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The restrictions on elementary particle properties which can be derived from cosmological and astrophysical
data are considered. The inverse relations between micro- and macrophysics are also discussed, in particular
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I. INTRODUCTION

Astronomy nowadays tends to have 'closer and closer
connections with physics. Astronomy by itself is a
branch of science studying things which really have
happened, are happening, or will happen in Nature.

Physics deals with the fundamental laws which gov-
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em different phenomena in Nature, and in particular
the phenomena which indeed happen under natural con-
ditions according to these laws. Apart from this, phys-
ics describes and predicts what will happen under spe-

. cial conditions in a controlled physical experiment.
Astronomy adopts possible scenarios from physics and
fits them to meager and often ambiguous observational
data.

It is said that the paintings by the famous English
artist Turner changed the weather on the coast of
England; they made the sunsets more magnificent. %e
have witnessed how cosmic masers were discovered
only after the development of laser technology in the
laboratory. The increasing belief in general relativity
and the detailed investigation of nuclear reactions as
the power supply of the stars led theoreticians to the
conclusion that neutron stars and black holes must
exist. The discoveries of radio and x-ray pulsars con-
firmed the existence of neutron stars. Some compact
x-ray sources are possible candidates for the high title
of black holes. These are only some examples of phys-
ics helping astronomy to comprehend the observed phe-
nomena, and the list could be enlarged.

But just the opposite cases are of special value for
' astronomers. These are the cases when astronomy
teaches physicists and puts at their disposal specific
data which are difficult or even impossible to obtain
under laboratory conditions. One well known instance
of this is the measurement of the speed of light. poemer
determined it in 1675 from the delay of the Jupiter sat-
ellite eclipse. It could not be measured in laboratories
until centuries later. Another example is the discovery
of the law of gravity by Newton. Celestial mechanics
permitted it to be established in 1686. Only in 1798 was

. Cavendish able to measure the gravitational constant
in the laboratory.

Does physics continue to be enriched by astronomy?
Can astronomy, by virtue of its gigantic scale, get
information inaccessible in a modern superequipped
laboratory? Is it possible, in particular, to obtain, by
means of astronomy, new data on elementary parti-
cles? This is the question which is considered in this
paper, and the answer is positive.

%e begin with a review of the basic facts known about
the universe, which will be used in what follows. The
consequences of these facts for elementary particles
are touched here only briefly, as they will be discussed
in detail in later sections.

'The celestial mechanics of the solar system con-
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firms with magnificient precision the theory of gen-
eral relativity. The data leave almost no room for
modifications of the theory. Therefore, the existence of
gravitational waves (which is predicted by general
relativity) is indirectly confirmed. Going a step further,
quantum mechanics tells us that gravitons (spin-2
massless bosons) must exist. We may conclude that
up to energies of the order of m~ —10"GeV the theory
is established, with the possible uncertainty with re-
gards to the cosmological term.

Our failure to date to observe gravitational waves
directly is somewhat discouraging, but the theory is
by no means compromised if one compares the sen-
sitivity of modern measuring equipment with the ex-
pected intensity of the sources. Recent observations
of a binary pulsar have given evidence in favor of grav-
itational radiation (Taylor et a/. , 1979. See also
Mac Callum, 1979).

Another confirmation of general relativity follows
from checking the equivalence principle, i.e. , the
equality of gravitational and inertial masses. The im-
pressive accuracy of 10 "is obtained here. This
means that the equation' E= &m c' is valid not only for
strong and electromagnetic interactions but also for
weak interactions. The experiments testing the equiv-
alence principle were performed with electrically neu-
tral bodies. They proved that there are no long-range
forces (like the electromagnetic one) associated with
the particles forming the bodies (Lee and Yang, 1955).

On the other hand, measurements of the Earth's mag-
netic field and those of Jupiter and of galaxies show no
deviations from Maxwellian electrodynamics. 'This
means that the photon mass is zero or extremely small,
much smaller than the bounds obtained in laboratory
expe r iments.

A new era in the interrelationship of physics and
astronomy began about 20 years ago, due to the de-
velopment of modern cosmology and, especially, due
to experimental confirmations of the hot universe mod-
el. We shall now briefly present the basic facts of big
bang cosmology.

A. A brief cosmological review

Many physicists owe their aquaintance with modern
cosmology to the book The I'inst Three Minutes by
S. Weinberg (1977). They know that the universe is
expanding in accordance with Hubble's law, i.e. , u

The contemporary value of the Hubble constant'
H (constant means no variation in space; that is, H

does not depend on the value and direction of x but de-
pends on time) is 55 km sec 'Mpc. ' Here Mpc is the
abbreviation for megaparsec, 1 Mpc = 10 pc = 3.085
x 10" cm, so that H = (1.8 & 10"yr). '

On large scales the unjverse is with high precision

~In what follows we shall use the natural system of units such
that 5= c = k = 1.

Some authors, even today, claim that 0 =(75-100) km sec
Mpc . A mistrust of the existence and cosmological origin of
the redshift in spectra of remote objects, however, is becom-
ing less and less popular. On the contrary, it seems surpris-
ing now that the Hubble expansion was discovered primarily at
small scales.

uniform, and its expansion is isotropic (i.e. , equiv-
alent in all directions in space). The largest distance
we have information about is of order c/H = 5000
Mpc =1.5 x 10" cm. On such a scale deviations from
the uniform and isotropic picture are less than 10 '—
10 in relative units. At an earlier time, however,
there could have been larger perturbations.

'The theory of the expanding universe connects the
age of the universe to with the present expansion rate
H and the average matter density p. The lower the
density of matter, the smaller the velocity variation
during the expansion. For p- 0 the universe's age to
=A/u =H '. With increasing density gravitational
deceleration becomes important. This means that in
the past the expansion was faster, so that the age to
is less:

to=H 'f(Q) = f(Q)18 x 109 yr,
where Q = p/p, and the function f is smaller than unity.
The critical value of the matter density is defined by
the equation p, = 3H'/8rrG =6 x 10 "gem '. lf Q = 1

(i.e. , p= p, ), f(1)=2/3. For Q» 1 the function f tends
to 1/vQ so that the H-independent upper bound on the
age of the universe can be obtained, t, &(8vGp/3)'
These formulas are valid in nonrelativistic cases,
i.e., for p «g = p. In the extreme relativistic limit
where P = e/3, the simple expression f = (I+M&) ' can
be found. The lower bound on the age of the universe
is given by the age of the solar sys tern and the Earth
(t, ~ 4.5 x 10 yr). Nuclear dating methods and in par-
ticular the abundance ratio of uranium 235 to uranium
238 require a time interval t = 8 x 10 yr between today
and the epoch of nucleosynthesis (nowadays U"':U"'
= 7 x 10 ' and, in accordance with the element formation
theory, U"':U"" ~ 1 at the moment of production). The
use of the Re-Os chronometer gives to= (11-18)x 10'
yr (Hainebach and Schramm, 1976). Astronomical ob-
servations, together with the stellar evolution theory,
give evidence that the age of some stars is as great
as (14—16) x 10' yr (Demarque and McClure, 1977).
The situation was summarized by Tammann et al.
(1980), who claim that the age of the universe is def-
initely greater than 12 x 10' yr and probably even greater
than 15 x 10 yr. An upper bound for the density of
matter compatible with the modern values of II and to
is approximately p,„=10' g cm '. A more probable
value is p=2 && 10 3ogcm '. There are some indirect
data in favor of this result. The average density of
matter contained in stars relative to the whole volume
among galaxies and clusters of galaxies is about 5
x10 ' gcm

The upper bound on p seems indeed to be reliable.
It can be used to restrict the total energy density of
forms of matter in the universe which are not obser-
vable directly. This idea was probably first applied
to elementary particles by Zeldovich and Smorodinsky
(1961). They found a bound on the density of particles
such as neutrinos and gravitons which cannot be directly
detected.

he next well established fact is the existence of the
three-degree microwave background radiation. This
radiation is highly isotropic, deviating from exact
isotropy by less than 3 x10 ' (in relative units &T/T).
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The degree of.linear polarization is less than 10 ', and
no deviations from the Planck spectrum larger than
20—30% are found. (See, however, the paper by Woody
and Richards, 1979). The radiation temperature now
is 2.8+.1 K. The number density of the photons is about
500 cm ', and their energy density is 6 & 10 "erg cm '
Since the universe is transparent to the cosmic back-
ground radiation now, and in the recent past, the iso-
tropy (relative to the solar system} tells us that this
radiation is uniform in space. Because of the neg-
ligible interaction of the background photons with
matter in the universe, their spectrum and spatial
distribution provide information on the remote past
of the universe.

The expansion of the universe, together with the
blackbody cosmic background, leads to the conclusion
that in the past the temperature was higher. The spec-
trum of the cosmic background radiation agrees with
the prediction of the hot universe (big bang) model first
formulated by Gamow. Extrapolating the temperature
to earlier stages we obtain T =10' K=1 MeV at a time
of the order of 1 sec from "the beginning"; T is about
10 MeV for t =0.01 sec, and so on; approximately,
T(MeV) = (f sec) '~'. For a temperature above 0.1 MeV
there should be electrons and positrons in thermal
equilibrium with the radiation. With rising temperature,
thermal equilibrium establishes itself, generally
speaking, faster than the rate of temperature vari-
ation. (There can be a violation of the equilibrium,
however, if the interaction rate falls off with the rise
in temperature. ) So for large T there is thermal equi-
librium, a,nd all particles with rn ~ T contribute to the
plasma in about equal amounts, with gravitons a pos-
sible exception. (Thermalization of gravitons was dis-
cussed by Kobzarev and Peshkov, 1974.) During the
expansion and cor responding cooling of the universe,
the number of light particles is conserved, and in first
approximation their number density ratio to that of
photons is constant. Therefore in big bang cosmology
the present number density of a given type neu-
trino (together with antineutrino) with one helicity state
is about 150 cm '. This result is valid for any suf-
ficiently light neutrino. Today at least two types of
-neutrinos are known to exist: electronic neutrinos,
v, (with corresponding antiparticle v, ), and muonic
neutrinos, v„(with corresponding v„). Probably
there is a third neutr ino type, v, and v„associated
with the charged ~ lepton, the latter having a mass
of about 1800 MeV. With the known number density
of neutrinos (N„) and the upper bound for the matter
density (p ) one can obta. in an upper limit for the
neutrino rest mass, the condition ZN„m„&p
being used. This argument was first presented in
a paper by Gerstein and Zeldovich in 1966 and later
by Cowsik and McC lelland (1972),

In the framework of big bang cosmology the abun-
dances of the relic quarks were considered. If quarks
are not. pe rmanently conf ined the re should be at le as t
one stable quark type (quark flavor) which would sur-
vive until the present epoch as a free particle. When
the temperature was sufficiently high the quark density
would have been of the order of that of photons. In the
course of cooling down, stable quarks could disappear

only through mutual annihilation. The probability of
quark-antiquark collisions would decrease rapidly as
the universe expanded due to decreasing number den-
sity per unit volume. Therefore, a rather high abun-
dance of relic quarks was predicted (Zeldovich, Okun,
and Pikelner, 1965). Comparison of this result with
the experimental bounds on quark concentration in
matter was a strong argument in favor of quark con-
finement. There have been, however, recent attempts
to get a smaller relic quark concentration (see Sec. V)
generated by the claim (LaRue et al. , 1977, 1979) of
free-quark observation. Along the same lines the relic
abundances of stable or long-lived particles were later
calculated. One example is a. hypothetical heavy neutral
lepton.

Let us return now to astronomical data and discuss
the density of "ordinary matter, " i.e. , protons, neu-
trons, and the nuclei built of them. We shall consider
an epoch when the temperature is less than 100 MeV
so there are no antibaryons in the plasma.

First of all, we note that astronomical observations
give no indication that antimatter occurs in an amount
comparable to that of matter. The universe seems to
be baryonic charge asymmetric. The asymmetry be-
comes significant when the temperature falls lower
than 100 MeV (t&10 ' sec). At higher temperatures the
asymmetry exists but it is relatively small and becomes
important only after cooling down. If there were a, bar-
yonic excess in the primeval plasma the equilibrium
density of antibaryons would be negligibly small for
T & 100 MeV. Moreover, baryon-antibaryon annihi-
lation would occur at an early time when the tempera-
ture was higher than 100 MeV. The thermodynaxnic
equilibrium predicts early annihilation. There are no
signs of later annihilation. Such signs might include
contributions to the spectrum of cosmic rays, distor-
tions in the spectrum of cosmic radio waves, or changes
in the chemical content of primary matter (some details
about this content are presented below). The combined
observational data indicate large charge asymmetry.
One has only to get rid of the prejudice that the sym-
metry of some particle properties (masses, absolute
values of charges, and so on) demands an equal num-
ber of particles and antiparticles in the universe. Charge
conjugation symmetry (C) is violated in nature, as is
CP (P is parity). It is generally believed that CPT (T
is time reversal, future past) holds exactly. But in a
universe subject to evolution with a given "arrow of
time, " CI'T does not prevent matter-antimatter asym-
metry.

So, by the time & &100 MeV, we have some protons
and neutrons in a lepton-and-photon plasma. At first,
owing to the weak interaction, the P =v transitions are
kept in equilibrium (Hayashi, 1950), then at lower
temperatures nucleosynthesis proceeds. The earliest
nuclei to be pr'oduced are the deuterium nuclei, then
O', He', and at last He . .After that element production
practically stops because of the low density of cos-
mological matter. Consequently, the reactions He'
+ He' -Be', SHe'- C", and so on almost do not pro-
ceed.

'The standard big bang cosmology gives definite
predictions about primordial element formation which
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'TABLE I. Element production in the standard big bang cosmology (Wagoner, 1974).

pg (T=2.7 K)

gem a(He') Z(He4) Z(Li6} a(Li') R~ o 12)

7.15xlo 33

1.27 x 10 32

2.26x 10
4.p2xlp 32

7.15x 10
1.27xlO "
2.26xlo "
4.02 x 10 3i

7.15xlp si

1.27xlp "
2.26 x 10
4.p2 x 10-3o

15x 10
1.27xlp»
2.26 x 10-»
4.02xlp 2~

7.15xlo 2~

1.27 x 10
2.26xlp 2'

4.p2xlp 2'

7.15xlp 28

8.5 x 10
5.5xlP 3

3.1xlp '
1.4 x 10
5.8xlp 4

2.2xlp 4

8.9 x 10
3.6xlP 5

1.3xlp 5

3.3xlp 6

3.9xlp 7

9.8 x 10
1.2xlp "

3.6xlo 4

2.8xlo 4

1.9xlo 4

1.1 x 10 4

6.7xlp '
4.3xlp 5

2.8 x 10
1.8 x 10
1.2 x 10
8.5 x 10
5.8 x 10
4.1x]p
3.3xlo '
2.7 x 10
2.4 x 10
2.1 x 10
1.8 x 10
1.5 x 10
1.1xlp '
7.8 x 10
4.3 x 10

0.089
0.131
0.171
0.200
0.217
0.227
0.234
0.240
0.246
0.251
0.255
0.260
0.265
0.270
0.275
0.280
0.284
0.289
0.294
0.299
0.304

2.6 x 10-«
3.7X lO "
3.6xlo ii

2.3xlo ii

1.1xlo ii

4.5 x 10-i2
2.pxlp "

2.0 x lo ~

3.0xlo ~

2.8 x 10
1.5xlo ~

5.OxlO "
2.2 x 10-io
3.4 x 10-io
1 2xlp
3.5xlP 8

7.2xlp '
1.2 x lp '
1.7 x 1P
2.5x 10
3.8 x lp-8
6.0 x 10
9.4 x 10
1 5xlp
2.2 x 10
3.0 x 10

7x 1P
3.7X 10

l.pxlo '2

1.7xlp i2

0 i2

4.0xlp i2

5.4xlp i2

6.4xlp i2

6.2 x 10-i2
4.6xlp i2

2.4xlp '2

1 OxlP-ii
5.O X1O-"
2 5xlp
1.2xlO '
5.4xlO '
2.1X1O-'

5x 10

are summarized in Table I for diffe rent values of the
baryon density (ps). For reasonable values of p~ the
theory predicts the primordial mass fraction of He'
in the range 25 —30% almost independently of p~. This
prediction is a triumph for big bang cosmology. In-
vestigations of the abundance of the elements in first-
generation stars and interstellar gas agree well with
the theory. ' The accuracy of the astronomical obser-
vations is difficult to evaluate, but a helium abundance
exceeding 35-40% is safely excluded. Shvartsman
(1969) (and later Steigman et al. , 1977) noted that big
bang nucleosynthesis was affected by the total number
of different sorts of massless particles. The energy
density at a given temperature depends on this num-
ber, and so does the relation between time and tem-
perature, and as a consequence the rate of the reaction
P ~ n ~

If there were 10 or 20 different neutrino types, the
helium mass fraction would be about 40 or 50%. This
is absolutely forbidden by the observations.

This result was not taken seriously 10 to 15 years
ago, but now with new particles being discovered under
more and more extreme conditions, the problem of the
"demographic explosion" in the elementary particle
world is of primary importance. Probably the bounds
on the number of types and the propert. ies of neutrinos,
at least today, have proved to be the most fruitful area
of cosmological applications to elementary particle

Only stars and interstellar gas containing small percentages
of heavy elements (such as carbon and iron) are investigated,
in order to exclude the possibility of secondary helium produc-
tion by stars. According to the theory of stellar evolution, the
helium created out of hydrogen by nuclear burning inside a
star is not released to enrich the interstellar gas until the star
explodes —at which time heavy elements are also released.
Therefore, a low abundance of heavy elements indicates a
first-generation star with original helium abundance. The
same is true for the interstellar gas.

physics. The bound on the number of different neutrino
types could be destroyed if there were an excess of
electronic neutrinos over antineutrinos. In our opinion
this is hardly probable (see Sec. IX).

The deuterium mass fraction in interstellar gas is
about 3 &&10 '. This value is observed in ionized gas
regions free of distortion caused by partial isotope
separation in chemical reactions. The admixture of
gas emitted by stars increases the helium fraction and
decreases the deuterium one. Some deuterium could
also be burned in the outer layers of stars. On the
other hand, a secondary production of deuterium by
cosmic rays or in shock waves is possible. In all eases
the absence of a noticeable anomaly in the abundance
of He' restricts possible fluctuations in the amount of
primordial deuterium. The current abundance obser-
vations lead to the bound R(D) &2 x 10 ' for the pri-
mordial deuterium mass fraction.

The idealized theory of deuterium synthesis in a
universe with a homogeneous distribution of matter
predicts the strong dependence of D abundance on matter
density. 'The higher the p~ the deeper is the burning
out of D in the nuclear reactions, so the less D sur-
vives the era of nucleosynthesis. For example, if p~
= 5 & 10 "g cm ' then A(D) = 10 ', and if p~ = 5 && 10 "
gem ' then R(D) =10 ' (see Table I). Therefore, pos-
sible inhomogeneity in the distribution of matter
strongly affects the deuterium abundance.

The relatively small amount of deuterium forbids
some extreme hypotheses which predict energetic par-
ticle production after the era of nucleosynthesis. For
example, a late baryon annihilation could produce deu-
terium through the reaction p+ He —D+n+ m'+ p . The
same is true also for intermediate-mass (10 ' g&m
&10"g) black hole evaporation.

Note that the observations of deuterium abundance
demand that the density of baryons in the universe
should be rather low (p~ =5 && 10 " gcm '). This,
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however, does not restrict density of other forms of
matter, e.g. , massive neutrinos.

To conclude, the observed deuterium abundance, al-
though posing some questions for big bang cosmology, -

on the whole confirms the theory.
Field theories with degenerate vacuums, e.g. , with

the Higgs phenomenon, lead to important conclusions
about the extreme past of the universe. At sufficiently
high temperature there would be no degeneracy and the
ground state would be symmetric. As the temperature
dropped the symmetric state would become energetically
unfavored so spontaneous symmetry breaking and phase
transitions could occur (Kirzhnits and Linde, 1972).

'The. universe's homogeneity contradicts the simple
version of such a theory when only two discrete ground
states at low temperature are possible (Lee, 1972). As
was noted by Zeldovich, Kobzarev, and Qkun (1974),
two types of domain corresponding to two different
ground states should appear in the course of cooling
down. 'These domains are bounded by heavy walls which
would violate the homogeneity of the universe.

In other versions of spontaneously broken symmetry
theories vortex lines, magnetic monopoles, phase tran-
sitions, and other interesting phenomena take place.
The observational data, however, permit no definite
conclusion about this.

One of the most impo rtant obse rvational facts is the
ratio of baryon number density to the relic photon den-
sity, P —=R~/N, = 10 '—10 ". This number can be easily
obtained fr'om the temperature of the microwave back-
ground (2 K) and the matter density (5 x 10 '0-10 "
gem '). The numerical value of P is poorly known,
but it is hardly outside the above mentioned bound-
aries, so it is definitely much smaller than unity. In
the framework of theories with strictly conserved bar-
yonic charge and conserved entropy (i.e. , for an adi-
abatic expansion) P is a constant defined by initial con-
ditions. There have been, however, many attempts to
determine P theoretically.

One of these attempts is connected with the existence
of the human race, including the readers and authors
of this review. If P differed significantly from the
known value it would be highly improbable that life
would have appeared and evolved up to the present
level. This is far from physics, however.

More physical are the attempts to find conditions
under which with a given P ~ 1 and X~ conserved (in
a. comoving volume) Nz arises. We mean an initial metric
leading to oscillations which provide energy through
subsequent damping. An extreme assumption is the
generation of primordial black holes (Zeldovich and
Novikov, 1967), which would evaporate through the
Hawking mechanism (1974) and heat the initial baryon
fluid with P ~ 1. More realistic and tied to the struc-
ture of the universe is the concept of small inhomo-
geneities damping (Zeldovich, 1972).

In such a way the cold universe model may revive in
a new guise. A version of this model was considered
by one of the authors (Ya. Z. , 1962) just before the
relic photon discovery [Penzias and Wilson (1965); see
also Dicke et al. (1965) and Doroshkevich and Novikov
(1964H.

In some papers the possibility that baryonic charge

is not absolutely conserved was considered. ' The bound
on proton lifetime, 7, &&0" yr, does not exclude essen-
tial baryon nonconservation at superhigh temperatures
(Sakharov, 1967; Kuzmin, 1970). It is also possible
that effective baryon nonconservation occurs during the
formation and evaporation of black holes (Hawking,
1975; Zeldovich, 1976).

The latest development, and one of the most inter-
esting, is connected with the grand unified theories
in which baryonic charge nonconservation is natural
and is not introduced ad hoc. The initial state in such
a theory can be arbitrary. Because of thermodynamic
equilibrium established at high temperature, initial
conditions are effectively "forgotten" and charge sym-
metry is obtained. Then in the course of cooling down
a definite value of p evolves as a result of nonequilibrium.
This independence of the initial state is a very at-
tractive feature of the theory, irrespective of con-
crete numerical results.

Let us turn now to the information which can be
extracted from stellar and especially from solar in-
vestigations. It seems that, in their general features,
the thermonuclear processes supplying stellar energy
are satisfactorily described by contemporary theory.
A discrepancy (Davis and Evans, 1976, and references
therein) in the neutrino flux from the sun (the the-
oretical predictions are 2-4 times larger than the
observations) may not be of crucial importance. It can
probably be explained either by neutr ino osc illations or
(f irst proposed by Pontecorvo, 1958) or by an inhomo-
geneity in heavy element concentration inside the sun (a
smaller amount in the core and a larger amount in the outer
layer). It is, however, rather disturbing that the theory
predicts a 1.6-fold increase of the sun's luminosity during
the course of its 4.5x 10'yr evolution. The geological data
hardly accommodate such a variation, and absolu-
tely forbid a greater luminosity change or a lesser
age of the solar system. Hypothetical light neutral
particles with a rather weak interaction have been
postulated whiqh, under certain conditions, could
be formed within the sun's core and, having a long mean
free path, could effectively transfer energy from the
central region to the periphery or even the outside of
the sun. This would speed up solar evolution. Going
along the same lines one can restrict the properties of
these hypothetical particles.

At the beginning of the century Eddington, an astrono-
mer, suggested that hydrogen could be transformed into
helium, and that this reaction could supply the energy
of the stars. This prediction, made long. before the
birth of nuclear physics, is an example of a brilliant
astronomer's intuition. Later Hoyle was able to make
a comparable imaginative leap. He predicted the ex-
cited energy level of the carbon nucleus, which was
close to the energy of three helium nuclei. This level
is necessary for carbon production inside stars.

