reached in the infla-
tionary Universe, is the reheating temperatUye after inflation. So, the very
weakly interacting particles with the annihilation cross section 1/(T, Mp),

as well as very heavy particles with the masss> T, can not be in thermal
equilibrium, and the detailed mechanism of their production should be con-
sidered to calculate their primordial abundance.

Decaying particles with the lifetime, exceeding the age of the Universe,
tu, T > ty, can be treated as stable. By definition, primordial stable particles
survive to the modern epoch and should be present in the modern Universe.
The net effect of their existence is given by their contribution into the total
cosmological density. They can dominate in the total density being the dom-
inant form of cosmological dark matter, or they can represent its subdominant
fraction. In the former case the particles determine dynamics of galaxy and
LSS formation. In the latter case more detailed analysis of their distribution
in space, of their condensation in galaxies, of their capture by stars, Sun and
Earth, as well as of the effects of their interaction with matter and of their
annihilation provides more sensitive probes for their existence.

In particular, hypothetical stable neutrinos of the 4th generation with the
mass about 50 GeV are predicted to form the subdominant form of the modern
dark matter, contributing less than 0,1 % to the total density. However, direct
experimental search for cosmic fluxes of weakly interacting massive particles
(WIMPs) may be sensitive to the existence of such component [62], [16], and
may be even favors it [16]. It was shown in [25, 63, 64, 65] that annihilation
of 4th neutrinos and their antineutrinos in the Galaxy can influence and even
explain the observed spectrum of galactic gamma-background and of cosmic
ray positrons. 4th neutrino annihilation inside the Earth should lead to the flux
of underground monochromatic neutrinos of known types, which can be traced
in the analysis of the already existing and future data of underground neutrino
detectors [64].

New particles with electric charge and/or strong interaction can form an-
omalous atoms and contain in the ordinary matter as anomalous isotopes. For
example, if the lightest quark of 4th generation is stable, it can form stable
charged hadrons, serving as nuclei of anomalous atoms of e.g. crazy helium
[66].

Primordial unstable particles with the lifetime less than the age of the Uni-
verse,r < ty, can not survive to the present time. But, if their lifetime is suf-
ficiently large to satisfy the condition>> (Mp/m) - (1/m), their existence in
early Universe can lead to direct or indirect traces. Cosmological flux of decay
products contributing into the cosmic and gamma ray backgrounds represents
the direct trace of unstable particles. If the decay products do not survive to
the present time, their interaction with matter and radiation can cause indirect
trace in the light element abundance or in the fluctuations of thermal radiation.
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If the particle lifetime is much less than 1 second the multi-step indirect traces
are possible, provided that particles dominate in the Universe before their de-
cay. On the dust-like stage of their dominance, black hole formation takes
place, and the spectrum of such primordial black holes(PBH) [67, 68, 69]
traces the particle properties (mass, frozen concentration, lifetime) [70, 71].
The patrticle decay in the end of dust like stage influences the baryon asym-
metry of the Universe. PBH evaporation [72] in the Universe after 1 second
of expansion is accessible to observational test similar to unstable particles,
decaying in this period. In any way cosmophenomenoLOGICAL chains link
the predicted properties of even unstable new particles to the effects accessible
in astronomical observations. Such effects are important in the analysis of the
observational data.

Presumable existence of unstable hypothetical particles ravel an interpret-
ation of observational data. So, the only direct evidence for the accelerated
expansion of the modern Universe comes from the distant SN | data [73]. The
data on the cosmic microwave background (CMB) radiation and LSS evolution
(see e.g. [74]) prove in fact the existence of homogeneously distributed dark
energy and the slowing down of the LSS evolution o€ 3. Homogeneous
negative pressure mediumfi{term or quintessence, see review [75]) leads to a
relative slowing down of the LSS evolution due to an acceleration of the cos-
mological expansion. However, both homogeneous component of dark matter
and slowing down of the LSS evolution naturally follow from the models of
Unstable Dark Matter (UDM) (see [3] for review), in which the structure is
formed by unstable weakly interacting particles. The weakly interacting decay
products are distributed homogeneously. The loss of the most part of dark mat-
ter after decay slows down the LSS evolution. The dominantly invisible decay
products can contain a small ionizing component [76]. Thus, UDM effects will
deserve special attention, even if the accelerated expansion is proved.

One can specify the new phenomena by their net contribution into the cos-
mological density and by forms of their possible influence on parameters of
matter and radiation. In the first aspect we can consider strong and weak phe-
nomena. Strong phenomena can put dominant contribution into the density of
the Universe, thus defining the dynamics of expansion in that period, whereas
the contribution of weak phenomena into the total density is always subdom-
inant. The phenomena are time dependent, being characterized by their time-
scale, so that permanent (stable) and temporary (unstable) phenomena can take
place. They can have homogeneous and inhomogeneous distribution in space.

The phenomena can influence the properties of matter and radiation either
indirectly, say, changing of the cosmological equation of state, or via direct
interaction with matter and radiation. In the first case only strong phenomena
are relevant, in the second case even weak phenomena are accessible to ob-
servational data. The detailed analysis of sensitivity of cosmological data to
various phenomena of new physics are presented in [3].
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The basis for the approach (b) is provided by a particle model, in which in-
flation, baryosynthesis and nonbaryonic dark matter are reproduced. Any real-
ization of such physically complete basis for models of the modern cosmology
contains with necessity additional model dependent predictions, accessible to
cosmoarcheological means. Here the scenario should contain all the details
specific to the considered model, and the confrontation with the observational
data should be undertaken in its framework. In this approach complete cosmo-
particle physics models may be realized, where all the parameters of particle
model can be fixed from the set of astrophysical, cosmological and physical
constraints. Even the details related to cosmologically irrelevant predictions,
such as the parameters of unstable particles, can find a cosmologically import-
ant meaning in these models. So, in the model of horizontal unification [28],
the parameters of t- and b- quarks fix the properties of the dark matter, forming
the LSS of the Universe.

2.3 Primordial Structures in the Universe

The important feature of cosmological consequences of particle theory is its
ability to explain the origin of the LSS formation in the FRW Universe.

In the simplest case, particle theory determines the parameters of inflation
that fix the spectrum of small primordial density fluctuations. The effective
growth of these fluctuations, leading to the LSS formation, implies another
prediction of particle theory — the prediction of dark matter particles. Suffi-
ciently stable weakly or superweakly interacting particles can play this role
(see [3] for review).

The parameters of new stable and metastable particles are determined by
the pattern of particle symmetry breaking. This pattern is also reflected in the
succession of phase transitions in the early Universe. The phase transitions of
the first order proceed through the bubble nucleation, which can result in black
hole formation. The phase transitions of the second order can lead to formation
of topological defects, such as walls, string or monopoles. The observational
data put severe constraints on magnetic monopole and cosmic wall production,
as well as on the parameters of cosmic strings. The succession of phase trans-
itions can change the structure of cosmological defects. More complicated
forms, such as walls-surrounded-by-strings, can appear. Such structures can
be unstable, but their existence can leave the trace in the nonhomogeneous dis-
tribution of dark matter and in large scale correlations in the nonhomogeneous
dark matter structures, suchaghioles[77, 78]. The large scale correlations
in topological defects and their imprints in primordial inhomogeneities is the
indirect effect of inflation, if phase transitions take place after reheating of the
Universe. Inflation provides in this case the equal conditions of phase trans-
ition, taking place in causally disconnected regions.

If the phase transitions take place on the inflationary stage, new forms of
primordial large scale correlations appear. The potential of the field, breaking
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the symmetry, may have a valley in the period of inflation. Fluctuations of
the field along this valley can be of arbitrary large scale, if they take place on
inflationary stage. As we will show in the present book it provides the specific
initial conditions for the phase transitions after the end of inflation. Under
these conditions LSS and correlations can appeatr.

We will discuss the example of global U(1) symmetry, broken spontan-
eously in the period of inflation and successively broken explicitly after re-
heating. In this model, considered in [79], [80], fluctuations on the inflation-
ary stage result in the formation of arbitrary large closed domain walls. After
their size equals the horizon, closed walls could collapse into black holes. This
mechanism can lead to formation of primordial black holes of a whatever large
mass (up to the mass of AGNs [80]). Such black holes appear in the form of
primordial black hole clusters, exhibiting fractal distribution in space [81]. It
can shed new light on the problem of galaxy formation.

Primordial strong inhomogeneities can also appear in the baryon charge dis-
tribution. The appearance of antibaryon domains in the baryon asymmetrical
Universe, reflecting the inhomogeneity of baryosynthesis, is the profound sig-
nature of such strong inhomogeneity [82]. On the example of the model of
spontaneous baryosynthesis (see [83] for review) the possibility for existence
of antimatter domains, surviving to the present time in inflationary Universe
with inhomogeneous baryosynthesis was revealed in [79]. Evolution of suf-
ficiently dense antimatter domains can lead to formation of antimatter glob-
ular clusters [84]. The existence of such cluster in the halo of our Galaxy
should lead to the pollution of the galactic halo by antiprotons. Their annihila-
tion can reproduce [85] the observed galactic gamma background in the range
tens-hundreds MeV. The prediction of antihelium component of cosmic rays
[84, 86], accessible to future searches for cosmic ray antinuclei in PAMELA
and AMS Il experiments [87, 88, 89, 90], as well as of antimatter meteorites
[91] provides the direct experimental test for this hypothesis.

One can easily find that the existence of strong primordial inhomogeneities
is compatible with the FRW picture of cosmological evolution. Indeed, the
amplitude of density fluctuation8 = 50/0 measures the level of inhomo-
geneity relative to the total density, The partial amplitudeS; = 6oi/ o
measures the level of fluctuations within a particular component with density
0i, contributing into the total density = 3, oi. The cas&s > 1 within the
considered-th component corresponds to its strong inhomogeneity. Strong
inhomogeneity is consistent with the smallness of total density fluctuations, if
the contribution of inhomogeneous component into the total density is small:
0i < o, Sothats < 1.

So the primordial strong inhomogeneities in the distribution of total, dark
matter and baryon density in the Universe is the new important phenomenon
of cosmological models, based on particle models with hierarchy of symmetry
breaking.
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One can find that from the very beginning to the modern stage, the evolution
of Universe is governed by the forms of matter and by physical laws, which
we still don’t know. Observational cosmology offers strong evidences favoring
the existence of processes, determined by new physics, and the experimental
physics approaches to their investigation.

Cosmoparticle physics [1, 2], studying the physical, astrophysical and cos-
mological impact of new laws of Nature, explores the new forms of matter and
their physical properties, which opens the way to use new sources of energy
and new means of energy transfer. It offers the great challenge for the new
Millennium.

The present book represents one of the directions in the development of
Cosmoparticle physics. It treats in a systematic way the relationship between
the fundamental symmetry of microworld, its realization in stochastic process
and its macroscopic, large scale and global signatures in the Universe. We
will see that even for the simplest possible pattern of U(1) symmetry breaking,
fluctuations on the inflationary stage can result in a rich variety of nontrivial
astrophysical effects.

We will reveal the mutual relationship between the choice of the Universe
and the laws of physics in it. It turns out that not only particle theory fixes
the pattern of cosmological evolution. In the Universe, possessing accelerator
expansion, the inverse is possible — the realization of inflationary cosmology
specifies the parameters of particle theory.

The important role of inflation, projecting the pattern of particle theory on
the modern sky, is illuminated in this book and provides the new set of meth-
ods to study particle physics by astrophysical means. It sheds new light on
the old astronomical problems, offering new insight on the physical nature of
astrophysical processes.



Chapter 2

BASIS OF INFLATION

Inflationary phenomena were discovered in 70-th of the previous century but

the true triumph of inflation came in 80-th. Its success in the explanation of
the observable Universe was so impressive that the majority of scientists has no
doubts on its correctness, at least as the basic principle. Unfortunately (or may
be, on the contrary, fortunately) the mechanism of inflation may be put into
practice by a variety of ways. It led to overproduction of inflationary models,
a number of which increases constantly. Below we discuss the properties of
inflationary scenario on the basis of chaotic inflation. Some other models are
considered in Chapter 10 to give imagination on beauty and rich possibilities
of the inflationary paradigm.

1. Equations for uniform media

First of all, we have to discuss the relativistic framework of the modern cos-
mology and to consider cosmological evolution of media with different prop-
erties. The only requirement is their homogeneity. An inclusion of gravity
leads to nontrivial dynamical processes in such media. Thus we have to start
with Einstein’s equations that couple gravity with matter and play determin-
ative role in cosmology. Metric tensgy,, is those dynamical variable that
represents gravitational field. By definition, it determines an interval between
two space-time points marked by 4-vectatsandx’* in curved space — time

ds? = g,, dx“dx", (2.1)

wheredx* = x* — x'*. Einstein’s equations have the form

1
G, =R, — ES;R: 87GT, + Aoy,

which can be found in any textbook devoted to gravity. Hejes the Ricci
tensor,Ris scalar curvature, both of them depend on the metric tensof and

15
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is energy - momentum tensor determined by properties of a medium. Recent
observations indicate possible existence\of term and we include it in the
equations from the beginning. Equivalent form of Einstein’s equations is

1
Ry — Eg,wR = 82GTyy + AQuy (2.2)
Stress tensor of ideal liquid has the form [30]

TS = (p+ p)Uu, — péy, (2.3)

wherep is pressure of the medium,- its energy density andis a 4-velocity

of the medium. In a local comoving coordinate system (i.e. those measured
by a local observer who experiences the action of gravitational forces only)
4-velocity isu = (1,0,0,0) by definition and stress tensor possesses only
diagonal components

wzmﬂzwzm:—p (2.4)

Consider the case of an uniform medium which is important for cosmology
as the realistic zero-order approximation in the description of the Universe.
The fact is that the Universe is homogenous only in average. For example, the
modern Universe contains large scale inhomogeneities like galaxies and galaxy
clusters and may be considered as uniform only after an averaging by a scale of
hundreds megaparsec. In this case metric tegygocould be simplified. Here

we only outline a prove. Using coordinate transformations one can reduce
most general form of an interval to a form [31], [32]

ds? = dt? — a(t)? | %(r)dr? +r2dQ?| .

Ricci tensor depends on two functiong(t), f (r) that could be found from

Eg. (2.2).The scale factora(t) plays significant role in the cosmologylUni-

form liquid is locally at rest so that = (1,0, 0,0) and hence nonzero com-
ponents of energy-momentum tensor are only those represented in expression
(2.4). To determine the form of the functioi(r) one only needs equalities

Rr = Rgg = Ry, [32]. The final resultisf (r) = 1/(1 — kr?) with constant

k = 0,+1, so that interval is usually written as

dr?
1— kr2

ds? = dt? — a(t)? +12(d6? + sir? 6 dp?)| . (2.5)

This metric is fixed by the paramet&rand functiona(t) and is known as
Friedmann — Robertson — Walker (FRW) metric. The form of the metric tensor
is obtained by comparison of expressions (2.1) and (2.5)

—a(t)?
= 1 = —
oo , o Orr 1_ krz:
2.2

Ge = —at)’r? g,, = —a(t)’r?sirte. (2.6)
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Tensor Ricci can be easily expressed now in the terms of the scale factor

RS = 34/a; (2.7)
R = R) = R) = &/a+ 24°/a” + 2k/a’.

There are only three essentially different values of the pararkekes 0, +1.
Time evolution of the scale factext) is determined from Einstein’s equations
and depends on properties of medéscribed by the stress tensaf,,. Space
points are marked by variablesé, ¢. Their physical meaning is clarified if
one calculates a square of a surface at specific momént 4z [a(t)r]? . For

r = Constphysical radius of the sphere growsads). Physical frame is used
when measuring in terms of

R(t) = a(t)r. (2.8)

If two observers with local velocities equals to zero are disposed at distance
they measure the physical distance growing with time according to (2.8). The
value R(t) is known as the ’'physical distance’ and it does not coincide with
instantaneous 'physical’ radius of the sphere

r dr
inst = a(t T 2.9
Rinst = a( )/o 1— kr? (2:9)

This distance is measured by a set of observers who are placed along the radius.
Its analytical form depends on the value of the parameter

a(t)arcsinr), k=1
Rinst = a(t)r7 k = 07

a(t)arcshr), k=-1

A third kind of the distance is measured by traveller who moves from a
center of the surface. It can be easily found for the traveller who moves with
a speed of light along the radiudd = d¢ = 0). Due to the fact that for the
light ds= 0 and from Eq. (2.5) it is obvious that

Py -

o a(t) 1— kr2

what immediately gives physical distance travelled by light during time inter-
val (0,1)

a(t) sin <f(; dt/a(t)) k=1,

R(tnor = a(t)r = a(t) /5 dt/a(t), k=0 (2.10)

a(t)sh(fg dt/a(t)) , k=1
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Here is the appropriate place to determine a notion of horizon. We have to
warn about two meanings of this word, both of them are widely used. The
first one is "horizon is a distance travelled by light during specific time". For
example, the horizon of our Universe is about®in. This value is increasing
constantly. Another meaning of horizon is "geometrical set of points which
could be reached by light during infinitely large time interval”. Schwarzschild
radius of a black hole is the typical illustration for the second definition. The
value R(t)nhor determines horizon size of the Universe in its first meaning.

After some algebra with Einstein equations one can obtain using Eq. (2.6)
first order differential equations that are valid for homogeneous Universe

a2 k 87G N

2tZ- 3”3 @11)
dp | 3(p+p)

— 4+ =2 =0. 2.12
dajL a 0 ( )

De Sitter [239] has considered hypothetic space with zero stress energy - mo-
mentum tensor anfl # 0. Being as simple as possible, this space possesses
interesting and important features which are widely used in modern theories.
The first of Eq. (2.11) is simplified significantly

. A

a%> — H2a? = —k, HZ = 3 = Const (2.13)
There are three types of solutions corresponding to three possible values of
constank: 1) k = 0 - Flat Universe -

a(t) = Const- exp(Hot), (2.14)

2) k = —1 - Open Universe -
a(t) = Hgtsinh(Hot + Const), (2.15)

3) k = 1 - Closed Universe -
a(t) = Hg*cosh(Hot 4 Const). (2.16)

The constants can be found from initial conditions. The value8aist and
Const' are usually chosen to be zero a@dnst= Hy!. In this case all the
three possible forms of the scale factor tend to the unique one at large times

a(t) = Ho'exp(Hot), t>>Hg™. (2.17)

The physical distance between two points increases exponentially as it is evid-
ent from the expression (2.8) and from the form of the scale factor in de Sitter
space. On the other hand, these points are characterized by comoving dis-
tances; andr that do not vary with time. This remark indicates once more
the difference between physical and comoving distance. It is very instructive
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to consider a distance travelled by light both in the comoving coordinate and
the physical frame. Keeping in mind flat Univerge= 0) with the scale factor
a(t) = Hgytexp(Hot), we obtain

tl
Lcomo\(t, t,) - dT/a(T) - e_HOt - e_Hot, (218)
t
for the light motion from the initial momertt to the final moment’ in the
comoving frame. Horizon size

Lhor = LCOI’T‘IO\(tytI — 00) = g Hot (2.19)

is finite and moreover, the later the light was emitted, the smaller path it will
cover. It may be said that the horizon is decreasing with time in the comoving
frame. The result for the physical frame is as follows

Lonys(t,t') = a(t’) Leomou(t, t') = Hg* [exp(Ho(t' — 1)) — 1] .
The horizon tends to infinity according to
Lphyshor(t,t’ — 00) = Hg texp(Hot'). (2.20)

and depends on the differente- t only. The horizon size is very important
value that strongly influences all physical phenomena. The horizon size equals
infinity when physical processes run in the Minkowski space. The situation
differs drastically for FRW and for inflationary stages. As we will see below an
interplay between the horizon size and the spatial scale of physical processes
must be taken into account at these stages. One has to keep in mind from the
beginning what frame is chosen for given consideration.

2. Inflation

Decades have passed since it was understood that our Universe has very
productive and interesting history before Big Bang. It was realized that the
expansion of the Universe is not able to explain many intrinsic problems of its
evolution. Rather complete list of them is represented in [57],[3] as well as in
many other textbooks devoted to the very early Universe. The main conclusion
is that a period of very quick expansion of the Universe must have taken place
before Big Bang. It could be easily achieved by postulating de Sitter space in-
stead of Minkowski one. On the other side, the Universe expands rather slow in
the modern epoch and the geometry of the space is - almost - flat. The De Sit-
ter space possesses higher symmetry of space-time, than the Minkowski space.
Such symmetry may be realized, if the energy density of physical vacuum is
non-zero. The first ideas to combine the above mentioned desired features of
the cosmological evolution were based on the postulate that the initial state of
the Universe was maximally symmetric and on the possible interpolation from
this state to FRW regime of expansion [48, 49] (see [109] for review). A.l.
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Bugrii and A.A. Trushevsky [95] found the possibility to realize the regime
of quick expansion in the course of high temperature phase transition in had-
ronic era. Though based on the unrealistic extrapolation of pre-QCD physics
of strong interactions, it may have been the first attempt to realize inflation as
the effect of high temperature phase transition, predicted by a particle physics
model. It was found in [50, 51] that De Sitter vaccum dominated stage may
be realized as th&? effect of quantum corrections to the gravitational field,
whereR is the scalar curvature. However, it was the work of A. Guth in 1981
[52], aimed to solve the problem of magnetic monopoles (see further Section
5 of this Chapter), that revealed the set of the general internal problems of
the Big Bang cosmology and proclaimed the essential features of inflationary
scenario. It initiated the transition from the principal possibility to the vital ne-
cessity of inflation as the element of the Standard Big Bang Cosmology. The
transparent and appealing idea of inflation, its principal ability to provide the
self-consistent framework for Big Bang Cosmology is so impressive that sci-
entific majority is now convinced in its correctness at least in general issues in
spite of some remaining difficulties of its realization [58]. Scalar field coupled
with gravity provides us the simplest way to describe the physics of inflation.
The standard Lagrangian density of scalar field coupled with gravity is

R

1
L= v e t 3 ek V) @2

whereG is Newton constant. Equation of motion of scalar field can be written
in the form

Juv/=99" dvp + v=0V'(9) = 0. (2.22)

In FRW Universe nonzero values of the metric terg@rare (see (2.6))

0o 1 1 w1 1—kr?

S - . S 2.23

g doo g Ou1 a(t)? (2.23)

g?? = 1 —a(t)"2r 2, (2.24)
022

gl = 1 —a(t)"2r2sin?g; (2.25)
033

a(t)3 .
vV —9 = +1/—9000rr996Ypp = —\/]_(_)Wrzsme- (2.26)

In the important case of uniform distribution of the fieldi.e. ¢ = ¢(t), the
equation (2.22) is simplified significantly

a

—. 2.27
. (2:27)

¢+3Hp+V'(p)=0, H

The Hubble parametéd is one of the most important parameter influenced
the evolution of our Universe. The energy density of the scalar field is equal to
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p = 39+ V(p) and Eq. (2.11) in the form

H? = % (;gbz +V(¢)> (2.28)

may be considered as the second equation of the system to find dynamical
variablesp(t), a(t). The termA /3 was included into the potentisl

It was noticed that in case of slow motion of fiejdthe behavior of the
system (2.27), (2.28) is very similar to those for de Sitter space evenr-f0.
Indeed, slow motion takes place if "friction termH3® is large enough, i.e.

3Hp >> ¢ (2.29)
what leads to the inequality
9% << V(p). (2.30)

The latter results iv ~ Constand, keeping in mind Eq. (2.28), in approxim-
ately constant Hubble parameter

a 817G

5 3 V(p). (2.31)

We obtain exponential growth of scale factgt) o< exp(Ht) as in the exact

de Sitter case. Scalar field dynamics is much more rich than simple de Sitter
case and reveals new interesting features. In particular, thedigloverned

by the equation of motion, slowly moves to the potential minimum and hence
inequality (2.30) becomes wrong inevitably at some small values of the poten-
tial. Thus, exponential grows is not eternal and inflation is finished at some
values of the field close to the minimum of the potential. The field evolution
during inflation is governed by equation

3Ho +V'(p) =0 (2.32)

obtained from Eqg. (2.27), where secondary derivative is omitted due to slow
motion of the fieldp.
Slow roll conditions can be derived as follows. From Eq. 2.32 represen-
ted in the form
V'(e)

~ 3H(p)
one can easily obtain expression for the second derivative
Vi) oy V(o).
¢ = P)p — ®.
()PP B ()
Both terms in rhs must be small comparing with the term 3H¢ to sup-
ply slow roll condition. Bearing in mind expression (2.31) for the Hubble
parameter, slow roll condition could be represented in standard form
MZ \V 2 MZ \V
e= P (p) <<;7757P (p)
167 V(¢)? 87 | V(o)

H

‘<<L (2.33)
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It is worth estimating those field value for whiche = 1,7 = 1. When
the field reaches this value the inflation is finished. For the potential in the
form V(¢) = 1¢" slow rolling is substituted by a quick classical motion of
the inflaton when

Pend ~ 4:}7[ Mp.
Evidently, the inflation takes place at those field values which yield rather
big value of potential.
The scale factor evolves according to Eq. (2.31)

t
a(t) = Hipn) texp| [ Hip)ct]. (2.34)
When the inflation is finished, say, at timg initial space domain of a size
H(gin)~! has been expanded up to the sR@.) = a(te)H (pin) L. Com-
monly used value of the Hubble parameter at the end of inflatidAgis~
10'3GeV For most estimations it is enough to suppose approximatéy,) ~
He = Constduring last stage of inflation. Another useful valuesifolding,

N that is determined as
at
Nzln[ (f)]. (2.35)
a(tin)
This value indicates a factor of the Universe expansion during time interval
(tin, t£) in logarithmic scale. It can be expressed in terms of inflgion the

following manner
ty 0f
Nzln[a(tf)] :/Hdt:/Hd_"’:
a(tin) ¢

tin @in
" 3H(p)2d 8 [ V(o)
¢)2dg 7 ¢
_ '\¢)7de o do. 2.36
/ V'(p) MZJ Vi(p) " (2.36)
@in ®in

Equations (2.31) and (2.32) may be solved for different forms of potentials.
As an example, if the potential has the form

V(p) = %mzfpz (2.37)

the solution is
mMp

t) = @in — ——t.
o(t) = ¢in o
Remind that this solution is valid until inequality (2.29) is fulfilled. If the last
is true, stress tensor has diagonal form approximately

(2.38)

Vip) 0 0 0
T~ 0 Vi) O 0
= o 0 —V( O

0 0 0 —V(p)
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We have to notice that any media with stress tefigprx g, implies inflation.

3. Scale factor

Our Universe is supposed to be uniform and isotropic in majority of models.
In this case physical distané®between any two points is governed by scale
factora. Simple formula

R(t) = a(t)r (2.39)

expresses physical distance in terms of comoving distandg the modern
epoch this expression is valid at the scale much large than the galaxy scale.
Below we consider a time dependence of the scale factor at the main stages of
cosmological evolution.

The main equations for the discussion below follow from Einstein equa-
tions (2.11), (2.12). There are three unknown functiora(t), p(t) and p(t)
and third equation is needed to solve the problem. Widespread choice
is the connection between energy density and pressure, representing the
equation of state of the Universe. This connection, which we write in the
form

P+p=17p, (2.40)

is valid in many (but not in all) cases. Numerical value of the parametery
depends on properties of a medium in question. We will see below that the
scale factor grows rapidly so that the curvature term (the second term in
the left — hand side of the first equation in Eqg. (2.11)) can be freely omitted.
As the result, the main system acquires final form

. 8nG
2= 2

5 P, (2.41)
dp p
— _3,C 2.42
da 37/a ( )
with the obvious solution
C
p = = (2.43)

Unknown constan€ may be defined using initial condition® = pina’’,

where indexin’ determines initial value for considered stage that is supposed
to be equal final value of a previous stage. The transitions between neighboring
stages is not sharp, of course, what is neglected often. Substituting expression
(2.43) into the first equation of system (2.41) one finds time dependence of
scale factor

2
3y

a(t) [a(tin)37/2+2 8ﬂGC(t—tin)] ,

3y 3
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where timetj, marks the beginning of a considered stage. The final formula
may be readily written as

(2.44)

2
2 [82Gpin, . |7
37/ 3 (t - tln)] :

a(t) = ain [1+

The majority of processes happened in early Universe indicate quick grows of
the scale factor so that more simple formula appears to be more practical

2 :|2/37

a(t) ~ ain [Hin - (t —tin) (2.45)

3y
HereHin = H(tin) = 1/87Gpin/3 is Hubble parameter at the beginning of
specific stage. The value of the parametés strongly dependent on the stage
of the Universe. There are four main stages of evolution that should be present
with necessity in the inflationary Universe: inflation, reheating (or preheat-
ing), stage of radiation dominance and matter-dominance dtaffationary

stagewas discussed above in detail. The scale factor of this stage is described
by formula (2.34).

3.1 Reheating

The period of inflation is finished when the friction term appears to be small.
After that the inflaton field starts oscillating coherently about its potential min-
ima. This process is accompanied by high energy particle emission and leads
to heating the Universe. The stage of reheating (or preheating, if the Universe
has been never hot earlier) is finished when the energy density of particles is
comparable with the energy density of the field oscillations. Before this we
may roughly suppose dominance of the energy density of field oscillations. It
means that the equation

¢+3H(1)+V'(p)=0 (2.46)

is still valid. Using formulae for pressupp= %(bz —V(¢) and energy density

p= %gbz + V(g), this equation is easily transformed into the already known
form (2.12) g

dii = —3H(t)(p+p). (2.47)
Auxiliary conditionp+ p = yp takes place only approximately if one averages
by a period of oscillations and find model-dependent paramreterdeed,

T T ] (Pmax-
[ (p+ p)dt [ ¢%dt [ ¢%de
V= T T ) T Pmax 1- .
[ pdt [ [30% + V(p)] dt g do [302+V(9)] /¢
0 0

(2.48)



Basis of inflation 25

If the oscillations are very quick comparing with expansion of the Universe we
may use the law of energy conservation in the fgree \/2 [V (¢pmax) — V(9)].

The potential may be approximated by a polynoriviéb) = A¢" in a vicinity

of its minima and we came to the simple formula

~ 2v
T v42

y (2.49)
Let us determine the scale factor as a function of time. At the beginning of the
reheating, scale factor was the same as at the end of inflatig), = a (te) =
H(pu)teNv . We suppose that the visible Universe emerygse-folds be-
fore the end of inflation with the sizd (y)~* and at the field valuey. En-
ergy density equals to the potential energy at the end of inflatiory,) =
p(te) = V(ge). Finally we obtain scale fact@en(t) at the stage of reheating
in the form (2.44) withay, = H(py)~teN andpi, = V(pe). When this stage
is finished (at the timeep), initial space domain of a sizég! has been ex-
panded up to the sizB(te) = aren(tren)Hgt. More practical expression for
the formula (2.45) may be written in the form

2

2/3y

The reheating stage gives most uncertain estimation of the scale factor as com-
pared with other stages. Indeed, factoibeing effective value, reflects such
features as the form of the potential and the decay rate of the inflaton into light
particles, what is strongly model dependent. The products of decay heat the
medium what gives additional uncertainties.

3.2 Radiation — dominated stage

Up to now we were able to express energy density in terms of field theory
to solve Eg. (2.46) and to find behavior of scale factor. The decay of field
oscillations transforms their energy density into the energy density of high
energy particles, dominating in the Universe after the field oscillations faded
out. At this stage it seems reasonable to consider the hot Universe introducing
temperature and utilizing standard results of statistical physics and thermody-
namics. The problem is that we can use the concept of temperature only in
equilibrium what is not strictly true in our case due to expansion of the Uni-
verse. Fortunately, the characteristic processes are so quick that the state is
very close to equilibrium. Indeed, consider the collision time of electron and
photont,e and cosmological timé;osm ~ Mp/T2 at the moment with tem-
peratureT. The collision time is evaluated d$. ~ nov, wheren ~ T3 is
electron densityg ~ /T2 is the Compton cross section aud~ 1 is the
electron velocity. One could deal with ‘temperature’ only,if << tcosm It
takes place if << a?Mp ~ 10'GeV. Meantime the temperature at FRW
stage hardly exceeded %BeV what means that the concept of temperature
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could be used freely. To find scale factyp(t) one can apply formula (2.44)
with y = 4/3 for the radiation-dominated Universe. This value of fagtor
follows from the equation of state = p/3 for the gas of highly relativistic
particles and from the formula (2.40). The initial conditions for this stage are:
tin = treh, pin = p(tren) @ndain = a(tren), Wheret,en corresponds to the end

of reheating stage. The final expression for the scale factor could be written
in the form (2.58). Energy density of relativistic plasma is connected with the
temperaturd in the standard way

% 4
p=20T (2.50)

whereg. is the number of relativistic species with the account of their statistic
weights. Thus, if quick oscillations of the inflaton field heat the medium to
the temperatur&ep, formula (2.50) determines energy dengiyen) Which

is the final one for the reheating stage and the initial one for the radiation-
dominated stage. Let us show also that the entropy is constant after reheating.
Indeed, in our casg ~ a—* (y = 4/3), on the other hand ~ T4 and hence

aT = Const (2.51)
Keeping in mind connection of entropy density and temperature

2 2
s= 4i59*T3, (2.52)

one immediately obtains
S~ sat)® = Const (2.53)

This statement confirms the conclusion made above that the processes of particle
interaction which could change the entropy of the system are much slow as
compared with the expansion of the Universe. Another useful formula is also
evident from Eq. (2.51)

T(t) = ag('te)“)

This connection between the scale factor and the temperature is very important
for cosmological estimations. The temperature dependence on time is ruled by

the formula
45 \Y* Im

Treh. (2.54)

This formula is obtained from the combination of formulae (2.50), (2.41) and
(2.58).
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3.3 Matter — dominated stage

Matter — dominated period of the Universe can be treated as a dust-like
period with good accuracy. It means that presgueguals zero and the para-
metery = 1in Eq. (2.40) (see [3] for more details). In full analogy with
radiation — dominated stage one can find scale famigy(t) by applying for-
mula (2.44) withy = 1 for the pressureless Universe. The observational
data do not exclude and various cosmological scenarios do admit the existence
of early dust-like stages (see review in [3]). But in any case the relationship
between the energy densities of matggy, and radiationp,, in the modern
Universe,pm > p,, indicates that radiation dominance has been inevitably
finished, when matter dominance stage began. The initial conditions for this
stage are

2
T
tin =trp, pin = p(trD) = %g*TéD, ain = arp(trp),

wheretrp corresponds to the end of radiation — dominated period. Formula
(2.51) is also valid provided is the temperature of relic photons. Let us bring
together the main formulae for the scale factor based on more vivid expression
(2.45), valid at >> tj,. Inflation stage

a(t) = a(t) = Hy?! exp(/ Hdt) ~ H_'ev. (2.56)

HereNy ~ 60, He ~ 103GeV for ordinary inflationary models Reheating
stage

2 2% 2/3
a(t) = aren(t) = a (te) <3}/He> (t —te)?/%. (2.57)
Radiation-dominated stage
1 1/2
a(t) = arp(t) = aren(tren) [ZH (treh)] (t — tren)¥2. (2.58)

Matter-dominated stage

2/3
a(t) = aMD(t) = aRD(tRD) {éH(tRD)] (t — tRD)2/3 (259)
It is worth mentioning that recent observational data are widely interpreted in
favor of the existence of a "dark energy", a medium with the negative pressure,
such as a cosmological term Moreover, its contribution to the total energy
density of the Universe is estimated about 70% . Simplest supposition is that
the energy density of this medium does not vary with time, i.e. that it is just
the cosmological term (see however the discussion in [93, 94] and references
in the review [92]). If it is like this, the immediate conclusion is that we are
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coming into a new de Sitter stage. Indeed, the matter and radiation contribution
into the total energy density decreases with time, while the energy density
associated with\ term remains constant. It means that Hubble parameter tends

to constant as well
8 pa
H— ‘/——. 2.60

Inverse Hubble parameter characterizes the size of causally connected volume.
Simple estimation of this value gives

H 1~ 10%8%cm

Note that this value coincides approximately with the size of the visible part of
our Universe and hence we never obtain any information that is contained in a
larger volume. The distand®, between two pointlike objects governed only
by gravitation in the modern epothis

Ro = a(to)r (2.61)

(see (2.8)). It is the valu®y that is measured these days. What could one
says about values(tp) andr? The formulae for scale factor written above are
useful if only one specific stage is analyzed. To determine the &ty one
needs to know all values in formulae (2.56), (2.57), (2.58) and (2.59). Mean-
time, even the value ddirp(trp) that seems to be fixed by the observations

of CMB and large scale structure can actually vary owing to the possible ex-
istence of unstable dark matter. This value also depends on the choice of the
model for the dark energy. The parameters of inflationary and post-inflationary
stages are much more model dependent, and the main uncertainty in these para-
meters is related with the reheating stage. Another question is connected with
the numerical value of coordinate These problems could be avoided if we
consider expression (2.61) as a substitution of the variables - instead of math-
ematical coordinate we will use observational valugg. In this case physical
distance between the two points at arbitrary time is

_a(t)
RO = 2177

For example, distances at matter - dominated period looks like

B 2/3 2/3
R(t) = <t“"D) Ry = <t> Ro.
to — trD to
Very often dimensionless value

a(t)

a(t)
a(to)
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is denoted as scale factor. Now let us answer the question: - What is the
connection between the scale factor and temperature? We already have the
answer for radiation - dominated period - see formula (2.51). The only what
remains is to determine this dependence at matter - dominated period. To
proceed, we have to notice that in this period recombination took place, when
protons and electrons were coupled into hydrogen atoms and thus decoupled
from radiation. So, photons do not interact with matter starting from the period
of recombination. Up to this period they were in the thermal equilibrium with
plasma. Their distribution was nothing but Planck one and to the moment of
recombination, corresponding to the temperaiygg it took a form

Er2ec dEfec

dN(t =V .
( rec) rec ”2 quEreC/TreC) _ 1

(2.62)

HeredN is a number of the photons with energy betwdgg. and E;¢c +

dEec Within a volumeViec. After the recombination their interaction with
surrounding neutral atoms is negligible. The energy of a photon decreases
with time according to the following

2r 2r a(trec)
E(t) = p(t) = ORRED o0 = a0 Erec (2.63)

Number of free particles is a conserved value, so that

The volumeV grows with time as

V(t) = (;t“)))e’v

Combining all the formulae written above one obtains the photon distribution
at the instant

E(1)° dE (2.64)

It is evident now that Planck distribution of relic photons still takes place with
the temperature

T(t) = ag(fte)")

Thus the law (2.51) takes place both in radiation - dominated and matter -
dominated stages of the evolution of our Universe. The constant could be
determined from the normalization to the modern epGomst= agTy.

Trec. (2.65)
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4. Does expansion during de Sitter stage really
exist?
De Sitter space may be imagined as the space with gravity being produced

by constant potential density = A = Const One of possible forms of the
interval is

d< = d? — et [dr2 4 r2(de? 4 sin? 6 d(pz)] : (2.66)

whereH = /A/3 (see (2.13)). Note that this widespread form of the in-
terval for flat Universe K = 0) implies that scale factor is dimensionless
value a(t) = et while coordinate radius is dimensional one. It does not
lead to misunderstanding usually. It can be easily shown that particle traject-
ory X' (t) = constin comoving coordinateg, x') is the solution of geodesic
equation of motion

i piodxdxt

ds? ds ds
becausel}, = 0 for metric (2.66). It means that a distance between two
particles at rest does not vary with time in comoving coordinates. On the
other side, physical frame implies measuring in terms of physical coordinates
xiphys = H~te"'x! what indicates unambiguously an increase of the distance
between the two particles. This contradiction could be strengthened if one
realizes that the form (2.66) for the interval is only one among many. For
example, one of possible forms is

ds? — (1— H2r2) di2 — (1— H2r2> a2 — r2(de? + sir o de?),

that is obviously static. There exist another coordinate systems where dis-
tances decrease with time. How could we understand whether our Universe
really expands if distances depend on coordinate system? To solve this prob-
lem we have to find another indicator of space expansion besides the distance.
This indicator should not depend on a frame. For this, consider a system of
test particles uniformly distributed in the Universe with some constant density
and small but nonzero interaction between them. If we find out a decline of
interaction with time, it may be interpreted as the uniform expansion of the
Universe what leads to increasing of the interparticle distances. To this end,
consider a behavior of a horizon with time in the comoving coordinates. Most
simple way to determine the size of the horizon is to find a distance that light
travels from the momert By definition, the propagation of light corresponds

to the intervalds = 0. Hence, Eq. (2.66) gives the connectidin= eH'dr

and
Ry 00 ,
dr:/ dt'e Mt
0 t

Horizon size
Ry = H te Mt (2.67)
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decreases with time. But average distance between the test particles in the
comoving space is shown to be constant. Consequently, when the horizon ap-
pears to be smaller than this distance, the particles turn out to be placed in
causally disconnected area and the interaction between them must be absent.
Hence, initially nonzero interaction between particles tends to zero with time.

It indicates (or determines if one wishes) that the Universe is really expanding
during de Sitter stage. Evidently, this statement should not depend on coordin-
ate system - the conclusion is the same for physical and comoving frames.

5. Why do we need inflation?
5.1 Flatness problem

The old Big - Bang cosmology suffered several troubles that can not be
recovered in its framework. The inflationary paradigm resolves these problems
in a natural manner. Here we consider only a couple of them — the so called
"flatness" problem, i.e. the problem, why the density is so close to the critical
one — and the monopole problem to show how it works. Let us consider the
equation (2.11) with\ = 0. Critical energy density is determined as those that
leads to flat Universe, i.&k = 0 . It means that

3 22
Perit = 871'MPH (2.68)
(Remind thatG = 1/M3 anda/a = H). Eq. (2.11) leads immediately to the
equality

Perit — P(t)
Pecrit
for k = +1. Modern observational value of energy density is close to the

critical density [74], so that the inequality

=a(t)2 (2.69)

Perit — P(tnow)
Pcrit

is established rather firmly. Combining the two equations (2.69), (2.70) one
can easily obtain

= a(thow) 2 <1 (2.70)

perit — p(t) 1 a(tnow)2

Pecrit a(t)Z é_(t)z
To simplify the situation, suppose that there are only radiation - dominated
stage so tha(t) oc v/t. The temperature at the beginning of this stage was not
less than 19 GeV, while modern temperature is about 3®GeV. Hence, the
last inequality leads to a very unnatural situation at the beginning of the RD
stage:

Pecrit — P(tRD)
Pcrit

a(thow)? _ trD (Tnow) 2 19
< = = = ~ 107+, 2.71
a(trp)®  tnow TrD (2.71)
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The question is why real energy density of our Universe was so close to the
critical one in the past?

There are two possible answers to this question. The first one concerns with
more general problem of fine tuning of parameters of the Universe discussed
in Chapter 9. Another way is to reveal some mechanism that gives rise to
such a small values. Fortunately, the inflationary paradigm supplies us mighty
tool to resolve problems like that. Let our Universe had the inflation stage
with scale factor (2.34p(t) = H~!cosh(Ht), with the Hubble parameter
H = Constthat is approximately valid in most inflationary models. In this
case the behavior of ratio (2.69) with time is

‘Pcrit - p(t) — Sinhﬁz(Ht).

Pcrit

This function tends to zero exponentially while the inflation lasts and we real-
ize that inflationary paradigm is able to explain small value in estimation (2.71).

Other problems like problem of primordial density fluctuations in the Uni-
verse, a horizon problem and a monopole problem are also solved by supposi-
tion of inflationary stage.

5.2 Monopole problem

As we have already mentioned above, the early approaches to inflation have
at most demonstrated the principal possibility of quick cosmological expan-
sion. They were motivated either by aesthetical reasoning to relate the begin-
ning of the Universe with the maximally symmetric state, or offered some pos-
sible mechanisms for quick expansion. The common understanding that infla-
tion should be the necessary element of the Standard Big Bang scenario came
after the problem of relic magnetic monopole overproduction [42, 43, 44] (see
[3] for review) was revealed as the dramatic disaster for the old Big Bang cos-
mology and after inflation was offered [52] as the resolution for this trouble.
The possible existence of magnetic monopoles — isolated poles of magnet —
was discussed at each step of the development of the theory of electromag-
netism. So, Coulomb has offered the inverse distance-squared law for mag-
netostatic force between "magnetic charges”, being similar to the electrostatic
force between electric charges. In the quantum theory of electromagnetism
Dirac has found that quantization of electric charge inevitably leads to the ex-
istence of Dirac monopole — isolated pole of magnet with the magnetic charge

‘hc
g= iZe’ (2.72)
wheree is the electric charge of electron. The mass of Dirac monopole was a
free parameter. One could ascribe the absence of Dirac monopoles among the
particles, created at accelerator experiments, to such a large value of monopole
mass that it corresponds to the energy threshold of their creation, exceeding the
energy, accessible at the given accelerator. It made magnetic monopole search
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the challenge for each new accelerator, at which higher energy range was
reached. Since magnetic charge conservation should be as strict as the conser-
vation of electric charge, the lightest particle, possessing the magnetic charge,
should be absolutely stable. Monopole should be created in pair with its anti-
particle (antimonopole) that bears magnetic charge of the opposite sign. Mono-
pole and antimonopole should annihilate into particles, having nho magnetic
charge. According to the old Big Bang scenario, in the early Universe, when
the temperature exceeded the energy threshold of monopole-antimonopole pair
production, i.e. al > m, wherem is the monopole mass, these pairs should
have been in the equilibrium with the relativistic plasma. When in the course
of expansion the temperature fell down belowmonopole abundance should
have been frozen out. It should have been happened, when the rate of cosmo-
logical expansion exceeded the rate of monopole-antimonopole annihilation.
Owing to their absolute stability primordial monopoles (and antimonopoles)
should have been retained in the Universe. They should have been present in
the modern Universe. Their absence in the terrestrial and lunar matter, in cos-
mic rays, as well as the very existence of galactic magnetic fields puts severe
constraint on the modern abundance of relic magnetic monopoles (see review
and references in [3]). t'Hooft [40] and Polyakov [41] have found that Dirac
monopole should inevitably appear as topologically nontrivial solution of the
field equation for that Higgs field that breaks spontaneously a non-Abelian
group of symmetry, unifying electromagnetism with other gauge interactions.
The necessary condition is that the unifying group of symmetry is compact.
The corresponding "hedgehog" solution [41] should have the mass

A\

m ~ o (2.73)
whereA is the energy scale of the symmetry breaking ailthe unit electric
charge. In that case, magnetic monopoles can not exist in the early Universe at
the high temperatures, exceeding the critical temperature of symmetry break-
ing phase transition, i.e. @t > T. ~ A. In the course of the phase transitions
monopoles (and antimonopoles) should be formed as topological defects [37].
All these possible ideas on the monopole productions in the early Universe
were taken into account in the calculation [42] of the frozen out concentration
of relic monopoles in the Universe. It was shown that the relative frozen out
concentration of magnetic monopoles= ny/n,, wheren, is the concentra-
tion of relic photons, is given by (see the details in [3])

om
- g°Mp

m

~10°9
1016GeV

r (2.74)

Hereg is the monopole magnetic charge, given for Dirac monopoles by the
Eq. (2.72). The result (2.74) was shown to be independent of the mechan-
ism of monopole production, provided that the initial monopole concentration
(originated from the equilibrium with plasma or from creation of topological
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defects in high temperature phase transition) exceeded this value. The U(1)
symmetry group of electromagnetism is not embedded within a compact group
in the Standard Model, but it is with the necessity embedded in such group in
GUT models. It makes the existence of magnetic monopoles with the mass
m ~ 10'GeV the general consequence of such models. The old Big Bang
scenario assumed that the temperature in the early Universe could be as high
as the critical temperature for the phase transition with GUT symmetry break-
ing. Then magnetic monopoles should have been created and their frozen out
concentration should have been given by (2.74). Substituting the value of GUT
monopole mass ~ 10%GeVinto the Eq. (2.74) one could easily find [43, 44]
that the modern concentration of magnetic monopoles should be as high as the
concentration of baryons, while their mass is by 16 orders of magnitude higher,
than the mass of proton! It was just this contradiction that created the problem
of magnetic monopole overproduction in the old Big Bang scenario. The infla-
tionary solution for this problem, offered by Guth [52], assumed that the GUT
phase transition is strongly first order. It resulted in inflation, driven by the
potential of GUT Higgs field. Due to inflation the initial concentration of to-
pological defects (monopoles and antimonopoles) is then exponentially small.
Due to the supercooling, caused by inflation, the temperature after the phase
transition did not approach the GUT critical temperature, what also suppressed
the initial monopole concentration much below the value (2.74). These prin-
cipal features of Guth solution for magnetic monopole problem — inflationary
regime in the period of GUT phase transition and low temperature after pre-
heating — are retained in all the models of inflationary cosmology. It makes
inflationary cosmology free from the problem of magnetic monopole overpro-
duction. But there are still left the questions on the mechanisms of production
and actual abundance of magnetic monopoles in the inflationary Universe (see
[3] for review).

5.3 Main properties of the Universe with
inflation at the beginning
Let us consider two space points separated from the beginning by a physical

distancelp in a causally connected region. The last is characterized by the
Hubble parameted, so that

l(t=0)=lp<H,

Here and below we suppose the Hubble parameter being a constant for simpli-
city. The coordinate distangedoes not depend on time and the time depend-
ence of these quantities is ruled only by the scale faator

[(t) =a(t)r; H()= it). (2.75)
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Using these formulae one can easily find the rhtip/H (t)~* of the physical
distance between the particles and horizon

[(t .
U s, (2.76)
Scale factor during the inflationary stage is

a(t) = H texp(Ht)

and ratio (2.76) has the form

<HI((tt))l>infl e

and we reveal that the size between the two points grows exponentially com-
paring with the size of horizor ~*. Evidently, these two space points appear
to be causally disconnected, at some montgrnite. | (t1) > H(t1) even if they
were produced in causally connected region from the beginning. It is said that
the distance between the two points crosses the horizon.

When the inflation is finished, after reheating the scale factor behaves like

a(t) oc tP,

where parameter is in the range<Q0 S < 1 for any stage which takes place
after the inflation (see formulae (2.58), (2.59)). According to formula (2.76)

we have 0
xtPl 0<p<1
(H(t)l>FRW

and hence the size of the horizéf(t)~! grows with time quicker than the
distance between the two points in FRW Universe. We come to very im-
portant feature of the Universe with inflation at a first stage - any extensive
phenomenon produced at inflationary stage stretches its size far from horizon.
After the inflation, the size of horizon is increased more quick comparing with
the space scale of the phenomenon. Thus, there is some timg,, selyen

the horizon crosses the sclior the second time and the points are included
again within causally connected area.







Chapter 3

QUANTUM FLUCTUATIONS
DURING INFLATION

Quantum field theory teaches us that a classical motion of a system is dis-
turbed by quantum fluctuations. In the Minkowski space their role is rather
weak because quantum corrections are proportional to Planck corfstiant
addition, according to Heisenberg’s uncertainty principle, the larger the fluctu-
ation, the smaller time it exists. Much more interesting picture was discovered
in inflationary stage. As it was shown in Chapter 2, this stage may be approx-
imated by de Sitter space . Most important property of inflation is that any
inhomogeneity grows in space, going far beyond the horizon size. The fluctu-
ations are the specific sort of inhomogeneities as well. It seems reasonable that
their destiny differs from the destiny of the fluctuations in Minkowski space.

In de Sitter space, quantum fluctuations do not die out. On the contrary, their
size in space increases exponentially as compared with the size of horizon and
they contribute to classical constituent of the field. This process reminds a pair
creation in strong fields. The energy is conserved due to a work produced by
the field. In our case this field is evidently gravitational one. In this Chapter we
consider shortly important results on quantum fluctuations during inflationary
stage that are supported by modern observations.

1. Birth of quantum fluctuations

The simplest and widespread considered case is scalapfighdch is gov-
erned by equation

¢ +3Hp —e 2Hap +V/(p) = 0. (3.1)

The Eq. 3.1 follows from equations (2.22), (2.23) and (2.14) after simple cal-
culations. Slow variation of Hubble parametdr= &/a during inflationary
stage is neglected. To proceed, let us decompose the field into a "classical” -
@ - and a "quantum" ¢ - parts

(X, 1) = ®(x,t) +q(x,1). (3.2)

37
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This decomposition is quite conventional. Classical gait associated with
smooth, slow motion of a field. Most natural way to extract the classical,
coarse-grained part is to associate it with small momknt&uch a problem
can be solved for example by Fourier transform

3 _ _
o(x,t) = /(2(71;;/2 [ak(t)efl(kx) + al(t)e'(kx)] : (3.3)
3 . _

a3k - :
— —i(kx) T i (kx)
a0 = [ G (207 0],

with a suitably chosen boundary momenti The last is specific for each
problem. Functionsy (t) ~ €kot in Minkowski space, but simple plane wave
basis is not appropriate for de Sitter space. Thus our nearest aim is to choose
the proper basis. Most natural one is a set of solutions of Laplace equation

Og(x,t) =0

in de Sitter space. This equation coincides with Eq. 3.1 in its comprehensive
form for zero potentiaV/. After Fourier transformation

() = [ dxePg(x
the equation acquires the form

9?Gp(t) IGp (1)
at2 +3H ot

whereH is the Hubble parameter. Note that momenfuis dimensionless, as
well as the comoving coordinat&s Very often it is substituted by a value with
proper dimensiof® = Hp. The set of solutions to Eqg. 3.4 can be expressed in
terms of Hankel functions [57]

2 1 * 2 1
Hé/;(Y) = [Hé/)z(y)] = \my® 'y <l+ iy) .

+ (Hp)%e Mgy (t) = 0, (3.4)

One of most suitable solution has the form

(1) = T Hr?2 [cap)HE (1P) + Ca(p)HI ()]

Here 'conformal’ time
n=—H1te Mt (3.5)

was introduced. This variable often simplifies equations and is used widely
in those analytical calculation where de Sitter space plays significant role.



Quantum fluctuationsduring inflation 39

The solution contains two unknown constants that would be determined by
auxiliary conditions. They could be chosen in such a way to coincide with
Minkowski case ap — oo, i.e. at small distances; = 0,c, = —1. Finally,

the set of orthonormal functions in the comoving frame is [57]

iH P iP
0 t — 1 P —Ht e —Ht . .
Gp (1) p3/2\/§<+|He )exp(He (3.6)
If a fluctuation has characteristic (comoving) sizd, those functions of set
(3.6) with momentap ~ 1/l mostly contribute to the Fourier transform-
ation of the field configuration represented the fluctuation. So it is worth
to discuss the time and momentum dependence of this function. The time be-

havior of the functiorgy(t) depends on a momentum interval. One can easily
see that a threshold value of the momentum is

P*(t) = HeM. (3.7)

More definitely, oscillations die out at small momeRta<c< P* and the func-
tion tends to constant
iH
G (t) ~
gp() Ps/z\/éu

while for large moment#® >> P* oscillations still take place. To clarify the
physical meaning of the picture described above, let us express all values in
terms of physical coordinateRpnys = a(t)r. Evidently, physical momentum
Ppnys is connected with comoving ong, as follows, Ppnys = p/a(t) =
P/(a(t)H). In this Chapter we are working in pure de Sitter space and the
scale factor(t) was chosen in the forra(t) = H—te"'. The threshold value

of physical momentur®y,,, cexpressed in terms of physical values is

P<< P, (3.8)

P*
P = =
PhYS™ a(t)H

This very simple and at the same time important result indicates that a value
of any fluctuation does not vary if their characteristic sizgys ~ F;hlys is

greater than the horizon siz¢1. Time dependence of any quantum fluctu-
ation could be determined qualitatively using expression (3.6). It can be easily
seen that an amplitude of the quantum fluctuations with arbitrary momenta
tends to constant (3.8) with tim@n the other hand, the physical sizepnys

of fluctuation is growing exponentially

. a(t)H 1
Lpnys~ Pays = 200 — Zeft (3.9)

This behavior is rather different from those in the Minkowski space where the
life time of the fluctuations is abouy AE (AE is an energy of the fluctuation).
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In the de Sitter space, quantum fluctuation exponentially stretches its size ac-
cording to expression (3.9). At the same time, its amplitude is determined by
expression (3.8). Now we can come back to the problem of the partition of the
scalar fielde into classical and quantum parts. Following [56], its quantum
part - see (3.3) - can be taken in the form

3 . .
a(x,t) = / (Z(jr)g/zW(P,t) (880 (0e '™ + 8lg, (0 ™] . (3.10)

Here we inserted the creation and annihilation operai@,rép‘as in standard
method of quantization. Instead of cutting off momenta by condifon-
P* we use the functioW(P,t) with propertiesW(P — 0,t) — O;W(P —
oo,t) — 1. Suitable form is

W(Pt) =6 (P —eHe™); e<<l (3.11)

As we will see later, final physical results do not depend on small but arbitrary
value of the parameter Substituting expressions (3.2) and (3.10) into Eq. 3.1

we obtain
0P 1 _oHt 8V(CD) )
T [e AD S0 = y(x,t); (3.12)

_ (1 9 1 oy
y(x’t):<3l—|at2_at+3l-le A ) g(x,t).

