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Possible origin of antimatter regions in the baryon dominated universe
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We discuss the evolution of @(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 Univerdg(ITheymmetry
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 numbs(s): 98.80.Cq, 11.30.Fs, 14.80.Mz

[. INTRODUCTION LAA’s must be small compared to the total baryon number
of the Universe.

The statement that our Universe is baryon asymmetrical At first glance it is not difficult to have some amount of
as a whole is a quite firmly established observational fact of AA’s if we simply suppose that in the early Universe when
contemporary cosmology. Indeed, if large regions of mattethe baryon excess is generated Gand CP violation have
and antimatter coexist, then annihilation would take place adlifferent signs in different space regiof¢]. This may be
the borders between them. If the typical size of such a doachieved, for example, in models with two different sources
main was small enough, then the energy released by thesé CP violation, an explicit and a spontanedid one. How-
annihilations would result in a diffuse-ray background, in ~ €ver, any spontaneo@P-violation processes are a result of
distortions of the spectrum of the cosmic microwave radiathe early phase transition of first or second order which im-
tion and light element abundance, neither of which is obPliés a very small size of primordial LAA'$3]. For ex-

served(see for review, e.gf1]). A recent analysis of this amPple, if the LAA's are formed in the second-order phase

problem[2] for a baryon symmetric universe demonstratestr"’,msmon’ their size at the mor_nent of formation_is deter-
mined byl;=1/(\T.), whereT, is the so-called Ginsburg

that the size of regions should exceed 1000 Mpc, being corﬁt11 turéthe critical t t t which the ph i
parable with the modern cosmological horizon. It therefore emperaturgthe critical temperature at which the phase tran-

seems that the Universe is fundamentally matter-antimatte?Itlon takgs plac).eand)\ is the self-interaction coupling con-
asymmetric. However, the arguments usedhdo not ex- stant of field which break€ P symmetry[5]. As a result of

clude the case when the Universe is composed almost ellnhe expansion the modem sizes of domains would régch

. . ) . : . - T=1(T I Te)=1/(\To)=10 2pc/\, whereT, is the present
tlre!y of matter with relatively small msgmons of primordial temperature of the background radiation.
antimatter. Thus we may expect the existence of macrosco

PI" On the other hand, it has been revedélithat the aver-

cally large antimatter regions in the baryon asymmetric uni-age displacement of the LAA’s boundary caused by annihi-

verse, which are much smaller than the modern cosmologicghtion with surrounding matter is about 0.5 pc at the end of
horizon. Since this situation differs drastically from the caseagjation dominatedRD) epoch. Therefore, any primordial

of the baryon symmetric universe, we call the region filled| AA having initial size up to 0.5 pc or more at the end of
with antimatter in the baryon dominated universe the locaRp stage survives to the contemporary epoch and in the case
antimatter aredLAA ). Of course the existence of LAA'S is of successive homogeneous expansion has the=sizé&pc

