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Possible origin of antimatter regions in the baryon dominated universe
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We discuss the evolution of aU(1) symmetric scalar field in the inflation epoch with a pseudo-Nambu-
Goldstone tilt being revealed after the end of the exponential expansion of the Universe. TheU(1) symmetry
is supposed to be associated with baryon charge. It is shown that quantum fluctuations lead in a natural way to
a baryon dominated universe with antibaryon excess regions. The range of parameters is calculated at which
the fraction of universe occupied by antimatter and the size of antimatter regions satisfy the observational
constraints, survive to the modern time, and lead to effects that are accessible to an experimental search for
antimatter.

PACS number~s!: 98.80.Cq, 11.30.Fs, 14.80.Mz
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I. INTRODUCTION

The statement that our Universe is baryon asymmetr
as a whole is a quite firmly established observational fac
contemporary cosmology. Indeed, if large regions of ma
and antimatter coexist, then annihilation would take place
the borders between them. If the typical size of such a
main was small enough, then the energy released by t
annihilations would result in a diffuseg-ray background, in
distortions of the spectrum of the cosmic microwave rad
tion and light element abundance, neither of which is o
served~see for review, e.g.,@1#!. A recent analysis of this
problem @2# for a baryon symmetric universe demonstra
that the size of regions should exceed 1000 Mpc, being c
parable with the modern cosmological horizon. It therefo
seems that the Universe is fundamentally matter-antima
asymmetric. However, the arguments used in@2# do not ex-
clude the case when the Universe is composed almost
tirely of matter with relatively small insertions of primordia
antimatter. Thus we may expect the existence of macrosc
cally large antimatter regions in the baryon asymmetric u
verse, which are much smaller than the modern cosmolog
horizon. Since this situation differs drastically from the ca
of the baryon symmetric universe, we call the region fill
with antimatter in the baryon dominated universe the lo
antimatter area~LAA !. Of course the existence of LAA’s is
not a rigorous requirement of baryosynthesis, but so
modification of baryogenesis scenarios will result in the f
mation of domains with a different sign of baryon char
~see, for example,@3#!. The only condition which is neces
sary to satisfy is that the amount of antibaryons with
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LAA’s must be small compared to the total baryon numb
of the Universe.

At first glance it is not difficult to have some amount
LAA’s if we simply suppose that in the early Universe whe
the baryon excess is generated theC andCP violation have
different signs in different space regions@4#. This may be
achieved, for example, in models with two different sourc
of CP violation, an explicit and a spontaneous@5# one. How-
ever, any spontaneousCP-violation processes are a result
the early phase transition of first or second order which
plies a very small size of primordial LAA’s@3#. For ex-
ample, if the LAA’s are formed in the second-order pha
transition, their size at the moment of formation is det
mined by l i.1/(lTc), whereTc is the so-called Ginsburg
temperature~the critical temperature at which the phase tra
sition takes place! andl is the self-interaction coupling con
stant of field which breaksCP symmetry@5#. As a result of
the expansion the modern sizes of domains would reacl 0
. l i(Tc /T0)51/(lT0).10221pc/l, whereT0 is the present
temperature of the background radiation.

On the other hand, it has been revealed@6# that the aver-
age displacement of the LAA’s boundary caused by ann
lation with surrounding matter is about 0.5 pc at the end
radiation dominated~RD! epoch. Therefore, any primordia
LAA having initial size up to 0.5 pc or more at the end
RD stage survives to the contemporary epoch and in the
of successive homogeneous expansion has the size.1 kpc
or more. Any primordial LAA with a scale less then critica
survival sizel c.1 kpc at the contemporary epoch must
eaten up by the annihilation process. Thus it is a seri
problem which any model with thermal phase transition e
counters to create primordial LAA with the size exceedi
©2000 The American Physical Society05-1
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the critical survival sizel c to avoid complete annihilation.
There is an additional problem for baryosynthesis w

surviving LAA’s sizes. The point is that any phase transiti
is accompanied by formation of topological defects. If w
blow up the region with different signs of charge symmet
we automatically blow up the scale of respective topologi
defect structure. If the structure decays sufficiently late in
observable part of the Universe, the contribution of ene
density of such topological defects could be sufficiently h
to contradict other observations. It can be easily estima
that the structure with the scale corresponding to the surv
size enters the horizon and starts to decay atT<0.1 MeV,
i.e., in the period of big bang nucleosynthesis. To remo
these unwanted relics sufficiently early it is necessary
have a mechanism for symmetry restoration. This mec
nism implies that the baryogenesis is going on within
rather narrow time interval@7,8#.

In the present paper we have elaborated the issue fo
homogeneous baryosynthesis without the difficulties poin
out above. The proposed approach is based on the me
nism of spontaneous baryogenesis@9#. This mechanism im-
plies the existence of a complex scalar field carrying
baryonic charge with explicitly broken U~1! symmetry. The
baryon-antibaryon number excess is produced when
phase of this additional field moves along the valley of
potential@9,10#.

