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l .  - I n t r o d u c t i o n .  

One of the most intriguing problems of modern physics is the problem 

of the unification of strong, electromagnetic and weak interactions in the 

framework of a unified theory. A number  of models of this theory  has been 

developed. The theory of the grand unification provides a description of the 

interaction between particles at superhigh energies, and the most  nontrivial  

predictions of the existing GUT models concern energies of the order of 

(1014 --1015) GeV at which the unification of strong, electromagnetic and weak 

interactions is hoped to take place. A direct experimental check of GUT 

predictions in this energy range is obviously possible neither in any planned 

accelerators nor in cosmic-ray experiments. This is why the  very few GUT 

predictions (the proton instsbility, the n-fi oscillation, the existence of the neu- 

trino mass, etc.) ~t energies achievable at  present give rise to such s grest  

interest of the physical community.  
On the other hand, at  the very early stages of the cosmological expansion 
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of the Universe the GUT energies tha t  were inevi tably realized must  have 
left some footprints  on the whole successive evolution of the Universe. The 
explanation of the observed baryon a symmet ry  within the f ramework of 
GUT's  scenarios of the evolution of the very  early Universe is a well-known 
example of the influence of the GUT's  effects on the  fate of the Universe. 
There are some other  possibilities for checking the predictions of GUT 
models based on their  astrophysical implications. In  this review we intend 

to discuss the possibility of the verification of GUT models based on the 
fact  tha t  some GUT models predict  the existence of sources of an t imat te r  
in the Universe. Thus the ra ther  old problem concerning the existence of anti- 
mat te r  in the Universe is revived in a nontrivial  way on the basis of GUT 
cosmology. Almost all earlier approaches to this problem were based on baryon- 
symmetr ic  cosmology. In  our review the possibility of the existence of anti- 
ma t t e r  in the Universe provided by  some GUT models is considered mainly 

within the frame of baryon-asymmetr ic  models. 
One of the most impor tan t  and testable implications of the presence of anti- 

ma t t e r  in the Universe is its ildiuence on the abundance of the light elements. 

The degree of such an influence depends both  on the amount  of ant imat ter  and 
on the dynamics of antiproton-nucleus interactions. Unfortunately,  the anti- 

proton interact ion with nuclei is very  poorly studied. So, one of the aims of 
this review is to stress the importance of the s tudy of ~A interactions. Since 
4He is the most abundant  (after hydrogen) element in the Universe, the 
investigation of the ~4He interact ion is of special interest.  An impor tant  ex- 
periment  of this kind already planned at  LEAI~ which may  provide useful 
information for astrophysics is the experiment  PS-179 where an helium 
streamer chamber is used (Dubna-Frascat i -Padova-I 'avia-Torino Collaboration). 
I t  will be shown in this review tha t  the results of these experiments may  pro- 

vide valuable information for put t ing  restrictions on the parameters  of some 

GUT models. 
The review is organized as follows. We shall s tar t  with a brief description 

of the modern  views on the evolution of the Universe (sect. 2). After tha t  
we discuss the problem of the existence of an t imat te r  in the Universe and 
its possible astrophysical observational effects (sect. 3). We will show tha t  
unique information on the possible presence of an t imat te r  at the stage of 
radiat ion dominance in the  Universe (t < 10 ~s s) m ay  be obtained from the 

s tudy of DdHe annihilation (sect. 4). The difficulties of early a t tempts  to 

include an t imat te r  in cosmological considerations will be described in sect. 5. 

The sources of ant imat ter ,  predicted by  some GUTs, are discussed in sect. 6-8. 

We consider the physics of primordial black holes (their formation and evapo- 

ration), the formation and annihilation of antimatter domains, the relationship 

between these sources of antimatter and the phase transitions iu the early 

Universe as well as heavy  metastable particles predicted by  GUTs. Some 
aspects of the theory  of galaxy format ion are in close touch with these prob- 
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lems. In  sect. 9 the observed abundances of light elements and their  pos- 
sible changes due to annihilation are discussed. In  conclusion (sect. 10) the  

necessary measurements and the restrictions on the parameters  of G U T  models 
which may  be obtained from these measurements are considered. 

The review cannot  at any rate  be t rea ted  as a complete or detailed descrip- 
t ion of the  big-bang theory  or grand unified models. There is no need of this 
in view of existing books and reviews [1-10]. Only those aspects of these the- 
ories which are in touch with the aims declared are discussed. However ,  to 
show the experimentalists in nuclear physics, to whom this review is addressed, 
the ropes of the modern cosmology, we include in this review some well-known 
basic points of the big-bang theory.  

2. - The  b ig -bang  Universe .  

2"1. The main  parameters o/ big-bang cosmology. - The modern  theory  of 
the expanding Universe is based on the assumptions of its homogenei ty  and 
isotropy on large scales. 

The expansion of the Universe proceeds in accordance with the Hubble  law 

(2.1) V = Hr  , 

where r is the distance between the objects, V is the speed of expansion and H 

is ]~ubble's constant.  The values of the modern  magnitude of Hubble 's  constant,  
obtained in astronomical observations, are in the interval  (50- -100)km/s .  
�9 Mpc [11]. The magnitude of ]:Iubble's constant  determines the magnitude of 
the so-called << critical density >> 

3H 2 
(2.2) pc---- 8sG ' 

where G is the gravitat ional  constant.  

For  H ---- 50 km/s .Mpe the value of po is 

0o = 5" 10 -~~ g/cm 3 . 

I f  the eosmologieal density ~ (the densi ty averaged over space regions 
g~'eater than  100 Mpe) exceeds the  critical one, the  world is closed and the  ob- 
served expansion will be inevitably succeeded by  compression. The dimen- 
sionless quant i ty  ~2--~ 0/0c is usually introduced, so tha t  Q > 1 corresponds 
to the closed world. Values g2 < 1 correspond to the open world; in this case 
the presently observed expansion will never stop. 

The observational data  on the value of 0 (and, consequently, /2) are 
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ambiguous (see [12, 13]). Es t imates  of the  mean  densi ty o~ m a t t e r  in 

galaxies and clusters of galaxies based on their  luminosi ty  give the value 
~ l . 5 . 1 0 - 3 ~ g / e m a .  On the  other hand,  the  es t imates  of the  masses of 
clusters of galaxies, f rom the veloci ty distr ibution of galaxies in the  cluster 
and  with the use of the  theorem of the viriM, tu rn  out  to be an order of mag-  

ni tude higher t han  the  est imates of the mass of the  luminous mat te r ,  i.e. 

the so-cMled (( hidden mass ~ pa radox  takes p l a c e - - t h e  largest  pa r t  of ma t t e r  

mus t  be hidden in the  fo rm of nonluminous objects. We shall re turn  to some 

aspects of this pa radox  in sect. 9. 

The most  impor t an t  proof of the big-bang theory  was the discovery of the 

isotropic microwave radio b a c k g r o u n d - - t h e  relic radiation.  I t s  observed flux 
/ v  has a the rmal  spec t rum 

2ha 3 I 
(2.3) S ,  - -  

c ~ e x p [ h ~ / k T ] - -  1 ' 

where IF is the  t empe ra tu r e  of the  background radiat ion and r is its frequency.  

Calculations of the  t empe ra tu r e  of the background  radia t ion based oil the 

flux observed in different directions f rom the sky give for fixed u the same 

value for the  t empera tu re  T with an accuracy of less t han  10 -4 [10]. Bu t  for 

different u, the  measured  value of T is much  worse and lies within the  intervM 

(2.65+2.9) K. These uncertaint ies  in T either m a y  be exper imenta l  or they  
m a y  reflect a real deviat ion of the background  radia t ion f rom the thermM 
distribution. All our subsequent  considerations will be based on the  assumpt ion 

of the the rma l  character  of the  background  radiation.  We will discuss, however,  
some possible physical  processes leading to ~ distort ion of the background 
spectrum. 

The presence of a the rmal  electromagnet ic  background with the quoted 

t empera tu re  corresponds to the  following mean  number  of relic photons per  
unit  volume:  

(2.4) nv = 2 0 T 3 =  (350 +500) cm -3 . 

The mean  number  of baryons  per  unit  volume is 

(2.5) n~,~  ~ B / m ~  (10-~ +10  -7) cm -3 , 

where m is the mass of the proton.  

Therefore,  the modern  Universe is characterized by  a very  small baryon-  
to-photon  rat io:  

n B 
(2.6) r ~ -  - -  lO-S--lO -1~ . 

~ty 
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The given interval of values of r~ accounts for the ambiguities in the mag- 

nitudes of the baryon density % and of the relic-radiation temperature  T. 

The thermal  character of the background radiation is not changed by  the 

cosmological expansion. Going back to the past, we obtain much higher 

temperatures.  Thus extrapolation to the past  leads to the picture of mat te r  

being in the state of hot plasma in equilibrium with radiation. The principal 

features of such a system are rather  simple being governed by  the well-known 

laws of thermodynamics.  That  is the bedrock of big-bang cosmology. 

2"2. The main stages o/ the evolution o] the big-bang Universe. - A brief 

sketch of the big-bang scenario will be given here. 

Every th ing  started from the (~ moment  zero )), when the expansion of the 

Universe began. Some ideas [14-17] on the physical nature  of the beginning 

have appeared recently. But  a quanti tat ive theory of the beginning has not  

been constructed at present. 

The time scale of the big-bang is depicted in fig. 2.1. The first character- 

The beginning 
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Fig. 2.1. 
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istic t ime is the Planck t ime 

(2.7) tp1 = -~- = 1 0  - d a  S , 

where G is the gravi tat ional  constant.  

In  this t ime the  size of the cosmological horizon, i .e .  the distance travelled 

by a light signal during the given cosmological time~ is equal to the Planck length 

V~ (2.8) It1 = -~- = 3.10 -3a c m .  

The values of lp, and trl determine the space and t ime scales on which 
quantizat ion of space-time is inevitable. Since quantum gravi ty  theory  has 

not  been developed up to now, 1F1 and tp, are the boundaries of our present 

knowledge, i .e .  we may  evolve the theory  of phenomena only for t > re, and 

l > lpl. 
At the moment  of t ~ tp, the tempera ture  of the Universe was as high as 

T ~ - ~ T r l ~ m p I d ~ V ~ = 1 0 1 9 G e V .  

Here  mpl=  10-~g is the Planck mass. 

The period tp, 4 t 4 1  s refers to the very  early Universe. Within the frame- 
work of GUTs it is possible, in principle, to answer the question on the physical 
conditions during this period. These conditions cannot be established unam- 
biguously, since the parameters  of G U T s  as well as the correct GUT model 
itself have not ye t  been established. However,  the s tandard prejudice of the not 

so far  past  of t reat ing this period of expansion as a white spot of our knowledge 
is removed. The history of the first second may  be pictured, and for a definite 
choice of GUT and its parameters  the picture is definite. Such a close relation- 
ship between particle physics and the cosmology of the very  early Universe 
provides a decisive check of some predictions of grand unified models by  their  
cosmological consequences. 

Exist ing or achievable in the near future  experimental  data  from accelerators 
support  the theoretical  description of physical processes at temperatures  
b e l o w - - . 1 0 0  GeV. Cosmic-ray data, however ambiguous, may  give some 

information on the physics below T ~-. 106 GeV. Physical processes at the higher 

tempera tures  T ) 106 GeV may  be discussed only within the framework of G U T s .  

The general tendency of the evolution of the very  early Universe is given 
by  the law of expansion of the Fr iedman Universe [1-5] 

3 4.5 "10 ~ 3 2 
(2.9) ~ - -  327~Gt ~ - -  t 2 g/cn?  = mpl (in units  B = o = I ) ,  
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where t is the cosmological time. At very  high tempera tures  all the  known 

particles (and the particles predicted by  G U T s )  were relativistic. They  were 
in equil ibrium with radiation,  and the thermodynamics  of a relat ivist ic gas 
gives for the energy density e the following relationship with the t empera tu re  T:  

( 2 . 1 0 )  s = @03-= u(~T 4 , 

where 

O" - -  
~2 k4 

157/8ez 
--  7.57.10 -~5 erg/cm s. degrees 4 , 

k = 1.38.10-~6erg/degrees is the Bol tzmann constant,  and ~ is the number  
of species of relativistic particles (taking into account their  statistical weight). 

One obtains f rom (2.9) and (2.10) tha t  

1 45 h3c  5 
(2.11) (kT) 4 -  ~ 32~ 3 Gt 2 

and 

1.3 NeV 1.5.101~ K 
(2.12) T --  

(t/ls)�89 i (t/ls)�89 \32..! t 

(in units / / = c = k = - l )  

o r  

1.78 2.25.10208 _ ~  45 ~�89 rap1 
(2.13) t - -  ( T / 1  1V[eV)~u �89 --  (T/1K)2x�89 \ 3 2 z 0 ]  ~ 

(in units  ] / = o = k = l ) .  

For  the  density of relativistic particles n, (of all the kinds), we have (taking 
3 k T  as the mean energy of the particles) 

s ~ [ ~  ~ ' 5 " 1 0 8 '  cm -z 
(2.14) n r -  3k-T --  t-lx~" 0.01 []~O] = (t/ls)~ 

In  any  system, thermodynamica l  equilibrium is maintained,  if the  ra te  of the 

processes setting up the equilibrium is greater  than  the rate  of change of the  
parameters  of the system (its density, temperature ,  etc.). In  the expanding 

Universe the lat ter  practically coincides with the rate  of expansion. When 
the t ime scale of the process exceeds the cosmological t ime scale (i .e.  the t ime 
from the beginning of expansion), the equilibrium is broken. For  particles with 
concentrat ion n and relative velocities v the process with cross-section a and 
rate a v  has t ime scale 

(2.15) ~ ~ -  ( n a y )  -1 , 



ANTIFROTON INTERACTIONS WITH LIGHT ELEMENTS ETC. 9 

so equilibrium with respect to this process is manta ined in the expanding 
Universe at the cosmological t ime t, if the  condition 

(2.16) ~ < t 

is fulfilled. If the equilibrium condition (2.16) is broken for some particles, the 
phenomenon of (( freezing-out ~) or (~ decoupling ~) takes place. The concentra- 
tion of particles is no longer equal to the equilibrium one, their  relative con- 
centrat ion with respect to the other  particles is (( frozen out ~>, remaining un- 

changed ut all the successive stages of the expansion. 
The preceding discussion of the very  early Universe was based on the 

simple consideration of the law of cosmological expansion (2.9). Within the  
framework of GUTs some specific features arise. 

According to GUT, at very  high temperatures ,  ufter the Planck t ime tp~, 
all the particles were massless. They  acquired their  mass as a result of transi- 

tions to the phase of spontaneously broken gauge symmetry ,  which must  have 
occurred in the Universe when the tempera ture  dropped below certain critical 
values. Even  in the simplest version of GUT, based on the SU5 gauge sym- 
metry,  two such transitions are predicted (see fig. 2.1) [7, 18]. 

1) At TGL.T~ ]015 GeV, i.e. at tou T ~ 10 -35 s, a phuse transit ion from the 
S U5 symmetric  phase to the S U~ • • UI phase takes place. After this 
trunsit ion a difference between the  strong and unified electroweak interactions 
arises. Before this phase transit ion t ransformat ion of all species of particles into 
any other  species was possible. After the phase transit ion gauge bosons me- 
diating baryon-number-nonconserving transitions turn  out to be very  massive 
M x ~  1014 GeV and the respective processes soon become highly suppressed 
and go out of equilibrium. If there has been any excess of baryon number  be- 
fore tc.uT , it would have been removed due to buryon-number-nonconserving 
processes. But  CP violation in these processes after  tO,T, when the equilibrium 
condition (2.16) is broken for these processes, induces baryon  excess generation, 
and this baryon excess survives due to the high suppression of baryon number  
noneonservation at the later stages of the expansion. We discuss in some detail 

these processes in sect. 7. 

2) At Tws,-~300 GeV, i.e. at tws~  10 -11 s, a phase transit ion from the 
SUs • U1 symmetrical  phase to the U, ...... phase of short-range (W and Z bosons 
acquire mass) weak interactions takes place. The masses of all the  known 

particles are believed to be gener,~ted as a result of this phase transition. 

The period between t~t~ T and tws may show a ra ther  complicated behaviour,  
determined by  the parameters  of GUT models. Other  phase transitions, heavy- 
metastable~particle dominance stages, anomalous vacuum dominance stages, etc., 
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may arise in this period in some versions of GUTs. We shall discuss these pos- 
sibilities as well as their possible check in sect. 6-8. 

In the period after tws it may be expected that  ~ll the known types of 
quarks and antiquarks (as well as gluons) and leptons were in equilibrium. As 
the temperature dropped below the mass of heavy species, these particles and 
the corresponding antiparticles annihilated (or decayed), so that  the corre- 
sponding contributions to the energy density were distributed between the 
lighter species. 

The next characteristic moment (see fig. 2.1) is tQo . ~ 105 S, when the tem- 
perature dropped down to TQC D-~ AQc D ~ 300 MeV. Confinement of colour takes 
place in this period. The quark-gluon plasma transformed into the gas of colour- 
less hadrons. A detailed picture of this transformation has not been elaborated 
yet. However, it may be expected that  at T ~ TQc D hadrons were present 
in the Universe in their usual (observational) form, and not in the form of quarks 
and gluons. At higher temperatures T > Tqc D the density of relativistic quarks 
and gluons was determined by the equilibrium law, being given by eq. (2.9). 
Mter  tQc D pions, nucleons and antinucleons were formed, and the baryon excess, 
generated in the baryosynthesis, was transformed into the excess of baryons 
over antibaryons. A t  t>~].O -~ s, i.e. at  T<100 MeV, pions decay and baryon- 
antibaryon annihilation proceeds. Due to annihilation practically all 0V3T 
pairs were burned and only a small baryon excess Ann/nv ~ 10 -9• which was 
created at t ~ tG~ T survives. 

By the first second of expansion (i.e at T ~ 1 MeV) approximately equal 
amounts of photons, neutrinos and antineutrinos of all kinds, electrons and 
positrons were present in the Universe. There exists a small (about 10 8--10-1~ 
in density) admixture of nucleons. This small admixture is the main prediction 
of G U T  cosmology. I t  is this very admixture that  is the basis of all the vis- 
ible matter surrounding us. 

We may conclude that, in fact, any modification of the presented scenario 
of the evolution of the very early Universe is possible, provided that  it results 
in the same baryon-to-photon ratio. Thus any other relic of the very early 
Universe surviving to the successive stages of expansion would be of great 
importance. 

The period 1 S~t~tRD"10~2S refers to the radiation dominance (]~D) 
stage of the evolution of the Universe, since the radiation energy density ex- 
ceeds the matter density in this period. The respective interval of temperature 
1 MeV>~ T ~  1 eV provides the conditions for the well-established nuclear and 
atomic processes. Any possible uncertainty in their description is connected 
with the uncertainty in the magnitude of the respective parameters. The astro- 
physical impact of these processes leads to observable effects. Thus the prin- 
cipal features of the evolution at the RD stage may be checked in astronom- 
ical observations, since the primordial chemical composition and the observed 
electromugneti c thermal background are relics of this stage. 
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At t,-~ (0 .1+1 ) s  (i.e. a t  T ~ ,  (3- -1)MeV) ,  the t ime scale of reactions of 
weak interaction exceeds the cosmological t ime  scale, so tha t  neutrinos decouple 
f rom the other  particles and the ~ reactions 

(2.17) Ve@n ~ e @p , 9 @ p  ~ e + + n  

are <( switched off )>. This means tha t  the ratio of neutron and proton concen- 
trat ions is frozen out  and does not change unti l  neutrons decay at t ,--103 s. 
However,  most of the neutrons do not succeed in decaying, since at  t ~ 102s 

(at T D ~  100 keV) they  combine with protons forming deuterium in the re- 

action 

the inverse reaction 

(2.1s) 

At T :> T D 

(2.19) 

nq-p  -+ d q - y .  

y -~ d -->n ~ p 

destroys the bulk of the produced deuterium, but  at T < T D this reaction is 

inefficient, so the formed deuter ium participates in successive thermonuclear  

transformations : 

T + p  , T + d  --> ~ H e + n  , 
(2.20) d + d <  

3 H e + n ,  3 H e + n  -~ T + p  . 

As a result of these t ransformations the (~ primordial  chemical composition ~) 
is formed. This composition is of great importance for our future  discussion. 
Thus a detailed consideration of present observational data  on the light-element 
abundances and the dependences of the calculated primordial abundances of 
these elements are given ill the appendix. 

At Trec~3000 K (~r~c~]01a8) recombinat ion of protons and electrons 
takes place. Neutral  atoms are formed and photons decouple from mat- 
ter. At 

(2.21) 
1 n~ 1 

T m ~ _ _ _  m ~ -  rR m ,  
3 n ~  ~ 3 

the density of ma t t e r  @B= m ~ %  exceeds the density of photons 9v ~ n ~ 3 T .  

The moment  tm, when the mat te r  dominance ~ > @v begins, is determined 
by  the magnitude r B ~ n , / n ~  and is ra ther  close to the period of recombina- 

tion. So at t > tRD (see fig. 2.1) the stage dominated by  the modern ma t t e r  
begins. At this st'~ge the gravi tat ional  instabil i ty of the atomic gas evolves. 

Small densi ty fluctu.~tions of the mat te r  density grow into the observed 
s t ructure  of inhomogeneities (clusters of galaxies, galaxies, etc.). 

The process of growth of density fluctuations takes a ra ther  long time. 

Long after  tad , ma t t e r  expands almost uniformly, and the growth of inhomo- 
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geneities is reduced to the growth of the density contrast between different 
regions. Only almost recently at t ~ 10 ~ s the first inhomogeneities, separated 
from the general cosmological expansion, were formed. Their successive evo- 
lution has resulted in the galaxy formation. In the interiors of stars, formed 
in the galaxies, thermonuclear reactions result in heavy-element production. 

Stellar explosions at the end of stellar evolution eject heavy elements into the 

interstellar space. So at the stage of galaxy formation stellar nucleosynthesis 
takes place. 

Based on the physical laws well proved in the laboratories the picture of 
the cosmological evolution after the first second of expansion presents some 
definite quantitative predictions. 

The general consistency of these predictions with the observations makes 

the whole picture reliable and seems to leave rather little room for its possible 
changes. However, recent (see [19, 20]) investigations of the astronomical 

impact of the neutrino rest mass have shown that  big-bang neutrinos--relics 

from the first second of expansion--can change drastically the whole picture 
of the successive cosmological evolution. And this change results in even better 
consistency with the observations. 