not a rigorous requirement of baryosynthesis, but somer more. Any primordial LAA with a scale less then critical
modification of baryogenesis scenarios will result in the for-survival sizel,~1 kpc at the contemporary epoch must be
mation of domains with a different sign of baryon chargeeaten up by the annihilation process. Thus it is a serious
(see, for exampl€,3]). The only condition which is neces- problem which any model with thermal phase transition en-
sary to satisfy is that the amount of antibaryons withincounters to create primordial LAA with the size exceeding
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the critical survival sizé. to avoid complete annihilation.  biguous inflation dynamics of scalar field-generated baryon
There is an additional problem for baryosynthesis withcharge. This fact allows us to establish quantitatively a defi-
surviving LAA’s sizes. The point is that any phase transitionnite relationship between the effects of inflation and genera-
is accompanied by formation of topological defects. If wetion of baryon(antibaryon excess in inhomogeneous baryo-
blow up the region with different signs of charge symmetry,genesis. However, this relationship may be too rigid for the
we automatically blow up the scale of respective topologicalealistic model of antimatter domain formation compatible
defect structure. If the structure decays sufficiently late in thevith the whole set of astrophysical constraints. The consis-
observable part of the Universe, the contribution of energytent picture may need more sophisticated scenarios. The
density of such topological defects could be sufficiently highprincipal possibility for such a scenario can be considered on
to contradict other observations. It can be easily estimatethe base of an Affleck-Din€AD) [12] baryogenesis mecha-
that the structure with the scale corresponding to the survivatism that still receives a lot of attentiga2—17.
size enters the horizon and starts to decay=t0.1 MeV, AD baryogenesis also involves the cosmological evolu-
i.e., in the period of big bang nucleosynthesis. To removdion of the effective scalar field, which carries the baryonic
these unwanted relics sufficiently early it is necessary taharge, being composed of supersymmetric partners of elec-
have a mechanism for symmetry restoration. This mechatrically neutral quark and lepton combinations. The impor-
nism implies that the baryogenesis is going on within atant feature of supersymmetric extensions of the standard
rather narrow time intervdl7,8]. model is the existence of “flat directions” in field space, on
In the present paper we have elaborated the issue for irwhich the scalar potential vanishgsl—-13. We will refer
homogeneous baryosynthesis without the difficulties pointedor the definiteness to the flat directions of minimal standard
out above. The proposed approach is based on the mechaipersymmetric modéMSSM) [13,18. Thus, if the some
nism of spontaneous baryogenel$$ This mechanism im- component of the scalar field lies along a flat direction, this
plies the existence of a complex scalar field carrying thecomponent can be considered as a free massless complex
baryonic charge with explicitly broken () symmetry. The scalar, the so-called AD fieldl2,13. At the level of renor-
baryon-antibaryon number excess is produced when thmalizable terms, “flat directions” are generic, but supersym-
phase of this additional field moves along the valley of itsmetry breaking and nonrenormalizable operators lift the “flat
potential[9,10]. directions” and sets the scale for their potential. During the
It is supposed that the vacuum energy responsible for ininflational period the AD field develops a nonzero vacuum
flation is driven by any scalar inflaton field, and an additionalexpectation value and subsequently when the Hubble rate
complex field coexists with the inflaton. Due to the fact thatbecomes of the order of the curvature of AD potential, the
the vacuum energy during the inflational period is too largecondensate starts to oscillate around its present minimum.
the tilt of the potential is vanished. This implies that the Baryon asymmetry can be induced in such a condensate only
phase of the field behaves as ordinary massless Nambii-there exists a phase shift between the real and imaginary
Goldstone(NG) boson and the radius of the NG potential is parts of the AD field. Such a shift and consequeriland
firmly established by the scale of spontaneoi$)ldymme-  CP violation is provided by thé\ term in the potential which
try breaking. Owing to quantum fluctuations of the masslesparametrizes the MSSM “flat direction[12,13. The result-
field at the de Sitter backgroun@1,22 the phase is varied ing sign and number density of baryon asymmetry depends
in different regions of the Universe. When the vacuum en-on the magnitude of the initial phase of the AD field and on
ergy decreases the tilt of potential becomes topical, and thine phase shift created by tleterm at the relaxation period
pseudo-NG(PNG field starts to oscillate. As the field rolls [12-14. Therefore, the de Sitter fluctuations can generate
down in one direction during the first oscillation, it preferen- LAA’s in the baryon asymmetric universe in a way similar to
tially creates baryons over antibaryons, while the opposite ithe spontaneous baryogenesis if the angular direction of the
true as it rolls down in the opposite direction. Thus to have 8D field is characterized by the mass that is much smaller
globally baryon dominated Universe one must have theéhan the Hubble constairt during inflation. It takes place if
phase sited in the point, corresponding to the positive baryothere are no of orded corrections to theA term[17].
excess generation, just at the beginning of inflatiamen The early dynamics of the AD field are quite complicated
the size of the modern Universe crosses the hojizbhen  [16] owing to the nontrivial background energy density driv-
subsequent quantum fluctuations can move the phase to tieg the inflation in MSSM. Moreover, the AD potential can
appropriate position causing the antibaryon excess produget corrections from the vacuum energy that removes its
tion. If it takes place not too late after the inflation begins,minimum from the original ond13,14,16,17T. In general
the size of LAA may exceed the critical surviving size there are two types of inflation in MSSM, D-term or F-term
The main idea of this paper is based on the existence dhflation (see, for a review19]), depending on the type of
quantum fluctuations along the effectively massless angularacuum contributing the energy density during the de Sitter
direction of the baryonic charged scalar field. Thus, morestage. In the case of D-term inflation AD fields and the in-
generally, the considered issue of generation of LAA’s isflaton slow roll coherentlf16] (in the absence of ordéd?
applicable practically to all mechanisms of baryogenesisorrections to the mass-squared term of the AD potential
where the number density and sign of the baryon asymmetrimplies that the radius of the effectively massless angular
depend on the angular component of the complex scalahD direction is determined by the immediate value of the
field. The advantage of the mechanism of spontaneoummflaton field. For the case of F—term inflation the AD scalar
baryogenesi$9] considered here is the quite simple unam-will get an order H?> negative mass-squared term
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[13,14,16,17 causing the minimum of the AD potential. The scalar field with a vanishing effective potentisl(a)=0. In
AD field is closed to the minimum during the F-inflation this case, has the familiar Mexican hat potential, and the
stage[16] and this minimum determines the radius of thedegenerated vacua correspond to the circle of radius
circle valley of the effectively massless angular direction. Throughout this paper we deal with the dimensionless angu-
The conclusion from this explicit example based on thelar field 6= a/f.
MSSM is the following. For any complicated inflation dy-  We are concerned here with the possibility of storing an
namics of a baryon charged field it is possible to simulate amppropriate phase value in the domain with the size exceed-
appropriate massless direction that behaves similar to thiag the critical survival size. Such a value of the phase plays
circle valley of the NG potential. This fact makes the pro-the role of a starting point for counterclockwise movement,
posed issue for the generation of LAA’s viable not only for which is going to generate antibaryon excess when the tilt of
the spontaneous baryogenesis mechanism, but for the aibtential breaking (L), explicitly, will turn to be topical.
mechanisms dealing with effectively massless angular direc- We assume that the Hubble constant varies slowly during
tions during inflation[20]. inflation. Also we use well established behavior of quantum
The paper is organized as the following. In Sec. Il wefluctuations on the de Sitter backgrou8]. It implies that
discuss the quantum behavior of the nondominaid) dym-  vacuum fluctuations of every scalar field grow exponentially
metric scalar field at the inflation period. We estimate thein the inflating Universe. When the wavelength of a particu-
amplitude and space scale of the fluctuations of the phase fddr fluctuation becomes greater thein * the average ampli-
this field without PNG tilt. The size distribution of these tude of this fluctuation freezes out at some nonzero value
fluctuations determines the size distribution of LAA’s. Sec-because of the large friction term in the equation of motion
tion 11l contains calculations of baryon-antibaryon net excessf the scalar field, whereas its wavelength grows exponen-
production at the relaxation of the phase when the tilt of thetially. In the other words such a frozen fluctuation is equiva-
Mexican hat potential becomes topical. We summarize oulent to the appearance of a classical field that does not vanish
conclusions and discuss some problems of the considerexfter averaging over macroscopic space intervals. Because