This equation was simplified: we have omitted second time derivative due
to slow roll approximation and neglected higher powers of functign t).

Eq. 3.12 describes classical motion of the fidldinder permanent influence

of random ‘force’y. The last is supposed to be small so that we may find a
solution to the equation in a form [240]

P = Dget+ 9. (3.13)
Deterministic part of the classical fietlye; is governed by the equation

&q)det ’

3¢det . i
ot 3H

[eZH‘Aqadet - (3.14)

while its random par$ depends strictly on the quantum fluctuations according
to linear equation

90 L1 1 ontn, ] _

o — o €280 — V' (®aes] = y(x,) (3.15)
(here we consider a limi®ge; >> ¢ what is valid if random ‘force'y(x, t)

is small). Performing calculations of the random 'force’ caused by quantum
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fluctuations as follows (see [240] for details)

— 12 9 1 ot
y(x,t) = (SH&tZ ~ ot + T A g(x,t) = (3.16)

_ 192 9 1 ont d°p Ht
(a3 (e ™) + alg e )] ~
nggeH'[ d3p S
V2 (27p)3/2

Here we used Eq. 3.4 what simplified the expression significantly. Second time
derivative is small being proportional t3. The valueP = VP2 = V (pH)2.
Approximation (3.8) was taken into account in the last line. Validity of this
approximation is justified by smallness of momenta due the argument of
function. Another important value is the correlator

D(x,t,x',t') = (0]y(x,t), y(x',t')]| 0) .

Using expression (3.16) obtained above and properties of the creation and an-
nihilation operatorsa, a’ one can easily obtain analytical expression for this
value

(P — eHe™) [épe‘i(px) - égei(px)] :

H3 sing|x — x’|e"t

D(x,t,x,t') = —5(t—t
(a; ) ) ( ) S‘X*X/‘th

272 , <<l (3.17)

1.1 Uniform case

According to expression (3.17), the correlaidfx, t,x’,t’) appears to be
very sharp function of distand& — x’|. The same reason permits to neglect
spatial derivatives in Eq. 3.15 and we come to much more simple equations
without spatial dependence. Thus uniform distributi®ns= ®(t) has physical
meaning to be considered. It is governed by more simple equation

0P 1 oV(P)
g L= — A
ot + 3H 9d 0 (3.18)
g M
Here we have denoted
m2 = V//(q)det).

This value is strictly constant for the simplest form of the potential

1
V(g) =Vo+ §m2¢2.
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and it is almost constant during inflation in more general cases. The correlator
(3.17) of random functioy(t) may be approximated as follows

H
(Y(t)y(t2)) = DX 1) = 55 6(t — to)
in the limit ¢ << 1. Delta function in the right hand side of this expression

indicates that random functiorit) is distributed according to Gauss’s law with
the density

1 5 H3/2
W(y) = Constexp [_M/y(t) dt] , o= P

Probability distribution of functiory is proportional to that of functiony(t)
due to their linear relationship given by (3.19). It means that the probability to
find function¢(t) inside some small interval is equal to, see [241]

> 2
dP(¢) = Const- D¢ exp {—;2/ Bf + ;T_'¢] dt] .

The measur®¢ = |‘|iN:1 do(ti), N — oco. Now we are ready to obtain the
probability to find field valuep, at an instant, provided a valuep; at an
instantt, is known. Evidently, we have to integrate over all values of the field
inside the time interva(ty, tz) except the valueg; = ¢(t1), 92 = ¢(t2) and
come to the expression

dP((I)z,tz; 01, tl) = (3.20)

92 1 [2[9p mP 2
Const- d¢2/¢1 quexp[—%z/ﬁ [at+3l—|¢] dt] .

The constant factor in this equation is determined by normalization condition

/ dgaP(2,t; 91,t1) = 1.

Functional integral (3.20) can be calculated exactly in standard manner [241]
by finding extremal trajectory of the integral in the exponent

) m2
025 0 —
¢ —u¢=0; 1= 35

with boundary conditions
o(t1) = o1, 9(t2) = ¢2.
Solution to this equation is
o(t) = Aet + Be ™!

g2 — e g+ 1T

T oS 0 0T Tashm)

(tz —t1)
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Substituting it into the integral in the exponent of expression (3.20) one obtains
desired probability

dP(g2,t1 +T; ¢1,t1) = dg2 - \/:exp [—r (92 — ¢1e"”)2] ;

_m 1
H3/2
M 3H onsto on ons

In the limit of massless field we obtain more simple formula

2 272
dP(g2,t1 + T; ¢1,t1) = dg2y/ H—fT exp [_HZT (62— 01)%|. (3.22)

This formula is widely used in the inflation scenarios where a motion of fields
must be slow and hence the second derivative of potential is negligible.

The picture of field evolution looks as follows. The field consists of two
parts, see expression (3.13). Deterministic gaj¢; moves according to clas-
sical equation of motion (3.18) and is permanently disturbed by random ‘force’
y. As it is shown above, its influence is described by random pdhiat is
distributed with probability density (3.21). One can calculate average value
< ¢2 > to estimate a deviation frorPge; With time. Explicit form of the
probability (3.21) permits doing it rather easy with the answer

<ot2> = / $2dP(6, o+ t; 91, t1) — (3.23)
_ 1 _ 0-2 2ut
= E*ﬂ(l‘e )

This formula can be significantly simplified in case of massless field. It is often
fulfilled approximately during inflation because the latter takes place only if
m << H. Expanding the exponent in Eq. 3.23 we come to the result

<ot > =0 = %\/Ht. (3.24)
In terms ofe-folds, N = Ht we obtain formula that will be used widely in the
following

<o(t)2>=0= zH—ﬂ\m (3.25)

As a particular result, one can conclude that a fluctuation with an amplitude
~ H/2z is formed in time intervat ~ H™Y, (N = 1). The expression
(3.7) gives us the moment when the fluctuation ceases its variation, so that
its space size does not vary after the the same time interval~ H=L. The
space size of this fluctuation could be estimated as well. For this, one has
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to notice that correlator (3.17) is not small att ~ H~1 if the comoving dis-
tance |x — x'| < 1. It means that those fluctuations with comoving size of
order unity are meaning. Their physical size grows with time in ordinary
manner

L fiuct = a(t)|x — x| ~ H 1M (3.26)

and itis equalH ! attime t ~ H~1. This point is very important in applic-
ations. Note that results (3.25) and (3.26) could be approximately reproduced
rather easy even in the Minkowski space. Indeed, starting from Lagrangian
(2.21) for massless field, the estimation of action

1
S= / d4X\/jg§g”V0—’y(P3v(P

looks as follows.

(A(P)z _4
S~ e H™™.

Here we denote a&¢ the fluctuation that is formed during time intertai-
H-1. It was taken into account also that a size of the fluctuation is of order
H 1 for massless field distributed with speed of light. The probability of such
a fluctuation is not small if the actidd ~ 1 and we come to the estimation

Ap ~H

what is coincides with more accurate result (3.25) in order of magnitude. There
is another way performing the calculations which may be often met in literat-
ure. If one notes that equation (3.19) is represented nothing but Langevin equa-
tion it immediately follows that probability distribution must satisfy Fokker -
Planck equation

P H392P  m? 9%(¢P)

ot 812 9¢2 *3h2 092
Our expression (3.21) for probability is the solution of this equatiiR &
Pdg in our notations).

(3.27)

2. Classical evolution of quantum fluctuations

One of the conclusion of previous sections is the following. A density fluc-
tuation, being produced by quantum fluctuation, sharply increases its size.
During inflation, an amplitude of the fluctuation evolves independently after
its size prevail horizon . It takes place up to an instant of second crossing of
horizon what happens after the end of inflation. Let us briefly discuss evolution
of fluctuations between the two crossings a horizon. As a result of profound
discussion, it was established a relation that is used widely in modern literature

9 . const (3.28)

Pt+p
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This relation is correct during period of evolution of the fluctuation between
two horizon crossing. Here we show simple approximate way to obtain this
formula. To this end let us start with equation (2.12) in the form

dp _ _3da
p+p  a’
Suppose that one-to-one correspondemee: p exists (may be different for

different intervals). Hence, the pressure is some functign and we can
integrate this equation

p(t) a(t
/ dp:—3/ ()@, (3.29)
pito) P(P) +p alty) @
wheretp is some moment during inflation stage and an arbitrary moment
such that — to >> 1/He, He is Hubble parameter at the end of inflation. We
would like to warn a reader that the last expression is not exact one. The fact
is that there is no one-to-one correspondemce: p during short periods of
first order phase transitions that may have taken place in the Past as possible
cosmological effects of particle symmetry breaking. If quantum fluctuation
produced energy density perturbatiép(tp) in the manner discussed in the
previous section, last equation must be rewritten for those space domain which
was occupied by the fluctuation

p(t)+6p(1) a(t)+éa(t)
/ _% _ 3 / da (3.30)
p(to)+dp(to) p(P) +p a(to)+da(to) a

Now let’s attribute tag andt the meaning of the first and the second crossing
of the horizon by this fluctuation. One could expand both sides of Eq. 3.30
into a sum of three integrals to obtain

/p(to) dp /p(t)+5p(t) dp
P — _|_ - =
pto)+3p(te) P(P) + P Jpm p(p) +p

a(to) a(t)+sa(t)
3 / da_s / da,
a(to)+oa(ty) & a(t) a

Here Eq. 3.29, valid for the volume of larger size, was taken into account
to cancel third integrals in the both sides of the equations. Taking in mind
smallness of the fluctuations, these integrals can be easily estimated and we
come to equation

(o) = (52 +55).
p+p a/y, p+p a/,

Scale factoa grows very quickly so that we could neglect second terms in both
sides of this equation thus coming to the desired equation (3.28 ). Formula
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(3.28) written in the form

<6p> §<5P> (3.31)
pP+p tf p+p tin

could be useful to obtain characteristics of modern large scale fluctuation. Here
tin is time of the fluctuation formation at inflationary stage and its first cross-
ing of the horizonts is the time of second horizon crossing at Friedmann -
Robertson - Walker stage. Left hand side of this equality can be expressed
in terms of inflationary parameters and variables while right hand side is sim-
plified at matter - dominated stage due to the absence of presgure Q.
Expressions fo6p andp + p may be easily written in the inflationary stage in
terms of the scalar field (inflato) = ¢(tin)

5p =V'(p)se,
p+p=¢°

The quantitydp/p|t, which is important to evaluate is now expressed in terms

of inflaton field ,
<5p> o <V (fp)&»)
P/t (p2 tin

These estimations are not exact and it is enough to limit ourselves with mass-
less case for estimation of fluctuation§¢ ~ H(¢)/2z. Using equations of
motion for the inflaton field we obtain

(5), - o)., 632

The Hubble parameter H depends on the potentiaV (¢) and we have the
formula for calculation of the amplitude of energy density fluctuation.

3/2
<5p> _9 <8) @(p%z (3.33)
p/y, S\3 v

The fluctuation is characterized by the field valuep at the moment of first
crossing of horizon. In this formula we have included the factor2/5to take
into account the fact that the Universe was in matter - dominated stage
during second horizon crossing [57] though exact value of the numerical
factor is not important.

Another important parameter of the fluctuations is their size,l. The last
is connected with the moments$;, andt; of the first and the second horizon
crossings correspondingly. The evaluation of the size of fluctuation for
time t such thattj, < t < t¢ could be done by normalizing to the size of
our Universe, Ly. Namely,

| = Ly exp(N — Ny), (3.34)
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where N is number of e-folds for the scalel during inflation, index "U”
relates to the scale of our Universel.y ~ 10°Mpc ~ 10?%cm
On the other hand, the number ofe-folds is expressed in terms of the

inflaton field ¢ according to Eq. 2.35

Az

N~ —s—¢?

Mévq)
where potential is chosen in the formV(¢) = A¢" and inequality ¢ =
oin >> @ is supposed. Substituting this formula and formula (3.34)
into expression (3.32) we come to the connection of the amplitude of the

fluctuation <%)t and its sizel [242],
f

(), (), (- mon)

The second term in brackets is small comparing with unity if one takes
into account that Ny ~ 60and|/Ly > 0.01 (only large scale are con-
sidered) We came to an important conclusion that the amplitude of large
scale fluctuations depends on its size very weakly. It is said that the spec-
trum of the fluctuations is almost flat.






Chapter 4

STRONG PRIMORDIAL
INHOMOGENEITIES
AND GALAXY FORMATION

The modern theory of the cosmological large-scale structure is based on the
assumption that this structure is formed as the result of development of grav-
itational instability from small initial perturbations of density or gravitational
potential. As a rule, these perturbations are Gaussian, but some versions of
non-Gaussian perturbations are also discussed.

In this Chapter we first analyze the problem, inherent to practically all the
cosmological cold dark matter models of invisible axion, that concerns primor-
dial inhomogeneity in the distribution of the energy of coherent oscillations of
the axion field. This problem, referred to as the problerarohioles invokes
non-Gaussian component in the initial perturbations for axionic cold dark mat-
ter.

Archioles are the formation that represents a replica of percolation Brownian
vacuum structure of axionic walls bounded by strings, which is fixed in the
strongly inhomogeneous primeval distribution of cold dark matter. They re-
flect the unstable structure of topological defects, arising in the succession of
phase transitions in which symmetry of vacuum state changes. Such phase
transitions, resulting in formation and de-formation of topological defects, do
not necessary mean the existence of high temperature stage, on which the sym-
metry is restored. So, the structure of archioles can appear in the result of non-
thermal symmetry breaking effects on the post-inflationary preheating stage of
inflaton field oscillations.

Non-thermal phase transitions on inflationary stage can lead to spikes in
the amplitude of density fluctuations. Primordial black holes of arbitrary large
mass can originate from such spikes. Moreover, even in the absence of spikes
in the spectrum of density fluctuations, symmetry breaking on inflationary
stage can give rise to interesting alternative scenarios of structure formation
that relate the mechanism responsible for galaxy formation to unstable large
scale structures of topological defects.

49
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Such new mechanism describing the formation of protogalaxies is con-
sidered in this Chapter. It is based on the second order phase transition at
the inflationary stage and on the mechanism of a domain wall formation upon
the end of inflation. It leads to the formation of massive black hole clusters that
can serve as nuclei for the future galaxies. The number of black holes with the
massM ~ 10° Solar masses and more could be comparable with the number
of Galaxies in the visible part of the Universe.

The discussed mechanisms shed new light on the problem of primordial
black hole formation. Widespread opinion is that this process should take
place within the cosmological horizon. Since the mass within it is small in
the very early Universe, it seems to imply the smallness of black hole masses
formed at this stage of the cosmological evolution. However, if the appropri-
ate conditions for black hole formation are originated during inflationary stage
(spikes in the spectrum of density fluctuations or closed domain walls), they
could be extended to much larger scales than the scale of cosmological hori-
zon. It makes possible to form primordial black holes of arbitrary large mass
(with appropriate values of the model parameters) during FRW stages before
galaxy formation.

We have to underline that the following discussion leads to existence of
rather massive black holes before star formation. It will be shown that this
mechanism of black hole formation could be realized in most of modern mod-
els of inflation. Primordial fractal structure of galaxies is predicted in the
framework of developed models. This approach gives basis for a new scen-
ario of the galaxy formation in Big Bang Universe.

The discussion of physical basis for these scenarios begins our systematic
treatment of strong primordial inhomogeneities which can appear in inflation-
ary Universe as the reflection of particle symmetry breaking pattern.

1. Primordial archiole structure
1.1 Formation of archioles at high temperature

In the standard invisible axion scenario [9] the breaking of the Peccei-Quinn
symmetry is induced by the compl&U(3) @ SU(2) ® U (1) — singlet Higgs
field ¢ with a "Mexican hat" potential

V(o) =% (670 F2)". (4.1)

Such field can be representeddas: F, exp(i®?), whered = a/F, andais the
angular Goldstone mode — axion. QCD instanton effects remove the vacuum
degeneracy and induce effective potentialdfor

V() = AT(1— cogvN)). (4.2)

Below, following [78, 208], we will simply assume for standard axion that
N = 1 andA; = Agcp. In the context of Big Bang scenario it is usually
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Figure 4.1. Mexican hat potential, the view from aside. The tilt provides maximum of the
potential when moving along the circle valley

assumed that the phase transition Witf1) — symmetry breaking occurs when

the Universe cools below the temperatdre= F,. Thus, in this case the
crucial assumption is that from the moment of the PQ phase transition and
all the way down to the temperaturés= Agcp, the bottom of the potential
(4.1) is exactly flat and there is no preferred valuaaluring this period (the

term given by (4.2) vanishes). Consequently, at the moment of the QCD phase
transition, when the instanton effects remove vacuum degeneaacjls to

the minimum and starts coherent oscillations (CO) about it with energy density

[9, 208]
2 3
pa(T, 9) = 19.57 (TlM—r:f) (Tll) T2F2, 4.3)

The coherent axion field oscillations turn on at the monfeat8.8 - 10~ ’s.

Note, that the existence of the term (4.2)Tat> Agcp could remove va-
cuum degeneracy and switch on axion field oscillations much earlier. The
conditionH ~ my, wherem;y is the axion mass, is fulfilled in this case at
T ~ +/Mpm,, and the axion field would have started to move to its true va-
cuum states, giving rise to its CO.

It is generally assumed, that PQ transition takes place after inflation and
the axion field starts oscillations with different phase in each region, causally
connected at = F,, so one has the average over all the values to obtain the
modern axion density. Thus in the standard cosmology of invisible axion, it
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is usually assumed that the energy density of coherent oscillations is distrib-
uted uniformly and that it corresponds to the averaged phase valgie-ofl

(pa = p(99)). However, the local value of the energy density of coherent os-
cillations depends on the local phas¢hat determines the local amplitude of
these coherent oscillations. It was first found in [77], that the initial large-scale
(LS) inhomogeneity of the distribution af must be reflected in the distribu-

tion of the energy density of coherent oscillations of the axion field. Such
LS modulation of the distribution of the phaseand consequently of the en-
ergy density of CO appears when we take into account the vacuum structures
leading to the system of axion topological defects.

As soon as the temperature of Universe becomes lessRhahe field ¢
acquires the vacuum expectation value (VEY) = Faexp(i¢), wheres
varies smoothly at the scale;l. The existence of noncontractable closed
loops that change the phase byrdeads to emergence of axion strings. These
strings can be infinite or closed. The numerical simulation of global string
formation [234] revealed that about 80% of the length of strings corresponds
to infinite Brownian lines. The remaining 20% of this length is contributed
by closed loops. Infinite strings form a random Brownian network with the
stepL(t) ~ t. After string formation, when the temperature becomes as low as
T =~ NAqgcp, the term (4.2) makes a significant contribution to the total potential
so that the minimum of energy corresponds to a vacuum aith2zk, where
k is an integer — for examplé = 0. However, the vacuum value of the phase
¥ cannot be zero everywhere, since the phase must chanfye by 2z upon
a loop around a string. Hence, we come from the vacuum with O to the
vacuum withg = 2z as the result of such circumvention. The vacuum value
of ¢ is fixed at all points with the exception of the poiht= z. At this point,

a transition from one vacuum to another occurs, and the vacuum axion wall is
formed simultaneously with CO turning on.

The width of such wall, bounded by strings, §s= m;l. Thus, the ini-
tial value of# must be close ta near the wall, and the amplitude of CO in
Eq. (4.3) is determined by the difference of the initial local ph&se and the
vacuum value, which is different from the one of the true vacuum only in a
narrow region within the wall of thickness = m;*. Therefore in this region
we can write [77]9(x) = 7 — &(x), wheree(x) = 2 tarm!(exp(max)) and
x = m;1. Thereby the energy density of CO in such regions is given by

pP ~ 7%pa. (4.4)

So we obtain, following [77, 78, 208], that the distribution of CO of axion field
is modulated by nonlinear inhomogeneities in which relative density contrasts
aredp/p > 1. Such inhomogeneities were calleathioles[77].

In the other wordsirchiolesare a formation that represents a replica of the
percolational Brownian vacuum structure of axionic walls bounded by strings
and which is fixed in the strongly inhomogeneous initial distribution of axionic
CDM. The scale of this modulation of density distribution exceeds the cos-
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mological horizon because of the presence of 80% infinite component in the
structure of axionic walls bounded by strings. The superweakness of the ax-
ion field selfinteraction results in the separation of archioles from the vacuum
structure of axionic walls — bounded — by — strings. So these two structures
evolve independently.

The structure of walls, bounded by strings, disappears rapidly due to disin-
tegration into separate fragments and successive axion emission.

The structure of archioles remains frozen at the RD stage. On the large
scales, the structure of archioles is an initially nonlinear formation. It is a
Brownian network of quasi — one — dimensional filaments of dustlike matter
with the step

LA(t) = Af, (4.5)

wherea = 1. At the moment of creatiob) the linear density of this quasilinear
filamentary formations is given by

UA = T2palsd. (4.6)

In accordance with this, the cosmological evolution of archioles in the expand-
ing Universe is reduced to the extension of lines along only one direction.

The spectrum of inhomogeneities that the density develops in response to
the large-scale Brownian modulation of the distribution of CO of axion field
was studied in [78]. Density perturbations, associated with Brownian network
of archioles, may be described in the terms of a two — point autocorrelation
function [78]. To obtain such autocorrelation function, it is necessary to per-
form averaging of energy density of infinite Brownian lines over all lines and
over the Winner measure, which corresponds to the position along of Brownian
line (see [78, 208])).

The two — point autocorrelation function in the Fourier representation has
the form [78, 208]

<5l(|2)5£(|2')> = 12pauak 25(k + KT 2t%G2, (4.7)

po - po
wherepg is background densityfyp = 3/(327) for dustlike stagefrp =
(6r)~1 for RD stage,G is the gravitational constanp, is the total energy
density of the Brownian lines. The mean-square fluctuation of the mass is
given by [78, 208]

oM

2

1.2 Cosmological impact of archioles

Let us consider, following [208] a region characterized at indtégta size
| and a density fluctuatioA. For anisotropy of relic radiation we then obtain
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2
‘STJ ~ A (L) . (4.9)

If I = t, we have|§T/T| = |A|; that is, the anisotropy of relic radiation

is equal to the density contrast calculated at the instant when the size of the
region is equal to the size of the horizon (Sachs — Wolf effect). To estimate

the quadrupole anisotropy that is induced in relic radiation by the structure

of archioles, we must find the amplitude of perturbations on the scale of the

modern horizon

oM 2 25 Fa 4 trD 2/3 tpres 1/3
(W) =220 (sgmgey) (52) (%) tted

[208]

(4.10)
Thus Sachs-Wolf quadrupole anisotropy of relic radiation induced by archioles
will be [208] )
ol 6 Fa
— =23. — | . 4.11
T 2:3-10 (10106 eV) ( )

According to Relic-1 and COBE data (see for example [244, 245]), the meas-
ured quadrupole anisotropy of relic radiation is at the level of

‘STl ~5-107°. (4.12)

If we take into account the uncertainties of the consideration [78, 208] such
as the uncertainties in correlation length scale of Brownian network { +

13) and in temperature dependence of axion mass, we can obtain a constraint
[78, 208] on the scale of symmetry breaking in the model of invisible axion

Fa < 15-10°GeV+ 4.10°GeV: ma > 410ueV + 150QueV. (4.13)

This upper limit forF, is close to the strongest upper limits in [235, 236,
237], obtained by comparing the density of axions from decays of axionic
strings with the critical density, but it has an essentially different character.

The point is that the density of axions formed in decays of axionic strings
depends critically on the assumption about the spectrum of such axions (see
[235, 236]) and on the model of axion radiation from the strings (see [237]).
For example, Davis [235] assumed that radiated axions have a maximum wave-
length ofw(t) = t—1, while Harari and Sikivie [236] have argued that the mo-
tion of global strings was overdamped, leading to an axion spectrum emitted
from infinite strings or loops with a flat frequency spectroank 1. This leads
to an uncertainty factor af~ 100 in the estimation of the density of axions
from strings and to the corresponding uncertainty in the estimated upper limit
onF,

Fa<2-10%:GeV: Mg > 300/cueV. (4.14)
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Here,¢ = 1 for the spectrum from Davis [235], ard~ 70 for the spectrum
from Harari and Sikivie [236].

In their treatment of axion radiation from global strings, Battye and Shellard
[237] found that the dominant source of axion radiation are string loops rather
than long strings, contrary to what was assumed by Davis [235]. This leads to
the estimations

Fa < 6-109GeV =+ 1.9 10"GeV: m, > 31ueV =+ 10QueV. (4.15)

Arguments of [78, 208] that lead to the constraint Eq. 4.13 are free from these
uncertainties, since they have a global string decay model — independent char-
acter.

Atthe smallest scales, corresponding to the horizon in the pgrésalution
of archioles just in the beginning of axionic CDM dominance in the Universe
(at redshiftszyp = 4 - 10%) should lead to formation of the smallest gravita-
tionally bound axionic objects with the minimal malgs ~ p,f® ~ 107°M,,
and of typical minimal siz&(1+2za)/(1+2zmp) = 10"%cm One can expect the
mass distribution of axionic objects at small scale to peak around the minimal
mass, so that the existence of halo objects with the mas$ 1.0 ~ 10~1M.)
and size 18 + 10®cmis rather probable, what may have interesting applica-
tion to the theoretical interpretation of MACHOSs microlensing events.

Another interesting aspect of archioles is related with their possible impact
on the formation of antimatter domains in the baryon asymmetrical Universe.
As it was revealed in [233], the phaséx) that determines further the amp-
litude of axionic CO plays the role of spatial dependent CP-violating phase
in the period starting from Peccei-Quinn symmetry breaking phase transition
until the axion mass is switched on Bt =~ 1 GeV. The net phase changes
continuously and, if baryosynthesis takes place in the considered period, ax-
ion induced baryosynthesis implies continuous spatial variation of the baryon
excess given by [84]:

b(x) = A+ bsin 9(x). (4.16)

Here A is the baryon excess induced by the constant CP-violating phase,
which provides the global baryon asymmetry of the Universe lansl the
measure of axion induced asymmetry.blf> A, antibaryon excess is gen-
erated along the direction = 3z/2. The stronger is the inequality > A,
the larger interval oy around the layep = 3z /2 provides generation of an-
tibaryon excess [84]. In the cake— A = § <« Athe antibaryon excess is
proportional tos? and the relative volume occupied by it is proportionabto

The axion induced antibaryon excess forms the Brownian structure look-
ing like an infinite ribbon along the infinite axion string (see [77, 78]). The
minimal width of the ribbon is of the order of horizon in the period of baryo-
synthesis and is equal M}p/T,§S atT =~ Tgs. At T < Tgsthis size experiences
red shift and is equal to
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In(T) ~ Mp

~ — . 4.17
TosT (4-17)

This structure is smoothed by the annihilation at the border of matter and
antimatter domains. When the antibaryon diffusion scale excleg$ the
infinite structure decays on separated domains. The distribution on domain
sizes turns to be strongly model dependent and was calculated in [84]. The
possible effect of such domains in the modern Universe will be discussed in
the Chapter 6.

1.3 Nonthermal effects of symmetry breaking

The inclusion of obtained restriction into the full cosmoparticle analysis can
provide detailed quantitative definition of the cosmological scenario, based
on the respective particle physics model. Consider, for example, a simple
variant of gauge theory of broken family symmetry (TBFS) [229], which is
based on the Standard Model of electroweak interactions and QCD, supple-
mented by spontaneously broken lo&ll(3)y symmetry for quark—lepton
families. This theory provided natural inclusion of Peccei-Quinn symmetry
U(1)n = U(1)po, being associated with heavy "horizontal" Higgs fields and
it gave natural solution for QCD CP — violation problem. The gldbél)y
symmetry breaking results in the existence of axion-like Goldstone boson —
archion,a.

TBFS turned to be a simplest version of the unified theoretical physical
guantitative description of all main types of dark matter (HDM—massive neut-
rinos, axionic CDM and UDM in the form of unstable neutrinos [229, 230, 28])
and the dominant form of the dark matter was basically determined by the scale
of the "horizontal” symmetry breaking,, being the new fundamental energy
scale of the particle theory. For given valuaffthe model defined the relative
contribution of hot, cold and unstable dark matter into the total density. Since
in the TBFS the scale of horizontal symmetry breakihgvas associated with
Fa, from Eq. (4.13) followed the same upper limit uig.

However, this limit assumed, that the considered inflationary model permits
topological defects and hence archioles formation due to the sufficiently high
reheating temperatufiry > Wy. In the inflationary model, which occurs in
TBFS, we can achievizy ~ 1019GeV.

The "horizontal" phase transitions on inflationary stage lead to the appear-
ance of a characteristic spikes in the spectrum of initial density perturbations.
These spike—like perturbations, on scales that cross the horizer 6flds
before the end of inflation re-enter the horizon during the radiation or matter
dominant stage and could in principle collapse to form primordial black holes.
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The minimal interaction of "horizontal" scalars of TBE®), ¢, £(2) with
inflaton allows us to include them in the effective inflationary potential [246]:

2 2
V(9,¢,6@,£@) — —"f¢2+ﬂ"’¢4—§0"2‘(5<”)2 (4.18)

+iil§) (20)*+ i_ivf% (¢9)". @.19)

The last term in the potential (4.18) implies the effect of symmetry restoration
at large amplitudes of inflaton field, similar to the effect of symmetry restor-
ation at high temperatures, induced by thermal corrections in QFT. At high
amplitudes of inflaton fieldy, VEVs of &) are zero, but when the inflaton
amplitude rolls down below the critical valug; < m/vg the transition to

the phase with broken symmetry takes place on the inflationary stage. Follow-
ing [247] such phase transition results in the spike in the spectrum of density
fluctuations.

The analysis of processes of primordial black holes formation from density
fluctuations, which can be generated by "horizontal” phase transitions at the in-
flationary stage gave rise to an upper limit on the scale of horizontal symmetry
breaking [246]

W < 1.4-108GeV. (4.20)

Therefore the range between the two upper limits Eq. 4.13 and Eq. 4.20)
turned to be not closed, and the following values seem to be possible

101GeV < Wy < 108GeV. (4.21)

The indicated range corresponds to the case when all the horizontal phase
transitions take place on the post-inflationary stage of the inflaton field oscil-
lations andg., << Mp. In this case the inflaton field oscillates with initial
amplitude~ Mp. According to [231, 246] it means that any time the amplitude
of the field becomes smaller thgg, < Mp, the last (axiort(?)) phase trans-
ition with symmetry breaking occurs, and topological defects are produced.
Then the amplitude of the oscillating fiellbecomes greater thag,, and
the symmetry is restored again. However, this regime does not continue too
long. Within a few oscillations, quantum fluctuations of the figl@ will be

2
generated with the dispersiQ6§(2)> )~ vglli,/zM,% In"21/vZ [231]. For

mg < v; 1Y% 2eMBIn"21/v? (4.22)
these fluctuations will keep the symmetry restored. The symmetry breaking
2
will be finally completed wher{ (5(2)> ) will become small enough. Thus
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such phase transition leads to formation of topological defects and archioles
without any need for high — temperature effects.

Substituting the typical values for potential (4.18) suchmgs~ 1033,
Ae ~ 1073 vy ~ 10719 2, ~ 1012 (see [246]) we will obtain that the
condition (4.22) means that for the scales

Wiy < 2Mp (4.23)

the phenomenon of non — thermal symmetry restoration takes place in simplest
inflationary scenario based on TBFS. Owing to this phenomenon oscillations
of the field&(? do not suppress the topological defects and archioles produc-
tion for the range (4.21). So the range (4.21) turned to be closed by comparison
of BBBR quadrupole anisotropy, induced by archioles, with the COBE data.
As a result, the upper limit on the scale of horizontal symmetry breaking is
given by (4.13).

The existence of neutrino oscillations, as indicated by [12, 13, 14, 15], may
rule out the simplest version of TBFS, considered here. However, the phe-
nomenon of archioles is general for a wide class of models with broken U(1)
symmetry, leading to large scale primordial inhomogeneity of dark matter in
the form of scalar field CO.

Note that formally the limit (4.23) admits the scales as high as the scales
of GUT symmetry breaking. However, non-thermal restoration of GUT sym-
metry at post-inflationary stage would inevitably lead to magnetic monopole
over-production (see Chapter 2), what puts constraints on the realization of
GUT physics in the framework of inflationary models.

There is another possible form of strong primordial inhomogeneities, arising
from the pattern of U(1) symmetry breaking in inflationary Universe. It is the
structure of primordial massive black hole clouds, to which we turn in the
successive sections of this Chapter.

2. Massive primordial black holes

Now there is no doubt that the centers of almost all galaxies contain massive
black holes [248]. An original explanation of the formation of such super-
massive black holes assumes the collapse of a large number of stars in the
galaxy centers. However, the mechanism of the galactic nuclei formation is
still unclear. According to Veilleux [249], there are serious grounds to believe
that the formation of stars and galaxies proceeded simultaneously. Stiavelli
[250] considered a model of the galaxy formation around a massive black hole
and presented arguments in favor of his model. Each of the two approaches
has certain advantages, while being not free of drawbacks.

Below we will consider a new model of very early formation of galactic
nuclei from primordial black holes (PBH), which serve as the nucleation cen-
ters in the subsequent formation of galaxies. This mechanism may prove to
be free from disadvantages inherent in the models based on the concept of a
single PBH being a nucleus of the future galaxy. Its foundation is the new
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mechanism [79] of the PBH formation that opens possibility of the massive
black hole formation in the early Universe. In the framework of this mech-
anism black holes are formed as a result of a collapse of closed walls arising
from the succession of second order phase transitions after the end of inflation.
The masses of such black holes may vary within broad limits, up to a level of
the order of~ 10° Solar masses.

Let us assume that a potential possesses at least two different vacuum states.
Then there are two possible distributions of these states in the early Universe.
The first possibility is that the Universe contains approximately equal numbers
of both states, which is typical for phase transitions at high temperatures or for
non-thermal post-inflationary phase transitions, discussed in the previous Sec-
tion. The alternative possibility corresponds to the case when the two vacuum
states are formed with different probabilities. In this case, islands of less prob-
able vacuum state surrounded by the sea of another, more probable, vacuum
state appear. As it was shown in [79], an important condition for this distri-
bution is the existence of valleys in the scalar field potential during inflation.
Then the background de Sitter fluctuations lead to the formation of islands rep-
resenting one vacuum in the sea of another vacuum. The phase transition takes
place after the end of inflation in the FRW Universe.

We will show below that other potentials exhibit the ability to produce
closed walls. The conclusion is that this effect is almost inevitable for po-
tentials possessing at least two minima. If this is so, the two vacuum states
are separated by a wall after the phase transition. The size of this wall may
be significantly greater as compared to the cosmological horizon at that period
of time. After the whole wall "enters" the horizon, it begins to contract be-
cause of the surface tension. As a result, provided that friction is absent and
the wall does not radiate a considerable part of its energy in the form of scalar
waves, almost all energy of this closed wall may be concentrated within a small
volume inside the gravitational radius. This is the sufficient condition for the
black hole formation.

The mass spectrum of black holes formed by this mechanism depends on
parameters of the scalar field potential determining the direction and size of the
potential valley during inflation and the postinflationary phase transition. The
presence of massive PBHs is a new factor in the development of gravitational
instability in the surrounding matter and may serve a base for new scenarios
of the formation and evolution of galaxies. Although we deal here with the so
- called pseudo-Nambu-Goldstone field, the proposed mechanism possesses a
sufficiently general character.

2.1 Closed wall formation

Now we will describe a mechanism accounting for the appearance of massive
walls with the size markedly greater than the horizon at the end of inflation.
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Let us consider a complex scalar figldvith the Lagrangian
1
Ly = 5 120/” = V(lo]), (4.24)

wherep = re'?. The potential is chosen in the form

V(lel) = Alp|* — £2/2)* + 8V(), (4.25)
SV (9) = A*(1— cosv).

HereA and f are parameters of the Lagrangian. Instanton effects are respons-
ible for the additional term proportional to additional paramét&(see details
and refs in [83]). As it is evident from Figure 4.1 this potential possesses the
saddle point at the phase= r.

We assume the mass of the radial field componene. the value

mF = d?v/dr?| _¢, s,

to be sufficiently large, so that the complex magnitude of field acquires the
value somewhere in the circle vallgy| = f/+/2 before the end of inflation.
Wide range of models, predicting the additional tes(#), is discussed in
[83].

Since the minimum of potential (4.25) is almost degenerate, the field has
the form

o~ f/V2 expiv(x)). (4.26)

For the following considerations, it should be noted that, using expression
(4.25) in the inflation period, we ignored the term reflecting the contribution of

instanton effects to the Lagrangian renormalization (see also [83]). Substitu-
tion of the expression (4.26) into Lagrangian (4.25) gives effective Lagrangian

L= 5(02) — A* (1~ cosz/1) (4.27)
for the dynamical variablg = #f acquiring the meaning of almost massless
field y.

Since the parametéy appears as a result of the instanton effects and renor-
malization, its value cannot be large and we assumethat H, f. The term
(4.27) begins to play a significant role in the post-inflationary stage, when the
Hubble parameter decreases with time (e-§.= 1/2t during the radiation
dominated stagd{ = 2/3t during the matter dominated stage).

Let us assume that the whole part of the Universe observed within the con-
temporary horizon was formes, e-folds before the end of inflation. As was
demonstrated in [251], the quantum field fluctuations during inflation were rap-
idly transformed into a classical field component. Values of the massless field
x in the neighbouring causally-disconnected space points differ on the average
by 6y = H/2r after a singlee-fold. In the next time steg\t = H™! (i.e.,



Strong Primordial Inhomogeneities and Galazy Formation 61

during the nexe-fold) each causally-connected domain is divided onte®
causally-disconnected subdomains; the phase in each of the new domains dif-
fers by~ 69 = 6y/f = H/2x f from that at the preceding step. Thus, more
and more domains appear with time in which the phase differs significantly
from the initial value.

A principally important point is the appearance of domains with the phases
¥ > n. Appearing only after a certain period of time during which the Universe
exhibited exponential expansion, these domains turn out to be surrounded by
a space with the phase < z. As we show below, the existence of that very
domains leads in the following to the formation of large-scale structures. Note
that the phase fluctuations during the fiesfiolds may transform eventually
into fluctuations of the cosmic microwave radiation, thus leading to restrictions
to the scalef. This difficulty can be avoided by taking into account interaction
of the field ¢ with the inflaton field (i.e., by making parametéra variable -
see Chapter 5 Section 3).

Initially, the potential (4.25) possessedJd1l) symmetry and the phase
corresponded to a massless scalar field. Owing to the potential term in (4.27),
the symmetry is broken after the end of the inflation period: the potential of
the y field acquires discrete minima at the poitgin = 0, =27 + 4r..., and
the field acquires the mass, = 2f /A2 . According to the classical equation
of motion, the phase performs decaying oscillations about the potential min-
imum, the initial values being different in various space domains. Moreover,
domains with the initial phase < ¢ < 2z perform oscillations about the
potential minimum a¥miy = 2z, whereas the phase in the surrounding space
tends to a minimum at the poimtynin, = 0. Upon ceasing of the decaying
phase oscillations, the system contains domains characterized by the phase
®min = 27 surrounded by the space with,in, = 0. Apparently, on moving in
any direction from inside to outside of the domain, we will unavoidably pass
through a point withy = 7 because the phase varies continuously. This im-
plies that a closed surface characterized by the pbggge = = must exist.

The size of this surface depends on the moment of domain formation in the
inflation period, while the shape of the surface may be arbitrary. The principal
point for the subsequent considerations is that this surface is closed.

After heating of the Universe, the evolution of domains, formed with the
phasey > = and sharply increased in volume during the inflation period,
proceeds on the background of the Friedmann expansion and is described by
the relativistic equation of state. First, an equilibrium state with the "vacuum”
phasey = 2r inside the domain and the = 0 phase outside is established at
T ~ /Mpm, as it was mentioned in the previous Section and will be shown
below - see formula (4.39). A closed wall corresponding to the phase is formed
in the transition region with a width ef 1/m, ~ f /A2, which separates the
domain from the surrounding space. The surface energy density of the wall
~ fA2,
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The field configuration of the plane walls is well known [252]. We can apply
it to describe the distribution of phase across approximately plane border of
domain

¥(z,t) = -4 arctan{exp [/}2(2 - zo)] } . (4.28)

Energy of this field configuration is concentrated in plane of witlth 2 f /A2

(some kind of "wall") and centery. Fortunately the wall width is determined

by microscopical parameters and appears to be much smaller than the charac-
teristic size of the wall, because the latter depends on the classical history of
the wall formation. Thus, considering local process like interaction of the wall
with particles we can consider the wall being plane. Meantime, large scale
processes do not depend on details of classical configuration (4.28), but only
on wall size and its mass.

It must be noted that the process of establishing of the equilibrium ("va-
cuum”) phase values may acquire a protracted character. If the stage of co-
herent phase oscillations about the equilibrium values is sufficiently long, the
energy density of these oscillations may become dominating and determine the
dust-like period of expansion.

2.2 Closed wall evolution

Let us consider the factors influencing the cosmological evolution of a closed
domain wall.

1. First, note that the domain size immediately after the end of inflation
markedly exceeds the horizon size at the FRW expansion stage. The overall
contraction of the closed wall may begin only when the horizon size will be
equal to the domain sizB;. Up to this moment, the characteristic domain
size increases with the expanding Universe. Since we assumed that the initial
field contribution to the total energy-momentum tensor is small as compared
to that of the inflaton field, the field gives also a small contribution to the total
energy density of the Universe upon heating, when the energy density of in-
flaton transforms into the energy density of relativistic particles. For smaller
walls this condition is valid until they enter the horizon. This condition can be
violated for very large domains (see the next paragraph). Evidently, internal
stresses developed in the wall after crossing the horizon initiate processes tend-
ing to minimize the wall surface. This implies that, having entered the horizon,
the wall tends, first, to acquire a spherical shape and, second, to contract to-
ward the center.

2. Since the energy density of the surrounding medium decreases, the in-
ternal wall energy within the horizon may exceed at a certain time the energy
of plasma within that region. Simultaneously, the wall starts to dominate in
the expansion of that region, its radiBs in that moment being smaller than
R;. For an observer in the vicinity of the wall the rate of the local expansion is
affected substantially. For example, wall — dominated universe would expand
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with scale factom(t) o t2. Such superluminal expansion makes successive
evolution of wall dominated region elusive for the distant observer. It makes
R» the maximal possible size of a closed wall that can contract and form black
hole.

3. The wall energy is proportional to its area at the instant of crossing the
horizon. By the moment of maximum contraction, this energy is virtually
completely converted into the kinetic energy. Should the wall by this moment
be localized within the limits of the gravitational radius, a PBH is formed.

4. Contracting under the action of internal forces, the wall moves through
the surrounding plasma. The resulting force of friction may, under certain
conditions, become significant and it might lead to an uniform (nonacceler-
ated) contraction of the wall. It will be shown below that effect of friction is
negligible for all reasonable sizes of the domains.

Evidently the energy concentrated in the course of wall contraction can be
approximated as

Ew = So, (4.29)

wheres = 4A?f is the surface energy density of the wall aBds a square

of the wall surface. In this section we suppose the shape of the wall being
roughly spherical to the beginning of shrinking. Its radius, defining the mass
of the possible future black hole, is determined from the condition

R= min(Rl, Rz). (430)

Internal pressure tends the wall to contract quickly until reaching the size of
the order of the wall thickness PBH are formed under condition

Rmin ~ d < rg = 2E,/M3. (4.31)

Indeed, if the width of the wall exceeds its gravitational radius, the energy of
the wall can not be concentrated within it.

A nearest task is to determine the valuesRpfand R, of a domain for a
system with Lagrangian (4.25) depending on the moment of its nucleation.
Consider a domain which has crossed critical paiat thee-folding number
N before the end of inflation, i.e. at the moment of its nucleation. Its size is of
order H and itis inexg N — Ny ) times smaller than the size of the Universe
to that moment.

First of all we take into account internal pressure of a wall. Its influence is
developed after the wall comes under horizon. The pressure leads to termin-
ation of the wall growing and it forces the wall to acquire a spherical shape.
This period is characterized by the timeat which

R(t1) = lhor(ta). (4.32)

Supposing the processes take place during radiation-dominated era, the size of
horizonlper(t1) = 2t1. The size of the wall at time = t; is proportional to
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the visible size of the Universe

T
R(t) = LU?O NNy (4.33)

whereTy is the modern temperature of CMB ahd ~ 10°8cmis size of the
Universe at modern epoch. Combining (2.55), (4.32) and (4.33) one can easily
find the first restriction on the wall size

2 1/4
Rlzl(LUT()) g2(N-Nu) cz( 45 ) VMp. (4.34)

2\ C 473g,

Another restriction arises if one notices that the large wall starts to determine
the local expansion when its energy (4.29) within the cosmological horizon
exceeds the energy of relativistic plasma in this scRle<(t) Ey = p%” R3.

It must happen because the energy density of plasma decreases with time after
reheating stage. Equating both expressions for eneyggnd E,, we obtain
connection of the energy density and the scale of the wall

R=—. (4.35)
p

On the other hand it seems reasonable to suppose that up to this instant the
wall provided small energy excess and hence did not influence the expansion
rate of surrounding media. In this case a value of the wall raRiis pro-
portional to a size of the Universe and its dependency on temperatige
described by formula (4.33). Combining formulas (4.35), (4.29) written above
and connection between energy dengityf the Universe at that period and its
temperaturd (2.50) one obtains the maximal size of the walll

Rom (2 e LuTo)*/3 e3(N-N) 4.36
2—<9009*> (LuTo)™~e : (4.36)
In our units (h= ¢ = 1) LyTo ~ 10%°.

Finally, the maximal size of the wall is determined according to the con-
dition (4.30). This value depends on the humbé&pf e-fold when the do-
main surrounded by the wall was nucleated. Evide®ly> R, for large N.

It means that the size of large walls are described by the expression (4.36)
whereas the expression (4.34) is important for determination of the size of
small walls.

The above considerations do not take into account the effect of a gravity
field on the wall dynamics. Therefore, the obtained relationships are valid
provided that the initial wall size is much greater than the gravitational radius.
Formally, the gravitational radius could exceed the wall size for sufficiently
large domains. For a wide range of reasonable valuek thfe size of such
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domains exceeds the cosmological horizon in the period of wall formation,
and special investigation is needed to clarify the question on their successive
evolution. In this study, we suppose that intrinsic gravity does not affect the
wall evolution.

Now we proceed to the study of PBH cluster formation in the early Uni-
verse.

The walls are formed in the very early Universe after the end of inflation and
long before star formation. Namely, it happened when a friction tefijp B
equation of motion for the fielg becomes comparable with 'force’ temmﬁ;(,

i.e. at the momerit when

m, ~ H(t") =, /z[pl\(/:;). (4.37)

Energy density at radiation dominated stage is connected with temperature
and time according to formulae

2 1/4
_ T B 45 Mp
p= 30g*T ;T = <327r29*) o (4.38)

Combining expressions (4.37) and (4.38) one obtains tinamd temperature
T* of the walls formation

. 1 Iz . 45 \Y*
- g T :( ) V/Mpm,. (4.39)

m, 4r3g.

For example, fielgy starts oscillating with subsequent walls formation at tem-
peratureT* ~ 10° GeV if model dependent parameter, = 10eV . Then the
wall expands up to the scal or R, with subsequent contraction.

Remind that the above estimation assumes constant parafmétekag-
rangian (4.24). In some realistic models, such as the model of invisible ax-
ion, the instanton effects, generating depends on temperature, so that
is "switched on" at some temperaturg(Ts ~ 800M eV for invisible axion),
which is much smaller thaf*.

One could worry about a temperature at the moment, when walls acquire
maximal size. As was discussed above, the size of large walls is described by
expression (4.36). Such walls start shrinking when the size of hotjzg(t)
becomes comparable with the sRRg. The temperature at this moment can be
obtained after simple algebra

_ 2
Twal ~ (LuTo) 2> Mg/ £Y/6A 3 exp [3(Nu - N)J : (4.40)

Using this estimation, we could find the temperature when the largest size
of walls are formed. As an example, let's choose the topical values of the para-
metersf = 10“GeV} A = 10°GeV, N = 40, to obtainTyay ~ 0.2GeV
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(remind thatNy = 60 throughout the book). The size of the wall at this mo-
ment isR, ~ 1029GeV 1, while the Universe size is abowt 10°°GeV 1.

Note, that the real matter of worry in the realistic models, underlying the
considered mechanism, will be the proper mechanism, providing the suffi-
ciently effective decay of field oscillations.

For the oscillations, starting at~ T*, the contribution into the total dens-
ity is in this period smal~ (A/T*)* ~ (f/Mp)?. However, the oscilla-
tion energy density decreases in the course of expansion as®, whereas
the one of the relativistic matter is a=*, so that afT ~ T*(A/T*)* ~
A(f/Mp)¥? it starts to dominate in the Universe. In the above example with
f = 10GeV A = 10°GeV the matter dominance of field oscillations
should come al ~ 30keV. If the oscillations do not decay, this domin-
ance should have continued up to the present time, to result in their modern
density, exceeding the critical one by more than 4 orders of the magnitude,
what is evidently ruled out by observations. Moreover the observational data
put severe constraints on even short periods of matter dominance, predicted at
RD stage afterd(i.e. atT < 1MeV). The lifetime estimation ~ 1/m, gives
promising value of order 13%s. On the other hand, the-particles lifetime,
naively estimated as= 64z f2/m: ~ 10°%s, exceeds the age of the Universe,
appealing to special theoretical mechanisms for their sufficiently rapid decay.

2.3 Wall deceleration in plasma

The first- and second-order phase transitions lead to the formation of a field
walls separating one vacuum of this field from another. One of these mech-
anisms was described in the preceding section. In turn, the walls are moving
at a subluminal velocity and interact with the surrounding plasma. Depending
on the character of this interaction and the shape of the field potential, there
are two possible situations. In the first case, the plasma particles pass through
the wall, falling into a different vacuum and acquiring a certain mass. This
situation corresponds to an electroweak phase interaction [253], whereby the
corresponding Higgs field is responsible for a mechanism of the fermion mass
generation. In the opposite case, the particle mass is not changed upon going
from one to another vacuum (an example is offered by the case of interac-
tion with an axion wall). In the former case, the interaction with the medium
leads to a significant deceleration of the domain wall, while in the latter case,
the walls are virtually transparent for the medium for the reasonable values of
parameters.

All considerations are conveniently conducted in the rest frame of the wall.
The probability of a particle scattering from the plane wall at rest is described
by standard formula of the quantum theory

d3k’

dw = dn(k)2z5(e — &') [M|? RVETI

(4.41)
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wheredn(k) is the momentum distribution of incident particles avidis the
matrix element for the patrticle transition from a state with the energnd
momentunk to the state with the energyand momentunk’ upon interaction
with the potential = U(z) describing the plane wall. The pressure produced
by incident particles upon the wall is related to the rate of their momentum
transfer to the wall,

1
p — S/dW qZ7 qz — klz - kz7 (442)

whereSis the wall area.

Let us consider the Lagrangian of the particle-wall interaction. The wall in
guestion represents a classical configuration of the phaseomplex fieldy.
Thus we have to consider interaction of the figlavith surrounding fermions
v. For definiteness, let's choose Lagrangian in the form

1 -~ _
L=35 199]° —V(|o|) + 20rr*duyi + JoTryL + h.C. (4.43)

The Lagrangian is invariant under global chiral transformations

v — yeexpa/2); yr— yrexp(—a/2);
» — pexp(—a).

This fact could be used to extract phase explicitly [83]. Namely, remind that
the fieldg is in the bottom of potential (4.25) i.e. has the form

o= f/vV2expix(x)/f).
Substituting this value along with replacement
yL— yeexplix(x)/21); yr — yrexp(—ix(x)/2f)

into Lagrangian (4.43) one can easily come to an effective Lagrangian of the
phases(x) (the fieldy(x) = f¥(x) being treated now as dynamical variable)
and fermion fieldsy

1 [ _ gf _
Left = E(&;{)Z + T(aul)‘//m/ﬂ v+ \ﬁV/RV/L + h.c. (4.44)

In our case the fielgh represents classical configuration (4.28) of the com-
plex field phase interacting with fermions like

Lint = x32022(2); Ju=vwyuw; x=i/f. (4.45)
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Calculating a matrix element for the particle scattering on the wall with the
transition from the initial momenturk to final momentunk’,

M = <k’y/Limd4xk>, (4.46)

we obtain

1
2 6.2cs5(2) 2
M| = 8(4r)°k“Sé (q)kz cr? (kydr)”

(4.47)

In deriving formula (4.47), we took into account that the laws of the energy-
momentum conservation lead to the following relationshigs= +k; q =
k"‘ — k; = 0 according to which a nonzero contribution to the pressure is

only due to the reflected particles wik) = —k,. Therefore, the pressure of
incident particles on the wall can be written as

_ 45 K / dn(k) d®
p= K /Chz(”kzd) (k;— K) - 6(e — )6 (kH k) —4.48)

Let us determine the distribution of the incident particles with respect to the
transverse momentudn(k). In the rest frame of plasma

d3koV
(27)3

Here and below, the subscript ‘0’ denotes quantities determined in the rest
frame of plasma. Assuming the plasma temperafur® be significantly
greater as compared to the fermion masses and normalizing it to the total
particle density,net =~ N(g*)T3, (N(g*) ~ 5), we obtainC = 20z2. In
addition, it is evident that

dng(ko) = Cexp{—Eo(kq)/T}

(4.49)

dn(k) = dno(ko); (4.50)

where the incident particle momentum in the rest frames of wall and of plasma
(in the latter frame, the wall moves at a velocifyare related as

Koy = K
koz = 7 (kz + ve),
wherey = [1— v?] /2,

Integrating the pressure (4.42) with respect to the momentum of the incident
particle, we obtain

32CK d3k k2
32Ck? / d3k k2

\kz\( 22)5 4 ?(e—vkz)mexp{ v (e —Vky) /T}. (4.51)
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This formula was derived with allowance for the Lorentz invariance of the
phase volumel®k’ /¢’. Numerical calculation of the integral in (4.51) presents
no difficulties, but the analytical estimation of the pressure produced by the
medium upon the wall are topical as well. For this purpose, note that the walls
have been formed at temperatures (4.40) and the wall thickness i§ /22,
Therefore, for any reliable values of parameters there is a large parameter
Td >> 1, using which we may obtain a sufficiently firm estimation of the
integral. According to (4.51), the most effective scattering takes place for an
incident particle momentum df; ~ 1/zd << T. At the same time, it is
evident thalkH ~en~yT >> ks

Using these relationships, we may estimate the integrals in (4.51). Main
contribution comes from the first term. The final expression for the pressure
produced by the surrounding medium upon the relativistic domain wall is de-
termined mostly by the first integral and it is given by

N 20k2 y

P @
This expression is valid gt >> 1. Evidently the pressure equals zero for a
wall at rest. We can slightly modify the final formula

(4.52)

N 202y —1
AT
which is valid both for high and small velocities of the wall. This value has to

be compared with internal pressysig; of the wall with radiusR, pint ~ o/R.
Their ratio is given by

(4.53)

p x2/d* - N6
pint O'/ R f 5°

Characteristic scale when internal and external pressures become equal is of

the order of

f 5
F.
It means that the friction is important for walls with the siRe ~ (1032 +
10°9)GeV! if we limit ourselves with intervalg10'4 + 10'®)GeV for para-

meter f and (1 <+ 10°)GeV for parameten\. The scaleRs is too big for any
reliable models and we could neglect the friction as it was mentioned above.

Rf ~

2.4 Distribution of black holes

a. Mass distribution of black holes in the Universe

In the following the size distribution of the islands is found numer-
ically. To this purpose it is necessary to study the inhomogeneities of
phase induced by fluctuations during inflation stage. It has been well
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established that for any given scale= k~ large scale component of
the phase valu@ is distributed in accordance with Gauss’s law [254],
[255], [256] (see also Chapter 3)

1 dy — )2
P(9,N) = Ner exp{—%}. (4.54)

Here N is the number ok-foldings before the end of inflationyy is
initial phase of the Universe. This value does not depend on paramet-
ers of the model. It varies randomly in the range<0dy < 2r for
distant parts of the Universe. The dispersion could be expressed in the
following manner

H2
Ar2f2
In inflationary Universe the cosmological scadleorresponds to the
periodt; = NyH 1 of inflationary stage.