It is supposed that the vacuum energy responsible for
flation is driven by any scalar inflaton field, and an addition
complex field coexists with the inflaton. Due to the fact th
the vacuum energy during the inflational period is too lar
the tilt of the potential is vanished. This implies that t
phase of the field behaves as ordinary massless Nam
Goldstone~NG! boson and the radius of the NG potential
firmly established by the scale of spontaneous U~1! symme-
try breaking. Owing to quantum fluctuations of the massl
field at the de Sitter background@21,22# the phase is varied
in different regions of the Universe. When the vacuum e
ergy decreases the tilt of potential becomes topical, and
pseudo-NG~PNG! field starts to oscillate. As the field roll
down in one direction during the first oscillation, it prefere
tially creates baryons over antibaryons, while the opposit
true as it rolls down in the opposite direction. Thus to hav
globally baryon dominated Universe one must have
phase sited in the point, corresponding to the positive bar
excess generation, just at the beginning of inflation~when
the size of the modern Universe crosses the horizon!. Then
subsequent quantum fluctuations can move the phase to
appropriate position causing the antibaryon excess pro
tion. If it takes place not too late after the inflation begin
the size of LAA may exceed the critical surviving sizel c .

The main idea of this paper is based on the existenc
quantum fluctuations along the effectively massless ang
direction of the baryonic charged scalar field. Thus, m
generally, the considered issue of generation of LAA’s
applicable practically to all mechanisms of baryogene
where the number density and sign of the baryon asymm
depend on the angular component of the complex sc
field. The advantage of the mechanism of spontane
baryogenesis@9# considered here is the quite simple una
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biguous inflation dynamics of scalar field-generated bary
charge. This fact allows us to establish quantitatively a d
nite relationship between the effects of inflation and gene
tion of baryon~antibaryon! excess in inhomogeneous bary
genesis. However, this relationship may be too rigid for
realistic model of antimatter domain formation compatib
with the whole set of astrophysical constraints. The con
tent picture may need more sophisticated scenarios.
principal possibility for such a scenario can be considered
the base of an Affleck-Dine~AD! @12# baryogenesis mecha
nism that still receives a lot of attention@12–17#.

AD baryogenesis also involves the cosmological evo
tion of the effective scalar field, which carries the baryon
charge, being composed of supersymmetric partners of e
trically neutral quark and lepton combinations. The impo
tant feature of supersymmetric extensions of the stand
model is the existence of ‘‘flat directions’’ in field space, o
which the scalar potential vanishes@11–13#. We will refer
for the definiteness to the flat directions of minimal stand
supersymmetric model~MSSM! @13,18#. Thus, if the some
component of the scalar field lies along a flat direction, t
component can be considered as a free massless com
scalar, the so-called AD field@12,13#. At the level of renor-
malizable terms, ‘‘flat directions’’ are generic, but supersy
metry breaking and nonrenormalizable operators lift the ‘‘fl
directions’’ and sets the scale for their potential. During t
inflational period the AD field develops a nonzero vacuu
expectation value and subsequently when the Hubble
becomes of the order of the curvature of AD potential, t
condensate starts to oscillate around its present minim
Baryon asymmetry can be induced in such a condensate
if there exists a phase shift between the real and imagin
parts of the AD field. Such a shift and consequentlyB and
CP violation is provided by theA term in the potential which
parametrizes the MSSM ‘‘flat direction’’@12,13#. The result-
ing sign and number density of baryon asymmetry depe
on the magnitude of the initial phase of the AD field and
the phase shift created by theA term at the relaxation period
@12–14#. Therefore, the de Sitter fluctuations can gener
LAA’s in the baryon asymmetric universe in a way similar
the spontaneous baryogenesis if the angular direction of
AD field is characterized by the mass that is much sma
than the Hubble constantH during inflation. It takes place if
there are no of orderH corrections to theA term @17#.

The early dynamics of the AD field are quite complicat
@16# owing to the nontrivial background energy density dri
ing the inflation in MSSM. Moreover, the AD potential ca
get corrections from the vacuum energy that removes
minimum from the original one@13,14,16,17#. In general
there are two types of inflation in MSSM, D-term or F-ter
inflation ~see, for a review@19#!, depending on the type o
vacuum contributing the energy density during the de Si
stage. In the case of D-term inflation AD fields and the
flaton slow roll coherently@16# ~in the absence of orderH2

corrections to the mass-squared term of the AD potential!. It
implies that the radius of the effectively massless angu
AD direction is determined by the immediate value of t
inflaton field. For the case of F–term inflation the AD sca
will get an order H2 negative mass-squared ter
5-2
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POSSIBLE ORIGIN OF ANTIMATTER REGIONS IN . . . PHYSICAL REVIEW D62 083505
@13,14,16,17# causing the minimum of the AD potential. Th
AD field is closed to the minimum during the F-inflatio
stage@16# and this minimum determines the radius of t
circle valley of the effectively massless angular direction

The conclusion from this explicit example based on
MSSM is the following. For any complicated inflation dy
namics of a baryon charged field it is possible to simulate
appropriate massless direction that behaves similar to
circle valley of the NG potential. This fact makes the pr
posed issue for the generation of LAA’s viable not only f
the spontaneous baryogenesis mechanism, but for the
mechanisms dealing with effectively massless angular di
tions during inflation@20#.