2"3. The  p a r a d o x  o/ ant imat ter .  - According to the above-presented scenario 
of the big-bang Universe, the presence of antimatter in the very early Universe 
(at t ~tQCD) WaS inevitable. The amount of antiparticles was almost equal to 
the amount of particles. But in the course of the successive expansion almost 
all the antiparticles annihilated with the respective particles, so that  only a 
small excess of particles generated by GUT processes survived. The presented 

scenario leaves practically no room for any sizable amount of antimatter (or anti- 
nucleons) at successive stages of the expansion. However, slight modifications of 
the GUT scenario may result in the prediction of the ~, late ~> (i.e. long after tQcD) 

appearance of a considerable amount of antimatter in the Universe. Two pos- 
sible sources of the ~ late ~> appearance of antinucleons in the Universe may be 

realized: a) Survival of antinucleons from the early stages due to suppression 
of their annihilation in the period after tqo . .  (The following possibility exists. 
If the baryon excess was distributed inhomogeneously, regions with a deficit 

oi baryons may arise, so that  antibaryons survive in these regions.) b) ~ Late ~> 
production of antinucleons. Decays of frozen heavy metastable particles H 

of the type 

(2.22) H -~ W2V~-anything 

or evaporation of primordial black holes, containing APA ~ pairs among the prod- 
nets of evaporation, are possible examples of the sources of late J f  production. 

These sources of late appearance of antinucleons in the Universe and their 
relationship with GUT parameters will be discussed in detail in sect. 6-8. In 
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any  case the  appearance  of a considerable amoun t  of gntinucleons (an t imat te r )  

in the Universe long af ter  tqc D m a y  imply  substant ia l  astrophysical  effects. 
These effects are considered in the following sections 3 and 4. 

3. - The  searches  o f  ant imatter .  

For  tile reader ' s  convenience we s tar t  by  summar iz ing  the  present  s ta te  of 

tile searches for a n t i m a t t e r  in the  Universe:  

1) The s tandard  point  of view is tha t ,  a t  present ,  there  is no a n t i m a t t e r  

on a macroscopic scale up to the  scales of clusters of galaxies. This conclusion 

comes f rom the observat ional  da ta  of y-as t ronomy.  

2) The s tandard  cosmological theories lead to the  conclusion tha t ,  at  pres- 

ent, there mus t  be pract ical ly no an t ima t t e r  on a macroscopic scale. 

3) Nevertheless,  ant iprotons  in cosmic rays  were found and their  spec- 

t r u m  is not  well consistent with s tandard  models of cosmic-ray propagat ion.  

The da ta  of , (-astronomy, in principle, do not  contradict  the  results of calcula- 

tions based on the assumpt ion  of the  annihilat ion na ture  of the , /-spectrum. 

4) Observat ional  restrict ions on the  amoun t  of annihi lated an t ima t t e r  
a t  early stages of the  cosmological evolution are ra ther  weak. 

Our point  of view is tha t ,  ve ry  probably ,  there is no substant ia l  amoun t  of 
a n t i m a t t e r  a t  present ,  bu t  this could have  possibly been the  case in the pas t  (*). 

I n  this section we s tar t  f rom the consideration of results of the direct searches 

of pieces of an t ima t t e r  (such as ~, A, ant imeteors ,  etc.), then  we discuss the  

results of indirect  searches of a n t i m a t t e r  due to the observat ion of annihila- 

t ion products.  At  the end we touch briefly the troubles of the s tandard  baryon-  
symmetr ic  model of the Universe. 

3"1. A n t i m a t t e r  i n  the cosmic  rays.  - In  this subsection we consider the  ques- 

t ion:  did we see pieces of antiworld such as antiparticles,  antinuclei or more  

complex antibodies on the  E a r t h  or in its vicini ty? 

Ant ipar t i c l e s .  We have  really observed ant iprotons  in cosmic rays.  All 

observat ions  have  been done by  a bal loon-borne equipment .  The results of these 

exper iments  are summar ized  in table  3.I. 

(*) To be exact, at this point, we are talking of the presence of considerable amounts 
of antibaryons in the Universe much later than the so-called ((hadronic stage ~>, i.e. at 
t>> 10-3 s. 
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TABLE 3.I. 

V. L~r C H ] ~ C H E T K I N ,  ~ .  YU.  K H L O P O V  a n d  M. G. S A P O Z H N I K O V  

Group N~ T~ N~INp 
number of energy of 
p (GoV) 

1) GOLDEN et al. [21] 28 4.7 , 1 1 . 6  (5.2 • 1.4)" 10 -9 

2) BOGOMOLOV et al. [22] 2 2 -- 5 (4 • 3) �9 10 -4 

3) ]~UFFINGT01~ et al. [23] 14 0.13-- 0.32 (2.2 4- 0.6). 10 -9 

These an t ip ro tons  did n o t  necessari ly come f r o m  the  ant iworld .  More 

p r o b u b l y  t h e y  h a v e  been  crea ted  b y  the  in te rac t ion  of cosmic rays  wi th  the  

inters te l lar  med ium.  The  cor responding  reac t ion  is well k n o w n :  

P d - P  -~ p - ~ p d - p d - p - ~ - a n y t h i n g .  

The  p rob l em is t h a t  t he  resul ts  of observa t ions  [23] are no t  consis tent  wi th  

o rd ina ry  cosmic- ray  theories  in which  it is a s sumed  t h a t  ~ ' s  are secondaries,  

I n  fig. 3.1 we show the  results  of the  theore t ica l  ealeulutions of the  ~ flux 

I- / k 

1 0 - 3 ~ L  ~ 
10 -1 10 0 101 10 2 

F_ (GeV) P 
Fig. 3.1. - Secondary-antiproton flux predictions (from [24]). Curve a) corresponds 
to a standard (~ leaky box >> model of cosmic-ray propagation. Curve b) corresponds 
to the same model but the quanti ty of matter with which the primary protons inter- 
act is 16 times bigger. Curve c) is a spectrum proportional to that  of protons, but ar- 
bitrarily scaled down by a factor 2000. Be denotes Bogomolov et al. point [22], G 
denotes Golden et al. [21], B denotes Bui~ington et al. [23]. Three crosses in the upper 
part  correspond to the Buffington point corrected for the effect of solar modulation 
which tends to reduce the energy of cosmic rays entering the solar system. 
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from paper [24]. Curve a) corresponds to a s tandard model of cosmic-ray 
propagation (the so-called (~ leaky box ~) model). Curve b) is the result of cal- 
culations in the framework of the standard model, but  under the assumption 
tha t  the reduced quan t i ty  of mat ter  in our Galaxy with which the primary 
protons interact  is 16 times bigger than  usually assumed [25]. Curve c) is 
a spectrum proportional to tha t  of protons, but  arbitrarily scaled down by a 
factor 2000. From the results in fig. 3.1 one can conclude tha t  the observational 
data  (or, at  least, Buffington's point) are not in satisfactory agreement with 
the theoretical predictions. 

Among the possible explanations of this contradiction, except the trivial one 
(experiments are wrong or theories are not suitable), we shall mention the 
hypothesis on n-~ oscillations and on the (( true ~; ant imat ter  origin of the ob- 
served ~'s. The n-~ oscillations due to baryon number nonconservation, pre- 
dicted by GUT, induced the transition of the ordinary neutrons to antineutrons 
which subsequently decayed into ~'s. However, detailed calculations [26] 
based on this interesting suggestion seem to rule out this possibility. 

STECKE]r suggested tha t  the cosmic-ray ~'s are antiprotons from anti- 
galaxies. In  a number of papers [9, 27, 28] he favoured the baryon-symmetric 
cosmology (BSC). According to the BSC mat ter  and ant imat ter  are separated 
at  the level of clusters of galaxies. High-energy particles might be able to leak 
into neighbouring regions, thus giving rise to an ant imat ter  component of 
cosmic rays. The shape of the expected ~ spectrum might  not  differ from 
curve c) in fig. 3.1. But  this would be the case if, due to intergalactic prop- 
agation, there were no significant distortions and i GeV particles could, finally, 
reach another cluster of galaxies. One more difficulty of this model arises from 
the fact tha t  ant ihel ium nuclei ~ are not observed in cosmic rays at  present. 

Evaporat ing primordial black holes (PBIts) are another possible exotic 
source of antiprotons (see sect. 6). According to HAWKING [29], PBHs with a 
mass of 1015g are evaporating now, radiating particles as a black body with 
surface temperature ~ 10 MeV. In  the course of evaporation the mass of the 
P B H  decreases, thus increasing the surface temperature of the P B H  

1013 GeV 
~TpB H - -  M(g) 

So, when less than 1 ~o of the initial (1015 g) mass is left, TpB E exceeds 1 GeV 
and p~ pairs may  be radiated by the PBH.  PBHs should be distr ibuted in 
the h,~lo of the Galaxy, so they  would be the galactic source of ~'s. Note tha t  

production is strongly suppressed in this mechanism, so there is no diffi- 
culty in explaining the absence of ~ in cosmic rays. 

Antinuelei. The upper limit of the ~/~ ratio is 2.2.10 -5 [23]. For  other 
antinuclei the corresponding limits vary  from 1.10 -3 to 9.10 -5 (see [6, 30]). 
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No antinucleus has ever been found in cosmic rays~ despite the fact  tha t  
the BS cosmology is not  excluded on the basis of these data. I t  is seen t h a t  

the  observational  limits are not  very  str ingent  and the  detect ion of even one 
antinucleus (for example,  ~) may  tu rn  over all our speculations. We know 

tha t  the  probabi l i ty  to form ~ in proton collisions is ex t remely  small ~ 10 -H. 

On the other  hand,  ~'s may  be copiously produced in antistars.  

Antibodies .  - We put  aside the speculative hypothesis  of Alfv4n [31] t h a t  
observed y-bursts are the result of ant icomets falling down on stars and men- 
t ion only the  experiments  make by  KO~STA~TI~OV et al. [32]. They  investigated 
the correlation between the appearance of meteor  showers and the increase of 
the  intensi ty  level of y-radiat ion and neutrons.  They  observed an increase of 
the  y-radiat ion and of the  number  of neutrons at al t i tudes of (13- -18)km 

the  moment  meteors  appear. The effect is about  2 ~o greater  t han  the  back- 
ground. F rom the  stat ist ical  point  of view, the effect is greater  t han  the  

background of 6a. 

3"2. The observation o/ products  o] possible annihi la t ion .  - As well as the 
proof of the pudding is in eating, the proof of the antiworld is in the an- 
nihilation. So, the question is: can the observed data  on the possible products  
of an t imat te r  anaihilation result in the conclusion of the existence of anti- 

mat te r?  

3"2.1. A n n i h i l a t i o n  a t  r e s t .  Let  us consider P]5 annihilation in cos- 
mic space. The typical  kinetic energies of the part icle we are interested in are 

small. 

Fig. 3.2. 
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I n  t a b l e  3 . I I  we s u m m a r i z e  t h e  d a t a  on m u l t i p l i c i t y  a n d  b r a n c h i n g  r a t i o s  

for  d i f ferent  a n n i h i l a t i o n  channels .  I n  f igure  3.2 we show s c h e m a t i c a l l y  t h e  

a n n i h i l a t i o n  in  space.  The  n u m b e r s  on  t h e  l e f t - h a n d  side c o r r e s p o n d  to  t h e  

m e a n  d i s t a n c e  which  a p a r t i c l e  can  t r a v e l  in  space  w i t h o u t  i n t e r a c t i o n  u p  to  

i ts  decay .  

TABLE 3.II .  - The main ]eatures oJ the p~ annihilation at rest [33]. 

1) Average mult ipl ic i ty  
+0.04 

?~n~ 3.05_o.o36 

nno 1.96 • 0.23 

n~ (total) 5.01 • 0.23 

2) Average energy of pions 

Er: 234 MeV 

3) The main annihilat ion channels 

n+r: - 0.375 • 0.03 

n+n-n ~ 6.9 ::k 0.35 

:~+n-X ~ 35.8 ~ 0.8 

2r:+2n- 6.9 • 0.6 

2n+2n-~~ 19.6 ~ 0.7 

2n+2r:-X ~ 20.8 4- 0.7 

3n+3n - 2.1 ~ 0.25 

3n+3n-n ~ 1.85 •  

3n+3n-X ~ 0.3 4- 0.1 

One  can  see t h a t  a t  a d i s t a n c e  of a b o u t  9 k m  f rom t h e  p o i n t  of ann i -  

h i l a t i o n  on ly  y - q u a n t a ,  e +, e -  a n d  n e u t r i n o s  su rv ive .  A n  e x a c t  c a l c u l a t i o n  

shows t h a t  a la rge  p a r t  of t he  a n n i h i l a t i o n  ene rgy  ( ~  50 %) is ca r r i ed  a w a y  b y  

neu t r i nos ,  a b o u t  34 % b y  7 - q u a n t a  a n d  t h e  r e m a i n i n g  16 % is d i v i d e d  b e t w e e n  

e + a n d  e- .  

So, we, in  p r inc ip le ,  can  sea rch  for  t h e  s ignal  f r o m  a n n i h i l a t i o n  in  f luxes 

of neu t r i nos ,  y - q u a n t a  a n d  e+e-. 

F r o m  t h e  b e g i n n i n g  we d i s ca rd  f r o m  our  c o n s i d e r a t i o n  t h e  e+e - c o m p o n e n t .  

A lo t  of e+e - pa i r s  is c r e a t e d  in  t h e  i n t e r a c t i o n  of o r d i n a r y  cosmic  r a y s  w i th  

t h e  i n t e r s t e l l a r  m e d i u m  a n d  w i th  t h e  E a r t h  a t m o s p h e r e .  T h a t  b a c k g r o u n d  is 

so l a rge  t h a t  we c a n n o t  e x t r a c t  t h e  e+e - f l 'om t h e  a n t i m a t t e r  a I m i h i l a t i o n  on ly  

(for f u r t h e r  cons ide ra t i on ,  see [6]). 
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3"2.2. N e u t r i n o s  f r o m  t h e  a n t i w o r l d .  I t  is well known tha t  at  pres- 
ent  we have not  suitable detectors for extragalactic neutrinos, bu t  this does 

not  exclude the apperance of such detectors in the near future.  So, we discuss 
here the principal possibility to use neutrinos as a signal f rom the  antiworld. 

I t  is easy to show that ,  in principle, one can distinguish between neutr inos 
of stars and those of antistars. For  example,  neutrinos are radia ted from 

stars in the  process of deuter ium format ion 

p + p  ---> d-I-e+-[-%, 

while antistars emit  antineutrinos 

Another  impor tan t  possibility arises due to the collapse of an ordinary star 

into a neut ron star, which is accompanied by  huge neutrino radiat ion owing to 

the processes of neutronizat ion in the collapsing stellar core: 

e-+(A,  Z) -+ vo§ Z- -  1).  

The total  number  of excessive vo in the course of neut ron star format ion is easily 
es t imated from the to ta l  number  of protons in nuclei, which are converted into 
neutrons via neutronizat ion:  

N~j-~ N~,--  Z M e  ~ 1057 . 
2 i  m ~  

In  the case of ant ineutron star format ion the same number  of excessive 9o is 
to  be radiated. So, a detailed s tudy of cosmic neutrino fluxes may  provide the  
distinction of neut ron and ant ineutron star formation. 

Several suggestions have been made recently for using high-energy neutrinos 
produced by  the interact ion of cosmic-ray p (or ~) with the universal back- 
ground radiat ion (see [9, 34]). The typical  reactions are 

o r  

(3.2) 

p+y -. n+=+ 

e+§247 

r 
e--t-%§ �9 
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Therefore, the  proton interact ion with the relic background radiat ion results in 
vo formation,  while the ant iproton interact ion leads to 9~ These antineutr inos 
may  interact  with the electrons of the Ea r th  atmosphere and for ultrahigh 9~ 
the cross-section of this interact ion can be enhanced due to the formation 
of weak intermediate  bosons W- :  

9o-[-c- -+ W -  ~ 9 o + e - .  

Therefore, the detection of the cosmic ~o flux may  be an indication of the 

an t imat te r  existence on the macroscopical level. Unfortunately,  detailed cal- 
culations of the competing background fluxes of ~o (see [9, 35]) show tha t  the 
situation is not  quite clear, because the background flux of ~o is comparable 
with tha t  f rom the PY interaction. 

3"2.3. T h e  d a t a  o f  y - a s t r o n o m y .  The modern y-as t ronomy is a very  
young and rapidly developing branch of astronomy. Many impor tant  results 

have been obtained just  within the last few years. Since the Ear th ' s  a tmosphere 

is not  t ransparent  to y-rays, almost all observational  data  were obtained during 
satellite flights. I t  was discovered tha t  the greater  par t  of the y-radiat ion comes 
from our Galaxy. Bu t  it  was shown tha t  the isotropic y-background exists, 
too. This flux of y-radiat ion comes from all directions and m ay  be generated 
by  processes outside the Galaxy or our cluster of galaxies. We are interested 
mainly in this y-background because just  f rom these data  one draws the  con- 
clusion tha t  macroscopic quantities of an t imat te r  up to the scales of clusters 
of galaxies do not  exist. We discuss briefly how this conclusion was obtained. 

The magnitude which is measured is the y-ray flux N. The absolute value 
of N is ra ther  small, for E ~  100 3IeV N ~ 10 -5 quanta /cm 2. s.sr. A number  

of physical processes in cosmic space may  induce the y-radiation: for example, 
Compton scattering of photons,  bremsstrahlung of electrons, interactions of 
cosmic-ray protons and nuclei with the interstel lar  medium, etc. Therefore, we 
cannot  determine the nature  of y-quanta ,  but ,  if we assume tha t  y-rays are pro- 

duced in annihilation, we obtain an upper limit of the possible amount  of 
annihilating ant imat ter .  

I t  is clear tha t  the y-ray flux N is proport ional  to the fract ion of antimat-  

te r  ] involved in the annihilation, to the density @ of ma t t e r  in a given space 
region and to the annihilation rate  (~nnV>: 

(3.3) N"~]@~<aannV>. 

The annihilation rate is known from experiments,  @ can be est imated 
from astronomical  observations. In  table 3 . I I I  the typical  estimates for ] are 
summarized. 
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TABLE 3 . I I I .  - The possible #action o] antimatter ] #om .(-ray observations (according 
to [6]). 

1) Our Galaxy J <  10-45-10 -lo 

2) Hot intergalactic gas J <  10 -~ 

3) Clusters of galaxies ] <  10 -5 

4) Antistars J < 10 .4 

One can conclude t ha t  an t ima t t e r  hardly  exists in our Galaxy.  The l imits 

in the  first row of table  3 . I I I  are r a the r  stringent.  Bu t  this conclusion is not  

exact .  I f  / is small, i t  m a y  be because the  an t ima t t e r  fract ion itself is small  or 

because the  fract ion of annihi lated an t ima t t e r  is small. So, one m a y  in terpre t  

the  results of table  3 . I I I  as an indicat ion t ha t  a n t i m a t t e r  and m a t t e r  are well 

separated.  F r o m  this point  of view it is interest ing to discuss the  result  in the  

four th  row. I t  is ob ta ined  f rom the  same measured  flux of y- rays  as for the  

first row, bu t  under  the  a rb i t r a ry  assumpt ion  t ha t  a n t i m a t t e r  in some un- 

known way  m a y  form antistars .  Then the  annihi la t ion region is ra ther  small  

and the  existence of a considerable number  of ant is tars  just  in our Ga laxy  

is not  excluded. ( / < 1 0  -4 corresponds to ~ 1 0 7  ant is tars  (*).) 

As we ment ioned  above,  the  da ta  in table  3 . I I I  are obta ined  f rom the  ob- 

servat ion of the  background  y- ray  radiution. I f  the  value of ] for clusters of gal- 
axies is ] > 10 -~, then  such clusters would be discrete observable  y - ray  sources, 
bu t  not  the  background.  Up to now we have  not been able to detect  such extra-  

galactic sources of 7-radiation. So, one concludes tha t ,  if an t ima t t e r  exists,  it is 
separa ted  f rom m a t t e r  on the  scales of clusters of galaxies. 

An interest ing result  has been obta ined b y  SmEC~E~ [9, 27]. I n  fig. 3.3 
the  energy spec t rum of the  buckground rudiat ion is shown. At  a first glance 

this  spec t rum is quite inconsis tent  wi th  the  expected  energy dis t r ibut ion for 

7-quunta  f rom decuys of annihi lat ion ~~ 
Nevertheless,  STECKER has shown tha t ,  if the red-shift  of pho ton  energy in- 

duced by  the expansion of the  Universe as well as the  absorpt ion of photons  in 

the  interstel lar  gas are t aken  into account,  the shape of the  ~ spec t rum f rom 

~0 decay mus t  change substantial ly.  

The mos t  impor t an t  free pa rame te r  in the  calculations is the  t ime  (or red- 

shift Z) at  which the  annihilat ion takes place. The results of the calculations 

coincide with the observat ional  darn, when Z ~ 100. This corresponds to the  

annihilat ion which has proceeded to the t ime  of t ~ 107 y f rom the beginning 

(*) We would like to stress that this example in no way can be considered as a <~ proof ~> 
of antistar existence. The only thing we intend to show is that one must keep in mind 
that the possibility of sharp boundaries between matter and antimatter results in a 
decrease of the value of ]. 
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Fig. 3.3. - Cosmic y-ray background spectrum from matter-antimatter annihilation 
and observational data (from [27]). 

of the  expansion.  The full line in fig. 3.3 represents  the  results of those cal- 

culations. I t  is seen t ha t  tile assumpt ion  about  the  annihi lat ion nature  of 

the  y- ray  background spec t rum does not  contradic t  the  observat ional  data.  

3"3. A n n i h i l a t i o n  at the stage o] radiation dominance in  the Universe. - Up 

to now we have  been discussing mainly  the possibility of annihilation at  the  

present  t ime. I t  is quite probable  t ha t  now an t ima t t e r  does not exist in 

macroscopical  amounts ,  bu t  an t ima t t e r  m a y  have  existed in the early Universe. 

The presence of ant ibaryons  in equil ibrium at  t < 10 6 s (T > 1 GeV) was inevi- 

table. The question is : Could a sizable amoun t  of an t ibaryons  manage  to sm'vive 

up to later  periods? W h a t  restrictions can be put  on lute annihilat ion? 

~[odern developments  of the  theories of e lementary  particles and  astro- 

physics provide a number  of mechanisms of conservat ion or late product ion of 
ant ibaryons .  These sources of an t ima t t e r  could be evapora t ion  of primordial  
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black holes, decays of heavy particles, domains of antimatter, etc. We will 
discuss the properties of these sources later, in sect. 6-8. 

In this subsection we stand on a purely phenomenological point of view 
and put aside the question on how antimatter appeared in the Universe. We 
shall consider the possibility that  antimatter has not survived up to the present 
time because of its annihilation with matter. Evidently, such a possibility 
may arise within the frame of the baryon-asymmetric model only. 

So, how may we check the presence of antimatter at the earlier stages of 
the cosmological expansion? 

The first possibility, again, is in close touch with y-rays from annihilation. 
Being red-shifted due to the expansion, they survive until the present time. But 
at red-shifts Z ~ 10 ~ the Universe was opaque to y-rays, so that  the energy 
released in the annihilation heats the matter. Hot electrons appear in the 
Universe and their interaction with the electromagnetic background induces 
distortions of the spectrum of the relic radiation. The quantitative theory of 
the distortions of the relic-radiation spectrum is given in [1, 6]. We shall give 
here only some brief discussion of their results concerning the limits on the pos- 
sible amount of annihilated antimatter. 