Suppose that a-fold N before the end of inflation a space volume
V (9, N) has been filled with the phase valaeThen the condition that
a new volume filled with average phasevill be produced at the-fold
N — 1 obeys the following iterative expression

0% = (Ny — N), (4.55)

AV(9,N —1) = (W(N) —eV(3,N))P(9,N — 1) (69) .  (4.56)

Here\y (8, N) ~ e3NH~2 is the volume of the Universe & e—fold
with average phase and (69) = o1 = H/(2zf). Keeping in mind
that causally connected volume has the siz#l —3 one can easily find
number of domains with phagewhich were produced &fold number
N

AK3(N) = H3AV(9,N — 1) (4.57)

The total volume with the phasecan be readily written
V(,N—1) =eV(s,N) + AV(d, N — 1). (4.58)

One can easily calculate the size distribution of domains filled with ap-
propriate value of phase in dependenceé\ofising iterative procedure
described by the expressions (4.56), (4.57), (4.58).

In case’ = & we obtain distribution of those domains which are
able to be surrounded by a walls and hence collapse into BHs. As was
discussed above, mass of BH is the functiomNof

b. Correlation in space distribution of secondary black holes. Nearest
vicinity.
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We have discussed above the mechanism of massive PBH formation
in the Universe. It can be demonstrated that this model with reason-
able parameters readily provides for the formationof.0! massive
(10%° — 10%% each) black holes, what is equal to the number of galax-
ies in the visible Universe. In that analysis, we did not took into account
correlations between the formation of a massive black hole and the ap-
pearance of smaller black holes surrounding it. This correlation, being
inherent to this mechanism, is related primarily to certain features of the
above-discussed process of the formation of domains with the phases
¥ > r see Figure 4.1. Apparently, the appearance of such domains cre-
ates prerequisites for the formation of new smaller domains inside them.
Below we determine the mass distribution of these daughter domains in
the nearest vicinity of specific BH.

Consider a region with a size of the ordertdf! and a phase within
T < ¥ < m+ 6 (Whered = H/2xf is the average phase jump
during theH 1 time period) formed during the inflation period as a
result of fluctuation in a certain (larger) region of space with the phase
¥ < =. During the nexe-fold, this space domain will be divided @i
subdomains and some of them will acquire the phasia the interval
r — 6 < ¥1 < n. Upon the subsequent phase transition, these domains
will be separated by walls from the external region. Similar transitions,
with crossing the phase = z in the reverse direction will take place in
each subdomain during the nextold. Thus, a structure of the fractal
type appears which reproduces itself at each time step in the decreasing
scale.

Let N denotes the number of subdomains formed in each step, around
which a wall may form later. Apparently, this value obeys the inequality
1 < N << €3 In the subsequent estimates, we will assume lhat
2 + 3. Since each causally connected domain touches approximately
six neighboring domains, we can hardly expect N to be greater because
of their total number- €3 ~ 20. The mass of the future black hole (if
it forms) is determined by the area of a closed surface with the phase
¥ = n. The ratio of areas of the initial (mother) and daughter domains
is readily estimated: the initial area after a single e- fol§is- e?H 2
and the daughter subdomain are&js~ H 2. Therefore, the ratio of
masses of the black holes originated from the two sequential generations
of subdomains is

M;j/Mji1~ §/S1~ €, (4.59)
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for their relative number assumed to be
Nj1+1/Nj = N. (4.60)

As it is readily seen, the number and mass of black holes appearing
upon the j-the-fold after the initial domain formation are determined by
parameters of the largest black hole genetically related to the primary
domain in which the phase exceededor the first time. It is evident
that _ _

Nj =~ N);  Mj~ Mp/e?. (4.61)

Excludingj from these relationships, we obtain the desired black hole
mass distribution in a cluster:

1

Nei (M) ~ (Mo/M)2 "N (4.62)

The total mass of the cluster can be expressed through theMyask
the largest initial black hole:

Miot = Mo + NMy + N?My + ... =
2
Mo + Ne"2Mo + (Ne—2) Mo + ... = Mol — N/e?] .

As is seen, the total mass of the black hole cluster is only one and a
half to two times greater than the largest initial black hole mass. The
number of daughter black holes depends on the factors considered in
the next Section.

The inflationary mechanism described above leads to the occurrence
of fractal structurefractal structure of the closed walls. After the end of
inflation, as soon as the size of horizon becomes larger than the char-
acteristic size of closed walls, the walls begin to shrink. The energy
of each wall, proportional to the area of their surface, concentrates in
small spatial domains (in the following they are considered as pointlike
objects) [257]. These high density clots of energy could serve in the
following for star and/or galaxy formation [3]. Hence, according to the
given models, the distribution of stars and galaxies should carry fractal
character as well. It is important to note that the total surface of walls in
specific volume is proportional to the total energy of an objects, while
the number of walls is equal to the number of dense clots.

The arguments, used above to deduce formula (4.59), indicate that
fractal structure of domains could be produced. Denote the number of
secondary walls by and their average size @R, & > 1/e (¢ # 1/e
due to a possible merging of causally disconnected subdomains with
one common wall). In each of these subdomahhsiew smaller closed
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walls of size£?R arise during the next time step. Denote I the size

of rather small walls comparing with initial one. The sizes of bigger
walls will be measured in the units ob™. This means that we may
terminate the process after a stepuch thatla = ¢"R. The total area

of the closed walls with bigger sizes in the initial volume is the sum of
areas with closed walls of size greater thanThe simple summation
leads to the following result for total square of the walls

S~Rq(a"-1)/(a-1), g=¢°N. (4.63)
This expression can be written in the form
S~ (R/b)P, (4.64)

whereD is the fractal dimension. Equating these two expressions, one

obtains
In(b/gR) )
q n —
In (qT)
D=2+

In(R/b)

This quantity is constant only when the raRgb is large, it is different
for g < 1 andq > 1. It can be easily verified thd& — 2 forq < 1,
while forq > 1, D — 2+ 3In(q)/In(4N). To get an estimate, suppose
that the number of closed domainsNs= 4, andé ~ 1/e. The value
of the parameteq can be easily calculated,~ 0.5. Hence, the fractal
dimension of the system of closed wallds~ 2.

So, if quantum fluctuations lead to the formation of spatial areas with
the field taking a value near a potential maximum, its further evolution
results in a system of enclosing walls. The characteristic size of the next
generations of walls differs from the previous one approximately by a
factor ofe. The fractal dimension of such systenms~ 2.

According to this scenario, itis interesting to find the number of walls
inside an arbitrary sphere of radiRggiven by

(4.65)

no. NN — 1 N
Niot = N'=N ~ . 4.66
ot .Zl N_1°N_1 (4.66)

By analogy with the previous calculations and using Eq. 4.66, one ob-
tains the distribution of pointlike dense objects with fractal dimension
D’ ~ InN/In(1/&). For realistic valueN =~ 4, ¢ ~ 1/e we find

D’ ~ 1.4 which differs somewhat from the valug@ ~ 2 previously
obtained. This is not surprising because in the first case we measure the
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area of surfaces of walls within a certain volume while in second case
we measure the number of walls.

Of course, other mechanisms at later stages contribute to the distri-
bution and change the fractal dimension somewhat, but the model dis-
cussed gives a primordial reason of fractality in the galaxy and star dis-
tribution. Observational data indicate that the distribution of stars and
galaxies really carries fractal character. So, the number of galaxies in-
side a sphere of raditR is N(R) ~ (R)%2%92 up to the sizes of 200
Mpc [258]. The distribution of stars inside galaxies also carries fractal
character. In Ref.[259] this fractal dimension was determined by aver-
aging observational data of ten galaxies and was found to be equal to
D~ 23.

The mechanism of fractal structure production discussed here is of
rather general nature and can find applications far beyond the case of
considered model. The production of massive black holes due to Gaus-
sian fluctuation in a framework of a model of chaotic new inflation was
discussed in [243]. Another example is based on hybrid inflation, one of
the most promising models of inflation [260, 261, 262]. In the standard
version of hybrid inflation the potential contains two fields

V =W+ %mgaz + %1162;(2 — %mﬁ,zz + %/12;(4 . (4.67)

During inflation, the fields rolls down along a valley = 0. In the
meantime field fluctuations around the critical ljpe= O lead to a form-
ation of fractal structure of domains. This critical line plays the same
role as the critical point in previous discussion. Just after passing the
critical pointo = m)zc/ll the statey = 0 becomes unstable and field
x moves (in average) to one of the new stable minima. These minima
are separated by potential maximum and we again come inevitably to
the fractal structure of domain walls. The latter are converted into black
holes after the end of inflation.

c. Correlation in space distribution of secondary black holes. Mega-
parsec scale.

One could guess that the same mechanism of the massive BH form-
ation provides the production BHs of smaller masses. Below we prove
this statement and consider space distribution of intermediate BHs around
massive one in the scale of galaxy clusterl(OM pc).

Let Mg is the mass of most massive BMI, is mass of the BH inside
the sphere. There are three scales in our probkgms a size of closed
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V(c.0)

Figure 4.2. The form of hybrid potential. The field moves in the vicinity of critical line.
The critical point marks the beginning of classical motion to the specific minima.

wall that is converted into most massive BH in futurds a radius of

the sphere with the most massive BH in its center Bid a size of
closed wall that is converted into BH of intermediate mass inside the
sphere. These scales correspond-folding numbersNg, N, andN at

the inflation stage and each of them can be expressed in terms of others.
The domain with size (tg) which will be filled by a part of galaxy
cluster was formedN, e-folds before the end of inflation. If the closed
wall gives small contribution to total energy density during early times

it expands along with the Universe expansion and we can approximately
admit

r =r(N,t) =ry(t)eNr N, (4.68)

wherery (t) is the size of the Universe. The connectidhs— N and
Ro «—— Ny are derived below.
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The value important for our consideration is the phasef the do-
main of the sizer (t) at the moment of its formation at the stage of
inflation, i.e. at thee-folding numbenrN;. It can be determined from the
following arguments.

To the period characterized lg/folds numberNy we have already
e3(\—No) causally disconnected areas inside the volume in question.
By assumption, only one of them contains the phage= = which
leads to formation of most massive BH. So in the considered case the
probability to have the phase equalzds equal to 13N —No), One
can find the value of the phasg by equating this probability to the
general expression for the probability to find specific value of the phase
Im(= r) at the given averaged value of the phage

(m—vy)?
1 . exp |:_25ﬁz(Nr—N0)] . He (4 69)
e3(Nr—Ng) 27 (Ny — Ng) -2t '

Here we supposed Gaussian form for the probability distribution of the
phasey

exp |~z )

2r (N — N)
From Eq. (4.69) we obtain the phase

P(v) =

(4.70)

9r =1 — 891/ (Ne — No) [6(Nr — No) — In(27 (Ne — No))]. (4.71)
This method of evaluation of the initial phasgis correct if
P(¥r —609) << L

It is supposed from the beginning that the fluctuations of the phase are
small, 6§89 << ¢ . This condition facilitates the estimation. The result
can be expressed as a limit e+folding

T -9 f
519r :Zﬂ(ﬂ—ﬁr)ﬁ.

If, for example ¥y ~ /2 andf /H ~ 5the estimation givedN; — Np| <

50 . Thus we can use the expression (4.71) in wide range of parameters.
Having this value, the probability of formation of walls with smaller

masses at-folding numberN can be obtained from expression (4.70)

as follows

Nr —Ng

[27 (N — Np)] 2NN 3(Ny — Np)?

WIN) =P == o N N P NN

4.72)
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Total number of the domains at this momergid¥ —N) and hence the
total number of closed walls which were originate@diolding number
N is equal to

K(N) = W(N)e*N—N) (4.73)

The massvl of closed wall is supposed to be connected with the size of
awall
M =~ S(N)o. (4.74)

Next problem concerns the squaring of a wall surface just after the
wall formation. The fact is that up to now we restricted our considera-
tion by spherical walls only, what is too rough. The following discus-
sion is devoted to the problem of nonspherical walls.

By definition, a wall is determined by the phase vatue z. Let we
have an approximately flat surface of sizéHE at the inflation stage
with e-folding numberN. This surface will be divided onto/&? parts
to nexte-folding numberN — 1 . Total surface thus increases by a
factorg. Our estimations indicate that~ 1.5 + 2. If this process lasts
for, say,N efoldings, the surface is increased bY times in addition
to ordinary factor of expansioa™ during inflation. This fractal-like
process stops, when the size of the wall turns to be comparable with
the wall widthd ~ 1/m,. The crinkles of sizes less thahwill be
smoothed out in the period of wall formation and their effect could be
ignored in the analysis of successive wall evolution. Hence our direct
aim is to determine the-folding Ny at which crinkles of the sizd are
produced.

The scale of the crinkles producedeafolding number\y is approx-
imately equal the wall widthi(~ 1/m,)

T
d =~ lcrinkle = rU(t*)eNdil\lU = Lu T—SeNdiNU- (4.75)

HereTo andLy ~ 10°8cmare temperature and size of the Universe at

modern epoch and temperaturé is determined in expression (4.39).

Combining these formulas we obtain the ladblding, Ny, important

for crinkles formation

(4.76)

Nd:Nu—|—|n|Td}.

ToLu

We conclude that the mass of a wall just after its formation can be
written in the form
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Ew ~ c4rR(N)?N-Na, (4.77)

whereo = 4f A? is energy density of the wall.

Internal tension in the wall leads to its local flattening while horizon
grows at FRW stage of expansion. Released energy is converted into
kinetic energy of the wall and into an energy of outgoing waves which
are predominantly the waves of those scalar field that produces the do-
main walls. In our case it is the phasehat acquires dynamical sense
as the fieldy = f ».

A typical momenturnk of the waves is of order of inverse wall width
1/d, hencek ~ m, and the waves are necessary semirelativistic. Their
kinetic energy decreases due to the cosmological expansion leaving
particles of masm, in a vicinity of the wall. These particles can further
contribute to the process of BH formation, The situation can become
more complex, if the particles are unstable. In this case, products of
their decay are relativistic one and they mostly escape capture by grav-
itational field of the wall. The main immediate effect of these relativistic
products is the local heating of the medium, surrounding the region of
BH formation. Their concentration in this region and successive derela-
tivization can provide later their possible contribution into BH and BH
cluster formation.

The kinetic energy of wall that is originated from the local flattening
of crinkles also decreases due to cosmological expansion.

Owing to expansion the total size of the wall growsRa&N) « a.

So the current value of the wall energy changes both due to the growth
of the total wall size and due to the local flattening of wall within the
horizon. To account for the latter effect one should substitute into (4.77)
instead ofNg the value ofe-fold N¢, Ng < N¢ < N that corresponds

to the current size of the horizon. Both factors lead to the respective
change in the expression (4.77).

For the estimated values gthe increase of the wall siZ@(N) dom-
inates over the decrease of the crinkle contribution into the current value
of Ew. The latter contribution can be significant only in the period, when
wall enters the horizon and its successive evolution proceeds so quickly
that the effects of wall flattening are not suppressed by cosmological
expansion. So, when wall enters the horizon, the effects of crinkles in-
crease the total energy of wall, as compared with the spherical case, by
the factorA ~ ¢%, o > 1, whereg ~ 1.5 + 2, as we estimated earlier.

The size of the wall which has crossed critical pairat thee-folding
numberN can be estimated in the same manner as it was done in previ-
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ous subsection. The only difference is that we have treated the surface
of the wall more accurately by accounting crinkles of different scales.

First restriction coincides with those derived in the previous Section
so that the size of wall could not be larger than

1 (LuTo)® an-ny) [ 45 \Y*
Rl(N)_Z( C ) € , C= 4”39* vMp. (4.78)

Second restriction must be modified with the account for the crinkle
effects. Remind that in the previous Section this constraint followed
from the condition that the energy of wall should not dominate the en-
ergy of plasma within the horizon. This formulation assumes that if
the energy of wall, determined by the intrinsic negative pressure me-
dium inside the wall, exceeds the energy of plasma, the local expansion
would come to superluminal regime. Then the further wall evolution
would be elusive for the outer observer.

The account for crinkles made us to re-define the total energy of wall.
The wall flattening and crinkle decays transform the energy, stored in
the smaller scale crinkles, into the energy of scalar field waves and the
kinetic energy of wall. These products of wall flattening contribute to
the non-negative pressure part of the local energy density, thus prevent-
ing the superluminal expansion of the considered region.

To obtain the condition, under which superluminal expansion does
not come before the wall enters the horizon, we must now add the effect
of wall flatteningo4z R? (A — 1) to the energy of plasméy ~ p% R
and to compare this sum with the energy of the flattened w4dR?
within the current horizon. We obtain connection of the energy density
and the scale of the wall as

%

P

if A< 2. The valueR = Ly 2eN-N depends on the temperattire
Combining formulas written above one obtains maximal size of the
wall

R 2-A), (4.79)

A

1/3
(4.80)
Maximal size of a wall with phase which has crossedt e - folding
numberN is determined from the condition

Wik
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R(N) = min(Ry(N), Ro(N)).

If A approaches 2, the value Bf,ax, given by Eqg. (4.80), formally
tends to infinity. It means that for sufficiently strong effect of crinkles,
corresponding taA > 2, wall dominance can not come, since the en-
ergy release of flattening always dominates the negative pressure energy
of flattened wall within the horizon (in the Eq. (4.79) it formally corres-
ponds to the tendency @& to zero, whenA approaches 2, and to the
absence of solution fdR at A > 2). The RD (or MD) regime of dom-
inance of the energy, released in flattening, implies the difference of
the expansion law within the considered region from the general expan-
sion, but, being subluminal, it continues until the whole wall enters the
horizon.

SGR: I would like very much to omit this paragraph because we
do not know the law of expansion in this region(???). So in the
case of strong crinkle effects, corresponding t&A > 2, the second
restriction has no place and the maximal size of wall is

R(N) = Ry(N).

It proves the values of maximal mass of BHs that we consider in the
next subsection.

The longer is the period of crinkle-decay-products dominance, the
larger is the over density in this region, as compared with the mean cos-
mological density(sp/p) > 1, when the wall enters the horizon. It
provides the separation of this region from the general expansion and
effective BH formation in it, similar to PBH formation on RD stage,
considered by [69] (see for review [71, 3]). The account for this ef-
fect needs special study, however, it can only slightly modify (within a
factor of A) the numerical values in BH distributions, presented in the
following subsection.

d. Primordial black hole cluster seeds
for galaxy formation

The clusters of BHs considered in previous sections seems could be a
trigger mechanism for initial baryon fluctuations. In this section we dis-
cuss new model of galaxy formation, offered in [80, 81]. It is based on
the prediction of closed wall defects from the succession of symmetry
breaking phase transitions in the inflationary Universe and on the form-
ation of massive primordial black holes in the result of collapse of such
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closed walls. The natural consequence of this mechanism is the spatial
correlation between the black holes. Such correlation leads to formation
of primordial black hole clusters. The energy of scalar field oscillation
from small scale wall decays is shown to be localized around the black
hole cluster. The complex of black hole clusters and concentrated en-
ergy of scalar field oscillations provides the effective primordial seeds
for matter condensation and galaxy or/and cluster of galaxy formation.

The necessary ingredient of our mechanism is the existence of poten-
tial with several minima. As a working example we have chosen the
same 'mexican hat’ potential with small tilt (4.24), (4.25).

Absolute minima are disposed in poings= f,¢ = 0,2x,4r....
Local maxima are in pointg = f, 9 = x, 3x.... Values of the paramet-
ersf ~ 10%GeV A = 1+ 10°GeV do not contradict any cosmological
or physical constraint, provided that the sufficiently effective mechan-
ism of field oscillations decay is present and that the large scale fluctu-
ations are compatible with the observed level of CMB fluctuations (see
the discussion of the latter point in the next Chapter). During inflation,
quantum fluctuations force the phagenside some space domains to
overcome local maxima. After the end of inflation these domains will
be surrounded by closed walls which could collapse into BH.

Mass distribution of such BH for specific values of the parameters is
represented in Figures 4.3, 4.4, 4.5.

Total mass of such a BH equals 5 - 10°3g what is comparable
with the baryon mass in the visible part of the Universe. In the preced-
ing sections, we considered only the principal possibility of the forma-
tion of domain walls connecting neighbouring vacuum states. The nu-
merical calculations were performed for the following values of para-
meters (which are consistent with the observed anisotropy in the cos-
mic microwave radiation): the Hubble constant at the end of inflation,
H = 10'3GeV; Lagrangian parameters$, ~ 5H andA varies from 1
to 10’ Gev. The initial phase, at which the visible part of the Universe
is formed by the timey ~ 60H~! to the end of inflation, controls
the number of domains and, accordingly, the number of closed walls
formed after inflation. This random value, not related to the Lagrangian
parameters, must be selected taking into account the observational re-
strictions on the abundance of black holes in the Universe. We will
use that numerical valugy, which ensures a sufficiently large number
of massive black holes, while the presence of numerous smaller black
holes does not contradict experimental restrictions.
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Figure 4.3. Mass distribution of black holes in the visible part of the Universe. Total mass
of BHs equals ® - 10°3gram Parameters of the modek = 10° GeV, f = 5- 1013 GeV,
Yy = 0.557

As itis seen, the PBH masses fall within the range froff 101.0*2g
depending on chosen parameters. The total mass of black holes amounts
to ~ 1% + 100% of the contemporary baryonic contribution.

The results of calculations are sensitive to the value of the parameters
f, A and the initial phase&y. As theA value decreases to 1GeV,
still greater PBHs appear with a mass of uptd.0*2. A change in the
initial phase leads to sharp variations in the total number of black holes.

Sharp bends of the curves in the Figures are conditioned due to dif-
ferent mechanisms responsible for small and large wall formation and
discussed above.

Thus we have BH with different masses which are initially distributed
in the space of the Universe. The parameters of the model in Figure 4.4
are chosen in such a way that average distance between most massive
BH, (10° — 10%) M., is about severaMpc. The latter is a scale of
galaxy clusters.

Figures 4.3, 4.4, 4.5 represent examples of mass distribution of un-
correlated BHs. Each of such a BH being formed gives opportunity for
production of smaller BHs. Using formulas (4.68), (4.73) and (4.74)
one can calculate desired distribution of intermediate BH in the vicinity
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Figure 4.4. Mass distribution of black holes in the visible part of the Universe. Total mass
of BHs equals & - 10°°gram Parameters of the modefs = 1 GeV, f = 5.3 1013 GeV,
vy = 0.67r
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Figure 4.5. Mass distribution of black holes in the visible part of the Universe. Total mass
of BHs equals 3 - 10°%gram Parameters of the modek = 107 GeV, f = 6 - 10'3 GeV,
Yy = 0.557
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Figure 4.6. Total mass of black holes within the sphere of radiand most massive BH in
the center. Parameters of the model= 10% GeV, f = 5. 10'3 GeV

of most massive one. The distribution of such kind is represented in
Figure 4.6. This BH cluster contains from the beginnind 0?2 BH of
smallest masses abowt 107 1M.. There are massive BH with mass
~ 10°M. Total mass of the BH in the clusteris 5 - 1013M., and is
comparable with a mass of a baryon component in galaxy clusters. The
successive processes of merging could increase the masses of remain-
ing BH and decrease their number. It is important to note that closed
walls of smaller sizes are vanished by radiating energy into surrounding
media. This energy contributes to the total mass of the galaxy clusters
if the field is stable and heats surrounding media by decay products in
the case of unstable field.

We investigated in details primordial spatial distribution of black holes.
It was shown that intermediate mass BH (in the range*16 10° M.,
) could concentrate around massive one in the scale of several Mpc.
The total mass of a group of these primordial BH is comparable with a
mass of ordinary galaxy cluster. Number of such a groups coincides ap-
proximately with a number of galaxy clusters in the modern epoch for
chosen parameters. Their formation begins at very early stage which
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is characterized by the temperatire ~ ,/Mpm, ~ 10°GeV and

for the biggest walls may continue even after the period of Big Bang
nucleosynthesis. Being compatible with the constraints on the average
primordial light element abundance and with the averaged restrictions
on the distortions of the CMB black body spectrum, the formation of
PBH clusters around the most massive BH may lead to local peculi-
arities of pre-galactic chemical composition and to specific effects in
the spectrum, angular distribution and polarization of small scale CMB
fluctuations, accessible to the observational test. After recombination
of hydrogen at the modern matter-dominated stage baryons are influ-
enced by gravitational potential of primordial BH group what facilitates
galaxy formation. The proposed model can offer the alternative to the
standard picture of slow growth of baryon density fluctuations to pro-
duce galaxies. In any case it brings the new element into the theory of
large scale structure formation.

Thus, our calculations confirm the possibility of formation of the
clusters of massive PBHs+ 10°M,, and above) in the early pre-
galactic stages of cosmological evolution. These clusters represent the
fractal structure of localized strong nonlinear energy density fluctu-
ations around which increased baryonic and (cold or warm) dark matter
density may concentrate in the subsequent stages, followed by the evol-
ution into galaxies.

3. Discussion

This chapter was devoted to the new phenomena in the theory of large
scale structure and galaxy formation, arising as cosmological impact of
particle theory. The new mechanism is offered for the formation of
protogalaxies, which is based on the cosmological inferences of the ele-
mentary particle models predicting nonequilibrium second order phase
transition in the inflation stage period and the domain wall formation
upon the end of inflation. The presence of closed domain walls with the
size markedly exceeding the cosmological horizon in the period of their
formation leads to the wall collapse in the postinflation epoch (when the
wall size becomes comparable with the cosmological horizon), which
results in the formation of massive black hole clusters that can serve as
nuclei for the future galaxies.

Results of calculation of the black hole mass distribution are compat-
ible with the available observational data. The number of black holes
with M ~ 10° + 10*M¢ ( and above) is comparable with the number of
Galaxies in the visible part of the Universe. A mechanism of deceler-
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ation of the wall motion is considered and it is shown that this process
does not affect the dynamics of collapse of supermassive walls.

Development of the proposed approach gives ground for a principally
new scenario of the galaxy formation in the model of Big Bang Uni-
verse. Traditionally, the hot Universe model assumes a homogeneous
distribution of matter on all scales, whereas the appearance of observed
inhomogeneities is related to the growth of small initial density perturb-
ations. However, an analysis of the cosmological inferences of the the-
ory of elementary particles indicates the possible existence of strongly
inhomogeneous primordial structures in the distribution of both the dark
matter and baryons. These primordial structures represent a new factor
in theory of galaxy formation.

Topological defects such as the cosmological walls and filaments,
primordial black holes, archioles in the models of axion cold dark mat-
ter [77, 78, 3], and essentially inhomogeneous baryosynthesis (leading
to the formation of antimatter domains in the baryon-asymmetric Uni-
verse) [82, 79, 264, 3] offer by no means a complete list of possible
primary inhomogeneities inferred from the existing elementary particle
models. The proposed approach discloses a number of interesting as-
pects in this direction.

Indeed, most of the above mentioned phenomena can be naturally
described with the use of a simple nambu-Goldstone model, applied to
different conditions in the inflationary Universe.

Thermal and non-thermal post-inflationary U(1) breaking phase trans-
itions lead in this model to primordial large scale nonhomogeneity in the
distribution of energy density of coherent oscillations of stable scalar
field — to the archiole structure. Non-thermal phase transitions on infla-
tionary stage can result in spikes in the spectrum of density fluctuations.
Fluctuations of phase on inflationary stage after such transition can res-
ultin closed wall defects.

In the latter case, the model provides for a possibility of the quant-
itative analysis of correlations in the formation of massive PBHs and
the primary inhomogeneity of the dark matter and baryons. Origin-
ally inherent in this mechanism is the inhomogeneous phase distribu-
tion which eventually acquires (similar to what takes place in the in-
visible axion cosmology) a dynamical sense of the initial amplitude of
the coherent oscillations of a scalar field. Irrespective of the efficiency
of dissipation of the energy of these oscillations, the regions of closed
wall formation must be correlated with the regions of maximum energy
density of the dark matter. If these oscillations are not decaying, their
energy density may provide for the contemporary dark matter density.
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Inhomogeneity in the initial amplitude of these oscillations would then
imply an inhomogeneity in the initial energy density and, hence, the re-
gions of black hole formation will become the regions of increased dark
matter density. Qualitatively similar effect (albeit not as pronounced)
takes place in the dissipation of coherent oscillations at the expense
of particle production. An increase in the oscillation energy density
transforms into a local increase in the density of dark matter particles
produced in this region.

Thus, development of the proposed approach may lead to a number
of interesting scenarios of initial stages in the formation of protogalax-
ies, depending on the selection of particular elementary particle models
and their parameters. We continue to discuss these models in the next
chapters.






Chapter 5

BARYON ASYMMETRICAL UNIVERSE
WITH ANTIMATTER REGIONS

The statement that our Universe is baryon asymmetrical is a quite firmly
established observational fact, being one of the cornerstones of contemporary
cosmology (see review in [3]). Indeed, if large regions of matter and antimatter
co-exist now, the annihilation would take place at the borders of these regions
being the source of enormous gamma radiation that is not observed. If the typ-
ical size of such a domain structure was small enough, domains would have
annihilated completely. Then the energy released by the annihilation would
result, depending on the period of annihilation, in diffyseray background,
in distortions of the spectrum of the cosmic microwave radiation or in pecu-
liarities of light element abundance, neither of which is observed (see [304]
for review). Recent analysis of this problem [263] for baryon symmetric Uni-
verse claimed that the size of domain regions should exceed 1000 Mpc, being
comparable with the modern cosmological horizon. It therefore seems more
plausible that the Universe is fundamentally matter—antimatter asymmetric.

However the arguments used in [263] do not exclude the case when the Uni-
verse is composed almost entirely of matter with relatively small insertions of
primordial antimatter. Thus we may expect the existence of macroscopically
large antimatter regions in the Universe that differs drastically from the case
of baryon symmetric Universe. We call the region filled with antimatter in
the baryon asymmetrical Universe, as antimatter island. Of course the exist-
ence of antimatter islands is not the rigorous requirement of baryosynthesis,
but natural modification of baryogenesis scenarios will result in formation of
domains with different sign of baryon charge (see for review [264] and [3]).
The principal possibility of appearance of antimatter domains as the profound
signature of nonhomogeneous baryosynthesis was first put forward in [82].

The only condition, which is necessary to satisfy, is that the amount of anti-
baryons within antimatter islands must be small comparing to the total baryon
number of the Universe. At the first glance it is not difficult to obtain some
amount of domains with antimatter, if we simply suppose that the C—and CP-

89
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violation have different sign in different space regions. This may be achieved,
for example, in models with two different sources of CP—violation, explicit
and spontaneous [265] one. However, the processes, involving spontaneous
CP-violation, appear as the result of first or second order phase transition in
the early Universe. This implies that any primordial antimatter islands should
be too small [264]. For example, if they are formed in the second order phase
transition their size at the moment of formation is determined by so called
Ginzburg temperaturg ~ 1/(AT:), whereT, is the critical temperature at
which the phase transition happens &nid the self-interaction coupling con-
stant of a field which breaks CP symmetry [265]. In this case different do-
mains would expand together with the Universe and now their sizes would be
lo ~ 1i(Te/To) = 1/(ATo) ~ 10-?1pc/A, whereTy is the present temperature

of the background radiation.

On the other hand it has been revealed [266] that the average displacement
of the antimatter domain’s boundary caused by annihilation with surrounding
matter is about Bpc at the end of radiation dominated (RD) epoch. Therefore
only primordial antimatter island, having initial size up tdbpc or more at
the end of RD stage, survives to the contemporary epoch and in the case of
successive homogeneous expansion has the modern dizpcor more. Any
primordial antimatter islands with scale less then critical survival kizer
1k pcat contemporary epoch must be eaten up by annihilation processes. Thus,
it is the serious problem for models with thermal phase transition to provide
the size of primordial antimatter islands exceeding the critical survivall gize
in order to avoid total annihilation.

It was first shown in [267] that the problem of formation of sufficiently
large antimatter islands in the result of nonhomogeneous baryosynthesis im-
plies with necessity some reflection of inflationary stage. In this Chapter we
present the issue for nonhomogeneous baryosynthesis in inflationary Universe
in which the relationship between the nonhomogeneity of baryosynthesis and
inflation has the manifest form.

The proposed approach is based on the mechanism of spontaneous baryo-
genesis [264]. This mechanism implies the co-existence with inflaton of com-
plex scalar field carrying baryonic charge. The phase of this additional field has
initially arbitrary value along the valley of its potential. The baryon/antibaryon
number excess is produced, when due to a small tilt of potential, the phase
moves to its minimum.

It is supposed that the vacuum energy responsible for inflation is driven by
a scalar inflaton field, and additional complex field coexists with the inflaton.
Due to the fact that vacuum energy during inflation period is too large, the tilt
of potential is vanishing. This implies that the phase of the field behaves as
ordinary massless Nambu—Goldstone (NG) boson. Owing to quantum fluctu-
ations of massless field at the de Sitter background [251, 51, 256, 254, 255]
the phase is varied in different regions of the Universe. When the vacuum
energy decreases the tilt of potential becomes topical, and pseudo Nambu—
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Goldstone (PNG) field starts to oscillate. As the field rolls in one direction
during the first oscillation, it preferentially creates baryons over antibaryons,
while the opposite is true as it rolls in the opposite direction. Thus to have
baryon asymmetric Universe as a whole one must have the phase sited in the
point, corresponding to the positive baryon excess generation, just at the be-
ginning of inflation (when the modern Universe size is leaving the horizon).
Then subsequent quantum fluctuations may adjust the phase at the appropriate
position causing the antibaryon excess production. If it takes place not too late
after the inflation begins, the size of antimatter islands may exceed the critical
surviving sizdc.

1. Phase distribution for NG field at the inflation
period

We start our consideration with the discussion of evolutiotJ ¢f) sym-
metric scalar field at the inflation epoch with a pseudo Nambu—Goldstone tilt
emerging after the end of exponential expansion of the Universe.UThg
symmetry is supposed to be associated with baryon charge. It is shown that
guantum isocurvature fluctuations lead in natural way to baryon asymmet-
rical Universe with antibaryon excess regions. The range of parameters is
calculated at which the fraction of Universe occupied by antimatter and the
size of antimatter regions satisfy the observational constraints and lead to ef-
fects, accessible to experimental search for antimatter) symmetric scalar
field coexists with inflaton at the inflation epoch. The quantum fluctuations
of such field during the inflation stage cause the isocurvature perturbations
for the phase marking the Nambu—Goldstone vacuum. The size distribution
of domains containing the appropriate phase values, caused by isocurvature
fluctuations, coincide with the size distribution of antimatter islands.

Thus to estimate the number density of antimatter regions with sizes exceed-
ing the critical survival sizé; in the baryogenesis model under consideration
we have to deal with long — wave quantum fluctuations of the NG boson field
in the period of inflation. Various aspects of this question have been examined
in the numerous papers [268, 247, 269, 270, 260, 57, 271, 272, 256, 255, 254]
in the connection with cosmology of invisible axion. Such quantum fluctu-
ations could be a reason of axionic topological defects or could be reprocessed
into isocurvature density perturbations.

The effective potential of the complex field is taken in the usual form

V(x) =My x+ 2, (x" 2)% + Vo, (5.1)

where constanty was added to make the potential (5.1) non-negative. The
field y can be represented in the form

x(¥) = \;i exp<f>. (5.2)
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TheU (1) symmetry breaking implies that the radial component of the field
x acquires a nonvanishing classical part,

f= mx/\/ga

and the angular fielet in Eq. (5.2) becomes a massless NG scalar field with a
vanishing effective potential/(#) = 0. In this casey has the familiar Mex-
ican hat potential, and the vacuum is placed in a circle of rafliughroughout

the present Chapter we’ll work with dimensionless angular fietd 9/ f.

We concern here with the possibility to store appropriate phase value in
the domain of size exceeding the critical survival size. Such value of phase
plays role of starting point for clockwise movement, which is going to generate
antibaryon excess when the tilt of potential (5.1), breakirity) explicitly, will
turn to be topical.

We assume that the Hubble constant varies slowly during inflation. Also
we use well established behaviour of quantum fluctuations on the de Sitter
background [255], [256],[254] (see Chapters 3 and 4). It implies that spatial
size of vacuum fluctuations of every scalar field grows exponentially in the
inflating Universe. When the wavelength of a particular fluctuation becomes
greater tharH 1, the average amplitude of this fluctuation freezes at some
nonzero value because of the large friction term in the equation of motion of
the scalar field, whereas its wavelength grows exponentially. In the other words
such a frozen fluctuation is equivalent to the appearance of classical field that
does not vanish after averaging over macroscopic space intervals. Because
the vacuum must contain fluctuations of every wavelength, inflation leads to
the creation of more and more new regions containing the classical field of
different amplitudes with scale greater thenl. The average amplitude of
such fluctuations for NG field generated during each time intétvalis equal
to [251, 51] (see also the previous Chapter)

H
6 = o (5.3)
During this time interval the Universe expands by a factoe.dbince the NG
field (the PNG tilt is vanishing yet) is massless during inflation period, one can
see that the amplitude of each frozen fluctuation is not changed in time at all
and the phases of each wave are random. Thus the quantum evolution of NG
field looks like one—dimensional Brownian motion [57, 273] along the circle
valley corresponding to the bottom of NG potential. It means that the values
of the phase in different regions become different, and the corresponding
variance grows as [256, 254, 255]
5 H3t
((66)%) = 4 273 (5.4)

As a result, the dispersion grows 4((66)2) = >2-+/N, whereN is the
number ofe—folds. In the other words the phagenakes quantum stegz'—f at
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eache—fold, and the total number of steps during time inted¥als given by
N = HAt.

Let us consider the scale’! = Hy! = 300th~M pc which is the biggest
cosmological scale of interest. The Universe is assumed to be baryon asym-
metric in the scale which leaves the horizon at the corresporedifdd N =
Nmax On the other side this scale is the one entering the horizon now, namely
amaxHmax = agHo, where the subscript "0" indicates the contemporary epoch.
This implies that:

@endHend n Hend
aoHo Hmax
Here the subscripténd'denotes the epoch at the end of inflation period. The
slow-roll paradigm assumes slow variationléfduring inflation, so that the
last term of (5.5) is usually< 1. The first term depends on the evolution of
scale factora between the end of slow-roll inflation and the present epoch.
Assuming that inflation ends by short matter dominated period, which is fol-
lowed by RD stage lasting until the present matter dominated era begins, one
has [274]

NmaX: |I’1 (55)

101%GeV 1 <\/Hend|\/|p> 56)

Nmax= 62— IN ——=— — =
ma v HendMp 3 Prléf-.

where preh is energy density determined at the reheating temperdidre
when the RD stage is established. Withnq ~ 1013GeV and instant reheating
this givesNmax ~ 62, the largest possible value.

In local supersymmetric models to avoid gravitino overproduction [275,
276] Tyen should be much smaller, even as smalllas < 4 - 10°GeV, as it
follows from the analysis [277] diLi production by gravitino decay products
(see [3] for review). there is a long MD stage after the end of inflation until
the heating of the Universe the valueNy,ax should be even less, than 58. On
the other hand, the constraints Bap, following from the analysis of primor-
dial gravitino effects, imply the realization of a model of supergravity, coupled
with matter, being, thus, model dependent. Moreover, even in the case of low
Tren, Nmax can be still 62, if the inflaton field oscillations provide RD stage
after the end of inflation (see Chapter 2). With all these reservations we’'ll use
further Nmax = 60.

The smallest cosmological scale of antimatter islands that is survived after
annihilation isk;* = I, ~ 8h?kpc[266]. It is 9 order of magnitude smaller
than Ho‘l, that corresponds to

Ne ~ Nmax— 13— 3Inh ~ 45. (5.7)

Thus thel; should left horizon at 4®-—folds before the end of inflation to
provide the survival of the corresponding domain in future.

Let us imagine that the phase valae= 0 corresponds to North Pole of
NG field circle valley, and = r corresponds to South pole (see Figures 4.1,
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Figure 5.1. Mexican hat potential, the view from above.

5.1). The phase grows along the anticlockwise direction, and the bottom of
PNG potential is located at the North Pole of circle. It will be shown below
that the antibaryon production corresponds to the regions (marked as 'AB’ in
the Figure 5.1) that would contain phase values that correspond to anticlock-
wise rolling of PNG field® during the first half-period of oscillation. Baryon
production should take place, if the fieddrolls clockwise toward the North
pole of tilted potential just after the first oscillation began. This area is marked
as 'B’in the Figure 5.1

Now we are able to perform preliminary estimation of the fraction of volume
of the Universe containing antimatter islands. According to previous paragraph
to ensure that the Universe would be baryon asymmetric as a whole with the net
baryon charge, being positive, it is necessary to suppose that the phase average
valued = 6y within the biggest cosmological scale of interest, emerging at
the Nmax = 60 e—folds before the end of inflation, is located in the range
[0, z]. The @y is the starting point for Brownian motion of the phase value
along the circle valley during inflation. As it has been mentioned above, the
phase makes Brownian stép = Zﬂif at eache—fold. Because the typical

wavelength of the fluctuatiofe, generated during such step, is equatto’,
the whole domairH %, containing6y, after onee—fold effectively becomes
divided ontoe? separate, causally disconnected, domains of raditls Each
domain contains almost homogeneous phase vdye= 6y + §6. In half
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of these domains the phase evolves towafthe South Pole) and in the other
domains it moves toward zero (the North Pole). One should require that the
phase value reaches the valwes 0 during first 15 steps. Only in this case the
antimatter islands would have the size larger, thamand they would survive

up to the modern era. It means that at least one of the two following conditions
must be satisfied

15H
> .
Os0 > 1 o f (5.8)
P 15H
60 = 2 f’

Consider initially the case of exact equalities in the expression (5.8), when the
main part of antimatter is contained in the domains with antimatter oflgize
The number of domains containing the equal values of phase at thef@dlfs
before the end of inflation satisfies the following expression

ngs ~ (e3/2)1° ~ 10'°. (5.9)

In the case of the second inequality in (5.8) this value represents the number of
islands with extremely dilute antimatter content because of the phhsing
almost zero. To obtain more or less dense antimatter islands we have to select
those domains which move away from the phase 0. The probability that
every domain of sizé. would not be separated at the nexfold onto €3
domains with size one order of magnitude lower, tharand with different
sign of the phase® is given by Ps ~ (1/2)e3 ~ 1075, Thus the number
of domains serving as the prototypes for antimatter islands ofl sizan be
estimated as follows

N = NysPs ~ 10°. (5.10)

The same estimation is valid in the case of the first inequality in (5.8). The
probability Ps accounts in this case for the non-division of high density anti-
matter domain with the sizk onto smaller domains of the different baryon
charge. Otherwise, the annihilation of such smaller size domains with the op-
posite baryon charge can prevent the domain’s survival.

There are about 1d galaxies in the observed part of the Universe. Thus
according to (5.10) we reveal that 1% of all galaxies contains the region of
sizel filled with antimatter of highest possible antibaryon density, if éhg
coincides with the first inequality (5.8), or of the lowest one in the case, if the
second inequality is held.

We can find the size distribution for antimatter islands as well. To this end it
is necessary to study the inhomogeneities of phase induced by (5.3). It has been
well established that for any given scéle- k1 large scale component of the
phase value® is distributed in accordance with Gauss’s law [251, 51, 57, 273].
The quantity which will be especially interesting for us is the dispersion (5.4)
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for quantum fluctuations of phase in the period frens H =1 to kyin = I3,
(where the biggest cosmological scélay corresponds to 6@-folds). This
guantity can be expressed in the following manner

H2 HZ | H?2
aF:/dlnk:LmzlnmIaX:W(ao—Nl), (5.11)

whereN; is the number ob—folds for any scalé. This means that the distri-
bution of phase has the Gaussian form

1 (060 — 6))2
P(eor,l) = Ner exp{—l‘lz}. (5.12)

Suppose that a-fold N; before the end of inflation the volumé&, N;) has
been filled with phase value. Then at thee—fold N ot = N; — AN the
volume filled with average phagesatisfies the following iterative expression

V(6, Niiar) = €V(6, No)+ (M (N) —€3V (6, Nb))P(6, N at)on,, > (5.13)

here the\; (N;) ~ eMH~1 is the volume of the Universe & e—fold. With

the use of expression (5.13) one can calculate the size distributions of domains
filled with appropriate value of phase numerically. In order to illustrate quant-
itatively the number distribution of domains, we present here the numerical
results for specific values @y = 6s0 = 7/6 andh = zﬂif = 0.026. The

table contains the results as concerns the number of domains containing anti-
matter with average phage< 0 ate—fold numberN,

Number ofe—fold | Number of domains Size of domain
59 0 110aM pc
55 5.005-1014 37.7Mpc
54 7.91.1010 13.9Mpc
52 1.291-1073 1.9Mpc
51 0.499 630kpc
50 74.099 255 pc
49 8.966- 10° 94kpc
48 8.012-10° 35kpc
47 5.672-107 12kpc
46 3.345.10° 4.7kpc
45 1.705. 10 1.7kpc

The fraction of the Universe filled with phaseppears to be equal to6B4
107°.

One can see that the size distribution of domains is peaked at smallest value.
Assuming thahis the free parameter we can easily obtain several regions with
a negative phase and sizes larger or equal to the critical surviving size. In
spite of sufficiently large total number of antimatter islands, only the small part
of our Universe could be occupied by them.
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Up to now we did not distinguish two rather different cases when the phase
crosses South and North Poles. The only similarity is that both cases lead
inevitably to domains with antimatter. Meantime, the final picture looks rather
different in these cases.

If we came to negative phase from the minimum of the potential (North
Pole), a boundary between baryon and antibaryon areas is mostly very wide.
It takes place because the phase 0 corresponds to zero baryon charge. So
the average antibaryon density in domains, originated from the crossing of the
North Pole, is very low. Only small amount of more dense antimatter domains
(with the internal density approaching the average baryon density) are formed
due to Gaussian tail in the amplitude distribution of fluctuations.

Another situation takes place if the phase reaches the valuesr. First
of all, the matter-antimatter boundary will be very sharp and strong annihila-
tion would take place after the end of inflation. Secondly, this boundary must
contain a field wall according to discussion in previous Chapter. Estimations
revealed that if the antimatter domain is large enough for to be survived in
future, the wall appears to be unacceptably massive.

2. The problem with large scale fluctuations

This mechanism suffers also from another shortage. Indeed, fluctuations
of the amplitude of the phase must be not smaller than 0.01 to obtain
substantial amount of antimatter domains. In this case the first several phase
fluctuations, corresponding to the modern scales from galaxy superclusters to
the modern horizon, are too large to be unobservable. They should have created
fluctuations of CMB temperature at the level, exceeding the observed one. A
possible way to suppress these large scale fluctuations and hence to improve
the situation is to take into account the interaction ofghdield with inflaton.

Consider this interaction in the formp ¢ inflaton, y - complex field)

V(g ) = A(|z* = 12/2) = glx|* (¢ — cMp)?, (5.14)

where 1,g and c are parameters of the potential. This potential having the
same form of the Mexican hat possesses minimum at

x| = feri(e) = \/f2+i(<p—0MP)2- (5.15)

Position of the minimum is not a constant now, but it is strongly dependent
on the classical value of the inflaton. This value is ruled by classical equa-
tions of motion and varies in the rang®lp +~ 10Mp). Average amplitude of
fluctuations of the phasg of the fieldy is inversely proportional to the scale

fer ().
Inflaton varies with time as

— o MeMp
o(t) = ou 2\/gt (5.16)
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for the quadratic potentidl (p) = m2¢?/2. In this case wen, = H at the
end of inflation. ThusN e-foldings after our Universe was born inflaton has
the value

Mp
= = oy — ——N 5.17
0= ON=eu o (5.17)
Now effective scalefe 1 1 (5.15) can be represented in the form
fort(N) = 1)1+ IME [("’U - 2 (5.18)
ef ) = A2 "M, 2v3r] '
Dc.=:noting(‘,(’,|—up —C) = 2f one comes to final expression for effective energy
scale
_ 9 ME Ny
feff(N) = f\/l—l— 1274 §2 (Nf N) . (5.19)

This expression has important property. Indeed, there is an apriori large para-
meter M3/ 2 ~ 10'° and for reasonable relation between the parameters
g and A one can reveal that the valug+:(N) has very sharp minimum at
fert(Nf) = f. Immediate consequence is that the amplitude of the phase
fluctuations

H

(66) = 2 fert(N)

(5.20)
increases sharply in the vicinity of tleefold numberN = Ns.

In that way the problem of large scale fluctuations could be resolved. In
addition, we acquire an interesting feature of the fluctuations — their amplitude
is large only ate—folds arounde—fold numberN;. As the result, we come to
very tight size distribution of the antimatter domains. To give some idea about
the values, let’s choose numerical values of parameters as follows: initial phase

0y = n/8; parameteA =5 (A= 2~ fz) andN¢ = 15. Using iteration

procedure (5.13), one can easily find that there 8d.0'° antimatter domains

with antibaryon density equal to the average baryon density in our Universe
and with the size about #&cm The distribution is very sharp so that actually

the domains of another sizes are virtually absent. Antibaryon islands with
lower antibaryon density has peak at the same size, but their abundance is
about 188 in the visible part of the Universe. Would this situation takes place,
our Universe contains one dense antimatter domains per ten galaxies. Such
domain is able to form globular cluster of stars made from antimatter. Low
density antibaryon domains could not participate galaxy formation and should
be spread in the intergalactic space. The strategy of the experimental search for
both low and high density antimatter areas in the modern Universe is discussed
in Chapter 6.
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3. Spontaneous baryogenesis mechanism

Another important element of our scenario of inhomogeneous baryogen-
esis contains the conversion of the phasato baryon/antibaryon excess in
the considered mechanism of spontaneous baryogenesis [278, 279]. The basic
feature of this mechanism is that the sign of baryon charge created by relaxa-
tion of energy of PNG field critically depends on the direction that the phase
is rotated toward the minimum in the bottom of slightly tilted Mexican hat po-
tential. By this reason domains containing the phase valuesO or6 > «
convert into the domains with antimatter, when the potential gets the tilt and
PNG field moves to its minimum.

One of reasonable issue to the spontaneous baryogenesis has been con-
sidered in the work [83]. Let us briefly discuss it. It was assumed that in
the early Universe a complex scalar figidcoexists with inflatony respons-
ible for inflation. This fieldy has non vanishing baryon number. The possible
interaction ofy that violates lepton number can be described by the following
Lagrangian density

L= .1 "% —V(x) +iQr*d,Q +iLy“9,L —
_ B (5.21)
meQQ — m_LL + (gxQL + h.c.).

The fieldsQ and L could represent heavy quark and lepton coupled to the
ordinary quark and lepton matter fields. Since figjdandQ possess baryon
number, while the field does not, the couplings in Lagrangian (5.21) violate
lepton number [83]. Th& (1) symmetry that corresponds to baryon number
conservation is expressed by the following transformations

x—expif)y, Q—exp(if)Q, L—L. (5.22)

The effective Lagrangian density for Q andL eventually has the following
form after symmetry breaking

f2 — -
L= —53400"0 +1Qr"9,Q +iLy"o,L (5.23)

9
V2
At the energy scald\ << f, the symmetry (5.22) is explicitly broken and

the Mexican hat circle gets a little pseudo NG tilt described by the following
potential

—meQQ — mLLL + (== fQL+ h.c.) + 3,6Q¥*Q.

V() = A*(1— cose). (5.24)

This potential, of height &4, has minima atx = 6 f = 2zN f with N in-
teger or zero, and so it has the unique minimara= 8 f = 0 at small amp-
litudes of the fielde. Of course, in the most cases, the potential (5.24) is
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the lowest—order approximation to a more complicated expressions, emerging
from particle physics models (see e.g. [280] and Refs. therein).

The important parameter for spontaneous baryogenesis is the curvature of
potential (5.24) in the vicinity of its minimum, which determines the mass of
PNG field
, A
mp = 43 (5.25)

As it was mentioned above the fieddis an additional field with nondominant
energy density contribution into the total density on the de Sitter stage. Also we
assume that the field behaves as massless NG field during inflation implying
that the condition

my << H (5.26)

is valid, whereH is the Hubble constant during inflation. After the end of
inflation, when condition (5.26) is violated, the oscillations of fieldround

the minimum of potential (5.24) are started. The energy depsgity 62mg f2

of the PNG field which has been created by quantum fluctuatiogasdoiring

the inflation converts to baryons and antibaryons [278, 83]. The sign of baryon
charge depends on the local initial value of phase from which the oscillations
are started.

Let us estimate the number of baryons and antibaryons produced by clas-
sical oscillations of phase with an arbitrary initial phase;. The appropriate
expression for the density of produced baryons (antibaryn,g@ is repres-
ented in [83] in the limit of smalb;

2 9] 0 )
NgE) = g/ a)dw'/ diy(t)er2et

2
= Jmg+m

2
(5.27)

that is valid if y (t — —o0) = y(t — +00) = 0.

The general case with arbitrary initial phase can be obtained in the limits
x(t — —o0) # 0; x(t — 4+00) = 0 without loss of generality. After integra-
tion by part expression (5.27) has the form

00 2
2 i
Ne(@) = 2300 [ do| [ dei(re?er| | (5.28)

whereQy, is the volume containing the phase vakijeHere the surface terms
appear to be zero &t= oo due to asymptotes of field and att = —oo due to
Feynman radiation conditions.

For our estimations it is enough to accept that the phase changes as

o(t) ~ 6;(1— met) (5.29)

during first oscillation. More correct formulae lead to more complicated ex-
pressions that could be calculated numerically, what is not necessary for our



Baryon asymmetrical Universewith antimatter regions 101

estimations made below. Substituting (5.29) and (5.2) into (5.28) and after
some algebra, we come to

g*f%m,

Ne@) ~ ~gz Qok(6n), k(6;) =62 [ do

sinf
02

\8

: (5.30)

NS

:F

where the sign in the lower limit of integral corresponds to baryon or antiba-
ryon net excess production, respectively.

To compare our result with the result of [83], let us calculate the integral in
the limit 8; << 1. We find

g2 f ng

8n?
The comparison shows good agreement between the results of the both ap-
proaches in the limit of small amplitude oscillations around the minimum, cor-
responding t@ = 0. Using for spatially homogeneous figjd= %e“" the
following formula for the created baryon charge

Ng — N5 = Q,,63. (5.31)

Q=i(y'dy/dt—dy"/dty) = —fde/dt, (5.32)

one can easily conclude that the baryon ch&pge 0 if & > 0 during clas-
sical movement of phas# to zero. Thus the clockwise rotation gives rise to
origin of baryon excess while the anticlockwise rotation leads to the antibaryon
excess.

During reheating, the inflaton energy density converts into the one of the
radiation. It is assumed that reheating takes place, when the Mexican hat po-
tential does not feel the PNG tilt yet. This implies that the total decay width
of inflaton into light degrees of freedom should be rather quick, as compared
with the period of the PNG field oscillations, so tlat; >> my. The oscilla-
tions of ¢ field start, wherH ~ my. The time variation of the phase leads to
creation of baryons or antibaryons according to the above consideration. The
entropy density after thermalization is given by

27[2 3
= —0T 5.33
$= 20T (5.33)

whereg. is a total effective massless degrees of freedom. Here we concern
with the temperature above the electroweak symmetry breaking scale. At this
temperature all the degrees of freedom of the Standard Model are in equilib-
rium andg. is at least equal to 1085. The temperature is connected with the
expansion rate as follows

. MpH - \/Mpmg

TV reed? g

(5.34)
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The last part of the expression (5.34) takes into account that the relaxation
starts at the conditionl ~ my. Using the formulas (5.30), (5.33), (5.34) we
get the baryon/antibaryon asymmetry

Ne/o 2 3/2
BB _ 4% (f ) T ween. (5.35)
s Tertg \Mp) A

The functionk(6;) accounts for the dependence of the amplitude of baryon
asymmetry and of its sign on the initial phase value, appeared in the different
space regions during inflation. The behavior of this function could be easily
calculated numerically using its definition by the expression (5.30).

Expression (5.35) allows us to get the observable baryon asymmetry of the
Universe as a wholeg/s ~ 3-107%0. In the model under consideration we
have supposed initiallyf > H ~ 10 Mp. The natural value of coupling
constant igy < 102 and the observed baryon asymmetry is obtained at quite
reasonable conditiofi/A > 10° (see e.g. [280]).

4. Radiation of baryon charge during wall
shrinking

As we have discussed, there are two ways to obtain domains with antimatter
in the baryon dominated Universe. Up to now we dominantly considered the
case, when the phasecrosses the value@ = 0 due to the fluctuations at
inflation stage. There is another case, when the phasmsses the value
0 = z. This case leads to almost inevitable closed wall formation.