The paper is organized as the following. In Sec. II w
discuss the quantum behavior of the nondominant U~1! sym-
metric scalar field at the inflation period. We estimate
amplitude and space scale of the fluctuations of the phas
this field without PNG tilt. The size distribution of thes
fluctuations determines the size distribution of LAA’s. Se
tion III contains calculations of baryon-antibaryon net exc
production at the relaxation of the phase when the tilt of
Mexican hat potential becomes topical. We summarize
conclusions and discuss some problems of the consid
scenarios in Sec. IV.

II. PHASE DISTRIBUTION FOR NG FIELD AT
THE INFLATION PERIOD

We start our consideration with the discussion of the e
lution of the U~1! symmetric scalar field which coexists wit
the inflaton at the inflation epoch. The quantum fluctuatio
of such a field during the inflation stage causes the pertu
tions for the phase marking the Nambu-Goldstone vacu
In our model this phase determines the sign and value
baryon excess, so the size distribution of domains contain
the appropriate phase values, caused by those fluctuat
coincide with the size distribution of LAA’s.

Thus to estimate the number density of antimatter regi
with sizes exceeding the critical survival sizel c in the baryo-
genesis model under consideration we have to deal w
long-wave quantum fluctuations of the NG boson field at
inflation period. Various aspects of this question have b
examined in numerous papers@23–31# in connection with
the cosmology of the invisible axion. Also the de Sitter qua
tum fluctuations have been analyzed in the framework of
baryogenesis@15,16#.

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

V~x!52mx
2x* x1lx~x* x!21V0 , ~1!

where the fieldx can be represented in the form

x5
f

A2
expS ia

f D . ~2!

The U~1! symmetry breaking implies that the radial comp
nent of the fieldx acquires a nonvanishing classical partf
5mx /Alx and fielda in Eq. ~2! becomes a massless N
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scalar field with a vanishing effective potential,V(a)50. In
this case,x has the familiar Mexican hat potential, and th
degenerated vacua correspond to the circle of radiuf.
Throughout this paper we deal with the dimensionless an
lar field u5a/ f .

We are concerned here with the possibility of storing
appropriate phase value in the domain with the size exce
ing the critical survival size. Such a value of the phase pl
the role of a starting point for counterclockwise moveme
which is going to generate antibaryon excess when the til
potential breaking U~1!, explicitly, will turn to be topical.

We assume that the Hubble constant varies slowly dur
inflation. Also we use well established behavior of quantu
fluctuations on the de Sitter background@28#. It implies that
vacuum fluctuations of every scalar field grow exponentia
in the inflating Universe. When the wavelength of a partic
lar fluctuation becomes greater thanH21 the average ampli-
tude of this fluctuation freezes out at some nonzero va
because of the large friction term in the equation of mot
of the scalar field, whereas its wavelength grows expon
tially. In the other words such a frozen fluctuation is equiv
lent to the appearance of a classical field that does not va
after averaging over macroscopic space intervals. Beca
the vacuum must contain fluctuations of every waveleng
inflation leads to the creation of more and more new regi
containing the classical field of different amplitudes with
scale greater thanH21. The averaged amplitude of such N
field fluctuations generated during each time intervalH21 is
given by @21#

da5
H

2p
. ~3!

During such a time interval the universe expands by a fac
of e. Since the NG field is massless during the inflation p
riod ~the PNG tilt is vanish yet!, one can see that the ampl
tude of each frozen fluctuation is not changed in time at
and the phases of each wave are random. Thus the qua
evolution of the NG field looks like the one-dimension
Brownian motion@28,31# along the circle valley correspond
ing to the bottom of the NG potential. This statement impl
that the values of the phaseu in different regions become
different, and the corresponding variance grows as@22#

^~du!2&5
H3t

4p2f 2
, ~4!

which means that dispersion grows asA^(du)2&
5(H/2p f )AN, where N is the number of e-folds. In the
other words the phaseu makes a quantum step with the sca
H/2p f at each e-fold, and the total number of steps dur
some time intervalDt is given byN5HDt.

Let us consider the scalek215H0
2153000h21 M pc

which is the biggest cosmological scale of interest. We s
pose that the Universe is baryon asymmetric in this sc
which leaves the horizon at definite e-foldN5Nmax. On the
other side this scale is the one entering the horizon n
5-3
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KHLOPOV, RUBIN, AND SAKHAROV PHYSICAL REVIEW D 62 083505
namely amaxHmax5a0H0, where the subscript 0 indicate
the contemporary epoch. This implies that

Nmax5 ln
aendHend

a0H0
2 ln

Hend

Hmax
, ~5!

the subscriptend denotes the epoch at the end of inflatio
The slow-roll paradigm tells us that the last term of Eq.~5! is
usually <1. The first term depends on the evolution of
scale factora between the end of the slow-roll inflation an
the present epoch. Assuming that inflation ends by a s
matter-dominated period, which is followed by the RD sta
lasting until the present matter dominated era begins, one
@32#