The theory (cf. [1]) of distortions of the relic-radiation spectrum considers 
two different cases (depending on Z): a) early energy release at 

(3.4) lo8 9~ > z > 4.1o,~9~ 

and b) late energy release at 

(3.5) 4.1o, ~ > z .  

If the energy was released at Z > 10 8 ~9~ (i.e. a t  t ~ 10 3 s), the reactions 

(3.6) e + p  -* e + p + y ,  y + e  ---> 2 y + e  

could provide the formation of an additional number of photons, so that  
the Planck equilibrium spectrum of photons succeeds in setting up after the 
energy has been released. This means that  any energy release at Z > 10 8 ~ 
does not induce distortions of the thermal spectrum. But at Z < 10 8 ~ ,  reac- 
tion (3.6) is ineffective in producing additional photons, its effect is negligible. 
Thermal equilibrium between hot electrons and cold photons sets up under 
the condition of a constant number of photons. So in case a), i .e. if the 
energy has been released in period (3.4), the photon distribution, maintained 
after equilibrium between photons and electrons is established, is not the 
thermal Planck distribution (2.3), but is the thermal distribution for a fixed 
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total number of photons, i.e. the Bose-Einstein distribution 

(3.7) -~ - -  

2h~ 3 1 

e ~ exp [(hv + #)/kT~] - -  1 '  

where r is the frequency, To is the electron temperature and the chemical po- 
tential /~ is determined by the relative magnitude of the energy release. The 
related deviation of the formed spectrum (3.7) fl'om the Planckian distri- 
bution induces distortion of the thermal-background spectrum. The upper 
limit on the possible energy release from the observed spectrum of relic ra- 
diation is in the considered case 

where 8e is the specific energy release and sy is the photon energy density. 
However, if the energy release is late (i.e. at  Z ~ 4.104D~), the equilibrium 

Bose-Einstein spectrum (3.7) does not succeed in setting up. The distortions 
of the photon spectrum are determined by the kinetics of the heating of the 
photon gas by hot electrons. The observational upper limit on such distortions 
implies the following upper limit on the late energy release inducing such 
distortions 

where 8~ is the specific late energy release, ev is the energy density of photons 
and index the b signifies that  ease (3.5) is considered. 

Based on restrictions (3.8) and (3.9) on the relative energy release we 
may obtain restrictions on the relative amount / of annihilated antinucleons. 
Indeed, the photon energy density ev is given by 

(3.10) ev=6.10-13 (3~)4 (1 ~- Z) 4 erg/cm ~ , 

where To is the temperature of relic photons at the present time. The energy 
release 8s is determined by the relative amount ] of annihilated antinucleons 
and is given by 

(3.11) ~e ~ 5 "10-9.Qb)r ~ Z) 3 erg/cm 3 , 

where Y2 b ~ Qb/~c is the baryon density (in units of the critical density). From 
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(3.10) and (3.11) one obtains 

(3.12) s 

So upper  limits on the distortions of the thermal-background spectrum result 
in the following upper  limits on the value of /:  

(3.13) 
t <  8.163~2b (1 -~- Z ) [ 6 . 1 0 - ~  at 4 . 1 0 ~ 2 ~ <  Z~<10sf2~. 

We see tha t  the limits of ] are quite weak at  Z>103  (i.e. at t < 10 ~3 s): 

] ~ 1  at  Qb,~ 0.1 . 

4. - Annihilation with 4He. The best test of  existence of  antimatter in the 

early Universe. 

Let  us consider the  period ufter the  end of the  primordial  big-bang nucleo- 
synthesis but  before the recombinat ion of hydrogen,  i.e. 1 0 3 s < t < 1 0  ~s s. As 
we have discussed in subsect. 3"3, the  limits on the possible amount  of an t imat te r  
at  this stage of the  cosmological evolution obtgined from the distort ion of the  
thermal  relic background are quite weak, / <  1. I t  is easy to obtain a more 
str ingent restr ict ion on / from the  investigution of the ant iproton annihila- 
t ion with 4He. 

As we mentioned in sect. 2, 4tie is the most  abundant  element in the Uni- 
verse after  hydrogen.  I ts  concentrat ion in weight X,.o---- n , ~ J n ,  = 0.24, while 
the concentrat ions in weight of the other elements are considerably small. For  
example, X D ~ 2.5.10 -5 and X~Ho = 4.2"10 -5 [36]. When  antiprotons annihi- 
late with 4He (just at rest), they  may  create deuter ium and SHe in the reactions 

(4.1) Dq-4He -+ 3He+N( r : ) ,  d + p ( n ) + ~ ( r c ) ,  

where h r is the number  of pions. Therefore, if an t imat te r  did really exist in 

the early Universe af ter  the big-bang nucleosynthesis, this would inevi tably lead 

to the formation of D and 8Re. F rom the comparison of tile concentrations in 

weight of 4tie, D and 3tie it is easy to see thu t  the destruction of a quite small 
par t  of 4tie (~--10 - ')  in annihilation may  create all the  observed abundance 
of D and/or  SHe. 

I t  must  be noted tha t  deuter ium may  be formed due to annihilation in 
the early Universe not  only in the direct reactions of the type  of (4.1). As we 
ment ioned in sect. 2, there  were no free neutrons remaining in the  Universe after  

the end of the primordial  nucleosyuthesis (at t >  103 s): all neutrons were either 



ANTIPROTON INTERACTIONS ~VITII LIGHT ELEMENTS ETC. 2 5  

hidden in nuclei or decayed. Due to ~ q t e  annihilat ion a number  of free neu- 

t rons  appear  in the reactions 

(4.2) pq-4He =+ N~(n)~-N2(p)~-Nd~) ,  

where N~, N~ and N~ arc the  numbers  of neutrons,  protons  and pions. 

I f  the  p ro ton  densi ty in the Universe a t  the  m o m e n t  of annihilat ion is suf- 

ficiently high, then the neutrons m a y  succeed in colliding with the protons 

before decay, forming deuter ium in the reaction 

(4.3) n - k p  -~ d ~ - y .  

Therefore,  an addit ional  amoun t  of deuter ium is created. 

So, there  are two processes of the deuter ium format ion  due to IS*He anni- 

hilat ion: 1) the  direct  process and 2) the  indirect  one. The former  takes place any  

t ime  when annihilat ion occurs, bu t  the la t ter  m a y  proceed only in the  hot  early 

Universe. The indirect  mechanism dominates ,  when it is possible. Tha t  is 

s imply because the  num ber  of neutrons in ~ H e  annihilat ion is greater  t han  

the number  of deuterons. 

The indirect mechanism is pe rmi t t ed  when the neutrons are main ly  cap- 

tured  by  protons ra ther  than  decay, i.e. the t ime  of react ion (4.3) r is less than  

the neut ron lifetime t n ,-, 10 ~ s : 

:l 
(4.4) T - -  n~,(av} t~, , 

where n, is the concentrat ion of protons,  a is the cross-section of react ion (4.3) 
and v is the  velocity of n's.  The es t imate  f rom [37] shows tha t ,  in the periods 

af ter  t , =  4.5.106Q~ s, the indirect mechanism is suppressed ( r ) t ) .  There- 

fore, when the Universe is older t h a n  t ,  ~ 0.97-]06 s ~ 3 months  (for t9 h = 0.1), 

the only mechanism of deuter ium format ion  is the direct one. 

Now let us es t imate  the limits on ] which one m a y  obtain  f rom the s tudy  
of ~4He annihilation. 

The addit ional  amoun t  of D being created due to ~4He annihilation is 

(4.5) An~, = 
n.t,~(/D-~ ]n)] at  10 8 s • t < t ,  , 

mue f ,  f at  t ~ t , ,  

where n..o is the concentrat ion of * H e , / n , / ,  are the mean  numbers  of n and D 

created in the annihilation. For  3He it will be, correspondingly, 

(4.6) An:,,o ~-- +~'Hoi:HJ" 

I f  we assume that ,  for example,  A n ,  does not exceed the observed abun- 
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dance of D, i.e. X , ,  the following restriction on the value ] is obtained:  

(4.7) 

2XD 
X, ,~( / .q - /n)  at 10 s s~<t-<..tD, 

/"< 2 X ,  
X, . e ] .  at t > t .  , 

where X.~, is the observed abundance of *He. 
If,  as a rough estimate,  one assumes tha t  all annihilation channels for 

*He have equal cross-sections and aann = 0"5atot (where atot is the to ta l  cross- 
section of the  ~dtIe interaction), then  it is easy to show tha t  

(4.8) / < 1 0  - '  . 

Therefore, the experimental  invest igat ion of ~dHe annihilation may  provide 
valuable informat ion on the outputs  of D, ~He and n, so to obtain a limit on 
the  possible amount  of an t imat te r  in the early Universe which is at least by  
three  orders of magni tude  more str ingent than  tha t  which comes from distor- 
t ions of the  background spectrum. We shall discuss the  exper imenta l  s i tuat ion 
and some other  impor tan t  astrophysical  aspects of ~dHe annihi lat ion in sect. 9. 

5. - Antimatter in the baryon-symmetrical Universe. 

This section is the first one where we star t  to discuss the modern  theoretical  

views on the presence of an t imat te r  in the Universe. We shall consider a num- 
ber of different aspects of this problem. For  the reader 's  convenience we pu t  
the  final conclusions just here. They  are the following: 

1) In  the f ramework of a s tandard  (*) baryon-symmetr ica l  cosmology 
there  is no universally acknowledged possibility for the existence of a con- 
siderable quant i ty  of an t imat te r  in the Universe at t > 10 -3 s. S tandard  baryon- 

asymmetr ical  models cannot  explain the baryon  a symmet ry  of the Universe, 

bu t  simply take this fact  as an initial condition. 

2) The modern  cosmology does explain the baryon  a symmet ry  of the 

Universe. The recent progress in the development  of the  grand-unification 

theories (GUT) of e lementary  particles provides the mechanism for the gen- 

erat ion of the baryon  excess in the Universe. 

3) There are possibilities for the existence of an t imat te r  in the early Uni- 
verse. They  appear in the f ramework of GUT and in the physics of black holes. 

(*) We use here and below the term <~ standard >> for designating the models in the 
pre-GUT time. 
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In  this section we consider point  1 ) - - t h e  troubles of the ba ryon-symmet r i c  

cosmology. 

I t  is quite na tura l  to suppose tha t ,  as every  particle has its antipart icle,  the 

same s y m m e t r y  mus t  occur for the  macroscopic par t s  of the Universe. Let  

us consider the consequences of this hypothesis  for the  big-bang cosmology. 

5"1. Antinucleons in the hot primordial plasma (homogeneous baryon-symmetric 
model).- As was shown in sect. 2, the  early Universe consisted of a hot 
p lasma where the particles (or mat te r )  were in the rma l  equil ibrium with 

the  radiat ion (*). 

When  the t empe ra tu r e  of the Universe was higher t han  T ~  1 GeV, the 

number  of ant inucleon-nucleon pairs was as large as the number  of y-quanta ,  

i.e. 10 s t imes greater  t han  the  present  amoun t  of protons.  This si tuation 

occurred at  the t imes t ~< 10 -6 s f rom the begilming of the expansion of the Uni- 

verse. The concentrat ion of nucleons and antinucleons depends a t  this stage on 

the  t empera tu re  as follows: 

(5.1) n v =  n ~ =  f i t  a,  

where fl is the num ber  of independent  kinds of particles. (We will be working 
with units where ~ = c = k = 1.) 

When  the t empe ra tu r e  of the Universe was T < M, where M is the nucleon 
mass,  the concentrat ion of ~o and A ~ decreased exponent ia l ly:  

(5.2) n v =  n2 ~ (MT) ~exp[-  M/T]. 

I t  is impor t an t  to note tha t  (5.2) is valid only for the systems in the rmal  

equilibrium. In  the  case of A~3g ' pairs this equil ibrium occurs due to the  balance 
between 3VA ~ annihilat ion and creation of A~JV pairs b y  y-quanta .  As the an- 

nihilation is a quite (~ strong ~) react ion and proceeds very  fast, the period during 
which 2VJ~" pairs are in equil ibrium is quite long. 

E x a c t  calculations [1] show tha t  3g'3Y' pairs were out of equil ibrium only 

at  t~-, 10 -3 s, when T ~  20 MeV. Tha t  is why the  stage of exponential  de- 

crease is so long, f rom 10-6s to 10 -~ s, the  concentrat ions of A e and 5T fell 
drastically 

(*) The picture depicted below is not quite exact, but discussed only from the peda- 
gogical point of view. In the exact considerations of the situation in the Universe 
when the temperature is higher than 300 MeV one must take into account the dynamics 
not of the 3~'~ plasma, but of the quark-antiquark one. A consideration of the 
phase transition from quark plasma to the hadronic stage is needed, too. But the main 
ideas of this section remain unchanged. 
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When t > 10-3s these concentrations were (~ frozen ~ and practically did 

not  change up to the present time. Therefore, the baryon-symmetr ica l  models 

(where n. r ~ n~) predict  ex t remly  small concentrations of antinucleons as well 

as of nucleons. The present amount  of nucleons is n.r ~ :10-r176 so the 
<~ natura l  ~> assumption about  equal quantit ies of JV and J~ in the early Universe 
leads to disagreement with observation up to ten orders of magnitude.  

5"2. Homogeneous baryon-asymmetrical model. - As we have shown in the  pre- 

vious subsection, the  consideration of the fate of the  equal number  of J~ and J~ 
in the  early Universe leads to an unsat isfactory conclusion. Bu t  we see protons 

everywhere,  whereas ant iprotons are observed under  very  special conditions. 

So, one can assume tha t  from the beginning there  was some excess of baryons  

over ant ibaryons.  In  the  first instants  of the  expansion (10 -6 s ~ t ~ 1 0  -3 s) all 

an t ibaryons  annihi la ted and the excess of baryons  formed the whole observed 
world. As we have seen in subsect. 5"1, this excess is quite small: i t  must  be 
an ext ra  pro ton  for 10 s pro ton-ant ipro ton  pairs. In  the  s tandard model  the  
question about  the na ture  of this excess is not  considered. I t  is assumed tha t  

the baryon  charge of the Universe is nonzero and tha t  is the init ial  con- 
dition. 

In  recent t imes an understanding of this problem has been obtained and 

we will discuss the possible mechanism of generation of the baryon  excess in 
detail  in sect. 7. :Now we briefly consider the other  possibilities to avoid the  
troubles of the s tandard baryon-symmetr ic  model. 

5"3. The unconventional  approaches. - I t  is clear that ,  to avoid the intensive 
amdhilat ion in the early Universe, one must  suggest some mechanism for divid- 
ing ma t t e r  and an t imat te r  apart .  In  principle it is possible to obtain that ,  if 
ma t t e r  and an t imat te r  can, in some way, gather  to the regions with different 
baryon charge, i.e. domains of ma t t e r  and domains of an t imat te r  are formed. 
Obviously this separation must  occur at  the  very  early stage of the Universe 
expansion t < 1 0  - e  s.  

The most  developed theory  of this type  is the model of Omn~s [38]. 

O~1~s  assumes tha t  the hot  ba ryoman t iba ryon  plasma is not  stable and at 

t < 1 0 - 6 s  in the early Universe a phase transi t ion did occur tha t  led to the 

separation of ma t t e r  f rom ant imat ter .  Small drops ~-, 10 -~ cm of an t imat te r  

and ma t t e r  were formed. When  the tempera ture  of the  Universe T decreased, 
the annihilation between those drops began, bu t  tha t  annihilation was not  so 
strong us for a uniformly mixed J~J~" plasma, because it proceeded only on the 
boundaries of the drops. Due to this effect it  is possible, in principle, to obtain 
the correct value for the concentrat ion of baryons n~/nv ~ 10 -s. When enough 
baryons and aat ibaryons were burned to obtain n J n v ~  10 -s, the new pro- 
cesses began. According to O ~ s ,  the drops s tar ted coalescing one on another.  
This coalescence proceeded continuously up to the moment  of the recombina- 
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tion of hydrogen, i .e .  t ~ 1013 s. The scales of the drops grew enormously up 
to ~-,10 ~ em, which is equivalent to the corresponding mass of the domains 
~ 1 0 n M o ,  i .e.  as large as for big galaxies. 

So, according to OMN~S, our Universe is, on the average, baryon sym- 
metrical, though large regions of matter and antimatter exist. 

There is a great number of deficiencies in the Omn~s theory. A full ac- 
count of these shortcomings one may find in [1, 6]. We list here only few 
typical ones without any detailed consideration: 

1) The existence of the phase transition in the hot baryomantibaryon 
plasma at I ' ~  1 GeV is not proved. 

2) Due to the annihilation at t ~ 10 ~3 s an appreciable quantity of radia- 
tion energy must appear, thus leading to the distortion of the thermM-back- 
ground spectrum. 

3) There are difficulties in explaining the 4He abundance, and the density 
of galaxies, according to Omn~s, is too high as compared to the observed one. 

In spite of these troubles, the Omnbs idea itself is quite interesting. He 
makes an attempt to explain the structure of the Universe on the basis of the 
instability of the hot hadron plasma and its subsequent dynamics without any 
additional ad  hoc assumptions. That bold idea explaining the development of 
the Universe from first principles of the behaviour of elementary particles 
is quite fruitful. In the next sections we will discuss how this principle works 
on the basis of modern theories of elementary particles. 

6.  - A n t i m a t t e r  a n d  i n h o m o g e n e i t i e s .  

At the end of the preceding section we have established the connection be- 
tween antimatter survival and inhomogeneities of the matter-antimatter distri- 
bution. Let us consider this relationship in another aspect: in its connection 
with the general problem of primordial inhomogeneities, i .e .  with the problem 
of initial conditions for the theories of galaxy formation. 

In the expanding Universe there had been no observed inhomogeneities at 
the early stages of the expansion. There had been no stars, no galaxies and 
their clusters. The homogeneity observed at present in the average distribu- 
tion of matter, extrapolated into the past, must have transformed into an 
almost complete homogeneity of the plasma in equilibrium with the radi- 
ation. Small density perturbations, present then in the early Universe, 
must have grown up to the observed structure of inhomogeneities. This 
is the main point of the modern theory of galaxy formation. The nature of 
these inhomogeneities may be different. Two approaches to this problem 
exist. In the first one, for a given density perturbation of matter, related per- 
turbations of radiation density exist, so that  the specific entropy of matter 
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(number of photons per nucleon) is not perturbed. These perturbations are 
called adiabatic [1], and the theory of evolution of such perturbations is called 
the adiabatic theory (A) of galaxy formation. The second approach considers 
density perturbations of matter, i.e. of the baryon charge, so that  the total 
density of radiation and baryons is constant. In this approach the specific 
entropy of perturbed and unperturbed regions is different. These perturbations 
are thus called entropy ones. The theory of evolution of such inhomogeneities 
is called the entropy (E) theory of galaxy formation [1]. 

One of the most important questions of both approaches is the question on 
the initial spectrum of inhomogeneties. Under the notion of spectrum of inho- 
mogeneities we mean the correlation between the amplitude of the perturbation 
and the size of the perturbed region. The amplitude of the perturbation is defined 
by the relative magnitude of the deviation of the density in the perturbed region 
from the average one. The spectrum of inhomogeneities determines the param- 
eters of the structure of inhomogeneities and its evolution, i.e. the present 
and the future picture of the night sky. Some attempts to connect this spec- 
trum with quantum fluctuations in the very early Universe were made re- 
cently [39]. Whatever the success of these attempts would be, it is of impor- 
tance to have observational restrictions on the initial spectrum. 

Astronomical observations provide information on the long-wave part of 
the spectrum, corresponding to the scales of stellar clusters, galaxies, galaxy 
clusters, superelusters ... up to the modern cosmological horizon. But for a 
complete picture of the cosmological evolution of the Universe perturbations 
on all the scales are of importance. From the viewpoint of the statistical theory, 
the spectrum of fluctuations characterizes the dispersion of the Gaussian distri- 
bution of the amplitu4e. I t  is the magnitude 

(6.1) ~r ~ ~(M) 

that  determines the spectrum. Even for small ~(M) statistical fluctuations 
provide an exponentially small probability for the existence of density per- 
turbations with amplitude of order 1. 

I t  turns out that  fluctuations with amplitude of order 1 in both theories 
are closely connected with the sources of antimatter. Indeed, the existence of 
an adiabatic fluctuation with amplitude of order 1 at a certain small scale 
means that,  at a very early stage of the expansion, the region in which such fluc- 
tuation arise separates from the cosmological expansion, forming a black hole. 

These black holes, formed in the early Universe long before star and galaxy 
formation, are called primordial in contrast to those black holes which are 
awaited to be formed in the the final stage of the evolution of massive stars. 
The possibility of primordial-black-hole (PBH) formation was first discussed 
by ZEL'DOVIC~ and NovIKov [40] (see also [41]). 

As was pointed out by HAWKING [29], PBHs of small mass evaporate (see 
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subsect. 6"1.1). The energy of particles produced at evaporat ion is in inverse 

relationship with the mass of PBHs .  Thus small-mass P B H s  evaporate  relativ- 

istic particles, and among the products  of evaporat ion ~p pairs are to be present. 

So, owing to the possibility of P B H  format ion and successive evaporation, 
small-scale adiabatic fluctuations may  be reflected in ~ production. 

In the ease of en t ropy  fluctuation, a baryon  charge fluctuation of order 1 

means tha t  at this scale the baryon charge density changes sign, i.e. at this 
scale domains of an t imat te r  arise. 

Ant imat te r  domains of sufficient scale m ay  survive to the stage after 
cosmological nucleosynthesis, thus providing late ~ annihilation. 

Mechanisms of P B H  and an t imat te r  domain format ion in the framework 

of GUTs will be discussed in sect. 8. Here we shall discuss observational ef- 

fects of the existence of P B H  and ant imat te r  domains. 

6"1. E v a p o r a t i n g  PBHs  as source o/ ant imat ter .  - The most impor tant  
point  for our discussion is the possibility of P B H  evaporat ion discovered by  

r [ A W K I N G  [29]. 

6"1.1 P B f [  e v a p o r a t i o n .  HAWKING [29] considered quan tum effects in 

the vicinity of a PBH.  A black hole with mass M has radius 

2 G M  2 M  
(6.2) r ~ - -  c ~ o1' rg 2 G M  =- 

me1 

in units h ~ c = l .  

In  the gravitat ional  field of the black hole particles may  be created. Par- 

ticles with energies E < l / r  have wave-length ~ r ~ ,  so they  may  be found 
beyond the  gravi ta t ional  radius of the black hole, they  may  escape from the  
black hole and go to infinity. Thus, owing to quantum effects, radiat ion from 
the surface of a black hole is possible. The black ho l e - - t he  object from which 
nothing can escape in the classical l i m i t - - m a y  radiate.  Black-hole radiat ion 
is described as thermal  black-body surface radiat ion with tempera ture  

2 10 ~3 GeV 1 1 mpl 
(6.3) T --  

4~r~ 8 ~ G M  8 ~ M  M / l g  

(units ~ = e = k = l ) .  