Our analysis performed above concerned (anti-) baryon abundance as the
result of oscillation of the phas¢ in a volume as a whole. As one can see
from Eqg. (5.28), the particle production is, in fact, the result of any process of
radiation of the phase. After the phase reaches its vacuum vadue 0, 2r...
the particle production is terminated. However, the crossing of the phase
during inflationary stage, leads to islands of vacuum Wighain = 27 in the
sea of the phas@;e5 = 0. The phase continuously changes from Ot@2ross
the wall that is placed at the phase valygy = = . The classical motion of
the wall represents some kind of phase variation with time. As it was shown
in Chapter 4, closed walls accelerate rapidly during shrinking, and hence their
radiation of (anti-) baryons could contribute significantly at some conditions.

Let us estimate the possible effect of wall radiation. To proceed, suppose
that the created baryon/antibaryon excess is proportional to the total energy
of the wall, whereas such excess in the whole volume inside the wall is pro-
portional to the total energy of phase oscillations. The energy of the wall is
Ew ~ A2f - R2. The energy of the phase oscillations, when they start inside
the wall isEy ~ A% - RS, by an order of magnitude. Consequently, the ratio of
baryon exces8,,, originated from wall radiation to the ori&, in the whole
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volume is less than unity in that period

Bu Bv d_, (5.36)

Bv Ev R
In the course of successive expansion the size of wall grows as the scale factor
a, so that the total energy of wall and the baryon excess created by its motion
grows correspondingly @, whereas the baryon excess in the volume inside
the wall does not change. It leads to violation of the condition (5.36), and
the contribution of wall radiation could be important. Additional argument to
investigate this process is that the wall motion produces baryon content of the
sign opposite to that produced by the phase oscillation in the volume, what
could be important in the case of small walls. Let Lagrangian of interaction of
the complex field with fermions have the form

Lint = go(X)Q(X)L(X) + h.c. (5.37)

Standard result of quantum mechanics gives the expression for number of
particles radiated by the wall

B dke
2
/AkQ | 2eq(27)3 2e (27)% (5-38)

SQSL

where Ay, . is the amplitude of creation @ - particle with momentunkq
andL - particle with momentunk,_

<Q, L ] [ dxa(QML(x

o> . (5.39)

To be more specific, consider complex figldvith potential (4.25), (4.27).
As usual, radial component of the field is placed at its minimuem f //2.
As it was discussed above, field configuration of angular component represents
wall, which separates the vacuum wigth= 0 from the other one witle = 7.
The vacua are degenerated and the motion of the wall is governed by initial
conditions and by its surface tension.

Straightforward calculations of the matrix element and summation over spins
leads to the expression

A = 7 (R m) (kg - mo) -
2

-‘/d“xexp{ie +iEt—i(Pr)}| , (5.40)

E:£Q—|-£|_, P:kQ+kL.

Calculation of integral (5.40) represents nontrivial (though solvable) prob-
lem due to space and time dependence of the phasetegration by part of



104 COSMOLOGICAL PATTERN OF MICROPHYSICS

the integral slightly facilitates this problem. Surface terms contribute only to
renormalization of wave function and must be omitted at the calculation of
radiation [285]. One could apprehend it more easy by considering a wall at
rest. Such wall does not radiate in spite of the presence of surface terms. Some
calculations lead to the matrix element of the form

| Ak |” = 207 £2[(kokL) — mLmg] 1],
_ é/d“xéexp{ie HIEt—i(PT)}.

Now we have to specify the form of the classical configuration of the éield
It would be convenient to choose a motion of spherical wall which is collapsing
due to its internal pressure. Back reaction of radiated fermions on the total
energy of wall is neglected in the following. The wall is chosen being at rest in
the infinite past and in the infinite future. If the Lagrangian of the fielobs
the form

1 N2
L= 5 (0u0) + =+ (coso — 1), (5.41)

its classical equation of motion possesses the known solution for a plane wall
at rest

0(x,t) = —4arctg [exp(l\f2 (X — x0)>] (5.42)

The spherical wall is characterized by its radius, being much greater, than
the wall widthd ~ f /A?. Hence small mistake will be done, if we choose the
solution in the form

_ Y =
6(r,t) = —4arctg [exp(d (r R(t)))] , (5.43)
whereR(t) = Ry — u(t) -t stands by the wall radius andt) = [1—u(t)?]~Y/2.
In this case the integral is represented by the formula

| = Zj/dt r2dr dcosy y 6'(&)R(t) exp(i6 (&) +iEt — iPr cosy),

where{ = y/d((r — R(t)). Integrating out anglg, we obtain

I = ;gd/dty(t)R(t)R(t)e‘Et/dr9’(§)sin(Pr)é9(5>. (5.44)

In this formula it was taken into account that the functiprs varied in a
tight area~ d/y atr = R(t). To proceed it is necessary to know a time de-
pendence of the wall radiug(t), what can be easily obtained from the energy
conservation. The energy of the wall at restis = 4z R3o. Equating it to the
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wall energy at an arbitrary instant of tinWé(t) = 4zR(t)?y(t)o and taking
into account the expression for Lorentz - factor with wall veloaity) = R(t),
one comes to the equation

R?=1-RY/RS. (5.45)
This equation is used below to change the variable R
dt = dR/ [1— (R/RO)“] .

In this case integral (5.44) is expressed in the form

4'”RO 1 Et(R / |9()
= EPd /dRF( dr 6’(&) sin(Pr)e (5.46)

d/2

where the relationship = R(Z)/Rz was kept in mind. The final formula for
the number of radiated particles can be obtained after the integration out the
angles in the expression (5.40)

2szO /dngdsk kaL) — erer

8r5d? eqe E2P%2 7
2
J= /dR R1gER /dre )sin(Pr)e?®| . (5.47)
/2

Numerical calculation of this expression is possible but it is not simple. Fortu-
nately, we need only its estimation. For this we neglect masses of the radiated
particles and estimate their momenta by order of magnitud¢adtlleads to

the estimation of baryon (or more definitey, - quanta) number emitted by

the wall during its shrinking

2f2R8
Ne) ~ g sgz + (5.48)
2

3 = / dRR 1R/ / deo’ (&) sin(& + R/d)e%®)
d —00

Numerical calculations indicate thdt >> J_ provided thatRy >> d.
For exampleJ, = 24.5,J_ = 0.15 at initial radiusRy = 40d. Thus, if the
closed wall, with the phase = 2r inside it, is shrinking, baryon generation
dominates. It is interesting to note that in such domains antibaryons were
produced at first stage. This stage is characterized by classical motion of the
phase in the whole volume to its stationary value which was eqtal 2
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The comparison of the analytical estimations indicates that baryon produc-
tion by collapsing walls is very effective. Namely, a baryon-antibaryon ratio
equals approximateliRy/d. Nevertheless a caution is necessary. Indeed, our
estimation is valid if the back reaction is neglected. It means that the total en-
ergy of radiated particles must in any case be smaller, than the total wall energy.
Estimating with the use of Eq. (5.48) the total energy of radiated semirelativ-

2¢2
istic particles a££y ~ eg - Ng ~ %%\h and comparing it with the energy

of wall Ey ~ fA2RZ ~ £R2, one obtains that the whole energy of wall can
be radiated for walls with the size

3
Ro>Ro=2" . ]2 4 (5.49)
g Jy

On the other hand, the calculations made in Chapter 4 show that the number
of walls increases sharply with decreasing of their size. Thus we come to
interesting conclusion — the large walls produce antibaryon islands, meantime
large number of small walls contribute to baryon background.

Note that the possibility of energy dissipation due to radiation for large mov-
ing walls can slow them down more effectively, than the radiation friction,
considered in Chapter 4.

5. Discussion

In this chapter we have considered the particular example of an inflation-
ary model with inhomogeneous baryogenesis. This is a successful model for
generation of antimatter islands with appropriate sizes exceeding the critical
surviving size. The antibaryon density relative to background baryon density
in the resulting antimatter islands and the number of these islands depends on
the incidental value of phase that has been established at #ydd@fs and on
the parameters of PNG field potential. It is possible to obtain one or several
antimatter domains in our galaxy depending on the values of these parameters.
The observational consequences of existence of such domains and the restric-
tions on their number and sizes have been analyzed in papers [266, 84] and
will be discussed in the next Chapter.

As we have mentioned, one of the additional problem for the most models of
inhomogeneous baryogenesis, invoked by the phase transitions at the inflation
epoch, is the prediction of large scale topological defects. Our scheme also
contains the premise for existence of domain walls. When the PNG tilt is
significant and if initial phase is close g9 domain walls are formed along
the closed surfaces with = 7, 3rx, ... [286, 256]. In the other words every
antimatter island with high relative antibaryon density will be surrounded by
domain wall. The wall energy per unit surface is

A ~ 8fAZ. (5.50)
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This stress energy responses to the oscillation of wall bag. During the oscilla-
tions, the energy, stored in the walls, is released in the form of quanta of PNG
field and gravitational waves.

We would like to notice that the regions with antimatter in baryon-asymmetrical
Universe arise naturally in the variety models, using in different ways the sim-
ilar idea of baryon excess generation by primordial scalar field, as in the model
of spontaneous baryosynthesis. The main issue, what is needed, is the exist-
ence of a valley of potential for this field. It is the valleys that are responsible
for formation of causally separated regions with different values of a field,
which in its turn lead to antimatter domains. Many models based on super-
symmetry possess this property.

To be more specific, consider briefly another model of baryogenesis by ba-
ryonic charge condensate [287], [264] with the potential of the form

1 1 .
U(p) = m? ol + S0l + 3 42 (<p4 + 0 4) :
Baryonic charge of fielg is not conserved due to last term:
duig =194 (9" - 99 —9"9" - 9) =22 (¢’*4 - ‘P4> ’

wherel; = —12 = A > 0is supposed for simplicity. After the end of inflation
the field is governed by classical equations of motion

¢1+ 3He1 + (m2 + 4/1<p§> ¢1 =10,
p2+3Hpo + (P + 4202) 92 = 0.

Near a bottom of the potential at = ¢, = 0 the field rotates with almost
constant momentum what gives rise to production of baryon charge. The dir-
ection of rotation is determined by an arbitrary initial conditions at inflation
stage. If the conditions are slightly changed, it could easily result in another
direction of rotation after inflation. But it surely happens due to fluctuations
in the case of domains of smaller sizes and some of them acquire antibaryon
excess.

In the multi-field picture the possibility of unstable walls arises. The succes-
sion of phase transitions can lead to appearance of walls at some temperature
and to their disappearance at smaller temperatures [207].

The set of theoretical arguments for possible existence of antimatter do-
mains, surviving to the present time in the Universe with globally positive
baryon excess, is, as we discuss further, even much wider. It provides serious
grounds to experimental search for antimatter in the Universe. The theoretical
analysis of possible forms of antimatter objects and their signature is the im-
portant component of such search. The results of this analysis are presented in
the next Chapter.






Chapter 6

ANTIMATTER IN THE MODERN UNIVERSE

The use of travelling is to regulate
imagination by reality, and instead of
thinking how things may be, to see them

as they are.
Samuel Johnson

It was shown in [84],[267],[82] and discussed in the previous Chapter that
the existence of antimatter domains in the baryon dominated Universe is a
profound signature for the origin and evolution of primordial baryon matter
inhomogeneity. Depending on its parameters the mechanism of inhomogen-
eous baryosynthesis can lead to both high and low antibaryon density domains.
According to [84] high density domains can evolve into antimatter stellar ob-
jects so that a globular cluster of antimatter stars can exist in our Galaxy, what
may be tested in the cosmic searches for antimatter planned for the near future.
Such searches involve both direct search for pieces of antimatter - for antinuc-
lei or antimeteorites, or use indirect probes by gamma radiation that may be
originated from antimatter annihilation.

1. Introduction

In the baryon asymmetric Universe the Big Bang theory predicts the expo-
nentially small fraction of primordial antimatter and practically excludes the
existence of primordial antinuclei. The secondary antiprotons may appear as
a result of cosmic ray interaction with the matter. In such interaction it is im-
possible to produce any sizeable amount of secondary antinuclei. Thus non
exponentially small amount of antiprotons in the Universe in the period from
1073 to 10 s and antinuclei in the modern Universe are the profound signa-
ture for new phenomena, related to the cosmological consequences of particle
theory.

109
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The inhomogeneity of baryon excess generation and antibaryon excess gen-
eration as the reflection of this inhomogeneity represents one of the most im-
portant example of such consequences. It turned out [84],[267],[82], [3] that
practically all the existing mechanisms of baryogenesis can lead to genera-
tion of antibaryon excess in some places,the baryon excess, averaged over the
whole space, being positive. So domains of antimatter in baryon asymmetric
Universe provide a probe for the physical mechanism of the matter generation.

The original Sakharov’s scenario of baryosynthesis [59, 60] has found phys-
ical grounds in GUT models. It assumes CP violating effects in out-of-equilibrium
B-non-conserving processes, which generate baryon excess proportional to CP
violating phase. If sign and magnitude of this phase varies in space, the same
out-of-equilibrium B-non-conserving processes, leading to baryon asymmetry,
result inB < 0 in the regions, where the phase is negative. The same argu-
ment is appropriate for the models of baryosynthesis, based on electroweak
baryon charge nonconservation at high temperatures as well as on its combin-
ation with lepton number violation processes, related to the physics of Major-
ana mass of neutrino. In all these approaches to baryogenesis independent on
the physical nature of B—nonconservation the inhomogeneity of baryon excess
and generation of antibaryon excess is determined by the spatial dependence
of CP violating phase.

Spatial dependence of this phase is predicted in models of spontaneous CP
violation, modified [207] to escape the supermassive domain wall problem (see
rev. in [82, 267] and Refs. therein).

In this type of models CP violating phase acquires discrete values-
oo+ pspando_ = ¢o — ¢sp, Wheregg andgsp are, respectively, constant and
spontaneously broken CP phase, and antibaryon domains appear in the regions
with ¢_ < 0, provided thapsp > ¢o.

In models, where CP violating phase is associated with the amplitude of
invisible axion field, spatially-variable phagg, changes continuously from
—n to+x. As it was shown in Chapter 4, the axion induced antibaryon excess
forms the Brownian structure looking like an infinite ribbon along the infinite
axion string (see [77, 78]). This structure is smoothed by the annihilation at the
border of matter and antimatter domains. When the antibaryon diffusion scale
exceeds the minimal width of the ribbo(T), given by Eq. (4.17), the infinite
structure decays on separated domains. The distribution on domain sizes turns
to be strongly model dependent and was calculated in [84].

The size and amount of antimatter in domains, generated in the result of
local baryon-non-conserving out-of-equilibrium processes, is related to the
parameters of models of CP violation and/or invisible axion (see rev. in [267,
18, 3]). SUSY GUT motivated mechanisms of baryon asymmetry imply flat-
ness of superpotential relative to existence of squark condensate. Such a con-
densate, being formed witB > 0, induces baryon asymmetry, after squarks
decay on quarks and gluinos. The mechanism doesn't fix the value and sign
of B in the condensate, opening the possibilities for inhomogeneous baryon
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charge distribution and antibaryon domains [18]. The size and amount of an-
timatter in such domains is determined by the initial distribution of squark
condensate.

So antimatter domains in baryon asymmetric Universe are related to practic-
ally all the mechanisms of baryosynthesis, and serve as the probe for the mech-
anisms of CP violation and primordial baryon charge inhomogeneity. The size
of domains depends on the parameters of these mechanisms. In the previous
Chapter we gave a quantitative estimation of possible domain size distribution
in the mechanism of spontaneous baryogenesis

With the account for all possible mechanisms for inhomogeneous baryosyn-
thesis, predicted on the base of various and generally independent extensions
of the Standard Model, the general analysis of possible domain distributions
is rather complicated. Fortunately, the test for the possibility of the existence
of antistars in our Galaxy, offered in [84], turns to be practically model inde-
pendent and as we show here may be accessible to cosmic ray experiments, to
AMS experiment, in particular.

EGRET data [209] on diffuse gamma background show visible peak around
E, ~ 70 MeV in gamma spectrum, which fact can be naturally explained by
the decays ofz°-mesons, produced in nuclear reactions. Interactions of the
protons with gaseous matter in the Galaxy shift the position of such a peak
to higher values of gamma energy due to 4-momentum conservation. At the
same time the secondary antiprotons, produced in the cosmic ray interactions
with interstellar gas, are too energetic [210] and their annihilation also cannot
explain the observational data.

The above consideration draws attention to the model with antimatter glob-
ular cluster existing in our Galaxy, which cluster can serve as a permanent
source of antimatter due to (anti)stellar wind or (anti)Supernova explosions.

On the other hand, as it was mentioned in [84], low antibaryon density do-
mains can not evolve into gravitationally bound object. With the case of such
"diffused antiworld" we begin the discussion of the possible forms and sig-
natures for antimatter in the modern Universe to be considered in the present
Chapter.

2. Diffused antiworld

There are several reasons for the possibility of low antibaryon density in
antimatter domains. In models of inhomogeneous baryosynthesis with spon-
taneous CP violation (see [3, 281, 83, 267] for review) both congtaaind
spontaneously brokepy , CP violating phases, are involved in baryosynthesis.
Provided thatps > ¢ in CP domains withp = ¢ — ¢ the antibaryon excess
is generated. If the both phases are of the same order of magwitudeyp.

, SO thatps — ¢pc << @s ~ ¢¢ , the antibaryon excess density within the
antimatter domain is much lower than the baryon excess density.
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Another possibility for a low antibaryon density can appear in the model of
axion dominated CP violation in baryosynthesis [84]. Small scale domain an-
nihilation in the region with a local antibaryon excess results in spreading over
the larger volume, thus reducing antibaryon density. The same is generally true
for a stochastic small scale baryon-antibaryon domain structure of any origin.

At the density of antimattes,, within a domain by 3 order of magnitude
less, than the baryon densijpy (which we assume in the further discussion
corresponding tQ, = 0.1) cosmological nucleosynthesis in the period t
~ 1 — 10s results in the nontrivial chemical composition [266]. For4o<
pab/pb < 1073 antideuterium is the dominant product. For smaller densit-
ies of antibaryons within domains no antinuclei are formed. At the densities
pab/pPb < 107* owing to low antimatter densities inside domain no recom-
bination takes place a~ 1500 and antimatter domain remains ionized after
recombination in the Universe [266]. The radiation pressure and the radiation
dominance in the energy density within domain suppress then the development
of gravitational instability, so that antimatter domains of sufficiently large size
should be now clouds of ionized positron - antiproton plasma presumably situ-
ated in voids.

Below we give a quantitative estimation for the surviving size and observa-
tional effects of domains of diffused antiworld [266].

Let us assume that the Universe contains regions of a very small antibaryon
excess density. At temperatures above some MeV these regions can not be
strongly affected by the diffusion of surrounding particles, because their mean
free path is small enough. Therefore we will consider the evolution of these
antibaryon domains at the temperatured@K = Trec < T < Tpuel = 10°K,
when the Universe is filled with plasma of electrons, protons, photons and
neutrinos and matter diffuse inside the antimatter domains. Separate consider-
ation will be done below for temperatures below the period of recombination
atT < Trec, Wwhen neutral atoms move almost freely.

If the size of the antibaryon region is much greater, than the mean free path
of surrounding particles, we can solve a one - dimensional problem assuming
that the "initial" baryon density &, = 10°K is given by

Nb(R, tin) = No8(—Xx), (6.1)

whereg is step function.
Note that since the antibaryon component is very small we neglect it for the
moment. In this case the diffusion equation for baryons is

dnp/dt = D(t)9%np/9x% — an,. (6.2)

The last term in Eq. (6.2) takes into account the expansion of the Universe.
Diffusion coefficientD(t) is expressed as follows

3T,c

D(t) =
05,5

~ 0.61-10%2Z273 cnt/s, (6.3)
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whereT, andp, are the temperature and the energy density of the radiation,
respectivelyc is the velocity of light,ot is the Thomson cross sectioB, is
the red shift which is related with the tim@n RD stage by ~ 2.6-10"s/Z2.

Let us introduce a new variable r defining baryon to photon raton,/n, .
Since the evolution of the photon density is given by the equatignidt =
—an, , we can rewrite Eq. (6.2) in terms pfas

ar /ot = D(1)9%r /ax?, (6.4)

where
r(R,to) = rof(—Xx). (6.5)

To solve this equation, it is suitable to introduce new variabiestead of
timet : .
u= / D(t")dt.
tin
Eg. (6.4) acquires the simple form
ar /ou = 9%r |92,

which has the solution

r(x,u) = %no [1+CD (2\%” .

Due to the properties of the error integfiabne can conclude that the boundary
between matter and antimatter regions is determined as

Xp = 2\/6.

The diffusion coefficient is connected with the temperature in the following

manner
Thucl 3
D (T) = Dnuc| T .

Its time dependence has different forms at RD and MD periods. Our aim is to
calculate the valugec = U(trec). There are two different periodgc < t <
teqgandteq < t < trec. The first, radiation dominated, period is characterized
by the time - temperature relationship

whereteq is the time, corresponding to the transition from RD to MD stage,
andTeq is the temperature at this time.

Such relationship at the second period of matter dominance may be ex-
pressed in the form
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t 2/3

Now we are ready to calculate the valug,

trec teq trec
Uec = / D(t)dt' = / D(t')dt' + / D(t")dt = (6.6)
t t

nucl nucl

teq T I 3 trec T I 3
= D |<”“°> dt’+/ D |<”“C) dt’ =
/tHUd nuc T . nuc T

€q

Thucl dT’ 3 Teq dT’
_ 3 2 3/2 ~
= DnUCITI']UC| lzteqTeq/r T/6 + EteqTeq /I_ T/11/2 ~

eq rec
D t E Tnucl 3_'_1- Tnucl 8 h 32
nueted | 5\ Toq 3\ Tee ) \Tree '

For the initial timet,,| , corresponding to the temperatiig, = 10°K,
D(tnucl) is given, according to Eq. (6.3), by

12

D(tnucl) = Dnuel ~ 1.24- 10%cn?/s. (6.7)

The boundary shift during the whole period can be easily calculated now

Xp = 24/Urec-

It follows from Eq. (6.6) that the average displacement of the boundary
between baryon and antibaryon domains is aldout- 0.2pc. Therefore, the
primordial antibaryon regions of low density, which grow up pbr more to
the period of recombination, have to be conserved in spite of the diffusion of
ordinary matter.

Note that according to Eq. (6.6) the motion of boundary is mainly determ-
ined by the second term which is responsible for matter dominated epoch. This
is due to the fact that the radiation friction is less effective for plasma on MD
stage and as a consequence the mean free path increases, giving the important
contribution to the boundary motion.

Below the temperaturge. = 400K atoms are formed in baryon domains.
Since the antibaryon density is assumed to be small engugio, < 10~4)
in our approach, we can consider the flow of hydrogen atoms into antibaryon
region as a motion of free - streaming atoms into empty space. The physical
distance travelled by the atoms after recombination until the present iise

given by .
Pv(t)dt
d~ ap/t POR (6.8)

rec
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wherev(t) is an average velocity of atomat) is the scale factor of the Uni-
verse. It is convenient to sat= ya, , wherey = 1/(1+ Z) = T,/T and to
rewrite Eq. (6.8) as

d%/ap v(a)_da:/l v(y)_dy 6.9)

aa afec/ap yy

ec

At the recombination, the velocity of atoms is given by the thermal value
Viec & Cy/Trec/M, Wheremis the mass of atom. After 408Q the typical
velocity v &~ p/m of atoms is red - shifted down like/a ~ T. Therefore

below 4000 K we have ~ cT—n’; T”;C% Taking the equation

8r

(¥)* = 5 Gp(y)Y* (6.10)

whereG is Newton’s constant and substituting a density in the fpiiy) =
po/y? in the case of the matter - dominated Universe we find

dy

dNCR/m/1 _ 2 [T
/%Gpo m TreC Tp/Trec y3/2 A/ 8?ﬁGﬁ)o m

(6.11)

Substitutingog = pc , wherep, = 1.88- 10-2°h?g/cn? is the critical density

of the Universe, we obtaid ~ 3/h kpc. For value of Hubble constaht
between 04 and 1 the free - streaming length of atoms will be of the order
of several kpc. Therefore antibaryon regions of the same size will be filled at
present by hydrogen atoms. Note that mutual penetration of antiprotons in the
matter regions and of matter atoms into the antimatter regions is not equivalent
in the considered asymmetric case. For the matter gas the antimatter domain
is transparent due to the low density of antiprotons in the domain, making
Nap (ov)t < 1. On the other hand, matter is opaque for antiprotons, since
np (oVv)t > 1 even now.

A key observation to test the model of diffused world could be the search for
gamma rays from a boundary annihilation of antimatter and hydrogen atoms.
Let us consider first the possibility of the annihilation in antimatter domains
filled with hydrogen atoms (the annihilation of matter - antimatter domains in
baryon symmetric Universe was considered in [263]). Taking into account the
annihilation and expansion of the Universe the number density of antiprotons
is described by the equation

dngp/dt = — < 6V > NpNap — atNgp. (6.12)

Inthe limit ny >> ngp we can neglect the variation of due to annihilation.
Then introducing = ny/n, , F = nap/n, and solving Eq. (6.12) we find that
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at present time in antimatter domains filled with hydrogen atoms
tp
Tp = Mrec €XP— (ov)rn,dt]. (6.13)
trec
Here indexe9 andrec denote present period and recombination one. Since
according to [282] at energies beloweMthe cross section gfH annihilation
is given by
< ov>~27-10%n?/s (6.14)

we find that the integral in Eq. (6.13) is much greater than unity. So, no gamma
radiation takes place at present from such regions because practically all anti-
protons have been already annihilated.

Therefore the radiation is possible only from the narrow region of the bound-
ary between matter and antimatter domains, where antibaryons have not anni-
hilated yet. The width of this regiod ~ vAt, whereAt is defined from the
condition

tp
/ (oV)npdt =~ (oV)npAt ~ 1 (6.15)
tp—At

where the velocity is expressed in the form

T /3m
VAR C—y [ — 6.16
MYV Trec ( )

Substituting all necessary numbers we find the width of the region

T, T, 1 10 "cm3
drcy /=P P ~ 0.86 (Cm> pe. (6.17)
Trec m <O-V> nb nb

The gamma flux at the Earth in this case is given by

do dndN, V
dwdQ ~ dt do 4xr2’ (6.18)
where

dn/dt =< oV > nphgp (6.19)

is the rate of annihilation per unit volume per unit tim#\, /de is the dif-
ferential cross section for an inclusive gamma product\dn= 47R%d is a
volume of the annihilating part of the diffused world at pres&is the size of
the diffused worldy 4 is a distance between the Earth and the diffused world.
Integrating Eq. (6.18) over photon energy we obtain

2
3% ~ (oV)ANnZ(N,)d <R> , (6.20)

ra
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where< N, > is an average number of photons per one act of annihilation
(typically < N, >~ 4),8 = nap/ny << 1. Finally, taking into account
Eq. (6.17) we get

do R\? /[ T, Tp

2
~ 4 Np R 2 1.1
~ 2.6-10 ﬂ(ﬁ) <rA> cm “s “sr -,

Up to now, no evidences for a major anisotropy in the gamma background
has been observed. The diffused photon background at high latitudes below
1GeVis given by [283, 284]

ddg; GeV\ %’
wd'f ~8.10/ (S) cm2sisr1, (6.22)

It follows from equation (6.22) that observed gamma - flux the spectrum
integrated over the energy greater, th@&®Y, is equal to

ddgif/dQ ~ 10 °cm 25 1sr L, (6.23)

It was shown in [84] that a diffused world can existgik 10~ , therefore,
as it follows from Eq. (6.21), the possible gamma flux from the annihilation
at the boundary of two worlds should be less than®@n2s 'sr—1. This
means that such diffused worlds could exist, in particular not far from our
Galaxy, successfully avoiding to be detected. However, the development of
detectors of gamma rays, like AGILE, AMS, GLAST with the flux sensitivity
better than 108cm~2s~1sr~! gives a hope for a search for diffused antiworlds
for reasonable rati®/r a.

3. Antimatter globular cluster in our Galaxy

Assume some distribution of antimatter domains, which satisfies the con-
straints on antimatter annihilation in the early Universe. Domains, surviving
after such annihilation, should have the mass exceeding

Mmin ~ Pablga (6.24)

wherep,p is the antibaryon density within domain ahds the surviving size.
The mass fractiorf of such domains relative to total baryon mass is strongly
model dependent. Note that since the diffusion to the border of antimatter
domain is determined on RD stage by the radiation friction the surviving scale
fixes the size of the surviving domain. On the other hand, the constraints on the
effects of annihilation put the upper limit on the mass of annihilated antimatter.
The modern antimatter domain distribution should be cut at masses given
by the Eq. (6.24) due to annihilation of smaller domains and it is the general



118 COSMOLOGICAL PATTERN OF MICROPHYSICS

feature of any model of antibaryosynthesis in baryon asymmetrical Universe.
The specific form of the domain distribution is model dependent. At the scales
smaller than the Eq. (6.24) the spectrum should satisfy the constraints on
the relative amount of annihilating antimatter. Provided that these constraints
are satisfied and that the antimatter density within domain is sufficiently high
pab > pb, Wherepy is the mean cosmological baryon density, one may con-
sider the conditions for antimatter objects formation. One should take into
account that the estimation of the annihilation scale after recombination (see
[84] and the previous Section) gives for this scale the value close to the Jeans
mass in the neutral baryon gas after recombination. So the development of
gravitational instability may take place in antimatter domains resulting in the
formation of astronomical objects of antimatter.

Formation of antimatter object has the time scale being of the order-of
(zGp)~Y2. The object is formed provided that this time scale is smaller than
the time scale of its collision with the matter clouds. The latter is the smallest
in the beginning of the object formation, when the clouds, forming objects,
have large size.

Note that the isolated domain can not form astronomical object smaller,
than globular cluster [84]. The isolated anti-star can not be formed in matter
surrounding, since its formation implies the development of thermal instability,
during which cold clouds are pressed by hot gas. Pressure of the hot matter gas
on the antimatter cloud is accompanied by the annihilation of antimatter. Thus
anti-stars can be formed in the antimatter surrounding only, what may take
place, when such surrounding has at least the scale of globular cluster.

One should expect to find antimatter objects among the oldest population of
the Galaxy [84]. It should be in the halo, since owing to strong annihilation of
antimatter and matter gas the formation of secondary antimatter objects in the
disc component of our Galaxy is impossible. So in the estimation of antimatter
effects we can use the data on the spherical component of our Galaxy as well as
the analogy with the properties of the old population stars in globular clusters
and elliptical galaxies.

The total mass of such cluster(s) is constrained from below by the condi-
tion of antimatter domain survival in the surrounding baryonic matter because
small antimatter domains completely annihilate in the early Universe before
the stage of galaxy formation. The upper limit on the total mass of antimat-
ter can be estimated from the condition, that the gamma radiation from anni-
hilation of antimatter with galactic matter gas does not exceed the observed
galactic gamma background. The expected upper limit on cosmic antihelium
flux from antimatter stars in our Galaxy was found [84, 86] only factor of
two below the modern level of sensitivity in experimental cosmic antihelium
searches [89]. In the first approximation the integral effect we study depends
on the total mass of the antimatter stars and does not depend on the amount of
globular clusters. The only constraint is that this amount does not exceed the
observed number of galactic globular clusters (about 200).
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Assume that antimatter globular cluster moves along elliptical orbit in the
halo. The observed dispersion of velocity of globular clustets is> ~ 300
km/s and of the long axis of their orbitsisr >~ 20kpc. This givesT ~
2 - 10" s as the order of the magnitude for the period of orbital motion of the
cluster in the Galaxy. The period, the cluster moves along the dense region
of the disk with the mean half—widt® ~ 100pc, depends on the angle, at
which the orbit crosses the plane of the disk and is of the order

D
tg ~ ~ 108s.
<vV>

This means that the cluster spends not more than 1% of the time in the dense
region of galactic disk, where the density of gas is of the ordmﬁﬁi‘ ~ 1
cm~3, moving the most time in the halo with much lower density of the matter
gasnEf"0 ~ 5.10"* cm 3. Therefore, we can neglect the probability to find
the cluster in the disk region and consider the case, when the source of the
antimatter is in the halo.

One could expect two sources of the annihilation gamma emission from
the antimatter globular cluster. The first one is the annihilation of the matter
gas captured by the antimatter stars. Another source is the annihilation of the
antimatter, lost by the antimatter stars, with interstellar matter gas. It is clear
that the gamma flux originating from the annihilation of the matter gas on the
antimatter stars surface is negligible. Really, an antimatter star of the Solar
radiusR = R and the Solar mas®l = Mg captures matter gas with the
Cross section

2GM
0'~7rR<R+ >~4-10220rnz,

V2

so that the gamma luminosity of cluster of°1€tars does not excedd <

Ms - 10%° erg/s, whereMs is the mass of the clustev), in the units 16 M,

Mg = Ms - 10° M. Such a low gamma luminosity for cluster, being in the
halo at the distance of aboutkfc, results in the fluxr, < 10713 (ster cm?.

s)~1 of 100 MeV gamma rays near the Earth, what is far below the observed
background. This explains, why the antimatter star itself can be rather faint
gamma source elusive for gamma astronomy, and shows that the main contri-
bution into galactic gamma radiation may come only from the annihilation of
the antimatter, lost by antistars, with the galactic interstellar gas.

There are two sources of an antimatter pollution from the (anti-)cluster:
the (anti-)stellar wind and the antimatter Supernova explosions. In both cases
the antimatter is expected to be spread out over the Galaxy in the form of
positrons and antinuclei. The first source provides the stationary in-flow of
antimatter particles with the velocities in the range from few hundreds to few
thousand&m/sto the Galaxy. The (anti)Supernova explosions give antimatter
flows with velocities of the order of fokm/s. The relative contributions of
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both these sources will be estimated further on the base of comparison with
the observational data assuming that all the contribution into diffuse gamma

background comes from the antimatter annihilation with the interstellar matter

gas. We assume below that the chemical antimatter content is dominated by
anti-hydrogen and consider the contribution into gamma background from the

annihilation of antiprotons only.

We consider the quasi-stationary case, provided by the presence of a per-
manent source of the antimatter. The assumption about stationarity strongly
depends on the distribution of magnetic fields in the Galaxy, trapping charged
antiparticles, on the annihilation cross section and on the distribution of the
matter gas. We shall see that the assumption about stationarity is well justified
by existing experimental data and theoretical models.

A careful consideration of the possibility to reproduce the observed spec-
trum of diffuse gamma background, suggesting the existence of maximal pos-
sible amount of the antimatter in our Galaxy was undertaken in [85]. It was
shown that the predicted gamma spectrum is consistent with the observations.
In this case the integral amount of galactic antimatter can be estimated, which
estimation leads to definite predictions for cosmic antinuclear fluxes [84, 86,
85], accessible for cosmic ray experiments in the nearest future [89] (see Sec-
tion 6.5).

4. Gamma background from antimatter
annihilation

4.1 The model of galactic antimatter annihilation

In this Section, following [85], we shall show that one can consider the
antiproton annihilation in the halo as a stationary process and the distribution
of the antiprotons does not depend practically on position and motion of the
globular cluster of antistars.

One of the most crucial points for the considered model is the annihilation
cross section of the antiprotons. In difference to the inelastic cross section
of the pp collisions, the cross section in thgp annihilation steeply grows
as kinetic energy of the antiprotons goes to zero. This growth leads to the
obvious fact that the main contribution into gamma flux must come from the
annihilation of the slowest antiprotons. Therefore we need to have reliable
estimation for the annihilation cross section of the antiprotons at low kinetic
energies. Existing theoretical models based mainly on the partonic picture
of the hadronic interactions are definitely invalid fop annihilation at low
energies and the experimental data both for evaluation of the annihilation cross
section as well as for the final state configuration were used in [85].

At small energies the cross section must be proportional to the inverse power
of the antiproton velocity. To find this dependence we have to match the avail-
able experimental data any,, with this expected behavior. As it follows from
data [211, 212], obtained at CERN-LEAR, the dependangg ~ v 'is
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valid already for laboratory antiproton momerga, < 1000 MeV/c. The
annihilation cross section is the difference between total and inelastic ones,
Oann & Otot — Oel.- Thus, atRzp > 300 MeV/c the data from [214] for the

total and elastic cross sections were used [85] and at momenta less than 300
MeV/c the dependence

Gam(P < 300MeV/9 = ooC(V*)/V*

Oel = CONSt, (6.25)

was used [85] for annihilation and elastic cross sections, respectively, where
v* is the velocity of the antiproton in thgp center-of-mass system. Additional
Coulomb factoiC(v*) gives large increase for the annihilation cross section at
small velocities of the antiproton and is defined by the expression [206]:

o 27wV /V*
CV) = T exp2nvev) (6.26)

where,ve = «ac, with & andc being the fine structure constant and the speed
of light, respectively.

Using the experimental data on the annihilation cross section [211, 212]
it was found in [85] that valuey in Eqg. (6.25) is equal to:

6o = o&XA(P = 300 MeV/g = 160 mb.

Consider following [85] the spherical model for halo withaxis directed
to North Pole andk axis directed to the Solar system. The number density
distribution of interstellar hydrogen gam (r, z) along z direction was para-
meterized as:

nH(z) = nﬂa'o + AH(Z),

sk (6.27)

AH (Z) = W )
with nfd® = 5.10-% cm~3 being the hydrogen number density in the halo,
ndisk — 1 c¢m3 being the hydrogen number density in the disk &nd=
100pc being the half-width of the gaseous disk. Here the hydrogen number
density in the halo is chosen in suggestion thatd0% of the halo mass is
a non-baryonic dark matter. Such a distribution of the matter gas is to large
extent the worst case for our aims since the matter density a@xgs falls
slowly and visible fraction of the antiprotons will annihilate sufficiently far of
the galactic disk plane. Nevertheless, as we shall see, even in this case the
picture is still quasi-stationary and the antiproton number density in the halo is
practically not disturbed by the annihilation in the dense regions.

The validity of the stationary approximation depends on the interplay of the
life-time of the antiprotons relative to the annihilation and their confinement
time in the Galaxy. To evaluate the antiproton confinement time the results of
the "two—zone” leaky box model (LBM) [210] were used in [85]. The authors
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of [210] considered the spectra of secondary antiprotons produced in collisions
of the cosmic ray protons with interstellar gas. If to compare the antiproton
spectrum, obtained in [210], one easily observes that shape of the spectrum
beautifully reproduces the observational datgpgp ratio. But the predicted
total normalization is lower by factor-23, than the data. Owing to the fact that
confinement time enters as a common factor in the predmtpdatio, we find
necessary factor, performing the fit to the observational data. Experimental
points have been taken in [85] from [213], where references on the data can be
found.

The data on the cosmic rgy/p ratio, used in [85], have been collected in
balloon experiments. The region of low kinetic energieg, < 100 MeV,
is strongly affected by the heliosphere [215]. To avoid this influence two the
most left points in Figure 6.1 were removed in [85] from the fit.
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Figure 6.1. (a) Fit of thep/p ratio to experimental data. Solid line shows predictions of the
two—zone leaky box model [210], increased by fa¢fors 2.6. Dashed curve is the phenomen-
ological fit, described in the text. (b) The respective confinement times for the antiprotons in

the Galaxy (solid) and in the disk (dashed). The curves are taken from [210] and multiplied by
factorK. .

Solid curve in Figure 6.1(a), taken from [85], represents the "two-zone”
LBM predictions for thep/p ratio, multiplied by the fitted factok = 2.58,
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which factor increases the confinement time for slow antiprotons in the Galaxy
up to 55 - 108 years. Dashed curve is the phenomenological fit in the form
R(E) = aEP™®9E which is plotted for comparison. The shapes of both
curves match fairly. Figure 6.1(b) shows the resulting antiproton confinement
times for Galaxy as whole (solid) and for disk only (dashed).
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Figure 6.2. (a) The dependence of the antiprotons annihilation time enordinate. The
horizontal dashed line is the antiproton confinement time in the Galaxy. (b) The dependence of
free path length of the antiprotons. The horizontal dashed line is the halozedge20 kpc.

The curves are calculated for three values of the antiproton velocity: 300 kmi/knil6 and

2-10% km/s. Vertical dashed line shows the half-width of the disk= 100 pc.
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Figure 6.2, taken from [85], shows the antiproton life-time to the annihil-
ation (a) and the free path length of the antiprotons (b) versus their distance
of the galactic planez for three values of the antiproton velocity. In the sta-
tionary case to compensate the annihilation of antiprotons with matter gas the
number density of antiprotons must satisfy the equation:

dzn,s dng
The solution of this equation is:
dny _
T2 = 15(E) tann(E) (1 — e Vim) (6.29)
with tann = [Vo(V) nH}‘1 being the life-time of antiprotons relative to the

annihilation.

From Figure 6.2(a) we can conclude that for antiprotons with velocitiés 10
km/s (stellar wind) the confinement time in the halo, starting from distancies
Z ~ 2 kpc, is less, than their annihilation time. Thus, from Eqg. (6.29) we
obtain for the halo:

N(E) ~ I5(E) Teont - (6.30)

In the gaseous disk the situation is just the opposite. Antiprotons annihilate
with high rate and their life-time relative to the annihilation is much less, than
the time necessary for them to escape from the volume of the Galaxy.

In other words, antiprotons are storaged in the halo during the confinement
time ~ 5- 108 yrs increasing the gamma flux by fact®yons. We can also
conclude that during large confinement time antiprotons are being spread over
the halo with constant number density independent of the position of the an-
tistar cluster. Under the assumption on the universal acceleration mechanism
in the halo their energy spectrum comes to the stationary form. Additionally
from Figure 6.2(a) we see that the "storaging” volume is of the order of the
volume of the haldz0 = 47:R3ha|0/3, when the region witlicont >> Tann
is restricted byjzl < 2 kpc. Thus, intensive annihilation takes place within
the volumeVann ~ zR2,,4kpc The ratio of these two volumes is of the
order of

Vann 4 kpc

Vhalo 4/3 Rhalo
and the annihilation of antiprotons in the gaseous disk practically does not
affect the number density of antiprotons in the Galaxy as a whole.

The above consideration provides quasi-stationary distribution of antimatter
in the halo and, as a result, leads to the constant number density of the antipro-
tons in the galactic halo. Figure 6.2(b) shandependence of free path length
of antiprotons at three values of their velocity [85].

< 20%
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4.2  Diffuse gamma flux.

The gamma flux arriving from the given direction is defined by the well
known expression:

L
3,(E,) :/0 dly(E,.r,2). (6.31)

The integration must be performed up to the edge of thebalo —ax R, +

\/Rﬁalo — R2 (1- o2) with ax being the cosine of the angle between the line-
of-sight and thex axis, directed from the Galaxy Center to the Sun and lying
in the plane of the Solar orbit.

Functiony(E,) in Eq. (6.31) is the intensity of gamma sources along the
observation directiohin assumption of isotropic distribution of gamma emis-
sion. This function is defined as:

v(E,,r,z) = /EOO dEV(E) gann(E) NH(r, z) np(E, 1, 2) W(E,; E)

" (6.32)
dn,(E,; E)

W(E,;E) = 4 do

To simulate the gamma energy spectrum and angular distribWids, ; E)

the Monte Carlo technics was used in [85]. The experimental data [216] on
the pp annihilation at rest (see Table) have been used to simulate the probabil-
ities of different final states. In practice, the approximation of the annihilation
at rest is valid with very good accuracy up to laboratory momenta of the in-
coming antiprotons about.® GeV because at these laboratory momenta the
kinetic energy of the antiproton is still by order of magnitude less than the
twice antiproton mass. The simulation of particle distribution in the final state
has been performed according to phase space in the center-of-masgpf the
system. PYTHIA 6.127 package [217] has been used in [85] to perform the
subsequent decays of all unstable particles. Momenta of stable paré€les (
p/p, 1™, ¥ and neutrinos) have been boosted to the laboratory reference frame.
The resulting average number@$ per annihilation is [85]

<n,>= /deE7W(Ey;E) — 393+ 0.24

and agrees with the experimental data.
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Table. Relative probabilities gfp annihilation channels.

Channel Rel. prob, % | Channel Rel. prob, %
ntan0 3.70|| 27 2n 0.60
prt 1.35 || 790 1.40
ptn™ 1.35|| np° 0.22
ntn 270 9.30 || 4.997° 3.20
ntn=3n0 2330zt 7~ 0.40
rtr 40 280 2zt 27~ 6.90
ortr~ 3.80|3713r~ 2.10
pOn0ntr— 7.30 | KK 0.957° 6.82
prrntn 3.20 || z% 0.30
p ntntn 3.20 | 7w 3.45
2nt2n~ 270 16.60 || z%n 0.84
27t 21 310 4.20 || z% 0.015
37t 3r 70 1.30 || z%7° 0.06
Ty 1.20

In the stationary case we can put the annihilation rate in the halo being con-
stantly compensated by the permanent source of the antiprotons. But, owing
to the fact that the antiprotons annihilation rate in the gaseous disk is much
greater than in halo, we must take into account the dependence of the antipro-
ton density orz coordinate. Figure 6.2(b) demonstrates that free path length of
the slowest antiprotons is comparable with half-width of the diskTo take
this effect into account we have to consider antiproton annihilation with the
gas in disk. For given value afwe have:

dng(z, E)

47 = oann(E) An(2) np(z, E) .

(6.33)

The differential equation Eq. (6.33) can be easily solved and results in the
following antiproton number density distribution along thaxis [85]:

ns(z,E) = no exp{—oann(E) /szax diAH(i)},

where,znax = L a; is the maximal value of coordinate, defined by the edge
of the halo, andy is the antiproton number density far from the disk.

The next point we need to consider is the antiproton energy spectrum. As
it will be shown further, the stellar wind from antistars has to give the most

(6.34)
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significant contribution in the antimatter pollution from the anticluster. The
original distribution of the stellar wind particles has a Gaussian form peaking
at velocitiesv ~ 500 km/s [218]. The interplanetary shocks accelerate emit-
ted particles and the resulting stellar cosmic rays flux becomes proportional
to Jsw ~ Vv Egﬁ in the range of kinetic energies up t0 100 MeV [218].
Additional acceleration occurs in the interstellar plasma and, as we believe,
produces the observable spectrum of the galactic cosmiwayf‘gﬁj. The
acceleration mechanisms are defined by collisionless shocks in interplanetary
or Galaxy plasma and are charge-independent. One has to take into account
also the relative movement of the hypothetical antistar cluster with velocity
~ 300 km/s as well as the similar velocities of the matter gas defined by the
gravitational field of the Galaxy. Thus, one can expect that the minimal velo-
city of antiprotons from (anti)stellar wind relative to the matter gas is some-
thing aboutvmin =~ 600— 700 km/s. Following the above consideration, we
chose the antiproton spectrum in the halo (far from the regions with high mat-
ter gas density) to be similar to the galactic cosmic-rays proton spectrum in the
whole range of the antiproton energies:

1GeV 2.7
€ ) , (6.35)

np(E,z>> D) ~ < Eur

with the normalization:

o0
/ np(E,z>> D)dE = ng.

Emin

Actually, reasonable variation of the form of the antiproton flux does not
affect significantly the total normalization and changes only the gamma spec-
trum at higher energies. The main contribution in the integrated antiproton
number density comes from the slowest antiprotons owing to fast rise of the
annihilation cross section with the decrease of the velocity. We don’t consider
here the contribution in the gamma flux from the annihilation of the secondary
antiprotons produced in the collisions of the cosmic-ray protons with inter-
stellar gas. This effect must give the main contribution at higher energies of
gammas and needs careful investigation of the deceleration mechanisms in the
halo.

If we assume that all the gamma background at high galactic latitudes is
defined by the antiproton annihilation, we have the only free parameter in our
model - the minimal velocity of the antiprotomg;,. Therefore, for given value
Vmin the integrated number density of antiprotons in the mgloan be found
from comparison with the observational data on diffuse gamma flux. If we
choose the minimal velocity of antiprotons to be of the order of the velocity of
the stellar windysw ~ 1000 km/s, being equivalent to kinetic energy of the
antiprotonsEZV ~ 5.2 keV, we obtain the necessary integral number density
of antiprotonsng, corresponding to the fit of EGRET data pp annihilation,
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to be equal to [85]:

W ~ 5.0-10 2cm3. (6.36)

Antiprotons annihilation in the Galaxy
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Figure 6.3. Comparison of the calculated differential fluxesjyofuanta fromp/p annihil-

ation for the minimal antiproton velocitymin = 10° km/s with experimental datBGRET

[209] on diffuse gamma background (a,b). The observational direction is to the North Pole of
the Galaxy. There is also shown the comparison of the charged multiplicity distribution in the
annihilation model described in the text with the existent experimental data (c). Circles - [219],
squares - [220].

Figure 6.3(a,b), taken from [85], demonstrates the resulting differential gamma
distribution in the Galactic North Pole direction in comparison with EGRET
data [209] in the range 1< E, < 1000 MeV. The peak of? decay is
clearly seen both in calculations as well as in experimental distributions. Fig-
ure 6.3(c) shows the charged multiplicity distribution in the annihilation model
described above. The comparison with the experimental points taken from
[219, 220] serves as additional confirmation of the calculations [85].

There were also performed in [85] the calculations for two other values of
the minimal velocity of the antiprotongis, = 300 km/s and for the velocity
of the (anti)matter thrown out by the Supernovegy = 2 - 10* km/s. The
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respective necessary values of the integral antiproton number density are:

n'*P ~ 2.0.102cm3
(6.37)
sV~ 6.0-101cm3.

Thus, one can see that necessary integral antiproton density in the halo
practically linearly depends on minimal velocity of antiprotons in the range
300 < v < 10* km/s. Note, that the approximation about annihilation at rest
is valid for all the range of above minimal velocities and the resulting gamma
spectrum does not change its form at such a variation,@f

4.3 Gamma ray constraint on antimatter

Let us estimate the intensity of the antiproton source and, as result, the total
mass of the hypothetical globular cluster of antistars for three values of the
minimal antiproton velocity Vgisp, Vsw andvsn. The first case assumes that
antiprotons have been decelerated and travel in the halo with velocities equal to
the velocity dispersion defined by the galactic gravitational field. The second
value ofvyin is of the order of the speed of the fast stellar wind and the third
case is the velocity of particles blown off by the Supernova explosion without
possible deceleration.

If we integrate over the volume of the whole halo and take into account
the antiproton storage in the halo during the confinement time, we obtain for
the integral intensity of the antiproton souree ~ (Nnp My Vhaio) /tcont. FOr
above three variants of the minimal antiproton velocity &gg; ~ 5- 10°
years we obtain from Eq. (6.36) and Eq. (6.37) the following values of the
necessary antiproton source intensity:

MAisP ~ 3.0.107° M, /yr
MSW  ~ 85.10°° My/yr (6.38)
MSN  ~ 1.0-1077 My /yr

From the analogy with elliptical galaxies in the case of constant mass loss
due to stellar wind one has the mass loss!#®., per Solar mass per year. In
the case of stellar wind we find for the mass of the anticluster:

MSW ~ 2.10°M,, . (6.39)

clu

To estimate the frequency of Supernova explosions in the antimatter globu-
lar cluster the data on such explosions in the elliptical galaxies were used [84],
what gives the mean time interval between Supernova explosions in the anti-
matter globular clusteATsy ~ 1.5- 10" Mg 1s. ForMs > 1 this interval is
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smaller than the period of the orbital motion of the cluster, and one can use the
stationary picture considered above with the change of the stellar wind mass
loss by theM ~ fgn- Mgy, wherefsy = 61016 M5 s 1is the frequency

of Supernova explosions adisy = 1.4 M, is the antimatter mass blown off

in the explosion. Following the theory of Supernova explosions in old star pop-
ulations only the supernovae of the type | (SNI) take place, in which no hydro-
gen is observed in the expanding shells. In strict analogy with the matter SNI
the chemical composition of the antimatter Supernova shells should include
roughly half of the total ejected mass in the internal anti-iron shell with the
velocity dispersiory; < 8-10° cm/s and more rapidly expanding ~ 2-10°

cm/s anti-silicon and anti-calcium external shell. The averaged effective mass
loss due to Supernova explosions gives the antinucleolux 10*> M5 s,

but this flux contains initially antinuclei with the atomic numifer~ 30— 60,

so that the initial flux of antinuclei is equal #& ~ (2 — 3)-10*°Mss™L. Due

to the factor~ Z2A2/3 in the cross section the annihilation life-time of such
nuclei is smaller than the cosmic ray life-time, and in the stationary picture the
products of their annihilation witlZz < 10 should be considered. With the
account for the mean multiplicity: N >~ 8 of annihilation products one
obtains the effective flude s ~ (1.5 — 2.5)-10*' M5 s1, being an order of
magnitude smaller, than the antiproton flux from the stellar wind.

If to take the antimatter stellar wind as small as the Solar wivid, =
101 M, yr=1) this corresponds to the antiproton flux by two orders of mag-
nitude smaller than one chosen above in Eq. (6.38), and the antimatter from
Supernova should play the dominant role in the formation of galactic gamma
background. For the Supernova case we have for the mass of the anticluster
the value

M3\ ~ 4.0-10°M,,
which value agrees with the estimation [84]. If we assume that significant frac-
tion of the antiprotons from stellar wind is decelerated upyfe, the respective
mass of the globular cluster of antistars can be reduced up to

MISP ~ 7-10° M.

It is necessary to make a small remark. Namely, in principle, one cannot
exclude that the secondary antiprotons producqapioollisions can be decel-
erated in the halo magnetic fields up to velocities order of few hundreds km/s.
In this case they will also give contribution in the diffuse gamma flux annihil-
ating with the matter gas and the calculations performed above are valid also
in this case.

5. Antihelium flux signature for antimatter

The estimation of the previous Section puts upper limit on the total mass
fraction of antimatter clusters in our Galaxy. Their integral effect should not
contradict the observed gamma ray background.
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The uncertainty in the distribution of magnetic fields causes even more prob-
lems in the reliable estimation of the expected flux of antinuclei in cosmic rays.
It is also accomplished by the uncertainty in the mechanism of cosmic ray ac-
celeration. The relative contribution of disc and halo particles into the cosmic
ray spectrum is also unknown.

To have some feeling of the expected effect we may assume that the mech-
anisms of acceleration of matter and antimatter cosmic rays are similar and that
the contribution of antinuclei into the cosmic ray fluxes is proportional to the
mass ratio of globular cluster and Galaxy. Putting together the lower limit on
the mass of the antimatter globular cluster from the condition of survival of an-
timatter domain and the upper limit on this mass following from the observed
gamma ray background one obtains [84, 86, 85] the expected flux of antihe-
lium nuclei in the cosmic rays with the energy exceeding 0.5 Gev/nucleon to
be 108 = 1076 of helium nuclei observed in the cosmic rays.

Such estimation assumes that annihilation does not influence the antinuclei
composition of cosmic rays, what may take place if the cosmic ray antinuclei
are initially relativistic. If the process of acceleration takes place outside the
antimatter globular cluster one should take into account the Coulomb effects
in the annihilation cross section of non relativistic antinuclei, what may lead
to suppression of their expected flux.

On the other side, antinuclei annihilation invokes new factor in the prob-
lem of their acceleration, which is evidently absent in the case of cosmic ray
nuclei. This factor may play very important role in the account for antimatter
Supernovae as the possible source of cosmic ray antinuclei. From the ana-
logy with elliptical galaxies one may expect [84, 86, 85] that in the antimatter
globular cluster Supernovae of the | type should explode with the frequency
about 2- 10713/M, per year. As it was discussed in the previous Section, on
the base of theoretical models and observational data on SNI (see c.f. [221])
one expects in such explosion the expansion of a shell with the mass of about
1.4M,, and velocity distribution up to 210°cm/s. The internal layers with
the velocityv < 8 - 10Bcm/s contain anti—irorP®F e and the outer layers with
higher velocity contain lighter elements such as anti—calcium or anti-silicon.
Another important property of Supernovae of the | type is the absence of hy-
drogen lines in their spectra. Theoretically it is explained as the absence of
hydrogen mantle in Presupernova. In the case of antimatter Supernova it may
lead to strong relative enhancement of antinuclei relative to antiprotons in the
cosmic ray effect. Note that similar effect is suppressed in the nuclear com-
ponent of cosmic rays, since Supernovae of the Il type are also related to the
matter cosmic ray origin in our Galaxy, in which massive hydrogen mantles
(with the mass up to few solar masses) are accelerated.

In the contrast with the ordinary Supernova the expanding antimatter shell is
not decelerated owing to acquiring the interstellar matter gas and is not stopped
by its pressure but annihilate with it [84]. In the result of annihilation with
hydrogen, of which the matter gas is dominantly composed, semi-relativistic
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antinuclei fragments are produced. The reliable analysis of such cascade of an-
tinuclei annihilation may be based on the theoretical models and experimental
data on antiproton nucleus interaction. The important qualitative result is the
possible nontrivial contribution into the fluxes of cosmic ray antinuclei with

Z < 14 and the enhancement of antihelium flux. With the account for this
argument the estimation of antihelium flux from its direct proportionality to
the mass of antimatter globular cluster seems to give the lower limit for the
expected flux.