4There is no massless field connected with baryonic charge,
as the electromagnetic field is connected with electric charge
(Lee and Yang, 1955), so its conservation is not necessarily
exact. The possibility of baryonic charge nonconservation was
mentioned by Yarnaguchi (1959) and Weinberg (1964). See foot-
note 20.
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The recent contributions of astronomy to our under-
standing of particle physics are on a more modest scale
than the achievements mentioned above. Now mostly
negative results and some, restrictions on particle
properties (neutrino mass, number of neutrino types,
photon mass, etc. ) are obtained. But pride and opti-
mism again revive when one sees that elementary par-
ticle physics may be able to explain the most impor-
tant feature of the universe: the existence of matter,
of baryons.

In a conversation with young Planck at the end of the
nineteenth century, one of his elder colleagues spoke
about the clear sky of theoretical physics on which only
two small clouds could be noticed: the ultraviolet div-
ergence in the theory of equilibrium radiation and the
Michelson experiment. It is well known now that these
clouds brought the thunderstorm of relativity and quan-
tum theory.

On the blue sky of modern cosmology there is a
cloud: the observed structure of the universe shows
a considerable inhomogeneity at the scale of less than
or about 100 Mpc. 'This could have developed because
of gravitational instability. The observed structure by
itself is compatible with the assumption of small but
finite metric perturbations from the initial singularity
until the decoupling of matter and radiation (Lifshitz,
1946). The isotropy of the microwave background ra-
diation supports the assumption of small perturbations
(about 10 '—10 ' in relative units). These perturbations
decrease for larger scales and become less than 10 '
for the largest scale, which is of the order of today' s
horizon (6000 Mpc).

We do not know, however, the amplitude of the short-
wave perturbations. Could there have been strong
short-wave perturbations smoothed down long before
the present epoch? Could strong and very short-range
perturbations produce primordial black holes in the
extremely dense cosmological plasma? 'This question
was first posed by Zeldovich and Novikov in 1967. The
black hole evaporation discovered by Hawking in 1974
shows that primordial black holes with a mass of less
than 10' g could indeed have appeared and then van-
is hed without leaving a trace.

How will modern cosmology be modified after the
whole spectrum of perturbations, which distinguishes
our real world from the idealized Friedman model, is
investigated and understood? f

he development of elementary particle physics shows
that Nature is far from being as symmetric as was
believed even a quarter of a century ago. The first
among seemingly well established symmetries to col-
lapse was parity conservation. Experiment showed that
looking at some physical processes through a mirror
one would see phenomena that did not exist in reality.
Symmetry was reestablished by the assumption that
particles should be exchanged with their antiparticles
simultaneously with space reflection. In less than ten
years this hypothesis also proved to be incorrect. Such
a destruction of well believed principles was not with-
out consequence. Now all earlier unassailable dogmas
are called into question. Theoreticians demand that
we reject the notions of baryonic charge conservation
and of absolute proton stability (see Sec. XV). In some

papers the authors have expressed doubts even about
such sacred principles as CI'T invariance and S-matrix
unitarity. A related problem is the noriconservation of
electric charge. Owing to the extremely small mass
of photons, electric charge nonconservation leads to
tremendous difficulties for a theory, and in this sense
is very close to violation of CI'& invariance or- S-
matrix unitarity.

In this review astronomical, but not especially cos-
mological, data are used to check the validity of the
Maxwell equations. In particular, bounds on the photon
rest mass are presented and the question of electron
stability is discussed. On the other hand, we do not
consider the problems of verifying general relativity,
in spite of its close relation to the theory of one type
of elementary particle —the graviton (and probably to
its supersymmetric relatives such as gravitinos and
others). There are excellent review papers devoted to
the latter problem; many of them appeared in connec-
tion with the hundredth anniversary of Einstein's birth.
All the experiments give excellent agreement with gen-
eral relativity. We can only add that the so-called cos-
mological constant A, which is neither in contradiction
with nor obligatory in general relativity, is bounded
by the inequality 4&2 &&10" cm '. This limit is fairly
reliable. Probably it will be improved by an order of
magnitude in the near future. The restriction for the
vacuum energy density can be written

~
P„„~= ( A/8~G) & 10 "gcm '=5 && 10~'m~

(Zeldovich, 1968). It would be reassuring in a. field
theory to have such a small value for p„,. S. Wein-
berg (1980), in his Nobel Lecture, refers to the pro-
blem of a vanishing cosmological term, "the old
mystery of why quantum corrections do not produce an
enormous cosmological constant;. . . one is concerned
with. . . [a] term in the effective Lagrangian which has
to be adjusted to be zero. . . . The adjustment must be
precise to some fifty decimal places. "

B. Organization of the paper

The paper is organized as follows. In Sec. II we pre-
sent general formulas for particle densities in the hot
expanding universe and derive an analytic expression
for the limiting concentrations of heavy stable particles
as t- ~'. 'These concentrations are determined by the
particle masses and their annihilation cross sections.
Then the plasma heating that results from the anni-
hilation of particles with m + T is briefly discussed.

In Sec. III a restriction on the number of light par-
ticle types is given, based upon the observed He abun-
dance in the universe. If the mass fraction of He'
[R (He)] is less than 0.25 then in addition to the known
v„v,and v, only one massless (or with m &1 MeV)
neutrino can exist. With the more cautious estimate
A(He) &0.29 not more than four new neutrino types (in
addition to those known) are permitted. All this is true
if the baryon density p„is at its lower observational
limit. For larger values of p~ the restriction on the
number of neutrino types is more stringent. Evaluating
the influence of neutrinos on primordial nucleosynthesis
one is able to get a bound on the right -handed weak current

Rev. Mod. Phys. , Vo(. 53, No. 1, January 1981



Dolgov and Zeldovich: Cosmology and elementary particles

coupling constant which is much stronger than that ob-
tained in laboratory measurements. Analogous con-
siderations are applicable to any light particle with
a weaker interaction than the neutrino.

In Sec. IV a limit is imposed on the masses of light
weakly interacting particles, which follows from the
condition p&articles & pma„. Analogous limits for heavy
stable particles are obtained in Sec. V. In particular
the concentrations of relic unconfined quarks and pro-
tons are given for the case of charge symmetric initial
state and conserved baryonic charge. The lower bound
on the annihilation cross section of any stable particle
is obtained, vv &10 "cm' [see Eq. (5.4)]. In Sec. VI
stable neutral weakly interacting particles are con-
sidered. It is shown that no such particle can exist in
the mass interval 40 eV & mr. p 3 GeV in a cosmology
with vanishing A. This means, in particular, that the
mass of the new neutrino connected with v' is small,
i.e. , m„,&40 eV (if v, is stable). In Sec. VII a.stro-
physical constraints on the mass versus lifetime
of a neutral unstable lepton are presented. The
constraints obtained are based upon analysis of the en-
ergy density in the universe, the spectrum of cosmic
electromagnetic radiation, primordial nucleosynthesis,
and the dynamics of supernovae. Various arguments
forbid much of the area in the (m —w) diagram, leaving
very little room for a possible neutral lepton. In Sec.
VIII electromagnetic parameters of neutrinos such as
electric charge, magnetic moment, and charge radius
are constrained. The results are based on consideration
of the neutrino luminosity of the sun and white dwarfs.

In Sec. IX we discuss the possibility of a strong de-
generacy of the neutrino background, i.e. , of a con-
siderable leptonic charge of the universe. In this case
the He' abundance gives no reasonable restriction on
the number of new neutrino types. However, the cos-
mological deuterium abundance proves to be sensitive
to this number. Grand unified theories of elementary
particle interactions argue against this degeneracy;
(v —v) excess should be of the same order as that of
(a —z).

In Sec. X the solution of the galactic hidden mass
problem by a neutral lepton halo is briefly discussed,
as are some other astrophysical implications of mas-
sive neutrinos.

Astrophysical constraints on the properties of dif-
ferent hypothetical particles are presented in Sec. XI.
There is a serious contradiction between the cosmo-
logical prediction of the relic monopole concentration
and the observations. Probably this indicates that the
magnetic monopole does not exist. Some other pos-
sibilities are briefly discussed.

In Sec. XII astronomical observations which severely
restrict the mass of the photon are considered. In
Sec. XIII, the closely related possibility of electric
charge nonconservation and electron nonstability are
discussed. Some astrophysical and cosmologica. l con-
sequences of this assumption are briefly examined. Ar-
guments are presented in favor of an extremely long elec-
tron lifetime or even of absolute stability because of
the zero photon rest mass.

In Sec. XIV the implications for cosmology of spon-
taneously broken elementary particle models at times

close to the initial singularity are considered.
Various ways of explaining the baryon excess in the

universe are discussed in Sec. XV. The following mod-
els are considered:

1. a cold universe with the subsequent generation of
entropy;

2. spatial separation of matter and antimatter;
3. concealment of antibaryons in primordial black

holes;
4. baryonic charge nonconservation in elementary

particle interactions and dominant baryon production
in the primeval plasma because of C and CI' violation;

5. an excess of B over B because of CI'T violation.
Particular attention is paid to hypotheses 3 and 4.

In our opinion model 4 is the most attractive. It would
be very elegant to connect one of the fundamental num-
bers in cosmology, the ratio of the number of baryons
to that of photons, with the laws of elementary par-
ticle physics. A short discussion of vacuum polari-
zation in curved space-time is presented in Sec. XVI.

II. PARTICLE CONCENTRATIONS
IN THE HOT UNIVERSE

As we have already noted, the observational data
support the big bang scenario. For a universe filled
with relativistic particles so that P = g/3, the energy
density depends on time for small t in the well-known
way

3
32mGt

(2.1)

TIionre 1 (2-2)

if there is no energy exchange between nonrelativistic
and relativistic particles. As for the energy density of
massive particles, two cases should be distinguished.
If massive particles are in chemical equilibrium with
plasma and the average values of all conserved charges

Here, G =6.67' 10 ' cm g 'sec =0.6x 10 ~ js the
gravitational constant, m„is the proton mass, t is the
time counted from the singularity, and t~= G' = 10
sec is the Planck time. Hence the total number den-
sity of all sorts of particles is N„,=const & (t~t) '~'.

A detailed discussion of the expansion law can be
found, for example, in reviews by Zeldovich (1963,
1965c) and in books by Weinberg (1972, 1977) and by
Zeldovich and Novikov (1975). We should like only
to note that the dependence of p on t is universal.

here are no additional parameters. In particular there
is no dependence on the number of different particle
species, so long as their masses are small. This num-
ber is essential. , however, in the connection between
the time t and the plasma temperature (see below).

Equation (2.1) is connected with the expansion law

a/a =H(t),

where a is some scale and H(t) is the Hubble constant,
&(t) =1/2t for small t. From this it follows that the
temperature of relativistic particles drops as T-&
=p-a '-t ' '. The temperature of nonrelativistic par-
ticles admixed with relativistic gas falls faster:
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inherent in these particles are zero then their energy
density falls rapidly with time, as exp(-m/T); If,
however, the number of massive particles in a co-
moving volume is conserved, their energy density falls
with time more slowly than that of massless ones and
ultimately the energy density of the universe is dom-
inated by nonrelativis tie particles.

In the early stages it is assumed that the energy den-
sity of the universe was dominated by relativistic par-
ticles. . This assumption could be wrong if the density
of states rose exponentially with mass, i.e. , if the Ha-
gedorn picture with a limiting temperature were cor-
rect. According to the modern point of view, how-
ever, elementary particle interactions are governed
by quark dynamics and are asymptotically free. There
is no exponential increase of the number of elemen-
tary constituents in this picture. Moreover, the con-
sideration of primordial He' formation (see Sec. III)
provides a rather strict upper bound on the total num-
ber of neutrino types and, because of quark-lepton
symmetry (if it exists), on the number of quark fla-
vors too.

For what follows the problem of thermal equilibrium
in the primeval plasma is of crucial importance. Usu-
ally equilibrium is established after a sufficiently long
time, but in our case the situation is just the opposite.
The older the universe, the farther away it is from
equilibrium. %hen t is large, the expansion is slow
but the reaction rates decrease faster than the rate
of expansion, and consequently equilibrium is not es-
tablished. By contrast:, at an early stage reactions
were fast due to the higher particle number and energy
densities, so the gas of elementary particles was,
generally speaking, in equilibrium. I et us discuss this
in more detail. The universe's expansion rate is
a/a-t ' (here a is 'the radius of the universe). On the
other hand, the rate of approach to equilibrium is

(Na') 'd(Na')/dt —Nov,

where N is the particle number density, v is the par-
ticle velocity, and o is their interaction cross section.
The equilibrium destroyed by the expansion of the uni-
verse could be reestablished if

people believe that the gravitational interaction at
this instant could have been strong, and it is pos-
sible that equilibrium existed. Then there would have
been a nonequilibrium period t~&t&n t~ and the equi-
librium would again be maintained for a t &tgt, , t,
being defined to an order of magnitude by the condition
T(t, ) =m (for a more precise discussion see below).

The equilibrium energy density of massive particles
i.s given by

(2.4)

= —T Np ——TN (2.5)

where ND~ is the number of effective degrees of free-
dom: the y quanta contribution to N» is 2, electrons
and positrons together give —,', and each type of neu-
trino (with one helicity state) gives —, . Thus if there
ar e photon s, e ', v„v„v„andv in the thermal
equilibrium, then ND~ =9. In modern elementary par-
ticle models ND~ can be of the order of a hundred when
the temperature is sufficiently high so that quark, glu-
on, and other degrees of freedom are excited.

Comparing Eqs. (2.1) and (2.5) we find the following
time dependence of the temperature:

~

~ ~ ~

45 &/4

where g, is the number of particle spin states; for
photons and electrons g, =2 and for massless left-han-
ded neutrinos g, =1. The plus sign corresponds to fer-
mions and the minus sign to bosons; b. = —,

' and b =1.
Thus taking into account only relativistic particles
(I & T) we obtain for the total energy density

Ngvt ~ 1. (2 3)

This condition will be made more precise below [see
Eq. (2.9)]. For T ~m particle number density is of the
order N(t) = (tt~) ' ', where t~ =G'~'= 10~3 sec is the
Planck time; the inverse quantity T =t '= 10"GeV is
the Planck temperature (or mass). In gauge theories
v= n.'/T', if the temperature is higher than the inter-
mediate boson masses (here o. = 10 ' is the gauge cou-
pling constant). The temperature depends on the
time a.ccording to the law T= (t~t); the condition for
equilibrium (2.3) is fulfilled when t& o. t~ (the equili-
brium for the gauge boson decays could be established
earlier). As the universe grows older the temperature
drops and equilibrium is no longer maintained, first
because the equilibrium particle density falls steeply,
as exp( —m/T) for T &m, and second because the rise in
cross section (- T ') ends when the temperature gets
lower than the gauge boson masses. As for extremely
early times t & t~ nothing is known about this. Some

Neo (2CX-all) —3H—Nx +g(t),
'

(2.7)

where the second term on the right-hand side comes.
from the expansion of the universe and g(t) gives the

As the universe expands and the temperature drops,
the real concentration of massive particles fails to fol-
low the equilibrium value, which decreases as exp
(-I/T) As we shal. l see below, the concentration of
stable massive particles in a comoving volume tends to
a constant when the rate of their annihilation becomes
smaller than the expansion rate of the universe. Note
that during the expansion, when the temperature is fal-
ling, the energy distribution of massless noninteracting
particles conforms to a blackbody curve. For massive
particles the situation is .different. Expansion without
interaction would lead to a large departure from equi-
librium. The concentration of massive particles X is
determined by the equation (see, for example Zeldo-
vich and Novikov, 1975)
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X-particle creation. It is convenient to introduce the
relative concentration r» =N»/N„, where N„ is the con-
centration of conserved massless particles (i.e. , sa. -
tisfying the equation N, = —3HN„). If we neglect the
processes of entropy generation, such as plasma
heating owing to decay or the annihilation of massive

'particles when they depart from thermal equilibrium,
then N coincides with the, photon concentration, N
= 0.24T3. So we obtain

r» = ov-N~(r» —r» ), (2.8)

where xx is the relative equilibrium concentration,xeq
~

~

~

1 if 6=—T/m&1

I —,'g 8 't' exp(- 9 ') if 8 (1 .

It is noteworthy that the substitution of rxN, for Xx
excludes the effect of the expansion. Indeed the term
3HN» is present in Eq. (2.7) but is absent in Eq. (2.8).
When deriving Eq. (2.8) from (2.7) the thermodynamic
relation between direct and inverse reactions was used.
This permits us to express g(t) through o, g =N'„vo
(XZC- all). Equation (2.8) can be integrated numerically
(Wolfram, 1978), but a sufficiently accurate result can
be obtained in the following way. When t is small, x
is close to its equilibrium value xx . The equilibriumxeq'
is destroyed when the rate of change of the equilibrium
concentration due to the temperature decrease turns
out to be comparable to or larger than the reaction

rates, i.e. ,

(2.9)r /r = 2ov&yr

As r'„/r„=(m/T)t ', where t is as usual counted from
the "beginning, " the equilibrium holds if 2ovN„r„tT/m
& 1. The instant of equilibrium destruction [the instant
of quenching according to the pioneering papers by
Zeldovich (1965a) and Zeldovich et at. (1965); see also
Zeldovich(1975)), or the instant of freeze-outas it ister-
med in the English literature, is defined by

VN'~'
Ag gl /2 j /gy DF

4 (Tem&mxI
Equation (2.6) and the expression for the equilibrium

photon concentration mere used here. Substituting the
numerical values of the constants we obtain

r~» = (2ovN, t~6y) '.
The asymptotic (as t-~) value of the relative con-
centration is defined by Eq. (2.8) in which zero is sub-
stituted for x„and the boundary condition is x = r&x at
t =t&. So one finds,

———,'In& =ln ' =40+in ' " (2.10)
f DS' DF

where m~ is the nucleon mass.
With 6& defined by this equation the relative concen-

tration of X particles at the moment of quenching
(freeze-out) can be found,

=26I r — + & =10-~BN&&2( vm2) j. & 40+]n
14m" 'e g gvm
gvm m DF ~ m mx X Dp N

(2.11)

This is valid if &&&1.
Equation (2.8) was integrated numerically by Wolfram

(1979). In terms of the parameter Z introduced in his
paper our result (2.11) can be written as r» =2Z 'lnZ.
Comparison of this expression with the numerical re-
sults shows agreement to within an order of magnitude.
We do not understand, however, the factor m x in the
final expression for Z given by Wolfram.

If after the quenching of X particles the annihilation
of some massive particles heats the plasma, the num-
ber of photons slightly increases and the ratio x de-
creases. For example, e 'e annihilation increases the
photon gas temperature by the factor (11/4)'~' =l.4 as
compared to the neutrino temperature. This was first
shown by Peebles (1966). Indeed from entropy con-
servation in the course of the expansion it follows
that

S,(y)+S,(e'e ) =
1

T', (1+—,) =S,(r) = T', (2.12)
4~2 , , 4m'

where the indices b and a refer to the quantities before
and after the annihilation, respectively. At the mo-
ment of annihilation the neutrinos have already de-
coupled fromthe plasmaand so T„=T~and, because of
Eq. (2.12), T„=T,=1.4T„.That is why the present
photon number density N, y Ty ls three times that of
the neutrino.

I I l. BOUNDS ON THE NUM BER 0F LI G HT PARTl CLE
SPEClES

A very impressive result of modern cosmology is an
upper bound on massless particle types. This res-
triction is based on the study of primordial element
formation (mainly He~). It can be said that not less
than half of the total number of neutrino types is known
at present (v„v„,and v, ).

The first person to discuss the influence of mass-
less particles on primordial nucleosynthesis was
Shvartsman(1969). Later writers were able to treat
the subject more precisely (Steigman et at. , 1977; and
Schramm, 1978) by the use of the latest observational
data. The arguments are the following. The amount of
He4 produced during the big bang is dependent on the
neutron-proton ratio at freeze-out. Neutron freeze-
out (or quenching) takes place when the rate of the weak
interaction processes e P —nv, and e'n —P v, drops be-
low the expansion rate. Later at about 0.1 MeV almost
all neutrons are bound into He4 so the mass fraction of
He4 is 2(n/p)/[1+(n/p)], where n/p is the neutron-
proton ratio. The neutron-proton ratio at freeze-oui is

N„/N =exp(-~m/Tt), (3.1
where N„and N are the neutron and proton concentra-
tions, respectively; &m is their mass difference, and
T& is the freeze-out (quenching) temperature. As was
mentioned earlier, the instant of quenching is deter-
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mined by the condition v„„«„=t, where 7„„„.
„

=(vvN, )
' is the characteristic time of the reactions

involved. The neutrino density is proportional to T',
the cross section of the (n -p) transition is v —T', and
the universe's age is related to the plasma temperature
through t =MD'~'T '. Hence the change of the freeze-out
temperature due to variation of ND~ is defined by

T~ =T~(ND /ND~)' ' (3 2)

and, accordingly, the relative neutron concentration
is

(3 3)

¹
ND~

=1+—(k, —2), (3.4)

where 0„is the total number of neutrino species, we
obtain an, upper bound on k„. [It is (0„—2) that enters
Eq. (3.4) because v, and v„have already been taken
into account. j It has been argued (Peimbert, 1976) that
R(He~) & 0.29. This gives k, & 8. Recently a. much more
restrictive bound was reported (Schramm, 1978), li-
miting the total number of all neutrino types to less
than four. The latter can be obtained if R(He~)&0. 25
(Thum et a/. , 1979; Tayler, 1979). If this is true then
only one new neutrino type in addition to the known

v„v„,and v, can exist. Correspondingly, there can
be only one new charged lepton connected with this
neutrino. Because of quark-lepton symmetry the total
number of quark flavors should be less than or equal
to eight. Up to now, five types of quarks have been
observed in laborator ies: u, d, s, c, and b. So no
more than three new quark flavors can be discovered.
It is possible, homever, that this point of view is too
optimistic (or pessimistic?). First of all, the re-
liability of the calculations, as mell as of the obser-
vational data, may be overestimated. Then there is the
inelegant but formally not excluded possibility of a
considerable degeneracy of the electronic neutrino.
This could well invalidate the bounds obtained (see Sec.
IX).

Recently Stecker (1980) has argued that the observed

where E& is the freeze-out temperature for ND~ =&D~.
The standard calculations (Schramm and Wagoner,

1977) predict a mass fraction of R(He') =0.23-0.26
(Table I). The uncertainty in this result is due to the
dependence of R(He') onthebaryon density, ps =(10 3'
—5 x 10 ") g cm '. The equilibrium ratio N /N~ which is
determined by Eqs. (3.1)-(3.3) is independent of p~, but
the further reactions n +P -D and D +D —He are
two-body with respect to baryons and so the total re-
sult of the transition 2n+2p -He depends on p~(rather
weakly for realistic values of p~). The higher ps, the
greater the resulting He' abundance.

From Eq. (3.3) it follows that

N~~ T, 2 B(He')) -'—
N~~ ~m R (He')

Using the observational upper bound on R(He') and
normalizing Tz by the standard R(He') calculation re-
sult, we can limit N~~/N» from above. Taking into
account that

abundance of He is less than 0.23. This is incompati-
ble with the standard scenario, even with three types
of neutrons. So Stecker recommends revising the usual
big bang theories. However one may out of this dif-
ficulty is to assume a lower baryonic matter density
and a dominating non-nucleonic mass present in the
universe, e.g. , in the form of massive neutrinos (see
Sec. X). In view of modern trends in neutrino physics,
this seems to be most appealing.

The above limits on the value of k„refer to massless
left-handed neutrinos (with only one possible helicity
state). If there were right-handed neutrinos too, the
number of degrees of freedom would be twice as large
and k„mould be effectively doubled. If this were the
case A would be equal to six even for the known neu-
trinos, v„v„,and v, . It has been shown, however,
that k„&4 [for the extreme limit R(He') & 0.25]. One
might be tempted to conclude that neutrinos are strictly
massless. (If neutrino mass does not vanish, both
helicity states are permitted. The number of states
is not doubled, however, for the Majurana neutrino. )
The conclusion mould be wrong, however. If the neu-
trino mass were small but nonvanishing and the right-
handed neutrinos had no direct interactions (except for
the gravitational one, of course) or interacted very
weakly, then the contribution of the right-handed neu-
trinos to the energy density and to N» mould be sup-
pressed by the factor (Tz/T~)'. Here Tz (T~) is the
temperature of the right- (left)-handed neutrino gas.
The inequality T~&T~ is based on the fact that the
interaction of vR is weaker than that of v~. That is
why v~ is out of thermal contact with the rest of the
universe at much higher temperature (T~z) than is vz.
The particles with masses in the interval T»& rn& T~~
heat the plasma, by their annihilation (Peebles, 1966) so
the temperature of left-handed neutrinos rises but the
temperature of v~ does not change because the latter
is already decoupled. This leads to a relative sup-
pression of the role of v~. A similar conclusion was
reached by Shapiro et al. (1980). It is noteworthy that
if neutrinos are massive, then the mass matrix should
be either of the Dirac form (i.e. , mDvv) or of the Ma-
jurana form (i.e. , m~vCv), but not both because in the
latter case all four degrees of freedom of a neutrino
would be excited in the primeval plasma. (Dolgov,
1980b).