Thus its luminosi ty  is of the  order of magni tude  

4 
(6.4) d6 ~ a;l,447~r~ ,~  1 ~ 1 mp~ 

dt r~ r~ 

The energy release (6.4) implies loss of mass of the black hole (~ = c = 1) 

dM d #  m~l 
(6.5) dt --  dt - -  M ~ 
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and during the time interval t..~ (M/m~,)3tr, a black hole of mass M loses 
all its mass--the black hole evaporates! 

With due account of all the numerical factors the time of evaporation is 

( 6 . 6 )  to = 1 0  -27 s \ l g /  " 

For black holes of ~lOMo, which are awaited to be formed as a result 
of stellar evolution, the time scale of evaporation is 1074s ~ 1066 y, so far 
this massive-black-hole evaporation is negligible. However, the masses of 
the primordial black holes may be much smaller than the stellar ones. All the 
values down to the Planck mass me, (and even smaller [42]) are possible. For 
PBHs with mass less than 10~5g the time scale of evaporation is smaller 
than 1018 s. being formed in the early Universe, such black holes must have 
totally disappeared at the present time. However, the effects of their evapo- 
ration may lead to observable consequences, thus providing a definite check of 
their existence in the past. A detailed discussion of PBHs and restrictions on 
their concentration in the early Universe may be found in [43]. We shall con- 
fine ourselves to considering the antinucleon output of evaporating 2BHs. 

6"1.2. A n t i p r o t o n  f l u x e s  f r o m  e v a p o r a t i n g  PBHs.  Let us esti- 
mate the fraction /E~ of total energy evaporated by PBHs in the form of 
antiprotons. I t  is seen from eq. (6.3) that  evaporating PBHs with mass 
M < M_ = 1013 g have a surface temperature exceeding 1 GeV, so antiproton 

D 
production is possible. According to the modern views on hadron production at 
high energies quarks and gluons are produced first, and afterwards their frag- 
mentation into hadrons takes place. The same seems to be true for PBH 
evaporation--in the vicinity of an evaporating black hole thermal radiation con- 
sists of equilibrium fractions of gluons and quarks. However, at distances of 
the order 1/AQC . confinement of the colour takes place and quarks and gluons 
form hadrons. In this picture the antiproton yield is determined by the frag- 
mentation functions of quarks and gluons into ~'s. Minimal estimates of this 
yield ]~ may be based on considerations [44] of ~ production in e+e - annihilation: 
/ ~ =  ]~(n~> ((n~>-~ 0.03), where (n~) is the mean ~ multiplicity in e+e - 
annihilation. However, PBH evaporation differs from e+e - annihilation by 
the possibility of direct (equilibrium) production of hard gluons, whose frag- 
mentation onto p's is higher than the fragmentation of hard antiquarks and 
bremsstr~hlung gluons produced in e+e- annihilation. So, at the evaporation 
of PBHs with mass ~< M~ = 1013g an ]~ of about 0.05-:-0.01 is awaited. 

Since evaporation reduces the mass of PBHs, antiprotons may be produced 
at late stages of evaporation of PBHs with mass M > M~ = 1013 g when their 
mass has decreased down to M~. In this case the fraction of total energy 
carried away by antiprotons amounts to Y~ ~-]~(M~/M). 
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Relativistic antiprotons, evaporating ut t < l02 s (at T > 100 keV), are 
slowed down before annihilation, since, owing to the presence of e+e - pairs in 
equilibrium, the rate of ~ntiproton energy loss is gre~ter than  the rate of ~ip 
annihilation. In the periods after positron annihilation (at t > 10'-' s) the density 
of electrons is small (of the order of the baryon density) and energy losses due to 
Coulomb interactions with the pl~sm:~ are small. However, in ~p interactions 
at high energies the annihilation channel is suppressed (its magnitude is of the 
order of the difference between ~p and pp cross-sections). Reactions of the type  
~p-~  p+~mything  dominate, decreasing the energy of ~'s. So even at t > 10 ~ s 
a substantial part  of relativistic p's from evaporating PBHs is slowed down. At 
t < ~ . : 1 0  ~ s the rate of nnnihilation exceeds the expansion rate. So most ~'s 
generated in this period succeed to ~mnihilate. 

Let us estimate now the density of ~'s produced at  to---- 10 -~  s(M/lg) a by 
evaporating PBHs of m~ss M. The total  amount  N~ of ]~'s generated by one 
such P B H  is given by 

mila(M,M~) 

f dN~ N~ = ~ d M ,  

o 

(6.7) 

where 

(6.8) dN~ M M 

The density of ~'s is then given by 

(6.9) n~ z np~HN~ , 

whcre n ,n . (M ) is the concentration of ])BtIs of mass M in the Universe at 
the moment  to of their evupoi'ution: 

(6.10) nrB.(M) = @PRH(M) -- ~(M)@ 
M M " 

Here ~(M) = l)pB./~ is the relative contribution to the cosmological den- 
sity ~ of PBHs of mass M ,~t the moment  of their evaporation. From (6.7)- 
(6.10) we obtain (~ssumin~" /~(M < M~) = const, ]~,(M > M;,) = O) 

(6.11 ) ~ _ rain (M, M~)/~(M)@. 
m~,, 

At t h e R D  stage the mass of evapo ra t i ngPBHs  M < M ~  = ] 0 1 3 g ,  o ~ 3 T n  v 
and (see (,.12)) 

- -~  - -  , 

T -- ~32~z~] :~, V to 
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With the use of (6.5) we have T ~ ~/m~JM 3. Substi tuting the expression 
for e into (6.11), one obtains 

(6.12) n ~ = a ( M )  v / S V M  = ( m ~ - =  ~]~ ~ " 

Using (2.6) we have n,r= 2.5.10s%/zQn, so tha t  

25]~,a(M)% 
(6.]3) n -- 

~9~t~ 

Since almost all the ~'s produced in P B H  evaporation at  the RD stage anni- 
hilate, one obtains from (6.13) 

(6.14) ~ _ n~ _ 25~(M) t 
n~ QBt!- +P" 

Equat ion (6.14) is true for PBHs  evaporating at  the RD stage. PBHs with 
mass 1013g < M < 1015 g evaporate at  the mat ter-dominated stage at  t >  ]0 ~2 s. 
For  such PBHs eq. (6.11) gives 

(6.15) 
M~ M~m~ 

n~= ~ I ~ ( M ) ~ B - -  ~ I ~ ( M ) % ,  
mel 

so tha t  the relative density of generated ~'s is equal to 

(6.16) = n~/n~ = ~(M) ]~. 1 0  - 1  o 

2qote tha t  for a homogeneous distribution of mat ter  ( n n :  <%>) at  the 
mat ter-dominated stage the magnitude (6.16) does not coincide with ] - - the  
fractiou of annihilation antiprotons--since 

(6.17) 

at  t r  t ~ =  2.1014Q B s, i.e. the annihilation t ime scale is larger than  the 
cosmological one, so tha t  antiprotons do not  manage to annihilate. 

However, at  the stage of galaxy formation t > t~ ~ 1016 s neither matter ,  
nor PBHs are distributed homogeneously. 

PBHs are clustered in galaxies, and their evaporation provides a local 
(galactic) source of the antiproton component of cosmic rays. 

Antiprotons evaporated in the period t~ < t < t a experience a red-shift of 
their energy, but  this red-shifting ~ (t/to)~ may provide condensation in galaxies 
of only very slow ~'s (having initial energies ~ lO-~(t/t(~) --~ GeV). More ener- 
getic ~'s maintain isotropic background antiproton fluxes, distributed homoge- 
neously in the Universe. 
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6"1.3. A n t i p r o t o n s  f r o m  P B H s  a n d  s m a l l - s c a l e  i n h o m o g e n e -  

i t i  e s. In the previous subsection the density of ant iprotons produced in P B H  

evaporat ion was related to the contr ibut ion ~(M) of P BH s  with mass M to 
the total  cosmological densi ty at  the moment  t of thei r  evaporat ion.  The value 
of c~(M) is determined by  the spectrum of initial adiabatic fluctuations. In  
general, the relationship between e(M) and small-scale inhomogeneities is not  
simple, due to possible changes of the equation of state of the early Universe 
(see sect. 7 and 8). However,  for any given GUT model predicting these changes, 
such a relationship may be established. As a zeroth-order approximat ion we 

shall neglect the changes of equat ion of s tate  in the early Universe. In  this 
approximat ion we simply interpolate the equation of state p = e/3, proven 

for t > 1 s, within the first second of the cosmological expansion. This means 
tha t  we assume Chat the dominance of ul trarelat ivist ic  parlieles and antipar-  
ticles, being in thermal  equil ibrium with the radi,~tion, st,~rts from the very 

beginning of the cosmological expansion, or, at least, from the Planck time. 
In this picture PBHs  may  be formed if, at the moment  when the fluctuation 
encompasses the mass of the cosmological borizon, its ampli tude is of order 1. 
For  a given spectrum (6.1) the probabi l i ty  of P B H  formation is given by the 
G~mssian distr ibution 

(6.18) Wpm,(M ) ,~ exp  [ - -  1/~2(M)1. 

So, at the moment  t~= (M/mm)t  m when the fluctuation of scale M enters the 
horizon (*), the fraction of ma t t e r  fl(M) being within PBHs  of mass M is 
given by  

(6.19) fl(M) = -~v"~(--M/) ! = W~,~H(M ) . 

At t > t~ the relative contribution of I)BHs to the to ta l  density increases, 

since ~%BH(M) ~ Mnp, . (M)  ~tot ~ ;~T%' nvnH/n ~ = const and 

M 
(6.~o) OP..(~) ~c T/oc t:. 

~tot 

P B Hs  with mass M < MRD ~ 10 ~3 g evaporate  before the end of the I~D stage, 

so relationship (6.20) is valid all the  t ime from the moment  tf of P B H  forma- 
t ion up to the moment  t: of evaporation.  

So for M~<MRD 

fi(M) ~tot ~=t~ ~tot \ t J  V (M/meDtv~ ~np~" 

(*) I.e. the wave-length of the fluctuation 2 is equal to the cosmological horizon 1 h = ct, 
so that the mass encompassed by the fluctuation--the scale--is equal to the mass 
being at the moment t within the horizon. 
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More massive PBHs ,  M > M~D , evaporate  after  the end of the RD stage, 

at  t > taD~ 10'~s at  the mat te r -dominated  stage, when ~tot----m~%. 
In this case the growth of the relat ive P B H  density (6.20) is valid only 

unti l  tRD , and ~PB~/~to~---- const at t > t,~,). So for M ~ MR, ) 

fl ( ~ l  ) - -  = \-~-f  ] \ t .  ~ l " 

With  due account for possible changes of the equation of states eqs. (6.21) and 
(6.22) are to be modified. Two main possibilities of such changes arise: a) early 

dustl ike (*) p ---- 0 stages of super-heavy particles or mini B H  dominance and b) 
inflat ionary stage of exponential  expansion (see sect. 7, 8). In  the first case all 
the  t ime during the early p----0 stage ~rBE/~----eonst, SO tha t  during this 
stage there  is no enhancement  of the relat ive contr ibut ion of P BH s  to the 
cosmological density.  

The effect of an early dustlike stage with beginning at to and end at t~ on 

the P B H  concentrat ion may  be wri t ten as follows: 

1/ to V m i n  (t~, _tR~ 
(6.23) fl(M) - - -Vmin  (to, t,i r m ax  ( t ,  t,) 

We see from (6.23) tha t  the presence of early dustlike stages results in a 
decrease of the relative contr ibut ion of P BH s  to the total  density at  the 
moment  of their  evaporation.  Inf la t ionary stages of exponential  expansion 

reduce the magni tude  a(M)/fl(M) exponential ly pc exp [--3Htin~] if t f <  t,n,, 
i.e. if formation of P B H s  takes place before the end of an inflationary stage 
t~f. However,  additional mechanisms of black-hole formation are possible in 
cases a) and b) (see sect. 8). 

6"2. Domains o] antimatter. - I t  has been already pointed out tha t  en t ropy  
fluctuations of large ampli tude cause regions with negative baryon charge 

<B} < O, i.e. ant imat te r  domains. Since annihilation is possible on the bound- 

aries of domains only, the mat te r -an t imat te r  domain s tructure provides a much 

longer survival of ant ibaryons as compared to the case of their  homogeneous 
distribution. The t ime scale of annihilat ion is determined by  the scale of the 
domains. The greater  the size of a domain, the  longer is its annihilat ion t ime 
scale, and the longer is the period in which ant ibaryons  are present  in the  
Universe. 

(*) Case a) implies the stage of dominance of nonrelativistic particles of mass m 
in the cosmological density. Their pressure p is of the order p ~  my2nm being much 
smaller than the energy density s ~  mc2n,~: p << e. So this stage of expansion may 
be considered as an expansion of dustlike matter with negligible (p ~ 0) pressure. 
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I t  is convenient  to characterize the scale of a domain by the total  baryon  
charge within it (i.e. by the to ta l  amount  of antibaryons,  or their  excess within 
the domain). This quant i ty  is conserved during the expansion, until  the  ap- 
proximat ion of the thin boundary  for annihilation is valid. The evolution of 
the mat te r -an t imat te r  domain s tructure includes a) disappearance (annihi- 
lation) of small-scale domains, b) coalescence., i.e. format ion of domains of lar- 

ger scale from smaller-scale domains, and c) evolution of large-scale domains 
owing to annihilation in the thin layer of the mat te r -an t imat te r  domain 
boundary.  

Let  its consider these effects, bearing in mind their  possible relationship 
with the l ight-element ~bun(lanccs in the Universe (see sect. 4). A detailed 
discussion of tile evolution of the domain structures may  be found in re- 
views [1, 6]. 

6"2.1. A n n i h i l a t i o n  of  s m M l - s c a l e  d o m a i n s .  Consider a domain 

of scale N~. Then for the baryon charge density ni~ the size of the domain is 
of Che order of 

(6.24) l ~  (N~/n~)  ~ . 

We may neglect in a first approximat ion the finite width of the boundary,  

t rea t ing it as infinitesimally thin. The annihilation of a domain is viewed in 

this approximat ion as a movement  of this thin boundary  with the speed u b 
determined by  the rate  of annihilation. The la t ter  is in its tu rn  determined 
by  the rate  of baryon charge diffusion towards the boundary.  Thus the t ime 
scale of annihilation of a domain is detcxmined by the diffusion t ime scale. 

At different stages of tile cosmological expansion tim diffusion of the baryon 
charge is determined by different processes. 

At  t ~ 10 -~ s gluons and qq pairs are in equilibrium with relativistic particles 
and radiation. Tile baryon charge of the an t imat te r  domains is represented 

iu this period by  a small (ni~/n v ~ n B / n v ~ l O - S - - l O - i ~  (t excess. The diffu- 
sion of this small excess towards the boundary  determines the t ime scale of 
tim domain annihilation. The coefficient; of diffusion is given by  

(6.25) D = .~,tv, 

where v is the velocity and 2 is the mean free pa th  of the diffusing particle. 
In  the considered period quarks are relativistic, so 

(6.26) v z c .  

The mean free pa th  2 for q migrating towards tile boundary  of a domain is 

determined by  collisions with relativistic quarks, ant iquarks and gluons, whose 
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density is of the  order of the density of radiation,  i.e. 

T a  (6.27) n(-~ n ~  n ~  n - - -  . 

The cross-section of these collisions may  be est imated as (at T ~ 3 0 0  MeV) 

2 

(6.28) a ~ ~ C ,  

where ~c is the  QCD constant,  and C is the colour screening factor in the colour 
plasma, similar to the Coulomb factor  in the case of ordinary plasma. Combining 

(6.27) with (6.28), one obtains 

1 
(6.29) ~t ---- (nqaq~ -~ n ~  ~- n a~g) -1 ~ (3nv~)-I ~ 3Ot2cT C . 

I f  we take into account (6.25), (6.~6) and (6.29), the coefficient of dif- 

fusion D is given by  

1 10 -4 cm ~ 3.10 ~ cm 2 
(6.30) D _ 9 a ~ T C  - -  TG~v S Z s 

Equa t ion  (6.30) is valid at  red-shifts Z ~ 10 la. At the  moment  t cl's can migrate  

to the distance lz = ~r At the  RD stage 

3.10 TM 

(6.31) t ---- --Z- ~ s,  

so l z =  7"101~Z -+ em at  the moment  t corresponding to the red-shift  Z. 

When  lz is equal to the  size of a domain, the domain dissipates~ so the  value 
of lz a t  Z - =  10  ~3 (t ~ 10 -5 s) determines the  maximal  size of dissipated do- 
mains. To obtain the modern  size of such domains, the  value of Iz is to be 

multiplied by  the factor 1-~ Z ~ Z, accounting for the  cosmological expansion 

(6.32) lz[~od~,~- Z L z  = 7 "]014Z -�89 c m .  

Thus only domains of scale N~ larger t han  

(6 .33 )  hrfi ~ nfi l~ , ~  ~ 9 ~ .  1039 Z -'~ ]z_~ ~o'. = 3 . 1 0 2 0  rQB 

survive unti l  Z ~-, 10 ~3 (t ~ 10 -5 s). In  (6.33) F is the ratio of an t ibaryon excess 

within the domain An~ to the average excess n B (in baryon-symmetr ic  models 

= 1) and [2~ = ~/or (see sect. 2). 
After t ~ 10 -5 s, when the tempera ture  drops below ~ 300 MeV, coloured 

quarks and gluons combine into colourless hadrons (pions, nucleons, anti- 
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nucleons), decays of pions and  local annihilat ion of nucleons and antiImcleons 

t ake  place, so t ha t  by  t ~ 10 -a s (at T ~ 20 MeV) only the local ba ryon  (anti- 

baryon)  excess is left. Until  t ~ 10 '2 s (i.e. up to the  beginning of the stage of 
cosmological nucleosynthesis) this excess is represented by  free neutrons and 
protons (and, accordingly, antinucleons in the  a n t i m a t t e r  domains). Electrons 
and positrons were in equil ibrium with the radiation.  At  T ~  l MeV they  are 

relativistic,  so tha t  their  equil ibrium concentrat ion is by  8 - -10  orders of mag- 

ni tude higher t han  the  nucleon (antinucleon) concentrat ion.  In  this period the  

free ant ineut ron ' s  diffusion towards  the boundary  is the  most  essential mecha- 

nism of an t ima t t e r  domain  dissipation. At  T > 1 MeV weak- interact ion pro- 

cesses provide effective n +-+ p conversion, so t ha t  the to ta l  ba ryon  charge of 

a domain  m a y  have  effectively migra ted  towards  the  boundary  by  the effect 

of a~ltineutrons. 

The diffusion ra te  of ant ineutrons  is de termined by  their  scat ter ing on anti- 

nucleons and on electrons and positrons. The la t ter  process, though having  
a very  small cross-section, gives an essential contr ibut ion to the diffusion ra te  

owing to the much  larger concentrat ion of e + and  e-  as compared  to the anti-  

nucleon one. So for the mean  free pa th  of al l t ineutrons one obtains [6] 

(6.34) ~ = (no(~o -[- n~f~nn )-1 

and for the coefficient of diffusion 

(635) D-__~ ~ 

The addit ional  factor  2l is int roduced into (6.35) since a nucleon spends, at  

T ~ 1 MeV, as a neu t ron  half of its t ime. 
terings in (6.34) are given by  [6] 

(6.36) a~  _~ 4.10 -'~7 I '  cm ~ and  

where T is in MeV. 

Cross-sections of ~e and ~JV' scat- 

4" 10 -24 

Recalling t ha t  n~---- ~rBn v (where ~ = n~/n  B and  r B -~ nB/nv) and n o ~ ~n~, 
one obtains [6] f rom (6.35) and (6.36) 

108.8~rB]_ i 3 .10 ~ (;ill 1 ~- 
(6.37) lz ~ T~ ~ ~ j , 

where T is in MeV. 

This gives for the  max ima l  scale of dissipating domains (for ~rn << 10 -s's) 

1045 
(6.38) Ni~ ~ ~rBn ~ l~ ~ ~r~ ; / ,~ .  

So by  the  first secoml of the expansio~ (at T ~ 1 MeV) only domains with 
scale larger t han  N(~ ) ~ ~r~.1045 have survived. 
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I t  was noted in [1] tha t  at  t g l 0 2 s  the presence of e+e - pairs in equi- 
librium with the radiat ion provides (owing to %+ q - n _  >>n~) a strong en- 
hancement  of the coefficient of pro ton  diffusion (as compared to the case of 
equal concentrat ions of light and heavy  charged particles %+ = n~ considered 
below). According to [1] diffusion of ant iprotons in this period m ay  result  

in the annihilation of domains on a scale smaller than  

(6.39) N~ ~ 106:~rB. 

After local e+e - annihilation at t ~ 102 s the densities of light charged par- 
t ides  (electrons in the ma t t e r  domains and positrons in the an t imat te r  do- 
mains) are equal inside domains to the respective densities of heavy  charged 
particles (p and ~, nuclei and antinuclei). In  this case the diffusion rate  is 
determined by  the radiat ion friction of electrons and pos i t rons - - the  radiat ion 

friction of heavy  particles is negligible, bu t  due to electrostat ic forces they  
cannot  migrate  faster  than  light particles. The theory  of diffusion at  the  RD 
stage is given in [1]. I ts  main result is tha t  at 102 s Kt ~<10 ~a s 

(6.40) D - -  3 c k T  _ 0.6.1032Z -3 cnt2 
3~yO" T S 

where 

aT = 3 \ m , ]  ~- 6.65.10 -25 cm 2 

is the cross-section of Thomson photon-electron scattering, and ev is the radia- 
t ion energy density. So by  the  moment  t, corresponding to the red-shift  Z, 
the  domains of a scale smaller than  

5.1072 _ 
( 6 . 4 1 )  N~(Z)-- Z~ rr~ 

must  annihilate. 
At t----too,-~ 101as recombinat ion takes place, so tha t  neutral  a toms are 

formed. I t  was suggested, however  (cf. [38]), tha t  the radiat ion from the  
regions of annihilation ionizes the nearly layers, so tha t  expression (6.40) for 

the diffusion coefficient is valid for the periods t > tro o also. Taking formally 
relationship (6.41)7 one obtains for Z N 1 the mass of the  survived domain:  

(6.42) M ,-~ 101s ~b~Mo.  

A t  ~ = 1, i .e.  in the baryon-symmetr ica l  case, one obtains a mass of a domain 
ra ther  close to the mass of a supereluster of galaxies. This formal  coincidence 
with the  scale of the  cell s t ructure of the Universe was used in [28] as an 
argument  in favour of the baryon-symmetr ic  model. 
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6"2.2. T h e  e f f e c t  of  d o m a i n  a n n i h i l a t i o n  o n  n u c l e o s y n t h e s i s .  