scenarios in Sec. IV. the vacuum must contain fluctuations of every wavelength,
inflation leads to the creation of more and more new regions

Il. PHASE DISTRIBUTION FOR NG EIELD AT containing the classical field of different amplitudes with a

THE INELATION PERIOD scale greater thaH ~*. The averaged amplitude of such NG

] ) . ) . field fluctuations generated during each time inteial® is
We start our consideration with the discussion of the evoyiven py[21]

lution of the U1) symmetric scalar field which coexists with

the inflaton at the inflation epoch. The quantum fluctuations H

of such a field during the inflation stage causes the perturba- Sa= — . (3)

tions for the phase marking the Nambu-Goldstone vacuum. 2m

In our model this phase determines the sign and value of

baryon excess, so the size distribution of domains containin@uring such a time interval the universe expands by a factor

the appropriate phase values, caused by those fluctuationsf, e. Since the NG field is massless during the inflation pe-

coincide with the size distribution of LAA's. riod (the PNG tilt is vanish y@f one can see that the ampli-
Thus to estimate the number density of antimatter regionstude of each frozen fluctuation is not changed in time at all

with sizes exceeding the critical survival sizein the baryo- and the phases of each wave are random. Thus the quantum

genesis model under consideration we have to deal witevolution of the NG field looks like the one-dimensional

long-wave quantum fluctuations of the NG boson field at theBrownian motion[28,31] along the circle valley correspond-

inflation period. Various aspects of this question have beeing to the bottom of the NG potential. This statement implies

examined in numerous pap€i@3—31 in connection with  that the values of the phaskin different regions become

the cosmology of the invisible axion. Also the de Sitter quan-different, and the corresponding variance grow$2#3

tum fluctuations have been analyzed in the framework of AD

baryogenesi§15,16]. 3
The effective potential of the complex field is taken in the ((66)%)= , (4
usual form Ar2f2
— 2
V)= —mx* x+ A (x* X)2+ Vo, (D which means that dispersion grows as/{(56)?)

=(H/27f) N, whereN is the number of e-folds. In the
other words the phasgmakes a quantum step with the scale
. H/27f at each e-fold, and the total number of steps during
x= Lex la ) some time intervalAt is given byN=HAt.

N7 f Let us consider the scal& '=H,'=300th"! Mpc

which is the biggest cosmological scale of interest. We sup-

The U1) symmetry breaking implies that the radial compo- pose that the Universe is baryon asymmetric in this scale
nent of the fieldy acquires a nonvanishing classical pdrt, which leaves the horizon at definite e-fd\t=N,,,,,. On the
=mX/\/)\—X and field @ in Eq. (2) becomes a massless NG other side this scale is the one entering the horizon now,

where the fieldy can be represented in the form
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Now we are in the position to estimate the fraction of the
Universe containing LAA’s. To ensure that the Universe
would be baryon asymmetric as a whole it is necessary to
suppose that the phase average valeedg, within the big-
gest cosmological scale of interest emerging at lhe,,
=60 e-folds before the end of inflation is located in the range
[0,77]. The 64 is the starting point for Brownian motion of
the phase value along the circle valley during inflation. As it