The decoupling temperature for the case T& m is
defined by

~~T~v(TD) =2 x 10 "ND~/ND~. (3.5)

Here use was made of Eqs. (2.3) and (2.6) and of the
expression X= 0.2T'N» for the number density of
relativistic particles. X» is the number of particle
species interacting with neutrinos. Different species
are weighted in proportion to the value of their cross
section. I or left-handed electronic neutrinos

vz(T) =4@ T /g= 4 x 10 T m~ m
'

and, as we shall see, the decoupling temperature is
such that N» =5.5 and N»=& for v, and &„andN»
=2 for v, . So Eq. (3.5) gives T~~ = 3 MeV. If v~ has no
direct interactions then v~ = (m, /T)'v~ is to be sub-
stituted into Eq. (3.5) and TD~=10 'm~(mN/m„)' if T~z
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Ps&10 ', (3.7)

which is much stronger than those obtained in the
laboratory.

Strictly speaking we cannot exclude the possibility
thai one of the three known neutrinos has a strong cou-
pling with the right-handed current, but the other two
must satisfy the coupling condition (3.7). One should
keep in mind, however, that the conclusion depends
upon the accuracy of our determination of He abun-
dance.

Analogous reasoning was applied (Olive et a/. , 1978)
to hypothetical massless particles with a weaker in-
teraction than that possessed by neutrinos. The weaker
the interaction, the lower the particle temperature at
the time of neutron quenching (freeze-out), and the
smaller the influence on nucleosynthesis. Accordingly
the number of permitted particle types depends on their
interaction strength. For the weakest of all known in-
teractions, gravitation, which is inherent in any par-
ticle, the number of particle species which does not
change the nucleosynthesis is, as stated by Olive et al.
(1978), smaller than 20. This result, however, de-
pends on the number of heavy particle types which heat
the plasma by their annihilation. If one takes into ac-
count a large number of gauge bosons and Higgs par-
ticles omitted in that paper, the discussed bound can
become 2-3 times larger. With an increase in inter-
action strength the limit on the number of massless
particle types grows increasingly restrictive and
reaches four for neutrinos, independent of heavy par-
ticles. It is noteworthy that with the same arguments
one can restrict the energy density of relic gravitons
(gravitational waves) which came from the earliest
epoch (f & t~). The graviton density is not restricted
otherwise because gravitons perhaps never were in
equilibrium with other particles (Kobzarev and Peshkov,
1974).

IV. LIGHT PARTICLE IVIASSES

The instant of particle quenching (freeze-out) depends
on two competing factors (other than the expansion
rate): their mass and their interaction strength. The
larger the mass the earlier the annihilation stops; on
the other hand, the larger the cross section, the longer
the annihilation continues. If particle interactions are
sufficiently weak their annihilation stops and the con-

&T&. If v~ interacts in the same way as v~ but with
a suppressed cross section, i.e. , O~=p„oI, P~&1, then
Eq. (3.5) gives

(3.6)

The consideration of v~'s effect on nucleosynthesis per-
mits us to limit the value of P~. , To suppress the con-
tribution of v„to the energy density, the decoupling
temperature should be at least larger than the muon
mass. This constraint is insufficient, however, because
the plasma temperature rises only 1.1 times due to
muon annihilation. Therefore v~ contributes 1.4 times
less to the energy density than does v~. However, even
this rather weak requirement results in a bound on the
coupling constant of the right-handed current,

centration freezes out at a high temperature T& m. So
their number density now is about that of the relic
photons. If the particle mass is larger then 3E= 3 x 10~
eV their energy exceeds the energy of the electromag-
netic background radiation. The upper bound for the
total energy density is known to be p =10 '

g cm
=5.6 keV cm '. The energy density of massive stable
particles should be smaller than this value. These
arguments were presented by Gerstein and Zeldovich
(1966) to limit the muonic neutrino mass. Later the
numerical result of their paper wa, s improved (Cowsik
and McClelland, 1972; Szalay a.nd Marx, 1976) by
using newer and more accurate observational data and
with the assumption of equal masses of all neutrino
types.

As we saw in the preceding section the quenching
(freeze-out) temperature for neutrinos is about 3 MeV
(to be more precise, T& 3Me—V for v, and T&

—5 Me—V
for v„and v,). This result is valid for any type of
neutrino with m g 3 MeV. After the instant of quen-
ching, v and &, remain in kinetic equilibrium with
the electron-photon plasma because of the neutral
current interaction. For electronic neutrinos, char-
ged currents are also operative. After e'e annihila-
tion (T &0.5 MeV) the kinetic equilibrium is des-
troyed and v's decouple from the plasma. If m„
& 3 MeV then at the instant of freeze-out the neutrino
would be nonrelativistic. We shall return to this
possibility in Sec. VI. Here let us consider limits
on the light (m & 3 MeV) neutrino ma. sses. At T = 3
MeV the number density of neutrinos is N„=(—,') N„.
The origin of the factor 4 is the following: The
neutrino has half the polarization states that the photon
has; the equilibrium number density of relativistic
fermions differs from that of bosons by a factor of
—,'; and the factor 2 comes from taking into account v,
and v. At the temperature T= rn, =0.5 MeV, e'e an-
nihilations heat the plasma, and the photon gas tem-
perature rises by a factor of 1.4 over that of the neu-
trino (see Sec. III). This increases the photon con-
centration, and the relation between N„and N, now is

N„=—,'(l.4) 'N, , (4 1)

where N„and X„arethe contemporary values of the
neutrino and photon number densities, respectively. As
N»= 550 cm ' so N„=150 cm '. The condition 1502m„.
cm g p leads to

gm„.&40 eV [if m„,. &3 MeV], (4.2)

wher e the summation is over all neutr ino type s v„v„,
v„etc.

In the same way bounds can be obtained on the masses
of hypothetical light particles which interact more
weakly than neutrinos. One has to take into account
only that the weaker the interaction of a particle,
the earlier it decouples from the plasma and the
lower is its temperature now (see discussion in Sec. III).
In this connection the statement that for massive neu-
tr inos the factor 2 shouM be intr oduced into the r ight-
hand side of Eq. (4.1) seems to be incorrect. In fact
the contribution of right-handed neutrinos into p is
suppressed by the factor (TgT~)', and as we saw in
Sec. III, T„&T~. The value of T depends on the v„in-
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teraction strength and the number of heavy particle
species.

To appreciate the result (4.2) we recall the laboratory
bounds (Particle Data Group, 1978) on the masses of
different neutrino types: gag, , &30 eV, m„&5 & &0' eV,p

m&, &2& &0' eV. For v„and v, the laboratory limits
cannot compete with the cosmological ones. (See, how-
ever, the discussion in Sec. X.)

V. QUENCHING AND CONTEMPORARY
CONCENTRATIONS OF HEAVY STABLE PARTICLES

If particles ~ have a sufficiently strong interaction
they become nonrelativistic when they are still in ther-
modynamic equilibrium. They go out of equilibrium for
T & T&» mx/I—n(crm&mx). In this ca.se their residual (as
t-~) concentration is defined by Eq. (2.11). Possible
p1.asma heating by the annihilation of particles with
m&T&x is not taken into account in this expression. It
will not, however, markedly change the results pre-
sented below.

The substitution of m~ =m„and O„v=10 "cm' into
Eq. (2.11) yields the relative baryon concentration (Zel-
dovich, 1965a; Chiu, 1966; Zeldovich and Novikov,
1975)

=10" (5.1)

This number was obtained under the assumption of
baryon-antibaryon symmetry. This is in conflict with
observation, however. There are only baryons and no
antibaryons in the visible part of the univer se, and the
number of baryons is much larger than that given by
Eq. (5.1). The ratio of baryon number density to pho-
ton density is 10~-10 ". So either one has to assume
that the baryon excess always existed in the universe,
or one ha.s to seek a dynamical explanation of the ob-
served baryon asymmetry (see Sec. XV). Note that
if there is an excess of baryons over antibaryons, then
the residual antibaryon concentration is much smaller
than that given by Eq. (5.1).

Along the same lines, the number of free relic quarks
has been estimated (Zeldovich, Okun, and Pikelner,
1965). For m = 100m„and o v = o zvz —10 "cm' one ob-
tains x = 10 ", i.e. , one quark for 10"-10"nucleons.
In other words, quarks(if they are unconfined) are as
abundant in our world as gold. The searches for frac-
tionally charged quarks in different media surely ex-
clude this possibility. The bounds on the quark-to-nu-
cleon number ratio very from 10 ' for iron to 10
(Ogorodnikov et a/. , 1979) for recently studied ocean
water. These results precent a strong argument
in favor of quark confinement. Strictly speaking,
however, an exotic quark behavior leading to a
small abundance in the samples investigated can-
not be excluded. Those who are interested in these
problems can find a list of references in the review
by Jones (1978). Recently the Stanford group (I a
Rue et a/. , 1977, 1979) claimed the discovery of
several fractional charges on niobium samples con-
taminated with tungsten. One needs a further inde-
pendent experimental confirmation, however, and in
this case a revolutionary change of our ideas would be
necessary.

The baryonic asymmetry of the universe could yield
an excess of quarks over antiquarks at the hot stage.
This, however, would not lead to an increase in the
relic quark abundance because extra quarks would dis-
appear, for example through the reaction q +q-B+q.

In some papers attempts have been made to obtain a
smaller relic quark abundance. Nakamura et a/. (1977)
assumed that at an early stage (t&10 ' sec) the thermal
history of the universe differed from that of the stan-
dard model. The basic idea is that after quark quen-
ching a strong heating of the primeval plasma took
place. The temperature reached was, however, smal-
ler than m, . Decays of heavy unstable neutrinos v„
were assumed to be the energy source, the v„gas
being strongly degenerate. . For the relative chemical
potential of v„the following estimate was obtained:
$„=-p„/T ~i0' (for m, =100 GeV). Decays of v„in-
creased the photon density but did not change the den-
sity of quarks (because T &m,). In this way the quark
concentration could be suppressed to the level of to-
day's limits, x, =N /N, = 10 ". In this model some de-
generacy (p. /T= 1) of v, and/or v„is predicted. A huge
leptonic charge in the universe at the beginning seems
to be mysterious, but if free quarks were discovered
a modification of the standard scenario would deserve
attention.

In a paper by Wagoner and Steigman (1979) the argu-
ments in favor of a sma, ll relic quark abundance are
presented. A brief summary is as follows. It is
assumed that the quark interaction potential in-
creases with distance up to some radius x~&= 1
fermi. Then the potential reache s the limiting value,
which equals twice the mass of a free quark 2M. The
effective q uark mass is small, however, when the den-
sity is high, and, correspondingly, the average dis-
tance between neighboring quarks is small. ' The quark
quenching temperature is defined by this smaller mass,
or more precisely, by the characteristic hadronic
scales, i.e. , T&= m, . At T =T& almost all quarks con-
dense into hadrons. Wagoner and Steigman assume
that only those quarks remain free whose energy is
greater than their mass, EyM. The equilibrium dis-
tribution of quarks being valid until T = T&, the concen-
tration of free quarks proves to be very small, - exp
(-141/Tz) and foriVl =15-30 GeV it is possible to obtain
n, /ns= 10 ".

In our opinion this conclusion is not obligatory. Be-
cause of statistica]. fluctuations the color could be non-
compensated in a volume ~, which is on the one hand
large as compared to the quark capture volume (Vc
=y3c), and on the other hand sufficiently small so that
the relative size of fluctuations is large enough that
oN/N„, & 10 "(here N„,is the total number of parti-
cles in the volume V, and &N is the color excess in this
volume). It is noteworthy that due to the saturation of
the quark force at x & x~, fluctuations develop in the
same way as in an ideal gas. However, even much
smaller fluctuations are sufficient for our purposes.
If the separation distance between quarks is smaller
than x~, they form hadrons when the temperature drops

5The picture of confinement is not yet understood, however,
and quark behavior is probably quite different.
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(5.3)

where the factor (T,/T„)'takes into account plasma
heating after the decoupling of X particles. From the
condition px& p,„oneobtains the lower bound on the
XX annihilation cross section

v~x) C x 10"cm',
where C =2%~~2(T„/T„)3.This factor depends upon m~
and upon the strength of X particle interactions which
keep them in thermal equilibrium with the plasma. For
reasonable values of the parameters, C is not far from
unity.

It is noteworthy that accelerator experiments which
search for new particles give upper bounds on their
cross sections. Cosmology permits us to limit the
cross sections from below.

(5.4)

Vl. HEAVY LEPTON MASSES

A study of the properties of the new heavy lepton &

shows that as it decays a new type of neutrino v, is
produced. In other words ~ and v, possess a new con-
served charge analogous to electronic or muonic char-
ges. The existing laboratory data give a rather weak
bound on the v, mass m„,& 250 MeV. So in principle
v, could be rather heavy. Cosmological arguments
lead to a much stronger limitation on m„,that of the

below some value T =300-500 MeV. But there should
be a rather large excess of color in volume Vo»r c3

and the c'orresporiding quarks should remain free be-
cause they can find a partner for forming a white ha-
dron only far away at the distance x= V,' '»x~. The
energy necessary for liberation could come from the
energy released in the course of hadron production.
The question can be raised, however, whether the
statistical fluctuations in volume V, of the primeval
plasma had enough time to develop. The answer is yes.
Indeed, evaluating the quark diffusion distance in the
time t(T =1 GeV)= 10~ sec as X =v't/T= 10 cm, we
find that fluctuations can develop in the volume V =A.',
which is much larger than V~. In conclusion we
should like to note that the whole problem is not as yet
clear and deserves further investigation.

The above mentioned difficulties with the relic quark
abundance are inherent also in possible new stable
hadrons (Wolfram, 1979; Dover et at. , 1979). The ra-
tio of the new stable particle density to that of baryons
should be

r /r =(I„/m )(o v„/a v ) (5.2)

in the case of charge symmetry with respect to baryons
and X particles. The baryon asymmetry of the universe
leads to a drastic increase in r~. Thus if there pere
no X' asymmetry the ratio (5.2) would be 10" times
smaller. The latter result is close to the existing ex-
perimental bounds. It follows that the mechanisms
producing baryon asymmetry should not work for the
new stable hadrons if they existed.

Using Eq. (2.11) it is easy to calculate the contem-
porary energy density of X particles:

p =m r X„=3X10'4IV'"(& v m') '(T,/T, )'(m cm '),

inequality (4.2). Limit (4.2) was obtained for rather
light neutrinos, i.e. , those with m & 3 MeV. With an
increase in the neutrino mass the density of relic neu-
tral leptons drops and the condition p„&p holds if
m„is high enough. This upper value of the mass is
happily of the order of some GeV. So the only possi-
bility left for v, is (4.2). In what follows we determine
an upper bound for the forbidden mass region (Vysot-
sky, Dolgov, and Zeldovich, 1977 a, b; Lee and Wein-
berg, 1977; Hut, 1977; Sato and Kobayashi, 1977).
Our consideration is valid for a neutral stable lepton
interacting in accordance with the Weinberg-Salam mo-
del.

The LL annihilation which determines the relic L
concentration in accordance with Eg. (2.11) proceeds
through the neutral current interaction. To evaluate
the cross section value we take into account that L 's
become nonrelativistic at the moment thermodynamic
equilibrium breaks down. The cross section of LL an-
nihilation (at rest) into light particles is of course pro-
portional to v ' and in the Weinberg-Salam model is
equal to

G' m'
gv=

6m
(6 1)

pl, o+p~, = 0.4roL, m~N~

= 100 — 1 +0 2 keV cm '. (6.2)

The energy density p~ is inversely proportional to th~
lepton mass squared owing to the increase of the an-
nihilation cross section with increasing m~. Demand-
ingthat p~, +p~, should be smaller than p we obtain
m~& 4 GeV. So no neutral stable lepton can exist in the
mass interval 40 eV & nz~ & 4 GeV.

The freezing temperature is determined from Eq.
(2.10) as

Tf/p~ ~,o (6.3)

From this it follows that leptons L are indeed non-
relativistic, at the instant of freeze-out and that our
estimates of C and of the plasma heating are correct.

where G~ =10 'm„' is the Fermi coupling constant and C
is determined by the number of open annihilation chan-
nels. If one takes into consideration the processes

p p p p M+/ ddt and ++
It was assumed that sin' 9~ =0.25 and that there were
three quark colors. As we shall see below, the boun-
dary value of m~ is about 3 GeV. The quenching
freeze-out) temperature of the massive neutrino in this
case is equal to 150 MeV. At such a temperature there
are p, e', p, ', v„v„,m', m' in thermodynamic equili-
brium and NDz =31/2. To evaluate the present energy
density of L one needs to take into account photon gas
heating by the annihilation of e'e, p'p, and ~'m, and
by z' decays. Because of all of these the number den-
sity of photons became —, —, —, = 5 times higher, and
correspondingly the present ratio of relic L's to
photons became five times smaller than that given by
Eq. (2.11). Taking this into account and substituting
Eq. (6.1) into Eq. (2.11) one finds for the present energy
density of L
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Equation (6.1) for the annihilation cross section is
valid in the local four-fermion limit when ml. &m~
where Z is the neutral intermediate boson mediating
weak interactions. With increasing rn~ the cross sec-
tion should reach maximum value and then decrease.
That is why there must be an upper bound on m~. If
only processes with Z exchange are taken into account
the corresponding upper bound is m& g 3 TeV. So
in this case the following mass intervals are per-
mitted: 0&ypz&g40 eV, and 4 GeV gm«3 TeV.
If, however, the mass of I- is generated by a
vacuum expectation value of the Higgs field X, the inter-
action between I, and g should be strong for largeyyg~ and
no conclusion can be drawn in such a simple way.

If heavy neutral leptons indeed exist and if they
could be captured by stellar systems, their energy den-
sity today would be considerably smaller than that pre-
dicted by Eq. (6.2). The increase in density of L be-
cause of this capture could lead to the appearance of
secondary annihilation. So fewer L would survive to
our time. At first glance this would seem to make the
limit on L much worse. Actually the situation is just
the opposite (Vysotsky et a/. , 1977). The point is that
about half of the entire energy released in annihilation
ultimately is converted into electromagnetic radiation.
The energy density of the latter is known to be much
smaller than p . The density of the relic radiation
is 4 & 10 "g cm ', that of optical radiation is 4 && 10 "
g cm ', and that of x rays is 10 "

g cm '. Thus despite
the energy of f- decay products being (Z+1) times less
than p~„due to the redshift, the advantage of the
stronger observational bounds on p, compensates the
loss. If a fraction P of the heavy leptons annihilates at
a certain Z, the total energy density of I, I, and their
decay products at the present time will be

p...= 2(1 P)p,.—+ 2~pio (6.4)

where p« is defined by Eq. (6.2). Protostar formation
had to take place during the epoch of matter dominance
when (1+Z,„)=10~0(H/60)'. So in Eq. (6.4) Z&10 .
Even for the maximum value of Z a stronger limit on
m~ than that obtained above follows from the condition
2pp~, (l+Z) '&p, for say, p&0. 1.

This result, however, is obtained under the assump-
tion that secondary annihilation occurs sufficiently late
so that the photons resulting from the annihilation are
not thermalized in the primeval plasma. As the for-
mation of stars takes place after the plasma becomes
neutral, this assumption is indeed true. There is,
however, another possibility. At an early stage in the
development of the universe, the energy density could
be dominated by nonrelativistic heavy leptons. In such
a case leptonic star formation is possible. Increased
annihilation in such localized concentrations of leptonic
matter would not be visible in the spectrum of electro-
magnetic radiation today but would lead to a consider-
able decrease in the density of L. If this were the case,
the upper limit on m~ would be much weaker. For low
values of the mass of L the annihilation inside these
stars should be complete, otherwise the condition
p~&p would not be satisfied. For example, if en~
= 100 MeV, not more than 1% of the total leptons could
survive the secondary annihilation.

Leptonic matter would predominate when the tem-
perature dropped lower than TD =10 '(m„/m~)'m„(for
m~& 3 MeV). So in the case of m~ &10m„leptons would
dominate the energy density before ordinary celestial
bodies appeared. At T&1 MeV leptons would not in-
teract with the plasma and their temperature would
drop faster than the plasma, temperature, Tz —-T'„,/
m~. So the leptonic gas would cool quickly, andas a
result of gravitational instability heavy leptons could
form pr imary inhomogeneities in the system. These
inhomogeneities could serve a.s condensation centers
for aggregates of ordinary matter. We have not yet
considered this problem in detail, however. The be-
havior of leptonic matter in the case where leptons
constitute the bulk of the matter in the universe de-
serves further inve stigation.

Leptonic condensation because of gravitational cap-
ture by stellar or galactic size objects was briefly dis-
cussed by Gunn et al. (1978). They concluded that this
process was unlikely or even impossible. Their view
was later reconsidered by Zeldovich et al. (1980), who
showed that gravitational binding of massive leptons
could take place because of time variation in the gra-
vitational field of the collapsing gas. The correspon-
ding increase in annihilation could disturb the spectrum
of electromagnetic cosmic radiation. From the absence
of noticeable anomalies in this spectrum the limit
m~&100 GeV was obtained. This result refers, how-
ever, to a rather late period (Z& 5) and to the case of
a low lepton density as compared to the total matter
density. The case of high lepton density calls for
special investigation. Nevertheless, as was noted
above, the necessary annihilation of almost all leptons
inside lepton stars seems improbable. So the bounds
on mr. obtained in this section should not be consider-
ably changed.

VII. UNSTABLE LEPTONS. LIMITS ON THEIR
MASS AND/OR LIFETIME

'The bounds on neutral lepton mass obtained in Sec.
VI were based on the lower limit on the age of the uni-
verse and the corresponding upper limit on the energy
density p . These results are valid only for stable
particles or, more precisely, for particles whose life-
time exceeds the age of the universe: f,,= 3 & 10" sec.
With more refined considerations a wide range of life-
time values versus mass can be excluded. In short, the
bounds obtained are based on a study of the influence of
hypothetical unstable leptons and their decay products on

1. the total energy density in the universe;
2. the cosmic electromagnetic radiation spectrum,
3. primordial nucleosynthesis;
4. stellar evolution

In what follows we shall discuss these in more detail.

A. The total energy density in the universe'

A heavy neutral lepton could have the following decay
channels: I - vvv, vy, e'e v, etc. 'The number density

6For further discussion see Vysotsky, Dolgov, and Zeldovich,
1977a,b; Sato and Kobayashi, 1977; Dicus, Kolb, and Teplitz,
1977, 1978; Goldman and Stephenson, 1977.
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of electrons 1V, resulting from the decay L- e'e v is
determined by the density of heavy leptons (2.11) and

by the branching ratio of this decay, I3, . For any non-
negligible B, density, N, proves to be so high that the
e'e annihilation rate IV,v, v(e'e —2z) exceeds the expan-
sion rate. So all the energy from L decay is trans-
formed ultimately into massless particles. In contrast
with the case of a stable L the energy density of the de-
cay products decreases further because of the redshift.