I t  was argued in [38] t ha t  small-scale domains coalesce into domains of large 

scale. The very  physical  picture of coalescence seems [1] not  very  reliable. I t  

was noted in [l] t ha t  in the  ba ryon- symmet r i c  case [38] ~ = 1 format ion  of 

domains of muss ~ b .10~ MG from small-scale domains results in a release of 
energy 20 t imes larger t han  the radia t ion energy density t ha t  is completely  

excluded by  the  restrict ions on the possible distortions of the thermal-back-  
ground spectrum. I n  the ba ryon-asymmet r i c  case ~ <  ],  and coalescence can- 

not result in such a drastic contradict ion with observat ions of electromagnet ic  

radiation. However ,  if an t ima t t e r  domains have  characterist ic scales N ~ ,  the  

main  observat ional  effect of their  annihilat ion m a y  be expected at  the t ime  

when the scale of the domains is comparable  with the diffusion scale lz. So in 

our fur ther  consideration of the limits on the mu t t e r - an t ima t t e r  domain scales, 

de termined by  the  pa ramete r s  of G U T s  (see sect. 8), we shall restrict  ourselves 

to the  effect of annihilation in the period when L = lz. For  the same reason 
we shall pu t  aside the question on large-scale domain annihilation, since a t  

lz<< L the w l u e  of ] - - t h e  fract ion of annihilated ma t t e r - -dec r ea se s  by  the 

factor  (Iz/L) ~ (see [1]) as compared  to the ratio ~ of the  cosmological anti- 

ba ryon  and ba ryon  densities. A negligible fract ion of ant iprotons  annihilates, 

so the  effect of annihilation on nucleosynthesis is negligible. 

On the  basis of the  restr ict ions on / f rom observat ions  of T-radiat ion ~md 

of the thermal-r,~diation spect rum (se(, sect. 3), the  annihi lat ion of domains 

of scale N~ (*) 

(6.43) (104~--1062)r~ < N~ < :10~TrB~ 

seems to be of the  u tmos t  interest  f rom the viewpoint  of the  effect of the 
annihi lat ion on nucleosynthesis.  These domains  annihilate in the period 

103 s ~ t ~<troc, for which the  limits on the possible amoun t  of annihilated anti-  
mut ter ,  obta ined f rom the measurements  of the the rmal -background  spectrum,  

are ra ther  weak (see subsect. 3"3). Annihilat ion of domains (6.43) results in 
changes of l ight-element  abundances.  The possibili ty of fo rmat ion  of the do- 

main  s t ructure  on the scale (6.43) within the  f rame  of G U T s  is discussed 

in sect. 8. 

7. - Baryon-asymmetr ic  model  and the very early Universe.  

The picture of the evolution of the Universe accepted at  present  (standard) 
is based on the  s t a t emen t  tha t  all the  visible as t ronomical  objects consist of 

ma t t e r ,  t ha t  there is no an t ima t t e r  in the  modern  Universe. According to this 

(*) The uncertainty in the lower limit is due to the difference of the estimates [1] 
and [6] of the scale of domains annihilated by the end of the nueleosynthesis. 
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picture, practically all the antiparticles, being in equilibrium with the particles 
and the radiation in the early Universe, must have annihilated in the course 
of the successive expansion (antibaryons ~ftcr 10 -~ s, positrons after 10 ~ s). 
The relatively small, as compared to the number of photons, number of baryons 
which arc left after annihilation must have beeu given initially as an excess of 
baryons over antibaryons. The widespread prejudice against the baryon-asym- 
metrical model concerns that  very baryon excess given initially. Its arbi- 
trariness looked unesthetical, as compared to the esthetically attractive baryon- 
symmetrical cosmology. However, recently this theoretical <, ugliness ~) of the 
baryon-asymmetrical cosmology was removed. It  turned to be possible to relate 
this excess to the fundamental properties of particle physics. 

7"]. Baryon charge generation in the early Universe. - The baryon excess is 
to be put into the Universe <~ by hand ~) from the very beginning, if the baryon 
number is conserved. IIowever, the baryon charge (baryon number) differs sub- 
stantially from the electric charge--there is no long-range field induced by the 
baryon charge, so its possible nonconservation would not result in a dramatic 
instantaneous change of this field. 

No fundamental physical grounds prevent baryon nonconservation. Baryon 
charge conservation means only that  in all the known reactions the number 
of baryons minus the number of antibaryons is conserved and that  the lightest 
baryon--the proton--is stable. The latter is proven with high accuracy--the 
proton lifetime, as experiments show, must be greater than 10 a~ y. So, in fact, 
baryon conservation does not lie on any fundamental ground. It  is simply 
an experimental fact, proved with high precision. SAKHAROV and KUzzv[IN 
were the first who pointed that  baryon noneonservation may take place 
in particle interactions, inducing matter dominance in the modern Uni- 
verse [45, 46]. They suggested that  the processes between quarks and lep- 
tons (~) of the type d-d -~ dE +, or uu -> dl+, or ud --> dv might have taken place 
in the early Universe, implying baryon charge generation. So, in the Universe, 
initially baryon symmetric, baryon asymmetry, i.e. net nonzero baryon charge, 
may arise owing to such processes. However, baryon charge generation im- 
plies additional conditions to be fulfilled. Baryon nonconservation only is not 
sufficient to produce baryon excess, since :1) the principle of detailed balance, 
being valid for any system with C and CP conservation, 2) thermodynamical 
equilibrium, implying that,  in the absence of detailed balance, the rate of 
processes going from a given initial state to all the final states is equal to the 
sum of rates of the processes from all the possible states to a given initial 
state, preclude baryon asymmetry generation. Thus C and CP violation is to 
be evoked as well as inequilibrium conditions are to be realized. I t  turned out 
that  all the three conditions may be fulfilled within the framework of GUT 

cosmology. A detailed discussion of the mechanisms of generation of baryon 
'~symmetry in the early Universe may be found in reviews [5, 7, 8]. 
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GUTs, being the extension of tile gauge theory  of unified weak and electro- 
magnetic interactions and quan tum chromodynamics,  t rea t  leptons and quarks 
on an equal footing, arranging them in the same representat ion of the  underlying 
symmetry ,  i.e. they  are considered as different states of one particle. All the 
interactions are considered then  us local gauge t ransformations from one 

state to another  state. The theory  is based on the invariance of the interactions 
under  such transformations,  what  leads inevi tably to the existence of massless 
gauge vector bosons, mediat ing all the  particle interactions. So all the  forces 

tu rn  to be long-range ones. But  we know tha t  weak and strong forces are of short 

range. To account for the  observed difference in the range of the forces, the 
respective gauge bosons are to be made massive. The mechanism of gener~- 
t ion of masses within the frame of local gauge theory  was developed by  
HIG(~S [47]. In this meehanism an auxil iary scalar field is introduced (see 7"2.1) 

whose interactions with gauge bosons and fermions induce their  masses. The 
simplest example of GUT is SU~. GUT's  interact ion is induced by exchange 
of various gauge bosons. There are 24 intermediate  bosons in SUs. Twelve of 
them are those mediating electromagnetic,  weak and strong interactions: 

I photon ~- 3 weak intermediate  bosons ~- 8 gluons. There are twelve (( new ~) 

interactions too, mediated by  leptoquark X and Y bosons. X-bosons induce 

lepton-quark transit ions qq ~ X -> qt. The mass of X-bosons is typical ly of 
order Mx-~ (10~5--1015) GeV, so tha t  they  mediate  pro ton  decay p --> e+7: ~ or 
p-->~:+v with a lifetime r >~]03Oy. Leptoquarks  cannot  be produced nei- 
ther  in accelerators nor in cosmic rays, but  they  must  have been present  in 

the very  early Universe, when the tempera ture  was T ~  Mx,  i.e. at t~<10 -3~ s. 
At these tempera tures  all the zoology of GUTs (superheavy HigHs mesons, super- 
heavy leptons or quarks, ordinary Higgs and intermediate W-bosons, gluons, 
quarks, leptons, etc.) was present ill equilibrium. All the  kinds of processes, 
including the baryon-nonconser\~ing ones, were possible. We shall restrict  
ourselves for simplicity only to X-bosons to give the main idea of baryon  asym- 
met ry  generation. 

Let  us assume for simplicity tha t  the leptoquark  has only two modes of 
decay:  X --> qq (with branching rat io r) and X -+ eli (with branching ratio 1--  r). 

Then the  corresponding ant i leptoquark X decays into ~ (branching ratio ~) and 
q[ (branching ratio ] -- ~). Owing to CPT, the  lifetimes of X and its antiparticle 
are to be equal. Bu t  if C and CP are violated, there  is no detailed balance and 
the  branching ratios of the  respective modes are not equal, i.e. r # ~. So there  is 
ba ryon  number  nonconservation and C (CP) violation in X decays. However,  

bo th  these conditions are not  sufficient for baryon  excess production~ since in 

the thermodynamica l  equilibrium there  is detailed balance for direct and inverse 
reactions, so tha t  the X -~ qq(q[) decay and the inverse reaction qq(~)  -+ X 

have equal rates. No net b~ryon excess arises in equilibrium. Nonequil ibrium 

processes ~re needed. When the tempera ture  f~lls below rex, the concentra- 
t ion of X-bosons is (( frozen )>, and their  decay goes out of equilibrium. So, in X 
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and X decays a baryon excess 

per decay is generated. 
Multiplying this excess by the X and X density at the moment of decay n x 

and dividing by the number density n r of all the other relativistic particles 
being in equilibrium at the moment of decay, we obtain the magnitude of 
the baryon asymmetry 

(7.1) AB (r ~) nx 
n~. n r 

The magnitude and the very sign of the asymmetry depend on the magnitude 
r -- ~, which is in its turn determined by the sign of CP-violating phases. This 
point will be of great importance for future discussions (see sect. 8). 

7"2. Physics o / the  very early Universe. - Based on GUTs the picture of the 
first second of expansion may be analysed. Since the parameters of GUTs, 
as well as the correct GUT itself, are not established now, this picture is 
ambiguous. 

Besides the above-mentioned possibility of baryon charge generation, 
GUTs predict a number of nontrivial cosmological consequences: phase transi- 
tions, production of magnetic monopoles and of some other new particles, etc. 
Some GUT models predict matter-antimatter domain structure, massive walls 
and strings, heavy particles or anomalous vacuum dominance stages. Here we 
shall make a brief comment, more detailed considerations concerning possible 
sources of antinucleons induced by GUTs will be given in sect. 8. 

7"2.1. P h a s e  t r a n s i t i o n  in t h e  e a r l y  U n i v e r s e .  The modern ap- 
proach to the description of the difference of the fundamental forces implies the 
mechanisms of spontaneous breakdown of the underlying gauge symmetry in 
close analogy to the theory of superfluidity, superconductivity or ferromag- 
netism. The interactions possess the symmetry of the theory, however the 
ground state (vacuum) of the theory is asymmetrical, inducing symmetry 
breaking. The difference between the observed properties of the fundamental 
interactions is ascribed to the existence of an auxiliary scalar Higgs field. Its 
self-interactions make the state with nonzero vacuum expectation value of 
r field energetically favourable. Interactions of fermions and gauge bosons 
with the condensate induce their masses. So, owing to Higgs condensate, 
symmetry breaking occurs. 

KIRZHNITZ and LINI)E [18] have pointed out that  in strict analogy with 
ferromagnetism (or other similar physical phenomena related to spontaneous 
symmetry breaking) at high temperatures restoration of the symmetry must 
take place: a certain critical temperature exists over which condensate and, 
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consequently, fermion and boson masses disappear, as ferromagnetic properties 
disappear above the Curie-Weiss temperature. At such high temperatures the 
ground state with nonzero vacuum expectation value of the Higgs field turns out 
to be energetically unfavourable, as compared to the state with zero field. Sym- 
metry is restored since the ground state is symmetrical at high temperatures. 
So, in the beginning of the expansion, the symmetrical phase is realized, when 
all the particles are massless, when all the interactions are unified. 

In the course of the expansion the temperature decreases, so when it falls 
below the critical temperature, a phase transition to the asymmetrical state 

must take place. Within the frame of GUTs there must have been at least 

two phase transitions in the early Universe: the transition to the phase in 
which the unified ~symmetry of GUT is broken, so that  strong and unified 

electroweak interactions are separated, and the Weinberg-Salam phase tran- 
sition from the unified electroweak interaction symmetry to the phase in which 
only electromagnetic gauge symmetry remains unbroken, in which W and 
Z bosons acquire mass owing to the interaction with the Higgs condensate, 
so that  weak and electromagnetic interactions are separated. The history of 
phase transitions in the early Universe may be even more complicated, since 
the structure of Higgs interactions may induce phase transitions to some inter- 
mediate phases. Phase transitions of another type may also occur in the early 
Universe--the transition from the unconfined to the confined phase of quarks 

and gluons, induced by the confining forces of quantum ehromodynamics. 
To make clear the idea of symmetry restoration, consider the model Lagran- 

gian (in fact, the Lagrangian density) for the scalar field ~ with parameters 

m and ,~ 

1 [~(F'~ ~ 1 m2q~ 1 ,~29~4 (7.2) 

and the H~miltonian (Hamiltonian density) 

(7.3) - 2 \ e t ]  +: i \~x]  +:~m2~2+ ~ "~ ~ " 

For a constant field q~(x, t) 

(7.4) H = V(cf) = l m : c f 2 - k  ~ 2 q ~ .  

We see that  Hml ~ corresponds to ~ -- 0, i.e. in the ground state (in the vacuum 
of the theory) no field is present. Consider now Lagrangian (7.2) with the 

<~ wrong )) sign of the m2~ 2 term: 
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In  this case for ~0 ~ const the  Hami l ton ian  

(7.6) H = V(~)  = - -  ~ - m ~  + � 8 8  

has a m in imum  at  ? = ~ m/2, and at  ~ = 0 H has a local m a x i m u m  

1 m 4 
A g ( ~  = o) = H ( ~  = O) - -  H,n,,, = ~ V .  

The s ta te  wi thout  mean  field is energetically unfavourable .  In  the  ground 

s ta te  (vacuum) a nonzero field ~ is present.  I f  there  is local gauge s y m m e t r y  

(in our simple example  q - >  ~v exp  [i%(x)], ~/(x) is the  local gauge phase) ,  there  
is a gauge field ~'~(x) -~ A~(x) @ ~.;~(x) and the  gauge- invar iant  Lagrangian  

is to be wri t ten as 

(7.7) 1 /~ttv ~_ 1m21q)12 - 1~21~914 ' 

where F , =  c~,A~ - OvA" . 
But ,  owing to the  presence of the  mean  field l~01 = m/A in the  v a c u u m  of 

the  theory,  we have  (7 = m/~. =eonst) 

m 2 
(7.8) ~ f , =  _ _1 F~,F~,  + - ~  A,  AZ 

4 

The Lagrangian  (7.8) is no longer gauge invar ian t :  its second t e r m  is not  inva-  

r iant  with respect  to the  t ransformat ions  A ,  -+ A~ -[- 0, %. Owing to the inter-  

action with the  menu field @} = m/). vector  bosons acquire nonzero mass. 
S tar t ing  f rom the gauge- invar iant  Lagrangian ,  we come to the  gauge-non- 

invar ian t  Lagrangian  (7.8). The  in terac t ion  with  the  field ~0 induces the  spon- 

taneous b reakdown of the  under lying gauge s y m m e t r y .  The Hami l ton i an  (7.6) 

is val id for zero t empera tu re .  At  high t empera tu re s  (T >> m) the rma l  fluctua- 

tions arise, inducing in the Hami l ton ian  the  addit ional  t e rm  ~ lcT2cf~ (c is 

constant) .  I t  leads to the  t I ami l ton ian  

(7.9) H ( T )  = C(q~, T) = �89 (cT 2 -  m~)~ ~- + I ~ "  . 

We see tha t ,  owing to t he rma l  fluctuations, the  min imum of H(T, of) at T > m/v/c 
corresponds to ~ = 0. So the s y m m e t r y  is restored, no mean  field is present  

in the  ground state. Vector bosons have  no mass. Wi th  the decrease of the  

t empe ra tu r e  to  T .-~ m/v/c a phase t ransi t ion f rom the disordered (symmetrical)  

phase to the  ordered (asymmetrical)  phase takes  place. 

7"2.2. D o m a i n  w a l l s .  Note  t ha t  in our example  V(~0) possesses an ad- 
ditional discrete s y m m e t r y  ~o - > - -  7- In  the expanding Universe before phase 
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transitions, the symmet ry  is restored, and the sign of ~v is not  fixed. This sign 
may change in space with time, owing to thermal  fluctuations. The changes 
are correlated to the distances determined by  the characteristic value (cor- 
relation length) of this f luctuation l ~ , l / T .  So, when the phase transit ion 
takes place, the distribution of signs of ~v is frozen, the uncorreluted phase may  
obtain different signs in different regions- -domain  s tructure arises. Since in 
in each domain a definite sign of ~v is taken,  the underlying discrete symmet ry  

is broken in each domain. On the boundaries between domains with opposite 
signs the value of q~ changes, as can be easily es t imated from eq. (7.3), 
f rom - -m/ , t  to ~-m/,t .  Owing to this change, a massive wall with mass on 
unit  area ,-~ ~(m/,t) 3 and width ~ (]/~)(m/~) arises. The presence of these walls 
in the Universe results in dramatic  consequences-- their  existence in the modern 
Universe would have induced strong inbomogeneities at large scales, their  
presence at earlier stages must  have modified the picture of the cosmological ex- 
pansion to a dramatic  extent .  Soon after  the phase transit ion, walls must  

have dominated in the cosmological density, so tha t  at  present their  density 

must  have been by  many  orders of magni tude higher than  the  mat te r  density 

in drastic contradict ion with the observations. 
A physical example of discrete symmet ry  of this kind is CP. Thus the do- 

main wall problem must  arise in the models of (( soft ~) CP violation, in which CP 
violation is induced after  the phase transit ion owing to the nonzero CP-violating 
phase of the mean field. The uncorrelated sign of this phase before the phase 
transit ion must  have led to domains of opposite sign of CP violation after  
the transit ion with massive walls on the boundaries. However  (see sect. 8), it 
may  be possible to avoid the troubles of massive domain walls in the framework 
of <( refined }> GUTs. 

7"2.3. GUT p i c t u r e  of  t i l e  v e r y  e a r l y  U n i v e r s e .  Within t he f r amc  
of GUTs, it is possible in principle to answer the question on the equatio)l 
of s tate  of the very  early Universe. In  first approximat ion the answer is 
tha t  at  very  high tempera tures  all the particles are relativistic, they  are in 
equilibrium with the radiation,  and thus the equation of state of the ultrarelativ- 
istic gas p ~-- e/3 (where p is the pressure and ~ is the energy density) may  be 
taken.  This means tha t  the law of expansion T oc t -�89 proved for the stages 

after  the first second may  be extrpolated to the first second of the expansion. 
However,  a detailed analysis of various GUT models shows tha t  the picture is 

much more complicated. In  fig. 2.1 tit(; tim(~ scale of the very  early Universe 

is given. 

Sever.fl characterist ic moments  are predicted by the simples1~ version (SUs) 
of GUTs. They are the following: 1) The phase t ransi t ion from the  S U5 sym- 
metric phase to the Hl;z xHU, • U, phase in which strong interactions are 
decoupled from electroweak inter.~ctions, t~t~.r~10-35s and the corresponding 
critical tempera ture  is T ~ M x ~ 1 0 ~'~ GeV. The << soft )> CP violation appearing 
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in refined G U T s  with ~ more complicated structure of phase transitions (see 
sect. 8) takes place in this period. Soon after this moment baryosynthesis 
takes place. 2) The phase transition from the S U2 • U~ symmetrical phase of 
unified electroweak interactions to the Ux ..... phase of short-range (W and Z 
bosons acquire mass) interactions, tws~ 10 -~x s. The critical temperature is 
To~Aws~300GeV.  3) Confinement of eolour. The transition from the 
quark-gluou plasma to the gas of hadrons, tr 10 -s s. The critical temperature 
is T ~ ~QCD ~ 300 MeV. 

In S U5 the (( gauge desert ~> is predicted from Aws up to Mx--no principally 
new physics arises in this energy interval. However, even within the frame 
of S U~ the (( gauge desert ~) does not necessarily imply constancy in the con- 
ditions of expansion from the GUT phase transition up to the WS phase tran- 
sition. The problem of relic magnetic monopoles is to be mentioned here. 

7"2.4. The  p r o b l e m  of m a g n e t i c  m o n o p o l e s .  An inevitable predic- 
tion of S U~, as well as of all the other GUTs [48, 49], is the existence of isolated 
magnetic poles--magnetic monopoles [50, 51]. Their existence is the price to pay 
for the unification of the fundamental forces. The mass of monopoles is predic- 
ted [59] of the order of m~a01~ GeV. When the temperature dropped below 
To---- (nm/3nr)m ~ 107 GeV, monopoles with frozen concentration [53, 54] n m (rel- 
ative to n)  must have dominated in the cosmological density, so that  the dust- 
like stage of monopole dominance with the equation of state p = 0 must have 
started. At this stage monopole density perturbations grow and the structure 
of monopole and antimonopole inhomogeneities evolves. Separated in the 
inhomogeneities from the cosmological expansion, monopoles and antimono- 
poles annihilate, so that  owing to annihilation the dustlike stage of monopole 
dominance ends, and ultrarelativistic products of annihilation maintain the 
equation of state p ---- s/3.  However, the gravitational clumping of monopoles is 
not complete (more than I percent of them does not participate in the clumping). 
This fraction of monopoles left from the first stage arranges in the course of 
the successive expansion a new stage of monopole dominance, etc. I t  was shown 
in [55-57] that  the scenario of successive monopole dominance stages cannot 
reduce the monopole concentration down to the existing observational upper 
limits. A strong contradiction with observations arises, being a serious problem 
for cosmological applications of GUTs. There are different approaches to 
avoid the cosmological overproduction of monopoles [55-60] in any way modify- 
ing the simple scheme of fig. 2.]. 

7"2.5. I n f l a t i o n  of s ca l e s  in GUTs. One possible solution of the 
monopole problem is related to the dynamics of GUT phase transitions. As 
was pointed out earlier (see subsect. 7"2.1), the phase transition begins when 
the temperature drops below the critical one: T ~<To ~M x. But the transition 
to the new vacuum proceeds as a phase transition of the first order: the transi- 
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t ion proceeds through the format ion of bubbles of the (( new )> vacuum.  If the 
corresponding nucleation rate,  i.e. the  rate of bubble formation,  is low, the 
transi t ion is suppressed. In  this case the so-called <( supercooling )> takes place. 
The cosmological expansion goes beneath the critical t empera tu re  with ener- 
getically unfavourable  (( symmetr ical  ~> vacuum. This vacuum has very  high 

energy density e ~  T~, dominating over the energy density of relativistic 
plasma and radiation ~ 1 '4 at  T < T .  

The relativistic invarianee of this vacuum implies the equat ion of state 
p = - -  e, i .e. the anomalous (symmetrical) vacuum is the medium with negative 
pressure. Owing to this equat ion of state, the essential p roper ty  of the stage of 
anomalous-vacuum dominance (AVD) is the exponential  inflation of all the scales. 
However ,  as all the  states with negative pressure, the AVD state is unstable and 
the t ime scale of its instabili ty determines the degree of the inflation of the scales. 
This t ime scale is determined by the nucleation ra te  of formation of bubbles of 
the <~ t rue ~> vacuum, as well as by  the kinetics of the transi t ion.  With  the de- 

crease of the t empera tu re  the nucleation rate  grows, and at a certain temperature ,  
Tb, intensive bubble format ion begins. Successive thermalizat ion leads to the 

reheating of the Universe up to a tempera ture  of the order .~ To--af ter  thermal-  
iza t ion all the  energy density of the anomalous vacuum transforms into the 
energy density of ultrarelativist ic plasma and radiation. 