FIG. 1. Baryosynthesis in the spontaneous baryogenesis mechB2S been mentioned above, the phase makes the Brownian
nism. The sign of baryon asymmetry depends on the starting poirgtep 06=H/2mf at each e-fold. Because the typical wave-
of phase oscillations. length of the fluctuatior§# generated during such timescale

is equal toH™ 1, the whole domairH 1, containing g,
namely a,.,Hmax=aoHo, Where the subscript 0 indicates after one e-fold effectively becomes divided irtbseparate,
the contemporary epoch. This implies that causal disconnected domains of radidS. Each domain
contains an almost homogeneous phase vdlge ;= 6g
+ 486. In half of these domains the phase evolves towards
(the North Polg and in the other domains it moves towards
zero(the South Pole To have LAA with appropriate sizes to
the subscripend denotes the epoch at the end of inflation. avoid full annihilation one should require that the phase
The slow-roll paradigm tells us that the last term of Ef}.is  value crossesr or zero not later than after 15 steps. Only in
usually <1. The first term depends on the evolution of athis case the LAA’s would have the sizes |arger tﬂ]@and
scale factora between the end of the slow-roll inflation and are conserved up to the modern era. This means that one of

the present epoch. Assuming that inflation ends by a shokhe two following inequality must be satisfied
matter-dominated period, which is followed by the RD stage

a(—:‘ndHend_ Hend
aogHo I

©)

Nmax= H )
max

lasting until the present matter dominated era begins, one has 15H 15H
[32] T ont = Oe0= 27f’ ®)
6 /
Nmax=62—In 10 Gev_lm HelnleP' (6)  Consider initially the case of exact equalities in expression
VHendM 3 Preh (8 when the main part of antimatter is contained in the

14 . ) LAA’s of size |.. The number of domains containing the
wherepyep, is the reheating temperature when the RD stage igqual values of phases at the 45 e-folds before the end of
established. WitH 4= 10" GeV and instant reheating this inflation is given by the following expression

givesN,,,~62, the largest possible value. However, if one
has to invoke supersymmetry to prevent the flatness of the N5~ (€3/2)1°~ 10, 9

inflation potential, for example, as in the case of AD baryo-

genesis, the¢, should not exceed #0GeV to avoid t00  Then the probability that every domain of sizewould not

much gravitino overproductiof83], and one ha®l,.x=58,  he separated inte* domains with a size of one order of
perhaps the biggest reasonable value. Throughout the pap@iagnitude less theh, at the next e-fold is given by
we will use Nmax: 6(.)' The smallest _(:c_)smolog!cal_?cale of %(1/2)62 10" ®. Thus the number of domains serving as the
LAA2 that is s_urwyed after anmhlla_tlon isk, =1, prototypes for LAA's of sizel, looks like
~8h* kpc [6]. It is nine orders of magnitude smaller then
Hy *, which corresponds to NP~ 10°. (10
Ne~Npax—13—3Inh~45, 7
¢ " There are about 1 galaxies in the Universe. Thus, accord-
Thus thel; should have left the horizon at 45 folds before ing to such a simple consideration, we reveal that 1% of the
the end of inflation. volume boxes corresponding to each galaxy contains the re-
Let us assume that the phase valireO corresponds to gion of sizel, filled with antimatter of the highest possible
South Pole of NG field circle valley, anl= 7 corresponds antibaryonic density if thé@g, coincides with the left side of
to the opposite pole. The positive gradient of phase in thignequality (8) or the lowest one in the case if the opposite
picture is routed as anticlockwise direction, and the dish okquality is held.
PNG potential would locate at the South Pole of cir@dee We are able also to find the size distribution for LAA’s.
Fig. 1. It will be shown below(see Sec. Il that the anti-  For this purpose it is necessary to study the inhomogeneities
baryon production corresponds to the regions that wouldf the phase induced by E(B). It has been well established
contain phase values caused counterclockwise rolling ofhat for any given scale=k ™!, the large scale component of
PNG field « during the first half period of oscillation. If the the phase valu@ is distributed in accordance with Gauss’s
field a rolls clockwise towards the dish of tilted potential law [21,22,28,3] The quantity which will be especially in-
just after the start of first oscillation then baryon productionteresting for us is the dispersig¢4) for quantum fluctuations

will take place. of the phase with moments frok=H ! to kminzlgéx
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TABLE I. The sample of distribution of proto-LAA’s by sizes ciently large total number of LAA’s only the small part of

and numbers of e-folds a@z,= 7/6; 6= —0; h=0.026 our Universe will be occupied by LAA'¢ésee the last line in
the presented table
N NLaa Lianh The nontrivial question on the actual forms of astrophysi-

cal objects LAA’s can have in the modern Universe needs

22 s 005?10714 ;;073&/”0; spacial analysis, which, in gene_ral, strongly depen_ds on the
. " 10 L MP assumed form of the nonbaryonic dark matter, dominating in
54 7.91x10 . 13.9 Mpc the period of galaxy formation. However, based on the early
52 1.291x10 1.9 Mpc analysis[6,34,39 the two extreme cases can be specified,
51 0.499 630 kpc when the evolution of LAA’s is not strongly influenced by
50 74.099 255 kpc the dark matter content. In the first case, the antibaryon den-
49 8.966< 10° 94 kpc sity within the LAA is by an order of magnitude higher than
48 8.01%10° 35 kpc the average baryon density, so that the over density inside
47 5.672< 10 12 kpc this region can exceed the dark matter density and rapid evo-
46 3.345¢10° 4.7 kpc lution of such a LAA with the size exceeding the surviving
45 1.705¢ 10 1.7 kpc scale can provide the formation of a compact antimatter stel-