'The variation of the temperature with time in the
course of the expansion is defined by T(t, ) = T(t, )(t,/t, )",
where ~= 3 for the matter-dominated universe and

for the radiation-dominated universe. In standard
cosmology radiation dominance is succeeded by matter
dominance at f = t = 3 x 10"0 ' sec (for H= 60 km sec '
Mpc '). If a heavy neutral lepton L exists, the picture
is more complicated. The contribution of a stable L to
the energy density at a redshift Z in accordance with
the previous calculations is

2p~(Z) = (Z+ 1)'p f(m~),
where

f(m~)= (4m„/m~) if ~I, & 3 MeV

(7.1)

Z' = -) f(m~)=2. 5 x 10'f(nz~).p„0 (7.2)

If L is stable, f(m~)& 1 and the expansion regime is
changed at about the same time as in the standard case,

= 3x 10"0 sec.
For unstable L, f(m~) can exceed 1 and leptonic

matter could dominate the total energy density earlier
than ordinary matter (t' & t ) if the lepton lifetime was
large enough (r~& t' ). After L decayed, i.e. , when f
was larger than w~, radiation could dominate again.
Depending on m~ and v~ this period couM last up to the
present. The contribution of heavy unstable leptons
and their decay products to the energy density is

cN
p, (Z)= p&(Z)~ "'+, ~ " 'p, (Z')I,Z, ,1, (7 3)

where p~(Z) is the energy density of the stable leptons
at the moment corresponding to a redshift Z as defined
by Eq. (7.1); t is the time counted from the instant of
the singularity. f and Z are related by f =to(1+Z)~~'
for f & I & t, (t, is the age of the universe) and
t=t (1+Z) ' for t&t . Clearly the expression for f can
be modified to include the possible existence of
heavy leptons. In standard cosmology t is determined
by the condition p~ = p„,where p~ =N~m~ is the total
energy density of baryons Bnd p„=N„Tis the energy
density of the relic photons. Substituting P =Ps/Ã„
= 10 '-10 " into this condition, we find T = T(t ) = 0.1-
10 eV. Hence Z =T /3 K=3x 10"' and t
=t,(1+Z„)'~'=to(10~-10~), where t, is the age of the

f(nz~ ) = (m~ /40 eV) if mz, & 3 MeV .

There is no exact agreement at m~ = 3 MeV because nei-
ther expression for f(m~) is approximate. Matter dom-
inance begins when 2p~(Z' )= (Z' + I)'p„(0),where p„(0)
is the energy density of the electromagnetic background
radiation at the present time. Hence

universe. If a heavy unstable L exists, the expansion
regime can be different from the standard one. How-
ever, this complication does not. Significantly affect
the boundaries of the forbidden region in Fig. 1.

From the condition [see Eq. (7.3)j that p~(0) is
smaller than p, a restriction on 7'~ for fixed ml, can
be found. In Fig. 1 the forbidden region in the (rz, , mz )
plane is shown (curve 1). Line aa indicates lifetime
as a function of mass for, the standard weak interaction:
v~ = 2 x 10 '(m~ /m„) ' sec.

+Kp~ (Z ) Keg
(Z+ 1)' " Z+ 1 (7.4)

[Compare with Eq. (7.3).] Here B is the branching ratio
of the corresponding decay, the energy density p~(Z)
is defined by Eq. (7.1), and p„(u)is the energy density
of the cosmic electromagnetic radiation with frequency

as measured today. For energy density of, say,
x rays, p„&10'p „,so better restrictions on the pro-
properties of L can be obtained than those obtained in
the previous subsection where the condition p& p
was used.

For v~ & 10"sec, the photons and charged particles
produced by decays of L are in thermal contact with
the cosmic plasma and the "kinetic" equilibrium is
rather quickly established. If, however, 7~ & 10' sec,
there is insufficient time for establishment of the

~For further discussion see Sato and Kobayashi, 1977",
Lee, Lerche, Schramm, and Steigman, 1978; Dicus, Kolb,
and Teplitz, 1978; Cowsik, 1977.

B. The spectrum of cosmic electromagnetic radiation'

lf ~~& 10"sec, the photons originating from L decay
do not interact with the cosmic plasma because by this
time, the density has decreased and the plasma become
transparent to electromagnetic radiation. Thus a con-
siderable distortion in the spectrum of cosmic radiation
could appear. In this case cosmological arguments ex-
clude for some values of 7~ an even larger mass range
than for a stable lepton. 'This is so because the photons
from L decays can be directly observed (in contrast
to L itself) and that is why the observational bounds
for them are more restrictive. The decay L —vy di-
rectly changes the spectrum of cosmic y quanta. The
decay L - e e v distorts the spectrum because of the
subsequent annihilation e'e —2y or because of Compton
scattering of the electrons on cosmic photons. Only
the decay L —vvv creates unobservable particles iri the
final state and does not influence the cosmic electro-
magnetic radiation, If m~ & 2m, the probability of de-
cay into e'e v should be of the same order as that into
vvv. If m~&2m, , the decay mode vvv should be dom
iriant. These statements, however, are model depen-
dent.

'Thus the results obtained in this subsection are valid
in the case when photons are produced in a significant
fraction of L decays. 'This assumption is natural if m~
is large, and probably is wrong if m~ &2m, .

If decays of L produce photons with energy &m~
(y&1) a limit on particle lifetime versus mass can be
obtained from the condition
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FIG. 1. Astrophysically forbidden region of lifetimes and masses of a neutral lepton (shaded). The curves are obtained by the
analysis of (I) the lower bound on the age of the universe and the corresponding limit on the total energy density in the universe;
(II) the spectrum of the cosmic electromagnetic radiation; (III) the primordial nucleosynthesjs; (IV) p-ray spectrum from super-
novae; Pl) energetics of supernovae. All the curves except (I) are based on the assumption that in a considerable part of the L
decays photons are ultimately produced. Restr iction (I) is valid also in the case when L dominantly decays into vvP. Region (VI)
is obtained in the same way as (I) and refers to neutral leptons if they interact through exchange of vector bosons of the Weinberg-
Salam model. Using arguments similar to that of cases (II) and (III) the forbidden region for superheavy leptons can be enlarged.
Line aa is the lifetime dependence on mass for the standard weak interaction.

"chemical" equilibrium. The point is that "kinetic"
equilibrium is achieved through the fast processes of
Compton scattering, and "chemical" equilibrium
through the much slower processes of thermal photon
emission and absorption. This question has been con-
sidered in more detail by Zeldovich and Novikov (1975)
(see also Sunyaev and Zeldovich, 1970). They stated
that a distortion in the blackbody spectrum of relic
photons would be observable up to Z = 10' if the rela-
tive energy release were of the order of 1(PO. This
leads to the limit 7~&3 x 10' sec. 'The same result was
obtained by Gunn et al. (1978).

Later R. Sunyaev (1980) showed that the process ye
-2ye smoothed over distortions, in the spectrum until
Z = 10' or 3x 10' sec. 'This process has a smaller
cross section than bremsstrahlung in ep collisions.
The smallness is, however, compensated by the
greater number density of photons. If 0&0.1, the pro-
cess ye-2ye dominates. For larger D, photon crea-
tion by ep- epy is also important. For Q= 1, the Planck
spectrum would be restored by this reaction if Z & 2
x 10'. The above mentioned shift of the critical value of
Z reflects a change in the input parameters from those
used in the original paper by Sunyaev and Zeldovich
(1970); that is why the double Compton scattering
comes into play. So when t& 3 x 10' sec the number of
photons in the plasma changes rather slowly and the
production of new photons by the decay L —y+ ~ ~ ~ leads
to the Bose-Einstein energy spectrum of radiation;

P+ (d
E(cu) -cu' exp +1T

the chemical potential p, being nonzero.
The deviations of this expression from the blackbody

spectrum are the most prominent at small frequencies
& T. In this region the spectrum of the electrom3g-
netic background radiation has been very well studied
and no deviations from the Planck formula (that is
from the Bose-Einstein formula with p= 0) have been
found. These arguments permit us to set the limit ~~
& 3 x 10' sec (see curve II in Fig. 1). With rising m~
the bound becomes weaker because the number density
of heavy leptons is a decreasing function of m~.

C. Primordial nucleosyntheses

The bound on the number of neutrino types obtained
by analyzing He' production in the early universe (see
Sec. III) suggests using analogous arguments for re-
strictions on heavy neutral lepton properties. Heavy
leptons would affect helium formation in the following
-two ways:

1. by an increase of the expansion rate H-a/a and,
because of this, by a larger ratio of neutron to photons;
and

SFor further discussion see Sato and Kobayashi, 1977; Dicus,
Kolb, Teplitz, and Wagoner, 1977; Miyama and Sato, 1978.
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2. by an increase in total nucleon number density at
the time of nucleosynthesis (or a decrease in the en-
tropy per baryon) as compared to that accepted in the
standard model. The entropy decrease is connected
with heating in the plasma by the decays of L into vz,
ve+e, vp+p, etc. , which occur after the nucleosyn-
thesis is over. So the contemporary value of the ratio
N~/N„w ould be smaller than this ratio at the time of
nucleosynthesis. In the standa, rd approach it is as-
sumed that the ratio N~/N„does not change from the
moment of nucleosynthesis to our time except for some
change in the photon number by e'e annihilation.

Both of these effects (increase of $ and of N~/N„) lead
to an increase in He formation. 'This increase, how-
ever, is rather small for the interesting values of vL
and m~ [an assessment which is in agreement with that
of Gunn et al. (1978) and Dicus et al. (1977)]. To
evaluate the effect of a variation of g = (p/p „,.„q„~)' ' we
recall that modern data on He' abundance permit six
new types of neutrinos to exist [for the conservative
estimate of the He' mass fraction R(He')(0. 29j. As
was discussed in Sec. III the parameter g determines
the value of the ratio N„/N~ at quenching (freeze-out),
the quenching temperature T& being about 1 MeV.
Hence the ratio of the contributions to p from a heavy lep-
ton and from k types of new neutrinos is g= 2N~m~/
kN„T&. For k= 6 the value of g is less than 1 for any
m~ so that a change of g because of the contribution
from L does not lead to a considerable variation in
He' production.

One can easily calculate the change of the ratio P
=N~/N, if one takes into account that the entropy in a
comoving volume is conserved [see for example, the
book by Weinberg (1972)].

If 6P is a contribution to P from the decay of I. , the
following relation is valid:

where const= 0(1), r~ is determined by Eqs. (2.11) and
(6.2), and T is the temperature at the instant of the de-
cay. The uncertainty in the value of P, is as large as
two orders of magnitude, giving rise to an uncertainty
in the mass fraction of He', M(He')= 0.04 which is
rather small. So in the value of the ratio 6P/P, a vari-
ation by. two orders, of magnitude is allowable. The
product mL y L reaches its maximum value at mL = 1 MeV.
Even in this case the plasma temperature at the instant
of the decay should be greater than 0.01 x mL = 10 '
MeV and consequently vL &10' sec. This is close to the
result obtained in the preceding subsection.

Thus the study of He' production does not lead to a
significant expansion of the forbidden region in the
(v~, m~) diagram (Fig. 1). The abundance of cosmo-
logical deuterium is a much more sensitive indicator
of the existence of heavy leptons because in contrast
to He', the H' abundance is a steep function of the pres-
ent baryon density.

It is well known that the prediction of the He4 abun-
dance is one of the triumphs of big bang cosmology.
As the calculations of other element abundances were
made in the same framework, the results obtained seem
to be reliable. From modern observations and esti-

mates of the nuclear processes inside stars, it follows
that the mass fraction of primordial deuterium should
be larger than 10 '.

An increase in the expansion rate due to L contribu-
tions would lead to a larger amount of H' because in
this case deuterium nuclei would have less time to
transform into other elements. Such a change in the
expansion rate is the only effect which could change
the deuterium abundance if L were stable or decayed
into vv~. This effect is rather small, however, and no
restriction on the lifetime of L can be obtained. If,
however, L decayed into vz, ve'e, etc. , the ratio
P =N~ /N„, as we noted above, would change from the
moment of,nucleosynthesis to the present time, and
the deuterium fraction is very sensitive to this para-
meter. Calculations of the influence of L on H abun-
dance were made by Dicus et al. (1977). Their results
are presented in Fig. 1 (curve III).

If mL& 2m„ it makes possible the decay L-&&+ any-
thing. 'The relative number density of antibaryons is
N~ /N~ = (1 —100)(2m„/mz, )'BR(I.—BB+anything). For
7'L& 100 sec B produced by the decay could directly
influence nuc leos ynthesis.

D. Stellar evolotion 9

If the neutral lepton mass is less than the tempera-
ture inside stars and it is unstable, L can strongly
affect stellar evolution. The astronomical observa, -
tions in this case give some restrictions on the prop-
erties of such neutral leptons. These restrictions are,
of course, applicable to a, rather light L but their ad-
vantage is that one need not travel so deeply into the
past as in the preceding cases. In particular the limits
presented below are valid in the hot model as well as
in the cold one.

A rather strong bound on the lifetime of the electron-
ic neutrino in the case of its decay into a photon plus
anything can be obtained from an analysis of the x-ray
radiation from the sun (Cowsik, 1977). The modern
theory of nuclear reactions inside the sun predicts the
solar neutrino flux to be about 10"cm ' sec ' with the
average neutrino energy 200 KeV." 'The neutrino decay
would produce an intense x-radiation. But modern ob-
servations find the x-ray flux to be less than 10 '
cm ' sec '. This results inthe limits r„&5 x 10"sec or
&„&1 sec. In the latter case neutrinos would mainly
decay inside the sun; however, the laboratory measure-
ments exclude this possibility.

A stronger limitation and, moreover, one valid for
any type of neutrino with m & 10 MeV, can be obtained

For further discussion see Cowsik, 1977; Falk and
Schramm, 1978.

~0The experiment by the Davis group shows that the actual
Qux of solar neutrinos is about 3 of the calculated value. The
bound on ~~ given here is not considerably changed if one uses
the experimental result instead of the theoretical one. Re-
cently the ITEP group presented evidence in favor of a nonvan-
ishieg neutrino mass P yubirn. ov et al. , 1980 and Kosi.c et al. ,
1980). lf such is indeed the case, one could easily believe in
neutrino oscillations and so the contradiction between the ob-
servations of solar neutrinos and the theory could be resolved.
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from the study of supernovae. %'e recall that a super-
nova explosion releases about 10" erg of energy in the
form of neutrino radiation, the average neutrino energy
being -10 MeV. Decays of these neutrinos would yield
a large y-ray flux. For the latter the observational
limit is, however, 10 ' cm 'sec 'sterad '. So a neutral
lepton, if it exists, must be rather long-lived, 7~& 3
x 10"sec, or must decay while still inside the star.
In the latter case 7'~ & 10' sec/c where c = E~ /m~
= 10 MeV/mz and the coefficient 10' is connected with
the size of a red giant which precedes the supernova;
this size is larger than 3x 10"cm. It is noteworthy
that. laboratory limits on ~~ are valid only for v, and
v~ ~

'The bound on 7~ from above can be further improved
(Falk and Schramm, 1978) if one takes into account
the fact that the visible energy released by a super-
nova explosion is about 10" erg. 'This means that not
more than 1% of the total number of leptons emitted by
the explosion can decay outside the core. This in turn
means that 7'~ &Ac/s = 10 sec/c, where Rc is the ra-
dius of a supernova, core. 'The bounds on 7~, which
are dependent on m~, are presented in Fig. 1 (curves
IV and V).

VI II. ASTROPHYSICAL BOUNDS
ON ELECTROMAGNETIC PARAMETERS
OF NEUTRINOS

If a right-handed neutrino existed, a nonvanishing
magnetic moment for it would, in principle, be pos-
sible. Moreover, gauge theories with right-handed
currents predict a nonzero magnetic moment. If the
matrix element of the neutrino interaction with the
electromagnetic current is of the form

(8.1)

for the value of g the following estimate is valid:

+FW~MQ y3 ~@ ~sing = 2.5 x 10 " ——sing,
e

(8.2)

where m, is the electron mass, m~ is the mass of the
charged lepton connected with the given type of neutrino,
and sing characterizes the admixture of right-handed
currents in leptonic interactions. For pv„and ev, cur-
rents the limit is known to be sing & 0.1.

The laboratory limits on the value of g have been col-
lected (Beg et a/. , 1978) and are about 10~ for v, and
about 10 ' for v . Astrophysics helps us to improve
upon these limits by 1—2 orders of magnitude. The ar-
guments presented below were first stated by Bern-
stein et a/. (1963) and later by Sutherland et a/. (1976)
and used in the paper by Beg et a/. {1978). In the dense
matter inside stars, photons acquire an effective mass
of the order of the plasma frequency. Owing to this,
interaction {8.1) would lead to photon decay into vv and
energy losses from stars would be considerably en-
hanced. If one assumes that the neutrino luminosity of
the sun is no greater than the photon luminosity, the
limit g& 10~ can be obtained. This limit is valid for

any neutrino type with a mass smaller than 150 eV.
The latter restriction arises because the plasma fre-
quency in the central region of the sun is about 300 eV.
As for the initial assumption about the neutrino lumi-
nosity of the sun, its violation would lead to a rate of
hydrogen burning inside the solar core at least twice
that assumed in the standard models. This can hardly
be accepted. 'The point is that, according to modern
estimates, about half of the total amount of hydrogen
inside the sun should be burned by the present time.
The doubling of the energy loss would mean that no hy-
drogen wouM now be left inside~the solar core.

A stronger limit on the value of the neutrino magnetic
moment can be obtained by analysis of white dwarf
evolution. A detailed discussion of this question can be
found in Chiu et a/. (1966}, Stothers (1970), and Bern-
stein et a/. (1963). The achieved limit, valid for neu-
trinos with masses up to 20 KeV, is g& 10 ' . It is
claimed (Beg et a/. , 1978) that a more accurate study
of white dwarfs will permit us to improve this limit by
an order of magnitude.

It should be rioted that the astrophysical bounds on &

for v, and v are far from the expected value tEq. (8.2)],
but for v, the bound on sing is better than the one ob-
tained by experiments on T decays. 'This is partly a.

consequence of less accurate experimental information
about properties of w and partly of a large value for rn, .

Clearly the arguments presented above can also limit
the exotic possibility of nonzero electric charge for the
neutrino. As the process of transformation of photons
into neutrinos is defined by the probability of photon
decay into vv, a limit on the neutrino charge follows
from the substitution v-e(v) ~ 2v2m, /w~, where e(v)
is a (hypothetical) neutrino charge, w~ is the plasma
frequency, and m, is the electron mass. Hence, from
the bound on z, one easily obtains e(v)& 10 "e(e), where
e(e) =—e is the electron charge.

For electronic neutrinos a stronger limit e(v, )& 10 "e
(Zorn et a/. , 1963) follows from electric charge con-
servation because during the P decay of neutrons, e(n)
and e(p)+ e(e) can be independently measured (see,
however, Sec. XIII}. For muonic neutrinos the labor-
atory bounds are much weaker, e(v„)&10 'e [see the
discussion by Bernstein et a/. (1963)].

To believe in the existence of neutrino charge is dif-
ficult even without the astrophysical bounds, but in any
case the neutrino charge radius, that is the vertex
yvv for q'4 0, should be nonvanishing;

In the framework of gauge models of weak and electro-
magnetic interactions the following estimate for the
value of the neutrino charge radius can be obtained:
(r') = G~/2v = 10 "cm'. Data on neutral current inter-
actions give (r') = 10 "-10"cm'. The astrophysical
bound on (r') is easy to find by recalculating the bound
on g with help of the substitution (r') —2&/cu~m, . As
~~= 300 eV for the sun, it follows from the restriction
on solar neutrino luminosity that (r ')& 10 " cm' and,
from the consideration of white dwarfs for which ~~
= 50 KeV, that (r')& 10 "cm'. The results discussed
in this section are collected in Table II.
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Laboratory
I.im its 10

10 8

e(&) /e

4xlp

3x1p 5

(y2) cm2

10-30

10 "

TABLE II. Limits on electromagnetic parameters of neu-
tr lnos.

are small and discuss the observational limits on neu-
trino chemical potentials; we also consider how a con-
siderable degeneracy of the neutrino gas would affect
the conclusions reached above.

'The best limit on the chemical potentials of all types
of neutrinos follows from the bound on the total energy
density of the universe (see Sec. II):

Limits from
the neutrino
lum inos ity
of the Sun

Limits from
the neutrino
luminosity of
white dwar fs

5x10 '0

10 . 10

IX. NEUTRINO DEGENERACY

10 '3

10-"

1P-2s

10 30

8v'

his expression is obtained under the assumption that
/T& 1. From this it follows that p& 0.01 eV for

any neutrino type. The boundary value of p corresponds
to the number density of neutrinos, about 10 cm'. This
is three orders of magnitude higher than the present
number density of relic photons. If one takes into ac-
count that the temperature of relic neutrinos today is
about 2 K (if m„=0) the following limit for ( can be
found (Weinberg, 1972):

In the preceding section it was implicitly assumed
that the universe is neutral with respect to any con-
served quantum number such as electric charge Q,
electronic charge E, muonic charge M, and a possible
charge connected with the new lepton T. An exception
is baryonic charge, which is known to be nonvanishing
but very small (N~ N~)/N„= 10—'-10 ". It is also
known that the electric charge of the universe as a
whole should be equal to zero with a very high preci-
sion because noncompensated charge leads to a long-
range interaction which is 10' times stronger than the
gravitational interaction. More precisely, for the
gravitationaal attraction to balance the electrostatic re-
pulsionof two protons one has to add to each proton 10"
neutrons. The presence of a nonvanishing electric
chargein the universe would contradict its homogeneity.
For a closed universe the total electric charge should
be strictly zero. (See also Sec. XII.) As for leptonic
charges, no long-range forces are connected with them
(see, however, Sec. X) and so observational data do not
contradict their considerable values. In particular the
possibility cannot be excluded that

~
(N„,-N„)I

/N„& 1. -
The assumption that E, M, and T are vanishingly small
seems, however, natural when we consider that the
charges which can be measured, i.e. , Q and B, prove
to be very small.

Recently attempts have been made to calculate the
baryon asymmetry of the universe in the framework
of grand unified theories (see Sec. XV). The value ob-
tained for baryonic charge in these models seems to
be somewhat smaller than is needed, but it is possible
that further attempts in this direction may give better
results. It seems, however, absolutely improbable in
such models, whex'e neither baryonic nor leptonic
charge is conserved, that the leptonic charge of the
universe would be much larger than the baryonic
charge.

Thus in big bang cosmology it is natural to expect
that the excess of leptons over antileptons (or vice
versa) should be of the same order of magnitude as
the excess of baryons over antibaryons. Of course
such a small leptonic charge would not influence the
results of the preceding sections. In the rest of this
section we reject the assumption that leptonic charges

1/4g 45 (9.1)

We note here that the value of g should be a constant
during the free expansion of the universe because the
chemical potential of the neutrino is proportional to its
temperature.

A stronger bound valid only for the chemical potential
of the electronic neutrino can be obtained if one con-
siders light element production in the early universe.
A study of primordial formation of He, H, and Li
with the neutrino chemical potentials restricted by
condition (9.1) and otherwise arbitrary has been made
by Yahil and Beaudet (1976; Beaudet and Yahil, 1977)
[see also the earlier paper by Wagoner et al. (1967)].
The degeneracy of v, v„etc.influences nucleosyn-
thesis only because it causes an increase in the total
energy density of the universe and a corresponding in-
crease in the expansion rate. In this sense it is ana-
logous to the existence of new neutrino types (see Sec.
III). As for the nonvanishing chemical potential of -the
electronic neutrino, it not only contributes to p, but
also directly and strongly affects the concentration of
neutrons frozen out. Indeed, in equilibrium p.„—p&

p,, being much smaller than T because of"e '
electric charge neutrality, so that

exp — + (9.2)

Based on an analysis of He' production the conclusion
was reached that

-0.25& $„&1.8. (9.3)

This restriction was found under the assumptions (a)
that the baryon density in the universe is confined with-
in the limits 10 "g cm~& p~ & 10 "gem ' and (b) that

If there are other neutrino species than v,
and v the latter condition should be changed by

(4)1/4& 45
We should like to note that if („=0 then from the con-

sideration of He' formation it follows that (Z /~4)'t'& 4.
If neutrino oscillations existed, the number of inde-
pendent chemical potentials would be smaller and the
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bound on $, would be changed. Oscillating neutrinos
in the earl.y universe were recently considered by Dol-
gov (1981).

'The possibility discussed here, that the universe can
possess nonvanishing leptonic charges, was the start-
ing point for criticism (Linde, 1979b) of the bounds on
the number of new neutrino types (see Sec. III). Indeed
it is well known that by a small increase of g„ it is

&e

possible to compensate for the higher neutron concen-
tration connected with new types of neutrinos. Thus
the limit 0„&6 would not necessarily be satisfied if
there were a relative excess of relic v, over v, of the

,'order of unity (i.e. , $„&0 and
~
$,

~

= 1). Of course
some bound, though extremely weak, can be obtained
from the condition Q p„&p

(9.4)

This limit can be improved if one considers the deu-
terium production. The result, however, depends very
much upon the density of baryons in the universe, which
is known to within about two orders of magnitude. In
the standard model the following estimate is found
(Reeves, 1974):

R (H')/R, (H') = (10"g cm ') /p~ .
Here A, (H') is the mass fraction of deuterium observed
today and A(H') is the mass fraction of primordial
deuterium. With rising pa the rate of transition of H
into He' increases. That is why B(H') drops as p~
rises. An increase in the total energy density due to
the contribution of new particles or neutrino degeneracy
results in an increase in A(H'). This is because the ex-
pansion rate rises with increasing p and corresponding-
ly less time is left for H' to transform into H4. So a
limit on k„should be stronger for smaller p~. Accord-
ing to Linde (1979 b) k, & 10' for ps = 10 '~ gem ' and k„
& 30 for p~ =10"gcm '. It is rather difficult, how-
ever, to reach a conclusion about the mass fraction of
primordial deuterium based upon the abundance ob-
served today because the formation or destruction of
H' in later stages is not well known.