Owing to the inflation of scales at  the AVD stage monopole product ion in the 
phase transit ion may  be highly suppressed [61,62]. Indeed, monopoles should 
be generated at  these points,  by  the condition tha t  the  phase of normal vacuum 
is changed of 27~n along the  closed circle around this point.  If  the above 

condition is fulfilled, the continui ty of the field ~ implies ~0 = 0 at  these points, 
so it is the topology tha t  provides the existence of points of anomalous 
vacuum--magne t i c  monopoles. The concentrat ion of produced monopoles is 

determined by  the density of such points, being determined in its tu rn  by  the 
mean distance over which the  phase of the  mean field is uncorrelated and titus 
may  change essentially. This distance is of the order of the correlation 
lenght 1r for fluctuations of the mean field ~, so tha t  the number  density of 
produced monopoles is of the  order n , ~  (1//o) a. The magnitude 1 is l o . ~ l / T r  

so tha t  

(7.10) nM,~ T~. 

If  the t ransi t ion proceeds at I '  b << T c, the correlation length 1 b is much larger 

than  lc, 1 b = lc(Tr , so tha t ,  after  the phase transition, the density of produced 

monopoles is much lower than  (7.10): 

t -~  b �9 ?3 �9 ?3 ~3 

(7.11) ~'~,~' ,  /'b, kTc]  ~lc] 1 c ~ ' l b < < ~ c "  

One obtains the suppression of monopolc production. 
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There are some other fundamental problems for which the inflational sce- 
nario may provide a solution [14, 61, 62]. The first problem is the horizon 
problem [14, 61, 62]: the presently observed part of the Universe is quite homo- 
geneous and isotropie at very large scales, that  is exhibits a remarkable similarity 
of conditions in different regions. These regions, being now within the modern 
cosmological horizon, were causally disconnected at an earlier stage of the expan- 
sion. So, their initial conditions should have been uncorrelated, making their 
similarity mysterious. The second problem is the (( flatness problem ~)--why is the 
Universe so close to the flat one (i.e. the observed cosmological density, within 
an order of magnitude, is close to the critical density)? As was shown in [61], 
this condition is fulfilled for t9 ~= 1 only in the case of extremely fine (( tun- 
ing ~) between the main cosmological parameters at t ~ try. These problems 
were hoped to be solved. However, in the model considered in [61], such a small 
T b (--~ 1 K) is necessary that  successive thermalization is impossible up to the 
present time, in strong contradiction with observations. A specific model, 
avoiding the trouble of very small Tb, is actively developed by LINDE [62]. In 
this model, the transition to the asymmetric phase is not connected with the 
decrease of the temperature. I t  is induced by strong coupling of fermions (the 
effect of GUT interactions similar to confinement of quarks in quantum chro- 
modynamics) and, owing to the specific form of the Higgs interaction potential, 
a delay of the exponential inflation is possible after the transition to the asym- 
metric vacuum. In this model the inflation of scales is given not by 

Tc (7.12) 

but by 

~/'c ;/'c lc exp [3H2 ] (7.13) lb ~ lc ~- exp [Ht,nf] ~ ~ [ A ~ j  

with H ~ T~/mpl. Here A is the scale of the strong-coupling limit in GUTs. 
Whatever possibility is realized, we may conclude that  inflation of scales 

is possible within the frame of GUTs .  It  will be of great importance for some 
sources of antimatter in the Universe. 

8. - Sources  o f  ant imat ter  in  GUTs. 

On the basis of GUTs new possibilities of formation of domains of antimat- 
ter and I~BHs arise. 

8"1. Domains  of antimatter and phase transit ions in  rel ined GUTs .  - T h e  rela- 
tionship between the baryon asymmetry of the Universe and baryon-nonconserv- 
ing CP-violating inequilibrium processes in the early Universe provides after 
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slight modifications the possibility of an t ima t t e r  domain formation.  Indeed (see 
sect. 7), the  sign of the  excessive baryon charge is determined by  the sign of the 
CP-violating phase. If  for some reasons in the period of baryosynthesis  regions 
with opposite signs of this phase exist, domains of an t ibaryon excess arise. 

Within  the frame of GUTs two mechanisms of CP violation are possible: 
a) Nard  CP violation, induced by  CP-violating terms in Yukawa interactions 
of fermions with Higgs bosons. These terms are contained in the Lagrangian 
of the theory owing to the complexi ty  of the corresponding constants and thus 
are given initially possessing no spatial var ia t ion of CP-violating effects in 
the Universe. b) <( Soft >> CP violation. In  this mechanism first suggested by  

LEE [63] there  are no CP-violat ing terms before the spontaneous breaking of 
the GUT symmetry ,  bu t  the  mean field of the condensate is complex, inducing 
a nonzero CP-violating effect. CP invariance is a discrete symmetry ,  so soft 
CP violation is an example of spontaneous brea.kdown of discrete symmetry .  

In  the case of soft CP violation the energies of vacua of different signs 
of CP violation phases are equal, i.e. there  is degeneracy of vacuum states. 
Both  signs of CP-violating phases are possible, both  are realized after the 
phase transi t ion in spatially separated regions. Opposite-sign domains with 
massive walls on the boundaries are to be formed. 

The problem of the cosmological consequences of <( soft ,> CP violation pointed 

out  in [64] is related to the evident contradiction between the existence of 

massive walls within the  cosmological horizon and observations. 
However,  it  was shown recently in [65] tha t  the problem of domain walls 

may  be resolved. The baryon  excess is created in a ra ther  short period of cosmo- 
logical expansion. I t  is sufficient for the format ion of antimatSer domains tha t  
<( soft ~> CP violation be switched on during a l imited t ime interval,  including tha t  
short period. I f  afterwards the  <( soft ~> mechanism of CP violation is switched out,  
and the  corresponding symmet ry  is restored, no domain walls originated by  soft 
CP violation survive. No contradiction with the observational data  arises. 
K~yz~N, S g A P o s H ~ o v  and TKACn-EV have shown tha t  this scenario m~y 
be realized within the frame of SU~ with enlarged Higgs sector. If  there  are 
several t t iggs fields, it is possible to arrange their  interactions in such a way 
tha t  spontaneous CP violation takes place in a certain interval  of temperatures ,  

vanishing ~t high and low temperatures.  

To illustrate their  idea, let us re turn  to the Hamil tonian (7.4) of the ~ ---- const 

scalar field in which interactions with other constant  Higgs fields ~=/ :0 ,  
% va 0 are taken  into account:  

!v,~2r~2 I]2,~4 1 ]  ,~2r~2 I ]  ~2~2 1 ~2 2 i ] 2 ~ 4  (8.1) H ~- 17(%) = 2 "'" "rl + ~"  'rl + z'~12~','r2 + = ~ m  9~ + 

The minimum of this potential  corresponds to ~1 ~ 0, if 
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So we have the theory  without  condensate ~vl # 0 at  low temperatures .  Thus 
the  symmet ry  of the  theory  corresponding to T~ is not  violated. 

At  very  high temperatures  thermal  fluctuations are to be taken  into account :  

(8.3) 

where the e~-term is induced by  thermal  fluctuations of ~v, owing to ~2T~ interac- 

t ions and thus e~ > 0, c2 and ca are induced by  thermal  fluctuations of ~ and ~03 
because ~ and 2 ~ v g  may  be negative. We take  c~ < 0, c~q-c~ < 0 

and c~ q- c~ q- c~ > 0. There is no condensate of ~vx at T >> ~h/v'c~ q- G -~ G 

(the minimum of H ( T ,  q~x) is reached at  ~v~ = 0), i.e. there is no violation of sym- 
me t ry  at  very  high temperature .  Bu t  with the decrease of the  tempera ture ,  
at T < m~, thermal  fluctuations of ~v~ are suppressed, so that instead of (8.3) 
we have 

(8.4) H(T< m~, q~) = ~(e~T~ + c~T~+ e~ )~  + ~X~:.  

Since cl + c2 < 0 and provided tha t  ](c~ + c,)m~l > m, aa  interval  of temper-  
atures ~h/tcx+ c~l~< T <  m~ exists in which the  mi1~imum of H ( T <  m~, ~1) 
is realized at 

ql=-  A , 

i.e. a nonzero mean field ~ arises, inducing violation of the  symmetry .  
I t  was shown in [65] tha t  a ra ther  na tura l  set of parameters  of scalar-field 

interactions may  provide the conditions pointed out  in the given example. So 
it  is possible to avoid the problem of relic domain walls. Bu t  for an t imat te r  
domains to survive unti l  nucleosynthesis, their  size is to be sufficiently large: 

N ~ >  1 0 5 ~  B : 3.1OS~rn~ 

where r B = nB/ny, P = h n ~ / h n  B. 

At t < 0 . 1 s  the size of these domains l ~ ,  (2V~/Prnn.:) ~ exceeds the cosmo- 
logical horizon 1 h ,~ ct. Another  problem arises: the problem of domain scales. 

This problem may  be solved on the  basis of a possible inflation of the  scales 
in the phase transitions. However,  the situation is not  so simple. The AVD 

stage in the  course of a phase t ransi t ion m ay  provide inflation of the  cor- 
relat ion length (see (7.12)) 

To 

so tha t  the final scale of the  domains is of the  order 

- -  3 3 c (8.5) N ~ =  rrBTr . 
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Taking T ~ :l[)'~ GeV, T,, ~ ] 0 s GeV, and lo-~ ] IT,  one obtains 

(8.6) Ni~ = ?r,.lO ~' , 

tha t  is obviously insufficient to achieve the desirable scale N ~ - ~ r n 3 . 1 0 ~ h  
However, KUZMIN~ SIIAPOSHNIKOV and TKACIIEV [66] have shown tha t  even 

in the simplest case of S U5 the  picture of spontaneous breakdown of GUT 

symmct ry  down to the SU3 •215 symmet ry  of separated strong and 
electroweak interact ions may  be ra ther  complicated, so th'~$ for a reasonable 

choice of the parameters  of tIiggs interactions in termedia te  symmetries  and 

hence intermediate  phase transit ions take place. If  in each such transit ion the 

AVD stage is realized, the scule of domains increases by the factor (TJTb)3 in 
each transit ion: 

IT \3 /T \311, \3 
(S.7)  N~= ~rBT~l aj r J r / ~ t  

So, to achieve the desir'~ble scale (for T ~ 1015 GcV and Tb, ~ 108 GeV), at 

least two additional phase transitions must  occur. As was shown in [67], there 
does exist the possibility of a chain of transit ions: 

o r  

S V 5 --% S U 4 ---:> S U 3 ~ U 1 --> S U 3 X S U 2 • U 1 , 

S U~ ~ S 1 r4 • U1 ~ S U4 -> S U3 • ~ U2 • U1 �9 

So two additional transitions may arise ra ther  naturally.  To achieve larger 
scales (i.e. cluster of galaxies), more transit ions are needed. However,  within the 
frame of the model [62] suggested by  LINDE, one t ransi t ion is sufficient to ob- 
tain any desirable scale, owing to the  exponential  inflation of scales (see (7.13)). 

In  this case the scale of domains obtained is of the order 

(r)3 ] 

where (To~A)3 is induced by  the AVD stage, preceding the beginning of tile 
t ransi t ion at T , ~  A .  

Let  us summarize ttle main points of an t imat te r  domain formation in GUTs. 
There are two mechanisms of CP viola t ion--a  hard one and a soft one - - and  two 

sets of CP-violating phases tfh and ~v, respectively. When soft CP violation is 
switched on, domains of qh-~- ~v and q h -  ~, arise with massive walls on the 

boundaries. Owing to succession of phase transitions or exponential  inflation 
the scales of domains grow as (7.12) or (7.13). In  both cases, when the final 
(the only) t ransi t ion to the SU3 • • phase ends, in the subsequent 
reheating baryosynthcsis starts inducing the baryon excesses r h -~- r and r h -  r 
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in the domains ~%+ ~ and ~ h - - ~ .  If  r h ~  r ,  the  lat ter  domains are the  
domains with an t ibaryon excess. In  the course of expansion after  baryosyn-  
thesis soft CP violation is switched out, symmet ry  restorat ion occurs, so tha t  
at  lower tempera tures  ~ = 0 and massive walls disappear, bu t  the ba ryon  

excess dom,~in s tructure is retained, resulting after  local annihilat ion at  

T ~ I  GeV in mat te r -an t imat te r  domain formation.  The scale of an t imat te r  

domains is given by  (8.7) or (8.8). For  annihil~ted domains of given scale the 
relative amount  of annihil,~ted ant ibaryons is 

r~ - -  r h 
r~ + r,, 

5Iote tha t  the suggested scenario revives the theory of isothermal (entropy) 
fluctuations (see sect. 6). For  ~n ~rbitrary relationship between r h and r:, ba ryon  
charge inhomogeneities are predicted and it is possible, in principle, to obtain 

any desirable scale of such inhomogeneities. However,  in this scenario the spec- 

t rum of en t ropy  fluctuations is determined by  GUTs, so tha t  a close relationship 

between part icle physics and galaxy format ion theory  arises. 

8"2. Heavy metastable particles in GUTs. - The possibility of mat ter -ant i -  
ma t t e r  dom~ins considered in the  previous subsection is connected within the 
frame of GUTs with Higgs mechanism of GUT symmet ry  breakdown. As a 
result of such a breakdown m,~ssive particles ~rise with m~sscs of the order of 
(1012 +1016) GeV. Most of them have lifetimes ~(m) comparable with the respectiw; 

cosmological t ime scale m,Jm ~ so tha t  they  cannot  survive long after  the  tem- 
perature  T drops down to T <m.  This is the c,~se for X-bosons, Higgs me- 
sons and most  heavy fermions, predicted by GUTs. However ,  there are special 
c~ses in which particles have a l i fet ime (if any) much greater  t han  the  cosmolog- 

ical t ime scale mp,/m 2 and thus may  be called metastable.  These particles can 
survive long after  T--~ m. At T<<m they  go out of equilibrium ,~nd their  
annihilation is frozen exceeding substantially the  equilibrium (-~ exp [-- T/m]) 
one. 

If  the  l i fet ime of the  particles is greater  than --~ 1 s, their  presence in the  

Universe might  have affected physical processes in the Universe af ter  nueleo- 
synthesis and, in particular,  primordial  abundances of light elements. Particles 
with a lif(~ime smaller th,~n 1 s c~tnnot influence direct ly the  big-bang nucleo- 

synthesis, since they  decay earlier t han  thermonuclear  reactions start.  How- 
ever, they  might  have dominated  before decay in the  cosmological density, 
thus providing the early (~ dustlike ~ stage of their  dominance, at  which P B H  
format ion (see sect. 6) from small density per turbat ions  is possible. 

P B H s  survive long after  the decay of the p~rticles they  are originated from, 
thus providing indirect influence of such particles on the physics of expansion 
after  ] s. Directly or indirectly heavy metastable  particles induce late anti- 
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baryon product ion owing either to decays of metastable  particles (with ~ > 1 s) 
in p ~ + a n y t h i n g ,  or to evaporat ion of P B H s  (with M < 10 ~3 g). Let  us discuss 
the relationship between the heavy metastable particles and PBHs.  

8"2.1. F r o z e n  c o n c e n t r a t i o n  of  m e t a s t a b l e  p a r t i c l e s .  The net 

effect of heavy metastable  p'~rticles in determined by  their  frozen concentra- 

tion. The picture of freezing of these particles is, in general, similar to the 
freezing of antinucleons (see sect. 2, 5). A detailed consideration of the kinetics 

of freezing, based on the kinetic equation, may  be found in ref. [1, 2, 5]. Our 

aim in to il lustrate the principal idea by  some examples. 

1) Very heavy metastable quarks G are predicted by  some asymptot ical ly 
free models of S U5 [68]. These quarks have exotic colour properties (they 
belong to te octet  of SU3,o) , implying their  stability relative to decays induced 

by  weak, strong or electromagnetic interactions. They may  be absolutely 
stable. However,  processes induced by exchanges of superheavy X-bosons 
may  induce their  decay G -+ 2qg or 3q, where q are <( ordinary )) quarks. Their 

lifetime relative to this decay may be est imated as 

M~1927r 3 
(8.9) T ~ ,-~ g~ N [h m~-a-; ' 

where Mx, m o are masses of X-bosons and heavy quarks (respectively), g in 
the gauge constant of SUa, No~, is the, number  of decay modes and a is the mix- 
ing angle characterizing the (-;-~ q transi t ion;  % exceeds t ,-~ mt,,/m ~ for 

m(: < \g4mpta.Z N~]  , 

i.e. practically for any m o < M x ~  101~ GeV. Owing to the q~i~+ GG reactions G 
and H were in equilibrium with other particles at T > mE, SO tha t  their  con- 
centrat ion was ~ T a. At T < m(~ the  equilibrium concentrat ion of heavy par- 
ticles reduces exponentially to ,-~ (m,~ T) ~ exp [-- m J T ] .  However,  this is t rue  
until  the  t ime scale of the  amlihilation GG -~ qFt does not  exceed the, cosmo- 
logical t ime scale. Afterwards the usual picture of freezing arises, giving the 
frozen concentrat ion of heavy  quarks 

~t, G ~ t ~  
( 8 . 1 o )  ,, = 

?t'r 0('reel 

where ~ ~ 1/50. 

When the tempera ture  drops below To, 

m ~  
(8. ] ] ) To == ~ ma ~ - - - ,  

R m p i  
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the  densi ty of frozen heavy  quarks ~a = m~nc. : ~'monr exceeds the  densi ty  

of relativistic particles ~ Ton r. So at  

- -  ~ 4 ~ ~ 2  _ _  ~PI (8.12) to"-" To ~ mo \mG/  

the  stage of heavy -qua rk  dominance takes  place. To survive unt i l  thei r  

dominance  in the Universe,  heavy  quarks  mus t  have  lifetime ~ > to. 

2) I n  GUTs,  based on gauge groups higher t h a n  SU~, r ight -handed 

neutrinos,  R-neutr inos,  are predic ted  [69-71]. They  t ake  place in 0,0, for ex- 

ample .  General  wisdom is to ascribe such neutr inos Vl~ a very  high Majorana  

mass M R. I f  there  is a Dirac  mass of neutr inos m D of the  order of the  Dirae  

masses for charged leptons,  the  di~gonalizat ion of the  neutr ino mass  m a t r i x  

(0 ) mD 

(8.:13) M~=- m ,  M,~ 

provides a small Majorana mass ~ m ~ / M a  for lef t -handed neutrinos. Similar to 
the  previous ease decays of v,~ induced by  exchanges of superheavy X-bosons 

are possible: vR--> vrq~I, etc. The l ifetime of ~n relat ive to these decays m a y  

be es t imated  by  formula  (8.9) (*). 

I f  there  is no other  in teract ion of v~ except  t h a t  induced b y  X-bosons (it 
m a y  be not  the  case, see footnote) soon af ter  T.-~ Mx,  the  t ime  scale of the  
processes VRVL--> qq, li or vnOR-~ vLgL, etc. 

g 4  

exceeds the  cosmological t ime  scale and va decouple f rom other  particles. 

I t -neutr inos  cease to in teract  with other  particles. However ,  in the  course of 

the  successive adiabat ic  expansion the i r  equi l ibr ium dis t r ibut ion is re ta ined 
unti l  T ~ m R. 

They  re ta in  the i r  equi l ibr ium densi ty  .-- T 3. So the  frozen concentra t ion of 

~,~ is v =  n,~R/n,:,~l/:~ , where u is the  num be r  of species of re la t ivis t ic  part icles 

which are in equil ibrium iu the  decoupling period of R-neutr inos.  When  the  

(*) If m D in (8.13) is induced by the Higgs mechanism of the Weinberg-Salam model, 
i.e. neutrino Dirac masses, as well as masses of charged leptons and quarks, are 
generated by interaction with the scalar field h whose self-interactions provide spon- 
taneous breaking of the SU 2 • U, symmetry of unified electroweak interaction, the de- 
cays va-+~L+h are possible. Owing to these decays, the lifetime of v a may be re- 
duced substantially. The subsequent discussion contained in subsect. 8"2.2 and is not 
appropriate for this case. 
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t empera ture  drops below To.-. ~,mR~ mi~/;~ R-neutrinos dominate in the cos- 
mological density. 

3) Magnetic monopoles of mass M , ~  M x / g , ~ l O  ~ GeV are predicted 
by  all the  existing GUTs. These classical objects are produced in the course 

of GUT phase transit ion (see sect. 7) at 5 ~  M x. I t  was shown in [53, 54] 
that ,  independently of their  initial concentrat ion (provided it is not  too low), 

the diffusion, of monopoles towards antimonopoles and their  successive annihila- 
t ion result in the frozen concentrat ion 

c b m  

m p l  

where e is the electromagnetic charge. 

Monopoles are absolutely stable relative to decay. Annihilation with anti- 
monopoles is the only source of their  instability. As we already pointed out in 

sect. 7, at 2 '0~ ~'m m monopoles start  to dominate in the cosmological density. 
Thus all the  examples show tha t  superheavy met~stable particles of 

mass m and relative frozen concentrat ion v --~ n / n  start  to dominate in the 

cosmological density, when the temperuture  drops below To ~ urn. Dominance 
of nonrelativistic particles in the cosmological density means that  the equation 
of state of the expanding Universe is no longer relativistic, p --~ ~/3. Nonrelativ- 
istic particles have a pressure negligible as compared to their  energy density s: 

p ,'~ ~ttmmV2 

and e ~-, nmmc 2, so p ~ e at v ~ c. They  imply a (~ dustlike ~) equation of state 
p ~ 0 .  

8"2.2. E a r l y  d u s t l i k e  s t a g e s  a n d  P B H  f o r m a t i o n .  According to 
the theory  of gravitat ional  instabili ty (see [1]) in the expanding Universe at 
the dustlike stage small initial density perturbat ions grow as 

~oc ~ 0M, 

where tM is the moment  when the per turbat ion with initial ampli tude 

(8~/@)lt=~ = 6:~ of given scale M enters the horizon M h. At tl..~ 6~i~t:i, when 

the value of (Se/@)M is of order 1, the nonlinear stage of the evolution of iuho- 

mogenities of scale M begins. These inhomogenities separate from the cos- 

mologieal expansion and star t  to contract.  The bulk of contracting mat te r  
maintains the struetm'e of the inhomogenities.  At the first stage f lat tened config- 
urat ions of the pancake type  ma.y be formed. A more complicated structure is 

to be awaited in the coarse of its evolution. IIowever,  with small (but nonzero) 
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probabil i ty  a spherically symmetr ic  homogeneous contract ion m ay  be reahzed. 

In  this case, ma t t e r  contracts within its gravitat ional  radius, forming a black 
hole (BY[). The probabi l i ty  of this direct  BY[ format ion is de termined by  the  

ampli tude of the initial  densi ty pe r t u rba t i on - - t h e  smaller i t  is, the  finest tuning 

of the veloci ty  and densi ty distributions of particles within it  is needed, and 

thus the less probable is B I t  formation. 