Nmax5622 ln
1016 GeV

AHendM p

2
1

3
ln

AHendM p

r reh
1/4

, ~6!

wherer reh
1/4 is the reheating temperature when the RD stag

established. WithHend.1013 GeV and instant reheating thi
givesNmax'62, the largest possible value. However, if o
has to invoke supersymmetry to prevent the flatness of
inflation potential, for example, as in the case of AD bary
genesis, ther reh

1/4 should not exceed 1010 GeV to avoid too
much gravitino overproduction@33#, and one hasNmax558,
perhaps the biggest reasonable value. Throughout the p
we will use Nmax560. The smallest cosmological scale
LAA that is survived after annihilation iskc

215 l c

'8h2 kpc @6#. It is nine orders of magnitude smaller the
H0

21, which corresponds to

Nc'Nmax21323 lnh'45. ~7!

Thus thel c should have left the horizon at 45 folds befo
the end of inflation.

Let us assume that the phase valueu50 corresponds to
South Pole of NG field circle valley, andu5p corresponds
to the opposite pole. The positive gradient of phase in
picture is routed as anticlockwise direction, and the dish
PNG potential would locate at the South Pole of circle~see
Fig. 1!. It will be shown below~see Sec. III! that the anti-
baryon production corresponds to the regions that wo
contain phase values caused counterclockwise rolling
PNG fielda during the first half period of oscillation. If the
field a rolls clockwise towards the dish of tilted potenti
just after the start of first oscillation then baryon producti
will take place.

FIG. 1. Baryosynthesis in the spontaneous baryogenesis me
nism. The sign of baryon asymmetry depends on the starting p
of phase oscillations.
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Now we are in the position to estimate the fraction of t
Universe containing LAA’s. To ensure that the Univer
would be baryon asymmetric as a whole it is necessary
suppose that the phase average valueu5u60 within the big-
gest cosmological scale of interest emerging at theNmax
560 e-folds before the end of inflation is located in the ran
@0,p#. The u60 is the starting point for Brownian motion o
the phase value along the circle valley during inflation. As
has been mentioned above, the phase makes the Brow
stepdu5H/2p f at each e-fold. Because the typical wav
length of the fluctuationdu generated during such timesca
is equal toH21, the whole domainH21, containingu60,
after one e-fold effectively becomes divided intoe3 separate,
causal disconnected domains of radiusH21. Each domain
contains an almost homogeneous phase valueu60215u60
6du. In half of these domains the phase evolves towardp
~the North Pole! and in the other domains it moves towar
zero~the South Pole!. To have LAA with appropriate sizes to
avoid full annihilation one should require that the pha
value crossesp or zero not later than after 15 steps. Only
this case the LAA’s would have the sizes larger thanl c and
are conserved up to the modern era. This means that on
the two following inequality must be satisfied

p2
15H

2p f
<u60<

15H

2p f
. ~8!

Consider initially the case of exact equalities in express
~8! when the main part of antimatter is contained in t
LAA’s of size l c . The number of domains containing th
equal values of phases at the 45 e-folds before the en
inflation is given by the following expression

n45'~e3/2!15'1015. ~9!

Then the probability that every domain of sizel c would not
be separated intoe3 domains with a size of one order o
magnitude less thenl c at the next e-fold is given byPs

'(1/2)e
3
'1026. Thus the number of domains serving as t

prototypes for LAA’s of sizel c looks like

n̄5n45Ps'109. ~10!

There are about 1011 galaxies in the Universe. Thus, accor
ing to such a simple consideration, we reveal that 1% of
volume boxes corresponding to each galaxy contains the
gion of sizel c filled with antimatter of the highest possibl
antibaryonic density if theu60 coincides with the left side of
inequality ~8! or the lowest one in the case if the oppos
equality is held.

We are able also to find the size distribution for LAA’
For this purpose it is necessary to study the inhomogene
of the phase induced by Eq.~3!. It has been well establishe
that for any given scalel 5k21, the large scale component o
the phase valueu is distributed in accordance with Gauss
law @21,22,28,31#. The quantity which will be especially in
teresting for us is the dispersion~4! for quantum fluctuations
of the phase with moments fromk5H21 to kmin5 l max

21

ha-
nt
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POSSIBLE ORIGIN OF ANTIMATTER REGIONS IN . . . PHYSICAL REVIEW D62 083505
~where thel max is the biggest cosmological scale that cor
sponds to 60 e-folds!. This quantity can be expressed in th
following manner:

s l
25

H2

4p2Ekmin

k

d ln k5
H2

4p2
ln

l max

l
5

H2

4p2f 2
~602Nl !,

~11!

whereNl is the number of e-folds which relates the bigge
cosmological scale to the given scalel. This means that the
distribution of the phase has the Gaussian form

P~u l ,l !5
1

A2ps l

expH 2
~u602u l !

2

2s l
2 J . ~12!

Suppose that at e-foldNt before the end of inflation the vol
umeV( ū,Nt) has been filled with phase valueū. Then at the
e-fold Nt1Dt5Nt2DN the volume filled with phaseū will
follow the iterative expression

V~ ū,Nt1Dt!5e3V~ ū,Nt!1~VU~Nt!