lar system[globular cluster(see, for review|[36])], which
can survive in the galax}34,35. The other extreme case is
(where thel .54 is the biggest cosmological scale that corre-| AA with extremely low internal antibaryon densit@g
sponds to 60 e-folds This quantity can be expressed in the <1075, Then the diffused antiworld is realized, when no

following manner: compact antimatter objects are formed and LAA’s evolve
H2 H2 | H?2 into low density antiproton-positron plasma regions in voids
k . .
2= . dink=-—In max _ (60~ N)), outside the galaxiefs,34).
A7 J Knin 4 | 47t
(11) Ill. SPONTANEOUS BARYOGENESIS MECHANISM

whereN;, is the number of e-folds which relates the biggest The following element of our scenario of inhomogeneous
cosmological scale to the given scéleThis means that the baryogenesis should contain a conversion of the phas&

distribution of the phase has the Gaussian form baryon-antibaryon excess. We consider the ansatz of the
spontaneous baryogenesis mecharfi8inThe basic feature
1 (Ogo— 6,)? of this mechanism is that the sign of the baryon charge cre-
P(6,1)= 2mo, exp — 2007 | (120 ated by the relaxation of the energy of the PNG field criti-

cally depends on the direction that the phase is rotated on the

Suppose that at e-foll, before the end of inflation the vol- bottom of the Mexican heat potential. It provides us with the

umeV(9.N,) has been filled with phase valée Then at the necessary mechanism to convert the domains containing the
appropriate phase value, caused by fluctuations, to the

e-fold Ny, 5o =N;— AN the volume filled with phas@® will | Ap's at the period when the tilt of the NG potential be-
follow the iterative expression comes significant compared to the expansion rate.
_ g The one reasonable issue concerning spontaneous baryo-
V(0,Nisat) =€°V(0,Np) + (Vy(Ny) genesis[9] has been considered in the RL0]. Let us

briefly discuss it. It was assumed that in the early Universe a
complex scalar fielgy coexists with inflatong responsible

for inflation. This fieldy has a nonvanishing baryon number.
The possible interaction ¢f that violates the lepton number
can be described by following Lagrangian densgge, e.g.,

—e3V(0,N)P(0,Ni,0)h. (13

Here theV(N,) ~e*MH 3 is the volume of the Universe at
N, e-fold. Expressior{13) makes it possible to calculate the
size distributions of domains filled with an appropriate value 10
of the phase numerically. In order to illustrate quantitatively[ )
the number distribution of domains, we present here the nu- . _ _ _
— = — My, — 1 i M —

merical results for definite values @f,, 6, andh=H/2f. L=—d,x"*x—V(x)+1Qy*3,Q+iLy*d,L —mqQQ
Table | contains the results concerning the number of do- —mLL+(gxOL +H.c). (14)

. . L X
mains with average phageat e-fold numbeiN.

The fraction of the Universe filled with phageappears to  The fieldsQ andL could represent a heavy quark and lepton,
be equal to 7.694 10" °. Thus we see that the distribution of coupled to the ordinary quark and lepton matter fields. Since
domains with size is very abrupt and should be peaked at thgelds y and Q possess a baryon number while the field
smallest value of size. Adjusting the free parametggsand  does not, the couplings in E¢L4) violate the lepton number
h we are able to achieve the situation where the volume bok10]. The U1) symmetry that corresponds to the baryon
corresponding to each galaxy contaiils-10 regions with  number is expressed by following transformations:
an appropriate phase The sizes of such regions are larger
or equal to the critical surviving size. In spite of the suffi- x—expiB)xy, Q—expiB)Q, L—L. (15
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The effective Lagrangian density f&; Q, andL eventually  which is valid if y(t— —«)=y(t— +>)=0. The general
has the following form after symmetry breakifgOl: case can be obtained in the limijg(t— —)+#0;x(t—
+0)=0 without a loss of generality. After integration by

f2 o — — — arts expressiof20) has the form
L= 53,00 0+1Qy*3,Q+iLy*3,L ~meQQ-m LL P P )
2 ® o . . 2
g o NB(E):%QQJ dwf dry(r)e=2er| |
+| —=fQL+H.c.| +4,6Qy*Q. 16 ™ mQ*tm. =
2 Q £0QY*Q (16) (21)

At the energy scale\ <f, the symmetry(15) is explicitly where the(), is the volume containing the phase valgie
broken and the Mexican hat circle gets a little pseudo-NG tiltHere the surface terms appear to be zerd=atc due to

described by the potential asymptotic of fieldy and att= —« due to Feynman radia-
tion conditions.
V(a)=A%1-cosb). (17) For our estimations it is enough to accept that the phase
changes as