Here we study another important qualitative effect in the expected antinuc-
lear composition of cosmic rays. Cosmic ray annihilation in galactic disc res-
ults in the significant fraction of anti-helium-3 so that antihelium-3 to anti-
helium-4 ratio turns to be the additional signature of the antimatter globular
cluster.

5.1 Equations for differential fluxes

Cosidering the*He nuclei travelling through the Galactic disk we have to
take into account two processes:

(i) the destruction of an anti-nucleus in the inelastic interactions with the pro-
tons of the galactic media and

(i) the energy losses during the travelling through the Galaxy.

For the3He nuclei we need to take into account also the possibility of the
3He nuclei production due to the reaction

(i) “He + p — 3He + all.
The energy losses occur due to four kinds of processes:

(a) the energy losses on ionization and excitation of the hydrogen atoms in the
disk matter;

(b) the bremsstrahlung radiation on the galactic hydrogen atoms;
(c) the inverse Compton scattering on the relic photons and

(d) the synchrotron radiation in the galactic magnetic fields.

The processes (b)- (d) are proportional tdme/Mue)? and can be neg-
lected at not very high energies of thte nuclei. The energy losses due to
ionization and excitation of the hydrogen atoms per one collision are being
described by the expression [5]:

w(p.2) — 4z Z(zar)? n 2mef3?

2
mp [Mra-py P G40
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wherel is ionization potential of the hydrogen atomg 15eV;Z = 1, z =
2 are the electric charges of the hydrogen and helium nuclei, respecfively,
v/cis the dimensionless velocity amd= 1/137 is the fine structure constant.

The rates of the energy losses and of4hie nuclei destruction are:

dEs4
) — 7n
dt H V3,4 384,
(6.41)
d
fod —NH V34 ol N34,
dt
whereny is the pirticle density ofl atoms in the Galactic disc.
The source o#H e nuclei can be written in the form:
dn{"(t, Es) 00 IW(Eg; Es)
—s 2 dny(t, Ep) —————~. 6.42
dt E, na(t, Ba) 9E3 (6.42)

HeredW(Eq; Es) /9E3 describes the probability to produde ein the inelastic
collision4He + p — SHe + all, with the normalization condition:

IW(Es; E3)
/ aEs U — Wy

If we introduce the differential flux

Van(t, E)

IE) = vl

and the energy per nucleoB (— E/A), with A = 4 being the atomic weight
of the anti—helium nucleus, we obtain finally the system of integro—differential
equations, describing the behavior*¢fe and3He nuclei in the Galaxy [86]:

2

DB = —nucpa [oine|(p4) - ALE d?}f“)] J(t, Eg),
4 = —nucAlBaBa),
SE = —nuch [Ginel(pB) - (A=D1 psmész d?},?)] J(t, Es)

* IW(Eg4;E:

+NH Cf3 dEs 64(pa) % Ja(t, Ea),

Es

45 = —muc(A-1)Bsa(ps).

(6.43)
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5.2 The annihilation cross sections

Because the cross section of coherent interaction of the nucleon with nuclei
is not larger thar{10 — 15)% of the inelastic cross section (see, e.g., [222]),
we can neglect such processes and put [86]:

O'ann(N He) ~ O'ineI(N He)7 (6-44)

whereoann(N He) is the cross section for the annihilation‘dd e in its colli-
sion with the nucleon andine|(N He) is the inelastic cross section.

Total and elastic cross sections for thp, pn, pp, pn and pd (d is the
deutron) can be found in [214]. For total cross sections at laboratory mo-
mentumBa, > 50 GeV/c the parameterization, following from the Regge
phenomenology [214], was used in [86]:

G(p N)tot = Xs +Ys (6.45)

where
Xab = Xéb
Xpp = 220+ 0.6
Xpn = 226 £ 0.6

Yop = 561+ 4.4
Ysp = 982+ 95 (6.46)
Yon = 550+ 41

Ysn = 927+ 86

n = 046+ 0.3

e = 0079+ 0.003.

At 0.1 < Rap < 50GeV/c the plots from [214] for the total and elastic
cross sections were used in [86].

Very scare experimental data on total and elastic cross sectioms'Fbe
can be found in [225, 226] and far*He in [222, 223, 224]. Using these data
the A dependence of the cross sections was found [86] in the form:

o(*Hep = A x = [o(pp) +o(np)],

NIk, Nl

o(*Hep = A x 2 [a(pp) +o(NP)].
The aboveA-dependence was also used in [86] for the inelastic cross section
of 3He pcollisions. The inelastic cross sections for interactiortieg, He
and3He with protons are shown in Figure 6.4.

In this picture, taken from [86], the experimental points é@s; = o Of
the reactionp*He andp*He were also plotted.
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Figure 6.4. Inelastic cross sections for: (€He p), (b) “He p) and (c) EHe p) interactions.
The closed circles are the experimental pointsde(p*He) [225, 226] andoine(p*He)
[222].
5.3 Numerical simulations

The experimental data from [224, 222] give for the probability to produce

the3He nucleus if*He pcollision [86]:

c(p*He — 3He + all)
O-ann(54He)

~ 0.25 at P = 193MeV.

(6.47)
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It was suggested in [86] that relative contributiomtée does not depend
on energy and the above value was used.

For simplicity it was suggested in [86] that the probabitity(E,; E3)/dE;s
in Eqg. (6.42) can be approximated by the -function:

IW(Ey; Es)
JIE;

with W5 from Eq. (6.47). L
The initial fluxes for*He and“He we chose in the form

1.93
J(0,E) = 0.07 x E2.7ﬂ x 1076 cm?stsr ! (GeV/nucleon ™,

Jk(0,E) = 0. (6.48)

= W3 6(E4 — Ej),

In the galactic disc, where the hydrogen number density is< 1 atomycn?,

the typical timescal@.ont = 107 yr was chosen in [86] for the confinement
time for He nuclei. It was also accounted for the very low density of the matter
in the Galactic halo.

Results of the calculations [86] are shown in Figure 6.5. Solid line shows
initial He flux, dashed and dot—dashed lines represent final fluxés efand
SHe, respectively.

The first two equations in (6.43) can be also applied to the ordifidiy
nuclei component of cosmic rays, if under thg,, one understands the in-
elastic interaction cross section of thde nucleus with the proton, neglecting
again the coherent processes. For comparison there is also plotted by the dot-
ted line the final flux of théHe, suggesting that the initial flux is the same as
for 4He. vspace*2cm

In Figure 6.6 the ratios of fluxedHe/*He and3He/*He are plotted for
two cases: upper curves fod/Myw = 10~ and two lower curves for
M/Muw = 1078, These results are compared with the expected sensitivity
of AMS experiment to antihelium flux. One finds AMS experiment access-
ible to complete test of the hypothesis on the existence of antimatter globular
cluster in our Galaxy. The test of this hypothesis can begin even earlier [90],
before AMS, provided that the experimental sensitivity reaches the maximal
estimated*He flux, as it is, in particular, expected in PAMELA experiment.

The important result of these calculations is that the substantial contribution
of antihelium-3 into the expected antinuclear flux was found in [86]. Even in
the case of negligible antihelium-3 flux originated in the halo its contribution
into the antinuclear flux in the galactic disc should be comparable with the one
of antihelium-4.

The estimations of [84], on which the calculations [86] were based, assumed
stationary in-flow of antimatter in the cosmic rays. In case Supernovae play
the dominant role in the cosmic ray origin, the in—flow is defined by their
frequency. One may find from [84] that the interval of possible masses of
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Figure 6.5. Calculated fluxes ofHe (dashed)*He (dotted) and®He (dash—dotted). Solid
line presents initial flux fofHe nuclei. The confinement time has been chosen equal to 10
years.

antimatter cluster 310° +~ 10°M, gives the time scale of antimatter in-flow
1.6 - 10° ~ 5. 107 years, which exceeds the generally estimated life time of
cosmic rays in the Galaxy. The succession of antinuclear annihilations may
result in this case in the dominant contribution of antihelium and, in particular,
antihelium-3 into the expected antinuclear flux. It makes antihelium signature
sufficiently reliable even in this case.

6. Anti-Asteroids annihilations on Planets and
Sun

The existence of antimatter stars in the Galaxy as possible signature for
inflationary models with non-homogeneous baryosynthesis may leave the trace
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Figure 6.6. Ratios of fluxes*He/*He (dashed) andHe/*He (dash—-dotted). Two upper
curves correspond to the case of the maximal possible mass of antimatter globular cluster
Mmax = 10° Mg and the two lower curves to the case of the minimal possible mass of such
clusterMmin = 10% M. The results of calculations are compared with the expected sensitivity
of AMS experiment [89] (solid lines).

by antimatter cosmic rays as well as by their secondaries (anti-planets and anti-
meteorites) diffused bodies in our galactic halo. The anti-meteorite flux may
leave its explosive gamma signature by colliding on lunar soil as well as on
terrestrial,jovian ??? and Solar atmospheres. However the propagation in
the Galaxy and the consequent evaporation in galactic matter gas suppress the
lightest (n < 10~2g) anti-meteorites. Nevertheless heaviest anti-meteorites
(m > 10! g up to 16 g) are unable to be deflected or annihilate by the
thin galactic gas surface annihilation; they might hit the Sun (or rarely Jupiter)
leading to an explosive gamma event and a spectacular track with a bouncing
and even a propelling annihilation on chromosphere and photosphere. Their
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anti-nuclei annihilation in pions and their final hagdmma showeringmay

be observable as a "solar flare" at a rate nearly comparable to the observed
ones. From their absence we may infer first bounds on antimatter-matter ratio
near or below 10° limit applying already recorded data in gamma BATSE
catalog.

6.1 Gamma flashes by antimeteorite annihilations
on Earth and Moon

It was shown above that annihilation of antimatter, lost by antimatter stars
in the form of stellar wind, can reproduce the observed galactic gamma back-
ground in the range tens-hundreds MeV. Still any source of neutral pions can
lead to the same effect and the manifest signature for existence of antimatter
stars is the existence of antinuclear component of cosmic rays, accessible to
the future cosmic ray experimental searches, first of all in AMS-II experiment.
The other profound signature of antimatter are the pieces of antimatter, com-
ing in the form of antimatter meteorites. We study, following [91], the latter
possibility in the present Section and find it interesting tool to probe the origin
of matter, related with the creation of antimatter. With all the uncertainties and
reservations, taken into account, the search for antimatter meteorites can still
provide the useful probe for the existence of macroscopic antimatter.

The present flux of meteorites with the madsobserved on the Earth is

-1
nearly 1¢ (%) event a year. This power extends for a large range of mass

values. It is very possible that most of this matter has a local "solar" origin.
However simple argument on nearby stellar encounters and matter exchange
imply that up to 1% of the meteorites may be of galactic (extra-solar) origin.

Therefore up to nearly
dN M\
— =10°( — 4
i 0° < 1g> (6.49)

of meteorites, hitting the Earth any year, can be of galactic (extra-solar) nature.
If the corresponding antimeteorites rate follows the same power law, at any

given suppressed ratip,
Na
- ()

whereN,m) the total amount of antibaryons (baryons) in the Galaxy, (let say

a part over a million or a billion or below) its signal will be anyway powerful
enough to be (in most cases) observable. Indeed the amount of energy re-
leased during the annihilation follows common special relativity; for any light
(milligram unit) anti-meteorites madd the energy ejected is:

E =10 (]_r'\::g> erg. (6.50)
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Its corresponding "galactic" event rate, following Eq. (6.49) is

dN o /M
dt_lor(lmg) year -. (6.51)

The event of the anti-meteorite annihilation on the Earth atmosphere will give
life to unexpected upward gamma shower that will mimic mini nuclear atomic
test or extreme upward Gamma Shower. Even for a large suppression ratio
r = 10 ? this event rate derived from expression above (one a year) should
not escape the accurate BATSE ten-year monitoring. Actually the atmosphere
area below BATSE detection is nearly 1% of all Earth leading to a total prob-
ability rate of 0.1 in ten years. However the corresponding secondaries gamma
flux by consequent nuclei annihilation showering into charged and neutral pion
and their decays and degradation in atmosphere should lead to a huge gamma
fluence ???? F observable in a near orbit satellite as Beppo-Sax or GRO
Batse:

F ~ 10erg/cn?(M/1mg),

Flux = 100erg- sec cm 2.

This latter flux is derived assuming a characteristic galactic velocity v= 300
km/sec for the incoming anti-meteorite and a terrestrial atmosphere of nearly
30 km height. Such a signal is nearly 10 order of magnitude above the sens-
itive Batse detection threshold. Smaller scale upward gamma flash are indeed
known and they are called "Terrestrial Gamma Flashes". They are correspond-
ing to just 1¢ or 1&° erg of isotropicfluence ???energy (or even much less
energy if originated by beamed upwardairshowers at eV up to nearly
horizontal ones at #8eV, see review and references in [227]) released at
millisecond up to ten of second timescales. Therefore such milligram anti-
meteorite bang will be already loudly recorded on data, if they were taking
place. Of course so high large evéinience ???would not escape also other
less sensitive astrophysical or military detectors. Therefore it seem that mil-
ligram antimatter meteorite rain should be totally excluded at very low level
(r < 10°9). Even more dramatic and sharp gamma signature should come by
their fast Moon annihilation (because of the absence of atmosphere), but at a
less (Moon surface over Earth one) rate. Lunar anti-meteorite annihilation in
characteristic nano-second signature, would make very strong signals at lunar
orbiting gamma detectors. They provide a complementary tool to exclude very
light (micro-gram) antimeteorite rains at the same severe baurd1Q°).

6.2 Light antimeteorite evaporation crossing
the Galaxy
However these results may be alleviated keeping in mind that antimeteorites

can be annihilated or "evaporated" during their propagation in galactic gas.
Indeed, the column density of atoms (protons) crossed assumgisig= 1 -



Antimatter in the modern Universe 141

cm 2 and a galactic disk height &f = 100pc and a total number of crossing
100is:N = 3.10?2cm 2. Each crossed matter atom annihilates on the surface
of the rigid body of anti-meteorite. Putting the total mass of the crossed matter
gas equal to the mass of spherical homogeneous antimeteorite of radids
internal densityp,

4
ar?Nmy = gpr3,

one obtains that the antimeteorite can not escape complete annihilation, if its
radius issmaller — — larger??? than

3 N

I‘an:4'

-
The corresponding antimeteorite mass, given by

9 (Nmy)?

- 16" p?
is (assuming water density) abou2 10-* g. The actual value of minimal

mass of the antimeteorite, surviving annihilation, may be a few orders of mag-
nitude larger. If we take into account the strong (cubic) dependenigl,pbn

N, we find important the increase df due to effects of annihilation with the

gas above the disc. The mass of antimeteorite, which is completely destroyed
by annihilation, can be even larger, if we take into account its atomic compos-
ition. To destroy the antimeteorite, which consists of anti-atoms with atomic
numberA, it is not necessary to annihilate all the anti-nucleons in all its an-
tinuclei, since even the result of one proton anti-nucleus annihilation not only
destroys the anti-nucleus, but also causes the successive destructive effects by
its fragments. We discuss the effects of energy and momentum transfer due
to such processes in the next section, and only estimate here the increase in
the minimal mass of anti-meteorite, surviving after annihilation. Putting the
total number of matter gas atoms, annihilating on the surface of anti-meteorite,
equal to the total number of anti-atoms with atomic numdar antimeteorite,

we obtain instead df,, the magnitude

9 (ANmy)®

Msury = TG” ' Ta

Man

(6.52)

which is the factor ofA3 larger, tharMan. This imply that milligram (and even
much heavier, up to.8@ g for anti-ice meteorite) antimeteorites might be sup-
pressed and maybe almost absent in solar system; previous bound by annihil-
ation on the Earth may be considered for heavier (10-100 milligram or above)
anti-meteorites leading to a ratio & 10~8) of antimatter allowable. Bounds

by microgram anti-meteorite annihilation on Moon soil while being very hard
and sharp, will be no more effective, than the terrestrial bounds. Moreover,
there are other processes that may dilute above antimeteorite presence in our
Solar system.
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6.3 The antimeteorite annihilation and
deceleration in gas

Antimeteorite with a mass heavier than milligram may survive annihilation:
while crossing a gas cloud, their lateral annihilation may heat a meteorite side,
leading to a rocket ejection able to decelerate and at large matter gas density
gradient even divert and bounce the trajectory. However, for realistic density
gradients the latter case can not be realized and the momentum transfer due to
annihilation causes the antimeteorite deceleration in matter gas, which can be
described as follows.

Antimetorite of radius, moving with a velocity in the central field of gas,
distributed around the central mdsglsisotropically as

Ro 2
p:PO(R> )

experiences the friction force due to annihilation
Fr = —p(R)zr?nve,

wheren is the effectiveness of momentum transfer near unity. Assuming an
initial anti-meteorite velocity, and densityp, and a normal galactic-disk
mass density, one finds the characteristic relaxation timgor a millimeter
anti-meteorite radius) :
S 3pc

r pa 10 %%gcnm?d
mmgcm-3 p '
Therefore in a short (in galactic scales) times any fast anti-meteorite will be
slowed down to a velocity comparable with common galactic gas. Therefore
lightest anti-meteorite will follow a co-moving pattern with matter in galactic
disk. Heavier ones (n+> 0.1 g) will not evaporate and might reach the Earth.

In the presence of any radial gravitational force, near stars or star clusters,

the gravitational force is equal to

4par
=

=137 10? - year (6.53)

_ 4 GMzpars
=3 7&% )

and the friction action leads to a slow-down free fall up to a steady value. The
equality of the two forces indeed leads to the constant velocity

2pal Ry, (6.54)

V= )
3n po Ro Ro

Fg

where
~ 2GM

c2

Ry
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is the Schwarzschild radius of any central body.

The annihilation friction is effective, resulting in the anti-meteorite deceler-
ation and successive slow drift and final annihilation towards the star center.

In nearly horizontal motions the fast anti-meteorite may bounce on the star-
planet atmosphere and they may escape from the central field. In the case
of general motion and matter gas distribution this effect may be estimated by
assuming that a fraction of antimatter is annihilated leading to a momentum
exchange (See [228]) and a velocity l@dss ~ v ~ 10 3c:

Av = 5 - E/Mc,

wheren is the fraction of annihilation energy going into effective anti-asteroid
momentum exchange. Being necessary to escape from the galactic plane or
from solar atmosphere/v > 10-3c one finds

(AE)/(Mc?) = (AM)/M < 10°%/n.

This value cannot exceed unity otherwise the anti-meteorite will be totally
annihilated; therefore the efficiency cannot be below 16 but its value is
bounded by the ratio of the interaction length of charged pions on the meteor-
ite volume; the 300 MeV pion crosses nearly 85 cm in water before interacting;
the total amount of matter crossed during meteorite life-time traveling (com-
parable to galactic age) in the galactic disk is nearly?1§ or 102 cm. of
water. However, in the case of atomic antinuclei composition annihilating with
hydrogen of galactic gas the main consequence will be a breakdown of antinuc-
lei. Its fragments will deposit in a very efficient way (nearly 50%) the energy
of annihilation into linear momentum as well as increasing the temperature of
the solid antimatter body.

The estimation [91] show that the effective cooling is keeping the temper-
ature below the solid (rock) melting point, while the antimeteorite moves in
the Galaxy and Solar System. The equilibrium temperature is established,
provided that the heating rater®xpc?v (Wherex is the fraction of the total
energy, released in the annihilatioB,g = 2myc?)), that heats the spheric-
ally symmetric antimeteorite of radius moving with velocityv in the matter
gas of densityp = myn, is equal to the rate of radiative cooling®cT*c
(whereo is the Stephan-Boltzmann constant). In the considered approxima-
tion both heating and cooling are proportional to the surface area, so that the
equilibrium temperature is given By = 168K (nxv)Y4 for matter gas number
densityn = 1cm 3 and anti-meteorite velocity = 300 km/s. Annihilation
of matter gas with antinuclei on the antimeteorite surface leads to its erosion,
but its effect, which may deserve special analysis for particular antimeteorite
composition, does not lead to significant change of the above estimation for
sufficiently large antimeteorites.

Nevertheless the "ice" anti-comets might be melt efficiently still in the Galaxy
and very efficiently near Solar and Terrestrial atmosphere. The reason is that
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the estimated value dt can easily be factor of 2 larger, but the antimeteorite,
moving with the velocity/c ~ 10~3, with the account for all the uncertainties
can be hardly heated up to 1000 K due to the annihilation in the low density
matter gas (with the number density= 1cm2). The equilibrium condition,
rewritten for energy density of radiation,(= 2.7Tn,) and of annihilation
products éan = 2nmyc?) in the forme,c ~ Kkeanv, is reached afe < 300K

due to the low values of in-flow velocity/c ~ 10~ and matter gas density
n/n, ~ 10~°, what compensates the large value of annihilation energy release

et < 5. 100,
e

6.4 Annihilation of anti-asteroids on Sun
The "galactic anti-asteroid” rate on Sun from Eq. (6.49) is

dN _ 10 (%) year 1. (6.55)
The consequent event rate for suppressed anti-asteroids one over a billion is 10
events a year. The fluence F on Earth isl8 ‘erg/cn? and comparable to

GRB fluence, with a time dilution of nearly 10 seconds. Therefore it may be
well be missed or misunderstood as a low energy solar flare. The rarest events
at 100 g range may mimic observed solar flares. Let us remind that present
bounds in solar flare activity may be even detectable at a nano-flare intensity.
If the above coincidence is not just the hint of the antimatter meteorites in-fall,

it provides the present most stringent bound on antimaltienay be useful

to mention that the two anti-meteorite searches undertaken in USSR in

late 1960-s early 1970-s, even with no confirmation, exhibited the positive
effect, see review in [267] So not only stringent limits, but even positive
discoveries should be in principle considered in the future of such searches.

7. Conclusions

In conclusion we can say that the hypothesis on the existence of antimatter
globular cluster in the halo of our Galaxy does not contradict to either modern
particle physics models or observational data. Moreover, the Galactic gamma
background measured by EGRET can be explained by antimatter annihilation
mechanism in the framework of this hypothesis. If the mass of such a glob-
ular cluster is of order of 10+ 10° M, we can hope that other signatures
of its existence like fluxes of antinuclei can be reachable for the experiments
in the nearest future. The analysis of antinuclear annihilation cascade is im-
portant in the realistic estimation of antinuclear cosmic ray composition but
seems to be much less important in its contribution into the gamma back-
ground as compared with the effect of antimatter stellar wind. This means
that the gamma background and the cosmic antinuclei signatures for galactic
antimatter are complementary and the detailed test of the galactic antimatter
hypothesis is possible in the combination of gamma ray and cosmic ray studies.
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Anti-meteorites annihilations may provide the challenge to search for antimat-
ter in our Galaxy at the same level of sensitivity which is planned to be reached
in AMS-II experiment (a part over a billion). With all the uncertainty in pos-
sible relationship between the total mass of antimatter stars and the expected
amount of pieces of antimatter to be ejected by antimatter stellar systems and
all the possible reservations our first estimate on Earth and Solar events are
showing rather high sensitivity (18 — 10-°) in antimatter search can or even
might be already reached.






Chapter 7

ASTRONOMY OF ULTRA HIGH ENERGY
COSMIC RAYS

1. Cosmoarcheology of cosmic rays

Ultra High Energy Cosmic Rays (UHECR) is the observed effect of su-
perhigh energy physics in the modern Universe, what naturally puts together
particle physics and cosmology in the analysis of their possible origin and ef-
fects. Even for known particles and interactions UHECR correspond to the en-
ergy range, at which their properties were not studied experimentally. Particle
theory predicts a wide variety of new phenomena in this energy range. One
should take into account the possibility of these phenomena in the analysis
of the mechanisms of UHECR origin, propagation and detection. Moreover,
such phenomena are unavoidable in the modern Big Bang cosmology, based on
inflationary models with baryosynthesis and (multicomponent?) nonbaryonic
dark matter. The physics of inflation and baryosynthesis, as well as dark mat-
ter/energy content implies new particles, fields and mechanisms, predicted in
the hidden sector of particle theory. Such particles, fields and mechanisms
may play an important role in the problem of UHECR. It makes new physics
necessary component of the analysis of UHECR data.

Methods of Cosmopatrticle physics [3] offer the way to unbind the complic-
ated knot of the physical, astrophysical and cosmological problems, related
with UHECR. They provide the framework to distinguish different types of
predicted cosmological effects of new physics and to discriminate them from
nontrivial effects of known physics, arising in specific astrophysical condi-
tions. In the present Chapter we make some first steps towards this framework
for UHECR studies.

In the framework of cosmoarcheology [18] cosmic rays are treated as the
source of information on particle processes at different stages of cosmological
evolution. In the early Universe such processes in general do not lead directly
to fluxes of particles, accessible to cosmic ray detection, and the special ana-
lysis is needed to relate such processes with their possible reflections in the

147
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observed matter spatial distribution, chemical composition or angular distribu-
tion and spectrum of CMB [267, 304, 130, 131, 132]. For each component
of cosmic particles there exist the period, when the Universe loses its opacity
for this component, and one can get the direct information on these processes
from searches for respective nhonthermal electromagnetic, proton - antiproton
or neutrino backgrounds [133, 134, 135, 136]. After the galaxies are formed,
the natural sources of particle acceleration appear in the Universe. Energetic
particles from SNs, GRBs, AGNSs interact with the matter and these particle
processes should contribute into the observed cosmic fluxes.

Even if the observed cosmic ray fluxes are completely explained by these
natural mechanisms, the comparison of the observational data with the theoret-
ical prediction for hypothetical sources provides important constraints on such
sources [135, 137, 138], thus providing important and in some cases unique
information on physics of very early Universe [136]. However, in some cases
we are possibly near positive conjecture on the existence of new physics. So,
cosmic fluxes of weakly interacting massive particles (WIMPS), interpreted as
stable neutrinos of fourth generation with the mas$0GeV, are probably
detected in DAMA experimental search for WIMPs [16], what finds indirect
support in the existing gamma background and cosmic positron data and is
accessible to test in underground neutrino, cosmic ray and accelerator experi-
ments [62, 25, 63, 64, 65, 139].

The field of physics and astrophysics of cosmic rays is rather huge, so we
concentrate here only on some aspects of the possible origin of cosmic Ul-
tra high energy particles in its relationship with the effects of new physics in
the inflationary Universe. The interference between large scale structures and
microphysics, presented in the preceding chapters, revealed several possible
forms of such relationship. It makes us to discuss, at least fragmentary, the
corresponding effects in cosmic rays. Namely, it was shown that the micro-
physical Lagrangian could lead to large scale structure of primordial massive
BH clouds, or to islands of antimatter. In the first case, AGNs are formed, be-
ing one of the popular source of cosmic rays. In the second case, the predicted
antinuclear component of cosmic rays provides the direct test of the considered
model (in particular, proving or disproving the supposed form of Lagrangian).
In this Chapter we give another example of such an interference.

The detection [187, 188, 189, 190, 191, 192, 193] of cosmic rays with en-
ergy above Greisen-Zatsepin-Kuzmin (GZK) cut-off-of5 - 10'%eV presents
a serious problem for interpretation. The origin of GZK cut-off [140, 141]
is due to resonant photoproduction of pions by protons on cosmic microwave
background radiation which leads to a significant degradation of proton energy
(about 20% for 6 Mpc) during its propagation in the Universe. Of course, pro-
ton energy does not change by many orders of magnitude if high energy pro-
tons come from the distances 50 - 100M pc. However, no nearby sources
like active galactic nuclei have been found up to now in the arrival direction. If
there is some correlation with discrete sources, it is claimed to be with very dis-
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tant B Lac objects [168]. According to the common belief, B Lac are QSOs or
AGNs of moderate mass, emitting jets along the line of sight directly towards
us, what makes the observed effect of their activity so strong.

It is difficult also to relate directly the observed ultra high energy events
with the other known particles. For example, in the case of ultra high en-
ergy photons due to interaction with cosmic background radiafieny* —
et +e7) the photon free mean path should be significantly less than 100 Mpc.
A scenario based on direct cosmic neutrinos able to reach the Earth from cos-
mological distances can not reproduce the observed signatures of ultra high
energy air showers occurred high in the atmosphere.

Different possibilities were considered (see e.g. [194, 195, 196, 197, 198,
199, 200, 201] and references therein) in order to solve this puzzle. Combining
the advantages of different approaches that involve the existence of primordial
superheavy particles we consider in the present Chapter a nontrivial solution —
annihilation of superheavy particles in primordial bound systems as the source
of UHECR.

Stability of superheavy particles assumes that they possess some charge.
Charge conservation makes these patrticles to be produced in pairs, and the es-
timated separation of particle and antiparticle in such pair is shown to be in
some cases much smaller, than the average separation determined by the av-
eraged number density of considered particles. If the new U(1) charge is the
source of a long range field similar to electromagnetic field, the particle and
antiparticle, possessing that charge, can form primordial bound system with
annihilation timescale, which can satisfy the conditions, assumed for this type
of UHECR sources. These conditions severely constrain the possible proper-
ties of considered particles. So, the proposed mechanism of UHECR origin is
impossible to realize, if the U(1) charged particles share ordinary weak, strong
or electromagnetic interactions. It makes the proposed mechanism of pairing
and binding of superheavy U(1) charged particles an effective theoretical tool
in the probes of the physics of very early Universe and of the hidden sector of
particle theory, underlying it.

The necessary decoupling of superheavy patrticles from the interactions of
ordinary particles can be related with physics of neutrino mass, resulting in the
dominant annihilation channels to neutrino. It may be importnat for another
approach to a possible solution of the GZK paradox that considers the Ultra
High Energy Cosmic Rays as secondary products of UHE neutrinos, origin-
ated at far cosmic distances, overcoming GZK cut-off, hitting onto relic light
neutrino in Hot Dark Halos, leading to resonant Z boson production. A con-
sequent Z-Shower (Z-Burst)(see [144, 145, 146, 147, 148]) takes place, where
a boosted ultra-relativistic gauge boson Z (or WW, ZZ pairs) decays in flight
and where its UHE nuclear secondaries are the observed UHECR events in
terrestrial atmosphere. These ZeV primary UHE neutrinos may be produced
either inside compact astrophysical objects (Jets GRBs, AGNs,BL Lac [168]
) or by relic topological defects decay [169] or, as in the present Chapter, by
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ultra high heavy particle annihilation. In the first (compact object) case one
may easily understand the observed UHECR clustering as well as the possible
correlation found recently with BL Lac sources. In the second case one may as-
sume the UHECR clustering toward BL Lac as a pure coincidence; otherwise,
one may consider a possible faster induced annihilation of these superheavy
particles inside deeper clustered gravitational wells around AGN and BL Lacs
objects.

The latter possibility can appear in the considered mechanism due to self-
adjustment of bound systems in the regions of their high density, where the
time scale of collisions of bound systems is less, than the cosmological one.
Being dominantly disrupted in collisions, the bound systems can also contract
in their result, thus increasing the rate of their annihilation.

Assuming the presence of necessary elements of the Z-Shower mechanism
(UHE neutrinos and relic neutrinos in the halo of Galaxy), we show in this
Chapter that the existence of low scale gravity at TeV scale could lead to a
direct production of photons with energy above?4@V due to annihilation
of ultra high energy neutrinos on relic massive neutrinos of the galactic halo
[151]. Air showers initialized in the terrestrial atmosphere by these ultra ener-
getic photons could be collected in near future by the new generation of cosmic
rays experiments.

2. Primordial bound systems

One of popular approaches to the problem of UHECR origin is related with
decays or annihilation in the Galaxy of primordial superheavy particles [142,
143] (see [149, 150] for review and references where in). The mass of such
superheavy patrticles to be considered in here is assumed to be higher than
the reheating temperature of inflationary Universe, so it is assumed that the
particles are created in some non-equilibrium processes (see e.g. [152] and
[153] for review), taking place after inflation at the stage of preheating.

The problems, related with this approach, are as follows. If the source
of ultra high energy cosmic rays (UHECR) is related with particle decay in
the Galaxy, the timescale of this decay, which is necessary to reproduce the
UHECR data, needs special nontrivial explanation. Indeed, the relic unstable
particle should survive to the present time, and having the magfshe order
of 101 GeV or larger it should have the lifetimg exceeding the age of the
Universe. On the other hand, even, if particle decay is due to gravitational in-
teraction, and its probability is of the order of (here and further, if not directly
indicated otherwise, we use the untis= c = k = 1)

1 m \*
P (MP> m, (7.1

whereMp = 10'° GeV is the Planck mass, the estimated lifetime would be
by many orders of magnitude smaller. It implies strong suppression factor in
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the probability of decay, what needs rather specific physical realization ([142,
149, 150)), e.g. in the model of cryptons [154, 155] (see [156] for review).

If the considered particles are absolutely stable, the source of UHECRS is
related with their annihilation in the Galaxy. But their averaged number dens-
ity, constrained by the upper limit on their total density, is so low, that strongly
inhomogeneous distribution is needed to enhance the effect of annihilation to
the level, desired to explain the origin of UHECR by this mechanism.

Such increase of particle concentration can be hardly reached by the simple
development of gravitational instability in nearly homogeneous medium, and
it appeals to some strong primordial inhomogeneity in particle distribution.

In the present Chapter, we consider the solution of the latter problem, offered
in [157, 158]. If superheavy particles possess new U(1) gauge charge, related
to the hidden sector of particle theory, they are created in pairs. The Coulomb-
like attraction (mediated by the massless U(1) gauge boson) between particles
and antiparticles in these pairs can lead to their primordial binding, so that the
annihilation in the bound system provides the mechanism for UHECR origin.
To realize this mechanism the properties of superheavy particles should satisfy
a set of conditions, putting severe constrains on the cosmological scenarios and
particle models, underlying the proposed mechanism.

2.1 Superheavy particles in inflationary Universe

As we discussed in in the previous chapters, the models of inflationary Uni-
verse assume that thermodynamically equilibrium conditions of hot Universe
(the so called "reheating™) do not take place immediately after the end of infla-
tion, and that there exist rather long transition period of the so called "preheat-
ing". The non-equilibrium character of superheavy particle production implies
strong dependence on the concrete physical processes that can take place at
different periods of preheating stage.

It was shown in [152] that the parametric resonance [153] in the end of in-
flation att ~ 1/Heng, When preheating begins, can lead to intensive inflaton
field decay, in which superheavy particles with the nrass 10Hqng can be
produced. Heréeng ~ 10GeV is the Hubble constant in the end of infla-
tion. The calculations [152] of primordial concentration of such superheavy
particles exhibit strong dependence myiH and correspond to a wide range
of their modern densities up @x ~ 0.3.

Superheavy particles can be created in the end of preheating, when reheating
takes place at~ 1/H; (H; being the Hubble constant in the period of reheat-
ing), if the quanta of inflaton field contain these particles among the products
of decay. The modern density of superheavy particles is then given by

T 2m
Qx Tro M Br(X), (7.2)
whereT, ~ (H;Mp)¥2 is the reheating temperatufBzp ~ 10eV is the tem-
perature in the end of radiation dominance stage and in the beginning of the
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modern matter dominated stage, > 2m is the mass of the inflaton field
quantum andr(X) is the branching ratio of superheavy particles production
in inflaton decay. The conditiox < 0.3 constrains the branching ratio as

Tro My

Ty ’
If inflation ends by the first order phase transition, bubble wall collisions in

the course of true vacuum bubble nucleation can lead to formation of primor-

dial black holes (PBH) with the masd ~ Mp®. Successive evaporation
of such black holes at

Br(X) < 0.1 (7.3)

MA Hend 2
Hev ~ 1/tev ~ NTZ ~ Hend( I\;Ed) (7.4)

is the source of superheavy particles, when the temperature of PBH evapora-
tion, increasing with the loss of mass Bsy ~ M,%/M, reachesm. If ax

is the fraction of PBH mass, evaporated in the form of considered superheavy
particles, the relationship between the probability of PBH formati@amdQ x

is given by

T
Qx = ——axw, (7.5)
TrD
for dust-like (MD) expansion law at preheating stage and
MpHend)Y?
Qy = ﬂaxw, (7.6)
TrD

for relativistic (RD) expansion at the stage of preheating. In the latter case
corresponding to the Eg. (7.6), the conditirx < 0.3 leads tow < 3-
10725/ ax. Creation of mini black holes with such a low probability does not
imply first order phase transition after inflation, but it is possible even from
Gaussian "tails" (see [3] for review) of nearly flat ultraviolet spectra, that are
strongly disfavored but still not excluded within the uncertainty of the recent
WMAP measurements of CMB anisotropy [74] .

The presence of additional dynamically subdominant fields at the inflation-
ary stage can strongly modify at the small scales the simple picture of nearly
flat power spectrum of density fluctuations, as it was shown in the previous
chapters. It also leads to the possibility of superheavy particle production in
the decay of quanta of such field, at the preheating stage. The relation-
ship betweerQQx and the relative contribution of the field,p,, into the total
densitypiot, I = py/ptot in the period of decay, at ~ 1/Hg, is given by
Eqgs.(7.5)-(7.6), in whiclwx has the meaning of the branching ratio for super-
heavy particle production (multiplied by the facter m/m,, m, is the mass
of ¢, in case of relativistic decay products) aldd,qis substituted byHq. If ¢
decays due to gravitational interactidty is equal to the probability of decay,

I, given by Eq. (7.1)Hg = I ~ my(m,/Mp)%. In general, forHg = T,
the period of derelativization of the relativistic decay products with the energy
€ ~ M, > mcorresponds tél ~ (m/m,)2Hg.
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2.2  Pairing of nonthermal particles

Note, first of all, following [157, 158], that in quantum theory particle sta-
bility reflects the conservation law, which according to Noether’s theorem is
related with the existence of a conserved charge, possessed by the considered
particle. Charge conservation implies that particle should be created together
with its antiparticle. It means that, being stable, the considered superheavy
particles should bear a conserved charge, and such charged particles should be
created in pairs with their antiparticles at the stage of preheating.

Being created in the local process the pair is localized within the cosmolo-
gical horizon in the period of creation. If the momentum distribution of created
particles is peaked belop/~ mc, they don't spread beyond the proper region
of their original localization, being in the period of creation- ¢/H, where
the Hubble constaril at the preheating stage is in the rale< H < Hepg.

For relativistic pairs the region of localization is determined by the size of
cosmological horizon in the period of their derelativization. In the course of
successive expansion the distahdeetween particles and antiparticles grows
with the scale factor, so that after reheating at the temperatiiris equal to

1/2
I(T) = <'\I’LP) % (7.7)

The averaged number density of superheavy particlssconstrained by
the upper limit on their modern density. Say, if we take their maximal possible
contribution in the units of critical densit@2x, not to exceed 0.3, the modern

cosmological average number density shouldnbe: 10*201'14%’%cm*3
(beingn = 4.10-2210“CeVAxT3n the unitsh= ¢ = k = 1 at the temperature
T). It corresponds at the temperatilréo the mean distancés(~ n~—1/3) equal

to
1/3
e L m 1703\
ls~ 1.6 - 10 (7101466\/) <Qx =3 (7.8)

One finds that superheavy nonrelativistic particles, created just after the end
of inflation, whenH ~ Heng ~ 103GeV, are separated from their antiparticles
at distances more than 4 orders of magnitude smaller, than the average distance
between these pairs. On the other hand, if the nonequilibrium processes of su-
perheavy particles creation (such as decay of inflaton) take place in the end of
preheating stage, and the reheating temperature is as low as it is constrained
from the effects of gravitino decays &hi abundanceTien < 4 - 10°GeV
[3, 277]), the primordial separation of pairs, given by Eq(7.7), can even ex-
ceed the value, given by Eqg. (7.8). It means that the separation between
particles and antiparticles can be determined in this case by their averaged
density, if they were created &t < Hs ~ 10715 . Mp(109GeV)2/3(2x)2/3

4
104(1°1n?ev)2/3(%)2/3eev.
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If the considered charge is the source of a long range field, similar to the
electromagnetic field, which can bind particle and antiparticle into the atom-
like system, analogous to positronium, it may have important practical implic-
ations for UHECR problem. The annihilation timescale of such bound system
can provide the rate of UHE patrticle sources, corresponding to UHECR data.

2.3 Formation of bound systems from pairs

The pair of particle and antiparticle with opposite gauge charges forms
bound system, when in the course of expansion the absolute magnitude of
potential energy of palv = ? exceeds the kinetic energy of particle relative

motionTy = % The mechanism is similar to the proposed in [159] for bind-
ing of magnetic monopole-antimonopole pairs. It is not a recombination one.
The binding of two opposite charged particles is caused just by their Coulomb-
like attraction, once it exceeds the kinetic energy of their relative motion.

In case, plasma interactions do not heat superheavy patrticles, created with
relative momentunp < mcin the period, corresponding to Hubble constant

H > Hg, their initial separation, being of the order of

I(H) = (), (7.9)

experiences only the effect of general expansion, proportional to the inverse
first power of the scale factor, while the initial kinetic energy decreases as the
square of the scale factor. Thus, the binding condition is fulfilled in the period,
corresponding to the Hubble constathy, determined by the equation

() = abagm (729

whereH is the Hubble constant in the period of particle creation apd the
"running constant" of the long range interaction, possessed by the superheavy
particles. If the local process of pair creation does not involve nonzero orbital
momentum, due to the primordial pairing the bound system is formed in the
state with zero orbital momentum. The size of bound system exhibits strong
dependence on the initial momentum distribution

| pt %y
o= 52 TP — Zmﬁz’ (7.11)
where
2aymH
B = éz : (7.12)

what, in principle, facilitates the possibility to fit UHECR data in the frame-
work of hypothesis of bound system annihilation in the halo of our Galaxy.
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Indeed, the annihilation timescale of this bound system can be estimated
from the annihilation rate, given by

2 30
Wann :‘ LIJ(O) ‘ (GV)annN IC WCY, (713)

where the "Coulomb" factdZy arises similar to the case of a pair of electrically
charged particle and antiparticle. For the relative velogitg 1 it is given by
[24]

2rayC
C, = ”T“y (7.14)
Finally, takingv/c ~ 8, one obtains for the annihilation timescale
1 p\O,/m>51 4
~ L —) == . 7.15
fann 8roy <mc> (H> m zmp° (7.15)
ForHeng > H > Hg, the annihilation timescale equals
104GeV) [10712\°
Tann = 1022 < m > ( ﬂ ) S, (716)

being forp ~ mg, ay = g5 andm = 10 GeV in the range from 1G*®s up to
10"9(32)19/3s. The size of a bound system is given by

4 12\ 2
IC—8.106(50ay)<101n?eV> <1Oﬂ ) cm (7.17)

< 1from 7-10 ‘cm to 6- 10 3cm. One can
.17) the approximate relationship betwggrand

Q

<

ranging for 2. 10710 <
obtain from Egs. (7.16)-

l¢, given by
o (S ) (7.18)
100yr — \ 10 7cm ' '

Provided that the primordial abundance of superheavy particles, created on
preheating stage corresponds to the appropriate modern déhsity 0.3,
and the annihilation timescale exceeds the age of the Unitigrse4 - 10'7s,
owing to strong dependence on the paramgt¢he magnitude

&
©0.371x

~—~O
~w

rx (7.19)

can easily take the valug = 2 - 1071, which was found in [142] to fit the

UHECR data by superheavy particle decays in the halo of our Galaxy. It takes
place, provided that

Q m B 5 B
(02) <1014Gev> (10—12) =5:-10°" (7.20)
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If the effective production of superheavy particles takes place in the end
of preheating stage & < Hys, their initial separation is determined by the
min{l(H), s}, wherel (H) is given by Eqg. (7.9) ant} is determined by their
mean number density (compare with Eq. (7.8))

ls~3-10 (1014Gev> (Qx MpH ' (7.21)

In the case of late particle production (i.e Hat< Hg) the binding condition
can retain the form (7.10), {H) < |s. Then the previous estimations (7.11)-
(7.15) are valid.

2.4 Formation of bound systems without
initial pairing

In the opposite case of late particle production, whgt) > I, the prim-
ordial pairing is lost and even being produced with zero orbital momentum
particles and antiparticles, originated from different pairs, in general, form
bound systems with nonzero orbital momentum. The size of the bound system
is in this case obtained from the binding condition for the initial separation,
determined by Eq. (7.21), and it is equal to

ols 3\ 2/3
o 2iy|v|p (101‘[gev)2/3 (gf) (%:)2 (g)

1 .6 m 23 (03\%? (1012
q <210 Cm(1014eev> <Qx> < 5 ) (7.22)

The orbital momentum of this bound system can be estimatéd as mvl;

and the lifetime of such bound system is determined by the timescale of the
loss of this orbital momentum. This timescale can be reasonably estimated
with the use of the well known results of classical problem of the falling down
the center due to radiation in the bound system of opposite electric ctarges
ande; with massesn; andmy, initial orbital momentunM and absolute value

of the initial binding energ¥e (see e.g. [160])

c3M> &1 e,

tf= e (o — 2
ay(ZE‘ufS)l/Z M my

((uad)¥? + (2M2E)Y2) 2, (7.23)

Herey = {12 is the reduced mass. Putting into Eq. (7.28) = uvlc,

E = uv?/2, and with the account forM2E ~ uaf one obtains the lifetime
of the bound system as

12 m? 0 e \° m 2 D)
_@075_4'102 (1crﬁcm> (1014Gev> (50ay)“yr. (7.24)
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Using the Eqg. (7.13) and the conditibfH) > |, one obtains for this case the
following restriction

5 4 9
n_f“m<3¢¢mch><mx?6. (7.25)

Note that the condition (7.25) admi€yx = 0.3, when superheavy patrticles
dominate in the dark matter of the modern Universe.

The gauge U(1) nature of the charge, possessed by superheavy patrticles, as-
sumes the existence of massless U(1) gauge bosons (y-photons) mediating this
interaction. Since the considered superheavy particles are the lightest particles
bearing this charge, and they are not in thermodynamical equilibrium, one can
expect that there should be no thermal background of y-photons and that their
non equilibrium fluxes can not heat significantly the superheavy particles.

2.5 Particle binding in hot plasma

The situation changes drastically, if the superheavy particles possess not
only new U(1) charge but also some ordinary (weak, strong or electric) charge
[157]. Due to this charge superheavy particles interact with the equilibrium re-
lativistic plasma (with the number density~ T3) and for the mass of particles
m < a?>Mp the rate of heating

T3
MMENJE (7.26)

is sufficiently high to bring the particles into thermal equilibrium with this
plasma. Hereax is the running constant of the considered (weak, strong or
electromagnetic) interaction.

Plasma heating causes the thermal motion of superheavy particl&s<At
m( az”,jﬂp)z their mean free path relative to scattering with plasma exceeds the
free thermal motion path, so it is not diffusion, but free motion with thermal
velocity vr that leads to complete loss of initial pairing, singg formally

exceedds atT < 1010Mp(x)2/3(105Cev)5/3
Inthe case, the interaction with plasma keeps superheavy particles in thermal
equilibrium, potential energy of charge interactin- ‘f‘—sy is less, than thermal

energyT for any oy < 3. 107(33)Y3(55iasy)"/®  So binding condition
V > Tiin can not take place, when plasma heating of superheavy particles
is effective.

For electrically charged particles it is the case until electron positron pairs
annihilate afTe ~ 100keV (see [159]) and for colored particles until QCD
phase transition alocp ~ 300MeV. In the latter case colored superheavy
particles form superheavy stable hadrons, possessing U(1) charge. For weakly

interacting particles after electroweak phase transition, when Eq. (7.20) is not

valid, neutrino heating, given byoVAE ~ G2 er: is sufficiently effective until
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Tw =~ 20GeV. AtT < Ty, whereN = e, QCD, w respectively, the plasma
heating is suppressed and superheavy particles go out of thermal equilibrium.

In the course of successive expansion kinetic energy of superheavy patrticles
falls down with the scale fact@as~ a2, and the binding condition is reached
atTc, given by

Qx ) /3 (1014Gev) 13 .27

Te=Tnoy3-1078 (0.3 =
For electrically charged particles, forming after recombination atom-like states
with protons and electrons, but still experiencing the Coulomb-like attraction
due to non-compensated U(1) charges, the binding in fact does not take place
to the present time, since one gets from Eq. (71274 1K. Bound systems of
hadronic and weakly interacting superheavy particles can form, respectively,
atT. ~ 0.3eV andT. ~ 20eV.

The size of the bound system is then given by

0.3\ %2 m \23 1
lo =100 == 7.2
- =10 (QX> (1014Gev) oy TN’ (7.28)

what even for weakly interacting particles approaches a half of meten (30
for hadronic particles!). It leads to extremely long annihilation timescale of
these bound systems, that can not fit UHECR data. Moreover, being ex-
tremely weakly bound, they should be disrupted almost completely, colliding
in Galaxy. So, for bound systems of weakly interacting superheavy particles,
novty ~ 104 wheren = 3. 10~ 15cm3102CeVx g the number density of
bound systemsy ~ #12 and their relative velocity ~ 3-10’cm/s. It makes
impossible to realize the considered mechanism of UHECR origin, if the super-
heavy U(1) charged particles share ordinary weak, strong or electromagnetic
interactions.

3. Primordial bound systems as the source of
UHECR

3.1 Evolution of bound systems in the Galaxy

Superheavy patrticles, as any other form of CDM should participate gravit-
ational clustering and concentrate to the center in the course of Galaxy form-
ation. There are several factors influencing the evolution of bound systems in
the Galaxy.

If the size of primordial bound systerhs> 3- 10-%cm( 32 rritoy) /2 their
collision rate in the vicinity of Solar systemovty > 1. It can take place,

provided that

104Gev\ ™® /Qy\¥/°
4 [ =Y eV 2EX . —6
(50aty) < = > <o.3) > 6-10°°. (7.29)
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Since the binding energy of bound systems

03104GeV 5

Epb<5- 10—27m<:2(Q -
X

is much less than the kinetic energy of their motion in the Galaxy=
m\?/2), the bound systems should be disrupted in such collisions. On the other
hand, large collision cross sectien ~ 712 corresponds to the momentum
transfer of the order aip ~ mBc. Such small momentum transfer leads both
to disruption of the bound system on free superheavy particles and with the
same order of probability to the reduction of their size dowh to I./4. If
the bound systems are within gravitationally bound cluster (Galaxy, globular
cluster, CDM small scale cluster), both the free particles and contracted bound
systems with the sizé remain in it and the collisions both between bound
systems and between free particles and bound systems continue with the cross
sectiono ~ l?.

In vicinity of massive objects with the mas4 tidal effects lead to disrup-
tion of bound systems with the sitet the distance, corresponding to tidal
force energy~ G';"m:—, exceeding the binding energy ay/I. So, in the vi-
cinity of a star with the massl = M, the bound systems are disrupted at the

distances, smaller thap = %‘I. Tidal effects disrupt bound systems in

the regions of enhanced stellar density,, if angth > 1. Taking for the
center of Galaxyny ~ 10°Mg/pc3, one finds that bound systems with the
sizel > 5-10-%cm should be disrupted there due to tidal effects.

As it was shown in [161], tidal effects strongly influence the formation and
mass distribution of small scale CDM clusters, what should also take place for
small scale clusters of primordial bound systems in the Galaxy. On the other
hand, clustering of primordial bound systems may play important role in the
explanation of observed clustering of UHECR events in the framework of the
proposed mechanism. It may be easily estimated that if bound systems are
clustered around globular cluster, their disruption due to stellar tidal effects is
negligible.

3.2 Space distribution of UHECR events

For the initial number density and size of bound systems, corresponding to
novty > 1, most of bound systems disrupt on the free particles, but suffi-
ciently large fraction of them- /By ~ (lu/l¢)Y/? acquires the sizk, at
which novty ~ 1. The relative amount of bound systems with smaller size
| < ly is of the order of~ (1/1y)?, if their annihilation timescale > ty and
of the order of~ (I/Iu)zé for ¢ < ty. Annihilation of superheavy particles
in bound systems with the smaller size is more rapid, what increases the pro-
duction rate of such UHECR source as compared with the case of superheavy
decaying particles with the fixed lifetime. This effect of the self-adjustment of
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bound systems annihilation leads to the peculiar space distribution of UHECR
sources, corresponding to this mechanism.

The decay rate density, of metastable particles with lifetime for the
number density(R), depending on the distané&from the center of Galaxy,

is given by
= (n(R)) : (7.30)

T

Owing to self adjustment of bound systems annihilation the density of UHECR
production rate for the initial number densityR) of primordial bound sys-
tems with initial annihilation timescalehas the order of the magnitude

(@)@ e

Sincery IS/Z x n(R)~%* the self-adjustment of bound systems leads to
stronger radial dependengex n(R)7/4, thus sharpening the concentration of
UHECR sources to the center of Galaxy.

In the case of late particle production wittH) > s, considered in the
subsection 8.2.4, the dependehce 571, given by Eq. (7.22), and  I®
B3, given by Eq. (7.24), results in the change of Eq. (7.31) by

(")) @)

q = _ —_— — .

T U ty

Sincery o 1§ o« n(R)~%2 in this case, the radial dependergex n(R)%2
provides the principal possibility to distinguish this case from the basée <
ls.

Itwas noticed in [162] that clustering of UHECR events, observed in AGASA
experiment [163], can be explained in the model of superheavy metastable
particles, if such particles with the mass~ 10*GeV form clusters in the
Galaxy with the mas ~ 5. MQﬁéyr.

For the cluster of N metastable particles with lifetimthe decay rateR, is
given by N

P=(2). (7.32)

Owing to self adjustment of bound systems annihilation the UHECR produc-
tion rate for the cluster of N primordial bound systems with initial annihilation
timescaler reaches the order of the magnitude

/ /
~()GE)@ e
T TU tU

The enhancement of UHECR production rate due to self-adjustment of bound
systems facilitates the possibility to explain clustering of UHECR events in the
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proposed mechanism. Say, instead of cluster with the mass ®f 10°M,
of particles with the mass ~ 10“GeV and the lifetimer ~ 10 yr, cor-
responding to the considered in [162] possible explanation for the clustering
of UHECR events, observed by AGASA, it is sufficient to have the mass of
~ 3.10°M, in the cluster of primordial bounds systems with the same initial
annihilation timescale ~ 10'yr.

In the case of late particle production wittH) > I, for p ~ mg the
conditionH < Hg constrains the annihilation timescale

T > 10%%s 500,) 3 =

(%fﬂ

_ 2. 1018 m 9 -3
=3-10 yr(1014GeV) (50ay) ™,

the size of the bound systenteing related witlr by Eq. (7.24). In this case,
owing to the effect of self-adjustment, clustering of UHECR events can be also
reproduced, e.g. in cluster with the mads ~ 10°M., and number density

n ~ 10%m 23 of superheavy particles with mass~ 103GeV and initial
annihilation timescale of their bound systems= 4 - 10®yr (for metastable
particles with the same mass and lifetime the cluster with the mas6®M.,

is needed). Taking into account the possibility of dominance of superheavy
particles in the modern CDM, mentioned above for the considered case, the
estimated parameters of such cluster seem to be rather reasonable.

Owing to the effect of self-adjustment the initial annihilation time decreases
in the dense regions. On the other hand, disruption of bound systems in col-
lisions leads to the decrease of their actual amount in the modern Universe
as compared with their primordial abundance. It leads to the corresponding
corrections in the conditions (7.20) and (7.25). Provided that the inequality
(7.29) is valid and the collisions of bound systems are significant, the annihil-
ation timescale should be corrected by the effect of self-adjustment and one
should substitut®yx by Qps < Qx, whereQys is the averaged concentration
of bound systems, surviving after collisions.

3.3 Annihilation into ordinary particles

To be the source of UHECR the products of superheavy particles annihil-
ation should contain significant amount of ordinary particles. On the other
hand, it was shown above that to be the viable source of UHECR the con-
sidered particles should not possess ordinary strong, weak and electromagnetic
interactions. Their interaction with ordinary patrticles, giving rise to UHECR
production in their annihilation should be related to the superhighenergy sector
of particle theory and/or physics of inflation and preheating. The selfconsistent
treatment of this problem should involve the realistic particle physics model,
reproducing the desired features of inflationary scenario and giving detailed
predictions for physical properties of U(1) charged superheavy patrticles. It
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may be expected that in such models, there can exist superheavy boson (Y),
interacting both with superheavy and ordinary particles. If it's mass is of the
order ofmy > mthe annihilation channel into ordinary particles with the cross

2
sectiono ~ 2 m? will be of the order of the cross section of the tygphoton

annihilation channel.