Note that the assumption of strong degeneracy of the
neutrino sea permits us to improve the limit on neu-
trino mass. If the contemporary value of the neutrino
chemical potential is larger than m„the energy den-
sity of relic neutrinos is equal to (p'm, )/6n'. lf it is
to be smaller than p, the bound m„&4 eV should be
valid (for g = 50 and a. vanishing cosmological constant).

In conclusion we should like to stress once more that
cosmological data do not contradict considerable neu-
trino degeneracy (i.e. , ~K„N~~/N„& 1) a-nd as a result
do not contradict the existence of a large number of
different massless particle species. However this
seems to be very unlikely.

X. ASTROPHYSICAL CONSEQUENCES
OF THE EXISTENCE OF A HEAVY NEUTRAL
LEPTON

In the preceding section restrictions on the proper-
ties of leptons obtained with the help of astrophysics
were considered. Now we shall look at the subject
from another point of view and discuss how the exis-

tence of a massive neutral lepton helps us to resolve
some astrophysical problems.

A heavy neutrino is a remarkable candidate for bear-
ing the galactic missing mass. As is well known the
mass-to-light ratio for galaxies as a whole is consider-
ably higher than for average stars in the middle part
of a galaxy. The galactic mass can be determined by
the gravitational attraction between galaxies in a clus-
ter of galaxies. Another way to find the mass of a
galaxy is to measure the variation of the velocities of
matter with an increase of the distance from the galac-
tic center. Such measurements also show that the bulk
of the matter in galaxies is outside the region where
luminous objects are seen. So the dynamics of gal-
axies are determined by some dark, invisible matter.
Marx and Szalay (1972; Szalay and Marx, 1976) and
Cowsik and McClelland (1972) propose that neutrinos
with a mass of about 10 eV could solve the problem of
the missing mass. 'The idea was later considered by
Marx (1977), Gunn et al. (1978), and Tremaine and
Gunn (1979). They argued that neutrinos mainly cluster
with galaxies forming galactic halos.

Using the condition

0*= (the matter density in galaxies)/p & 0.05 (10.1)

Tremaine and Gunn conclude that Zm„&0.6 eV. From
the Pauli exlusion principle it follows that the maximum
neutrino density n ~ in phase space cannot exceed 2g„,
where g„is the number of helicity states. With a more
accurate treatment of neutrino dynamics Tremaine and
Gunn conc lude that n &g„.On the other hand, if neu-
trinos in a galactic halo. form a Mawwellian thermal gas
then it follows from the known value of n ~ that m„
& 10 eV. The contradiction between the upper and lower
limits on m„leads one to conclude that light neutrinos
cannot solve the problem of the missing mass. Heavy
leptons, however, with a mass around some GeV, can
do this. In our opinion the accuracy of bound (10.1) is
overestimated and it could be an order of magnitude
weaker. In this case the result of 'Tremaine and Gunn
could be invalid.

Recently Lyubimov et al. (see also Kosic et aL, 1980)
have claimed that a thorough investigation of the elec-
tron spectrum in tritium decay proves that the neutrino
(electronic antineutrino) has a. rest mass of the order
of 30 eV (14 eV& m, & 46 eV) on a 99% confidence level.
Using the data of the Heines experiment, Barger et al.
(1980) find oscillations in the antineutrino beam induc-
ing the reaction v, + d- 2n+ e'. The difference in the
squares of the neutrino masses (m', —m,') was estimated
to be of the order of 1 eV' but other solutions with a larger
difference are also possible. Reines et al. (1980) claim
to have detected oscillations by comparison of the
charge current reaction v, + d —2n+ e' and the neutral
current reaction v, +d-p+n+ v, induced by the beam of
reactor antineutrinos. Oscillations v, v, seem also to
have been observed by the CHARM collaboration [see
Winter (1979).].

All this taken together is changing the prevailing
attitude of the astrophysical establishment towards
neutrinos with nonvanishing rest mass of the order of
some eV or tens of eV. Earlier it was commonplace
to put upper limits on the neutrino mass assuming that
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it would converge to zero. Now one is tempted to ex-
plain real phenomena in conjunction with the rest mass.
Marx and Szalay, who adopted this point of view ten
yeats ago, thusfind themselves in the position of fore-
runners.

he first success of such an approach is the explan-
ation of the deficit of solar neutrinos in the Davis ex-
periment by oscillations v, v, v as proposed by
Pontecorvo. The prediction depends on mixing angles,
but a ratio of 3 of v, to the total amount of v's in the
Earth's orbit is reasonable.

One obvious astrophysical implication is that if the
sum of neutrino masses Z = m, + m, + m, exceeds 25 eV
the universe is closed and its expansion must be
changed to contraction in the remote future. The age of
the universe is also shortened. To a good approxima-
tion it is

t = 21x 10' yr/t(tf/50)+ (z/40)'t'] (10.2)

Here H is the Hubble constant in kilometers per second
per megaparsec (the best. value is H= 55) and Z is taken
in eV.

If for all neutrinos m, =m, =m„then when 2 = 90 one
obtains t= 8.5 x 10' yr, which is less than the values
found by Os/Be chronometry (11-18x 10' yr) and by
stellar evolution theory applied to old globular clusters
(14-16x 109 yr).

A possible outcome has been suggested by Zeldovich
and Sunyaev (1980), who note that the age of the uni-
verse can be lengthened by the introduction of the cos-
mological constant. One gets thereby a closed but
ever-expanding universe. It is only for A= 0 that the
two features coincide, i.e. , from the fact that the uni-
verse is closed in space it follows that it oscillates in
time. If A4 0 the curvature of space can be positive,
so that the universe is closed but it expands forever.
The upper limit on m„which is valid for models with
a nonvanishing cosmological constant is about 200 eg.
Accidently we return to the first rough estimate of Ger-
stein and Zeldovich (1966).

Another way of violating bound (4.2) without revising
any fundamental idea is to assume that an unknown
source of background photons existed, so that the ratio
~„/N is smaller than in the standard model. An exam-
ple of such a source would be a new long-lived particle
decaying into photons.

As has already been pointed out by Marx and Szalay,
if ~&0 the growth of perturbations leading to galaxy
formation and clustering is also changed: It begins now
with the growth of neutrino density perturbations. In a
recent investigation Doroshkevich et at. (1980) conclude
that smaller initial perturbations are needed. So it is
easier to understand the negative result of all searches
for background temperature fluctuations.

Neutrinos more massive than those considered by
Tremaine and Gunn (1979) are good candidates for the
explanation of the "hidden mass" of galaxies and clus-
ters of galaxies. Despite the fact that massive neu-
trinos co'uld solve some cosmological problems we
should like to end this discussion with a warning: As-
tronomy will use gratefully the neutrino rest mass
found in laboratories, but astronomy can not be used to
prove or even. to support a definite value or even the

very existence of a nonzero mass for neutrinos or some
other unknown particles.

XI. SOIVIE OTHER PARTICLES (HIGGS
MESONS, AXIOMS, MAGNETIC MONOPOLES, ETC.)

The arguments of the preceding section can be direct-
ly applied to other elementary particles. In what fol-
lows we briefly discuss how cosmology helps to restrict
the region of permitted values for parameters of vari-
ous hypothetical particles and interactions. These par-
ticles are not yet seen in the laboratory so astronomical
observations are the only sources of information about
them. Out of respect for chronology we shall start from
the earliest considerations of massless vector parti-
cles.

A. Et cetera

In 1955 Lee and Yang posed the question, whether
baryonic photons existed, i.e. , massless vector parti-
cles interacting with baryonic charge in the same man-
ner as photons interact with electric charge (but with a
weaker coupling). Later Okun (1969) considered the
hypothesis that each conserved charge is a source of-its
own type of photons, i.e. , of baryonic, electronic, mu-
onic, etc. A very strong limit on the coupling constants
of baryonic and electronic photons follows from the
equality of the gravitational and inertial masses of lead
and of copper found by Dicke (1962) (see also Braginsky
and Panov, 1971). The restrictions on the couplings
obtained by Okun (1969) are, respectively, for baryonic
and leptonic photons

n (II) & 10 "a(Q), ~(L) & 10 "&(Q),

where o!(Q) = o'. =+» is the electromagnetic coupling con-
stant.

For muonic charge a comparable restriction cannot
be applied because there are no macroscopic samples
of matter with a nonzero muonic charge. The labora-
tory data on (g —2) give the rather weak limit

+(tlf) & (10 ' - 10 ')a(Q).

Stellar luminosity data permit us to put greater con-
straints on the muonic coupling constant. The point is
that the interaction of a muonic neutrino with a muonic pho-
ton would result in the electromagnetic interaction of a
muonic neutrino due to the transition of a muonic pho-
ton through a virtual p. 'p. pair into a usual photon. The
induced charge is of the order of

e,„,——eo(M ) ln(A/m„).

This estimate is based on a divergent Feynman integral
and depends on additional conditions imposed on the
theory. It should be valid, however, if there were no
special requirement thai the induced charge vanish.
Now using the results of Sec. VI (see Table II) and neg-
lecting the logarithmic factor we obtain

a(M) & 10 " if m„&100 eV (sun)

~(ttf) & 3x10 " if m„&20 KeV (white dwarfs).

By analyzing the relic neutrino background (Sec. V) one
may determine that~, & 40 eV. If, however, the neu-
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trino mass exceeded this limit, this would mean for in-
stance that the neutrino possessed a new stronger-than-
usual interaction. From this the lower limit on n(M)
for heavy vjj is as follows:

7('n (M)m~
o. (M)& 3.3xl0 ' ~ 1+—rn„„42 m,

(11.2)

This inequality is valid for ~, & 40 eV. If, however,
m, (40 eV, o(M) can vanish, and this is probably the
case.

B. Higgs mesons, axions

~~Recently Linde {1980a)presented arguments based on cos-
mology that the mass of the lightest Higgs particle should be
smaller than 9 GeV if a single multiplet of the Higgs meson
exists.

The scalar Higgs field g is probably a necessary in-
gredient in the modern theory of the weak and electro-
magnetic interactions. A nonzero vacuum expectation
value for this field results in a spontaneous generation
of masses of fermions and gauge bosons. The mass of

y is a free parameter of the theory. From the absence
of the decay K'- n'y' one can conclude that &~ & 300
MeV. There are theoretical arguments (Linde, 1976a;
Weinberg, 1976) in favor of a lower bound on nz„an or-
der of magnitude larger. " The derivation of such a
bound is based, however, on the assumption that fer-
mion masses are much smaller than those of intermed-
iate bosons,

ping&
&gyes, and thai there is a single g field.

If pQf ~ pn the Higgs meson mass is, general ly speaking,
arbitrary. Spontaneous symmetry breakdown, however,
proceeds in such a way that we gei a bound on fermion mass-
es ~& & 76 GeV; otherwise the condition of vacuum stabil-
ity is not fulfilled (Anselm, 1979; Linde, 1976b; Linde
and Krive, 1976).

In any case the Higgs boson mass should be larger
than several hundred Me V independently of the theory.
Such heavy bosons must have a very short lifetime. For
example, if gpss

= 500 MeV, 7~=10" sec. In this case
cosmology provides no restriction on the properties of
the Higgs bosons. The existing bounds (Sato and Sato,
1975 a, b) refer to the unrealistic case of very light
scalar particles which decay into photons with the life-
time z = 7x10' (KeV/m )' sec. Such particles definite-
ly have nothing to do with the standard Higgs meson.
Nevertheless the restrictions on their properties are
of interest because no laboratory limits in this region
of mass and interaction sti ength are known.

By studying the spectrum of the cosmic electromag-
netic background Sato and Sato (1975a) determined that
the mass region 0.1 eV&m„&400eV is forbidden. This
forbidden region can be enlarged with the help of the
arguments presented inSec. VII.B, namely, that the
Planck spectrum of relic photons, destroyed by the
decay X- 2y, would not be restored to the spectrum we
observe at the present time if y & 3x104 sec. This
would permit us to exclude the region 0.1 eV&~ & 10
KeV. However, the lifetime value used by Sato and
Sato (1975a) is about two orders of magnitude higher
than the standard estimate. So the upper boundary of

the forbidden region shifts to 1 KeV. By the study of
stellar evolution we obtain in what follows stronger
bounds on masses of light scalar and pseudoscalar
mesons having semiweak interactions with fermions
(Sato and Sato, 1975b; Vystosky et al. , 1978; Sato,
1978a; Falk and Schramm, 1978; Dicus, Kolb, Teplitz,
and Wagoner, 1978).

The light pseudoscalar particle known as the axion
(Weinberg, 1978; Wilczek, 1978) was born theoretically
as the result of attempts to explain parity conservation
in the framework of quantum chromodynamics. The
axion emerges from the spontaneous breakdown of U(l)
symmetry as the Goldstone boson, and acquires a small
mass through interaction with instantons. The mass of
the axion was estimated to lie within the limits 10 KeV
&~, &1 MeV.

The search for the decay A+ —7t'~ and for axion pro-
duction by reactor neutrinos ha.s given negative results,
so probably the axion does noi exist, but it may be ear-
ly to pronounce the final. sentence.

The interaction of axions and of Higgs-type scalar
bosons with fundamental fermions is of the form

t —~Ge Fizz(wy Mlz+ tc (4g), (ll. 3)

r= 10 'k '(1 MeV/~)' sec. (11.4)

Here k =A@2; the summation over all quark and lepton
species is performed (for the model with three lepton
generations and six quark flavors, 0 = 8), gpss is the mass
of g or y. The factor k ' is due to the equal contribu-
tion of all fermions in the intermediate state io the de-
cay probability. If ~&

&&zan
the diagram alone gives a re-

sult proportional topaz' and the coupling constant of g
or y with fermions is -gyes&.

If light particles with interaction (11.3) existed, they
should be produced inside stars owing to the reactions
ye- ea(eg) or yy- a(g). The cross sections of y and a
photoproduction on electrons near threshold are

v(ye —ea)= &"( ') ((—';)
(11.5)

Here n =
y37 and ~ is the photon energy. After thermal

averaging, each factor (1-re'/&g') should be changed by
2T/nz, where T is the temperature inside the star (if
T &rn).

The density of matter inside the solar core is p, =10'
g cm ' and the temperature is T =1 KeV. The average
density of solar matter, however, is p = 1 g cm . Thus
the mean free paths of a and y connected with the reac-
tions of photoproduction and the inverse one of radiative
capture are

whereby& is the fermion mass, +~ =10 '~~', ~ is the
operator of the axion field, and X is the operator of the
scalar meson field. If gyes, & 2', the dominant decay
mode for both p and X is 2y. The lifetime for this decay
is defined by the famous triangle diagram and equals
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(11.6)

These are much larger than the solar radius &o-= Vx10"
cm. The decay length of axions (or y particles) in ac-
cordance with Eq. (11.4) is

xd«a« ——10'4k '(10 Ke V/m) '(T /m)' ' cm. (11.7)

25 KeV. (11.9)

As the considered mechanism provides energy mainly
in the form of x rays, the data (Womack and Overbeck,
1970) on the solar x-ray flux on the earth permit us to
get the better limit ~& 50 KeV. In this way the bound
m &100 KeV was obtained, but in our opinion such an
estimate is a bit high. Indeed even for gag= 50 KeV the
decay length of axions is Xd«» = 4x10' cm [see Eq.
(11.4)] so the x-ray quanta from the decay mainly "stick"
inside the sun, and for nz =100 KeV the x-ray flux at
the Earth's orbit should be negligible. We will not dwell
on it because stronger though more model-dependent
limits one can be obtained from the study of red su-
pergiants (Vysotsky et g/. , 1978; Sato, 1978; Dicus,
Kolb, Teplitz, and Wagoner, 1978). The core tempera-
ture of a red supergiant is T =15 KeV (Warshawsky and
Tutukov, 1972 and 1973) which is much hotter than that
of the sun, and the radius of the core is A, =10"cm
» Xd„,

„

for m & 100 KeV. So the axion luminosity is de-
termined by axion emission from the outer layer, whose
thickness is equal to Xd„,„.The energy transmission by
axions from the central region to the periphery in the
hydrodynamic time should be smaller than the envelope
binding energy. For characteristic values of the mass
of the core M, =4M& that of the envelope ~„=12&J~ and
the envelope radius R,„=10'2cm, the binding energy is
E~= 10 ' erg. Thus from the condition

E = L, t~ = 2rR, E, qt~& Ef, , (11.10)

where t~ =10 sec is the hydrodynamic time and q is
determined by Eq. (11.9), we obtain (Vysotsky et al. ,
1978)

~. ,& 200 Kev.

A similar limit follows also from data on the lifetime of
red supergiants. Cosmological implications of axions
and light Higgs bosons were also considered by Dicus,

Thus for ppz& 100 KeV axions could freely escape from
the center of the sun and carry a considerable amount
of energy. The specific energy losses due to the reac-
tions ye- ae and yy- a have been calculated (Vysotsky
et al. , 1978). They are dominated by the last reaction
and equal

q = 4x 10'nz"~'e T'~'(k'/64) erg cm ' sec '. (11.8)

Here gpss = jyg, or ~ and g is expressed in KeV. The total
energy loss by the sun due to light g or g particles is
I.=qM, /p, , where IVI, =10 '~ is the mass of the solar
core and p, = 10~ g cm ' is its matter density. Requiring
energy loss due to axion (or y particle) radiation to be
smaller than the photon luminosity of the sun we obtain

Kolb, Teplitz, and Wagoner (1978). They discussed the
influence of these particles on primordial deuterium
production, the spectrum of the electromagnetic back-
ground, and stellar evolution. Their best bound on par-
ticle mass is obtained from the analysis of red giants
and coincides with that given above.

See, however, the discussion at the end of this subsec-
tion.

Despite intensive searches for magnetic monopoles in
accelerator experiments as well as in cosmic rays
they have still not been discovered. The only candidate
described in the literature (Price et al. , 1975, 1978)
for the role of the monopole seems to be doubtful. Ob-
servational bounds on the number density of magnetic
monopoles in the universe are presented by Bludman
and Ruderman (1976). The best limit follows from the
existence of galactic magnetic fields (Bludman and
Buderman, 1976; Domogatsky and Zheleznykh, 1969;
Parker, 1970). If the monopole density were suffi-
ciently high, monopoles would destroy galactic magnetic
fields by accelerating in these fields and so taking away
the field energy. From this it follows that

&~0& 10 cm (11.11)

Because of the large coupling constant of monopoles
with a magnetic field they are effectively accelerated
in galactic magnetic fields and their average energy is
about 10"GeV. The scattering of energetic monopoles
by the relic electromagnetic background was considered
by Osborne (1970) where, using the data on the flux of
cosmic y rays, it was shown that the monopole number
density is smaller than 10 ~4 cm 3 for m~ = 10 TeV and
smaller. than 10 cm for m~ =2.5 TeV.

In what follows we shall evaluate the number density
of the relic monopoles (Domogatsky and Zheleznykh,
1969; Adams et al. , 1976; Zeldovich and Khlopov, 1978)

C. Magnetic mono'poles

The requirement that there be symmetry betwe'en
electricity and magnetism led Dirac (1934; see also
Dirac, 1948) to hypothesize the existence of an elemen-
tary magnet ic charge, i.e. , a magnet ic monopole. The
value of a magnetic charge is related to the electron

.charge by the quantization condition g/e = o '0/2 where
~=+» and 0 = 0, + 1, + 2, .. . . In the Schwinger (1966)
model only even values of k are permitted. The huge
magnetic charge of the monopole is thus quantized and
well defined. The mass of the monopole was, however,
unknown. Broken symmetry theories have given new
life to the monopole idea (Polyakov, 1974; t'Hooft,
1974). The existence of monopoles and their properties
depends crucially on the type of theory (see discussion
at the end of this section). There are monopoles which
are sources of the massive gauge fields and genuine
monopoles which are sources of a Maxwellian magnetic
field. In what follows only these genuine monopoles are
considered. The monopole mass in these theories is
expressed through the gauge boson mass. If the gauge
boson coincides with the intermediate boson of the weak
interact ion then

m~ =o! 'm = (5 —10) TeV.
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along the same lines as in Sec. III, where we calculated
the number density of relic leptons and nucleons. The
number density of monopoles at the moment of ther-

I

modynamic equilibrium violation is defined by Eq.
(2.11). We make a crude estimate of the monopole-
antimonopole annihilation cross section by assuming
that annihilation must take place if the distance be-
tween monopoles is such that their kinetic energy is
equal to the potential energy. So the annihilation radius
is

(11.12)

where g =e/2o and e' =4xn. Hence for the annihilation
cross section one finds vo=mr~o= n/16o. '2T'. This esti-
mate will be made more precise in what follows. The
realistic cross section does not rise so fast when tem-
peratdre drops. The temperature at the instant of
violation of thermodynamic equilibrium is determined
by Eq. (2.10) and is equal to T,= 0.02 m~. In the now
fashionable models of elementary particles the number
of excited degrees of freedom is N»-—100 at this tem-
perature. Taking this into account we find for the rela-
tive concentration of monopoles at the moment of equil-
ibrium violation

r (M) =10 ~ cm (11.13)
If after the violation of thermodynamic equilibrium the
burning out of the monopoles stopped, their concentra-
tion today could be as great as 10 cm . However,
considerable annihilation goes on even when t & t, . At
this time the equilibrium monopole concentration be-
comes smaller than the real concentration, so we ne-
glect t2, in Eq. ('2.8) when evaluating the residual mono-
pole concentration. As an initial condition for r~ the
value given in (11.13) is used. This expression is
somewhat underestimated because too high a value for
the cross section was assumed in the calculation of

As we shall see, however, the final result is in-
dependent of the imtial condition. Equation (2.8) can
be easily solved yielding the following expression for
the relative concentration of relic monopoles today:
r~ =r,(1+r,I) ', where I=f', o dt (creT'). The value of I
is so large that r,»& 1 and ro~ =I ' independently of r, .
If one substitutes for the cross section our first crude
expression oo, the integral diverges when to-~ as t,' 4.
As an upper bound, the time until hydrogen recombina-
tion in the primeval plasma should probably be sub-
stituted, but not the age of the universe. Until recom-
bination monopoles are in kinetic equilibrium with the
plasma and their temperature drops together with the
plasma temperature. Later, when matter develops in-
to galaxies, the surviving monopoles are accelerated
in the (possible) magnetic fields. Substituting t =10"-
10" sec as the upper bound into the expression for I
we find I=2X10" and n,„=10"cm ', which is four
orders of magnitude greater than the bound (11.11).
Even if the burning out of monopoles kept on until the
present time, their concentration would be two orders
of magnitude greater then the existing upper bound
(11.11). In fact the discrepancy is even more serious.
The point is that the annihilation cross section used
above is considerably overestimated. The radius &20

=g'/4mT is so large that in the volume V=4mw~+3, a
large number of particles is contained, N =VT'=(16a') '

That is why monopole annihilation should be treat-
ed in the diff'usion approximation (Zeldovich and Khlo-
pov, 1978). The mean free path of monopoles in the
plasma is A. =(cf,oN&)

' where n» is the cross section of
monopoles multiply scattering on 90, 0'gp 2+ 10 "

&& (m~/T) cm2. The value of A, becomes larger than ~,
rather late, when t & t, =10 ' sec. Until this time the
quantity 4@Dr~=4mXvrg3 should be substituted into
the expression for I instead of cro=m 0. Then we find
for the relative monopole concentration r,~ =10 "at
t =t, . When t &t~, one can neglect the effect of other
particles on monopole-antimonopole collisions. We
evaluate the annihilation cross section assuming that
capture takes place if the monopo1. e energy loss due to
bremsstrahlung is of the order of the kinetic energy of
the monopoles, In the classical approximation we ob-
tain cr =(T/M) 'vo. As a result the integral I becomes
convergent on the upper limit and the relative concen-
tration of monopoles practically does not change for

&t2 Fi.nally we have" &0~ =5& 10
This estimate was made under the assumption that

the monopole mass is fixed independently of tempera-
ture. It has been observed (Kirzhnits and Linde, 1972),
however, that when T &m„there is no symmetry break-
down in the theory and the gauge boson masses vanish.
The particles obtain nonzero masses only when T drops
below m„. In accordance with this view we assume that

M~ = n '(m' —T2)'I'. The thermodynamic equilibrium
would be violated now at a temperature three times
lower than in the case m~= const: &,'=0.9 rn and the
relative monopole concentration would be r,'=r, /3 [see
Eq. (11.13)]. The final results, ~, however, would not
be noticeably changed.