This potential, of high A4, has a unique minimum af

=0. Of course, in most cases, the potential) is the O(t)~ 6;,(1—mgt) (22)

lowest—order approximation to a more complicated expres- | ) o o

sions emerging from particle physics modé&se, e.g.[37] during the first OSC|I_Iat|0_n. We also s_mQ_=m,_=O, which is

and references thersin _reasonable for estimations. Substituting E(&2) and (2)
The important parameter for spontaneous baryogenesis {8t0 Ed.(21) we come to

the curvature of Eq(17) in the vicinity of its minimum,

which is determined by the mass of the PNG field NI g*f’m, fo dz)sinz w 29
B(B) 2 0; i =012 '-(1)2 )
A4
mng—z- (18)  where the sign in the lower limit of the integral corresponds

to baryon or antibaryon net excess generation, respectively.
The reasonability of our approximation follows from a com-

As was mentioned above the fiejdis an additional field parison of Eq.(23) at smallg,<1

with a nondominant energy density contribution to the
Hubble constant derived by the de Sitter stage. Suppose that 2¢2m
the tilt was formed during inflation. Then the order of mag- Ng— Ngzuﬂa 6} (24)
nitude estimation for fluctuations induced by large-scale in- 2 :
homogeneity of oscillations of the fielgy gives 6T/T )
= (1/3)(8p/p)(AIT)*. Thus, for T=H/27 and reasonable With the result of 10]. _
value A=10 °H (see the end of this sectiprthe thermal Using for the spatially homogeneous fiete= (f/y2)e'?
electromagnetic background fluctuations are within the obthe expression for baryon charge
servational limits. .

Also, we assume that the fielél behaves as a massless Q=i(x*dx/dt—dx"/dty)=—fdé/dt, (25

NG field during inflation implying that the condition one can easily conclude th@=0 if #>0 during the clas-

sical movement of phase to zero. Thus the counterclock-
wise rotation gives rise to antibaryon excess while the clock-
wise rotation leads to baryon excess.

During reheating, the inflaton energy converts into the
radiation. It is assumed that reheating takes place when the
Mexican hat potential is not yet sensitive to the PNG tilt.

my<H (19

is valid, where theH is the Hubble constant during the in-
flation. After the end of inflation, conditiofil9) is violated

and the oscillations of field around the miniryurzn of poten-
tial (17) are started. The energy densjiy= 6°m:f? of the T ) i .
PNG field which has been created by quantum fluctuations -Fhr'i (ljmphes th?tf the dtotal decaé/ V\fﬁth of 'nﬂlat?;lf" 'R:o
0 during the inflation converts to baryons and antibaryonsIg d e:[%reesho tr_ee om exceeds g Wﬂ@Sd_r:_dlge oTher
[9,10]. The sign of the baryon charge depends on the initiaf ' Or 0> the reheating 1s going on under cond (@9). The

value of the phase from which the oscillations are started. rﬁlea)éztrlogngf;rziéfg sétﬁgtst;?eon:ijg]g ?ngigigﬁ/ré?t;% i
Let us estimate the number of baryons and antibaryong. y yons. Y g

i o v . Side a comoving volume after reheating owing to very effec-
pr_qduced by classical oscnlajuons of f . ith an arbitrary .. tive decay during the cosmological time. This means that the
initial phased;. The appropriate expression for the density

of produced baryongantibaryon$ ng) is represented in baryon—_to-entrzopy ratio 'crjnB(E?/ s=ﬁconit n trll.e course c_)f
[10] expansion. The entropy density after thermalization is given

by
2 2 7T2

9 (=
(20) $= 45 0 T3, (26)

Ne@)=— wdw
e mg+mg

f th(t)eiZiwt
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whereg, is the total effective massless degrees of freedomscale unwanted topological defects. Our scheme contains the
Here we are concerned with the temperature above the elepremise for the existence of domain walls too. Such walls are
troweak symmetry-breaking scale. At this temperature all thaot formed when only the minimum of the PNG potential
degrees of freedom of the standard model are in equilibriunexists, which corresponds in the considered model to the
andg, is at least equal to 106.75. The temperature is confluctuations around=0, when the North poleq= ) is not

nected with the expansion rate as follows: crossed. But in the case when such crossing takes place, the
multiple degeneracy of vacua appedesg., vacua withd
mpH \/m =0 andf=2). The equation of motion that corresponds to
= - A (270 potential(17) admits a kinklike, domain-wall solution, which
1.66g; 95 interpolates between two adjacent vacua. Thus, when the