2e3V~ ū,Nt!P~ ū,Nt1Dt!!h. ~13!

Here theVU(Nt)'e3NtH23 is the volume of the Universe a
Nt e-fold. Expression~13! makes it possible to calculate th
size distributions of domains filled with an appropriate va
of the phase numerically. In order to illustrate quantitative
the number distribution of domains, we present here the
merical results for definite values ofu60, ū, andh5H/2p f .
Table I contains the results concerning the number of
mains with average phaseū at e-fold numberN.

The fraction of the Universe filled with phaseū appears to
be equal to 7.69431029. Thus we see that the distribution o
domains with size is very abrupt and should be peaked a
smallest value of size. Adjusting the free parametersu60 and
h we are able to achieve the situation where the volume
corresponding to each galaxy contains~1–10! regions with
an appropriate phaseū. The sizes of such regions are larg
or equal to the critical surviving size. In spite of the suf

TABLE I. The sample of distribution of proto-LAA’s by size

and numbers of e-folds atu605p/6; ū520; h50.026

N NLAA LLAAh

59 0 1103 Mpc
55 5.005310214 37.7 Mpc
54 7.91310210 13.9 Mpc
52 1.29131023 1.9 Mpc
51 0.499 630 kpc
50 74.099 255 kpc
49 8.9663103 94 kpc
48 8.0123105 35 kpc
47 5.6723107 12 kpc
46 3.3453109 4.7 kpc
45 1.70531011 1.7 kpc
08350
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ciently large total number of LAA’s only the small part o
our Universe will be occupied by LAA’s~see the last line in
the presented table!.

The nontrivial question on the actual forms of astrophy
cal objects LAA’s can have in the modern Universe nee
spacial analysis, which, in general, strongly depends on
assumed form of the nonbaryonic dark matter, dominating
the period of galaxy formation. However, based on the ea
analysis@6,34,35# the two extreme cases can be specifie
when the evolution of LAA’s is not strongly influenced b
the dark matter content. In the first case, the antibaryon d
sity within the LAA is by an order of magnitude higher tha
the average baryon density, so that the over density in
this region can exceed the dark matter density and rapid e
lution of such a LAA with the size exceeding the survivin
scale can provide the formation of a compact antimatter s
lar system@globular cluster~see, for review,@36#!#, which
can survive in the galaxy@34,35#. The other extreme case i
LAA with extremely low internal antibaryon densityV B̄
,1025. Then the diffused antiworld is realized, when n
compact antimatter objects are formed and LAA’s evo
into low density antiproton-positron plasma regions in vo
outside the galaxies@6,34#.

III. SPONTANEOUS BARYOGENESIS MECHANISM

The following element of our scenario of inhomogeneo
baryogenesis should contain a conversion of the phaseu into
baryon-antibaryon excess. We consider the ansatz of
spontaneous baryogenesis mechanism@9#. The basic feature
of this mechanism is that the sign of the baryon charge c
ated by the relaxation of the energy of the PNG field cr
cally depends on the direction that the phase is rotated on
bottom of the Mexican heat potential. It provides us with t
necessary mechanism to convert the domains containing
appropriate phase value, caused by fluctuations, to
LAA’s at the period when the tilt of the NG potential be
comes significant compared to the expansion rate.

The one reasonable issue concerning spontaneous b
genesis@9# has been considered in the Ref.@10#. Let us
briefly discuss it. It was assumed that in the early Univers
complex scalar fieldx coexists with inflatonf responsible
for inflation. This fieldx has a nonvanishing baryon numbe
The possible interaction ofx that violates the lepton numbe
can be described by following Lagrangian density~see, e.g.,
@10#!

L52]mx* ]mx2V~x!1 iQ̄gm]mQ1 i L̄gm]mL2mQQ̄Q

2mLL̄L1~gxQ̄L1H.c.!. ~14!

The fieldsQ andL could represent a heavy quark and lepto
coupled to the ordinary quark and lepton matter fields. Si
fields x and Q possess a baryon number while the fieldL
does not, the couplings in Eq.~14! violate the lepton numbe
@10#. The U~1! symmetry that corresponds to the bary
number is expressed by following transformations:

x→exp~ ib!x, Q→exp~ ib!Q, L→L. ~15!
5-5
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The effective Lagrangian density foru, Q, andL eventually
has the following form after symmetry breaking@10#:

L52
f 2

2
]mu]mu1 iQ̄gm]mQ1 i L̄gm]mL2mQQ̄Q2mLL̄L

1S g

A2
f Q̄L1H.c.D 1]muQ̄gmQ. ~16!

At the energy scaleL! f , the symmetry~15! is explicitly
broken and the Mexican hat circle gets a little pseudo-NG
described by the potential

V~a!5L4~12cosu!. ~17!

This potential, of high 2L4, has a unique minimum atu
50. Of course, in most cases, the potential~17! is the
lowest–order approximation to a more complicated expr
sions emerging from particle physics models~see, e.g.,@37#
and references therein!.