Thus the relic monopole concentration proves to be
unacceptably huge. Probably our extrapolation into
the temperature region of about 100 GeV or even higher
is not correct. It would surelybe incorrect if the Hagedorn
limiting temperatur e existed. In this connection an
interesting possibility has been discussed by Polyakov
(1974). There is some support for the idea of a phase
transition in quaritum chromodynamics with rising
temperature, during which quark confinement at low
temperature gives way to liberation at high tempera-
ture. For colored monopoles the picture is just the
opposite, and at high temperature monopoles are con-
fined. Such a phase transition is connected with the
gluon string condensation at a high temperature. The
temperature of the phase transition is estimated to be
about 1 GeV. The number of relic monopoles in this
case should be extremely small, N„=exp(-m„/1GeV)
= 10 ~o, and no contradiction with the observations
would exist. One can reverse the arguments and re-
gard the absence of the relic monopoles as a hint re-
garding the phase transition in quantum chromody-
namics (QCD). Monopole confinement has also been

Analogous arguments applied to charged particles predict
their concentration n &=2x 10 5 cm . This means that no
stable charged particle with a mass larger than 3x lo~GeU can
exist.
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mentioned by Daniel et al. (1979) and Linde (1980b).
The value of the monopole mass used above is rather

optimistic. In the Weinberg —Salam model based on the
group SU(2)&&U(1) monopoles are not obligatory. Mono-
poles should exist in a gauge theory based on a semi-
simple group with a single coupling constant. Such
groups are considered now as a basis of grand unified
theories. The masses of the intermediate bosons in
the majority of the known models are extremely large,
mr=(10"-10") GeV. This leads to a monopole mass
of the order of the Planck mass or one or two order s
of magnitude smaller. The calculation made above
gives in this case an even larger monopole concentra-
tion. It is possible, however, that the singularity in the
solution of the equations of general relativity would be
smoothed down because of gravitational quantum cor-
rections when temperature tended to the Planck mass.
If this were the case the monopole concentration would
be suppressed by the factor exp(-m„/T,„,„),which
could help. If, however, the original symmetry group
~ were broken in such a way that electromagnetic in-
teractions were described by a non-Abelian semisimple
subgroup G' of C and the masses of the gauge bosons
appearing through a breaking of ~ were small, i.e.,
m„«m» and m~ =mJo.'«mz, then the scenario de-
scribed above would not be possible. If monopole con-
finement at high temperature does not occur this can
be considered as an indication of the character of the
symmetry breaking.

Heavy monopoles in grand unified theories have been
discussed by Preskill (1979). He claims that the.bound
given in Eq. (11.11) is valid for monopoles which are
lighter than 10"GeV. (One criticism of this view, how-
ever, is that, as noted by Khlopov and I inde, monopoles
with practically any mass would destroy galactic mag-
netic fields at the period of galactic formation. ) If
m,„=10"GeV, a rather strict upper bound on their
abundance can be obtained from the limit on the total
mass density of the universe and from consideration
of He4 formation.

Preskill considered different scenarios of heavy mo-
nopole production in the course of phase transitions
connected with spontaneous symmetry breaking and
concluded that the initial monopole density was not-

necessarily close to the thermal one but could be much
smaller, depending on the type of phase transition. He
argued that monopole production could be suppressed if
the phase transition were of the first order. For very
small initial monopole densities (r,~) the final result
does depend on ~» and probably could be in agreement
with observations. Analogous reasoning has been ap-
plied to the problem by Einhorn et al. (1980).

Further investigations of the type of phase transition
in connection with the monopole problem have been
made by Guth and Tye (1980), who argue that in the
SU(5) group the phase transition is indeed of the first
order if some strict constraints on coupling constants
are imposed (see also Einhorn et al. , 1980). It is not
clear whether these constraints can be derived in a
natural way. A detailed. study of this point is now in
progress (Linde, private communication). To conclude,
the problem of relic monopoles remains unsettled;
surely many new efforts to resolve it are underway.

D. 0 particles

Recently Okun (1980a}has discussed the existence of
new long-range forces and especially of a new kind of
particle with large, probably microscopic, confinement
radius —the so-called 8 particle (Okun, 1980b). The
most restrictive bounds on its properties can be de-
rived from cosmology. For instance, the rank of the
gauge group generating interactions between 9 parti-
cles can be limited from above by consideration of pri-
mordial He' formation. If the latter is SU (N) then N & S.
Relic 9 matter has been considered by Okun (1980a),
Dolgov (1980a), and Khlopov (1980). They reached the
conclusion that the existence of 8 quarks (i.e., parti-
cles possessing color charge and 9 charge} in a simple
version of the model contradicts big bang cosmology.
Either the model should be modified or quarks do not
exist. If q~ existed their mass would have to exceed
15 GeV (because they were not seen at PETRA), so
bound states of gluons (g), being light, should be practi-
cally stable. They could burn out in three-body col-
lisions like 3g- 2g. Their abundance has been calcu-
lated by Dolgov (1980a.), and it ha, s been shown that the
confinement radius of such particles should be larger
than 100 fm.

XII. THE PHOTON MASS

The photon is the only particle (except for the gravi-
ton?) for which the theory demands that the mass be
vanishing. This demand is connected with the principle
of gauge invariance, basic to electromagnetic interac-
tions {and probably to weak and strong ones too), and
with strict current conservation. Thus in contrast to
;he neutrino, whose zero mass is weird, the photon has
a vanishing mass as a natural consequence of the theory.
History teaches us, however, that a symmetric picture
often proves to be crooked at a closer look. So a skep-
tic would expect that gauge symmetry is only approxi-
mate. In this case the photon could have a small but
nonvanishing mass. It is noteworthy that a finite pho-
ton mass does not lead to serious difficulties in pure
quantum electrodynamics, but a massive photon can
spoil the renormalizability of the unified theory of
weak and electromagnetic interactions. A renormal-
izable model of massive photon interactions with a
spontaneous breakdown of electromagnetic current
conservation has been considered by Okun and Zeldo-
vich {1978)in connection with a possible electron insta-
bility. In this model, however, a very light charged
scalar particle emerges in contradiction with experi-
ment. The problem of a possible electron instability is
discussed in the next section. Here we consider the
Maxwell equations at the classical level.

Putting aside the theoretical difficulties, we note that
the last word, as always, is left to experiment. In ob-
taining limits on the photon mass, terrestrial experi-
ments cannot compete with the results obtained with
astronomical data. The laboratory limits on m~ are
summarized in a review by Goldhaber and Nieto (1971).
The best limit was obtained by measuring the electric
field in a closed cavity with conducting walls (Williams
et a/. , 1971). As is known, for massless photons E =0.
From the upper bound on E it follows that
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m„10' eV or X~—=rn„3 10' cm . (12.1)

In connection with experiments of this type but using
static fields (in the cited paper an electric field with a
frequency of 4& 10' Hz was used) we mention the paper
by Dolgov and Zakharov (1971) where the use of the
Earth's electrostatic potential was proposed to obtain
a limit on I„.The point is that for m„~0 the absolute
value of the potential y becomes observable and directly
affects the electric field inside the conducting cavity.
It is known that the potential difference between the
Earth's surface and the ionosphere is about 5& 10' V
and the electric charge of the Earth is 6&&10' C. Were
it not for the ionospheric charge, the potential of the
earth would be 10' V, but because of ionospheric charge
compensation jt j.s aboUt 5&10 V. This huge potential
can in principle be used for restricting the photon mass.

The next step in the constraining of m~ is the study of
planetary magnetic fields af. a large distance. In the
case of massive photons the magnetic field has an ex-
tra decreasing factor exp(-mar) and the existence of
magnetic fields at a great distance from the source
permits us to exclude too large m, . The best limit ob-
tained in this way was established (Davis et a/. , 1975)
by the study of the magnetic field of Jupiter as mea-
sured by Pioneer 20,

~&6 &10 "eV, X~ & 5&&10' cm. (12.2)

This is the best bound known today based on direct
measurements. Further improvement can be achieved
by the analysis of galactic magnetic fields. The results
found in this way are discussed by Chibisov (1976).
The most restrictive limit on ~, was obtained through
consideration of the equilibrium of the interstellar gas
in the Magellanic clouds. The term proportional to
m~ contributes to the magnetic pressure P =m~& /8m,
where & is the vector potential of the magnetic field.
If the magnetic field B differs from zero at a scale
I thenA~Bl and the pressure is p =(Lmz)'B'. It is
noted that this pressure leads to compression of the
interstellar gas. Since the energy density of the gas
in the Magellanic clouds is dominated by the energy
density of the magnetic field, the equilibrium condi-
tion demands E &m'A. '=/'m'E' i.e. m E&].. As 3

= 1022 cm, one obtains
p1z & 3&& 10 eV, ~~ & 10 cm. (12.3)

The cosmological horizon of the universe, in compari-
son ls tpc 10 cm ~

In conclusion we should like to mention two recent
papers in which cosmological consequences of the as-
sumption of a finite photon mass were considered. In
the paper by Kuzmin and Shaposhnikov (1978) the hy-
pothesis of photon condensation at an early stage in the
history of the universe was discussed. By the
transmission of the condensate energy into longitudinal
photons the relic longitudinal radiation could be pro-
duced. The authors consider the possibility that the
hidden mass of the universe is concentrated in this
radiation. If this were the case then there should now
be about 10"photons cm '. This hypothesis can be
experimentally excluded, for example, by measuring
slowly varied electric fields inside conducting cavi-
ties. Such experiments have been performed, as we

noted above, to check the Coulomb law. The electric
field strength of the longitudinal photons should be

B = (m „/cu)p'/'„= 10 "V/m

(12.6)

Because the value of p „corresponds to about 10 '
protons em ', limit (12.6) means that the charge of
only one in 10"protons can be noncompensated by
electrons.

Even for such a charge density, this model runs into
difficulty in accounting for the primordial nucleosyn-
thesis. With conserved electric charge this model is
described by the "stiffest equation of state" at large
density as giving the contribution p-cr'- N' which will
dominate over all other terms (p-A'm for nonrelativis-
tic particles and p-~ /' for degenerate ultrarelativis-
tic particles).

Xl I I. NONCONSERVATION OF E LECTR IC
CHARGE. UNSTABLE ELECTRONS

The electron is known to be the lightest charged par-
ticle. Its instability automatically means electric
charge (and of course electromagnetic current) non-
conservation. In classical Maxwellian electrodynamics,
current conservation immediately follows from the

Barnes (1979) considered a cosmological model with
a nonzero charge density. It is believed usually that
noticeable charge density contradicts the observed
.cosmological picture. Indeed the electric field con-
nected with charge density through the equation div E
=pro would destroy the isotropy of the universe and lead
to a considerable increase in the expansion rate. From
the assumption that the electrostatic interaction of mat-
ter in the universe is weaker than the gravitational in-
teraction, it follows that the charge density is smaller
than 10 '4 cm '. A similar bound can be obtained from
the observed homogeneity and isotropy. of the universe.
A naive order of magnitude estimate can be made as
follows. If the electric charge QW0, the universe
should be open and its metric should be quasihyperbol-
ie, spherically symmetric, but locally anisotropic (ex-
cept the "center"). The electric field should tend to a
constant because the volume and the surface of the uni-
verse expand in the sa, me way, exp(2r). From the con-
dition that lar'ge-scale energy density variations be
smaller than 10 ' one finds E'/87t & 10 "ergcm '.
Evaluating g as & = Oe &10"cm, where 10" cm is the
horizon radius, e is the electron charge, and 0 is the
number density of (noncompensated) charged particles,
we obtain g & 10 "cm '.

If, however, ~ g0-the relation between & and g is
changed to

div+ + gag~ cp
= 4'(x (12.4)

where y is the electrostatic potential, g= —gq. For a uni-
form charge distribution q = 47tgyyz 'and& = D. Nonzero
charge density influences the dynamics of the universe
only through contribution to the total energy density:

p =—(E2+m2+) . (12.5)

In our case E=0 and q =4mom&'. From the condition
p &p,„and inequality (12.3) we find

o &m~(p, „/2m)'~'&10 "em '.
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gauge-invariant equation ~ I'„„=j,. The simplest way
to get a theory with a noneonserved current is to in-
troduce the "massive term" into this equation, m2A

We-know, however, that photon mass (if any) is ex-
tremely small (see the preceding section) and it proves
to be difficult to find a consistent theory with noncon-
served current.

One is free, however, to check the above dogmas
experimentally. Moreover these dogmas ought to be
checked in this world where physical principles undergo
continuous revision. We note here that a field theory
with electric charge nonconservation has, been con-
sidered by Ignatier et al. (1979).

Searches have been made for the decay e -vy. In
setups well shielded from cosmic rays, photons with
energy 250 KeV were looked for. No such decay was
observed and so the upper limit for this specific chan-
nel was reached:

w(e —vy) & 10"yr .
As noted by A. A. Pomansky (1976), a similar re-

sult can be obtained without these expensive experi-
ments, and what is more this result is valid for any de-
cay channel (e.g. , e -3v). The point is that the decay
of electrons inside terrestrial matter would lead to the
accumulation of an electric charge inside the Earth at
the rate

(13.1)

The electric charge of the Earth is approximately con-
stant and equal to 5.7& 10' C. The electric field pro-
duced by this charge generates. a current of -2& 10' A
from the upper layers of the atmosphere to the Earth' s
surface. It should be noted that the direction of this
current is opposite to that necessary for- compensa-
tion of possible electron decays. The stability of the
terrestrial charge is maintained by a current from the
Earth to the atmosphere which flows during thunder-
storms, and which is estimated to be several thousand
amperes. Hence stability of the charge of the Earth
leads to the limit 7, & ].0 sec = 3&10 ' yr. A com-
pensating current should ultimately be created by cos-
mic electrons. It is known that the electronic compo-
nent in energetic cosmic rays is smaller than 10 ' A.
The necessary current of 10' A. corresponding to the
existing limit on 7, could be picked up from low-energy
electrons. The cosmic electron flux in this case should
be about 10' cm ' sec '.

It is possible to use astrophysical arguments which
can yield a stronger bound on &,. The following rea-
soning (Okun and Zeldovich, 1978) shows, however, that
there is no need for this. Electron energy depends on
the value of the electrostatic potential at the point where
the electron is found. However, the energy of electri-
cally neutral decay products does not depend on the po-
tential y. Hence the potential affects the energy and the
probability of the decay. The fact that the value of y is
observable is not surprising because the theory is not
gauge invariant. An analogous effect was discussed in
the preceding section for m& ~ 0.

One cannot formulate a I.orentz-invariant field theory
of massless vector particles with positive definite en-

ergy if there is no current conservation. So in consi-
deration of unstable electrons one has either to pre-
scribe a finite mass for the 'photon or to abandon the
basic principles of the theory. In what follows we ac-
cept the former possibility. Returning to electron de-
cayin an external field y we note that for a uniform
charge distribution the decays stop as soon as the po-
tential becomes equal tom . In accordance with Eq.
(12.4) this takes place when the charge density reaches
the value c =m2&m, /4ge. Taking into account restriction
(12.3) this corresponds to an excess of protons over
electrons in the universe,

3x 10

In the course of the expansion the decay wouM proceed
in such a way that the difference A=X~ -N, should be
constant. This means that the decay rate should be
3H=10" cm ' sec '. Taking into account that the elec-
ron number density today is + =10 6 cm 3, we find tha

the lifetime of electrons under cosmic conditions is
longer than 104' sec. An electron in a region of large
negative potential could decay much faster. The de-
cay should proceed into a large number [-(m,/mz)' '] of
soft longitudinal photons (Okun and Zeldovich, 1978;
Voloshin and Okun, 1978) because of the huge probability
of the longitudinal photon bremsstrahlung, which is pro-
portional tom '. lt is interesting that in the case of
the conserved current, on the other hand, the probability
of longitudinal photon emission is negligibly small,
-m'.

We noted above that a vector particle interacting with
a nonconserved current should be massive. The argu-
ments can be reversed and it can be shown that, due to
the smallness of m&, electromagnetic current should
be conserved and electrons be stable (Voloshin and
Okun, 1978). This result seems to be highly probable
physically, despite the calculation's being based on
divergent Feynman graphs. So from the limit onm& it
follows that the lifetime of the electron is, if not in-
finite, extremely large: T, & exp (10'0) (arbitrary units).

XIV. COSMOLOGICAL CONSEQUENCES
OF SPONTANEOUS SYMMETRY BREAKING
IN ELEMENTARY PARTICLE PHYSICS

The principle of spontaneous symmetry breaking has
proven very fruitful in elementary particle physics,
and its validity has been supported by the recent suc-
cess of the gauge models. The starting points of the
theory are the invariance of the Lagrangian with re-
spect to a symmetry group and a degeneracy of the
ground states. An observable ground state is realized
by chance and leads to a symmetry violation for phy-
sical states [see, for example, the review by Coleman
(1975)]. This picture has important consequences for
cosmology. The form of the realized ground state,
corresponding to a minimum of the free energy, de-
pends on the temperature. At low temperature the
symmetry is violated and at high temperature it is re-
stored (Kirzhnits, 1972). In the case of a discrete sym-
metry the symmetric ground state, which existed in the
vicinity of the cosmological singularity, goes over into
one of the possible asymmetric states. In causally un-
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connected regions these vacuum states, generally
speaking, should be different. As a result, a domain
structure of the universe arises. Cosmological appli-
cations of this picture have been discussed by Zeldo-
vich, Kobzarev, and Okun (1974). The domain structure
proves to be energetically unfavored and each domain
tends to expand and absorb the others. This results in
the movement of the domain walls almost with the speed
of light. The surface energy of the domain walls, how-
ever, proves to be so large (for reasonable values of
the parameters) that this structure would destroy the
observed isotropy of the universe. This is a rather
strong argument against the model of a spontaneous
violation of CP invariance proposed by Lee (1973}.

Cosmological consequences of theories of spontan-
eously broken particle symmetries are considered in
detail by Linde (1979a). Here we describe them only
briefly. First of all we mention the vortex lines which
should appear when a. U(1) symmetry is spontaneously
broken, and magnetic monopoles which are generated
by non-Abelian gauge symmetry breaking (Nilsen and
Olesson, 1973; Kibble, 1976}. As is claimed by Linde
(1979a), the vortex lines of the Salam —Weinberg model
do not produce significant cosmological effects. " As
for magnetic monopoles, their cosmological concentra-
tion was discussed in Sec. XI, where it was shown that
a large discrepancy exists between the observations and
the theoretical estimates. It should be noted, however,
that the restoration of symmetry depends not only on
temperature but also on the value of the fermion num-
ber density F in the universe (F is the difference be-
tween the number densities of fermions and antifer-
mions). For some models no phase transition from the
asymmetric to the symmetric phase occurs if I c 0
independently of temperature (Linde, 1979a). Such mo-
dels can explain the absence of monopoles and of the do-
main structure. The only possible source of the fer-
mion numbers are neutrinos. According to the esti-,
mates by Linde, the relative excess ~N„-N„~/N„=1 is
enough for destruction of the phase transition (see,
however, Sec XI).

Depending on the value of I', two scenarios of the
development of the universe at small g are possible. If
+=0, then for T exceeding some critical value T„;~„all
the masses except for the mass of the Higgs particles
vanish and the universe is hot. Another possibility is
that the universe possesses a large leptonic charge and
as t-0 and T-~ the minimum of the effective potential
of the Higgs field tends to —~. In this case all the
masses tend to infinity and the energy density in the
universe is dominated by nonrelativistic particles.

An interesting possibility arises when the weak
charges of the leptons and of the baryons are mutually
compensated so there are no neutral current interac-
tj.ons. In this case the universe at an initial stage is a
dense cold medium consisting of baryons and leptons.

Recently ZeMovich (1980) investigated the vortex lines of
this theory with parameters of the order of those used in
grand unified theories (nz = 0.01 m&). Perhaps these vortex
lines would explain the perturbations built from an initially
Friedmanian universe during cooling.

In the course of expansion, the ferrnion density decreases
and a phase transition from the symmetric state into
the asymmetric state is possible. " At the phase tran-
sition a large amount of energy is released because
the new vacuum state is more favored energetically,
and the universe becomes hot. In such a model one can
naturally obtain Ns/Nz-— 10 '-10 'o with a, cold symme-
tric initial state. There are models discussed in the
literature where the effective potential of the Higgs
field has two minima, the relative position of which de-
pends upon temperature and the Higgs particle mass.
A very interesting situation is possible when the uni-
verse begins at the absolute mimimum of the effective
potential, but with dropping temperature this minimum
gets higher and becomes a local, but not an absolute;
minimum. In this case a tunnel transition into an en-
ergetically more favored vacuum is possible. Just
this example of the cold. universe heating was consi-
dered above. The choice of the vacuum depends on the
Higgs meson mass. It is possible in principle but dif-
ficult to believe that we live in a metastable world. The
discovery of the Higgs meson and the measurement of
its mass could help to assuage doubts about the sta-
bility of the universe. The theory of tunneling can be
found in Voloshin et al. (1974), Frampton (1977), and
Coleman (1978).

In conclusion, we should like to note that the results
of this section depend on the mechanism of symmetry
breaking. The examples discussed were based on the
Higgs mechanism. The picture can be considerably
different if, for example, the scheme of Dimopoulos
and Susskind (1979a) is valid, in which symmetry vio-
lation of the weak and electromagnetic interaction is
connected with a Goldstone meson in a world of super-
heavy particles (m= 104 GeV). The cosmological con-
sequences of such a model have not yet been considered
and present a rich field for investigation.

XV. BARYON ASYIVIIVIETRY OF THE UNIVERSE

The world we see around us is (fortunately) extremely
charge asymmetric —there are protons, neutrons, and
electrons forming all around, but there are no antiba-'
ryons and positrons. The question of how this could
happen is probably the most important one in funda-
mental physics and cosmology. There are in principle
three possibilities. First, the baryonic excess is as-
sumed to be the "initial condition. " It is rather natural
in the coM universe model and artificial in the big bang
scenario. In the cold universe case one has to invent
mechanisms which would give the modern large value
of the entropy per baryon s =10'-10' . Second, the uni-
verse is assumed to be charge symmetric but spatially
nonuniform, in some regions having an excess of
baryons and in others an excess of antibaryons. Third,
and most interesting, a dynamical mechanism for the
asymmetry is proposed. Much work on this subject is
now in progress, but it seems to us that all the sources
of the baryon asymmetry which are in principle pos-
sible can be enumerated at this time.

~4It is a first-order phase transition with hysteresis and nu-
cleation. Therefore there is an entropy gain by the transition.
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This section is organized as follows. In Sec. XV.A we
consider entropy generation in an initially cold universe.
In Sec. XV.B the spatial separation of matter and anti-
matter is briefly touched upon. In Sec. XV.C some
general statements about the origin of charge asym-
metry are formulated, and in Secs. XV.D, XV.E, and
XV.F dynamical models of baryonic charge generation
are considered.

A. The cold universe and entropy generation

The common feature of papers on this subject j.s the
assumption that the initial state is that of a cold baryon
fluid with a small entropy per baryon s =0. Later a
large amount of energy is somehow released, the uni-
verse becomes'hot, and the entropy rises. As the en-
ergy source, an excitation and subsequent dissipation
of sound has been proposed (Zeldovich, 1972). The
sound waves could be generated by a nonuniformity in
the metric and the matter density. For the extremely
rigid equation of state (Zeldovich, 1961) of the baryon
fluid, i.e., c =p, the relative size of the fluctuations
should be about 10 4. In this case the value of the en-
tropy per baryon observed today can be determined
to be s,= 10'-10' . For uniform and isotropic cosmolo-
gical models the increase in entropy due to bulk vis-
cosity (Weinberg, 1971) or to quark condensation into
hadrons (Kazanas, 1978) proves to be negligible in
comparison with the necessary value s, . If this con-
densation is going smoothly, without hysteresis, su-
persaturation, or nucleation, the process is an adia-
batic. The expansion is governed by gravitation, and
is slow compared with elementary particle processes,
and entropy generation is small.