With the account for the invisiblgy mode of annihilation, as well as taking
into account effects of self-adjustment and destructions of bound systems in
collisions, one has to re-define the magnitugegiven above by Eq. (7.19),
as

eff Qps tu
= By,—= 7.34
fx °0.3 Teff ( )

whereB, is the branching ratio of annihilation channels to ordinary particles
andQps < Qx is the modern cosmological density of bound systems. In the
EQ. (7.34)te1t = (tx7gtu)Y® andret s = (rx7uty)Y/2 for the cases of early
and late particle production, respectively.

Note that atB, ~ 10~°, when annihilation to ordinary particles is strongly
suppressed, the caS ~ 0.3 is possible also for early particle production.

Neutrino channel may strongly dominate in the annihilation to ordinary
particles, so thaB, ~ B, and the channels to other ordinary particles are
strongly suppressed(, < 105, whereop = q,1, y,9, W, Z, h). Then anni-
hilation of bound systems can not be direct local (galactic) source of UHECR,
but it can provide the source of UHE neutrinos for the Z-Shower mechanism
of UHECR origin.

3.4 Discussion

The combination of the constrains on the conditions of particle creation in
the early Universe and on the effective production of UHECR puts additional
constrains on the parameters of the proposed mechanism, which should be
considered in the framework of specific models of particle theory, underlying
the scenarios of very early Universe. The evolution of primordial bound sys-
tems should be also analyzed on the base of such models. One, however, can
make the general conclusion that the two principal types of bound systems are
possible, originated from (i) "Early particle production”, when primordial pair-
ing essentially determines the formation of bound systems and from (ii) "Late
particle production”, when the primordial pairing is not essential for bound
system formation.

In the both cases bound systems can dominate in the modern CDM, but
the conditions for such dominance are different. In the case (i) annihilation of
bound systems witys ~ 0.3 can reproduce UHECR events, if the branching
ratio for annihilation to ordinary particles is smaB4 ~ 10~°), whereas in
case (ii) this branching ratio should maximally approach to 1.

The possibility of bound system disruption in their collisions in galaxies is
specific for the considered mechanism, making it different from the models of
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decaying and annihilating superheavy patrticles. If effective, such disruption
results in a nontrivial situation, when superheavy particles can dominate in
the modern CDM, while the UHECR sources represent a sparse subdominant
component of bound systems, surviving after disruption.

Self-adjustment of bound systems annihilation in the Galaxy sharpens their
concentration to the center of Galaxy and increases their UHECR produc-
tion rate in clusters. It provides their difference from the case of metastable
particles. This property, however, crucially depends on the probability of con-
traction of bound systems in the course of collisions. More detailed analysis
of such collisions is needed to prove this result. If proven to be really specific
for the considered type of UHECR sources, it will be principally possible to
distinguish them from other possible mechanisms [144, 156, 164] in the future
AUGER and EUSO experiments.

For suppressed channels of annihilation to quarks, charged leptons, gauge
and Higgs bosons, annihilation of superheavy particles in bound systems can
provide the effective source of UHE neutrinos, thus playing important role in
the UHECR production by Z-Shower mechanism.

If viable, the considered mechanism makes UHECR the unique source of
detailed information on the possible properties of the hidden sector of particle
theory and on the physics of very early Universe.

4. Possible signature of low scale gravity in
UHECR

It was proposed in [174, 175, 176, 177] that the space is 4+n dimensional,
with the Standard Model particles living on a brane. While the weakly, elec-
tromagnetically, and strongly interacting particles are confined to the brane in
4 dimensions, gravity can propagate also in ertdgmensions. This approach
allows to avoid the gauge hierarchy problem by introducing a single funda-
mental mass scale (string scaM), of the order of TeV. The usual Planck
scaleMp = 1/4/Gy ~ 1.22-10'%GeV is related to the new mass scieg by
Gauss’s law:

M2 ~ R"M[H2 (7.35)

whereGy is the Newton constanR is the size of extra dimensions. It follows
from (7.35) that

TeV\ /Mp\?"
R~ 2-1017< I\j ) (Mp> cm (7.36)
S S

gives atn = 1 too large value, which is clearly excluded by present gravitation
experiments. On the other hand> 2 gives the valudRk < 0.25 cm, which
is below the present experimental limitL cm but can be tested for the case
n = 2 in gravitational experiments in near future.

It can be shown that the graviton including its excitations in the extra di-
mensions, so-called Kaluza-Klein (KK) graviton emission, interacts with the
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Standard Model particles on the brane with an effective amplitudég* in-
stead ofMg1. Indeed, the graviton coupling to the Standard Model particle
~ Mg1, the rate [178] of the graviton interaction~ (M51)2N, whereN is

a multiplicity of KK-states. Since this factor is (v'SR", wherey/Siis the

c.m. energy, then substitutirgfrom (7.36) we get ~ Mg 2. Thus the grav-

iton interaction becomes comparable in strength with weak interaction at TeV
scale.

This leads to the varieties of new signatures in particle physics, astrophysics
and cosmology (see e.g. [178, 179, 180, 181, 182, 183, 184, 185, 186]) which
have already been tested in experiments or can be tested in near future.

In this Section we consider the possible signature of the low scale gravity in
ultra high energy cosmic rays.

The origin of cosmic rays with energies, exceeding the GZK cut off energy
[140], is widely discussed as the possible effect of new physics. In particular,
it was proposed [144, 202] that ultra high energy neutrinos reaching the Earth
from cosmological distances interact with a halo of relic light neutrinos in
the Galaxy, producing due to Z, Wboson exchange secondaries inside the
galactic halo. Photons fron decays and nucleons can easily propagate to the
Earth and be the source of the observed ultra high energy air showers. Crucial
elements of models [144, 202] are: the existence of neutrino mass in the range
0.1-10 eV and significant clustering of relic neutrinos in the halo up tm,10
where 1 is the cosmological neutrino number density (1 100cm3). Also
the existence of ultra high energy-(10°1-10%2 eV) neutrino flux is necessary
in order to produce multiple secondaries with energies above GZK cut-off.

If the graviton interaction is comparable in strength with weak interaction
at TeV scale, then photons can be produced directly [151, 205] in a reaction

v+V—g—y+vy (7.37)

due to virtual graviton exchange (Figure 7.1). In the Standard Model the pro-
cess (7.37) occurs via loop diagram and therefore is severely suppressed.

At high energies the cross section for the process (7.37) can be obtained im-
mediately from that for the processe~ — yy including graviton exchange
(see for example [179]) by substituting e = 0. Then

de = S,

4= EVEF (1-2% (7.38)
wherey/Sis c.m.s. energy, z f£os6| is the polar angle of the outgoing photon.
The factorF depends on the number of extra dimensions:

_ [ log(MZ/s), n=2,
F—{ 2/(n—2), n>2,

aty/S << Ms. In Eq. (7.38) it is also taken into account that primary beam of
neutrinos is polarized.
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Integrating (7.38) over the polar angle and including a symmetry factor for
two y we get

r S

_ o 2 . 7.10-35E2 6 8
=25 MEF ~ 7-10°F2(\/S/TeV)5(TeV/Ms)Bcn?. (7.39)

o
One can see from (7.39) that at TeV energies the rate of the reaction (7.37) is
comparable with the rate of weak processes [144].

AssumingMs ~ /S ~ TeV we find [151] for example fon = 3 the
following probability for the interaction of ultra high energy neutrinos inside
the galactic haloP ~ onglLg ~ 103, whereLg ~ 100 Kpc is the size of
the galactic neutrino halag ~ 10°n, is the neutrino number density in the
galactic halo. This probability is significantly greater than the probability of
ultra high energy neutrino interaction in terrestrial atmosphere [203].

Let us note that nearby galaxies also can be sources of additional ultra high
energy photons due to neutrino interaction with relic neutrinos of galactic halos
[144, 202].

TeV range in c.m.s. corresponds to the energy of extragalactic neutrino flux
E ~ 10?2 — 10?3 eV since

E ~ % ~ 5-10%2(v/'S/TeV)?(10eV/m)eV (7.40)

wheremis neutrino mass.
Photon distribution in reaction (7.37) in laboratory system is given by

e L R ORI

wherew >> mis photon energy. This distribution is shown in Figure 7.2.
It follows from (7.41) that photons are produced in the reaction (7.37) mainly
within the energy range.QE < o < 0.8E with an average energy E/2.

Therefore existence of low scale gravity at TeV scale or above could lead
to the direct production of photons with energy> 10°? eV (at these ener-
gies the mean interaction length for pair production for photons in the radio
background isx 1 — 10M pc [204]). Such photons can be hardly produced
in standard weak interaction processes because in last ones photons appear as
a result of cascade processes significantly reducing photon energy in compar-
ison with the initial neutrino energy. For example, as it was shown in [144]
final energy of photons produced due to cascade processes can be by 10-100
times less than the energy of the initial neutrino flux.

Of course photons with the energy10%3 eV could be produced in cascade
processes induced by neutrinos of the energy0?* — 10?° eV but from the
observations of cosmic rays we know that cosmic ray fluxes decrease with the
energy asE~3, and therefore the probability of such events is significantly
suppressed.
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Figure 7.1. Neutrino annihilation into two photons.
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Figure 7.2. Energy distribution of photons(= w/E).

The effect of prompt gamma production in UHE neutrino collision with
light neutrinos in the galactic halo was estimated in [151] in the assumption
of a very high local neutrino over-densitgd ~ 10°n,). The calculations of
neutrino concentration in the galactic neighborhood in the framework of CDM
model lead [170, 171], however, to much smaller values of the over-density for
the light neutrino masses<(1eV), estimated from the searches for neutrino
oscillations [12, 13, 14, 15].

5. Conclusions

Pair correlation, considered in the present Chapter, takes place, if the local
process of superheavy particle creation preserves charge conservation. This
condition has serious grounds in the case of a local U(1) gauge charge, similar
to electric charge, but it may not be the case for global charge, say, for mech-
anisms of R-parity nonconservation due to quantum gravity wormhole effects
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[142]. The crucial physical condition for the formation of primordial bound
systems of superheavy patrticles is the existence of new strictly conserved local
U(1) gauge symmetry, ascribed to the hidden sector of particle theory. Such
symmetry can arise in the extended variants of GUT models (see e.qg. [3] for
review), in heterotic string phenomenology (see [24] and references wherein)
and in D-brane phenomenology [26, 27]. Note, that in such models the strictly
conserved symmetry of hidden sector can be also SU(2), what leads to a non-
trivial mechanism of primordial binding of superheavy patrticles due to macro-
scopic size SU(2) confinement, as it was the case for "thetons" [165, 166, 167].

The proposed mechanism is deeply involved into the details of the hidden
sector of particle theory. The necessary combination of conditions (superheavy
stable particles, possessing new strictly conserved U(1) charge, existence of
their superheavy Y-boson interaction with ordinary particles, nontrivial phys-
ics of inflation and preheating) can be rather naturally realized in the hidden
sector of particle theory. In this aspect, the proposed mechanism offers the link
between the observed UHECRs and the predictions of particle theory, which
can not be tested by any other means and on which the analysis of primordial
pairing and binding can put severe constrains.

Even so, while we may agree that the number and sequence of the assump-
tion of present scenario may sound artificial and ad hoc, (maybe at the same
level of topological defect lifetime) we have taken into account a large number
of astrophysical and cosmological bounds narrowing the parameter window
into a very severe and fragile regime which may soon survive (or not) fu-
ture theoretical self-consistence and experimental test. Indeed, if HIRES and
AGASA data will converge to a GZK cut off with no spectra extensions to
Grand Unified energies or, in a different scenario, in case of more evidence
for UHECR clustering to BL Lac sources compatible only to Z-Shower model
[144], the model may be considered as a untenable solution of UHECR puzzle.
It should be remind that UHE neutrinos of all flavours will be produces by such
heavy particle annihilation leading to important signals in new generation UHE
neutrino telescopes based on Horizontal Tau Showering (or Earth Skimming
Neutrinos) [172] see review in [227].

Fluxes of ultra high energy cosmic rays at the Earth are very sinaill
0.03km2sr~tyr—1. Until now only about 60 events were collected with en-
ergies above GZK cut-off. However in near future improved Fly’s Eye (7000
kn?sr) [193] will allow to detect about 20 events/yr. It seems possible that
such detector could collect rare ultra energetic photans-(10°%eV). The
detection of such events could be an indication that these ultra high energy
photons were produced w=v annihilation in the galactic halo due to effects
of low scale gravity at TeV scale. The possibility of search for this effect is,
however, strongly conditioned by both the existence of UHE neutrino sources
and the sufficiently high local overdensity of relic neutrinos.






Chapter 8

HIGH DENSITY REGIONS FROM FIRST
ORDER
PHASE TRANSITIONS

In this Chapter we consider dynamics of first order phase transitions in the
early Universe. Numerical results indicate that within the certain range of para-
meters it leads to formation of separate relatively long-lived clots - configura-
tions filled with scalar field oscillating around the true vacuum state. Energy is
perfectly localized, and density is slightly pulsating around its maximum. This
process is accompanied by radiation of scalar waves. Under some conditions
the localization of energy leads to formation of small black holes with high
probability.

Analysis of physical processes in the early Universe on the basis of particle
theory, is the important way to study physical conditions in the early Universe
and physical mechanisms underlying those conditions. As a result of such an
analysis, the existence of hypothetical relics of early Universe, such as prim-
ordial black holes, topologically stable or metastable solitons etc, have been
predicted. Confrontation of predicted effects with observational data provides
certain conclusions concerning both cosmological evolution and particle phys-
ics models [3].

First order phase transitions as predicted by unified theories can occur at
several periods of cosmological evolution. Wide class of models of particle
symmetry breaking [288] contain this possibility. Such transitions are also
considered as the final stage of inflation in a wide range of inflationary mod-
els. Detailed study of nonlinear configurations arising at the first order phase
transitions and their dynamics is helpful not only for cosmology - nonlinear
dynamics of field theories describes a lot of phenomena occurring in laborat-
ory physics.

For brief discussion of first order phase transitions, let us consider real scalar
field ¢ with the Lagrangian

1
L = 50:09"9 = V(9). (8.1)

169
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V()

Figure 8.1. Potential with nonequivalent minima. Minimum 'a’ is true vacuum of the system,
local minimum 'b’ is false vacuum.

To compare our results with the results obtained by Hawking, Moss and
Stewart [299], and by Watkins and Widrow [298], we choose asymmetric
double-well potential of the same form

V(9) = $2(9% — 93)% + €93(¢ + ¢0). (8.2)

This potential possesses two nonequivalent minima with different values of
vacuum energy density - see Figure 8.1. The minimum with larger vacuum
energy density is known as a 'false vacuum’ and the other one is the 'true va-
cuum’. Both of them are classically stable, but quantum fluctuations are able
to destroy false vacuum state, as we know it from quantum mechanics. The
latter teaches us that probability of the false vacuum decay could be exponen-
tially small provided a width and a height of a barrier between two vacua are
large enough. This is true also in the case of field theory, but the picture of the
transition is much more complex and nontrivial in this case.

The transition from false vacuum to true one consists of decay of a meta-
stable phase by nucleation of bubbles of new phase [289]. The most probable
fluctuation is a spherical bubble nucleated at rest with a certain critical size
determined by microphysical processes [289]. The bubbles with true vacuum
inside them are nucleated in different space points and at different instant. Just
after their nucleation due to quantum fluctuations, they start their classical mo-
tion. The last looks like expanding of true vacuum regions by quick growth
of bubble radii. The false vacuum energy is converted into a kinetic energy
of spherical walls that separated both vacua. The picture looks like that on
Figure 8.2.
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Figure 8.2. Typical picture of false vacuum decay. True vacuum inside spheres with false va-
cuum around them. The transition from false vacuum state to true one is performed by growing
of the bubble radii. The elder bubbles are larger. Some of them collide as it is shown in figure

Coleman [289] calculated the bubble nucleation rate in flat space and at
zero temperature using the euclidean path-integral formulation of a scalar field
theory. A nucleated bubble is a true vacuum fluctuation large enough to evolve
classically. The nucleation rate in this case is proportionalt6, whereSg
is the euclidean action and the solution to the euclidean equation of motion for
minimal action is théD(4) symmetric "bounce" solution.

In the very early Universe phase transitions can occur at a finite temper-
ature leading to temperature-dependent form of a scalar field potential, when
guantum corrections are taken into account [290]. Generalization of Coleman
results to the case of nonzero temperature is based on the remarkable fact that
guantum statistics at nonzero temperature is formally equivalent to quantum
field theory in the euclidean space, which is periodic in time coordinate with
the periodT —1. As a result, most probable fluctuations appear to bedid}
symmetric spherical bubbles b0 3) symmetric (with respect to spatial co-
ordinates) cylindric configurations with certain critical size slightly different
from O(4) symmetric case [291, 290].

For bubble created with a size smaller than the critical one, it could seem
that the gain in volume energy cannot compensate for the loss in surface energy
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and such the bubbles would have to quickly shrink and disappear. However,
detailed analysis discovered that even in this case effects of nonlinearity lead
to nontrivial dynamics. The evolution of subcritical bubbles - unstable spher-
ically symmetric solutions of nonlinear Klein-Gordon equation - was, firstly,
studied numerically by Bogolubsky and Makhankov [292, 293]. Using a qua-
siplanar initial configuration for the bubbles, they found that for a certain range
of initial radii, the bubble, after radiating most of its initial energy, settled into
long-lived (as compared with characteristic time-scale) stage and only then
disappeared by quick radiating their remaining energy. Those configurations,
called "pulsons”, were later rediscovered and revised by Gleiser, who found
that their most characteristic feature is not pulsating mechanism for radiating
the initial energy, but the rapid oscillations of the amplitude of a scalar field
during long-lived pseudo-stable regime, when almost no energy was radiated
away and radial pulsations were rather small [294]. It was shown [294, 295]
that those configurations called "oscillons” exist for symmetric and asymmet-
ric double-well potentials, are stable against small radial perturbations, and
have lifetimes "far exceeding naive expectations” [295].

Although it is well known, that three-dimensional nontrivial configurations
of a scalar field are unstable, they can be relevant for systems with short dy-
namical time-scales. Detailed study of unstable but long-lived configurations
can clarify dynamics of nonlinearities in field theories and their role in a wide
class of phenomena ranging from nonlinear optics to phase transitions both in
the Universe and in the laboratory [295].

For the bubbles formed with the radii large enough (overcritical bubbles) it
is classically energetically favorable to grow. The newly formed bubble of true
vacuum is separated from the surrounding false vacuum region by the wall
at rest. Immediately after nucleation, the wall starts to accelerate outwards
absorbing energy stored in false vacuum region and converting difference of
false and true vacuum energy density into kinetic energy of the wall. That
way a bubble spreads off converting false vacuum into the true one. This pro-
cess continues up to the collision with a spherical wall of another bubble. In
the first-order phase transitions at the end of inflation the collision of bubbles
is considered as the leading mechanism of reheating by converting the wall
energy into radiation.

However, situation with two bubbles appears much more complicated [296],
[297]. Even nucleation of two bubbles is not yet studied in the literature in gen-
eral [298]. Only in the case when bubbles are widely separated at the time of
nucleation and thus can be treated as noninteracting (at the stage of nucleation)
the generalization of a single bubble solution is straightforward. Two bubble
collisions were studied in detail by Hawking, Moss, and Stewart [299] and
then by Watkins and Widrow [298], in elegant approach using symmetry of the
problem in zero temperature case. For zero temperature bubbles produced by
quantum tunneling, initial state 3(4) symmetric, as well as euclidean equa-
tion of motion, in natural assumption that a scalar figlés invariant under
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4-dimensional Euclidean rotations. In analytical continuation to Minkowski
space this becomé3(3, 1) symmetry. For two bubbles, the line joining their
centers is the preferred axis and solution to the euclidean equation of motion
is found in the clas®(3) (O(2,1) as continued to the Minkowski space) solu-
tions, and field configuration arising in collision belongs to the clag3(8}
symmetric solutions.

In this Chapter following [296], [297] we investigate two-bubble collision
in the case of finite temperature. We are interested not in reheating by two
bubble collisions [300] but in evolution of two bubble configuration during
and after collision. As was noted by Hawking, Moss and Stewart [299] and
confirmed by Watkins and Widrow [298], collision of two domain walls does
not lead to immediate conversion of the wall energy into a burst of radiation.
Two walls reflect off one another and move apart creating a new region of false
vacuum between them [298]. Our aim is to investigate an evolution of this new
false vacuum region to look if it can form a separated object. We connect with
such a possibility the hope of formation of metastable relics of the first order
phase transitions such as primordial black holes or selfgravitating particlelike
structures with de Sitter-like cores [301, 302]. It appears that a false vacuum
configuration evolved into a compact clot filled with an oscillating scalar field.

The fundamental difference of this object from an oscillon is that it arises
dynamically as the result of bubble collisions (which increases probability of
its production) and that it is made up from an oscillating scalar field at the
background of true vacuum. We call it, following [297], clot (of energy).

In numerical simulations [297] non-singular configurations of self-interacting
scalar field were observed with asymmetric potential, perfectly localized, but
we cannot say that they are non-dissipative, although they are rather long-lived
as compared with the characteristic scale for the first order phase transitions.

1. Temperature transitions vs. quantum
transitions

To study mechanism of formation and evolution of false vacuum regions, we
shall consider [296], [297] most favorable regime for their appearance which
corresponds to high nucleation rdiél* > 1, wherel is the nucleation rate
per unit 4-volume andH is the Hubble parameter [299]. We also neglect grav-
ity effects on the process of bubble formation and growth which means that
we consider bubbles with the initial size much less than cosmological horizon,
R(0O)H < 1[289, 298].

Lagrangian (8.1) with potential (8.2) may be considered as effective Lag-
rangian for a large number of more complex models of Universe involving the
first order phase transitions (see [290] for more details). In the "thin wall”
approximatione/A << 1, some analytical results are known [289], and we
will work in the frame of this approximation. At = 0 the parameters, ¢g
and e are specified by the particle model. At nonzero temperature they are
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influenced by temperature corrections. In the case of high nucleation rate, a
first order phase transition is a quick process and we can consider parameters
asA ~ A(Te), 90 =~ ¢0(Tc), e ~ €(Te), i.e. being constant during the phase
transition at the temperatufe= T.

The potential (8.2) has two minima at different values of figld False
vacuum (metastable) state is characterized by the field ¢o(1 — /1 —
3/2(e/1)?), whereas the global minimum of the potentidlp) represents the
true vacuum state = —g¢o(1— ¢/1 + 3/2(¢/2)?). In our analysis we assume
that both mechanisms of the false vacuum decay could take place - tunneling,
that is creation of O(4) symmetrical bubbles, and formation of O(3) symmet-
rical bubbles due to temperature fluctuation. Evidently, if the temperature is
small enough, the tunneling mechanism of the false vacuum decay dominate.
On the contrary, at large temperatures the decay is realized by the nucleation
and growth of the O(3) symmetrical bubbles.

Consider conditions of dominance of the false vacuum decay due to tem-
perature effects. The temperature decay probability was found in [291], [290]:

Prempox eiss/Ta (8.3)

whereT is the temperature of a phase transition &ds three-dimensional
action for O(3) symmetrical bubble. The probability of the vacuum decay due
to tunneling, is given by
Ptun X e7$4, (84)
where &, is the action for O(4) symmetrical bubble. The temperature decay
dominates, ifS3/T < . The straightforward calculations of the actioBs
and$; give for our potential the condition for the dominance of the temperature
decay (the term proportional te/1)? was omitted):
S 32 €
27 A
in the unitsm, = h= ¢ = 1 that are used throughout this Chapter. Equation
of motion of the scalar field in spherical coordinates has the form

(8.5)

P9 P 299 )
P A (5:6)
Neglecting terms of order of ©{/1)? ), we obtain the well known one-dimensional
equation
d?p  d? :
The properties of this equation have been extensively discussed in the literature
since 1975 [303]. The fundamental time independent solution is defined by

¢ do

0 V2V(9)

r =
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It can be easily checked by straight substitution, that for the theory defined by
potential (8.2), an approximate solution is represented in the form

6 = 9ofth 20 —RW) = /AL RO = vi+Ro,  (88)

wherey = 1/vV1—-Vv2 v < 1, m, = vAgo andRy = 21/(3em,) is critical
radius of the nucleated bubble. This approximation is vali®R(t) >> 1/m,
what is equivalent to the thin-wall approximation. The initial field configura-
tion can be defined at the moment of the bubble formatien0 with velocity
v = 0. But it takes too much computer time and memory to study the devel-
opment of collision from this initial moment, because the kinetic energy of the
walls of the colliding bubbles should be large enough to produce false vacuum
bag (clot of energy (CE)) and hence the initial distance between the centers
of colliding bubbles should be large comparing with critical radigsas well.
So, we have to use the initial configuration with already moving walls.

The one-bubble solution (8.8) is the approximate solution to exact Eq. (8.6).
It also satisfies the correct boundary conditions at infinity up to the terms of
order(e/A)? and hence can be chosen as the new initial condition at specific
momentt or at definite radius of the expanding bublite= R(t). The only
thing that remains to do is to connect the radiiand the velocity. To find
the velocityv in the one-bubble solution (8.8) at an arbitrary monteot at
definite bubble radiuR(t) we note that the energy

e= [ (3607 + 5007+ V(o) ) dx

is conserved if the field is governed by Eq. (8.6). The substitution of the field
¢ in form (8.8) leads after simple calculations to the expression
1

E~ %ZR(t)Z [y — R(t)e/A] = Const (8.9)
The Constcan be determined at= 0, because we know the values of the
parameters at this momeng(t = 0) = 1 andR(t = 0) = 24/3¢ [290].
Substituting it into expression (8.9), we find the connection between the bubble
radiusR = R(t) andy—factor (or, equivalently, the velocity):

€ 4 A2

Thus, the initial conditions for one bubble of radiRsis represented by
formula (8.8) with they—factor (8.10).

2. Wall motion through thermal background

Two factors effect on the kinetic energy of the colliding walls: the dis-
tance between the bubble centers and the interaction of the walls with thermal
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plasma. As it was mentioned above, the horizon heats the Universe by the
evaporation of all possible sorts of particles. It is the interaction with these
particles that leads to a friction and that slows down the wall motion. For ex-
ample the walls move with the velocity 0.5 in the case of late electroweak
phase transitions [253].

In Chapter 4 we have investigated friction of wall which was born after the
end of inflation. It was shown for specific form of potential (4.45) that the
friction is negligible in wide range of parameters. As it is shown below, this
conclusion takes place also during inflation with different sorts of interaction.
The only restriction is that particles must not change their mass, when crossing
the wall.

Let us investigate separately the scattering of the inflaton particles and other
light’ particles with the masses << T by the wall at rest. It is well known
that there are two regimes in dependence on whether a mean free path of the
particles is much more or much less, than the wall widtf253]. The wall
width can be estimated easily: ~ 1/m, = 1 in the chosen units. The main
uncertainty is contained in the mean free path that depends on cross sections.
To estimate them suppose the interaction in the form:

Lint = Gy w + 020%0% + Geoy v, (8.11)

wherey is an operator of spinor particleg,s an operator for scalar particles,
other than that is responsible for the inflation. The interaction of the inflaton
(scalar) particles can be obtained from Eqg. (8.1) and equafs No sym-
metries are assumed to be broken yet and all the constants are supposed of the
same ordegy ~ g2 ~ 03 ~ A << 1. The temperaturé ~ ¢/1 (see(4.80)) is
small comparing the mass of inflaton quanta and large comparing the masses
of other particles. The interaction of light particles leads to the largest cross
section that can be estimatedas- g3/T2. Here the expressiol, ~ 3T for
the energy of relativistic particles at the temperafliie presumed.

The mean free path equalslte- 1/on, where

n=xos/3-T3 (8.12)

is the number density of the light particles at the temperatyg®4]. The con-
stantisos = 72/15 in our units and a total number of sorts of the light particles
is x ~ 50. Thus one can easily check that the mean free patii/(10g3T) is
much more than the wall width ~ 1 (remind that we are working in the limits
03, ¢/A << 1). Therefore we can consider the interaction of the wall with the
particles supposing them to be free, on the contrary to the electroweak phase
transition [253]. Another, and may be more essential difference consists of the
equality of the particle masses at both sides of the wall because the inflaton
field is not responsible for the mass generation.

To estimate the strength of the interaction at the end of inflation we neglect
further the asymmetry of the potentid(¢), that is proportional to the small
parametee/A, and a curvature of the wall.
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To describe the scattering of inflaton particles one can consider them as
small fluctuations around classical solutipn= ¢¢ + ¢, where

¢cl = poth(z/2)

is the “flat wall’ solution to the classical equation of motion

e + — =0. (8.13)
e
After a linearization Eq. (8.13) has the form [252]

0'—2+4w2—4+i '=0 (8.14)
dz crez)? — '

The one-particle scattering by the wall with the particle enesgynd mo-
mentumk should satisfy the boundary conditions

@' (t — —00,2) = exp(—iot +ik2);
@' (t — 00,2) = Aexp(—iwt + ikz) + Bexp(—iwt — ikz).

It can be shown that the solution to Eq. (8.14) is reflectionless [285], i.e.
ReA=1B=0

and hence the momentum transfer equals zero. Scalar particles do not scatter
by a flat wall made of the same scalar field and do not slow down the wall.
The only what remains is to estimate the pressure of the other particles:

Pp = qnW (8.15)

Here g is the momentum transfer, the particle number density is equal to
n ~ 10T° according to (8.12) anW is the probability of the scattering of the
incoming particle. The wall at rest can be considered as an external field and
conservation of energlix and of parallel projection of the particle momentum
k determines the momentum transfgr= (0, 0, —2k;).

The probabilit\W can be expressed in the form

2
W = |Mikiq|” /(8kzEx)
in the case of planar wall perpendicularz@xis. The matrix element is ob-

tained using the first term of the expression (8.11), where only classical part
oc Of the fieldg is taken into account:

M k+q = G190 Iimo/ dzéqz*"‘zzth(z/Z). (8.16)
a— —00
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The integral is easily estimated, if one substitutes a linear functiotifay 2)
in the region|z| < 2, which gives the dominant contribution:

cos 3 — sin 2g/q
q

Mk k+q = 120100 <i2%¢o.
The last inequality takes place due to the fact thattdependent ratio is less,
than approximately one. So expression (8.15) becomes
2 2
0190
< n=)/.
Pp = Ex
The energy of the incoming particle in the rest frame of the wallis~ yT
and the upper limit of the pressure can be written as

2 €N 2
pp < 10%l (E) . 8.17)

The incoming particles cause the presspyehat decelerates the wall. On
the other side the wall is accelerated by a pressure differgneepy = 2¢/A?
in the true and false vacuums that are separated by the wall. Its ratio is given
by ,

Po i€ (8.18)

Py y A
This ratio is always much less then unity because gptnde/ A are supposed
to be small values. Note that expression (8.18) is the upper limit for the pres-
sure. As it follows from the form of the matrix elemelll .4, the pressure
tends to zero not only at small momentum transfer but at large one as well. The
same estimation of upper limit of the pressure could be done for the scattering
of light scalar particles.

The conclusion on the absence of the friction is in agreement with that for
electroweak transition [253] in the limit of the particle mass equality on the
both sides of the wall. In our case the masses are equal because the absolute
value of the fields in the two minimums are approximately equal. If the Lag-
rangian has the local minimum at= 0 the friction would appear. The similar
situation was considered in [305].

Thus the friction of the wall that moves through the heated medium at the
end of inflation is small enough and the bubble walls collide having large kin-
etic energy. It could be in its turn the reason of the large density fluctuation of
the inflaton field. Now we have all ingredients to perform numerical calcula-
tions, but let’s start with qualitative analysis.

3. Bubble collisions - Qualitative analysis

Let us introduce the dimensionless variabjes= ¢/¢o, 1%2¢ot — t and
AY2¢or — r. The classical equation of motion for the scalar field of Lag-
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rangian (8.1) has the form

1
Ry — Py =—Sy(y*—1)—¢/2 (8.19)

The suitable initial two-bubble configuration has in our dimensionless vari-
ables the form

v = yolth(Z(rs — R = ¢/2},2<0,

v = polth(Z(r- = R)| = ¢/2},2>0, (8.20)

ri:\/x2+y2+(zib)2,b> R.

To start numerical simulations of bubble collisions, we need a set of simple
criteria indicating a proper range of parameters favorable to formation of sep-
arated false vacuum regions.

Let us first find the condition at which the region of a false vacuum can
be formed as a result of a collision of two relativistic bubbles. A field con-
figuration in a bubble wall is just the transition from the true vacuum inside
the bubble to the false vacuum outside it. While propagating through the false
vacuum before collision, the bubble absorbs the energy of a surrounding false
vacuum and transforms it into the kinetic energy of the wall. The kinetic en-
ergy is characterized by the Lorentz facjoe 1/v/1 — v2. To get a region of
a false vacuum between bubbles as a result of a collision, energy absorbed by
walls from a false vacuum to the moment of a collision, must be sufficient to
form a false vacuum state at least at the scale of the wall width. Let us estimate
the lower limit fory at which such minimal region can be formed.

Consider collision of two spheric&l(3) bubble walls described by the solu-
tion (8.8) with the parameteR = b andy;, to the moment of a collision. The
leading term in the energy density of a wall, as calculated for the quasiplanar
solution (8.8), is

pw =~ y?/4cost (y(R—vt)/2).

Before the collision, in the solid angle

mr?
each wall has the energy
2
Ein = §AQR27/in-

After the collision, the walls reflect with a final kinetic enery;,, . If a false
vacuum region of a radiusand widthh within the solid angleAQ is formed
between reflecting walls, we must have

2 €
Ein = Etin = §AQR27fin + ZEvar,
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wherepyac = 2¢/2 is the false vacuum energy density for the case of the
potential (8.2), and/; ., is the volume of a false vacuum region within a cone
with a solid angleAQ, which is given by

1
Vi = %h(Brz +?) ~ SAQR?

The width of the false vacuum region is of order of the width of the wall,
which is equal to 2y+in, to the moment of reflection. Forsin = 1, the width
is h = 2. It gives us the constraint fg#,, with which the wall comes to the
first collision, in the form

3¢ €
n>1+-"h>1+3". .
Yin > 1 2/1h 1 3/1 (8.21)

Now let us specify the line joining centers of bubblezasis. Let us show
that the energy conservation puts constraint on the propagation of a false va-
cuum region ire direction. Consider a slice of a false vacuum region originated
from the collision in the eleme®Q of spherical bubble walls, which have ra-
diusRin the moment of collision. The acceleration of the considered element
of the wall comes from the transformation of the energy of surrounding false
vacuum into the kinetic energy of the wall on the way to its first collision,
when the true vacuum bubbles grow from the initial radR{®) to the radius
R > R(0) in the moment of collision. So, the kinetic energy absorbed by the
wall from a false vacuum to the moment of collision, is
2¢ 1 5 3y 2¢ 1,
Exin = i AQ3(R R(0)°) ~ f AQ3R :
The walls reflect each other in the moment of the first collision and move
outwards, creating a false vacuum region between them. Each wall stops when
all its kinetic energy has been transformed into the energy of a false vacuum
region formed between the walls. In this moment the walls radi&is and
the false vacuum, created by each wall, fills a region between the spherical
shellsRmax andR. The energy balance gives

2¢ 1 2 1
fng% fAQé(Rf’naX— R3),
so that

Rmax >~ 2Y°R. (8.22)

Since we consider overcritical bubbles, the wall surface energy is neglected
in this treatment, provided thaRmax/A > 1 The same result has been ob-
tained for the case dD(4) symmetric bubbles in [299]. One finds from the
equation (8.22) that after the collision a false vacuum is formed and occupies
a region between the outgoing walls, with a maximal size given by a distance
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between the planes = +(2%3 — 1)b, where 2 is the initial separation of

the centers of true vacuum bubbles. After the walls stop their outward move-
ment in the region of walls intersection Rfnax = i(21/3 — 1)R, the parts

of walls in this region reflect off one another and next time they collide at
At ~ 2(2Y/3 — 1)R after the first collision. The shortest interval between the
two subsequent collisions isat= 0, whenR = b. Using the condition (8.21),

we find from the Eqg. (8.10) the minimal at which the false vacuum region

is formed between the walls after the second collision. Before the second col-
lision atr = 0, the value ofy for the walls in the second collision is given

by
€ €
= R-~ (2Y3 —1)b-.
r2=Ro =~ ( )b~
Remind that before the first collision this factor for the walls at O is given
by the Eq. (8.10) as

(8.23)

y1=b. (8.24)

If we want the false vacuum region be maintained after the second collision
of the reflected parts of walls, we must satigpy> yin. Then it follows from
the Egs. (8.21), (8.23), (8.24), thabefore the first collision must be

1+ 3¢/2

@1 (8.25)

Y1 > Ymin =

It indicates the favorable range of thgparameter before the first collision
needed for numerical simulation, and also, with the use of (8.10) and (8.24),
the favorable range for the paramet&sandb. In the casey; > ymin, @
false vacuum region undergoes the succession of oscillations — expansions and
contractions — along theaxis in the region confined by

—b(2Y3+1) < z< b(2Y3 - 1). (8.26)

Repeating the above reasoning for the subsequent collisions we find easily that
in the limit of largey the period of then—th oscillation decreases ég'2n) 2.

This agrees with the result [299] for ti@&4) symmetry case. The reason for
such a coincidence can be easily understood.

The main difference between tk¥3) andO(4) cases is in the form of the
initial wall configurations, taken in our case as a quasipl& @) solution.
However, in all the above reasoning the internal structure of the walls was not
involved, which just resulted in the similar estimation for the decreasing of
the period of oscillations. For largewe can treat the oscillations of a false
vacuum region along the axisas the continuous propagation of a spherical
wave moving with speed of light (in our units= 1). In the frame with the
origin in, say,z = —b, the elementAQ of the wall with the anglex with
respect to thez axis, follows the trajectory = ztana. Assume that to the
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moment of reflection considered element of the wall has the coordinatet.
At the same moment its radial coordinate is- ztan «. The region of causal
contact along the axissatisfies the condition < ct. It follows then that only
for the anglese < 7 /4, the region of intersection of walls is in the causal
contact. Therefore the boundary of the region of causal contact within a false
vacuum region is the cone

a=rn/4. (8.27)

It means that further evolution of the false vacuum region confined, within the
boundary (8.27), does occur independently on dynamics of field outside this
boundary. So, the considered region of the false vacuum is separated from the
bulk false vacuum space in its further causal and hence dynamical evolution.
Now we can easily estimate the total energy of the separated false vacuum
region. The energy density of a false vacuum is giveply = 2¢/A. The
volume of a CE is the volume of two cones whose height is el@add base
arearb?. So, the mass, confined within this region, is equal to

_dent?

M= . 2
1 3 (8.28)

Itis evident that separation occurs at the time of ordeggf= (v/2 — 1)b.

4. Bubble collisions - numerical results

The qualitative analysis, given above, has revealed the possibility of forma-
tion of high - energy density regions during first order phase transitions. Nu-
merical calculations represented below confirm this guess, reveal new features
and give the range of parameters for which this process could take place.

In the cylindric coordinates the equation of motion for the scalar field (8.19)
equation takes the form

1
ARy — oty —dzw=—Sv(y*—1) —¢/2

The solution to this equation has the axial symmetry and reflection sym-
metry with respect ta = 0 plane. The initial configuration, described by the
solution is chosen in the form suitable for numerical calculation (compare with
(8.20))

v =thly/2(r; — R—vt)] +thly/2(r_ — R—vt)] —1—¢/2.  (8.29)

The profile is shown in Figure 8.3. The walls already have kinetic energy that
is indicated by the factor. Time evolution of the scalar field in the center of
the region of collisiony(t,r = z = 0) shown in Figure 8.4, was calculated for
the parameterg = 5;b = 52;R = 50. The qualitative behavior of the field
with time has been discussed in the previous Section. From the beginning the
field changes in the manner discussed in [298], [299], then, as it is clear from
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Figure 8.4. Time dependence of the field at the center of collision

The initial two-bubble configuration just before collision.
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Figure 8.5.  The field configuration at large time. It is seen that energy of this configuration
is concentrated in the center of the collision with radius.

Figure 8.4, it oscillates around the true vacuum for a long time and finally,
large secondary fluctuations appear again.

As we shall see below, the energy of oscillations is perfectly localized. This
behavior does not change with changing the step in numerical calculations.
Figures 8.5 and 8.6 display field configurations at different moments of time.

The energy density profile calculated from scalar field potential, is shown
in the next series of figures. They demonstrate concentration of field energy in
the center of region of collision. In the Figure 8.7 one can see time dependence
of energy density in the center of the region of collision. Large secondary peak
is created due to the coherent field oscillation which are coming from outside.
The density profile at this time is represented in the Figure 8.8.

The localized configuration described above oscillates for some time and
finally is converted into outgoing radiation. Only gravity could prevent this
process.

Till now we did not consider gravitational effects, but they will be estimated
below. Consider the evolution of energy contained in the sphere of certain
radius as shown in Figures 8.9, 8.10

These pictures indicate two peaks of energy - the firstis due to the energy in
the moment of collision, the second is the energy of the clot which is formed as
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Figure 8.6. The same as in Figure 8.5 at slightly different moment.
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Figure 8.7.  Time evolution of density energy in the center of two bubble collisios,r = 0.
Secondary peak is formedtat: 129
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Figure 8.8. Energy density at the time of secondary peak formation.

a result of the collision. It becomes evident by comparing these figures that the
energy is strongly localized for the second time. Indeed, the energy contained
in internal sphere of radiugy = 5 of the second peak is only in 1.5 times
smaller than that contained in external sphere of radius equglo10, while

the ratio of their volumes is 8. One could conclude that substantial part of the
energy is contained within sphere with radigs= 5. It has to be compared
with the gravitational radius of the clot. The last is equal to

rg = (I\'/Dz E/2 (8.30)

in our units. If the first order phase transition happens at the end of inflation, the
massm of inflaton field is rather large anah,/m_, ~ 10-°. Substituting this
value into (8.30) and the value of energy~ 1000 obtained from Figure 8.9,
one can easily find the condition, when gravitational radius is comparable with
the size of the clot, which can be takenrgs~ 5 in our dimensionless units.
Evidently, this condition is satisfied, if coupling constant. 1078, For 1 <

108 gravitational forces become essential and the probability of black hole
formation grows up to unity, when tends to 108. If the bubble collision
takes place at GUT energies and we deal with a scalar (not inflaton) field with
a mass of its quanta of the order of'@GeV, black holes could be formed at

A <1074,
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Thus in bubble collisions the interaction of bubble walls leads to formation
of a nontrivial vacuum configuration. The subsequent collapse of this vacuum
configuration induces black hole formation with high probability.

The primordial black holes that have been created by this way in the first-
order phase transitions at the end of inflation could give an essential contribu-
tion into the total density of the early Universe. The possibilities of establish-
ing some nontrivial restrictions on the inflation models with first-order phase
transition are discussed below (Section 7).

5. Mass distribution of BHs in the early Universe

Previous sections were devoted to capability of black holes formation at
bubble collisions. Below we investigate a mass spectrum of such black holes.
Consider a theory predicting the probability of false vacuum decay to be equal
to ' and the difference of energy densities between the false and true vacua
equal topy. Initially bubbles are produced at rest, however, the bubble walls
quickly increase their velocity up to the speed of light= ¢ = 1 because
the conversion of the false vacuum energy of the bubble into the kinetic one is
energetically favorable.

Let us discuss following [296] the dynamics of a collision of two true va-
cuum bubbles which have been nucleated at the p@ints;) and(r 2, t2) and
which are expanding into the false vacuum. Following the papers [299, 298],
one could assume for simplicity that the horizon size is much greater than the
distance between the bubbles. Just after the collision, mutual penetration of
the walls up to distances comparable with their widths is accompanied by a
significant potential energy increase [306]. Then the walls are reflected and
accelerate backwards. The space between them is filled with 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 area of the false vacuum is absorbed by the outer wall,
which expands and accelerates outwards. Evidently, there is an instant, when
the central region of the false vacuum is separated. One can note that this CE
does not possess spherical symmetry. But, as it was shown above, gravitational
forces are very strong when the clot is forming and are able to convert it into
black hole and further evolution of the CE consists of several stages:

1) The CE grows up to a certain sifi, with its energy stored both in
kinetic and potential part;

2) Secondary oscillation of the CE occurs.

3) The waves caused by outer interacted walls are concentrated in the center
of bubble collision supplying new peak of energy.

The process of periodical expansions and contractions leads to CE energy
losses in the form of scalar field quanta. It has been shown in [299, 298] that
only several oscillations take place. On the other hand, it is important to note
that secondary oscillations might occur only if the minimal size of the CE is
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greater than its gravitational radius; > rg. The opposite casé)( < rg)
leads to BH creation with a mass close to the mass of the CE. As we will
show later, the probability of BH formation is almost unity in a wide range of
parameters of theories with first order-phase transitions.

Consider, in more detail, the conditions of converting an CE into a BH. The
massM of the CE can be calculated in the framework of a specific theory and
can be estimated in a coordinate fraiké where the colliding bubbles are
nucleated simultaneously. The radius of each bubbie this frame equals
to half of their initial coordinate distance at the first instant of collision. Ap-
parently, the maximum sizBy, of the CE is of the same order as the size of
the bubble, since this is the only parameter of necessary dimension on such a
scale:Dy = 2b/C . The value of the paramet€ < 1 has to be obtained
by numerical calculations in the framework of specific theory, but its exact nu-
merical value does not affect the conclusions significantly. One can express
the mass of CE that arises at the collision of two bubbles of rddliirs the
form:

M::%Xcufmb (8.31)

This mass is contained in the shrinking area of the false vacuum. Suppose for
estimations that the minimal size of the CE is of the order of the wall width
A. The BH is created, if the CE minimal size is smaller, than its gravitational
radius. It means that at least under the condition

A<rg=2GM (8.32)

the CE can be converted into a BH (wh&és the gravitational constant).
As an example consider a simple model with the Lagrangian (8.1)

1 A

L=3 09"~

2
- (02— 0F)" - cof (@ + o). (839

In the thin-wall approximation the width of the bubble wall can be expressed

-1
asA =2 (ﬂd)o) . Using (8.32 ), one can easily derive that at least a CE

with the mass 1
M > 200G (8.34)

should be converted into a BH of mabk. The last condition is valid only
in case the CE is completely contained in the cosmological horizon, namely,
My > 1/\/I<DOG, where the mass of the cosmological horizon at the instant
of the phase transition is given by = M3/®3. Thus for the potential (8.33)
under the conditior, > (®o/Mp)? the BH is formed. This condition is valid
for any realistic set of parameters of the theory.

The bubbles do not nucleate simultaneously, at the same instant of time. It
leads to some mass distribution of CE and/or BH. Besides, they have differ-
ent velocities because colliding bubbles were created at different instants and
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hence have different kinetic energy of their walls to the moment of collision.
Our nearest aim is to find mass and velocity distributions of the BH, which
satisfy inequality (8.34). Apparently the mass and velocity of specific BH de-
pends on coordinates and instants of both bubbles whose collision leads to the
BH formation:M = M (Jra —r1|,ta —t1); v=v(|r2 — ri|,t2 — t1).

The probabilityd P of collision of two specific bubbles depends on coordin-
atesr,, r1 and instants; t, of their creation

dP=dR -dP,-P_,
dR = rdtd, (8.35)
dP = Mdtydr|ro — raf?djra — rq,

wheredP, is the probability of bubble formation with 4-coordinat@s, t1),

dP, - the probability of the second bubble formation at the distange-

r1| = 2b from the first one ( space isotropy was taken into account). Factor
P_ = e "% is the probability of absence of another bubbles inside 4-volume
Q, which could prevent the collision of the two bubbles in question. Below we
treat the probability density of a vacuum dedawas a free parameter. Integ-
rating out the variable;, we obtain

dP/V = 32zl 2e " 2p2dt,dt,db. (8.36)

HereV - is the volume within the cosmological horizon at the moment of the
phase transition.

Let us substitute the variablés to, b by more suitable onebt, v,t. Here
M is the mass of CE (or BH) created due to bubble collisiois, its velocity
andt = b+ (t; + t2)/2 is the instant of a first contact of the two bubbles. In
the following it will be suitable to choose reference fralewhere the two
bubbles are nucleated simultaneously. Its velocity is

V=(to—t)/2b, (c=1).

Apparently it is the velocity of CE or BH in the initial reference frame as well.

In this frame the bubble radii are equal to each other and it is described by the
formulab’ = b/y,y = (1 — v?)~%2. Using expression (8.36) one can obtain
mass and velocity distribution of the BH

dt (8.37)

647 M \Y3 1
dP/VdvdM = ——[ 2 TQ,4 .
Ny 3 7 Cov

Cpv

To estimate the 4 - volum@, assume that any bubble, whose wall has reached
the sphere of radiug with the center in the poir® before instant’, prevents
the formation of CE by the two bubbles in question. Then one can easily obtain
t/
Q= [ de'dro (r+ — b —t) = Z{(b/ + 1)~ b}
0
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The parametel’ is expressed in terms of ma#dé according to (8.31), the
instantt’ of the first instant of the bubbles contactisin the reference frame
K’. Integrating out the variableone comes to the desired mass and velocity
distribution of the CE

64r T_ M MA\Y3 1
dP/VdvdM = ——T2exp{=(—)%3 4() 1,
/ 3 p{3 (va) by cou) Cov
4
I—/t drexp{—ér {(Cp\) +y1] IS (8.38)

t_—(l—i-v)y(cp) .
\"

It is interesting to compare the volunwWg,g, containing one CE inside it,
with the volumeM,yppie Of the bubble at the end of the phase transition. After
numerical integration of expression (8.38) one obtains

Vhag = 3.9r /4, (8.39)
On the other hand average volume of the bubble is
4 (3\¥*
Vbubble = 57 (ﬂ) =34 4.0r %4, (8.40)

An approximate equalit¥hag = Vbubble POINts out that one bubble produces
one CE, i.e. the probability of CE formation during bubble collision is close
to one. Expression (8.38) can be represented in terms of dimensionless mass

parameter
14 /M \ Y3
u= <§r) ( >
3 Cp\/
in the form

J(u,v) = / dre ™t =yu [1—1— y? (1+v)] .

Velocity distribution of BHs gives little information and this variable can
be integrated out. The distribution in dimensionless mass is represented in
Figure 8.11.

Almost any theory incorporated a possibility of first order phase transition
contains at least two parameters. They are the difference of energy density
of the two vacua, and the density probability of false vacuum decay in unit
timel. The last can be connected with BH concentration at the moment of the
phase transition

NBH = O.25|_3/4,
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Figure 8.11. The probability of BH nucleation in dependence on dimensionless mass

where expression (8.39) was taken into account. As it can be seen from Fig-
ure 8.11, the average value of dimensionless mass parameted.32, what

helps to express the average mass of the BH in terms of the main parameters
of the phase transition

(Mgp) ~ 0.03Cp, ¥4, (8.42)

Remind that the consta is a model dependent parameter, being less or of
the order of unity. Constraints on concentration and average mass of the BH
lead to constraints on the both parameters of a specific theory of a cosmological
scenario. The mass and velocity distribution of CEs, supposing their masses
are large enough to satisfy the inequality (2), has been found in [307], [296].
This distribution can be written in terms of the dimensionless mass parameter
u

dP

r=3/4vdvdu
J(u,v) = / dre ™' 7 = U [1+ 2 (1+V)] .

Numerical integration of (8.43) revealed that the distribution is rather nar-
row. For example, the number of BHs with mass 30 times greater than the
average one is suppressed by a factor &f The average value of the dimen-
sionless mass is equal fo= 0.32. It allows one to relate the average mass of
BHs (MgH) and the volume containing one BMgH) at phase transition:

1/4
= 64r (%) u3€”4y3J(u,v), (8.43)

(Mas) = 1% (Vo) = 0.0125y (Vo) (8.44)
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6. First order phase transitions in the early
Universe

Inflationary models ending with a first-order phase transition, to which we
further refer as to the first-order inflation models, occupy a significant place
in modern cosmology of the early Universe (see e.g. [308, 288, 296]). The
interest in these models is due to the fact that such models are able to generate
the observed large-scale voids as remnants of the primordial bubbles for which
the characteristic wavelengths are several tens of Mpc. A detailed analysis of
a first-order phase transition in the context of extended inflation can be found
in [288]. Hereafter we will be interested only in the final stage of inflation,
when the phase transition has been completed. Recall that a first-order phase
transition is considered to be completed immediately after establishing the true
vacuum percolation regime. Such a regime is established approximately when
at least one bubble per unit Hubble volume has been nucleated. An accurate
computation [288] shows that a first-order phase transition is successful, if the
following condition is valid:

A (T
Q=% <H4>tend _1 (8.45)

Herel is the bubble nucleation rate. In the framework of first-order inflation
models the filling of the whole space with the true vacuum takes place due to
collisions of bubbles, nucleated at the final moment of exponential expansion.
The collisions between such bubbles occur when they have a comoving spatial
dimension smaller or equal to the effective Hubble horikty, in the trans-

ition epoch. If we takeHy = 100h Km/s/Mpc in anQ = 1 Universe, the
comoving size of these bubbles is approximately?t— Mpc. In the stand-

ard approach one believes that such bubbles are rapidly thermalized without
leaving a trace in the distribution of matter and radiation. However, in the
previous section it has been shown that, for any realistic parameters of theory,
a collision between only two bubble leads to BH creation with a probability
close to 100% . The mass of this BH is given by (see (8.42))

MgH = 71Mbub, (8.46)

wherey; ~ 10~2 and Mpy, is the mass that could be contained in the bubble
volume in the epoch of collision under the condition of full thermalization of
bubbles. The discovered mechanism leads to a new direct possibility of PBH
creation in the reheating epoch in first-order inflation models. In the standard
picture PBHs are formed in the early Universe if density perturbations are suf-
ficiently large, and the probability of PBH formation from small post-inflation
initial perturbations is suppressed exponentially. Completely different situ-
ation takes place in the final epoch of first-order inflation: namely, collisions
between bubbles of Hubble size in the percolation regime leads to PBH form-
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ation with the masses

7 M3

h
Mo = 71Meng = % o

(8.47)

wherth 4 IS the mass within the Hubble horizon at the end of inflation. Ac-
cording to (8.42), the initial mass fraction of these PBHSs is giverBpy=

y1/e ~ 6-1073. For example, for the typical value éfeng ~ 4 - 10-°Mp the

initial mass fractiorg is contained in PBHs with the mab4 =~ 1 g. In general

the Hawking evaporation of mini-BHs could give rise to a variety of possible
final states. It is generally assumed that evaporation proceeds until the PBH
vanishes completely [72], but there are various arguments against this proposal
(see e.g. [309, 310]). If one supposes that BH evaporation leaves a stable relic,
then it is natural to assume that it has a mass of the order= kMp, where

k ~ 1+10%. We can investigate the consequences of PBH formation in the per-
colation epoch after first-order inflation, supposing that a stable relic is a result
of BH evaporation. As follows from our previous consideration, the PBHs are
preferentially formed with a typical masdg at a single timd;. Hence the

total densityp at this time is

3(1 - Bo)
32xt?

3ﬂo 2
M3 M3. 8.48

p(ta) = py(t1) + ppren(ts) =

The evaporation time scale can be written in the following form:
Mg

—0_ 4
s (8.49)

TBH =
whereg. is the number of effective massless degrees of freedom. Let us derive
the density of PBH relics. There are two distinct possibilities to consider. The
Universe is still radiation-dominated agy. This situation will hold if the
following condition is valido gH(78H) < p,(7BH). Itis possible to rewrite this
condition in terms of the Hubble constant at the end of inflation

Hend 5/2

> By ~ 10°S. (8.50)
Taking the present radiation density fraction of the Universe tOhe= 2.5-
10-°h~2 (h being the Hubble constant in the units of 100-kmMMpc—1), and

using the standard values for the present time and the time when the density of
matter and radiation became equal, we find the contemporary density fraction
of relics:

Hend 32
Qyel &~ 10%%h~ 2k< M ) . (8.51)

It is easy to see that the relics overclose the Univet3g (>> 1) for
any reasonabl& and Heng > 107®Mp. The second case takes place if the
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Universe becomes PBH-dominated in the petiod t, < rgy. This situation
is realized under the conditigren (t2) < p,(t2), which can be rewritten in the

form

Hend _ 196, (8.52)
Mp

The present-day relics density fraction takes the form

Hend 32
Qrel &~ 107802k (MP) . (8.53)

Thus the Universe is not overclosed by relics only if the following condition
is valid:

Hend _ 5. 10-190#/32/3, (8.54)
Mp

This condition implies that the masses of PBHs created at the end of inflation
have to be greater than

Mo > 10t - h=4/3. k?/3, (8.55)

On the other hand, there are a number of well-known cosmological and
astrophysical limits [71] which prohibit the creation of PBHs in the mass range
(8.55) with an initial fraction of mass density closegp~ 10~2. So one has to
conclude that the effect of the false vacuum bag mechanism of PBH formation
makes impossible the coexistence of stable remnants of PBH evaporation with
first-order phase transitions at the end of inflation.