The important parameter for spontaneous baryogenes
the curvature of Eq.~17! in the vicinity of its minimum,
which is determined by the mass of the PNG field

mu
25

L4

f 2
. ~18!

As was mentioned above the fieldx is an additional field
with a nondominant energy density contribution to t
Hubble constant derived by the de Sitter stage. Suppose
the tilt was formed during inflation. Then the order of ma
nitude estimation for fluctuations induced by large-scale
homogeneity of oscillations of the fieldx gives dT/T
5(1/3)(dr/r)(L/T)4. Thus, for T5H/2p and reasonable
value L.1025H ~see the end of this section!, the thermal
electromagnetic background fluctuations are within the
servational limits.

Also, we assume that the fieldu behaves as a massle
NG field during inflation implying that the condition

mu!H ~19!

is valid, where theH is the Hubble constant during the in
flation. After the end of inflation, condition~19! is violated
and the oscillations of fieldu around the minimum of poten
tial ~17! are started. The energy densityru.u i

2mu
2f 2 of the

PNG field which has been created by quantum fluctuation
u during the inflation converts to baryons and antibaryo
@9,10#. The sign of the baryon charge depends on the ini
value of the phase from which the oscillations are starte

Let us estimate the number of baryons and antibary
produced by classical oscillations of fieldu with an arbitrary
initial phaseu i . The appropriate expression for the dens
of produced baryons~antibaryons! nB(B̄) is represented in
@10#

nB(B̄)5
g2

p2EmQ1mL

`

vdvU E
2`

`

dtx~ t !e62ivtU2

, ~20!
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which is valid if x(t→2`)5x(t→1`)50. The general
case can be obtained in the limitsx(t→2`)Þ0;x(t→
1`)50 without a loss of generality. After integration b
parts expression~20! has the form

NB(B̄)5
g2

4p2
Vu i

E
mQ1mL

`

dvU E
2`

`

dtẋ~t!e62ivtU2

,

~21!

where theVu i
is the volume containing the phase valueu i .

Here the surface terms appear to be zero att5` due to
asymptotic of fieldx and att52` due to Feynman radia
tion conditions.

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

u~ t !'u i~12mut ! ~22!

during the first oscillation. We also setmQ5mL50, which is
reasonable for estimations. Substituting Eqs.~22! and ~2!
into Eq. ~21! we come to

NB(B̄)'
g2f 2mu

8p2
Vu i

u i
2E

7u i /2

`

dṽ
sin2 ṽ

ṽ2
, ~23!

where the sign in the lower limit of the integral correspon
to baryon or antibaryon net excess generation, respectiv
The reasonability of our approximation follows from a com
parison of Eq.~23! at smallu i!1

NB2NB̄5
g2f 2mu

8p2
Vu i

u i
3 ~24!

with the result of@10#.
Using for the spatially homogeneous fieldx5( f /A2)eiu

the expression for baryon charge

Q5 i ~x* dx/dt2dx* /dtx!52 f du/dt, ~25!

one can easily conclude thatQ.0 if u.0 during the clas-
sical movement of phaseu to zero. Thus the counterclock
wise rotation gives rise to antibaryon excess while the clo
wise rotation leads to baryon excess.

During reheating, the inflaton energy converts into t
radiation. It is assumed that reheating takes place when
Mexican hat potential is not yet sensitive to the PNG t
This implies that the total decay width of inflatonG tot into
light degrees of freedom exceeds the massmu . In the other
words the reheating is going on under condition~19!. The
relaxation of theu field starts whenH'mu and converts to
the baryons or antibaryons. Baryonic charge is converted
side a comoving volume after reheating owing to very effe
tive decay during the cosmological time. This means that
baryon-to-entropy ratio innB(B̄) /s5const in the course o
expansion. The entropy density after thermalization is giv
by

s5
2p2

45
g* T3, ~26!
5-6
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whereg* is the total effective massless degrees of freedo
Here we are concerned with the temperature above the e
troweak symmetry-breaking scale. At this temperature all
degrees of freedom of the standard model are in equilibr
and g* is at least equal to 106.75. The temperature is c
nected with the expansion rate as follows:

T5A mpH

1.66g
*
1/2

5
Ampmu

g
*
1/4

. ~27!

The last part of expression~27! takes into account that th
relaxation starts under the conditionH'mu . Using the for-
mulas ~23!, ~26!, ~27! we are able to get the baryon
antibaryon asymmetry

nB(B̄)

s
5

45g2

16p4g
*
1/4S f

mp
D 3/2 f

L
Y~u i !. ~28!

The function Y(u)5u2*2u/2
u/2 dv(sin2 v/v2) takes into ac-

count the dependence of the amplitude of the baryon as
metry and its sign on the initial phase value in the differe
space regions during inflation.

Expression~28! allows us to get the observable baryo
asymmetry of the Universe as a wholenB /s'3310210. In
the model under consideration we have supposed initi
that f >H.1026mp . The natural value of the coupling con
stant isg<1022. We are coming to observable baryon asy
metry at the quite reasonable conditionf /L>105 ~see, e.g.,
@37#!.