Est imates  of [55, 72] have given for the probabil i ty of P B I !  format ion 

(8.15) WpBH>~2 _~ ~ . 

So a ve ry  small (but nonzero) fract ion of mat te r  

2.10- d;  

goes at  the dustlike stage into BHs. 

The spectrum of the B H  produced is de termined by  the spectrum of the in- 
i t ial  inhomogeneities.  However,  the  process of direct B H  format ion is effective 

in a fixed interval  of masses- - the  probabil i ty  of direct format ion of BHs  with 
masses smaller than  the mass of the horizon at  the moment  t0, 

(8.16) M o = mplto/trl , 

is highly suppressed. This process ceases, then  the dustlike stage ends. So the 
maximal  BHs  formed have the mass of the inhomogenities which s tar ted to 
contract  at  this moment ,  i.e. 

(8.17) Mma~ = mp~ 7- d;~ ~ �9 

This mechanism provides a (~ tablelike ~> form of the P B H  spectrum and may  lead 
to, for instance, format ion of P B H s  evaporat ing before recombinat ion only, 
so tha t  no P B Hs  evaporat ing after  recombinat ion arc formed. The la t ter  pos- 

sibility arises if Mma ~ < 10 ~3 g, i.e. 

z ( ~  ~ < 1018tp1 . 

The mechanism provides format ion of PB H s  evaporat ing before recombina- 

tion if M04101ag, i .e.  if 

t o "~  1018~pi  , 

The la t ter  is the case for (see the preceding subsection) quarks with 
mo ~ 3.101~ GeV and R-neutrinos with m R >~ 1011 GeV. 
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After the end of the early dustlike stage, at t > v, when the heavy  particles 

decay and the ultrarelativistic products  of their  decay maintain once again the 
ultrarelativist ic equat ion of state p ~ ~/3, the relat ive contr ibution of P BH s  
to the cosmological densi ty grows as (t/~) �89 so the fract ion of ma t t e r  ~(M) 
contained in P B H s  at the moment  t~ ~ (M/mp,)3tp~ of their  evaporat ion is 

~(M) ~--/5(M) = /~(M)  m ~  " 

9. - Interaction of  ~ with aHc and l ight-element abundances.  

In  sect. 4 we have shown tha t  the s tudy of the  ~ I ! e  annihilat ion may  im- 

pose a stronger restr ict ion on the possible amount  of an t imat te r  in the early 

Universe than  the limits tha t  arise f rom the distortion of the thermal  back- 
ground. But  the exper imental  invest igat ion of the ~4He reaction is v~luable not  
for only this reason. As revealed by  the discussion in sect. 6-8, from the GUT 
and from the physics of P B H s  it follows tha t  substantial  amounts  of antimat-  
ter  may  have appeared in the early Universe. The most impor tant  thing tha t  
one can obtain from the s tudy of ~ H e  annihilation is the check of the possi- 
bi l i ty for annihilation to take place in the early Universe. I f  this is really the 

ease, the ~4He annihilation must  be organized in a very  special way. We shall 
discuss this point  in detail later. Now, we shall s tar t  with ~ brief discussion of 

the general features of the ant iproton interactions with nuclei. 

9"1. In terac t ions  o] ~ wi th  nuclei .  - There is no experimental  information on 
the p~He interaction. For  other nuclei, heavier than  deuterium, the experimen- 
ta l  data  are quite scarce and incomplete.  The si tuat ion with the theoretical  
investigations of the  ~A interact ion is a li t t le better.  

In  fig. 9.1 we show the typical  behaviour  of ~A total  and ~m:ihilation cross- 
sections vs. the energy of ~'s calculated in the framework of Glauber ap- 

proach [73]. One can see tha t  a~nn is as l~rge ~s one-half of a~o~. 
The experimental  s tudy of the interactions of antiprotons at rest with 

heavier nucl-A shows that ,  as expected, the pions from annihilation may  have 

an appreciable chance to interact  with a residual nucleus. One can draw this 

conclusion simply from the consideration of the average multiplicity of 

charged pions ~ .  Whereas ~ for p~ interactions is 3.05 4- 0.04 [74], in the 
case of ~12C, n ~  ~ 2.72 4- 0.03 [75] and, for ~2~ n=~--2.44 [76]. 

In  fig. 9.2 we show the multiplicity distribution for <~ hadronlike ~ particles 
~mitted from emulsion nuclei after  the annihilation1 of stopped antiprotons. 
The experimental  d~t~ are from [76]. The histogram is calculated in the ex- 
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Fig. 9.1. - Momentum dependence of the ]53He cross-sections: curve l) is for the cross- 
section without  shadowing, i.e. for the sum 2fftot(pp ) q- 6tot(pn); curve 2) is for the to ta l  
cross-section; curve 3) is for the  annihilat ion cross-section; curve 4) is for tim tota l  
elastic cross-section and curve 5) is for the total  cross-section of ~He break-up processes. 

t e n s i v e  p a p e r  [77], in  w h i c h  a n u m b e r  of a spe c t s  of t h e  ~ A  i n t e r a c t i o n  a t  r es t  

was  s t u d i e d  b y  m e a n s  of a M o n t e  Car lo  s i m u l a t i o n .  

F r o m  fig. 9.2 one can  see t h a t  u p  to  20 s e c o n d a r y  pa r t i c l e s  m a y  b e  e m i t t e d  

f rom a nucleus .  (We reca l l  t h a t  n e u t r o n s  were  n o t  d e t e c t e d  in  t h e  emuls ion ,  so 

t h e  n u m b e r  of secondar ies  m u s t  be  even  la rger . )  

More  d e t a i l e d  i n f o r m a t i o n  a b o u t  t h e  in terac t io~l  of p ious  in  f inal  s t a t e s  is 

p r e s e n t e d  in  t a b l e  9.I ,  where  t h e  p r o b a b i l i t i e s  of p ion  i n t e r a c t i o n s  of d i f fe ren t  

o rde r s  a re  s u m m a r i z e d  [77]. 

30 

w 

20 

5 10 15 iv"'h 20 

Fig. 9.2. - The mult ipl ici ty  distr ibution (in percent) for hadronlike particles emit ted 
by  the nuclei of the photoemulsion after the annihilat ion in it of s topped antiprotons. 
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TABLE 9.I. -- Probabilities o] pion interactions o] di]]erent orders ]or the absorption o] ~' s 
by nuclei 7~ and 2~ (]rom paper [77]). ~ is the total number of pions interacting 
with ~ nucleus. 

0 1 2 3 4 5 6 7 

7OGa 17 24.3 27 19.5 9.8 2.6 0.8 - -  1.91 

2ospb 13.2 20 28.7 22 10.7 4.1 1.0 0.2 2.15 

I t  is seen t ha t  on the  average a pion undergoes two interact ions with a 
nucleus but  with a probabi l i ty  of a few percents it m a y  in terac t  5 . 6  t imes.  

Therefore, the final interact ion of pions f rom annihilation is very  impor t an t  
and it  m a y  change the  whole picture  of the  ~A interact ion substantial ly.  One 

m a y  expect  the  ou tpu t s  of nucleus fm~gments due to these pion interact ions 

to differ f rom those obtained on the  basis of a naive one-nucleon mechanism 

of the ~A interact ion.  

9"2. The deuterium puzzle. - The so-called deuter ium puzzle is the bridge 

which links together  the  propert ies  of ~4He annihilation and its astrophysical  

consequences. 
I n  fig. 9.3 are presented the concentrat ions of different fight elements cal- 

culated within the f ramework  of the s tandard  big-bang cosmology [78, 79]. One 

can see t ha t  the deuter ium abundance  depends strongly on the  density of ba- 

ryons @B in the Universe or on the  p a r a m e t e r  ~gB= @B/@o, where @r is the  
critical density. The pa rame te r  ~Q~ is not well known (the famous pa radox  of 

the  (~ hidden mass ~>). F r o m  one type  of observations,  based on the measure- 

ment,~ of the  luminosi ty  of stellar objects, ~9~ is less t h a n  0.;1. F r o m  another  
type  of observations,  based on the measurements  of the relative velocities of 

the galaxies which depend on the gravi ta t ional  masses of the  galaxies, the 

value of Y2 B is of the  order of 0 . 2 . 0 . 7 .  The observed abundance  of deuter ium 

X~--~ (2.5 ~ ] .5 ) . ]0  -~ [36] is consistent with ~ n < 0 . 1 ,  but  in the case of 
Y2~>0.2--0.7 the  concentrat ion of deuter ium mus t  be of the  order of 
X a ~  10 s_ ]0 -6 .  There exist weighty arguments  to assume tha t  tgto t is really 

0 . 2 . 0 . 7 .  Therefore, if f2~o~ ~ .Q~, addit ional  sources of deuter ium, besides 

big-bang nucleosynthesis,  are needed to explain the observed abundance  of 

deuter ium. A number  of a t t empt s  has been made to solve this problem, but  

all in vain. 
For  example,  C~OLDBERG and CHECHETKIN [80] considered the format ion 

of deuter ium due to spallation of 4He by  protons  and ia ~ + ~  reactions. I t  

mus t  be ment ioned tha t  to spsllate 4He a p ro ton  is required to have  an energy 

>28  MeV. F rom the point  of view of particle physics t ha t  is quite ~ small 

energy, easily obta ined in accelerators. Bu t  there are only few processes in 
the  space which m a y  provide a substant ia l  flux of tens-of-MeV protons.  In  [80] 
the  processes in the envelope of supernov,%e were considered. I t  was shown tha t  
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Fig. 9.3. - Predictions of the primordial abundances of d, SHe, 4He, ~ 7Li, lZB 
for different b~ryon densities ~b" From the results of calculations [78, 79]. 

the assumption tha t  additional deuter ium is formed in pdtte spallation and 
~ : r  reactions implies large amounts  of ~He, 6Li and 7Li being formed, too. 

For  exampl% the calculated ratio of XJX L i  is tWO or three orders less than  

the observed one. 
The deuter ium may  be formed due to ~dHc annihilation, too. Ev en  anti- 

protons at rest may  create deuter ium in ~dHe annihilation. F ro m  the previous 

consideration it is clear that ,  not  only the pure output  of deuter ium is signif- 
icant,  bu t  also the  relationship between the  outputs  of other  light elements 

is ext remely  important ,  too. 

9"3. May ~dtte data prove the existence of late annihilation in the Universe? - 
In  this  subsection we discuss the  question if the ~'I:[e data  can prove or disprove 
the  possibility of late annihilation in the Universe. I t  is clear t ha t  the observed 
abundances of d and 3He put  some limits on the outputs  of these nuclei in 
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~4]=[e annihilation. For  example,  if we suggest t ha t  all deuter ium in the 

Universe was formed in ~dHe annihilat ion and it turns  out  to be t ha t  the 

ou tpu t  of 3tie in this annihilat ion is 100 t imes  greater  t h a n  the ou tpu t  of d, 

t ha t  definitely rules out the first suggestion. R e m e m b e r  t h a t  the  observed 

mass fractions of d and aHe are the  following: 

(9.3.1) x o =  (2.5 ~ ~.5).~0-.~, X..o= (4.2 • 2.8).10-~. 

Therefore, ~he outputs  of d and 3He in ~dHe ~nnihilation cannot  differ sub- 

stautial ly f rom one another.  Otherwise, we should see a too large amount  of 
3He, in our example  100 t imes greater  than  the observed abundance  of aHe. 

So, if one observes a large difference between ~he outputs  of d and  3tie in 

~dHe annihilation, one can immedia te ly  conclude, f rom this fact ,  t ha t  an- 

nihilation hardly  took  place in the  early Universe. 

Let  us t r y  to obtain more or less rigorous limits on the ratio of ] ~  and ~ aHe, 

which are the  outputs  of d and ~He in ~4He annihilation. Keep in mind tha t  

in the hot  early Universe (see sect. 4) 

]~"= ]~ q- ]a at t < t  a 

and then  at  t > t d (free neutrons do not  succeed in forming deuter ium in 
the  n + p  -+ d + y  reaction) 

I~"= L. 

Le~ us suppose t ha t  a pa r t  of the  observed deuter ium (as well as ~He) 

was formed in ~dHe annihi lat ion X~nnd and the  other  pa r t  Xd(@~ ) was formed 

due to the  big-bang nucleosynthesis.  The symbol  @n in the  parentheses  signifies 

t h a t  the  amount  of <( big-bang ~> deuter ium depends on the density of baryons  

in the  Universe. When  @~ changes f rom --~ 5-10 -3~ to 5.10 -3~ g/cm 3, Xd(@B) 
varies f rom ,-~5-10 -5 to , -~]0-7--10 -s (see fig. 9.3). At  a first glance, the 

suggestion tha t  all the observed deuter ium X ~ was formed due to annihi- d 

lation implies t ha t  we mus t  deal with the case of large @n, QB >~ 0.1, i.e. QR>~ 0.1 ~c 
at  which Xd(@~ ) is ra ther  small. So 

ann --5 where X a --~ 10 and Xd(@B ) ,-~ 10 -7 --10 -8. 

Actually,  this is not necessary. The generous errors in X~ b~ and X~ (see 

(9.3.1)) allow as large an amouut  of annihilated deuter ium X~ ~n as the  (r big- 
b~ng ~ one: 

x d ( o . )  ~ x 7  n ~ x ~  b~ . 
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I t  must  be noted tha t  the quoted errors in (9.3.1) are not  the errors of some 
definite measurement  but  the average over the whole set of observations. So 

these errors to a greater  extent  reflect not  the precision of a certain measure- 
ment  bu t  the deviation of X d in different regions of space (see appendix,  
table A.I). 

The situation with X~,o is the same (if not  worse). Nevertheless, we m ay  
draw some impor tan t  conclusions, in spite of the uncertainties in X,~b~ and X TM 

d " 

Let  us assume tha t  ~4F[e annihilation in the early Universe provides X~' ' -~ X~ b~ 
and 

(9.3.2) 0 ~ X . . . .  laX~ 

(The upper  limit approximately  corresponds to an interval  of three (( s tandard  

deviations ~) for X ~ The lower limit indicates tha t  the amount  of SHe from a~e  �9 

~4He annihilation is negligible, and all the aHe is due to the big-bung nucleo- 

synthesis.) 
Then the ratio between the outputs  of d and aHe in ~ H e  should be the 

ann a n n .  same as tha t  between X d and X3.~. 

(9.3.3) 
]a'* 3 X~ ~ 

[~o 2 X ~ "  

Taking into account (9.3.2), one can obtain 

(9.3.4) 0.089 < / 'u~  < cx). 

Therefore, if in the experiments on ~4He annihilation it will be found tha t  
the ou tpu t  of SHe is less t han  the effective ou tpu t  of d, one can conclude 
tha t  this result does not  contradict  the possibility of late annihilation (at 
103 s < t < 1013 s) in the Universe. If, otherwise, it will be shown tha t  the out- 
pu t  of SHe is greater  t han  the deuter ium or, e, tha t  rules out  the  possibility of 

late annihilation. The lat ter  s ta tement  needs some comments.  Strict ly speak- 
ing~ the condition (9.3.2) tha t  X~~ X~ s' is not  necessary. One m ay  spec- 

ulate tha t  not  all the deuter ium was formed in annihilation, bu t  only ,~ certain 

par t  of it. 8o it will be found that ,  if f3se > ]d, we may  pu t  some restrictions 

on the par t  of deuter ium being formed in ~4He annihilation and, ul t imately,  

we pu t  the restrietimls on the amount  of an t imat te r  in the early Universe. 

I t  must  be stressed tha t  this restriction will be stronger than  tha t  f rom eq. (4.7) 
in sect. 4. 

9"4. Post big-bangproduction o] light elements. - A comparison of observational  
data  (see the appendix) on the abundances of light (A < 12) elements with the 
results of numerical calculations [78, 79] of primordial  nucleosynthesis leads 
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to  the  conclusion tha t  some additional (post big-bang) sources of light e lements  

mus t  exist. These sources are usually related to nons ta t ionary  processes in the 

Galaxy,  such as supernova explosions, cosmic-ray interactions,  etc. Let  us 
first consider the possibility of deuter ium product ion by  Galaxy  sources. We 

have  ment ioned  in the  preceding subsection the  idea of [80] and [81] on the  

deuter ium format ion  in the  shock waves in supernova explosions as a result  

of 4He spallation within the  f ront  of the shock wave. Subsequent  calculations [80] 

of the complete set of nuclear reactions in this process have  led to the con- 

clusion tha t  the  amoun t  of 6Li produced as a by-produc t  in this process is so 
large tha t  it is in contradict ion with its observed abundance.  

In  paper  [82] the  process of 4He spal lat ion in the  th ick  disk formed 

at  the  accretion of the m a t t e r  on the  black hole was suggested. The other 

possibility of deuter ium format ion  is connected with neut ron  stars. Free neu- 

trons m a y  form deuter ium,  whether  the neut ron star  is disrupted owing to t idal 

effects, or the neutron-rich m a t t e r  formed in its interior is thrown out on its 

surface [83]. However ,  there  was no quant i t a t ive  analysis of these processes 

of deuter ium formation.  

As was ment ioned above (sect. 2), one of the essential features of the 

chemical  evolut ion of ligh~ elements  is the burning of deuter ium into "~He in 

the stars. The amoun t  of burned deuter ium is determined by  the condi- 

tions inside the  star. There is no quant i t a t ive  answer to this question, bu t  

we m a y  es t imate  the  upper  l imit  of the  pr imordial  deuter ium abundance  with 
the use of the to ta l  concentrat ion D-~3He (as was done in ref. [1]) for the esti- 

mat ion  of the deuter ium abundance  ia the protosolar  cloud. 
Another  essential mechanism of l ight-element  format ion  is connected with 

the  cosmic-ray interactions.  This mechanism implies the spallation of the ~2C 
and 1~O nuclei (the most  abundan t  ones among the nuclides produced in stars) 

by  cosmic rays. For  an extensive review on this subject  see [84]. Li, B, Be, ... 
seem to be produced by  this mechanism.  The main  problem in the  quant i ta t ive  

es t imates  of the  outputs  of these e lements  is the  question on the  in tens i ty  of 

cosmic rays  and on the  t ime  var ia t ion  of this intensi ty.  Based on the  inten- 
s i ty  of cosmic rays  observed in the  neighbourhood of the  solar sys tem the  
observed abundances  of ~~ and ~IB can hardly  be explained in the  f ramework  

of the  considered mechanism.  

The possibili ty of ~B format ion  in the envelopes of collapsing stars due to 

the  in teract ion of the  ,o flux with 1~C nuclei was considered in [85]. p annihi- 

lat ion with  12C and ~r nuclei, discussed in the  next  subsection, m a y  be t r ea ted  

as an interest ing mechanism of Li, B, Be format ion  in the  interstel lar  medium.  

9"5. Annihilation at the Galaxy stage and formation of light elements. - The 

sources of late annihilat ion predicted by  GUTs  (see sect. 8) m a y  work ef- 
fect ively a t  the  post  recombinat ion  stage (at t~>1013 s) either. P B H s  with a 

mass  of 1 0 1 3 g ~  M ~  ]01~g evapora te  ill this period. An t ima t t e r  domains of 
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scale .~B ~ 10~Tru~ annihilate in this period. So a slight change in the param- 
eters of GUTs, determining the masses and the lifetimes of superheavy meta- 

stable particles (subsect. 8"1), and thus the spectrum of PBHs, or the scale of 
antimatter domains (subsect. 8"2), may result in the prediction of the appear- 
ance of a substantial amount of antimatter (or antinucleons) at the post re- 

combination stage. 
To discuss the tests for the possible presence of these sources of antimatter,  

let us consider the relationship of ~ annihilation and light-element abundances 
at the post recombination stage (i.e. at Z < 10 8, or t > 1018 s). The data on 

the T-background (see sect. 3) put limits on the possible fraction J of annihilated 
antinucleons. These limits are very strong if annihilation takes place at present 
( / <  10 -~5 --10 -~0 in the Galaxy, ] < 10 -5 in the intergalactic medium, see 3"2.2), 

but they become weaker with the increase of Z. If  annihilation had finished, say, 

at Z ~ 1 - - 2 ,  there would have been no contradiction with the y-background if 

] -~ 10 -8. According to the modern theory [1] of the evolution of the Universe, 
the stars are formed at Z ~< 5 --10. As a result of stellar evolution and successive 
stellar disruption heavy elements are produced (A ~ 12). Antiproton interac- 

tions with such elements may provide formation of rare isotopes with relatively 
low abundances. The rare elements with A < 12 are of special interest here, 
since the observed abundances of Li, B, Be might have been thus connected 

with the processes 

7Li @ anything,  

r ~- anything,  

(9.5.1) ~2v~2C -~ 9Be-I-anything, 

I~ -[-anything, 

~B -t-anything, 

(9.5.2) p--~ 160 "-~ 

6Li -[-anything, 

'Li -t-anything, 

9Be-I- anything,  

~OB @ anything,  

~B -1- anything.  

Let us write down the kinetic equation for these processes: 

1 d X A  _ Xc,oJ(Z)  n~(1 ~- Z)*(av)c ,o ,  
(9.5.3) A dt Ao, o 

where XA,  X o or X o are the mass concentrations of the isotopes A, carbon and 
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oxygen, respectively, n~ is the baryon density, ](Z) is the fraction of annihilated 
p's and (av}c,o is the mean rate of reactions (9.5.1) and (9.5.2). Recalling 
eq. (3.2.1) for the ,(-flux Fv produced in the annihilation of the fractiou ] of 
~'s with the mat te r  and taking into account the red-shift Z, one obtains 

(9.5.4) Fy = kv/(Z)n~(1 @ Z)3(roCt~..(Z), 

where k v ,~ 5 is the mean number  of produced y's per annihilation, 

n ~ =  S2~'10-~/cm 3 

is the modern baryon number  density, t n(Z) is the time scale of annihilation 
at the red-shift Z, and the cross-section of annihilation of slow p's is takeu as 
a~. .= aoC/V, so that  a , . v  = %c. Combining eqs. (9.5.3) and (9.5.4), one ob- 
tains the following expression for the increase of the abundance AX A of the 
element A as a function of Z: 

(9.5.5) AXA ~ 4 
( ) A av P-}-O --~ A + a n y t h i n g  Fv(10O M e V / ( I + Z ) )  

Ac,o aoC nve 

) _ _  C t o t  - -  ' or for av --~ A@anything = a v/A,~ A~c aoC] x 
, 0  

(9.5.6) 
~' ] _ o .  v( OOMeV/(1 + z)! 