Just the opposite point of view was advocated recent-
ly by Lasher (1979). He assumed that the quark-nuc-
leon phase transition was of the first order and the
quark phase survived rather late after the transition
point. The parameters of this model can be chosen so
that the observed value of entropy per nucleon can be
obtained. Lasher's assertion, however, that the model
predicts density fluctuations sufficient for the forma-
tion of galaxies is open to question. The density fluc-
tuations are of an unstable type and so they tend to de-
crease (Zeldovich, 1980).

A rather powerful source of entropy could be pri-
mary black hole evaporation (Novikov et al. , 1979; Haw-
king, 1975}. By the estimates of Novikov et al. the
entropy so observed today could arise from this mech-
anism if about one half of the matter in an initially cold
universe collapsed into black holes with a mass of M
=1040 'g

An interesting possibility for entropy generation was
considered by Linde (1979a). In this model it was as-
sumed that at the initial moment the energy density
was dominated by the cosmological term, and that this
was connected with a local (not absolute) minimum of
the effective potential of the Higgs field around X =0
(see Sec. XIV). In the course of the universe's expan-
sion a condensate of the X field is formed (spontaneous
symmetry breaking}. The new vacuum state could have
a smaller energy than the initial vacuum state. The
energy of the initial vacuum (or in other words, of the

cosmological term) would go over into matter energy.
Thus by choosing values of the parameters one could
obtain the needed values of so.

B. Spatial separation of matter and antimatter

In a paper by Omnes (1969) it is assumed that due to
repulsion of B and B at a temperature of about 0.3m~,
thermodynamic equilibrium leads to separation into
two phases with Bexcess and B excess. Owing to sur-
face tension and annihilation, these, domains grow to
galaxy size. The idea of the repulsion between nucleons
and antinucleons has been seriously criticized [see, for
example, Zeldovich and Novikov (1975)]. We should
only like to mention here the paper by Bogdanova, and
Shapiro (1974), in which arguments are presented in fa-
vor of an attraction between nucleons and antinucleons.
%'e should also like to note that for a temperature lar-
ger than 300 MeV, where according to Omnes the se-
paration between matter and antimatter takes place,
there are probably no nucleons but free quarks in the
plasma. The quark interaction is now believed to be
described by QCD, which does not lead to matter-anti-
matter separation. So this mechanism probably is not
realized.

C. Some general theorems on particle-antiparticle
asymmetry

Some of the statements presented below are well
known and are included here for completeness. First
we formulate the conditions for charge asymmetry at
the elementary particle level. A necessary condition
is of course a, violation of C invariance. If, however,
CP is conserved, no excess of particles over anti-
particles emerges in developing a symmetric initial
state. A violation of C invariance with simultaneous
CP conservation leads to correlations of spins or ang-
ular momenta with particle momenta, or to T-odd tri-
ple products of mornenta. The number of particles and
antiparticles can be different in different regions, of
phase space, but after summing up the spin projec-
tions and integrating over the phase space, the dif-
ference disappears and the total probabilities of the
processes i -f and i -f (where i is the charge-conju-
gated state with respect to i) should be equal: F,-& ——F-,.&.
So, to obtain the inequality I',z4 F—;& a joint violation of
C and CP is necessary. Instances of C and CP violation
have been established experimentally. The branching
ratios of the neutral K~ meson decays —into the charge-
conjugated final states K~-~ e v and K~- vr e v—are
proved to be different. Hence one can expect an asym-
metric result in the development of a symmetric initial
state.

Further restrictions on the dynamics of charge asym-
metry generation can be obtained by using the CPT
theorem. This theorem states that the amplitude of a
charge-conjugated, time-reversed and parity-reversed
process is equal to the amplitude of the original pro-
cess. In particular it leads to equal masses and
jifetimes for particles and antiparticles and to equal-
ity of the total cross section, P&F&z = gzF,.z, but
the decay branching ratios as well as the probabili-
ties of specific reaction channels can be different.
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Differences between the probabilities of charge-con-
jugated elementary processes can arise if several
(two or more) inelastic reaction channels are open.
This can be easily proved with the help of the uni-
tarily relation

(15.1)

where T,-f is the amplitude of the transition from an ini-
tial state i into a final state f. The T matrix is related
to the S matrix by S =1+iT Eq. uation (15.1) follows
from the S-matrix unitarity condition SS~ =StS =.1. The
summation over intermediate states includes integra-
tion over phase space. Owing to the CPT theorem, T«
= T-,f-, where the tilde means PT transformation over
the variables, namely, change of spin signs. Taking into
account the identity T'. = T&, one finds T;f = T&,- if the
right-hand side in Eq. (15.1) can be neglected. Thus in
the Born approximation probabilities of charge-conju-
gated processes summed over spin projections are
equal to each other, I' =I". A stronger result can also
be proved, namely, if only two reaction channels I, and
f, are open, then independently of rescattering, I" =I .
Indeed in this case it follows from Eq. (15.1) that

»m T;;&~}= .t IT„.(&}I'd~;+. IT;&(~}I'«~,

I K- = I'g-
f f

In fact the probability of the decay into f is

(15.2)

I' (~ -f}=
& ~ IHlf& ~, ~,(f IIII ~&

where 11 is the decay Hamiltonian, lf&,„,is the state of
outgoing waves when f -~, and lf&„is that of ingoing
waves. For the one-particle states Iz& m

= Ig& ~, . Be-
cause of CPT invariance

I (~-f) =&~IIllf &. . (f IIII ~& . (15.3)

Substituting into (15.3) the complete set of states and
summing over f, we find

Here use was made of the conditiong~lk&(k I
=1. If

there is no transition f-f then, first, the sets 0 and I
should coincide with j and, second, the S matrix, S
= ~,(kl f&,„,is unitary in subspaces f and f separately
So Eq. (15.2) is valid. Along similar lines it can be
proved (Nanopoulos and Weinberg, 1979) that no baryon
asymmetry arises in the first order of B-nonconserv-
ing interactions.

The arguments presented above cannot be directly

where (X} is the longitudinal component of the spin
variables (e.g., helicities} and dv is the phase-space
element. The CPT theorem ensures that T„(X}=T—,,$-X}.
So after summing over polarizations we find I,f I f-.
Hence to destroy the equality 1 = I' at least three open
channels are needed, i -f, i -k, and k-f.

Consider now the decays of a neutral. particle into
two charge-conjugated sets of states f and f. If there
is no direct transition f -f then

applied to the case of two degenerate levels, analogous
to the system (K' —Z ), between which mutual transi-
tions are possible. If C& is violated, diagonalization of
such a system with respect to a total Hamiltonian re-
sults in two eigenstates rcL and K~ which are not eigen-
states of the CPT operator (Lee and Wu, 1966). This is
a cause of charge asymmetry even in the case of
negligible rescattering. A well known example is the
charge asymmetry in the decays W~- ~'e v and W~
-m e'v.

Thus at the level of elementary particles there is an
asymmetry which leads to different numbers of part-
icles and antiparticles. This mechanism could be re-
sponsible for the baryonic excess in the universe. For
this to be true, it would be necessary of course that
baryonic charge not be a strictly conserved quantu'm
number, even though the observed proton stability con-
vinces us of the opposite. The large proton lifetime
7~& 10' yr and B nonconservation could be compatible
if a B-nonconserved interaction switches on at a very
high energy. At high temperatures, however, an im-
portant factor smoothing out-charge asymmetry comes
into play. The point is that at high temperature the
primeval plasma is in thermodynamic equilibrium, a
state in which the contribution of every reaction must
be considered. I et, for example, baryonic charge be
generated by the decays of a neutral meson ~-BL and
z -Bt., where B is a baryon and I. is a lepton and (BQL—(Bl}. In the equilibrium state not only decays of w

but also the inverse reactions BL- z and SL-z as well
as direct scattering SL, —BL should be taken into con-
sideration. Taking into account all possible processes
leads to the vanishing of particle-antiparticle number
differences. The absence of charge asymmetry in an
equilibrium state was noted by Okun and Zeldovich
(1976) and later in a, series of papers on the generation
of baryon asymmetry by means of the mechanism dis-
cussed here. "

If T invariance is violated, however, the validity of
standard equi]ibrium thermodynamics can be questioned.
Ther e is no detailed balance condition in this case but ne-
verthele ss S-matrix unitarity prove s to be sufficient to
provide the classical equilibrium distributions. So if there
is no conserved quantity, the chemical potential van-
ishes in equilibrium and there is an equal number of
particles and antiparticles. At the last step the equality
between masses, owing to CPT, is essential. Vfe re-
turn to this later but for now we note that because of
the expansion of the universe the thermodynamic equili-
brium is destroyed, and so is the balance of the reac-
tions which maintain the condition B =0. Thus during
the nonequilibrium stage, which comes about because
of the expansion of the universe, a nonzero baryonic
charge can arise.

A very attractive feature of this model is that the re-
sult is independent of initial conditions. At the begin-
ning one can have anything, B= 0 or B& 0, but during the
equilibrium stage everything is smoothed out and, nec-
essarily, B=0. Subsequent baryon generation in the non-
equilibrium stage is completely determined by the dy-

~GFor a formal proof see Dimopoulos and Susskind (1979b).
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namics. This feature is inherent in all models [Sak-
harov (1967); Kuzmin (1970); and new ones] but it has
been stated especially clearly by Ellis, Gaillard, and
Nanopoulos (1979). Okun and Zeldovich (1976) use it
as an argument against the Pati-Salam model with, un-
stable quarks.

In the literature there is the incorrect statement that
the baryon excess generated by the decays z -BL and
z -BL is compensated in thermal equilibrium by the
inverse processes BL —~ and LB —w. However, owing
to the OPT theorem,

7'(~-BL, ) =r(ÃL, -K) and Z {~-aL,) = 7 (f,fl-~),
so the contribution of inverse decay processes can only
increase the baryon excess. The compensation is
achieved by the direct processes EI.—EL which, as
was noted above, should exist to provide the inequality
I (Bf.) 41'(Bf.). An analogous paradox can be found by
examining decays of degenerate states v~ and e~. It
can be shown that charge asymmetries in decays of ~~
and e~ are of the same sign. The rescattering in the
final state can be negligible. It seems thus that even
in thermal equilibrium, decays of g~ and g~ could pro-
duce a baryon excess. As in the preceeding example,
the inverse processes can only make it worse. The
contradiction can be resolved if one takes into account
the interference effects in decays of a coherent mix-
ture of z~ and v~. One can check this statement by con-
sidering the CPT constraints on the scattering proces-
ses BX-rc~ ~ -BY in the case when direct transitions
BX—BY are negligible.

We shall now show that S-matrix unitarity (in fact a
weaker condition) provides the standard statistical
equilibrium distributions (Dolgov, 1979; Weinberg, 1979;
Toussaint et al. , 1979). Let there be the processes

Qg +b ~ +C- + ' '
Qg, +Ay, +Cy+ ' ' '

indeed represents an equilibrium, i.e., that it provides
the equality N=O. Because of the conservation of chem-
ical potential (in equilibrium) and of energy, the follow-
ing relation holds:

Iln; = IIn„.
Hence Eq. (15.4) can be rewritten as

(15.5)

N(a,. ).=Lonst f d 'Pd7;ll. n; P«(lw„l*—IA;. l').

2 f «. (I &.; I* —
I &;„I*) . (15.7)

This expression can be named the cyclic balance condi-
tion. Note the resemblance to the cyclic equilibrium of
electrons in a magnetic field.

Equation (15.7) follows from S-matrix unitarity SS
= S~ 8 = 1. However, not all the unitarity restrictions are
needed; we need only to normalize the diagonal ele-
ments of S, i.e. , the probability P& au&& = 1 (the proba-
bility of anything happening is unity) and the inverse
relation gf so&; = 1. Apart from this, S -matr~ unitarity
demands the vanishing of the off-diagonal elements as
a result of the completeness of the basis of physical
states.

One may derive Eq. (15.7) by using only the physically
trivial condition g&zo, z

= 1 and CPT invariance and say-
ing nothing of unitarity.

The conclusion that the form of eguilibrium distribu-
tions is independent of T invariance is of course valid
when the occupationaumbers are not small. One has to
check that the condition N(a, ) =0 is fulfilled when

In a Z'-invariant theory, ) A, » ~

=
[ A», ( (the detailed bal-

ance condition) and P(a,. ) = 0. If T invariance is violated,
the equality W(a,. ) =0 is valid as before, but because of
the weaker condition

%'e consider the time variation of the number density
Of Clg.

exp[ —[E(a, ) —p(a, )]/T). .

I + exp{-[E(a,.) —p(a,. )]/T)
' (15.8)

N(a, ) = „—gt n(a, )d'p-
=const d4P dT- dTk Dna Aa,- 2- rIn,- Mfa

2

(15.4)

where n(a,.) is the distribution function. in momentum
space for a, , Iin»= n(a»)n(b»)n(c») ~ ~ ~; P=p, +p»+ ~ ~ ~ is
the total momentum

d~, = 5'(P -ZP,.)IId'P,. /[(2~)3 2E,.]
is the phase space element, and A~~ is the amplitude
of the transition from j into p. A, &~ is connected with the
T matrix introduced above by the relation T,»

= (2w) 5'(P
—&f;»g».

To simplify the notations we assume that the occupa-
tion numbers are small and the corresponding quantum
statistical corrections are not essential. Taking these
corrections into account leads only to unessential tech-
nical complications, as will be sketched below. Vfe
have to cheek that the Boltzman distribution function

n (a, ) = exp([g(a,-) —E(a, )]/7')

If the occupation numbers are not small, we substitute
IIn, —IIn,. II(1.+n») in Eq. (15.3) andd7»-dr»II(1 +n») in
Eq. (15.7). They are connected with the well known fac-
tor &1+n~ a~( n&- Vn+1 for Bose fields and the exclusion
principle for Fermi fields (a is a particle creation op-
erator). Note that the dependence of the density on the
initial particles is of the same form as before when n
was considered to be small. One more remark about
the substitution of n dependence into the unitarity condi-
tion should be made. Because of unitarity the following
relation (say for Bose fields) is valid:

Zl &E&') ('~») ITI &~* —1) 4~.+ 1)& l'

=g l &4~, + 1), (u; —1)17'l(~;), E~, )& l'

Each term in this equation is proportional to II(N»+ 1jln, .
The dependence on IIn,. is factored out so Eq. (15.7),
with the substitution mentioned above, is obtained. It
is noteworthy that there is some dependence of the trans-
ition amplitudes on occupation numbers which is not fac-
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torizable and is unknown if the theory is not specified,
but this is unimportant for our results. "

For functions (15.8) the relation

Iln, II(1 a. n„)=II n~ll (1 a n, ) (15.9)

provides the equilibrium condition A = 0.
Let us turn now to the nonequilibrium case. Devia-

tions from equilibrium appear because of the expansion
of the universe. This is taken into account by the addi-
tion of the term —3H1V(a,-) into the right-hand side of
Eq. (15.6), where IV(a, ) = fd'Pn, (P)/(.2)()' is the total
number of particles of type i in a unit volume. If II is
much smaller than the characteristic reaction rates
this term can be neglected and the equilibrium has time
to follow the expansion. Following the paper by Dolgov
(1979) we consider the case when ba, ryonic charge non-
conservation is provided by the reaction

qq~ ql (i5.io)

All this is done in the ideal gas approximation. This is jus-
tified for asymptotically free field theories. It seems, how-
ever, that the conclusion is valid in the general case.

Note that this reaction respects color symmetry and fermi-
onic charge conservation 5'=E —L. In some models dis-
cussed in the literature the fermionic charge I is strictly
conserved, so to get the observed baryon excess, one has to
assume that the "initial value" of R is small. In this case the
lepton asymmetry of the universe is of the same order as the
baryon one. If I were not small initially, the fermionic
charge would now be lost in the neutrino sea. In the frame-
work of the models considered this could happen only if the
masses of fundamental baryons were larger than the freezing
temperature of B-nonconserved reactions. This is not the
cas e, however.

where q is a quark and l is a lepton. " Of course for
charge symmetry violation other reaction channels
should be open. The particular form of the reactions is,
however, unimportant for what follows. The arguments
presented are of general validity and are not based on
the specific form of B-violating reactions.

As the universe expands the slower processes are the
first to be frozen out. So when reaction (15.10) becomes
too slow to keep pace with the expansion, processes with

q and l which proceed through the usual strong or weak
interaction are still in equilibrium. Because of this the
quark density in phase space should be

s = exp w. (&) -&
(15.11)

~lk

The density for q, I, and l should be analogous. Quantum
corrections [see Eq. (15.8)] will not change the results
but will lengthen the formulas. In expression (15.11) we
neglected terms of the order H7„,, where 7.,„,= (a... U„) '
is the characteristic time (inverse rate) of reactions in
which q and/or l take part. These terms will be taken
into account Later. We should like to note that in this
approximation no baryonic excess is generated even if
reactions with B nonconservation are out of equilibrium
(HT~~ ~ 1) while other reactions with q and l are still in

equilibrium.
The nonequilibrium character of reaction (15.10) sug-

gests a possible violation of the equality 2Ij,, =]L(.—, + p,
If, however, at the initial instant l, the condition y., (l, )

&(q) =E(l)I((l),

&(q) =E(&)} (&) .

(15.12)

(15.13)

Subtracting these equations from each other we obtain
I( = a/ (a + 0). The only solution of this equation such
that y, (0) =0 is p(t ) = 0." This result is stable with re-
spect to fluctuations.

To get a quantitative estimate of the baryon asym-
metry resulting from a departure from chemical equil-
ibrium which in turn is caused by the expansion of the
universe, we proceed as follows. I et n,- =&„;+n',-

where n„is the equilibrium value (for a given temper-
ature) of the particle density in phase space. Substi-
tuting it into Eq. (15.4) with the expansion term taken
into acount, we obtain

1V ',. = —3HN,' +S ~ (n„q+ n.] ) —(3HIV„,.+g„,. ) . (15.14)

Here % =A„+R,', is the total density of particles of
type i and S is the collision integral; note that S(n„)
=0. The value of A„is given by

&s&
a

X AX

exp([(x'+ ni')/T']" '] ~ 1

where T satisfies the equation T = -IIT. Hence for the
function E, = 3HN„;+&„,. we obtain

m. ' dIE. = 2 —-' ar' —,k' (15.15)

where

l(z) f dxx'(exp(x' z)' '+ (]
0

and z =(m/T)'. For m& T, E(m /T)-(m/T)'HT'; for
m ~ T, E(m/T ) - H(mT)' 'exp( —m/T ); and for m =T,
E(m/T) HT'-

Note that I'' vanishes if m =0. This means that no
deviation from equilibrium occurs for massless par-
ticles (Toussaint et al , 1979). .

To proceed further one needs to specify the form of
the collision integral S. Strictly speaking no self-con-
tained equation can be obtained for total number den-

~8Note the resemblance of this to the statement (Zeldovich,
1938) that the equilibrium in a mixture of ideal gases is unique '

and charge symm. etric.

= p, (—t,) were fulfilled, giving an equal amount of quarks
and antiquarks, it would be valid also after reaction
(15.10) and other processes with ABWO went out of equil-
ibrium. The equality p., = p. —, = 0 is fulfilled until proces-
ses which are faster than (15.10) provide the canonical
form of the phase-space distribution function (15.11) and
in particular until these processes equalize tempera-
tures of different sorts of particles. Indeed, let l)., (0)
= p, —,(0) = 0. When f is small [and correspondingly )j., (t)
and p.,—(I ) are small] the proportionality blV =1V, —1V,—

=p(t) holds. Here use was made of the condition
l). , (f ) = —I(,,—(f ) —= p. (I ) which should be valid provided that
fast processes, e.g. , qq annihilation into photons and elas-
tic redistribution over phase space, are in equilibrium. It
follows from Eq. (15.4) that for small l,
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sities A, because 8 depends on phase-space number
densities n,. (p). With plausible approximations, how-
ever, Kolb and Wolfram (1980) have found a system
of coupled kinetic equations governing the behavior
of total number densities X,-. They considered the
simplified color-nonconserving model in which ba'ryon
asymmetry arises in reactions X—qq and X—qq
where X is a heavy meson. The numerical solution of
these equations was found, showing that in the case of
the light 2C meson (or strong coupling of X to quarks)
baryon asymmetry was suppressed. A more realistic
color-conserving model has been considered by Dol.gov
(1980b), who discussed the decays X —qq and A —ql.
Kinetic equations for phase-space number densities
n(P) were solved analytically in the limit of strong
coupling of X mesons to fermions. The solution was
in qualitative agreement with that of Kolb and Wolfram,
Fry, Olive, and Turner (1980a, b, c) have solved the
kinetic equations numerically for the SU(5) theory and
their results agree quantitatively with those of Kolb and
Wolf ra.m (1980).

The result obtained for strong coupling by Dolgov (1980)
matches very well with the weak coupling solution found by
Weinberg (1979) (see Sec. XV.E). It seems to be accurate
for all values of the coupling constant. The algebra is rath-
er complicated, however, and in what follows a simplified
treatment of Eq. (15.14) is given. The result obtained
in this way is correct to within an order of- magnitude.

Consider the equation for the quark number density.
The last term in equation (15.14) in this case vanishes
because m, = 0. There are deviations from equilibrium,
however, because some other particles interacting with
quarks are massive (in our example the% boson has a
nonvanishing mass). In the equation governing the time
dependence of N» [Eq. (15.14)J we make the substitution
Sx= -A~~, where I' is the decay width of the X meson.
Now the solution of Eq. (15.14) is easily found:

N' (I ) = e-" dt 'er" Fx(t ' ), (15.16)

~= —rexp( —m /T)~+N' T 'aI', (15.17)

where Al is the difference betrveen the partial decay
rates of X—qq and X- qq. We have neglected here the
term ¹Al" and some others which could change the re-
sult by a numerical factor of the order of unity.

The solution of Eq. (15.17) is

where E~(t ) is defined by Eq. (15.15) with T = T(t ).
Note that I' is a constant and h"-0 as t -~.

In the equation for 2V, we approximate S, as S,
= I'(t)(aN', + bNX), where a and b are some numerical
factors of the order of unity. The essential point is that
I'(t ) is not a constant but a decreasing function of time.
In the example considered quarks are produced and an-
nihilate during the inverse and direct decays of the X
meson so

I'(I) =I'exp( m~/T) . -
Now for the baryon number per comoving volume 4

= (N, -N;)/T' the following approximate equation holds:

~ =~i" exp — dt'I" t'

i- rgP =~ =(10-~ 10-2) (15.19)

The first numerical factor in Eq. (15.19) is connected
to the increase of the photon number with time because
of annihilation of different massive particles which were
present in the primeval. plasma.

This result shows that if a particl. e interacts strongly
when T= m (i,e. , I'I &1), its contribution to baryon
asymmetry is suppressed by the factor (I't ) '. As we
shall see below, this is just the case of superheavy
gauge bosons X with the currentl. y accepted mass value
of 3&&10" GeV (see Sec. XV.E). As for Higgs particles
H with about the same mass, no such suppression'ap-
pears because the coupling strength of II to fermions is
approximately two orders of magnitude smaller than
that of X.

The results of this section are used below (Sec. XV.D
and XV.E) where some more specific models are dis-
cussed.

D. Concealment of baryon number in black holes

The quantum radiation of black holes discovered by Harv-
king (1975) makes possible the generation of baryon asym-
metry from a symmetric initial state with (on the field
theory level) strictly conserved ba.ryonic charge. In the
independent particle approximation a bl. ack hole evapor-
ates baryons and antibaryons symmetrically. It was
conjectured by Hawking (1975) that a CP-noninvariant
interaction could destroy the B-B,symmetry. Zeldo-
vich (1976) has given an example of how CP-noninvar-
iant decay of a hypothetical pa, rticle, emitted by a black
hole, could lead to asymmetry. In the recent paper by
Toussaint et al. (1979) it is stated, however, that if
baryonic charge is microscopically conserved the net
flux of baryons from a black hole is equal to that of
antibaryons, so no charge asymmetry occurs in the
space outside the black hole. We disagree with this
statement and prove the opposite with an explicit exam-
ple (Zeldovich, 1976). Let there exist a neutral meson
A with deca.y modes A-qh and A-qk. Owing to C (and
CP) invariance violation,

I'( hq)»(qk) . (15.20)

Here q is a light quark (or a baryon) and b is a heavy
one. As was noted in Sec. XV.C the total set of the re-
actions A —X; and X,—X,. in equilibrium provides an
equal number of particles and antiparticles. The pro-
cess of quantum radiation of a black hole into empty
space is, however, essentially a nonequilibrium one. In
particular, particle collisions practically do not happen
because of the low density outside the black hol. e. The
outstreaming particles occupy a cone in phase space, in

(15.18)

For large decay width I' such that 1 t» 1 [where I
is defined by the condition T(t „)= m~j the integral can
be easily evaluated and we finally get
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~P
msa=g (15.21)

where m~ = G ' ' = 10"m„. The evaporation time for
such a black hole is

t„&= (G'ms~ T') '(8zNDz) ' =m2~/(NDz m ~), (15.22)

where h» is the number of particle species with mas-
ses smaller than m~, A» = 10'. The mechanism des-
cribed above would be operative if I;,+»„,where T&

isthe lifetime of the A meson. In grand unified theor-
ies for a, sufficiently large m~ the estimate 7„
= (o.m~N») ' holds where u = 10 ' is the unification
coupling constant. Hence

m «Mum~. (15.23)

The estimate used here for 7~ is valid for the super-
heavy gauge boson which exists in some versions of
the grand unified theories. If the A. meson has differ-
ent properties, its lifetime can be different but the
condition v„&tzQp should be satisfied.