. , PNG tilt is significant, a domain wall is formed along the
The last part of expressiof27) takes into account that the ¢|,qeq surfacde.q., 0=) [38]. In the other words every
relaxation starts under the conditibfr=m,. Using the for- | Aa with high relative antibaryon density will be encom-
mulas (23), (26), (27) we are able to get the baryon- ,,sqeq py the domain-wall bag. The wall stress energy
antibaryon asymmetry ~8fA2[38,39 leads to the oscillation of the wall bag after
B ) a2 the whole bag enters the cosmological horizon. During the
Ne(B) _ 459 (L) —Y(8) (28) oscillations the energy stored in the walls is released in the
S 1677491/4 my/ A . form of quanta of NG field and gravitational waves. As we

take 0<6g0<, the wall's bag will have the scale of the

The function Y(6)= esz’f,,zdw(sinz wle? takes into ac- order of a modern horizon, if the dispersiemmax is as large
count the dependence of the amplitude of the baryon asynmasw— 6g9. Owing to the very large oscillation period, such a
metry and its sign on the initial phase value in the differentbig wall bag would presumably survive to the present time,
space regions during inflation. which would be a cosmological disastet9,30. Thus the
Expression(28) allows us to get the observable baryon upper limit on the dispersion will beg,<7. On the other
asymmetry of the Universe as a whalg/s~3x107 1% In  hand, this condition should be valued if we want to have
the model under consideration we have supposed initiallparameters of the LAA population that do not contradict di-
thathHzlo‘Gmp. The natural value of the coupling con- rect and indirect observational constraifi2$. It means that
stant isg=<102. We are coming to observable baryon asym-we will have wall bags with sizes less than the cosmological
metry at the quite reasonable conditibb\=10" (see, e.g., horizon and that walls had to decay until the present time.
[37]). The mechanisms of their decay is the subject of a separate
paper, in which we also plan to obtain additional constraints
on the model, and which follow from the condition that walls
do not dominate within the cosmological horizon before the
In this paper we have proposed a model for inhomogebag decays. If the energy density of walls is sufficiently high
neous baryosynthesis on the basis of the spontaneous baryto-give local wall dominance in the border region before the
genesis mechanisf®]. The model predicts the generation of bag enters the horizon, it is of interest to analyze the role of
LAA’s with sizes exceeding the critical surviving size. The superluminous expansion in the border regions in the bag
antibaryon number density relative to background baryorevolution(see, e.g.[40]). The interesting question is on the
density in the resulting LAA’s and its number depends onwall interaction with baryons in the course of wall contrac-
the value of the phase established at the beginning and on thien; decay will be also studied separately.
parameters of the PNG field potential. It is possible to have In general all baryogenesis models that are able to gener-
one or several LAA’s in the volume box corresponding toate some amount of antimatter regions look like the radical
every galaxy depending on the parameter values. The obsdimit of models with local baryon number density fluctua-
vational consequences of existence of LAA’s and the restrictions, so-called isocurvature fluctuatidr®2,41]. It is known
tions on their number and sizes have been analyzed in Refthat the contribution of isocurvature fluctuations to the cos-
[6,34,35. mic microwave backgroundCMB) anisotropy obeys
Of course, we may in general expect that some region
with size exceeding. would contain antibaryon excess after
the annihilation of small primordial domains and antido- ﬂ:_l%
mains contained in this region is completed. However, the T 30, o
probability to have such a region is suppressed exponen-
g2|r|y(-)fT gﬁ':i?;%rt?ésor:;\éigl]o\?vsiﬂ\{[ﬁgogiazlg :igggél?l?gljetﬂgmwhgre%i is the amplitude of the initial baryon .nurnber.fluc-
critical survival size, a superluminous cosmological expaniuations andl, (£2g) are the totalbaryon density(in units
sion in the formation of primordial antimatter protodomain Of critical density. As it follows from our numerical illus-
seems necessary. tration[see S.ec. Il angl fa?(preSSWZG)], we must have_ quite
As we have mentioned, the additional problem for most2 large amplitude of initial baryon number fluctuatiofis
models of inhomogeneous baryogenesis invoking phase tran-h/ 655=10"2 at the biggest cosmological scales, and con-
sitions at the inflation epoch is the prediction of the largesequently we would have large amplitude of isocurvature

IV. DISCUSSION
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fluctuations at large scales, which contradicts the cosmituations of the AD field would not disturb significantly the
background explorefCOBE) measurement41]. spectral index of the primordial adiabatic density perturba-
To avoid the problem of large-scale isocurvature fluctuations[16] measured by COBE. Thereby, it is possible to get
tions, we can, for example, prevent the fluctuations of thedispersion of phase fluctuations at the lekiet 102 that is
phase at the largest cosmological scales. The point is that t@quired for successful generation of LAA’s. A similar situ-
have LAA with a size exceeding few kpc, we do not need toation is observed in the case of F-term inflatid6,13 be-
start phase fluctuations at the e-folds that correspond to thgause the AD potential gets an ordertéf negative mass-

biggest cosmological scales. It is sufficient to start fluctuasquared term during inflation, which causes the effective
tions of the phase from the moment, for instance, when theinimum atfAbF~c. Hm,= 10 GeV (the Cr is a con-

scale &1~ Mpc leaves the Hubble horizon during inflation, stant of orde?f(f)f one

namely afte_r the 6.2 e-folds fr.or.n the beginning of inflation. The isocurvature fluctuations in the model of inhomoge-
:’r\]/: toE;:)]k_ ihﬁ sccalz, Egcl?jusir:telztlénqrﬁnalthg; at)r? ic?]Let)éeSr?eous AD baryogenesis with dispersion of phase fluctuations
na pc W ud 9 72r '3” . ry u ' appropriate for the generation of LAA’s should be already
fluctuations at the levebg =10 “—10 ° without any con-
B observed by the Cosmic Background Exploi@OBE) [16].