AXA IAA '4"10 [ 

If  annihilation took place at Z = 5, one obtains (from the existing limit 
/~v(20 MeV) ~<4.10-4/cm 2 s) for X c . o ~  10 -~ 

(9.5.7) 
o ~ ~ 1 0 - 1 o  A X  A ~']AAc,o'2" 

One obtains from (9.5.7) that ,  in the case of Be, AXBe~<4.5/B~X~ '. So, if 
]Bo~-~, the observed abundance of beryllium may be explained by  the p12C or 
p160 annihilation. The obtained relationship demonstrates the dependence 
of the possible output  of the  element A and pC(O) annihilation on the ex- 
perimentally measurable quant i ty  

(9.5.8) Ix=- 

av (~-[ -C ~ A + a n y t h i n g )  

The measurement of the cross-sections of reactions (9.5.1) and (9.5.2) provides 
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a definite check of the hypothesis  on the ~q-C or ~q-O origin of the  Li, Be, B 

abundances. To prove (or exclude) the possibility of the annihilation na ture  
of light elements the outputs  of all the nuclides in reactions (9.5.1) and 

(9.5.2) are of importance.  Similarly to the discussions of the preceding sub- 
sect. 9"3 (and 9"4) on the D4He nature  of the observed deuterium, the ~2C or D160 
nature  of the observed Be may  be checked both  by  the magni tude of its ou tpu t  
and by  the correlation of its ou tput  with ~he output  of other nuclides. Here  
we do not  consider this problem in detail, our aim is to demonstra te  tha t  the  
measurement  of the  outputs  of less abtmdant  nuclides in the ~ interact ions with 
relat ively more abundant  nuclides may  serve as a useful tool for the check of 
the recent presence of the sources of antiprotons (antimatter)  in ~he Universe 

predicted by  GUTs. 

Note, however,  t ha t  (( natural  )~ sources of antiprotons,  such as interactions 

in the neighbourhood of pulsars or in ~he accretion disks around the massive 

black holes in the  centres of galaxies, arise a t  the galaxy format ion stage. This 
fact  complicates the in terpreta t ion of the mechanism of D production,  leaving 
intact  the necessity of an exper imental  check of the  (( annihilat ion ~> mechanism 
of rare-element product ion in the not  so far past. 

10. - W h a t  n e w  in format ion  can be obtained from the  s tudy o f  ~ A  ann ih i la t ion .  

In  this section we summarize all results which part ia l ly  were obtained in 

the previous sections of our review. 
The most promising is the s tudy of the ant iproton annihilation with 4He. 

By  measuring the effective output  of ~He (1~*o) in ~4He annihilation one may  
obtain a restriction on the fraction f of an t ima t t e r  in the  early Universe at  
1 0 3 s < t < 1 0 1 3 s .  The measurements  of the effective ou tpu t  of D in ~4He 
annihilation may  provide more detailed information.  One can obtain a re- 
striction on the  fract ion of an t imat te r  in the Universe in two periods, the first 
one from 103 s up to approximate ly  i month  from the beginning, and the second 
from 1 month  up to 1013 s. As we mentioned in sect. 4, these restrictions are, 

at  least, four orders of magni tude stronger than  tha t  which is obtained from 

y-radiat ion observations. Besides that ,  by  comparison between ]~f and ~ f  /aHe, 

one can draw the conclusion about  tlie very  possibility for th~ late annihilation 

in the Universe. 

As we noted in sect. 9, if 

(10.1) ~ff ~f o.89</~/I..o<~, 

the  annihilation in the  Universe does not  contradict  the observed abundances  
of D and 3He. Otherwise, even more stringent restrictions on ] could be derived. 

The estimation of ] based on the experimental  information on ~4He anni- 
hilat ion may  lead to a number  of interesting consequences. 



A N T I P R O T O N  I N T E R A C T I O N S  W I T H  L I G H T  E L E M E N T S  E T C .  ~ 9  

10"1. Limits on the relative contributions o/ the primordial black holes a(M) 

and fl(M). F r o m  eq. (6.14) one can obtain  tha t  

ID~(to~/ls): (10.2) ~(M) - , 
25/~ 

where a ( M ) =  @pBH/@tot, ]5 "~ 0.1 is the  fract ion of ant ibaryons  in the radia- 

t ion spect rum of PBHs .  So, if we assume tha t  ] , - , 1 0  -a (see sect. 4), 
t~ ~ 10 6 s and D R ~  0.1, then  

(10.3) ~(M) ~< 0.4 . ]0 -3 . 

The corresponding restr ict ion deduced f rom the distortions of the thermal-  

background radia t ion is two orders of magni tude  weaker (see sect. 3). Restric- 

tions on the  value of a(M) based on the D~He data  can give information 

about  the homogenei ty  of the  early Universe at  t~> 10 -~s s. These restrictions 

m a y  put  s tr ingent  l imits on the  inhomogeneities appear ing in the course of 
GUT phase transition. 

Indeed,  owing to the enhancement  of the relat ive contr ibut ion of P B H s  

to the  cosmological densi ty a t  the RD stage and a t  the  stages of relativistic- 
part icle  dominance  (at t < 1 s), the restr ict ion (10.3) on the  value of 

a ( M  = 10 ~1 g) converts  into the  restriction on the probabi l i ty  Wp~ H of forma- 
t ion of such P B H s  at  t ~ 1 0  --~7 s: 

(10.4) mm . . . .  410_~ 9 

where m m = 10-~ ,,~ is the P lanck  mass. 

10"2. Limits  on the GUT-predicted superheavy particles. - Rigorous restric- 
t ions on the  P B H  format ion  probabi l i ty  result in restrictions on the  masses and 
l ifetimes of GUT-predic ted  superheavy metas tab le  particles.  The existence of 

these particles leads (see sect. 8) to the possibility of P B H  format ion  f rom small 

densi ty per turba t ions  a t  the stage of the dominance of such particles in the early 

Universe. At  the initial inhomogenei ty  ~o/@ d ~ 10 -2, particles with mass 

m ~ l O l a G e V ,  dominat ing  in the Universe at  t>~10-27s, fo rm P B H s  of mass 

M ~ ] 0 1 1 g  with the probabi l i ty  

(10.5) W(p) >= o .  10-2 (~- ~ 2" 10 -15 
PBH ~ ~ 

In  the  case of superheavy-metas table-par t ic le  dominance one has (see 
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sect. 8) a relat ionship between the  probabi l i ty  W (') and the va lue  of ~(M): ' '  PBtt 

(lo.6) - -  - -  '' P B I I  5 

\mF~ I \ r I 

where ~ is the l ifetime of the particles. 
So in the considered case limits on the value of ~(M) put  restrict ions ou 

the  l ifetime of the  particles z > 10 -~~ s. However ,  a typica l  l ifetime for GUT- 

predicted particles of mass m ~ 10 ~3 GeV is given b y  (8.9), so t ha t  v ~-- 10 -~2 s. 

So restr ict ion (10.3) pract ical ly excludes ei ther the  existence of super- 

heavy  metas tab le  particles with mass ~ 10 ~3 GeV, or (since the p robabi l i ty  

(10.5) depends s trongly on b) the existence of per turba t ions  with ($>~10 -~ in 

the  early Universe. 

Note  t h a t  this result  is obta ined owing to restr ict ion (10.3) oi1 the  va lue  

of a(M). For  the  restriction given f rom the observat ions of the  thermal-  

background  spec t rum a ( M ) g l 0  -~, so t h a t  the  respective lower l imit  for z is 

z ~ 10 -23 s - - t h e  value z ~ 1 0 - ~ - " s  is possible and no contradict ions arise. 
We see t ha t  the two-order-of-magni tude enhancement  of the  restr ict ion on 

a(M),  based on ~4He data ,  results in the new possibilities of tests  of GUTs,  

impossible by  other means.  

10"3. Limits on the annihilation o] antimatter domains. - I n  the  considered 

stage 10 3 s < t < 10 ~ s an t ima t t e r  domains of scale N~ ~<1.6.1067~rB (see sect. 6) 

dissipate (where r B is %/ny ,  i.e. ~he ba ryon- to -pho ton  ratio). The ~4He da ta  will 

provide a l imit  on the possible relat ive amoun t  of an t ima t t e r  ] contained in 

such domains:  

(10.7) ] 4 10 -4 . 

There are pract ical ly no restr ict ion on / contained in such domains f rom 

the observat ions of the  thermal -background  spect rum 

(10.8) ] ~ 1 a t  Z > ]04 ( t  ~ 101~ s) . 

10"4. Limits on the parameters o] GUT phase transitions and mechanisms 

o] CP violation. - W i t h i n  the f rame  of GUTs an t ima t t e r  domains m a y  appear  

in the  course of GUT phase transi t ion,  if there is soft CP violat ion (sect. 8). 
The scale of a domain  is determined by  the  dura~ion of the phase  t ransi t ion 
(or the  succession of transitions),  and the va lue  of / is de termined by  the 
relat ionship between the phases of hard,  ~ ,  and soft, q~, CP violat ion 

( ] 0 .9 )  ] - -  ~ 8 - -  q~'. 
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If  a domain of scale 

(lO.10) (104~ +1062) ]r B 4- N g  ~ 1.6. l 0 G7 frj~ 

is formed in the GUT transitions, restriction (10.9) provides t ight  bounds on 

the phases % and % - - t h e y  must  be very  close to each other:  

(10.11) % -- % ] % @ %  1410-4 . 

So definite restrictions on the GUT mechanism of CP violation may  be provided 
by  the ~4He data. There is almost no restriction on such mechanisms from 
the observations of the  thermal-background spectrum. 

10"5. N e w  mechanism o/ deuterium /ormation. - The sources of late ~ an- 

nihilation predicted by  C~UTs are characterized by  the limited t ime interval  
of their  switching on. PBHs  in a definite mass interval  are formed. Domains 

of definite scale are predicted. The parameters  of the sources of ant imat ter  
are determined by  the parameters  of GrUTs, so tha t  for a certain choice of these 
parameters  antiprotons (antimatter)  may  appear at  the RD stage only, and the 
deuter ium output  in the TitHe annihilation may  be just  the one being ob- 
served. 

The outputs  of all the other products (n, SHe, T) are to be measured in the 

~ H e  annihilation to check this mechanism. A special, very  restricted, choice 
of GUT cosmology is needed for this mechanism. 

Note tha t  the presence of sources of late annihilation at  the galaxy for- 
mat ion stage may be checked by  measurements of the outputs  of relatively rare 
elements in the I~ interactions with relatively abundant  nuclides (C, O, Fe, 
etc.). 

In  conclusion the s tudy of ~A interactions may  provide a) limits on the 
possible amount  of an t imat te r  in the early Universe, b) limits on the probabil i ty 
of P B H  format ion and on tim properties of superheavy metastable particles, 
c) restrictions on the GUT parameters  determining the properties of domains 

of ant imat ter ,  d) new sources of rare elements. 
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N. TIEHO3fIaOVA and O. MIKHAILOVA for their help in preparing the manu- 
script. 
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APPENDIX 

Light-element abundances. 

The observational data and the calculations o/ the big bang nueleosynthesis. 
The observat ional  da ta  will be presented  for different e lements  in the  order 
of growth  of the i r  a tomic  number .  All the  abundances  t aken  f rom ref. [1, 
36, 83, 84, 86, 87] will be given re la t ive  to the  hydrogen  one. 

Deuterium. The deu te r ium abundance  in wa te r  is D / H  - -  1.6.10 -4. A sim- 
i lar  concentra t ion was observed in the meteori tes .  Es t ima te s  of the  abundance  
of deu te r ium in J u p i t e r ' s  a tmosphere  give D / H  = (2 .9+7.5) .10  -5 f rom the 
observat ions  of CH3D molecules and  D/H-- - - (2 .1  / :  0.4).:10 -~ f rom the ob- 
servat ions  of the  H D  molecular  content .  The observat ions  of the  spec t rum 
of the  solar photosphere  and corona give an upper  linlit on the  deu te r ium a b u m  
dance of D / I t  ~< 4 . 1 0 - t  The absence of deu te r ium on the  solar surface m a y  be 
in te rp re ted  as an effect of deuter ium burning.  The observed concentra t ion 
of D in water  is to be corrected by  the  effect of its enr ichment  owing to molec- 
u lar -exchange reactions.  

Observat ions  of deu te r ium in the  in ters te l lar  med ium indicate  a ra ther  large 
va r i a t ion  of it, s concentrat ion.  So, for ins tance,  the  de-tlterium abundance  in the  
Orion nebula  is D / I t  ~ 6.10 -3 (in D C H  molecules),  while observat ions  of L y m a n  
lines in the  in ters te l lar  gas give D / H  = (1.4 4- 0.2).10 -~. The va r ia t ion  in the  
measured  values of the  deu te r ium abundance  does not  nlean a bad  accuracy of 
the  measurements ,  bu t  reflects the  real  inhomogene i ty  in the  dis t r ibut ion of D. 
This inhomogene i ty  m a y  be induced by  some processes, leading to enr ichment  
of deuter ium.  

The average  magn i tude  of the  deuter ium abundance  at  the  m o m e n t  of the  
solar-sys tem format ion  is accepted as (2.5 • 1.5).10 -5 [36]. Though there  is 
some unce r t a in ty  in the  account  for deuter ium burning  in stars  (the f ract ion 
of m a t t e r  par t i c ipa t ing  in the  stellar evolution is not  well e s t a b l i s h e d ) a n d  in 
the  account  for the processes of deu te r ium product ion  ill the  as t rophysica l  
objects (for example ,  in the  inequi l ibr ium layer  of neu t ron  st~rs), we m a y  as- 
sume t h a t  the  deuter ium abundance  has  not  changed drasi, ically since the  
period of solar-system formation.  

SHe. The abundance  of hel ium-3 in the  inters te l lar  med ium is de te rmined  
b y  observat ions  of the  superfine spl i t t ing of the  line 3.46 cm. This me thod  has  
given the  following upper  linfits on the  SHe abundance :  ~He/H < 5.10 -s. Direct  
observat ions of the  SHe abundance  in the  solar wind give 3He/4He ---- 4.10 -4. The 
analysis  of the  concentrat ion of isotopes of some other  e lements  on the  solar sur- 
face leads to the  conclusion t ha t  the  va lue  of the  ra t io  SHe/4He cannot  be es- 
sential ly reduced by  nlixing or the rmonuc lea r  processes. Thus the  observed 
abundance  of helium-3 cannot  exceed the  sum of deu te r ium and helium-3 
abundances  in the  protosolar  gas. We m a y  conehlde tha~ the abundance  of 
hel ium-3 is (4.2 • 2.8)-10 -5 [36]. 

4He. There  is a large am oun t  of es t imates  of 4He abundances ,  based  on the 
observat ions of excited He  in galaxies and stars,  as well us on the  anglysis of the  
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4tie  a b u n d a n c e  in  t h e  s t e l l a r  m a t e r i a l .  A d e t a i l e d  d i scuss ion  of t h e s e  d a t a  is 
b e y o n d  to  scope  of t h e  p r e s e n t  r ev iew.  As  e~ c o n s e r v a t i v e  e s t i m a t e  of t h e  4He 
a b u n d a n c e ,  we wi l l  t a k e  4He/H = 0.10 -k 0.02 [88,89]. I n  our  op in ion  s t r in -  
g e n t  l i m i t s  on t h e  p r i m o r d i a l  4He a b u n d a n c e  d e d u c e d  f rom t h e  o b s e r v e d  4He 
a b u n d a n c e  do n o t  s eem re l i ab l e ,  due  to  a m b i g u i t i e s  in  t h e  i n t e r p r e t a t i o n  of ob- 
s e rva t ions .  

GLi and 7Li. These  e l e m e n t s  were  o b s e r v e d  in  d i f fe ren t  k i n d s  of a s t r o n o m -  
i ca l  o b j e c t s :  in  m e t e o r i t e s ,  s t a r s ,  in  t h e  i n t e r s t e l l a r  gas.  I n  t h e  l a t t e r  case,  
t h e  a b s o r p t i o n  l ine  6708 A was  obse rved .  W e  m a y  conc lude  f r o m  t h e s e  obser-  
v a t i o n s  t h a t  t h e  p r o t o s o l a r  Li / t t  a b u n d a n c e  is 10 -9• w i t h  i so top ic  c o m p o s i t i o n  
7 L i / ~ L i ~  12. T h e r e  we re  no s u b s t a n t i a l  c ha nge s  of t h e s e  va lue s  s ince  t h e  
p e r i o d  of s o l a r - s y s t e m  f o r m a t i o n .  T h e  o b s e r v e d  v a r i a t i o n  of t h e  L i  a b u n -  
d a n c e  in  v a r i o u s  s t a r s  (eL L i / H  - -  10 -7 in  r e d  g ian [ s ,  a n d  b y  h u n d r e d  t i m e s  
s m a l l e r  in  t h e  Sun)  is r e l a t e d  to  t h e  conc re t e  t h e r m o n u c l e a r  r e a c t i o n s  a n d  
p h y s i c a l  p rocesses  in  t h e s e  s t a r s .  

9Be and 10,1~B. A c c o r d i n g  to  t h e  m o d e r n  c o s m o l o g i c a l  i deas  t h e s e  e l e m e n t s  
cou ld  no t  be  f o r m e d  in a n y  s i zab le  a m o u n t  in  t h e  c osmo log i c a l  n u e l c o s y n t h e s i s .  
T h e  c o s m i c - r a y - i n d u c e d  s p a l l a t i o n  r e a c t i o n s  on h e a v i e r  nuc le i  (~2C, 1~0) ~re 
c o n s i d e r e d  u s u a l l y  as  t h e  m a i n  m e c h a n i s m  of t h e i r  f o r m a t i c n .  The  o b s e r v a t i o n a l  
d~ ta  on t h e  a b u n d a n c e  of t h e s e  e l e m e n t s  a r e  g i v e n  in  t a b l e  A . I .  

TABLE A.I .  - Abundances of light elements. 

Relat ive Interstel lar  Solar Stars Meteorites 
concentration gas surface 

2D/H < 4. l 0  -4  < 4 . 1 0  -6 < 6 . 1 0  ~ < 8 . 1 0  5 

> 3.10 .5 > 1.10 -5 

Accepted value: 1.4.10 -5 

aHe/H < 5" l0 -s < 4" 10 -5 1.5_+~:~ �9 10 -5 

Accepted value: (2 • 1). 10 -5 

4He/H 0.11 q- 0.03 ~ 0 . 1 0  ~ 0 . 1 0  

Accepted value: 0.10 ~ 0.02 

Li /H 3. l0 -1~ 10 -11 10 -1~ --10 -7 1.5.10-" 

Accepted value: 10 -9 

Be/H <~ 7"10 -11 10 11 4.10-11§ 12 2"10 11 

Accepted value: 2.10 11 

B/H < 2.10 -9 < 6. l0 -10 2- 10 -10 - -6 .10 -9 

.Accepted value:  5.10 -9 
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In table A.I the observational data on the abundances of all the light ele- 
ments are presented. The data are taken mainly from review [86]. 

The standard model o] big-bang nueleosynthesis. We take as a standard the 
baryon-asymmetric model with the ratio of baryon nB to photon n~ number 
densities nB/nvNlO -9~. The most complete calculations of the primordial 
nuelesynthesis were performed in [78, 79] (see ulso [90-93]). We briefly discuss 
here the main assumptions, parameters und results of these calculations. 

Assumptions: 

1) The expansion of the Universe is considered within the framework 
of the metric theory of gravity. 

2) At the stage of nueleosynthesis there is no strong anisotropy and 
inhomogeneity of the Universe. 

3) There has been a high-temperature stage T>10 ~ K in the evolution 
of the Universe. At this stuge, the equilibrium between nucleons, neutrinos, 
radiation and electron-positron pairs was maintained. In the course of the 
successive expansion ~-processes go out of equilibrium (see sect. 2), so that  
the ratio of neutron and proton concentrations freezes out. 

4) All the local annihilations of antinueleons have finished before the period 
of nueleosynthesis. Effects of annihilution in the period of nueleosynthesis 
are negligible. 

Parameters : 

1) the baryon density @B, 

2) the rate of expansion ~, 

3) the frozen ratio of neutron and proton concentrations n/p, 

4) the rate of decay of the neutron C. 

The relationship between temperature and density 

(A.1) ~b ~ hT3 

was used in the calculations. Here h stands for the entropy. If there were 
no other additional sources of entropy after the nueleosynthesis, except 
electron-positron pair annihilation~ there would be an unambiguous relationship 
between the present mean baryon density and the parameter he: 

(A.2) @~(T ~- 2.7 K) = 7.15.10-27ho g/cm ~ . 

The rate of isotropic expansion was taken as 

(A.3) 
V dt 

where V is the relative velocity between tile two objects~ @ is the cosmological 
density, G is the gravitation~J1 constant ,~nd ~ is a parameter accounting for 
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the  possible presence of new kinds of particles in the Universe. The gencrgl 
l imit  on ~ from the results of nuclcosynthesis was first obtained by  S~VA~TS- 
~A~ [94]. With in  the f ramework of GUTs, the pa ramete r  ~ churgcterizes the 
number  of generations of quarks and leprous, measuring the  number  of different 
types  of neutrino.  

In  calculations [78, 79] the l i fet ime of the neutron relative to the ~-decay 
was taken  as 

(A.4) T n ~ 926/C s .  

The parameter  C accounts for the  ambiguities of the  exper imental  value of the 
neut ron lifetime. The neutr ino degeneracy [79, 90] in the period of nucleo- 
synthesis m a y  influence the rate of ~-dccay either. 

In  the  s tandard  model  the  value ~ ~- C = I was accepted. The change of 
en t ropy af ter  nucleosynthesis was ~ssmned to be related to the electron- 
positron pair  annihi lat ion only. In  the case of addit ional  sources of ent ropy 
(cf. [91]) relationship (A.2) between the  modern baryon  densi ty and the  par- 
ameter  ho is to be modified. 

Results. The results of caleulv~tions are presented in fig. A.1-A.3 taken 
from [78, 79, 82]. In  fig. 9.3 the  dependence of the abundances of l ight elements 
in the s tandard  (~ ~ C ---- 1) model on the baryon  densi ty is given. Remind 
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Fig. A.l. - The deviations of the primordial ~He mass fraction for different baryon 
densities @b from the predictions of the standard model. 
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Fig. A.2. - The dependence of the 4He mass fraction for different baryon densities 
qb on the number of neutrino species. 
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(see sect. 2) t ha t  the  cri t ical  dens i ty  (for H ---- 50 km/s  -Mpc) is ~o = 5-10-3og/cm S. 
The mean  densi ty  of the  visible (luminous) m a t t e r  (see sect. 2) is 1.5.10 -S~ g /cm 3. 
The output  of deuter ium depends s t rongly on the  ba ryon  density.  We see f rom 
fig. 9.3 t ha t  at  ~b ~ 10-3~ g/e mS a deficit of the  predic ted deuter ium abundance  
as compared  to observat ions arises. The helium-4 output  is dependent  on the 
ba ryon  densi ty  at ve ry  small  Qb only. 

The pr imordia l  4He abundance  is a ra ther  good indicator  of ~ r  and 
C=/=1. I n  fig. A . l t h e  ou tpu t  of 4He is given for 1 ~ 2  and � 8 9  
A comparison with  the  observat ions of the  4He abundance  provides l imits  on 
the  possible deviat ions of ~ and  C f rom 1. 

The dependence of the  4He abundance  on the  number  of species of relativ- 
istic p~rticles for various ba ryon  densities is given in fig. A.2. In  fig. A.3 the 
dependence of d~ 3He and ~He abundances  on ~ is given. 
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