7. Summary

In this Chapter we give qualitative arguments supported by numerical sim-
ulation for the existence of long-lived fluctuation that arise as a result of a
collision of two expanded bubbles. The two-bubble collision leads, first, to the
formation of short-living false vacuum region in the center of collision. Nu-
merical results indicate separation of a false vacuum region at thd tirmie.

Then it evolves into rather compact object - clot made up of a scalar field os-
cillating around its true minimum, with lifetime enough to be captured by its
gravitational field. At small coupling constants black hole can be produced.
Till now the similar object discussed in literature was oscillon [311, 294].

The main difference between these two objects is as follows.

i) Oscillon represent a subcritical bubble of true vacuum inside a false va-
cuum, that arise due to temperature fluctuations. Our object is the fluctuation
of scalar field in the true vacuum background that arise as a result of dynamical
process.
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i) To be long-lived, oscillon should have rather large initial radius, though
less, than the critical one, and rather flat initial distribution of scalar field.
The evolution of the oscillon consists of oscillation of field value with almost
constant radius of the field configuration. Our clot of energy is much more
compact object with the amplitude value of scalar field being much larger, than
that of the field in its potential minimum. Fdr < 10~* = 108 gravitational
forces are essential and the probability of PBH creation is of order unity.

iii) Oscillon, being produced in spite of small probability [312], is extremely
long lived object with lifetime 18— 10°m~2, m being the mass of scalar field.
The life-time of our clot of energy is of the same order of magnitude but they
could be produced with much bigger probability, because they result from col-
lisions of overcritical bubbles, whose rate of nucleation is much bigger than
for subcritical bubbles.



Chapter 9

FINE TUNING OF MICROPHYSICAL
PARAMETERS IN THE UNIVERSE

One of the advantages of being dis-
orderly is that one is constantly making

exciting discoveries.
A. A. Milne

General way of development of the physics is supported by the whole num-
ber of observational and experimental data. On the other hand, some phenom-
ena which we expected to be discovered for a long time, are still only hypo-
theses. Another data, being very impressive, are not explained yet. As an ex-
ample, it is worth mentioning the existence of dark matter and dark energy, of
superhigh energy patrticles in cosmic rays and ’bursts’ - almost instantaneous
energy explosion with energy release of orde?®lérg. These astrophysical
data specify presence of the new phenomena, which should be comprehended.

One of the cornerstone of the modern particle physics is the Weinberg -
Salam model of electroweak interaction. Its success became evident after a dis-
covering ofW* and Z bosons. Meanwhile, another prediction of this model
— the existence of Higgs particles — is not confirmed yet. Their detection is
the challenge for experimental searches at the modern accelerators. It would
specify the properties and the parameters of the Standard model, being the ne-
cessary step for its further development, related with the predictions of new
physics beyond it. So, the theoretical arguments make us to expect the discov-
ery of SUSY particles at future accelerators.

The high level of precision in the measurements of cosmological data makes
observational cosmology more close to the proper experimental physics. The
coming era of precision cosmology provides additional source of information
about new physics, hardly accessible to accelerator study. In particular, it is
just astronomical and cosmic data that is expected to provide the information
on neutrallino, a popular SUSY candidate for the dominant form of the modern
cosmological dark matter.

197
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One could conclude that cosmology and microphysics stand before quant-
itative progress that has to reconcile theoretical investigations with essentially
new experimental data. The important aspect of this progress, with which
the development of cosmoparticle physics is related, is the question on the
mutual relationship between the fundamental parameters of cosmology and
particle physics. It is worth to analyze some basic postulates, which underlie
the modern theory, and to study, whether the fundamental physical parameters
are eternal and givead hog or their choice is specific just for our Universe.

As we'll see, it is really possible that the physical laws, governing the mod-
ern state of our Universe, come from the same process that have lead to its
creation.

The widespread approach consists of choosing from the beginning dynam-
ical variables and the form of a Lagrangian. It is supposed that the smaller is
the number of parameters the better is the quality of the theory. This approach
being successful in a field of specific calculations, suffers with some problems.
These problems are not discussed and even not mentioned usually:

A) Why do we suppose that minimum of a potential is exactly zero?

B) What a mechanism is responsible for the specific form of potential with
concrete values of parameters in our Universe?

C) To what extent the quantum corrections to the form of potential are im-
portant?

D) The question of renormalazability of a theory appears to be not so simple
if one takes into account an interaction of particles with gravitons. The last is
usually extremely small and sure should not be considered in real calculations,
but its existence is of principal importance. The general relativity, being un-
renormalizable theory, leads to the same property of any theory connected with
it.

These problems are not very important for low energy physics and scient-
ists usually wave off them. But the modern accelerator physics approaches the
energies of the order of 1 TeV and higher. Not only experimenters, but theor-
eticians as well feel necessity to deal with new level of energies - theories of
the early Universe would operate with Planck densities. Moreover, as we have
already discussed in Chapter 7, the low scale gravity can influence the physical
processes even in the range of TeV energies.

The problem A) becomes topical after a discovery of dark energy [73], that
could be explained most easily as nonzero vacuum energy density. The last,
being~ 120 orders of magnitude smaller than Planck scale, allows the forma-
tion of the large scale structure of our Universe.

The problem B), or, more widely a problem of creation of the Universe with
observable properties attracted attention of large number of scientists and gave
rise to a prolonged discussion [313, 314]. This discussion is continued up to
the present time [75, 315, 316, 317].



Fine tuning of microphysical parameters in the Universe 199

Neglecting quantum corrections (problem C)) seems doubtful at high ener-
gies. Moreover, new terms in a Lagrangian appeared due to quantum correc-
tions are used for creation of inflationary models [57] and models of element-
ary particles [318]. Itis evident that quantum corrections have double meaning.
On the one hand they add significant uncertainty to predictions of any model of
the early Universe starting from inflationary stage. On the other hand, the same
corrections give new possibilities for elementary particle models and hence for
models of the early Universe tightly connected with them. Quantum correc-
tions to gravitational field can directly lead to inflationary scenario [50, 51]. In
addition, the fluctuations of the same gravitational field may renormalize the
parameters of a Lagrangian responsible for low energy physics. One of a res-
ult of wormhole physics is a continuum of disconnected sectors, with different
values of the parameters [319].

Anthropic principle plays significant role in the discussion of fine tuning of
parameters of the Universe and, in particular, of the problem of nonzero dark
energy [315, 316, 320, 321]. In general, this principle proposes an existence
of a set of universes with different properties. Some of them are similar to our
Universe. The other ones representing the dominant majority, are not suitable
for our existence. "The only what remains" is to create a theory which could
base the existence of such a set of universes. In this Chapter we argue that
modern quantum field theory can supply us the necessary ingredients to solve
this problem.

We will show that the issues listed above are connected tightly with each
other and with the problem of fine tuning. So, within many years it was sup-
posed that we live in a space with Friedmann-Robertson-Walker (FRW) met-
ric. From the astrophysical point of view it means an expanding universe with
small negative acceleration. From the point of view of modern field theory it
means the vacuum energy density being strictly zero or, equivalently, a vanish-
ing cosmological constant. There were no clear theoretical reasons for this, but
there were speculations about a hidden symmetry, implying this strict equality
(see, for example, [322] and the review [75]). Several years ago observations
[73] indicated some positive value of the cosmological constant 0.7py,
which is only a little less than the average density of mattein the Universe.

All quantum effects, which give contribution to the vacuum energy, exceed this
value by many orders of magnitude.

The mechanism of almost complete cancellation of different contributions is
still not understood. And at the same time, if the cosmological constant would
be approximately 200 times larger as its present value, galaxies would not have
been formed [323] and life would have been impossible. The impression that
the Universe is specially arranged to create the life [323] is rather strong.

The restriction on the cosmological constant described above is not the only
case where our existence implies a constraint on parameters in nature. In ele-
mentary particle physics there are a number of similar examples. We recall
here only one aspect of this fine tuning - the fine tuning of proton, neutron and
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electron mass. The electron mass is about 2000 times smaller than the nucleon
mass. One might suppose that it would not to matter if it would be several
times larger than its value.811M eV/c?. But in this case neutrons would be
stable and the procegs + e~ — n+ v would result in a sharp decrease of
proton abundance in the Universe with adverse consequences for our existence
[314].

We see that the Universe is "adjusted to life" by a set of parameters and the
cosmological constant is only one of them (for a recent review see e.g. [324]).
It looks like that nature has in store a large number of worlds and only a small
number of them is suitable for our existence.

A mechanism of realization of a large humber of worlds is considered be-
low. New approach, offered in [360, 321, 317], is proposed in this Chapter. It
is supposea priori that contribution of quantum corrections in a Lagrangian
must not be neglected. This supposition permits to validate the existence of the
universes with different properties and look from another side at the problem
listed above. The worlds differ from each other by microphysical parameters
as well as by the global properties that result from the stochastic realization
of these parameters. It is shown that worlds with parameters suitable for cre-
ation of the life are necessarily produced as a result of quantum fluctuations.
Modern accelerators supply us by ways of experimental test of the considered
approach. Some of the possibilities are discussed below.

As we have seen in the preceding chapters inflation, baryosynthesis and
nonbaryonic dark matter are determined by particle theory and provide ne-
cessary conditions for the cosmological expansion, creation of baryonic mat-
ter and galaxy formation. The microphysical parameters that determine these
phenomena are unknown and model dependent. In the present Chapter we
concentrate on the problem of fine tuning for another set of microphysical
parameters that determines the energy density of the modern physical vacuum
and the properties of of known particles, described by the Standard model. The
notions "creation of life", "conditions suitable for life" or "our existence" are,
evidently, used below not in biological, but in the fundamental physical sense.
They undermine the set of the observed physical conditions of the modern
Universe, essentially determined by the laws of microphysics.

1. Basic postulates

Microphysical description, based on Lagrange field theory, postulates, first
of all, a concrete Lagrangian for elementary particles. Coupling constants are
assumed to be small such that quantum corrections to the original Lagrangian
are considered to be small as well. Nevertheless, corrections are small only for
weak fields, while for strong fields it does not hold.

To be more specific, let us consider the Lagrangian of a scalargdield

1 2 M, Ay
L—E(‘?u)*7(l’*z‘l’- (9.1)
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One can compute one-loop quantum corrections to the potential and finds [57]

(3292 + )" (3492 4 P)
64z " 2me
The last two terms renormalize the mass and coupling constant of the Lag-
rangian and depend on the scheme of renormalization. The first term signific-
antly complicates the form of the potential. This is the most important term for
the nearest considerations. Multi-loop corrections as well as interaction with
other fields may add new terms to the potential. It is important to note that any
simple interaction causes an infinite number of additional terms to the original

Lagrangian.

One can easily see, comparing expressions (9.1) and (9.2), that new terms
are small in comparison with the original termsift<< m-exp1/4). To get
an estimate, one may choase= 100 GeV,A = 0.1, then quantum corrections
to the potential become large@t~ 10° GeV. It is a rather large energy for an
accelerator. However, at the early inflationary stage of our universe the aver-
age value is assumed to be much larger; 10'° GeV. Hence, it is necessary
to take into account an infinite number of additional terms in the Lagrangian
(9.1). Moreover, the amplitude of a scalar field is restricted even more strin-
gently. The logarithm in expression (9.2) is the result of the summation of an
infinite number of terms [325], which converges only whes: m/+/31. Be-
sides, one can see directly from Lagrangian (9.1) that the interaction term is of
order of the mass term when~ m,/2/A.

Two last estimations are in good agreement with each other and give a much
smaller value of the field when quantum corrections are really small. A similar
problem was discussed in the framework of hybrid inflation [262]. Thus, when
considering phenomena in strong fields, pe> m/+/4, it is necessary to take
into account all additional terms, inevitably arising due to quantum corrections.
The potential acquires much more complex form, than the one based on the low
energy limit of the theory. This can be visualized by the picture of mountains
and valleys. In a mountain area it is possible to have smooth surfaces with
small curvature only in valleys, i.e., in minima of the potential energy. After
climbing to some height, it becomes obvious that the shape of the terrain is
much more rocky.

The potential of a scalar field interaction is usually assumed to be of the
most simple form. The property of renormalizability of the theory is not so
essential if one supposes that gravitational effects on Planck scale regularize
integrals. Usually, the fields are weak and quantum corrections are reduced to
the renormalization of parameters of a Lagrangian under the assumption that
the final corrections are small.

As consequence of the previous discussion, at the moment of formation of
our Universe, i.e., at large amplitudes of a field, quantum corrections most
likely were comparable with original terms of the Lagrangian, and its form
was much more complex than the Lagrangian considered above. If we limit

sV = — ap? — bp*. (9.2)
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ourselves with one scalar fielgs naive calculations of the quantum correc-
tions lead to the potential represents a polynomial containing all powers of the
scalar field

o

V(p) = Z akp®. (9.3)

Generally speaking, negative powers are not excluded. Calculation of the coef-
ficientsay seems impossible and waste effort for two reasons. Firstly, it is hard
to believe that this Tailor set is correct at large values of the fiel8econdly,

each term of the polynomial is a result of superposition of interactions with
particles of every sort. Their contributions vary unexpectedly with increasing
of a degree of a term. Consequently, any information about a shape of the po-
tential in a vicinity of a chosen field valug, is useless ab >> ¢q. Thus,

any model of elementary particles with postulated from the beginning specific
form of a potential with small number of parameters is doomed to failure at
large values of the dynamical variables.

The main conclusion is that the choice of any simple form of Lagrangian
with specific parameters leads to difficult problems: one must explainitio
the origin of both the form of Lagrangian and numerical values of parameters
and finally manage to prove that quantum corrections are small at high ener-
gies.

In addition, the field is only a dynamical variable which has no physical
meaning. It enters the expressions for the potential and kinetic energy and it
contributes the measurable quantities ONLY in such a form. It reminds trans-
lational invariance in the classical physics. It is not clear why we must single
out the valuep = 0 when postulating the form of a potential. The minimum
of potential could happen at any field value with the same probability.

Let us take, following [360], the opposite point of view and limit ourselves
to the minimal number of specific assumptions about the form of a potential.
As a possible solution of the problem new postulate is proposed. This postu-
late is an analogue of the concept of attenuation of correlations known in the
statistical physics. As in the latter, probabilistic approach used below, allows
one to obtain new results and clarify already known problems.

To proceed, let us introduce first of all the concept of probability density
P(V; ¢) to find specific valu&/ of a potential at given field valug. Then the
only requirement to the form of the potential is expressed in the form of the
postulate:

() Leta value of the potentiab\Wis known at a given field valugy. Then
there exists such @ (0 < ® < o0), so that for any V ang, provided
lp — @o| > ®: P(V; ¢) > 0and does not depend @n.

Correctness of this postulate, as any other postulates, is not directly proved.
Nevertheless, it must lead to testable consequences if it pretends on description
of the reality. Some of them are discussed below.
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As an important example, consider the following Lagrangian of a scalar
field

L= 2 (9,02 V(p). (0.4)

2
The field¢ is determined in the intervdl-oo, +00), what appears to be im-
portant in the following consideration. The potentdly) is assumed to obey
the postulatex). Then, two general corollaries may be proved on the basis of
the postulate.

The first direct corollary is that the potential (9.4) possesses infinite but
countable set of zeros. Indeed, if we make the inverse supposition that this
set is finite, then, starting from some field val@ethe functionV(¢) is pure
positive or pure negative &| > @. Consequently, one of the statements is
sure true in this case?(V < 0) = 0, or P(V > 0) = 0, what contradicts to
the postulatex). Countable set of zeros means obviously a countable set of
extrema of the potential. Thus, if one wishes to express the potential in terms
of Tailor series, it will be a sum with infinite number of terms. It is interesting
that the general postulate)(eads inevitably to the form of potential (9.3) that
is dictated by the quantum corrections.

The second important corollary looks as follows. Let one knows that some
minimum of the potential takes place at field value- ¢, Then according to
postulate £), there is probability?(Vin)dVi, > 0 to find the potential value in
given interval(Vin, Vin + d\in). It immediately follows that there exists infinite
but countable set of such a minima in the interval in question.

Figure 9.1 gives a representative form of the potential of the scalar field
within some interval. If one bears in mind the scalar field as inflaton, a universe
formation takes place at the minima with numbers- 1, m m+ 1, m+ 2....
Hence, the transparent consequence of the postuais the prediction of
a nonzero cosmological constant because the probability to find out a local
minimum with a preset energy density is equal to zero.

The shape of the potential is unigue in the vicinity of each minimum and
hence the process of the inflation is unique. The minimum values of the poten-
tial (energy density of the vacuum) are materialized with some density prob-
ability that differs from zero for any intervd + V + dV. Hence, there is a
countable set of the low - lying minima what is necessary, but not sufficient
condition for the formation of universes similar to our Universe.

It should also be stated that the Lagrangian (9.3) is a special case of a more
general Lagrangian, where quantum corrections to the kinetic term would be
taken into account.

Logical extension of the previous discussion is the inclusion of matter and
gauge fields. It needs a generalization of postutat¢o any parameters of the
theory, which are influenced by the quantum corrections.

(») All quantities of the theory, which are deformed by the quantum
corrections, comply with postulate).
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Figure 9.1. Characteristic form of the potential discussed in the text. Points mark minima

where universes of different sorts are formed and evolve. Causal connection between the uni-
verses is absent.

In a substantiation of this postulate it is possible to refer to the same reasons,
which have resulted in a postulate).( Here it is important to note, that, due
to the quantum corrections, all parameters of the thgprg = 1, 2...N, (N
- number of parameters of the theory) turn into (random) functions of a scalar
field gn(¢). The values of a scalar fielgl, deliver minima of the potential, but
not of the functiong,(¢). The valueg,(¢m) are considered as constants in

the ordinary low energy physics.
The Universe is located in one of the minima, where the potevitia) can

be approximated in a simple way:
V(p) = V(pm) +a9® + bp?, ¢ =0 —om.

Usually a similar potential is postulated from the beginning with specific con-
stantsa andb. The constan& is connected with mass of a quanta of the field

p,a = mi/z, if a > 0. Other universes occupy other minima which are

characterized by a potential with different parameteasidb.

Most unpleasant thing is the occurrence of unstable areasMvith 0, a
couple of them are shown in Figure 9.1. The similar situation was already
revealed and discussed. For example, the quantum corrections from an inter-
action with fermions can result to potentials of scalar fields, unlimited from
below (see for example [326]). Accurate renormalization of a Higgs - like
potential reveal new minima [327], some of them being unstable. However,
spatial areas witV < 0 are not causally connected to the visible part of our
Universe. It is as the result of the initial, inflationary period of evolution of
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the Universe when its size has increased up tex(10*?) cm., what many
orders of magnitude greater than the size of the observable Unived€g®
cm.

The transition to probabilistic description is the cornerstone of this approach.
It greatly enriches the possibilities of our description, as it has happened, when
the transition from classical description to quantum mechanical one was per-
formed. It is worth to underline that a form of the potential is not postulated
from the beginning. Instead, only one, rather general property of the potential
is proposed. Nevertheless, this property leads to multiple consequences that
could be experimentally tested. As we will show below, some of them could
be done in the nearest future what would validate or invalidate the postulate.

2. Selection of universes

All (quasi-) stationary states are located in the minima of the potential and
our Universe, not being an exception, is located in such a minimum as well.
There is an enumerable set of minima (remind that the potential in question is
the polynomial with infinite number of terms), each of which is characterized
by some specific energy density. To form a universe similar to our Universe,
one has to find first of all a minimum with a very small energy density. For

an estimate of this probability, let us assume the uniform distributiqr{/'@f
in an interval(0, MSI)' In this case, the probability to find a minimum of the

potential with energy densitzy\(,m) = V(pm)inan intervaldp\(,m) is given by
dP (p§") = dp” /M2 (9.5)

The estimated value of dark energy density in our Univerpg is' 10-123M3.

Thus, we come to the conclusion that the fraction of universes with vacuum en-
ergy density similar to ours is 107123, Itis hard to believe that an event with

so small probability has happened in Nature. Nevertheless, given an infinite
number of the universes, we conclude that al$gbf such a universes (i.e.
those with vacuum energy densjiy ~ 10-123M3) is still infinite.

As it was discussed above, not only small vacuum energy density is neces-
sary to create a universe similar to ours, i.e. with conditions suitable for life of
our type. For example, appropriate range of fermion masses is one of the con-
dition. The generation of the fermion masses gives a nice lesson of how one
can overcome in the same framework the difficulties, caused by the postulate

(*).
Interaction with fermions

The interaction of a scalar field with fermions is usually considered in the
form of Yukawa coupling

VE = goyy (9.6)
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In this case we arrive to a serious problem. The minima of the potential, guar-
anteeing conditions suitable for life, are very rare and they are most likely
to take place far from the valug = 0. Hence, the term contributing to the
fermion massMg = gom Will be huge comparing with the experimentally
measured fermion masses.

A hint to the way of solution becomes clear if one notices that the choice
(9.6) a priory selects the field valueg = 0 what contradicts the main postu-
lates. The parametgrshould be also changed by quantum correction. Hence,
according to the postulate«() it must be substituted with a function of the
scalar fieldp. Then interaction (9.6) acquires the form

Ve =G(o)vy, (9.7)

which is a generalization of the expression (9.6). The fundB0p) is chosen

to be a polynomial with random factors in analogy with the scalar potential
V(¢). In this case the fermion mas4r and the constarg of interaction with

the field¢p = ¢ — pm depend on the numben of the universe

Mg = G(om); 9= Gip(q’m)- (9.8)

This expressions are obtained by expansion of Eq. 9.7 in a power series around
the minimumem,.

As we have an infinite number of universes, it is obvious that for any given
interval of fermion massur; ue + ) and functionG(¢), one can find an
appropriate universe such that the value of the potential at the minvigm)
satisfies the equalityr = G(¢m) with the desired accuracy.

Retrieval of the universes

It becomes now possible to use this mechanism for fine tuning of other
parameters, specifying the universe, but not only its vacuum energy density.
For example, the existence of life is possible if the fermion mass lies in an
interval (ujite, tiife + 6m). Then from an infinite seflp of universes with
energy density suitable for life, one can always extract a subset of universes
0, with suitable valuess(¢m), such that the fermion mass appears in the
given interval. Moreover, this new restricted set of universes still contains an
infinite number of universes and we can choose a subset of universes with other
parameters suitable for life.

Let us introduce physical parametdisof a universe. It includes various
coupling constants and masses of particles, for example. The creation of the
life is possible only if the values of these parameters are in some, rather tight,
intervals. Total numbeNjjte of such a parameters is supposed to be finite.
The process of fine tuning now looks as follows. Fix an interval of values
for a first parameter (for example, the vacuum energy density). It gives us
enumerable subset of universé¢{¢}1). Here{¢}, is a set ofn parameters



Fine tuning of microphysical parameters in the Universe 207

{1,045, ..., £n. Next step consists of fixing the interval for a second parameter
(for example, a mass of an electron). It gives us more weak, but still infinite
subset of the universes({¢}2) € O({¢}1). Thus, the process of finding of
suitable universe looks like consequent choice of more and more weak but
enumerable set

0{f}o) = D({fh) = O{f2) = . = O({linre)-

The last subset of the universes satisfies the conditions for all necessary para-
meters, the number of which i ;. This subset is very weak comparing with
initial one, but still contains infinite number of terms. We are not able to estim-
ate exactly what part of the universes are suitable for life. This defect seems
not very meaningful because we have no possibility to visit even neighbouring
universe.

Neighboring universes

Suppose that a process of inflation takes place at high values of a poten-
tial, as it is discussed in Chapter 2. Strong quantum fluctuations supply us by
field values inside causally connected areas in wide range of the values. The
further destiny of the area strongly depends on field configurations within this
area. Configurations being important for our considerations are those where
spatial derivatives are small, i.€d¢,)? << V(¢). In this case we can use
well developed methods of inflation theory - see Chapter 2 - and in particular
chaotic inflation [57]. If a causally connected domain starts its evolution at the
potential valueV (¢) the size of this domain in modern epoch could be easily
estimated ( see (2.35))

Pt

a(t) = H(t=0)leXp[/H(t)dt- — H(pin) Lexp /Hdﬁ”

/ ®
" 3H (p)2do | 8 [ Vd
_ _ — O
= H(gin) 1exp —/W = H(gin) lexp MZ /V’((f)
P
®in . Pin

The estimation for the simplest form of the potenWdl) = m?p?/2 is

2
a(t) = H(gin) texp [Znag] . (9.9)
P
Here we have take into account that final field vagueis much smaller than
initial one jy.
The highest energy density which can be treated theoretically is the Planck
density where/(¢) ~M§3. It is an upper limit where the concept of time can
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be used. Consequently, the initial field valpig ~ M3/m. The spatial size
of fluctuations is then equal to the Planck scele! ~ Mz1(~ 101%GeV ~
10-33cm) as it follows from the relationship between the Hubble paramdter

and the energy densify~ V(¢), H = /87V(¢)/3M3. Thus, using formula

(9.9) one can obtain the size of a metauniverse

MZ
a(t) = Mptexp [2ﬂmg’] ~ 10 %%e%cm (9.10)

Numerical estimation was done for the mass of inflatoa: 10GeV.
Let us consider the evolution of two neighbor causally disconnected do-
mains with slightly different field values marked by lett&@sandC’ in Fig-
ure 9.2. Their destiny is rather different because their initial field values are
separated by the maximum of potential. The domain which was nucleated in
point C will reach a minimum marked a8, while its neighbor nucleated in
pointC’ will reach pointB. Two metauniverses will be produced from the two
initially neighboring domains. The size of at least one of them is huge com-
paring with the size of our Universe (A& m), the last being incorporated by
one of the metauniverses. It means that we never reach neighboring universes.
Another important question arises if one looks at Figure 9.2 more thor-
oughly. Indeed, a probability of a strict equaliy(pa) = V(@) is zero. It
means that one minimum is able to decay in the manner discussed in Chapter
10. It does not sound much optimistic for our civilization and it is worth to
estimate the probability of such a decay. Suppose that the maximum in the
Figure 9.2 is of ordeNmax ~ M. Function that approximates correctly the
local form of the potential presented in Figure 9.2 may be chosen in the form

_ A2 2\ £
U—g((p —a) + oo —a). (9.11)
Density probability of the vacuum decay in one - loop approximation was cal-
culated in papers [289, 328] (see also Chapter 10, Sections 1,3) and has the
form

M~ Ae =,

Here & is the Euclidean action on a classical trajectory connected the two
minima and multiplierA depends on quantum corrections. Exact value of the
multiplier is not very important and we pt = M3 for estimation. what
seems reasonable in the considered scale of Planck energies. The Euclidean
action is expressed in terms of Lagrangian parameters [289, 328]

6~ 72 al2,2
T 6 &3
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Figure 9.2. A part of the potential

As we have supposed théfax ~ Mé, the parametest can be expressed in the
form a = (8/4)Y* Mp. The action acquires final form

SE - 28”2 MéZ
3 Aed’

This result was obtained in the thin-wall approximation limit, that looks like

£ << M3 in our case. Coupling constaatis usually chosen less than unity,

A < 1. Most unpleasant situation, i.e. the largest value of decay probability, is

realized at the parameters values M3, 1 ~ 1. ThenS ~ 2872/3 ~ 800.
Straightforward utilization of the formulae written above leads to the estim-

ation of the decay probability of our Universe within the sdale~ 10°%cm

My ~TLY ~ 10720071,

Thus, life time of our Universe is about 4®s and we may not worry about
this problem during at least those time interval.

Nearly disposed minima

As it follows from the proceeding discussion, the inflaton potential may
have rather complicated form. It may happen accidentally that two minima are
situated closely. The minima in question are marked as 'A' and 'D’ in Fig-
ure 9.2. The potential can be approximated by the same function (9.11) with
another values of parameteisa ande. Inflation takes place when Hubble
parameteH (¢) >> mwhich is supposed to hold in this case = U"(ga).
In the vicinity of the local minimum, point 'D’, the equation of motion be-
comes simpler,

¢ +3H(pp)¢ + M? (¢ — ¢p) ~ 0. (9.12)
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If H(pp) >> M, dissipation of energy is large and the field could be located
in the local minimum for a long time. We encounter serious problems, which
were discussed in connection with the old inflationary models [288], where our
universe was formed from the domain in a local potential minimum. Never-
theless, if a height of the local maximum happens to be small, first order phase
transition at the very end of inflation could take place. It could lead to effective
transformation of the inflaton into particles. The last problem is some shortage
of many inflationary scenarios because weak selfcoupling of the inflaton takes
place only if couplings with fermions are also small. Otherwise, quantum cor-
rections lead inevitably to strong selfinteraction of inflaton. It means that the
fermion production is suppressed.

In the caseH (¢p) < M the situation differs from the previous one. The
field slowly decreases, according to equation (9.12) until it appears in the vi-
cinity of the local minimumg = ¢p, where the equation of motion can be
reduced to

$+M?(p—9gp)~0, (9.13)
and the total energy of the field is approximately conserved. In this case the
classical field could overcome the local maximum between the two minima’A
and 'D’ and approach the nearest deeper minimum of the potential. It gives rise
to fractal structures in the future. The process of the fractal structure formation
performs in the same manner that was discussed in Chapter 4 and we shortly
repeat these arguments, applying them to the case in question.

Let classical motion of the field is governed by the equation

¢+ 3Hp = —dV/do . (9.14)

The destiny of spatial areas where the field just overcomes potential maxima is
rather interesting. The fact is that classical motion is accompanied by quantum
fluctuations. Consider the fluctuations of the field in a nearest vicinity of such
a maximum (right slope). The initial spatial size of this fluctuation-ig/H.

After some time of the order of 1/H has passed this spatial area will be
separated int@® causally disconnected domains with different field values.
The average value of the fieldinside some of these domains could fluctuate
into the other side of the maximum (left slope). In its turn, each of these
domains will be divided ire* subdomains of the size ef 1/H in time 1/H

and some of them will pass back through the maximum of the potential. This
process continuously reproduces itself and already after several steps a picture
of a fractal structure will be observed.

Meantime, classical field moves away from the maximum what could pre-
vent the formation of the fractal structure. Hence, the development of rich
fractal structure in a final stage can take place only if the fluctuations are large.
More specifically, let us assume that the classical field changes its value by
Agg in the time YH. Then a fractal structure arises if the condition of the
fluctuation dominanc@gjyct >> Agg is satisfied. It gives enough time for
formation of a fractal structure due to the fluctuations around a maximum.
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An average value of fluctuations is well known, giveny jyct ~ H/2rx.
The classical motion can be computed explicitly if one approximates the po-
tential around a maximum by the function

V(p) >V — (¢ — (DMax)Zaz/z .
An approximate solution of Eq. (9.14) has the form

a’M
¢(t) ~ omax + [¢(t = 0) — ¢max] eXp(\/T:\/ot> )

where the second time derivative is neglected as is usually done at the inflation

stage. The initial field value(t = 0) ~ pmax + A@tiuct/2 and the condition

of quantum fluctuation dominance is easily found to be

Agtiuct 167V
Aoy a2M2

The larger the parameterthe richer fractal structure will be formed. These

fractal structures being small in comparison with the size of our Universe could

result in observable consequences.

It is well known that two domains with field values separated by a potential
maximum, are separated by a wall [252]. Classically, fields in such domains
tend to various (neighboring) minima'A and 'D’ and hence the energy density
of the wall grows relative to the rest of the space.

The picture, represented above, includes the picture of the eternal inflation
[129] and provides realization of the set of universes with intrinsically different
properties.

n > 1, (9.15)

3. Weinberg - Salam model

Let us consider modifications of the stand&d(2) Q U (1) Veinberg -
Salam model (SM), which are the results of postul@tgs(+« ).

3.1 Higgs field

Potential of the Higgs fielg = ( ﬁ ) is supposed usually in the form

Vhiggs(x) = % (\x\z - V2/2)2- (9.16)

i.e. nonzero vacuum average is postulated from the beginning. The con-
sequence of our postulates is that it is not necessary now - quantum corrections
lead to multiple minima for any potential, including the Higgs one. The prob-
lem is however, more complicated because the Higgs field should interact with
inflaton (at least owing to multiloop corrections) and we get inevitably, instead
of (9.16), an expansion with infinite number of terms,
o
V(g )=y ane“ x| (9.17)
k,n=0
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The application of a postulate)(simultaneously to the both fields results

in a potential of a complex form with a lot of extrema and valleys in vari-
ous directions. Minima of the potential are situated in points with field value
(@m, Vm), Vm = +/|xm|%. One can see that there is no need to include nonzero
vacuum average artificially. Of course, the probability that two neighbour
vacua appears to be symmetrical, as it is in the SM is very small. It should
not disturb us for this symmetry is not important feature of the model. In this
connection, we would like to mention an article [329] devoted to the Weinberg
- Salam model with two asymmetrical vacua. One of them is placed in Planck
scale.

3.2 Modernization of the Standard Model
The Weinberg—Salam model is described by the Lagrangian

L= Lgauge+ I—Iept + I—scalar"‘ I—int;

1 1
Lgauge= —ZF;WFI”V - ZBWB”V;
L _R .5 — .glf\ gl/\l i
lept = Ri a+|gB R+ Ll[a+|§B—|§r AJL;
= g g | 2
Lscalar = ‘[8 - iEB - iéflAqZ _V(‘Z‘ );
Lint = -G [Ry"L + LxR], (9.18)
with the notations
Fiv = duA, — 9, A, + ge'l* AL AY
Byy = 9By, — 9, By.
V([x?) = Ax|* = V?/2). (9.19)

Here A and B are gauge fieldsl. and R are left and right fermions. The
Higgs field y has nonzero vacuum expectation va(g}é’ﬁ). The parameters
0,d, v, G of the model are expressed in term of observable values - a mass of a
chargedN— bosonMy, a mass oZ — bosonMz, electric charge and Fermi
constantGg.

1
Mw =gv/2, Mz= \/ngrg’2 \/W GF:\/N.

(9.20)

As it was shown in the paper [330], a procedure of renormalization could be
chosen in such a manner to preserve gauge invariance of the Lagrangian (9.18).
That is why, following [360] we limit ourselves by an investigation of results
of renormalization of parametegsg’, G. According to postulateé), (),
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these parameters are transformed into polynomials of the type (9.17)

9.9,G = g(o, |27), 9 (0, 212, G(o, |x]?)- (9.21)

At the same time, the potential of the Higgs fi®l{| y|?) acquires form (9.17)
due to the same postulates, (» ).

Let us discuss now the last term in expression (9.18) describing fermion
interaction with the Higgs patrticles. It will be shown that it gives a nontrivial
result that differs from the prediction of SM and is accessible to experimental
test. The substitution of the constantsy, v, G with functions (9.21) leaves a
trace in an effective Lagrangian.

The expressioh;y; in the Standard Model permits to obtain a fermion mass
m; one-to-one related to the vacuum expectation valix2 imbedded by
hand,

m; = Gv/V/2. (9.22)

If one takes into account that the paraméds now a polynomial of the form
(9.17), the result appears to be rather different. Indeed, let us parameterize the
Higgs doublet as usualy = €©® (ZOO), where@(x) is SU(2) matrix that is
removed from the final Lagrangian by a gauge transformation. As a result, the
term in question is

Lint = —G(o, (10?2 TrfL. (9.23)

Potential (9.17) is disposed in some minimum numet the field values
om 2% (x% = v/v/2 in usual notations). First terms in the Tailor expansion
of the expression (9.23) in the powersiot= 4° — #9 have the form

Lint ~ =% Glom, (x)?) TrfL — GihirfL,

G, — 9G(em (W)?) o
f= 0
m

2 2+ Glom (x)?). (9.24)

Fermion mass
mi = 2% - Glom, (x%)?) (9.25)

appears to be dependent on numibreof specific minimum (see also [331]),
in which a universe evolves. The field valugs, ¥, represent the minimum of
the potential (9.17), but not the minima of the other functions@ken, (y%,)?).
That is why the usual proportionality (9.22) of the fermion masdo the con-
stant of its coupling to Higgs particle is absent in this case.

Another deviation from the SM could be found in couplings of a selfinter-
action of the Higgs particles. For example, the constant of three-linear interac-
tion in the framework of Weinberg - Salam model is equakign = 3v/2av
in zeroth order of a perturbation theory and hence is proportional to the known
value of the vacuum expectation valueAnother prediction follows from the
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potential (9.17). This constant has the foghn = (1/6)33V (om, xm)/dx,
and it does not have any connection with the other parameters.

It may be shown [360] that this approach is able to restore Weinberg - Salam
model with the exception of those interactions with Higgs partibles

Itis instructive to consider the part of the Lagrangiagp: responsible for an
interaction of leptons (electrons) with gauge fields. After standard substitution
of the fieldsB,,, A‘# by physical fieldst, Z,, A, one obtains [332]

— Cy(2eryter+ vey''ve +eLyteL) Z,
+ CaBLrte — ver've) Zu — eAdre. (9.26)

The guantitiesC;, e are expressed in ordinary way in terms of the initial para-
meters

g e e
1 N 2= 5 anfw; 3 200 Ow,
e= L tandw = d'/g (9.27)

/92 + g/Z’
and, according to (9.21), are functions of the fiegdand y. Both fields are

placed in the vicinity of some minimum of potential (9.17) and we can limit
ourselves with first terms in Tailor expansion

ple , 0
G ~ ci<¢m,x°m>+Wh:
Xm
de(om, 8
e ~ e(<pm,x°m)+(‘£mo"m)h. (9.28)
Xm

The inflaton field is supposed to be sufficiently massive so that we can
neglect any interaction with its quanta. The first terms in expansion (9.27)
were determined experimentally as far as they are connected with known para-
meters - electron chargeand Weinberg angley according to expressions
(9.27). Second terms are responsible for new vertexes of interaction of the
leptons with the quanta of Higgs field More definitely, these vertexes are:
veWeheeZhveveZh eeAhin the Lagrangian (9.26)

fept = I [h\7e7/” (l* 7/5)6\/%+ + hC] —
— F2 (2he_R;/“eR + h\7e]//’LVe + h§|_y“e|_) Zﬂ +
+ Ta(hey*eL — hvey*ve) Z, — TehAeyte. (9.29)

As far as the four vertexes are expressed in terms of two unknown paramet-
ers,B = 0g/dy% andB’ = g’ /dxY, they are connected with each other as
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follows

_ 1 g 2 eZg/
M = reé <6) <g3 +1
e

3 20/
3 — lex (2 eg(‘ag - ) (9.30)

F(F )2 (F
rvz| S (S911) - 23(2 —1)].

The existence of new vertexes (9.28) obeying the relations (9.30) is direct
consequences of the initial postulates, (»+ ). On the other hand, they could
be checked experimentally in the nearest future. For example, properties of the
Higgs bosons will be investigated in modern accelerators. Such a possibility is
discussed in the paper [333] fer e~ annihilation at the energies 500 GeV in
the center of mass system. In case of discovering the Higgs bosons, it allows
to validate or invalidate connections (9.30) and hence the postulates proposed
above.

4. Discussion

In this Chapter were considered some consequences of the posfulates
(»+ ), proposed in [360]. These postulates are used instead of strict fixing of a
Lagrangian from the very beginning. It gives rise to nontrivial consequences
both in cosmology and in physics of elementary particles. First of all, it allows
one to prove the existence of countable set of universes disposed in potential
minima with different values of microscopic parameters. It serves as necessary
ingredient of the anthropic principle which permits to explain the origin of a
universe similar to ours.

The problem listed in the beginning, looks quite solvable if the solution is
based on probability language used for formulation of the postulates. In this
framework, the answer to the problem A) is: "Minimal value of a potential is
not equal to zero. Instead, there exists infinite set of universes with sufficiently
small values of the potential minimum. It is necessary condition for nucleation
and formation of universe similar to ours". One could extract from this set of
universes a subset with parameters close to those presented in our Universe.
The last statement is the answer to the problem B) mentioned above. Addi-
tional pleasant property of the potential (9.3) is its absolute renormalizability
(problem D)). Indeed, it contains terms with any power of the scalar field from
the beginning and any quantum correction could be included in the Lagrangian
parameter. The answer to the question C) is evident from the above discussion.

Postulateg« ), (*+ ) lead with necessity to scalar - tensor theories of gravity.
Different sorts of such a theories are discussed in e.g. [334, 336, 337]. If we
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wish to be consistent, then we have to admit, according to postuigtes« ),
that the quantum corrections convalitparameters of a Lagrangian, including
the gravitational constar@y into polynomials. In this case, general form of
the Lagrangian can be readily written

L. _ Flo) R4 K(p)

2
~ 167Gy 5 (99)7 = Vren(9). (9.31)

Immediate conclusion from expression (9.31) is that Newton gravitational
constant is an effective one and it is different in different universes enumerated
by numberm: Gn(m) = G ourF(@m)/F(@our) (index 'our’ relates to our
Universe).

Important thing is that in spite on generality and brevity of the postulates
they not only give new sight to the abstract problems listed in the beginning
of this Chapter. They possess predictive power and some of their predictions
could be tested in the nearest future. More definitely

a) new vertexes of interaction of leptons, gauge fields and Higgs bosons take
place in this framework. One-to-one connections (9.30) between them could
be checked experimentally in the nearest future;

b) Strict connection between a mass of fermions and coupling constant of
their interaction with scalar particles is absent. It could be very important for
axion models because it strongly enriches their ability to satisfy the stringent
limits following from the observational data [3];

¢) The constant of the three-linear interaction appears to be a free parameter
on the contrary to the prediction of the standard Weinberg - Salam model.

The serious argument against the proposed postulates would be strict equal-
ity to zero of the vacuum energy density (density of the dark energy) because a
measure of such a universes is zero. The evidences that the cosmological dens-
ity of the dark energy is not zero are considered rather firm these days, but we
still could not exclude the opposite possibility. Formally, if the future observa-
tions indicate that vacuum energy density is strictly equal to zero, it will make
the postulates very doubtful. On the other hand, this hypothetical possibility
can never be experimentally proven, since the observational data can only put
upper limit on this quantity and can not rule out its existence below the level
of experimental sensitivity.

In this Chapter the mechanism of creation of universes with given set of
microscopic parameters is developed. The process of formations of each uni-
verse is unique, because the form of potential is unique in the vicinity of each
minimum. The formation of universes is described by different types of infla-
tionary models in different minima. Presently, a large number of models with
a wide range of different potentials are considered as potentially realistic. Ap-
parently, each of them describes some subset of the universes of our type. It
is shown, that at an early stage of formation of our Universe primordial fractal
structures could be created in natural way.



Chapter 10

INFLATION: ADDITIONAL RESOURCES

Up to now our consideration was performed in the framework of the chaotic
inflation. We revealed that scalar field(s) connected with gravity gives rise to
a very interesting and important period of the evolution of our Universe. A lot
of observational data can find new nontrivial explanation in this framework. In
addition, new phenomena are predicted, some of them have been discussed in
this book.

Nevertheless, not everything is as good as it seems. For example, coupling
constant must be very small to fit the observed temperature fluctuations of the
relic radiation. Another problem is energy transition from inflaton to fermions
and photons during the end of the inflation. Indeed, if coupling constants are
small, the decay of inflaton is suppressed. The problem could be cured if one
takes into account an effect of a parametric resonance [338], [339]. Thus, this
problem is not unresolved in principle, but it would be instructive to discuss
other mechanisms of the inflation.

In this Chapter we consider a mechanism of a first order phase transition
at the end of inflation, an effect of auxiliary massive fields on inflationary
processes, a decay of cosmological constant as the Bose - Einstein condensate
evaporation and a quite general case of inflation based on so called scalar-
tensor theories.

1. First order phase transition as a terminator of
inflation

Let us treat the case when inflation is finished due to vacuum decay with
probability density™ per unit time. The false vacuum is percolated exactly in
the same manner as it is discussed in Chapter 8. The only difference is that
topical consideration concerns the inflaton field. A space is filled by the state
with lowest energy density (true vacuum) due to the tunnel transition from
metastable (false) vacuum state to true one, what indicate the end of inflation.

217



218 COSMOLOGICAL PATTERN OF MICROPHYSICS

The picture looks as itis shown in Figure 8.2 in the physical reference frame.
The bubbles with true vacuum inside them are nucleated by quantum tunneling.
Their initial size is dictated by specific values of parameters of a Lagrangian.
Just after creation, the bubbles are expanding with velocity that is quickly ap-
proaching the speed of light. The walls of the bubbles collide, the energy of
the false vacuum stored in the walls is converted into radiation and the false
vacuum regions are vanished. The only thing that could prevent this process
is the cosmological expansion, as it should take place in de Sitter space. The
cosmological expansion is determined by scale factor

a(t) = H texp(Ht),

with Hubble parameteH is supposed being constant. If this parameter is
sufficiently large, the expansion of the space filled by the false vacuum could
prevent its obliteration.

The process described above may be treated 'from the coordinate (comov-
ing) point of view'. Consider false vacuum with initial coordinate volume
VE(0). The decay is performed by creation of true vacuum bubbles. Their
initial radius is supposed to be small comparing with final one. The walls are
ultrarelativistic predominantly and their size equals to horizon size with good
accuracy after one cosmological time passed. Hence, the final comoving radius
of the bubble nucleated at the momeégis

r(to) = exp(—Htp),

see expression (2.19). The later the bubble have been nucleated, the smaller
is its final radius. If the Hubble parameter is small, the infinite set of bubbles
with exponentially decreasing radiuses could not fill the whole Universe and
some of de Sitter domains survive.

Let us consider the process of vacuum decay in more detail (see e.g. [288]).
As we saw above, there are two important parameters. They are the Hubble
parameteH and the probability™ of a bubble nucleation per unit (physical)
volume per unit time. By definition, the coordinate volumsfilled with false
vacuum is decreasing as

dVe (to) = —T Ve (to)dtoVbubbie(to)- (10.1)

HereVk(to) = a(to)3ve(to) is the physical volume filled by false vacuum at
the momento, Vhupbie(to) = %’”r(to)3 is the volume of one bubble nucleated

in the time intervatg, to + dtg. The solution of Eg. (10.1) is trivial one

t
VE(t) = ve(0) exp [—r /0 a(to)3vbubb|e(to)dto] ,

if the valuel’ = Const Assembling all formulas written above one obtains
time behaviour of the volume of false vacuum space

VE(t) = ve(0) exp [—4;;4 : (10.2)
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We see that a fraction of the false vacuum spadg) /ve (0) inevitably tends
to zero. Nevertheless a conclusion about the end of the inflation would be too
hasty.

To proceed, we have to determine exactly what does the words "end of in-
flation" mean. If one prefers the definition in the form: “inflation lasts finite
period of time ifve (t) /ve (0) — 0", expression (10.2) solves the problem - the
inflation is finished at the time> 2 H°.

Another definition is: “inflation is finished if the space volume filled by false
vacuum tends to zero in physical coordinates”. It means that the Va(tie

4o T

VE(t) = a(t)3V|: (t) = v (O)Hfl exp [—3H3t + 3Ht] — 0,

what is possible only under conditio%% > 3H. Finally, we obtain the
condition for the total vanishing of the false vacuum space in the form

A T
9 4 > 1. (10.3)

It was noticed (see review [288]) that if we choose the second definition
(what is usually supposed) some problem arises inevitably. Indeed, if we wish
the inflation to last finite time, theR > H* according to expression (10.3).
This inequality leads immediately to the conclusion that the life time of false
vacuum ist < H~L. This period is too small to increase the space volume of
the Universe sufficiently strong to satisfy the observational data. To resolve
this contradiction, one has to complicate the model so that decay probability
I" could vary with time. This value must be small from the beginning to allow
the Universe to expand the proper period of time. Then, when the value of the
decay probability” is increased, the vacuum decay dominates the expansion
and the inflation is finished.

A lot of models were created to realize this 'graceful exit problem’ - see
substantial review [288]. Main idea is to start with more complex potential
like those represented in Figure 10.2. There are two valleys and those marked
by dotted line is disposed lower. It is supposed that our Universe was born in
a state 'A’ and has to evolve to a state 'C’ characterized by a lowest energy.
Immediate tunneling is forbidden due to high barrier and fielts slowly
varied along the direction pointed by arrow to a state 'B’. Parameters of the
potential are chosen to supply enough time for the Universe expansion during
this period. The potential is arranged in such a manner to decrease the barrier in
the arrow direction. When the Universe arrives at point 'B’ the barrier appears
to be small enough to make the process of tunneling considerable. The vacuum
decay from the false vacuum state (point 'B’) to the true vacuum state (point
'C’) signifies the end of the inflation. An example of such a model could be
found in [340].
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V(o)

| T

Figure 10.1. Typical form of a potential which leads to false vacuum decay. False vacuum
state is denoted as 'F’ while true vacuum state is marked as 'T’

We see that if we involve new fields in the consideration, it gives new in-
teresting effects and possibilities to solve topical problems. Next section is
devoted to an interplay of inflaton and an auxiliary massive field.

2. Massive fields and superslow motion during
inflation

Early inflation mechanisms [52, 51] were based on the consistent equations
of scalar and gravitational fields. Nevertheless, the simplest inflation models
could not explain the totality of the observed data. In particular, the predictions
of the chaotic inflation model [55] about temperature fluctuations in cosmic
background radiation do not contradict observations only for a rather unnatural
form of the inflaton field potential.

At the same time, the interaction of a large number of various fields existing
in nature should give rise to new phenomena in inflation scenario. Further de-
velopment of the theory has led to the emergence of inflation models involving
additional fields, among which are the models of hybrid inflation [260] and
inflation on the pseudo Nambu - Goldstone field [341], for example. The in-
teraction of the classical inflaton field with other particles is one of the basic
elements of inflationary models. Back reaction of the produced particles on
the dynamics of inflaton field was considered in [302, 342] and in the Section
1 of this Chapter.
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Figure 10.2. One of possible form of a two-field potential for solution of the graceful exit
problem

Below we study an effect of an additional field on the classical motion of
the basic inflaton field [343]. It is assumed that the additional field is massive
enough for it to be at the minimum of its effective potential during final stage of
the inflation. Nevertheless, it is shown below that its influence could noticeably
decelerate the system motion.

In what follows, the simplest form of interaction is considered allowing the
analytical results to be obtained. Namely, we introduce, apart from the inflaton
field ¢, an additional scalar fielg and write the action in the form [343]

S= / d*xy/~g E(ow’” ~V(p) + %Z#Z’ﬂ - %mzxz - KZU(‘P)] :

(10.4)
whereu(p) is a polynomial of degree no higher than three for the renormaliz-
able theories. Below, particular cas@p) = ¢? is taken for definiteness. The
first power of the fieldy in the interaction is necessary in order to obtain com-
pact analytical results valid for an arbitrary coupling consigntather than
the expansion in powers of this constant. The interaction of this type arises in
supersymmetric theories and is considered in hybrid inflation scenarios [344].
Dolgov and Hansen [342] used this type of interaction in studying the back
reaction of produced particles on the motion of classical field.
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The set of the classical equations for both fields is written as

1

\/—_798,1 (v/—99"x) + mf(;( + k% =0, (10.5)
1

ﬁf% (vV=09"9) +V'(p) + 2xpx = 0. (10.6)

Let us consider the case of hegypatrticles. In the inflationary era, this means
that
m, >> H(p), (20.7)

and the Hubble constamt(¢) is determined by the slowly varying classical
field ¢. The last plays the role of inflaton. The Eq. (10.5) can be brought to the
form

2(%) = —K/G(X, X)p2(X')dX. (10.8)

The right-hand side of Eq. (10.8) can be simplified using the equation for the
Green functiorG(x, x') [345] written as

ot 1
/=g

After two iterations, the fielg/ takes the explicit form

G(x,x') = %5(x - X)) du/—090"G(%, X'). (10.9)

x(X) ~ —%coz(X) + %8“¢?g&y (\/l_fggoz(x)> , (10.10)
X X

which is valid if the derivatives of the inflaton field are small. Substitut-
ing this expression into the Eq. (10.6), one arrives at the following classical
equation for the inflaton field:

202
Iuv/=00"9 + V=0Ven(9) + 5 ¢Iuy/=G0"9* =0, (10.11)
X

wherea = =~ a dimensionless parameter and
x

2
a4

Vren(9) =V(p) — 50 (10.12)
is the potential of inflaton field renormalized due to interaction with the field
x. The last term on the left-hand side of Eq. (10.11) is usually treated as a
back reaction of radiation [342]. Equation (10.11) corresponds to the effective
action for inflaton field
— [ d'%y=g|Lp.0" —V L @ g g
Sif= —9 SPuP” — ren() — ﬁﬁfp uy —90" 97| .
(10.13)
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Figure 10.3. Feinman diagrams for first order corrections to coupling constasblid lines
represent field, dotted lines represent fiejd

Note that the correctiodV = —%zgo“ to the potential follows from the
analysis of classical Egs. (10.5)-(10.6). At the same time, the same expression
can be obtained by calculating the first quantum correction to the potential of
the fieldp due to interaction with the fielg. Necessary diagrams for the first
order corrections are shown in Figure 10.3. External lines correspond to the
guanta ofp-field at zero 4-momenta. The internal lines correspond tgythe
field propagator in thes andt channels. The calculation of these diagrams
leads to a renormalized coupling constant

K2

A=t o0

what gives renormalized potential (10.12).

The last term in Eq. (10.11) is important for further consideration. Non-
minimal kinetic term arises in equations for density fluctuations in early Uni-
verse [346]. Morris [347] showed that a change in the form of kinetic term in
the scalar-tensor theory leads to the inflation at a lower, than ordinary, energy
scale, in agreement with the conclusions of the work [343]. Similar result can
be obtained by introducing a nonminimal interaction between an inflaton and
a gravitational field [348], [349].

In general, the renormalized potential contains the sum of contributions
from the corrections due to interaction with all the existing fields. In the first
model of chaotic inflation with the.g* potential, the observational data im-
plied a value ofA ~ 10713, This means that the corrections contributed to
the expression for the potentidl = 1¢* by all fields, including the correc-
tion 6V = —(a?/2)e* considered above, must cancel each other with high
accuracy.

We demonstrate below that the renormalization of the kinetic term allows
one, in particular, to weaken significantly the conditions imposed by the obser-
vations on the parameters of the theory. In weak fields, the contribution from
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the last term in Egs.(10.11), (10.13) is negligible. As to the inflation stage, it
can be substantial at large field magnitudes.

During inflation, the field is assumed to be uniform; i.e.= ¢(t), and
Eq. (10.11) is greatly simplified. Taking into account that the scale factor
a is expressed in terms of the Hubble constlnin the ordinary waya =
H~lexp [ Hdt), Eq. (10.11) can be rewritten as

d?p de

¥ +3H-—- 5 + V(@) + (10.14)
40 2d€0 zd @ dco B

m2 {3'_' dt ?ae te dt =0

Slow time variation of the fiele» implies that the terms proportional &8¢ /dt?
and (dg/dt)? are small. Neglecting them, one obtains the easily integrable
equation

2

<3H + 12;'20‘ (p2> +Vian(9) = 0. (10.15)
X

In what follows, the nonrenormalized potential is taken in the fotp) =

Lo9?, and, thereforéVien = Ap* where,A = 1o — o?/2. Taking into account

the usual relatiotd = /(87\Vten(¢)/3)/Mp between the Hubble constant and

the potential, one can easily obtain the field variaplkes an implicit function

of time:
2
t= ¥ i’;/; ['n((/’o/(/’) + 2% (o - ¢2>] - (10.16)

X
Here, the first term reproduces the result of the standard inflation model. The
second term results from the interaction of the inflaton field and the fielt
follows from Eq. (10.15) that the second term dominates at

P2 Q= 3 (10.17)
2a°

Therefore, there are two inflationary stages: the ordinary stage<at. and
the ultraslow stage at > ¢.. Indeed, the field motion velocity obtained from
(10.15) with allowance made for Eq. (10.17) is much smaller than its ordinary
valueg = V'/3H. The first inflation stage is completed when the condition
(10.17)) ceases to be true. Then the ordinary inflation spage: '3H ¢ begins
and continues as long as the condition is satisfied.

Since the second stage has been widely studied, we will analyze the first
stage, for which the second term in Egs.(10.15), (10.16) dominates, i.e., for
@ > @c. In this case, the field depends on time as

2
Mpml

o(t) = Yo — 0!2\/@.

(10.18)
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This expression is derived under the “ultraslow roll-down’ condition, which,
according to Eq. (10.14), has a rather unusual form
¢ << 12Hp pa®/nE.