At the instant I;=t„the energy in the universe is

p = C (Gt„)= C1V D2~ m~ m ~ (15.24)

where the constant C depends on the equation of state.
For relativistic gas C = 3/(32~).

Black hole radiation produces particles with energy
of the order of T~H = m~ and number density of a cer-
tain type N,. = p/(NzT~H). In particular the baryon
charge density is

I3= C5(N~~~/ND~)ND2~ m~5m ~' g, (15.25)

where X~» is the number of baryon species. We as-
sume that N~Dz/N» = 0.5 —0.25, q is determined by the
difference in probabilities of the inverse captures of
heavy and light baryons, 6 is the value of the charge
asymmetry in an elementary process, &=[&(qh)
—I"(qh)] /I;„No asymmetry is known to exist in the
Born approximation, so 5 is small. Its value is of
course model dependent and, strictly speaking, un-

every point in space outside the black hole horizon.
The net number of baryons generated by the decay is

equal to that of antibaryons. If, however, the masses
are such that light baryons q are extremely relativistic
and heavy ones h are slow, there will be a baryon asym-
metry in the space outside the. black hole. The point is
that owing to Eg. (15.20) the number of heavy baryons is
larger than that of light baryons and the probability of
the inverse gravitational capture, that is, the reabsorp-
tion by a black hole of particles which had evaporated
from it, is larger for a slow particle than for a relativ-
istic one. That is why a black hole could accumulate
antibaryonic charge and generate a baryonic excess in
the space outside the black hole.

For numerical estimates we assume that the temper-
ature of the black hole is T~„=m~ [ for a lower temper-
ature T» & m~ the A-meson emission would be sup-
pressed by the factor exp( —m„/T»)]. Hence the black
hole mass is

known. In the existing models of CP violation (see
some discussion at the end of Sec. IV.E) 5 is probably
about 10 '-10 '.

After the release of energy due to black hole evap-
oration a new thermal equilibrium is established with
the temperature T determined by

(15.26)

where p is defined by Eq. (15.24). The inverse specif-
ic entropy on a unit of baryonic charge is

B 15 1/4 m l/2
+- j. e Cl /4~ 1/4 DZ A

(15.27)

The observed value of the baryonic asymmetry can be
obtained if m~& 10 'm~=10" GeV(if 5=10 '). Some
years ago such masses seemed ridiculously huge but
now the attitude towards them is changed thanks to
grand unified theories in which gauge mesons with about
the same masses are postulated. " With the parame-
ters chosen the mass of the black holes should be
-0.1 g. Cosmological data do not contradict the exist-
ence of such black holes (Novikov et al. , 1979) but no
reliable estimates of their number are available.

A somewhat different mechanism has been considered
by Dolgov (1980c). Particle behavior in the vicinity of a
black hole is known to be governed by the equation

where e is the particle energy, $= p+In(p —1), p is the
usual radius, and V is a potential (everything is in units
of the inverse gravitational radius of a black hole). The
potential V vanishes as (- —~ and V tends to the par-
ticle mass squared as g-+~; a. potential barrier is in
between. It was assumed that an A meson could decay
before penetrating the barrier. In this case the condi-
tion T».@m~ need not be fullfilled; only the weaker
condition T»~ m, should be respected. In fact if T~„
= m, , only light baryons could penetrate to infinity and
owing to C and CP violation [see Eq. (15.20)] the flux
of q could exceed that of q.

Returning to the paper by Toussaint et aI. (1979), we
should like to note that the contradiction between our
results and theirs is probably due to an oversimplifica-
tion of their model. They describe particle transmis-
sion through the gravitational field outside the event
horizon by the Lagrangian qr& V,, (x)y, This leads to a
linear equation of motion. However, the processes of
particle production (e.g. , decays) are not taken into
account in their model Lagrangian. If particle number
can be changed in a reaction (e.g. , one particle becom-

For a noticeable difference in the inverse capture probabili-
ties of h andq, mI, should be of the order ofmz. Fermions
that heavy cannot be squeezed into the framework of the stand-
ard steinberg —Salam model (see discussion in Sec. XI). So the
described mechanism could operate only if superheavy ferm-
ions with new interactions existed.
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ing two or more) the corresponding equation becomes
nonlinear and the arguments of that paper, a.s they are
presently stated, become inapplicable.

Recently Turner (1979) discussed baryon production
by primordial black holes. With plausible assumptions
about the ma.ss spectrum of black holes he. obtained a
result for P close to the observed value. The author,
however, erroneously claimed that no baryonic excess
could be generated by this mechanism if baryonic
charge were conserved in microscopic processes.

Baryon asymmetry in a charge-invariant theory was
considered by Beletsky et al. (1979), who assumed that
antimatter disappeared in black holes because of sta-
tistical fluctuations. The probability of this happening
is very small, but a single event could happen with any
probability.

I" = um'1V (m'+T') '~' (15.28)

Then there are scattering processes with virtual X-
boson exchange which al.so violate B conservation.
Their rate is

after t = t ~, there is no need to assume charge symme-
try at t- t ~ because at the equilibrium stage baryonic
charge disappears independently of initial conditions.
Subsequent generation of baryons in our best of all pos-
sible worlds is dependent only upon elementary particle
interactions and should be determined by microscopic
parameters. In the lowest order in & -—10 ' baryonic
charge is produced by X-meson decays. The total de-
cay rate is

I c = 'oT'1V (cT'+ m»2) (15.29)

E. Baryon asymmetry of the universe,
in a C(CP}-violating 8-nonconserving theory
of elementary particles

This possibility, first prophetically suggested by
Sakharov (1967), has become very popular recently in
connection with the ideas of the grand unified theor-
ies." In most such models leptons and quarks are in
the same multiplet of a symmetry group and so bary-
onic charge nonconservation naturally results. Ways in
which baryonic charge conservation might be retained
are reviewed by Slansky (1978). The observed stability
of the proton despite B conservation is explained by the
extremely large mass of the intermediate mesons which
interact with B-nonconserved currents. A dimensional
estimate of proton lifetime gives v~ = n 'm»4/m'„. With
m»= (10"-10")GeV one obtains 7'~ = (10"—10")yr.
More recent estimates of the proton lifetime however,
give smaller values. Experimentally T~ & 10"yr.

The superweak B-nonconserving interaction becomes
stronger with energy and for E = m~ it becomes of the
same order as all other (except for gravitational)inter-
actions. In particular for X-meson decays b, I'/I' = 1
(KI' is the width of decays with ABPO). Meson decays
as a source of the baryon asymmetry in the universe
were first considered by Sakharov (1979), Toussaint
et al. (1979) and Weinberg (1979). Weinberg assumed

a,t mx& m~ =10'o Qe& and that for I; & t„=m~' gra
itational interactions were strong and capable of es-
tablishing thermal equilibrium at the instant t = t~ and
enforcing the condition b.B(t=t~) =0. Note that for a
model in which processes with ABt 0 are in equilibrium

20Earlier, steinberg (1964) noted that there were no massless
fields connected with baryonic charge, so the latter is not nec-
essarily conserved. He also noted that baryon asymmetry of
the universe might result fromm nonconservation, but in the
framework of a steady-state universe with spontaneous pro-
duction of matter from vacuum. Later Weinberg rejected the
idea of baryonic charge nonconservation and returned to it
only in 1979 PVeinberg, 1979). The difference between the old
and new models is that in the old ones the quark was short-
lived, but the proton decay proceeded in a third™-order, B -non-
conserving interaction, single quark decay inside the proton
being energetically forbidden. In the new models proton decay
is of the same order as the process qq q/.

The number density of X mesons is governed by their
decays and by annihilation (which is also B nonconserv-
ing) and of 'course by the inverse processes. The anni-
hilation rate is

(i5.30)

where r» =n»/T' is the relative X-meson concentration,
and ND, N, , and N~ are some numerical factors depend-
ing on the model; usually they are of the order of K»
or an order of magnitude smaller. For T ( m~, y- exp(- m„/T) and the annihilation rate is small in com-
parison with the scattering rate ~c; for T&mx, I',
= I'c. Note that for T ) m» all the interactions (includ-
ing those with b,Bc0) are of the same strength, and for
T & m~ the interactions associated with light particle
exchange have the annihilation rate described in Eq.
(15.30) with &» =1, i.e., they are (m»/T)' times strong-
er than the processes with A' exchange.

Consider first the case in which temperature falls
below m~ in a time shorter than the lifetime of X, i.e. ,

+~X +~x
+tot

(i5.32)

Here N, , is the total number of particle species and
1V» is that of X bosons; we assume 1V»/1V„,= 0.1, b, i'»/
1 x is the relative baryonic charge generation in X-

(15.31)

In accordance with Eq. (26), t(T) =0 3ND~~' T.J,T ', so,
for condition (15.31) to be fulfilled, it is necessary that
mx& 0.3~ N~&D~ ' T~. For such a large-m~ baryonic
charge, variation due to fermion scattering (15.29} and
toXX annihilation (15.30) is always small. Immediate-
ly after t=t~, X bosons decouple from the plasma and
their number density in a comoving volume is (almost)
constant until I; =7~. Then for t&7~ the decays of X
become significant but the inverse X-meson production
is negligible because of the Boltzmann factor exp(-m»/
T) [ for the case of T(v») & m»]. Owing to C and CI'
violation, the baryonic charge released in decays of X
is not equal to that of X. This baryonic excess is con-
served in the course of the expansion and survives to
our time in the form of the observed matter. The rel-
ative baryon concentra. tion is
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q'~'& (T/mx) & (in@+ —,'1nlnq) ', (15.33)

where q = 0.3nN~~ 'ND m~' m~. The temperature in-
terval for which reactions (15.29) are fast, i.e. , I'c
&II- t ', is

o.q& (T/m~) & (o.q) '~' . (15.34)

For simplicity we set N~ =Ac. This condition is not
self-contradicting if aq&1. From the comparison of
Eqs. (15.33) and (15.34) it follows that for q & 10' the
process of direct and inverse X-meson decays remain
in equilibrium longer than the fermion scattering.
Hence for

mz & 10 ' 0.3' ~+~' ND m~ = 10 ' m~,

the B-nonconserving scattering can be neglected and the
relative baryon concentration is determined by Eq.
(15.32) with

3/2Nx mx

meson decays, and Ai'~/I'» is the same for X. The
difference (b, l" -b, T') depends upon the model of CP
violation. If CP violation proceeds spontaneously due
to a relative phase of the vacuum expectation values of
the Higgs fields, symmetry restoration at high tem-
perature (if it takes place at T & mx) leads to the van-
ishing of Lc~. No CP violation can be introduced into
the interaction of fermions with gauge bosons because
CP odd phases in the coupling can be canceled by a re-
definition of the wave functions. Some CP violation
appears in this case in the fermion mass matrix and in
the Higgs sector. This gives, however, a small value
of (b. l' -b. l'). It is claimed (Weinberg, 1979) that with a
natural choice of the parameters one can obtain (b, l
—AT' )/I'=10 ' which gives the necessary value of «s

A too high value of m~ = 10"-10"GeV is an evident
shortcoming of the case considered. First, in the ex-
isting models a smaller unification mass is needed.
Second, one needs to make extra assumption that an
initial state is symmetric because in this model the
universe is never in equilibrium with respect to B-vio-
lating processes, except probably in an unknown stage
at t&I; .

Now let condition (15.31) be unsatisfied, i.e. , m~
& 0.3 nND1VD~ 'm~. There is a time interval in this
case when X-meson decays and the inverse processes
are faster than the expansion rate, so X-meson concen-
tration is close to equilibrium. The equilibrium condi-
tion is I'xxxt(m~/T) &1 for mx & T, and I'xt&1 for
m~ & g, which Leads to the following equilibrium tem-
perature interval:

and Susskind, 1979)"

(15.38)

As the initial condition, the value of &~ should be used
which arises from X-meson decays at the instant of
their freezing out [see Eqs. (15.32) and (15.33)]. As a
result we obtain unacceptably small &~. Thus we can
conclude that if the baryon excess is generated by X de-
cays, the mass of the latter should be Larger than 10"

. GeV and closer to 10~'-10 GeV. The mass of the X
meson necessary to give the observed &~ depends on
the model of CP violation; the weaker the CP violation,
the larger this mass should be. If, however, there are
some other B-nonconserving reactions which go on long-
er than the processes with X mesons, then, the universe
effectively "forgets" about the baryonic charge which
existed during the X-meson era. In this case the
bounds obtained above should be modified to take into
account these other processes. This picture could be
realized if, in the Higgs meson interactions, baryonic
charge were not conserved (Ellis et al. , 1979; 'Wein-

berg, 1979). The estimates obtained are easily re-
formulated for this case with the substitution n- nH
=(10 ' —10 ') o.. The dominant processes are now de-
cays and inverse production of II mesons.

Some other mechanisms of baryonic charge genera-
tion have been considered in the literature. Ignatiev
et al. (1978) discuss a universal superweak interaction
which violates CP and B conservation. In this model
baryon charge is generated by decays of a scalar par-
ticle y which is an isodoublet with respect to the weak
steinberg-Salam group. In our opinion the result of
this paper is overestimated, because the authors do
not take into account the burning out of y in the reaction
Xy-(Z') —ll . A paper by Yoshimura(1978) which stimu-
lated the recent boom on this problem considers baryonic
charge generation by the reaction qq- ql . The re-
sulting baryon asymmetry should be small, however,
for the reasons mentioned in Sec. XVC. Quite recent-
ly, after we finished our work on this review, some
other papers on baryon asymmetry have appeared.
First, we should Like to mention the papers by Nano-
poulos and Weinberg (1979) and by Barr et af. (1979).
They conduct a detailed investigation of C (CP) violation
at superhigh energy. The authors conclude that Higgs
particles, H, are more likely than gauge bosons, X,
to generate large baryon asymmetry. In addition to a
larger C(CP)-violating parameter in K decays, there
is no kinetic suppression of baryonic asymmetry be-
cause of a weaker coupling of K to fermions (Kolb and
Wolfram, 1980; Fry, Olive, and Turner, 1980b; Dolgov,
1980b). In these papers kinetic equations governing
baryonic excess are analyzed. '

=o.1(q»' 'q) '[ln(7) ln' 'q)j' '. (15.35)

For the boundary value q = 10', T& = m~/15, and &~/lV„,
=10 ', making necessary the too large ratio (b.l'~
—b. l'~)/I'„=10 '. If q&10' or m~& 10 'm~ the burning
out of the baryon charge due to reactions between quarks
and leptons (15.29) should be taken into account. This
leads to the vanishing of rs with the rate (Dimopoulos

2~However, Treiman and Wilczek (1980) argue that in the
framework of the SU'(5) model the quantity &N„z—A~, L,

—~W I
is effectively conserved in the course of this burning out of rz
(here &N is the difference between the number of particles
and antiparticles). This quantity is not conserved in the Higgs
meson decays and so, if baryon asymmetry were caused by H
decays, a nonzero value could be generated and survive later.
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In papers by Ignatiev et al. (1979b), and Kuzmin and
Shaposhnikov (1980) a detailed analysis of baryon asym-
metry generation is made in the framework of the
SO(10) symmetry group. In the second of these papers
the interesting conclusion is reached that right-handed
weak currents should be strongly suppressed as' com-
pared to left-handed currents, otherwise the baryon
asymmetry would be too small. The flow of papers on
this subject continues, although the supply of new ideas
seems, to be exhausted. Now is the time for hard cal-
culational work.

In conclusion, we should like to note that the possibil. —

ity of explaining the existence of our world by micro-
physical phenomena seems exciting. It is interesting
that cosmological data can serve as a criterion for the
choice of a grand unified group and of the mechanics of
CP invariance violation. The experimental discovery
of proton instability would be of extreme importance for
cos mology.

Last but not least, most work in this field is done
on the assumption of an exact Friedman expansion. This
is not proved yet I

F. Baryon asymmetry due to CPT violation

Qf course if CPT is violated we cannot speak of any
self-consistent model of elementary particle interac-
tions. The standard equilibrium statistical mechanics
should be valid, however, because, as we see in See.
XV.C, the equilibrium statistical distributions are pro-
vided only by the diagonal elements of the unitarity con-
dition. If the CPT theorem were violated, baryon asym-
metry could arise even during the equilibrium stage be-
cause of a different energy spectrum of particles and
antiparticles. Of course for the generation of a baryon-
ic excess, B nonconservation is, as before, necessary.
Note that in the case of conserved J3 the vanishing of the
average baryonic charge would lead to the nonzero
chemical potentials of baryons and antibaryons p.~
= —p~ =~~ —~~. If I3 is not conserved then in thermal
equilibrium p, ~ = p, ~ =0 and

for m& T. For the mass difference of P and P the limit
is known to be 5mp/mp & 10 . So in principle a baryon
asymmetry could be eonneeted with (p -P') mass differ-
ence, "but this should be small.

Cline et al. (1977) assumed a noticeable antiproton
instability. They claimed that if P lifetime lay within
the limits 10 ' sec & Tg 10" sec the B'--nonconserving
decays of P could result in the observed baryon excess.
Later cosmological arguments were used to diminish
this interval. Their results, however, do not coincide
with each other. Sato (1978b) obtains the limits 3.4
X10 4 sec«~ & 7.4&10 ' sec, and Demaret and Vander-
meulen (1978) obtain 10 ' sec & vp & 10 ' sec. In our

22The equality of masses of K and K is an argument against
CPT violation and p -p mass difference.

opinion, however, one cannot obtain the right value of
with any value of antiproton lifetime. The point is

that the proton is a strongly interacting particle: at
T =m the annihilation rate is large, E', =].0" sec ',
whereas the expansion rate of the universe is 10' sec '.
Because of the arguments presented in Sec. XV.C,
deviations from equilibrium are small for P and P'

when I'~ m„and so the average baryonic charge is
small. On the other hand, when later 1, and II are of
the same order and deviations from equilibrium become
noticeable, the baryon (antibaryon) concentration due to
the factor exp (-m/T) becomes small, and decay of all
the antiprotons cannot give a large excess of protons.
Using Eq. (15.19) the following estimate for b, r~ ean be
obtained:

)p), r~ = (o,vTT~) ~, (15.37)

where v, is the annihilation cross section. This formu-
la is valid when the temperature is greater than the
proton (antiproton) quenching temperature T&-—m~/40.
Expression (15.37) predicts the proton concentration
to be about 10 "of the photon concentration.

In concluding this section, w'e want to stress once
more that we are probably very close to the solution of
the grand problem of how our beautiful and stable (with
respect to annihilation) world was created from an ex-
plosive initial state. Now we need to understand the
origin of the Friedman expansion after the singularity
and all cosmological problems will be solved.

a(m)=-,' f d*p(P'+m')'~'/(2 )'

P(m) = —' Jd'p (p+pm') '~'g(2 )'

Free fermionic fields yield negative divergent integrals
of the-same type. It is customary to renormalize the
contribution of every single field, for example by tak-
ing normal ordered products of creation and annihila-
tion operators instead of (aa + a a)/2 in the Hamilton-
Ian.

What is actually known from observations? The sum
total of all contributions to the vacuum energy is zero
or at least very small:

c„&10 ' ergcm '.

XVI. VACUUM POLARIZATION BY CURVED
SPAC E-T I M E

The above mentioned topic may seem to be somewhat
outside the scope of our pap'er, but actually the dis-
tinction between particI. es and fields, and vacuum pol-
arization is now artificial. In the ninteenth century
charged particles and electromagnetic fields were con-
sidered separately but quantum mechanics has bridged
the gap between them. Still we shall cover the topic
very briefly, reviewing mostly the Soviet papers less
known to a Western reader.

A field theory quantized straightforwardly leads to
the prediction of zero-point oscillations of the boson
field with nonzero expectat:ion values for all field
strengths squared (E', H', for example) and divergent
energy density and pressure

Rev. Mod. Phys. , Vol. 53, No. 1, January 1981



Dolgov and Zeldovich: Cosmology and elementary particles

Written as &„=m'„this means m &10 ' eV. No argu-
ments based on fundamental principles have as yet ex-
plained this vanishingly small value.

If e„~0then relativistic invariance ensures that P
= —e„orT;» =Ag, » in an arbitrary frame (but still in
Minkowski space) where A is the cosmological constant.
A direct proof was given by Zeldovich (1967) that the
sums e =gC,. e(m,. ) and I' =QC, P(nz, ) have the proper-
ty P= —e.

As is mentioned above, there are no indications that
A & 0 if neutrinos are massless, but if they are mass-
ive, perhaps this will necessitate the nonvanishing of
A, e„,and P„.

The next question is the nature of the change of e„
and P„(or,taken together, T,»„,subscript v is for
vacuum) in a curved space T.he difference T,»= T,»„.
(curved) —T,„„(flat)is of the same type as the Casimir
effect in quantum electrodynamics. Even those who as-
sume that T,„„(flat)vanishes for every field agree that
this difference is real. This quantity is of the same
sign for fermions and bosons; therefore it is not can-
celed even if T,„„(flat). is zero.

Thus E,-„appears on the right-hand side of the Ein-
stein equations. As far as it is local it depends on

Aypf and its derivatives:

where E is a functional. In this approximation we can
put it into the left-hand side and speak of modified
Einstein equations. The modification can be achieved
formally by adding more complicated scalars to the
action of general relativity:

This ensures a11. general properties of the Einstein
equations.

We begin with zero-point oscillations partly for
pedagogical reasons, but also because we believe in the
"minimal interaction theory, " which means that one
should investigate only the. modifications which are in-
escapable consequences of the existence of various
fields (gravitons in the weak field approximation includ-
ed), but not the most general modifications of the
Lagrangian.

The modification was considered by Ginzburg et al.
(1971). They point out that by general covariance T,
can be written as

~ikv a~i@ + ~ik

The first term can be incorporated in the left-hand side
of the Einstein equation, it is equivalent to a change
(renormalization) of the gravitational constant

G,.„=G'(T,', + T,„),
where G' = 8m G/(1 —8m. Ga) is the renormalized constant
and T,.~ is the energy-momentum tensor of matter. So
the term aG,-„is unobservable. In contrast to this T,'„
is a genuine vacuum polarization term. It is observ-
able, at least in principle.

The most important point is that T,'~ is not subject to
the so-called "energy dominance principle, " which
means that Pop P p i ~ 1 2 3 This condition is

I

fulfilled for free particles and fields and it is very
probable that it is also true for interacting fields.

. The vacuum polarization term T,'-~ is built from the
contributions of various fields. One might think naively
that T,'~ is also subject to the l.aws governing these
fields. That is true for the energy-momentum conser-
vation law T,'.~.~

= 0. But it does not hold for the energy
dominance principle simply because it is an inequality.

The energy dominance condition is of utmost import-
ance, as pointed out by Hawking and his colleagues.
The theorems about the inescapable occurrence of
singularities are based on energy dominance. Hawking
has shown that if energy dominance is always fulfilled,
no particle creation from a vacuum is possible by
space-time distortion, i.e. , by gravitational fields.
Apropos of this problem, Zeldovich and Pitayevsky
(1971) explicitly pointed to a violation of the energy
dominance condition by vacuum polarization. This vio-
lation was shown to permit construction of a singular-
ity-free cosmological model with a DeSitter-type init-
ial metric,

ds'= dt ' —e'"'(~'+ 4"+ «')
consistent with vacuum polarization energy density
(Gurovich and Starobinsky, 1979; Starobinsky, 1980;
Zeldovich, 1981).

We should like here. merely to call attention to the
unusual properties and very important consequences of
vacuum polarization. It is a task for future investiga-
tions to obtain all the properties of the universe from
the laws of fundamental quantum field physics.
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