IV. DISCUSSION

In this paper we have proposed a model for inhomo
neous baryosynthesis on the basis of the spontaneous b
genesis mechanism@9#. The model predicts the generation
LAA’s with sizes exceeding the critical surviving size. Th
antibaryon number density relative to background bary
density in the resulting LAA’s and its number depends
the value of the phase established at the beginning and o
parameters of the PNG field potential. It is possible to ha
one or several LAA’s in the volume box corresponding
every galaxy depending on the parameter values. The ob
vational consequences of existence of LAA’s and the rest
tions on their number and sizes have been analyzed in R
@6,34,35#.

Of course, we may in general expect that some reg
with size exceedingl c would contain antibaryon excess aft
the annihilation of small primordial domains and antid
mains contained in this region is completed. However,
probability to have such a region is suppressed expon
tially. Therefore, to have an observationally acceptable nu
ber of antimatter regions@34# with the size exceeding th
critical survival size, a superluminous cosmological exp
sion in the formation of primordial antimatter protodoma
seems necessary.

As we have mentioned, the additional problem for m
models of inhomogeneous baryogenesis invoking phase
sitions at the inflation epoch is the prediction of the lar
08350
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scale unwanted topological defects. Our scheme contains
premise for the existence of domain walls too. Such walls
not formed when only the minimum of the PNG potent
exists, which corresponds in the considered model to
fluctuations aroundu50, when the North pole (u5p) is not
crossed. But in the case when such crossing takes place
multiple degeneracy of vacua appears~e.g., vacua withu
50 andu52p). The equation of motion that corresponds
potential~17! admits a kinklike, domain-wall solution, which
interpolates between two adjacent vacua. Thus, when
PNG tilt is significant, a domain wall is formed along th
closed surface~e.g., u5p) @38#. In the other words every
LAA with high relative antibaryon density will be encom
passed by the domain-wall bag. The wall stress energD
'8 f L2 @38,39# leads to the oscillation of the wall bag afte
the whole bag enters the cosmological horizon. During
oscillations the energy stored in the walls is released in
form of quanta of NG field and gravitational waves. As w
take 0,u60,p, the wall’s bag will have the scale of th
order of a modern horizon, if the dispersions l max

is as large

asp2u60. Owing to the very large oscillation period, such
big wall bag would presumably survive to the present tim
which would be a cosmological disaster@29,30#. Thus the
upper limit on the dispersion will bes60,p. On the other
hand, this condition should be valued if we want to ha
parameters of the LAA population that do not contradict
rect and indirect observational constraints@2#. It means that
we will have wall bags with sizes less than the cosmologi
horizon and that walls had to decay until the present tim
The mechanisms of their decay is the subject of a sepa
paper, in which we also plan to obtain additional constrai
on the model, and which follow from the condition that wa
do not dominate within the cosmological horizon before t
bag decays. If the energy density of walls is sufficiently hi
to give local wall dominance in the border region before t
bag enters the horizon, it is of interest to analyze the role
superluminous expansion in the border regions in the
evolution ~see, e.g.,@40#!. The interesting question is on th
wall interaction with baryons in the course of wall contra
tion; decay will be also studied separately.

In general all baryogenesis models that are able to ge
ate some amount of antimatter regions look like the rad
limit of models with local baryon number density fluctu
tions, so-called isocurvature fluctuations@32,41#. It is known
that the contribution of isocurvature fluctuations to the c
mic microwave background~CMB! anisotropy obeys

dT

T
52

1

3

VB

V0
dBi

,

wheredBi
is the amplitude of the initial baryon number fluc

tuations andV0 (VB) are the total~baryon! density~in units
of critical density!. As it follows from our numerical illus-
tration @see Sec. II and expression~23!#, we must have quite
a large amplitude of initial baryon number fluctuationsdBi

;h/u60.1022 at the biggest cosmological scales, and co
sequently we would have large amplitude of isocurvat
5-7
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fluctuations at large scales, which contradicts the cos
background explorer~COBE! measurements@41#.

To avoid the problem of large-scale isocurvature fluct
tions, we can, for example, prevent the fluctuations of
phase at the largest cosmological scales. The point is th
have LAA with a size exceeding few kpc, we do not need
start phase fluctuations at the e-folds that correspond to
biggest cosmological scales. It is sufficient to start fluct
tions of the phase from the moment, for instance, when
scale 8h21 Mpc leaves the Hubble horizon during inflatio
namely after the 6.2 e-folds from the beginning of inflatio
We took this scale, because it is known that at a scale
then 8h21 Mpc we could generate initial baryon numb
fluctuations at the leveldBi

.1022–1023 without any con-
tradictions with observations.