Let us determine the amplitude of quantum fluctuations arising at the first
inflation stage for the potentialp®. This can most easily be done by taking
into account that the first term in Eqgs.(10.11) and (10.15) is much smaller,
than the third one and introducing a new effective figldafter which the

substitution

¢ = (a/my)e?

brings action to the form
1. 1.5
S= [ dxy/—g 5&#(/)8“(/)—5 o, (10.19)

corresponding to a free massive field with mass ”mlx/ﬂ/a. The new field

¢ does not represent a new physical field, but it is only a suitable dynamical
variable. Indeed, this variable is always positive, what is not true for real fields.
An interaction with fermions, having the ordinary form in terms of inflaton,
owy, looks rather strange in terms of the figld \/EVV/-

Nevertheless, this substitution is useful and valid at the inflation stage under
consideration, when the field value is positive. The fluctuation amplitude for
the massive noninteracting field is known todé = /3/(8z2)H2 /M [351],
see Chapter 3 of this book as well. On the scale of modern horizon, the con-
straint on the mass of quanta of this field is also knownx~ 10-®Mp, as is
obtained from the comparison with the COBE measurements of the energy-
density fluctuationsgp/p ~ 6 - 107> [245]. Expressingn’in terms of the
initial parameters, one obtains the following relation between them:

my Vi

~10°° 10.20
Mo o ( )

Let us determine the fieldy at which a causally connected area was formed,
which generated the visible part of the Universe. The numberfofdings
necessary to explain the observed dathiis~ 60. Then, using the relation
Ny = f;jnd Hdt

(S Pend
Ny :/H(f”)dgoJr/H.("’)dcp: (10.21)
¢ ¢
bu ®c
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Here we have taken into account that the time dependence of the figlthe

first and the second inflation stages are different. The second stage is com-
pleted atp = peng. ASsuming that the first term containing the initial value of
the fieldpy dominates, one obtains the desired expression

Ny \ Y4 /M
ou ~ <U> Py (10.22)
2r o

Note that the visible part of the Universe in this case can be formedaMp,
i.e., rather late. This is explained by the fact that at the first stage the field
moves ultraslow and the Universe had enough time to expand up to the suitable
size.

Expression (10.22) differs substantially from the standard regult Mp,
which is obtained for the inflaton field with potentiad* without regard for
the interaction with the massive fields of other s@fts= /Ny /7zMp.

The second term in Eq. (10.21) determines the numbenf e-foldings at
the second inflation stage. Assuming tiggt >> @2, and substituting the
valueg. from Eq. (10.17), one has

z( m, \?
No = = ) 10.2
=4 () (10.23)

Evidently, over a wide range of parameterandm,,, the second stage may be
short or it even can be absent at all.

The above arguments are valid if the fiefg is massive enough so that it is
placed at the minimum of its effective potential during inflation. As is known,
the field rapidly rolls down to the minimum if the Hubble constant becomes
smaller that the field mass, i.e., i < m,. The Hubble constant depends
on the magnitude of the inflaton field and it is enough to estimate its value
at the instant when the visible part of the Universe was originaged (py).

It corresponds to the largest scale in modern Universe. Simple mathematics
gives

3
<4/—~0.1L 10.24
<\ i (10.24)

m > Hw) Y
o
This restriction indicates that one cannot fully avoid the fine tuning of the
parameters. Indeed, as it was shown above renormalized coupling constant
A = Ao — @?/2 and, according to constraint (10.24) > 1004. It means
that two valuesly and & of order> 1004 each, must cancel each other to
obtain small value of ordet. Nevertheless, this fitting is much more weak
than that requiring the cancellation of all quantum corrections down to a value
of ~ 10713 in the early inflationary models with the potentigp®. Using
Egs.(10.20) and (10.24 ), one can easily obtain a rather weak limitatipry:

10~°Mp on the mass of the additional fiejd
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Thus, a particular example was taken here to demonstrate the fact that massive
fields, even being at their minimum (which in its turn depends on the mag-
nitude of inflaton field), can materially decelerate the motion of the main
inflaton field at the first inflation stage. Due to the first, ultraslow, stage, the
visible part of the Universe could form at< Mp. The second stage precedes
the completion of inflation and evolves in the ordinary way, but it is rather
short. In particular, for the parameters, = 10 3Mp and 1 = 107, one
has: the visible part of the Universe formedpat ~ 5 - 10-2Mp; the first and
second stages are separatedat 5-10-*Mp; and the second inflation stage
is much shorter than the first one.

The inclusion of the interaction between the inflaton field and more massive
fields enables one to weaken essentially the constraints imposed on the poten-
tial parameters by the smallness of energy density fluctuations, although one
fails to fully avoid the fine tuning of the parameters. The effects considered
here are associated with the renormalization of the kinetic term for the inflaton
field interacting with an additional massive field. Because the similar renor-
malization takes place for every sorts of additional fields [332], the inclusion
of new fields will enhance the effect of deceleration of classical motion at high
energies.

3. Suppression of first order phase transitions by
virtual particles in the early Universe

In the previous Section we discussed the role of massive fields on inflation.
It was shown that the interaction of inflaton with these fields could influence
significantly the classical motion of the inflaton. On the other hand, first or-
der phase transitions are important cosmological consequence of high energy
physics. In the following we show [350] that the effects of virtual particles de-
crease significantly the probability of vacuum decay even at zero temperature.
It could lead even to an permutation of the order of phase transitions in the
early Universe.

Let us start with the double-well potential of the scalar field with nondegen-
erate vacua. Following the logic, discussed in the Section 2 of this Chapter,
consider an auxiliary fielgr with action (10.4). Phase transitions are investig-
ated usually in Euclidean space [328, 289], what means the substitutian
in the formulae written above.

The calculations similar to those in the previous section lead to an effective
Euclidean action for the scalar fiefd

= [ @ [2007 + Venlo)| + s [ % [”(;’X(X”r (10.25)
4 H

(Here and below gravitational effects are omitted). The last term can be inter-
preted as an influence of the virtyal particles.
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Let the fieldp be placed initially in a metastable minimum of the potential
Vten. INn this case the decay of the vacuum goes by nucleation and expanding
of bubbles with true vacuumpy inside it. The outer space is filled with a
metastable phasgr. This process is described by O(4) - invariant solution
pg(r) of the classical equation of motion in Euclidean space with boundary
conditionspg(0) = ¢t; ¢a(00) = @f. The probability of the vacuum decay
was obtained in [289] and it has the form

2 2 -1/2
r/\Vv= <SE((PB)> e e l0e), (10.26)
2r DetD(¢F)
where the kerneK of the operatoD () is
5% (o)
K(X,y)= ———17
XY= So050(y)

The determinant in the denominator is usually reduced to well known de-
terminant of operatoDet(—a2 + Consi, whereConst = ¢g. In our case
however, effective action is nonlocal one and evaluation of the determinant is
not easy. To proceed, let us determine

du

2
Q% =V"(gg) + o? ( dw) (10.27)

du \?
M4 = 2 () .
dor

and the problem consists of calculation the determinant of opebatoE )
with the kernel

Ke(xy) = {5(x—y) (-2 + Q%) ~MiGe(x —y)} . (1028)

This kernel is not diagonal one, but it can be expressed using diagonal op-
erators (see [352]). Itis useful to determine the operator

Ge' = (~07 + ).
Then, some operator algebra simplify the expression
DetD(¢pr) = DetGe'D(¢pf)/DetGet = (10.29)
— Det [(—af + Q%) (=92 +m2) — M4] /DetGe! =
= Det(—d2 + w?) - Det(—92 + w3)/DetGg?,
where parameters;  are

1
0y =5 [Q2+ M~ \[(Q2 - me)? + am4]. (10.30)
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The problem of calculation of the determinant of the nonlocal operator in the
predexponent factor of the expression (10.26) is reduced to the calculation of
known determinants of oscillator-like operators.

Nevertheless, main factor of the expression (10.26) is the effective action in
the exponent. On the other side, as it is shown below, the value of effective
action increases in orders of magnitude under the influence of virtual particles.
It gives rise to a huge suppression of tunneling processes, much more than a
'naive’ estimation gives.

Let us choose the potential in the form

_ A2 2\ €
Vren—g((l) —a> -i-%((p—a). (10.31)
The instanton solution of the Euclidean equation of motion for the fietthy
be parameterized in the following way

M
o(X) = @g(r) = Atanh(z(r — R)) — B, (10.32)
wherer? = Zi:l x2. Parameter® and M are to be determined by minim-
ization of the action (10.25), while parametéksand B are chosen to satisfy
boundary conditions

pB(r — o) = ¢F;
ps(r — 0) = or. (10.33)

Higher derivatives are neglected in the expression (10.25) of the action. This
approximation is correct ypgs/m,pp << 1 (m, is the mass of-particles
which have formed the virtual cloud). On the other hand the derivative of
instanton trajectoryyesg is of the ordem, pg, wherem,, is the mass of-
particles. Numerical calculations indicate that the transition from false vacuum
to true one becomes noticeably wider due to the influence of virtual particles,
i.e. M << m,. Thus our approximation is valid at leastrif,/m, << 1.
Numerical O(4) - symmetrical solution of the equation

92¢ + ?arfp —V'(p) + (10.34)

0‘2 / 3 / 1 2 ! 2
+2u(e) | U (9)dre +U(0)(dre)” +U(p)dre| =0

X

is supposed to have the form (10.32). The results of calculations are represen-
ted in Figure 10.4. The standard result, when the effect of virtual particles is
not taken into account, corresponds to the cune-atx = 0. Itis clearly seen
that the effective action increases in orders of magnitude and vacuum decay is
exponentially suppressed as compared with the well known result.

As the result, we found that virtual particles at high energies could signi-
ficantly influence the classical motion and vacuum decay. It is shown that in
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Figure 10.4. Dependence of effective action on parametes 2«2/ mf(. The parameters of
potential (10.31) have the values= 1,1 = 0.1, ¢ = 0.01 in unitsm, = 1.

a wide range of parameters the first stage of inflation consists of 'superslow’
motion of inflaton field. One of the useful effect of virtual particles is the
considerable weakening of conditions on model parameters which is given by
observational data. Tunneling processes could be strongly forbidden compar-
ing with textbook result as well.

4. Inflation from slow evaporation of Bose
condensate

Here we consider, following [302, 112], the process of decay of symmetric
vacuum state as evaporation of a Bose-Einstein condensate of physical Higgs
particles, defined over asymmetric vacuum state. Energy density of their selfin-
teraction is identified with cosmological const#@nin the Einstein equation\
decay then provides dynamical realization of spontaneous symmetry breaking.
The effective mechanism is found for damping of coherent oscillations of a
scalar field, leading to slow evaporation regime as the effective mechanism for
N\ decay responsible for inflation without special fine-tuning of the microphys-
ical parameters. This mechanism is able to incorporate reheating, generation
of proper primordial fluctuations, and nonzero cosmological constant today.
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4.1 Introduction

Any thing which contributes to the stress-energy tensor,as= pvacuv,
behaves like a cosmological terfag,, in the Einstein equation. Develop-
ments in particle physics and quantum field theory, as well as confrontation
of models with observations in cosmology, compellingly indicate that the cos-
mological constanf\ ought to be treated as a dynamical quantity (for recent
review see [122]). At the very early stage of the cosmological evolution huge
value of cosmological constant is needed corresponding 40 > pcurT, to
drive inflation as providing the reason for the expansion of the Universe and
its isotropy and large scale homogeneity [48, 49, 52, 109, 35, 120]. Now cos-
mological constant is estimated from the variety of observational data at the
level pyac ~ (0.6 — 0.8)ptoday [96, 121, 355].

Several mechanisms have been proposed involving and supporting a negat-
ive vacuum energy density growing with time to cancel initial pre-existing
positive cosmological constamt. All those mechanisms utilize the basic
property of de Sitter space-time - its quantum and semiclassical instabilities
[51, 119, 114, 107, 108, 118, 116].

In scalar field dynamics the potential of a scalar fié(@) plays the role of
an effective cosmological constant in regimes when its derivatives are close to
zero. Starting from such a regime as an initial state, field equations typically
lead to successive coherent field oscillations [36, 120]. In the context of infla-
tionary models with effectivé related to inflaton field in slow rolling regime,
the further decay of coherent oscillations involves inflaton interactions with
other fields in models of preheating [339, 231, 117, 126, 104, 128].

On the other hand, we can treat the classical scalar field as the Bose-Einstein
condensate of physical quanta of this field defined over its ground state (true
vacuum). In the papers [110, 105] it was shown that process of emergence of
massive scalar particles in (from) de Sitter vacuum looks like evaporation of a
Bose condensate. In the paper [111] the model of self-consistent inflation was
proposed in which the same self-interacting scalar field is responsible for both
initial value of A and its further decay.

In the case of the Higgs field this approach involves both space-time and
particle internal symmetries. In gauge theories mechanisms of spontaneous
symmetry breaking imply that unbroken symmetry state is false vacuum state.
At the same time this is the highly symmetric state of space-time geometry
invariant under de Sitter group. In Ref.[111] this state was interpreted as Bose-
Einstein condensate of physical Higgs particles whose self-interaction energy
density corresponds to a scalar field potential in the state with the unbroken
symmetry. The process of decay of inflationary vacuum appears then as slow
evaporation of a Bose condensate responsible for inflation and further trans-
ition to the standard FRW model without special fine-tuning in initial condi-
tions for inflation. Dynamics of the cosmological term is directly related to the
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hierarchy of particle symmetries breakings, which makes such an approach
physically self-consistent [111].

In the present Section, following [302, 112], we identify cosmological con-
stant A with the energy density of self-interaction of scalar bosons bound in
the condensate. We show the existence of the slow evaporation mechanism
which seems to be generic for dynamics of Bose condensates. This mechan-
ism for A decay produces an effective kinetic damping involving decoherence
of coherent scalar field oscillations due to self-interaction and back reaction of
decay products.

4.2 The condensate of Higgs bosons
Let us start with the simplest example of the Higgs field

Vip) = 5 (6% - of)? (10.35)

In the context of particle theories, constant part of the Higgs potential is usually
omitted [4]. However, as we saw in the preceding chapters, in the cosmological
context this term becomes important. In theories with spontaneous symmetry
breaking the vacuum expectation value of the Higgs field, which couples to
bosons and fermions to give them masses, plays the role of an order para-
meter. The nonzero vacuum expectation value in the asymmetric vacuum state
< ¢ >= @, is interpreted as the development of a condensagepzirticles,
leading to the spontaneous symmetry breaking [36, 4].

On the other handy particles are not physical particles, they are tachionic,
with the imaginary mass, that reflects the instability of the symmetric state
of the theory. In the asymmetric, physically stable vacuum state (the state
with the broken symmetry) physical particles age particles, related t@
particles byp = y + ¢o. Itis y particles who acquire the mass by the Higgs
mechanism, and whose vacuum state is the true vacuum with zero potential
and with zero expectation value, y >= 0. Therefore, in terms of particles
%, the true vacuum of theories with spontaneous symmetry breaking, cannot be
a condensate, and we would rather have to treat the symmetric vacuum state of
a theory as a condensatejoparticles in bound state. Replacipgondensate
by y condensate sheds some light on the origimpfvhich in ¢ condensate
picture, where an effectiva is related to the state of zero field [52], looks
mysterious. As we shall see below, jncondensate picture effectivk is
related to nonzero value of the figjdas its energy density in symmetric state.

The Higgs fieldy in this simple model is described by the Lagrangian [111]

1 A
L=v-0 Egﬂvl;yl;v - Z(Z‘POZ + 22?2, (10.36)

where we dropped, for simplicity, the indices of internal variables. The poten-
tial takes the form

A
V(x) = 295x° + Agor® + G 1" (10.37)
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In the state with unbroken symmetry< y >= —go, < x? >= 93,
< 2% >= _<pg , and the energy density of a condensatejofparticles is
given by

A
<V(y) >= Z(pg. (10.38)

We see that the constant term, playing the role of the cosmological coAstant
in the Einstein equation, is identified with the energy density of condensate of
x patrticles being precisely the energy density of their self-interaction.

The potential (10.37) describes physical partiglewith masses of Higgs
bosonsm = v/21¢q, self-interacting and interacting with condensate.

The term Agpoy® (if re-written as 1 < y(t) > »3 with the account for the
time-variation of< y(t) > that we discuss below) corresponds to decay of a
condensate < y(t) > via the channe(< x(t) >— 3y, and describes
evaporation of Higgs bosons from condensateyofparticles. Remind that
in the considered picture theitial state of condensate< y(0) >= —¢o
corresponds to the state of local maximum wjtk= 0 in the terms of usually
consideredy particles. This state possesses the energy density (10.38), what
formally makes its decay energetically possible. Howevergify >= —¢q,

i.e. remains constant, no evaporation is possible. Only the existence of fluctu-
ations, causing the time dependenceof(t) >, can provide the condensate
evaporation (as we’ll see in the next subsection).

The term 1x*/4 reproduces the runaway particle production discovered
by Myhrvold [119]. The difference from the Myhrvold result is in the ori-
gin of A. Gravity-mediated decay ofA in Myhrvold approach is due to
particle creation by gravitational field generated by pre-existingot related
to created particles. In the approach [302}v m?¢3 is the energy density of
self-interaction of the same particles bound within a condensate.

The Hubble parameteH during the A dominated stage sl ~ v/A. In
the context of particle theories withy << Mp, the case [302] corresponds to
creation of bosons witin > H. Therefore the mechanism [302] differs from
that proposed by Mottola who studied creation of particles by gravitational
field via the Hawking quantum evaporation which leads to the exponential
suppression of massan > H [118]. In the Mottola mechanism light scalar
particles with m < H are evaporated from de Sitter horizon induced by
pre-existing A. In the mechanism [302] Higgs bosons wittm > H are
evaporated from the bound state within a condensate into the free states.

The approach [302] differs also from Parker and Zhang theory of relativ-
istic charged condensate as a source of slow rolling inflation [123, 124]. In the
aproach [302] condensate ¢f particles is essentially globally neutral, since
it corresponds to the state with unbroken symmetry - totally symmetric state in
both space-time and internal degrees of freedom [111]. The condensate decays
by evaporation, as well as by runaway productionyofparticles which cor-
responds to conversion of energy of initial globally neutral state into thermal
energy of y particles.
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4.3 Decaying A -term

Roughly, scenario [302] of\ decay looks as follows. Within a condens-
atey particles have four-momenta— 0. It corresponds to the trivial solution
x = —¢o of the Klein-Gordon equation that for the potential (10.37) in the
condensate regim®((y) = 0) reduces tqy +3Hy+I y = 0, wherel is ade-
cay rate. Its solution reags= yo+xoe "M /(3H+I) and givegy = —¢o
for the initial conditionsyo = y(t = 0) = —¢o, yo = x(t = 0) = 0. The
time-independence of this solution stabilizes particle state in condensate with
zero four-momentumy — 0). This means that the condensate is the clas-
sical collective state within which decay ¢f particles is impossible. (Their
de Broglie wavelength far exceeds the horizon, so that the asymptotic states
cannot be defined for the quantum transitions corresponding to decay inside
a condensate.) Therefore decay gf particles occurs in free states which
correspond to the coherent field oscillations.

The fluctuations 6 = y + ¢o over the state with unbroken symmetry
< y >= —¢@o are described by the potential

V(8) = %fp“ - %%52 + %54, (10.39)

which reflects the instability of the state with unbroken symmetry. Wrong
sign of the mass term corresponds to the excitation of the growing mode of
perturbation § over the symmetric vacuum state, leading to its decay. The
evolution of fluctuations is governed by the Klein-Gordon equation

. - 2
5+ 3HS — %5 +53=0. (10.40)

Let us estimate the characteristic time scale for the linear stage of develop-
ment of instability, neglecting thé® term and taking into account that in the
considered case¢p < Mp)

Wl__ 3|Wp

— = > 1 (10.41)
H T @0

In this approximation the solution to the Eq. (10.40) is given by
5(t) = Cre V' + Creve!, (10.42)

Growing mode of5(t) corresponds to decay of condensate with characteristic
timescaler ~ m~1. To estimate efficiency of decay the fluctuation density
can be introduced [302]

ns = %152. (10.43)

Then )
A 42ns
V() = Z(pg —mry + — o (10.44)
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The last term can be interpreted as self-interaction of fluctuations with the reac-
tion rate 4L/m? leading to effective decoherence of coherent field oscillations.
In the minimum of the potential (10.44) fluctuation density = m®/8 cor-
responds, by Eq. (10.43), t62 = ¢% . We see that stationary distribution
of fluctuations arounds = ¢o looks like a gas ofy particles with masses
m= \/ﬂm, evaporated from the state within a condensate into the fluctu-
ations. The potential (10.44) achieves its minimy§) = 0, which corres-
ponds to the total decay gk condensate into decoherent gagyoparticles, in
characteristic timer ~ m—* < H™L. So, the decay of condensate provides
the efficient mechanism foA decay.

We see, that identifyind/ (— ¢ ) with the energy density of self-interaction
of physical particlesy in the bound state of a Bose condensate, we can treat
instability of de Sitter vacuum as dynamical realization of symmetry break-
ing. The process of\ decay proceeds in this picture as the Bose condensate
evaporation.

4.4 Back reaction of decay products

Now let us show, following [302, 112], that the effective mechanism exists
related to this approach which makes the process of evaporation slow enough
to guarantee—folding needed for inflation.

Higgs bosons are generally unstable. Bgttparticles and products of their
decay interact with Hawking radiation from de Sitter horizon and with each
other. This leads not only to decoherenceyoparticles but also to appearance
of relativistic particles over the condensate with the effective equation of state
p = ¢/3 . Presence of relativistic gas in thermodynamic equilibrium with
condensate facilitates its further decay.

The dynamical role of not exponentially small thermal component in the
evolution of an inflaton field has been studied by Berera and Li-Zhi Fang [98]
and then incorporated into the scenario called warm inflation [99, 100, 101,
102, 103]. The classical equation of motion for a scalar fgeid the de Sitter
universe reads [36]

¢+3Hp+T,0+V(p)=0.

The friction terml, is introduced phenomenologically to describe the decay
of the inflaton fieldy due to its interaction with thermal component. Berera
and Li-Zhi Fang have shown, first, thatfif, ~ H, then thermal component
can play essential role in generation of a primordial density fluctuations [98].
Second, in the regimé, > H thermal component becomes dominant in
the equation of motion leading to warm inflation [99, 100, 101, 102, 103]. The
guestion of self-consistency of this regime as governed by thermal components
has been addressed in the papers [99, 100, 101, 102, 103, 127, 97].

In the case [302, 112] the mechanism leading to this condition, which we
can write ad , > H, is not related to thermal components and thus it avoids
the general problem of warm inflation scenario, pointed out in [127]. It is
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related to the effective friction due to interaction of free particles with the en-

semble ofy particles bound in condensate with the large occupation number,
which damps oscillations and leads to stationary regime of slow evaporation
of y condensate.

Let us show, following [302, 112], that decoherenceyoparticle states and
back reaction of their relativistic decay products lead to the effective damping
of fluctuations. The kinetic equations can be written in the standard way (see,
e.g.[36]). The kinetic equation describing the growth and decay of fluctuations
'S dn,

ot = M0 - n, —nn,o —3Hn,, (10.45)
whereo is the cross-section of the interaction pfarticles with relativistic
products of their decay. In the units= ¢ = 1 the reaction rate in the kinetic
equations coincides witlr. The first term in the right hand side describes
creation of y particles, the second - their decay, the third - their interaction
with products of decay, and the fourth - their redshifting.

The kinetic equation for products of decay, effectively relativistic matter
with the equation of statg = ¢/3, reads

O:;: = —3Hn +nn,o+n,. (10.46)

In the equilibrium
mn, —I'n, —nn,o —3Hn, =0,

—3Hn +nynyo+Tn, =0. (10.47)

Decay of y particles into light species impliesn > I , which corres-
ponds to applicability of perturbation theory for calculations of decay, and is
valid in models with coupling less than the unity. Then, taking into account
Eqg. (10.41), we get

. 3mH

pr=—; py=—u. (10.48)
o o

Equilibrium density of relativistic particles; is achieved when the density of
evaporated and decaygdoarticles

1 1 m?g2
~r= -r= 0
Prd m' " ' m 8

satisfies the condition

1mPp3

_ > _

m 8 c

This gives the lower limit on the characteristic widthyoparticles decay

r

r- 8m (10.49)

5
o0
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If this condition is satisfied, the potential evolves not to the valti&) = O,

but owing to the effective decay of physicgl particles and their destruction
by the decay products thg field oscillation is damped and the equilibrium
moves the potential to the valignax— p, — pr, becoming successively more
flat. Slow evaporation ofy condensate acts in such a way to flatten the
potential near its symmetric state.

We see that back reaction of evaporated particles and products of their de-
cay produces an effective damping of scalar field oscillations which leads to
effective flattening of initially nonflat potential and provides mechanism re-
sponsible for inflation without fine-tuning of the potential parameters. This
is qualitatively similar to effective flattening found around spinoidal line in
the Hartree-truncated theory of spinoidal inflation [106] (which involves fine-
tuning at the slow rolling stage preceding the spinoidal regime).

4.5 Regime of slow evaporation
The process of A decay is governed by the equation (2.47) of Chapter 2

which accounting for the equilibrium condition (10.48) has the form [112]

dpvac . 1 . m?
gt —3H(p, +pr + §pr) = —4H?. (10.50)

We can estimate the characteristic time of decay for two limiting cases of min-
imal and maximal cross-sectiom . The lower limit on cross-sectiorr is

o = 4z /m? which is the hard ball approximation cross-section for scattering
of particles of massesn/2. In this case [112]

dpvac _ _Em4
dt T

Taking into account that at the stage &f dominanceH o /pyac the law for
N\ decay follows from the solution of this equation

2
B t\° _ [3xMpypo |/ 3r Mp
pm_po(l_T) TV T Ve (1092

The solution (10.52) (as well as the Eqg. (10.51) itself) is obtained under the
condition of A dominance and thus is valid only &t< 7. It gives thee-
folding number

(10.51)

rl
- 81
and sufficient inflation for reasonable values of coupling: 6 - 103, The
characteristic time for reheating is~ AH ! and the reheating temperature
Try ~ /11/4m.

The upper bound fow is given byc = z/H?. In this case

Hr (10.53)

dpvac N 4 3,.-2. o PO
at = —;H m=,  pvac = (1+t/T)2’ (1054)
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where
BAY2 1 /Mp\?
Thee-folding number is then
H _31/Me i (10.56)
=322\ g0 '

and, for the considered caseg < Mp, inflation is sufficient for any A.
Reheating temperature fxy ~ AY/4H.

More detailed investigation of dynamics of a vacuum decay needs particular
model for calculatings, but the results will be within the range between the
cases of minimal and maximal. For example, the picture of evaporation
investigated in the Ref.[110] corresponds to the case of evaporation of Higgs
bosons and their reheating to the Hawking temperakqre~ H [115]. The
rate of A decay is given in this case by

d/;\f[ac — _3H m(mH)3/2. (10.57)

4.6 Discussion

Here we considered decay in the case of vacuum dominance. When ra-
diation density starts to exceed vacuum density at the last stage of evaporation
we would have to change the equation (10.50) taking into account the evolution
of Hubble parameter as well as of matter and radiation density, which in the
standard FRW cosmology evolves@ast—2. The Eq. (10.54) reproduces this
behavior starting at the stage of vacuum dominance for the case of maximum
possible cross-sectiof. Provided that this behavior remains dominating at
successive stages, this corresponds to the existence of remnant evaporating
condensate today with the density comparable to the total density in the Uni-
verse which seems to agree with results of recent analysis of observational data
[96, 355].

The generalization of this approach to the case of arbitrary scalar field po-
tential is straightforward. Any cosmologically reasonable potential must sat-
isfy the conditionV(p? — ¢3) > 0. True vacuum state ¢ >= gq is
determined as the minimum of the potentidl= 0. The physical particles
¥ = ¢ — o are defined over the true vacuum state. Their mass is given, as
usual, bya?V/d¢?. Any state withV(y) > 0 we can treat as bound state
of y particles trapped inside a Bose condensate. The equilibrium fluctuations
density corresponds to deviation of the potential from its initial value at the
given point by the quantityp, + pr (see Eq. (10.48)). It means that in a
characteristic timen~?! the field is not completely moved to its ground state,
but, instead, is stabilized near its initial value having slightly changed by the
magnitudep, + pr < V(x).
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We see that the decoherence gf particles and the back reaction of their
decay products leads to effective freezing of the field near its initial value.
Near this value the potential becomes locally flat, and the energy density of
condensate ofy patrticles starts to play a role of an effective cosmological
constant. It realizes the case of chaotic inflation for initially nonflat potential
in the casan > H and ¢g < Mp.

At the first sight, the appearance of slow evaporation regime in the approach
[302, 112] seems to lead to the same spectrum of initial density fluctuations
as in slow rolling models. However, the origin of fluctuations is different.
In the considered case fluctuations are generated by statistical distribution of
evaporated particles, while in the typical slow rolling picture they originate
from nonsimultaneous transitions to the ground state.

Formally the mechanism presented in this Section is based on rather trivial
solution @ ~ cons) of scalar field dynamics, which however appears to have
nontrivial consequences leading to kinetic equilibrium regime for slow evap-
oration of Bose-Einstein condensate. This kind of solution has analogies in
experimentally studied Bose-Einstein condensation in atomic physics [125].

The case of Higgs field considered here is the simple illustration of the pro-
posed mechanism o\ decay, which seems to be more generic and to work
also in non-Abelian gauge models without Higgs mechanism, in which sym-
metry breaking is induced by nonlinearity of gauge interactions as in tech-
nicolor models.cd

Let us summarize. The kinetics of the Bose condensate evaporation can
effectively damp the coherent field oscillations leading to slow evaporation re-
gime for wide range of possible particle interaction parameters. In the cosmo-
logical context this provides the effective mechanism/fadecay responsible
for dynamics of symmetry breaking, which can incorporate inflation, reheat-
ing, as well as nonzero cosmological constant today.

If we take ¢g ~ 101°GeVand 1 ~ 102 the predictede-folding ranges
from 40 to 10, pending on the possible particle interaction parameters. For
the same parameter range the condition of equilibrium (10.49), being neces-
sary for the realization of the considered mechanism [302, 112], is valid, if
the y particle width[T exceeds the lower limit, ranging from Am to
~ A(po/Mp)?m, what can be naturally satisfied in realistic particle models.

The reheating temperature, ranging fremi®*(po/Mp)go to ~ 13/4pq is
determined in the considered model by the parameapgrand 1 . For the val-
ues of these parameters, taken above, it is rather highQ3— 3- 10°GeV),
exceeding by few orders of magnitude the strict upper limit, following from
the analysis [277] ofLi overproduction by decaying primordial gravitino.
This problem may be resolved, taking into account the model dependence of
the above estimation as well as the dependence of the constraint [277] on the
model of gravitino.

The more general property of the considered model is that the nearly flat
spectrum of density fluctuations, generated at lafmdings, transforms into
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ultraviolet spectrum when generated in the end of inflation [302, 112]. Such ul-
traviolet behaviour can escape the constraints of WMAP [74], being predicted
at small scales, and appeals to the sensitive probes of the small scale primor-
dial inhomogeneity such as the analysis of mini-PBH formation (see review in
[71, 3]) for its test.

5. Non-canonical kinetic term

In this section we investigate dynamics of scalar field in the framework of a
non - canonical kinetic term and the simplest form of potential. It was revealed
that behavior of the field in the vicinity of singular points of the kinetic term
possesses unusual properties. In particular, the singular points could serve as
attractor for classical solutions so that a stationary value of the field can be
placed not in a minimum of the potential. We also discuss and estimate the
probability of formation of potentials with specific forms.

As we have seen, scalar fields play essential role in the modern cosmology.
The same origin of our universe based on the inflationary paradigm and mostly
on the dynamics of scalar field(s). New observational data on the nonzero
density of dark energy could be explained by the existence of scalar field as
well. Another possible explanation, quintessence models, are based on the po-
tentials which tends to zero when the scalar field tends to infinity. The defect of
scalar fields consists of unnatural forms of their potentials. For example, they
have to be extremely flat to be applicable to standard inflationary scenario [57].
Usually, the interaction of scalar fields with other ones implies very small. The
exception is its interaction with electromagnetic field for the explanation of
possible time variation of the fine structure constant observed recently.

So, one of the main problem is to validate those form of potential which
satisfactory fits observational data. It is usually achieved by a reference to more
general theories like e.g. M-theory, supergravity, multidimensional gravity and
so on. Here we show the natural way to produce a bunch of effective potentials
of scalar field. It is achieved by an interference of the simplest form of original
potential and non-canonical kinetic terms. In this connection it is worth to
mention that a non-canonical form of the kinetic term is applied more and
more widely in theoretical researches. As the example, the small value of the
cosmological constant, consistent with recent experimental data [355] can be
explained using a non-canonical form of the kinetic term in the scalar field
Lagrangian (like in the quintessential model [356, 357]). A non-trivial kinetic
term could be responsible for a new coupling between adiabatic and entropy
perturbations [358] as well as existence of the dark matter caused by phantom
fields [359]

Here we consider the action with the non-trivial kinetic term of the follow-
ing form

R 1
4 o
S= /d Xv/—9 [1 G + fK((p)(9ﬂ(p& o —V(p) (10.58)
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and concentrate on the influence of singular points of the kinetic ki) in
the form

K(p) =M"/(p — ps)". (10.59)

on the scalar field dynamics. HeM is some parameter (its value will be
discussed below). This form is correct at least in the vicinity of the singularity
if n > 0, or zero ifn < 0. The singular points are not uncommon exclusion.
The well known Brans - Dicke model [361] does contain a singularity at zero
value of thep. If a multiplier of the Ricci scalar equals to zero at some point
in the Jordan frame, the kinetic term will be singular in the Einstein frame (see
e.g. [347]) and vice versa. Quintessential models with negative power law
[362, 363, 364, 365, 366] are another well known example for the potential of
such a sort.

Well known hint is the transformation of functidito becomeK (¢p) = +1
by a suitable change of variable. It could be done during some inflationary
period [350], when the scalar field has definite sign, but not at recent epoch
where the field fluctuates around singular point. This problem is discussed also
in Refs. [374], [375], [376]. This point will be intensively exploited below, but
important remark can be done now.

To proceed, the equation of motion for uniform field distribution has the
form

. ) 1 .
K(¢)[¢ + 3Ho] + EK(q))sz +V(p) =0 (10.60)
in the Friedmann-Robertson-Walker universe whEralenotes the Hubble

parameter.
Keeping in mind expression (10.59) we have

$+3Hp — 9> +V(ps)(p — 9s)"/M"=0.  (10.61)

n
2(p — 0s)
Evidently the field valueps is stationary solution for any smooth potential

V andn > 0 providedp = o(¢ — ¢s). The last condition is not very restrictive.
The cosmological energy density of the vacuum is connected usually with one
of potential minima. In the case considered here it is not like this - the vacuum
state is connected not in minima of potential but in the singular point of the
kinetic termK (¢). To prove this statement, we limit ourselves by the simplest
form of potential

V(p) = Vo + mPe?/2. (10.62)

In the following we will consider only this class of models characterized by the
set of parameterm, \p, M. The stationary states is chosen in such a man-
ner to fit the cosmologicah— term, which is important ingredient of modern
cosmology (see review [75])

Vo + mMP92/2 = V(ps) = A (10.63)
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Figure 10.5. Disposition of the potential minima and the singular point of kinetic term for
n=1.

Modern energy densitp\ is small comparing to any scale at the inflationary
stage, what permits us to use the connection

0s > 1/2|Vo|/m. (10.64)

To facilitate more detailed analysis, new auxiliary variaples usually
turned into account. We suggest the substitution of variaples y in the
following manner

dy = £1/K(p)de, K(p) > 0. (10.65)
An action in terms of the auxiliary fielg has the form

R 1
_ 4 —~J - H,,
S= /d Xv=0{155 +59M) 592" 2 =V (1)},

where the potentidl () = V(¢(x)) is a 'partly smooth’ function. Its form
depends on the form of initial potentil(¢), the form of kinetic term and a
position of the singularities at = ¢s. Now let us consider some particular
cases oK (¢).

5.1 Making effective potentials

The casen=1

The kinetic term (10.59) has the for(¢) = M /(¢ — ¢s) in this case. The
initial situation is presented in Figure 10.5. It will be shown that the singular
point should be disposed closely to zero point of potential to supply small
energy density/ (¢s) of vacuum state.



Inflation: additional resources 243

U

a

Figure 10.6. The form of the potential for the case= 1. Chosen branches ar@:> ¢s —
x > 0;0 < ¢s — y < 0. In the latter case the auxiliary fiejdbehaves like phantom field
moving classically to the local extremum at the pgint 0.

Eq.(10.65) gives the connection between the physical ieddd the auxil-
iary field y

¢ = ps+ sgn(x)x%/4M.

Throughout this section we choose the one - to - one correspondence between
the physical variable and auxiliary variable in the intervals:

p<ps—x<0,0>0ps— x>0 (10.66)

using some freedom in the definition of fiejdand place singularity in the
point y = 0.
The potential of the fielgy acquires the form

1 2
U(x) = V(e(x)) =V + =m(ps+sgn(x) £-)2  for gs> 0;|y| < oo.

2 4M
(10.67)

If the auxiliary fieldy > 0, it finally approaches to the singular pojnt= 0
(see Figure 10.6). If the fielg > 0, than the auxiliary field behaves like
the phantom field [368, 369], which climbs to a top of a potential and hence
tends to the singular point as well. For the physical figldhe motion looks
like oscillations around the points. Finally, it is captured in the vicinity of
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the singular poinfy = 0(¢ = ¢s), One can conclude that this point is the
stationary one and the vacuum energy density equal§¢g), see Eq.10.63
rather thar\g as it could be expected from expression (10.62).

Value of parameters can be estimated if we interpret the auxiliary field as the
inflaton which in addition is responsible for the dark energy. To perform infla-
tion, slow roll condition [57] should take place. It takes place at the parameter
values

M~ Mp; [Wo| ~ Mg, m~ 1012Mp. (10.68)

The paramete€n is small to fit data on the temperature fluctuations. As usual,
the smallness of temperature fluctuations leads to some small parameters in the
inflationary model.

After the end of inflation the field moves classically to zero increasing its
velocity. If the last is large enough, the field could overcome the potential
minimum and then moves infinitely to the left as any phantom field. To prevent
that, the potential minimum must be deep enough,

Mol 2 U (¥end) (10.69)

what gives additional limit to the parametdy. Namely, equations (10.67),
(10.69) lead to the inequalityp| > (%)2 M3 at the field valueg > yend ~
Mp what is ordinary for the inflationary stage. This estimation do not contra-
dict the value (10.68) supposed above.

The problem of smallness of the vacuum energy den&ity, 10-123M3 re-
mains topical though the situation is changed. As it was mentioned above, the
smallness of the vacuum energy density is usually connected with the small-
ness of a potential minima what leads to intensive searches of physical reasons
of such a smallness. In the considered case the modern energy density is de-
termined by the singular points of non-canonical kinetic term, see Eq.10.63.
The smallness of\ could take place if the singular poigt; is placed very
close to zero of the potential. The suitable interval

A\
my/2 ‘Vo‘
(10.70)
is extremely tiny to be easily explained. It seems almost evident that such
coincidence is absolutely occasional, and its probability is very small. Next
section devoted to discussion on this subject. We will show that a probabilistic
language helps to obtain intrinsically not contradictive picture.

0< g < Ags =/~ 2U/MP + 2\ /NP — [~ 2\ /1P =

The casen = 2

The kinetic term has the ford(¢) = Ks(¢) = M?/(p — ¢s)?, see Fig-
ure 10.7. It was considered in [367] in connection to quintessence model. We
will show however that the latter arises naturally, withahtinitio introducing
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Figure 10.7. Disposition of kinetic term and potential for the case= 2. Arrow indicates
the field motion during the inflation.

a potential of an exponential form. New auxiliary field is connected with the
physical one by

¥ =Mlin P~ Ps )
Ps
so that the potential has the form
1 2
U(x) = Emzq)ﬁ [1+ sgn(es) - sgn(y) - ex/M] +Vb. (10.71)

If ps > 0 ande > ¢s, the potential mimics the quintessential model with
nonzero vacuum energy density= 3m?2 + \%.

The caseps < 0 andg > ¢s is much more interesting. The potential
(10.71) is highly asymmetric, see Figure 10.8, so that the behavior of inflaton
is rather different afy < 0 and aty > 0. Let us suppose that the infla-
tion starts withyi, > 0, point 1 in the Figure 10.8. The picture is similar
to improved quintessence potential [378], without problems of the radiation-
dominated stage during Big Bang nucleosynthesis. The chosen values of para-
meters

M ~ Mp, m~ Mp, |Vo| ~ 10 M3 (10.72)

permits the suitable inflationary stage and is in agreement with observations
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Figure 10.8. Effective potential for the case = 2 mimics the quintessential model with
nonzero vacuum energy density.

A modern epoch is characterized by a large negative value of theyfield
It slowly varies along the flat part of the potential with exponentially slow
variation of the vacuum energy density around the value (10.63). The prob-
lem emerged here is determination of the fate of our Universe. There are two
possibilities. The field could move all the time to the left slowly decreasing
its kinetic energy. The second possibility includes the field turns back at some
instant, and after a period of oscillations is rested at the bottom of the potential.

To perform calculations we write the equation of motion of auxiliary field
in the form

7 +3Hy+U'(y)=0.

Hubble parametdf depends on the energy density of matter and radiation and
varies with time, but for our estimations it will be enough to use average value
approximately equals tg? = 107123M3. Potential (10.71) has the form

~ 1
U(z) = Sl [(L—eM)2— 1+ A

HereA = im?¢2 + \ is the modern vacuum energy density.
For numerical calculations, it is suitable to change variables:

T = tHa§:Z/M_§*7
L& = xo/M =In(M2H?/mPg2)

Equation of motion now acquires the form
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Figure 10.9. Dynamics of dimensionless fielflin dependence of the cosmological time
Initial data¢ (0) = 0, ¢(0) = —0.5. The field moves away from the potential minima and after
some time turns back.

where it was supposed that the fiéld >> M andy < O today.
The initial value of kinetic term in the modern epoch can be estimated using
the equation of state parameter

72 -U(y)
YT

and equating the energy density of scalar field to the dark energy derfsity,
U(x) = A. It leads to the initial data

{(z=0)| gL (10.73)

In addition, it should be negative to prevent quick falling into the potential
minima. Numerical analysis of this equation revealed strong sensitivity of its
solution to the initial value'(0). The result of calculations with initial values
¢(0) = 0,¢(0) = —0.5 is shown in Fig.10.9. According to this calculation,
the Universe will get the minimum of potential in the cosmological time. If
£(0) < 0 the universe turns back to the potential minimum during 5 - 10'°
years. This minimum has negative value what leads to the vacuum reconstruc-
tion and the end of the life in our universe. J{0) < —2 the field motion
could last exponentially long.

Recent measurements of variation of the fine structure constardicate
that we could check the field variation. Moreover, in the nearest future we
will be able to distinguish whether we move towards the minimum or still



248 COSMOLOGICAL PATTERN OF MICROPHYSICS

are moving away from it. Indeed, it could be consequences of dependence
of the fine structure constant on the scalar field, see e.g. [370]. This idea
was developed in the framework of quintessence [371] and we apply it to our
case. Following the cited papers, suppose coupling of the scalar field with
electromagnetic one in the form

1
Lay = —3B(x)Fu P
and use first-order expansion

B(x) ~1—s(x—x:)-

So, the effective fine structure constant depends on the value of thg Balch
that

Ao  o— o

” - x)

Observational valuéa—“ ~ —5-10 7 over the redshift range.D < z < 3.7
shows that the value of the fiejddoes vary provided the observations will be
confirmed. If more accurate measurements supply us by experimental value
|Aa(z)/al we could distinguish the direction of motion of fiejd Indeed, the
value|A«a(z)/al «x || and must decrease if we move away to the minimum of
potential thus approaching to the turning point- 0.3, and must increase at
timest > 0.3. This remark also indicates the difference between the model in
guestion and quintessence models.

The casen = —1

A nontrivial situation takes place if the kinetic function has zero value at
some point, i.eK(¢) = (¢ — ¢s)/M. Eq.10.65 leads to the classical equation

(0 0) - (§+3Hp) — 297 + M V() =0 (10.74)

This equation is quite uncommon. Indeed, if zero paigtof the kinetic
term does not coincides exactly with the position of the potential minimum at
¢ = 0, the pointp = ¢ is not a stationary solutions of this equation. On
the other hand, if the functiong(¢) andK(¢) behave locally as is shown in
Figure 10.10, the poings is some kind of attractor. More precisely, if the field
value is larger thaws, then the kinetic ternkK (¢) > 0 and we have standard
rolling of the field down to the singular points. If the field value is smal-
ler thangs, thenK(¢) < 0. The field behaves like the phantom field [377],
climbing up to the potential and thus tending toward the peint Classic-
ally, the situation looks very strange - the singular point attracts the solution,
but forbids it to stay there forever. Evidently, the field fluctuates around the
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Figure 10.10. Disposition of kinetic term and potential in the case= —1. At the end of
inflation the field oscillates around singular pojnt

singular point what reminds of stochastic behavior. Additional discussion on
the similar problem can be found in the paper [379]. Stationary state could be
realized in terms of quantum mechanics like in the case of an electron in the
Coulomb field.

Letthe initial field valuep = ¢in > ¢s. An appropriate variable substitution
(10.65) looks like

0= os+sany) - 7lx1%3 v=0BYM/2?® o> ps

The potential of the auxiliary fielgg becomes

Ulx) = 3mP(ps +50r(z) 2?32 + %, (10.75)

U (x) is finite aty = 0 but its derivative is singular,

2 _
0= —3Modylx| 7. (10.76)

The potential (10.75) behaves ligé/2 at large field values. It leads to standard
inflation with moderate fine tuning of the parameters. Namely

M~ Mp, m~10°Mp, Vo~ 10 1°M7 (10.77)

If ps > 0, the fieldp will oscillate around critical point with energy density
(10.63).
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5.2 Probabilistic approach to the form of action

We have investigated several specific forms of effective potential. There are
many other potentials and kinetic terms discussed in the literature. Substantial
amount of them do not contradict observational data, but evidently only one
of them is realized in our universe. Exact form of scalar field action has not
been derived yet from a more fundamental theory. Thus a substantial number
of them remains topical. In this connection two questions can be raised and
need to be answered: (i) What shape of potential and kinetic term is realized in
our universe? Finding an answer would require that the theoretical prediction
would fit most observational data. Suppose one would find answer, then next
problem emerges: (ii) Why is this particular shape of potential and kinetic term
realized in nature? What are the underlying reasons?

Some theoretical hints on the form of the potential have been given by the
supergravity, which predicts an infinite power series expansion in the scalar
field potential [10]. Its minima, if exist, correspond to the stationary states of
the field. In the low energy regime it is reasonable to retain only a few terms
(lowest powers in the Taylor expansion) of the scalar field [344]. There is
still no physical law which limits the potential to have only a finite number of
minima. The potential caused e.g. by the supergravity could correspond to a
function with infinite set of the potential minima. The supposition that the po-
tential possesses infinite number of randomly distributed minima appears to be
self-consistent [360]. In the vicinity of each of the minima the potential has an
individual form and hence the universe associated with such a minimum may
be individually different from other universes. Our own universe is associated
with a particular potential minimum, not necessarily located at 0. Similar
behavior may hold also for the kinetic term.

Actually, any way of introducing scalar field leads to a theory with non
trivial kinetic term provided that quantum corrections are taken into account.
Indeed, such term arises necessarily in ordinary quantum field theory with a
scalar field. It is a standard result that the kinetic term of the effective action
acquires a multiplier which is a function of the field [332].

Let us discuss in this content the problem of small energy density observed
recently. The smallness of thfeterm value is explained usually on the basis
of more fundamental theory like the supergravity or the anthropic principle.
Our point of view is that we have to merge these approaches. Namely, more
fundamental theory supplies us with infinite set of minima of the potential.
These minima having an individual shape are responsible for the formation of
those universes used in the anthropic consideration.

The problem of small cosmological constant can be solved in the framework
of the random potential [360], see Chapter 9 and kinetic term of the scalar field
discussed in this Section. Such potential and kinetic term distributed in finite
region of the fieldp are represented in Figure 10.11. Fluctuations of the scalar
field which were burnt at high energies moves classically to stationary points,
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black points in the Figure 10.11. Those of them who reach stationary points
with appropriate energy density could form a universe similar to our Universe.
This energy density~ 107123M3) is the result of small value of a concrete
potential minimum or small value of the differenpg — ¢m, om is a zero of

the potentialV(¢m) = 0. The fraction of such universes is extremely small,
but nevertheless is infinite because of infinite number of stationary states.

How could one decide which of them is most promising? To get the idea we
would like to remind that main defect of inflationary scenario is the smallness
of some intrinsic parameter comparing with unity. It is the value of selfcoup-
ling A ~ 10~13for the potentiaM; = 1¢* or smallness of the mass of inflaton
field in Planck unitsm/Mp ~ 107 for the potential, = m?¢?/2. If we have
infinite set of absolutely different potentials, we can bring in the probability to
find potential with chosen value of any parameter. To do it, let us propose that
For any chosen minima of potential the probability to find parameter value
in an interval (gg + dg) equals to dP= W(g)dg, were W(g) is uniform
distribution. It is suitable but not obligatory to choose the interval (0,1).

Of course it does not relate to those parameters which values are determined
by observations.

Immediate conclusion is that the probability of poteniiaf* is about 1012
while the probability of potentiain®p?/2 is 1076, It means that the latter is
realized in 16 time more frequently.

Before proceeding we have to mention that in fact the probability is much
smaller due to smallness of the cosmologiéat term. In this context, the
probability to find a universe with so small vacuum energPis= 10123
This value is very small, but the whole set of minima is infinite. It means that
the subset of universes with appropriate vacuum energy density is very weak
but still infinite. So the probability to find appropriate potentals

P(V4) = 10 3Py
while the same for the potentish is
P(\Vz) = 10 6Py.

Important thing is ratio of these values but not their absolute values. It is the
ratio that shows us relative number of suitable universes.

It is interesting now to compare these values with probabilities of those
universes which are responsible for the singular points of kinetic term, rather
than potential minima. In the framework of the previous discussion, we could
expect that singular point(s)s may be found near some minimg, of the
potential. Now the problem is reformulated as follows: “what part of infinite
amount of minima contains singular points disposed closely to them? ” It
seems evident that this part is very small, but not zero, due to infinite number
of the minima. Only this part is important - it represents those vacua where
galaxies could be formed [30]
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Figure 10.11. Random potential and kinetic term. Black points mark stationary state of the
field ¢

The problem of the cosmological - term acquires another sense. One has
to explain the extremal proximity of singular point of kinetic term and a zero
point of the potential. Such a fitting seems absolutely accidental. Moreover, a
probability of this event is very small.

Following this way we can compare the probability of realization of poten-
tials discussed here. Their common multiplier is connected with the smallness
of interval for the singular point, Eq.(10.70)

M3

A
Po = Ags/Mp = oy .
b= Bos/Me = 2l v

(10.78)

For the casen = 1 the only additional smallness is dictated by last expres-
sion (10.68) and a part of such universes is

P My — P ME L p (10.79)
L~ o= Py P :

Universes with the properties described in the case 2 are distributed

with probability
Y V2V,
704 Po ~ P/\ 0
MP mVip

Py ~ ~1077P, (10.80)
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if the inflation starts at the right branch of the potential. Here we accepted
m~ Mp, Vo ~ M,é‘. The last considered case= —1, has the probability in
order of magnitude greater comparing with previous one

Po~ DV o p, V20
M M3 M3

~107%P, (10.81)

Important conclusion from this consideration is that the model with kinetic
term~ (¢ — (ps)_l is much more probable (at least in®1imes) comparing
with other models discussed above, including models with standard kinetic
term and the potentials: ¢ and ¢*. It means that our Universe is likely
governed by the model with kinetic term (¢ — ps) 1, if there are no physical
reasons to exclude it.

The probabilistic approach made above is valid for those models which ex-
plain observational data equally good. For example, if the variation of fine
structure constant will be confirmed, only one of the considered models re-
mains topical.

5.3 Conclusion

It is shown that the region where kinetic term changes its sign gives new
possibilities for the scalar field dynamics. It takes place even for the simplest
form of the potential. Depending on a position of the singular point of the
kinetic term, specific forms of the potential of the auxiliary field could be ob-
tained. One of the main result is that the stationary value of scalar field could
be situated in the singular points of the kinetic term rather than in minima of
the potential. Another interesting result is that if the singular point is a zero of
the kinetic term, the final state is intrinsically quantum state. We also compare
the probabilities to find universes with specific values of parameters.

6. Scalar-tensor models

The results of the previous consideration are connected with the renormaliz-
ation of kinetic term in the expression (10.25). Meanwhile, much more general
form of Lagrangian of scalar field coupled with gravity is known. One of the
most general model is Hyperextended scalar-tensor gravity [337]. Following
[347], we write it in the form

S= /d4x\/fg{f6(;péR+ %K(q)) (8¢)2—V(¢)}. (10.82)

As we have seen above, the coupling of the inflaton to the additional massive
field y leads to kinetic functiork of the simplest fornK (¢) = Consip? =
202 /mgo?, provided the value o€onstcould be arbitrary large. Thus, the
model discussed in the previous two sections represents one of the realization
of Action (10.82) with the functiori (¢) = 1.
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Generalized Brans-Dicke model is another particular case of the model
(10.82) with the nonminimal functiofr (¢) = ¢ and redefinition of kinetic
functionK(¢) = w(¢)/(87¢).

The theory of dilaton gravity is obtained if one denoke®) = exp(—¢)
andK(¢) = —exp—¢)/(87G).

Classical equations of motion for gravitation and the scalar field are ob-
tained by variation of the action (10.82) with these dynamical variables. The
equations are simplified significantly, if we limit ourselves by FRW metric,
what is usually good approximation for cosmological problems. In this case
the equations have the form [347]

8r 1 F’
H2 Thozaiv) - Fhe 10.83
3M§F<2"’+> =R (10.83)
3F2 8r ) .
L %K) (64 3He) +
<2F M3

= . 8r 18z , 8t (VY
{ZF<3F +M§K>+2M§K sk (g2) =0

A prime denotes the differentiation with respect to the scalar fieldls it was
discussed in the Chapter 2, there are three different FRW metric corresponding
tok = 0,+1. Eq. (10.83) is written for the case of flat Univerke= 0) which
is the simplest one. In any case, the two others tend exponentially to the chosen
case with time.

One can significantly simplify this system applying slow rolling conditions.
As the result one obtains

8t V

H? = MZE (10.84)
P
. VAW
3HK ¢ + F? (FZ) =0
with one of the slow roll condition in the form
M2 F vV \12
€= ﬁﬁ [In (FZ)] <<1 (10.85)

(see [347] for details). The slow rolling and hence inflationary stage take place
if e << L.

As we consider more or less general case with unknown functoasd
K, this condition could be fulfilled at energies, smaller, than the Planck scale.
Indeed, standard result with the functiohs= 1 andK = 1is thate < 1
takes place ifp > Mp for the potential of the fornV = A¢* - see Chapter
2. Increasing the functioK and/or decreasing functiof could make this
condition much weaker so that the inflation extends to smaller values of the
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inflaton ¢, as it is evident from Eq. (10.85). Concrete example was considered
in Section 3 of this Chapter.

Additional 'degree of freedom’ is a form of the potential. Many interest-
ing possibilities have been discussed in the literature. A bunch of variants of
the hybrid inflation is considered in [344]. Quintessence model [363] with
monotonically decreasing potential was proposed to explain nonzero value of
energy density in modern epoch. At last, the possibility of random potential is
discussed in Chapter 7, see also [317], [321].

Epilogue

As the result, we realize that there are a large number of inflationary models
elaborated up to now. Some of them are pure phenomenological, others have
some theoretical basis. The main problem now is to choose one that describes
observational data, which became much richer and refined during last decade.

The era of the precision cosmology begins. Cosmology is coming to fascin-
ating task to choose one theory among others. This task implies with necessity
close links between cosmology and particle physics and the the development of
cosmoparticle physics, studying the fundamental relationship between macro-
and micro- worlds.

This theory must explain observations and experimental data which are still
poorly connected now. Small list of those of them that we touched in the
present book is:

= Dark matter.

» Large scale structure and CMB fluctuations.
= Nonzero vacuum energy.

= Bursts.

= Massive black holes in galaxy centers.

= Intermediate black holes.

= Baryon domination in our Universe.

= High energy component in cosmic rays.

m Properties of Higgs scalar(s).

m 4-th generation in the fermion family.

» Trans-Planckian physics.

The impressive list of these problems, as well as of many others to be solved
by cosmoparticle physics, makes the development of this science the exciting
challenge for the new Millennium.
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