tradictions with observations. Moreover this fluctuations can get some amplification owing

Ohne oflth_e fr|1at_ura! waylf to prevent the phase flugtgationﬁ) the possible transformation of fluctuations of AD conden-
at the early inflation is to keep (@) symmetry restored dur- sate into the isocurvature fluctuations of neutralinds].

ing first 7 e-folds. The mechanism that is able to restorel.he exact solution of the problem of isocurvature fluctua-

symmetry during inflation has been “consider in Refs'tions for the AD based antimatter generation is the subject of

[24,27,28,42 According to those works we can introduce . L
the interaction between the inflaton fiefdand fieldy. The separate investigation. Here we can only present some specu-
lations, how to avoid the large isocurvature fluctuations at

simple potential of such a kind may be chosenVgs, . . i
be P y Vi, x) large cosmological scales, which are based on the similar

=Ny +V(x) + vdp®x* x, wherev=m?/cM2, andc=1. .
Th4e qéﬁectivc(a)%als}jgf fﬁe fielg Iziepexnds gnd) directly strategy that has been chosen in the case of spontaneous
baryogenesis.

20 4\ — m2 2 ; o
m =m+ . One considers here for simplicity the ° . . . .
(@)=t v plctty As it has been mentioned in the Introduction, to organize

casevzzm)z(/ CM;' This implies that the e;‘fectlvg value of e angular, effectively massless direction in the AD poten-
massm; (¢) during inflation is given by/(#°—cMp) andis  ia) we should accept the condition of the absence of ortler
positive because of the very Iargt_a value of the mfla‘uon field correction to theA term both during and after inflatidiL6].

I'F means that our (1) symmetry 1S restoreq during the pe- This condition gets automatically satisfied in the case of D-
riod when the amp_htude of the _mflaton f'eld. excee¢l§ term inflation[17], while it is not true if the inflation is F-
=VcMp, and the fieldy settles into the minimum of its o1 gominatedsee, for examplef13]). According to this
symmetric potential. During th|§ period there was no NG bservation we can hope to find the kind of trajectory of the
boson valley and phase fluctuations. After the moment thai flaton in field space that corresponds to the F-term domi-

the inflaton field turns to be less thaf., the symmetry . N L .
breaking takes place and the NG potential has the radiunated inflation in the beginning and then goes into D-term

B \/—ZT . gominated regime. It implies that during the F-term domi-
fer=yr(CM,—¢%)/\, and fluctuations are started. TO o4 inflation the angular direction gets a mass of oktler

keep symmetry restored during first 7 e-folds we should have ; : o
$.=4M,. After the moment of symmetry breaking, it is and the imaginary component of the AD field is dumped and

allowed to start the fluctuations of the phase with appropriatg)(pontem'alIIy closcra] to th{e T'mT#m caused zy tg!ft eﬁ;lectl{ve

dispersion to create LAA’s, without any contradictions with mass term. In such a situation there areé no de sitter fiuctua-
observed CMB anisotropy. Of course to evaluate the distrilionS Of the phase. The fluctuations start only at the moment
bution of LAA’s by sizes we have to take another paramete?"’he” the inflation goes to the D-term dominated regime and

than we have used in our numerical example, but it does ndhe angular direction turns out to be effectively massless,
change the main result of this paper. because there is no correction of ordeto the A term any-

Another story will take place if we would like to consider more. As we estimated before, to put the maximal scale of
the AD baryogenesis as a basis for the generation of LAA’sisocurvature fluctuations far below the modern cosmological
As was discussed in the Introduction, the dynamics of théorizon the transition from F- term to D- term inflation
AD field is more complicated than in the case of spontaneoushould take place 5-10 e-folds after the beginning of infla-
baryogenesis. Moreover, it depends on the fact that, D- or Rion. How to organize such a transition is the subject of a
term inflation takes place. Also some details depend on theeparate publication, but it seems that it could appear, for
dimension l=4,6...) of thenonrenormalizable term lift- example, in the context of a realistic supergravity theory de-

ing the flat direction[16,13, but it is enough for the brief riven from the weak coupled supestrifig3], which is al-
discussion to concern ourselves with the minimal AD baryoteady beyond the MSSM. There is some possibility to gen-
genesiqd 16], whered=4. Thus in the case of D- term infla- erate the F- term from a Fayet-lliopoulos D- tefd¥]. It
tion, when the coherent slow rolling of the AD field and could preserve the flatness of the F-term direction during the
inflaton are already established, the maximal rad@%(D) first 5-10 e-folds of inflation causing the F-term domination
=10'® GeV of the effectively massless angular direction canfirstly and subsequent transformation of the vacuum energy
be obtained from the requirement that radial de Sitter flucinto the D-term domination mode, when it is allowed to be-
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