One of the natural ways to prevent the phase fluctuati
at the early inflation is to keep U~1! symmetry restored dur
ing first 7 e-folds. The mechanism that is able to rest
symmetry during inflation has been consider in Re
@24,27,28,42#. According to those works we can introduc
the interaction between the inflaton fieldf and fieldx. The
simple potential of such a kind may be chosen asV(f,x)
5 1

4 lff41V(x)1nf2x* x, wheren5mx
2/cMp

2 , andc.1.
The effective mass of the fieldx depends onf directly
mx

2(f)5mx
21nf2. One considers here for simplicity th

casen5mx
2/cMp

2 . This implies that the effective value o
massmx

2(f) during inflation is given byn(f22cMp
2) and is

positive because of the very large value of the inflation fie
It means that our U~1! symmetry is restored during the pe
riod when the amplitude of the inflaton field exceedsfc

5AcMP , and the fieldx settles into the minimum of its
symmetric potential. During this period there was no N
boson valley and phase fluctuations. After the moment
the inflaton field turns to be less thanfc , the symmetry
breaking takes place and the NG potential has the ra
f e f f5An(cMp

22f2)/lx and fluctuations are started. T
keep symmetry restored during first 7 e-folds we should h
fc54M p . After the moment of symmetry breaking, it
allowed to start the fluctuations of the phase with appropr
dispersion to create LAA’s, without any contradictions wi
observed CMB anisotropy. Of course to evaluate the dis
bution of LAA’s by sizes we have to take another parame
than we have used in our numerical example, but it does
change the main result of this paper.

Another story will take place if we would like to conside
the AD baryogenesis as a basis for the generation of LAA

As was discussed in the Introduction, the dynamics of
AD field is more complicated than in the case of spontane
baryogenesis. Moreover, it depends on the fact that, D- o
term inflation takes place. Also some details depend on
dimension (d54, 6 . . . ) of thenonrenormalizable term lift-
ing the flat direction@16,13#, but it is enough for the brief
discussion to concern ourselves with the minimal AD bar
genesis@16#, whered54. Thus in the case of D- term infla
tion, when the coherent slow rolling of the AD field an
inflaton are already established, the maximal radiusf e f f

AD(D)

.1016 GeV of the effectively massless angular direction c
be obtained from the requirement that radial de Sitter fl
08350
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tuations of the AD field would not disturb significantly th
spectral index of the primordial adiabatic density perturb
tions @16# measured by COBE. Thereby, it is possible to g
dispersion of phase fluctuations at the levelh.1022 that is
required for successful generation of LAA’s. A similar situ
ation is observed in the case of F-term inflation@16,13# be-
cause the AD potential gets an order ofH2 negative mass-
squared term during inflation, which causes the effect
minimum atf e f f

AD(F).CFAHmp.1016 GeV ~theCF is a con-
stant of order of one!.

The isocurvature fluctuations in the model of inhomog
neous AD baryogenesis with dispersion of phase fluctuati
appropriate for the generation of LAA’s should be alrea
observed by the Cosmic Background Explorer~COBE! @16#.
Moreover this fluctuations can get some amplification ow
to the possible transformation of fluctuations of AD conde
sate into the isocurvature fluctuations of neutralinos@15#.
The exact solution of the problem of isocurvature fluctu
tions for the AD based antimatter generation is the subjec
separate investigation. Here we can only present some sp
lations, how to avoid the large isocurvature fluctuations
large cosmological scales, which are based on the sim
strategy that has been chosen in the case of spontan
baryogenesis.

As it has been mentioned in the Introduction, to organ
the angular, effectively massless direction in the AD pote
tial we should accept the condition of the absence of ordeH
correction to theA term both during and after inflation@16#.
This condition gets automatically satisfied in the case of
term inflation@17#, while it is not true if the inflation is F-
term dominated~see, for example,@13#!. According to this
observation we can hope to find the kind of trajectory of t
inflaton in field space that corresponds to the F-term do
nated inflation in the beginning and then goes into D-te
dominated regime. It implies that during the F-term dom
nated inflation the angular direction gets a mass of ordeH
and the imaginary component of the AD field is dumped a
exponentially close to the minimum caused by this effect
mass term. In such a situation there are no de Sitter fluc
tions of the phase. The fluctuations start only at the mom
when the inflation goes to the D-term dominated regime a
the angular direction turns out to be effectively massle
because there is no correction of orderH to theA term any-
more. As we estimated before, to put the maximal scale
isocurvature fluctuations far below the modern cosmolog
horizon the transition from F- term to D- term inflatio
should take place 5–10 e-folds after the beginning of in
tion. How to organize such a transition is the subject o
separate publication, but it seems that it could appear,
example, in the context of a realistic supergravity theory
riven from the weak coupled supestring@43#, which is al-
ready beyond the MSSM. There is some possibility to g
erate the F- term from a Fayet-Iliopoulos D- term@44#. It
could preserve the flatness of the F-term direction during
first 5–10 e-folds of inflation causing the F-term dominati
firstly and subsequent transformation of the vacuum ene
into the D-term domination mode, when it is allowed to b
5-8
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gin phase fluctuations of the AD field with dispersion app
priate for generation of LAA’s, and without contradiction
with COBE measurements.

We would like to note in conclusion that the regions w
antimatter in the matter-dominated universe could arise n
rally in a variety of models. The main issue that is needed
a valley of potential. It is the valleys that are responsible
formation of causally separated regions with different valu
of field which in its turn give rise to antimatter domain
Many extensions of the standard model based on supers
metry possess this property, which strongly extends
physical basis for cosmic antimatter searches.
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