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Abstract

We discuss the scalar field condensate baryogenesis model, which is among the baryogenesis

scenarios preferred today, compatible with inflation. According to that model a complex scalar

field , carrying baryon charge is generated at inflation. The baryon excess in the Universe

results from the decay at later stages of Universe evolution (T << 1015 GeV).

We updated the model's parameters range according to the current observational cosmolog-

ical constraints and analyzed numerically evolution after the inflationary stage till its decay

0 -� qql-y. During that period oscillated with a decreasing amplitude due to Universe expan-

sion and particle production processes due to the coupling of the field to fermions gofif2.

It was shown that particle creation processes play an essential role for evolution and its

final value. It may lead to a considerable decrease of the field's amplitude for large g and/or

large H values, which reflects finally into strong damping of the baryon charge carried by the

condensate.

The analysis suggests that for a natural range of the model's parameters the observed value

of the baryon asymmetry can be obtained and the model can serve as a successful baryogenesis

model, compatible with inflation.
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1 INTRODUCTION

The generation of the observed baryon asymmetry is one of the yet unsolved problems of

cosmology. There exist numerous baryogenesis scenarios, the most famous among them being

GUT, electroweak and scalar field condensate scenarios.

We discuss the scalar field condensate baryogenesis model (SCB model), which is among the

baryogenesis scenarios preferred today, compatible with inflation.

Attractive features of thE model are: The model is compatible with inflation, there is no

problem of insufficient reheating because baryogenesis proceeds at low temperatures; there is no

washing out of the baryon excess at EW phase transition because baryon asymmetry is generated

afterwards; the model provides natural generation of a small , in contrast with the Affieck and

Dine (Affleck & Dine, 1985) original version which predicted >> 1. Moreover, the model

can serve as a successful iso(urvature baryogenesis model, providing large separation between

large domains of matter and antimatter, without domain walls between them and implicit CP-

violation is not required.

Hence, we consider it worthwhile to update the model and provide more precise numerical

study of the evolution of the baryon charge carrying scalar field using the exact kinetic equations

governing its evolution.

In the next section we brefly discuss the problem of the baryon asymmetry, presenting the

present day observational eNidence for the predominance of matter over antimatter and the

precision BBN and CMB masurements of the baryon density value. In section 2 we describe

the SCB model. In section 3 we study in more detail the postinflationary evolution of the field

and present the results of the numerical analysis. In the last section we make the concluding

remarks.

2 BARYON ASYMMETRY OF THE UNIVERSE

There exists strong predominance of matter over antimatter in our Galaxy indicated from the

Cosmic Ray and Gamma R&Y experiments.

Cosmic ray data indicate that there are no antimatter objects within a radius of Mpc.

Cosmic Ray search for and antinuclei on balloons and spacecraft found: p1p - 0- at

E < 2 GeV, and p1p - 10-4 at E > 2 GeV. So, antiprotons detected in primary cosmic radiation

can be explained as due to interactions of the primary CR particles with the interstellar medium.

Antinuclei have not been detected, the upper limit (see e.g. Saeki et al. 1998): HelHe <

1.7. 10-6 was obtained.

Gamma Ray data, namely the absence of the annihilation feature expected from the borders

between matter and antimatter regions, points that antimatter objects, eventually present in our

cluster of galaxies :5 15 Mp,,,), should be negligible.

So the baryon asymmetry , usually defined as the ratio of the difference between baryon
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and antibaryon number densities and the photon number density = NB - Np)IN. in our

near vicinity becomes equal to the baryon-to photon ratio: - NBINy = l. Baryon density is

now measured with good precision:

- - 6 x o-10

There are different ways to determine the baryonic density, also denoted a bh = 365 .107 'q,

where b = pblpit. The most popular and precise among them are BBN and CMB determi-

nations.

BBN precision determinations correspond to the high-redshift epoch z - 10': The concor-

dance b/n predicted and extracted from observational data primordial abundances of D, He-3,

He-4, Li-7 is used to measure the baryon content of the Universe (see e.g. Cyburt et al. 2003;

Cuoco et al. 2003).

Among the light elements D is the most sensitive to q, therefore its measurements towards

low Z QAS (Lyman limit systems - LLS) (z - 3 compared with the predictions from BBN (see

e.g. Burles et al. 2001; Kirkman et.al. 2003) presents the best determination of based on

BBN:

Qbh = 0.0216 +0_0020-0.0021

= 592+0.55 X lo-10-0.58

for DIH = 2.78+0 .44 X l-5.
0.38

Recently precision CMB determinations of the baryon density at z - 1000 were provided

based on the CMB anisotropy measurements by WMAP(see e.g. Spergel et al. 2003). They are

considered to be providing the most precise value for the baryon density, namely:

Qbh 2 = 0.0224 00009

= 614 ± 025) 10- 10

The concrete mechanism of the generation of the observed baryon density, the explanation of

its value and sign, as well as its eventual spatial distribution, is the main aim of the contemporary

baryogenesis scenarios.

3 SCALAR FIELD CONDENSATE BARYOGENESIS MODEL

The model is based on the Affleck & Dine baryogenesis scenario (Affleck & Dine, 1985) and

was proposed in ref. (Dolgov & Kirilova, 1991). Its capability to serve as an isocurvature

baryogenesis scenario was studied in (Chizhov & Kirilova 1996, Kirilova & Chizhov 2000).

Essential characteristics of the model are:

(i) Complex scalar field , carrying baryon charge 0, present at inflation:

The condensate of the baryon charge carrying scalar field < > is formed due to the
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enhancement of quantum flu 2tuations of the field (see e.g. Vilenkin & Ford 1982; Linde 182;

Bunch Davies 1978):

< 2 >= H 3t/47r2

In case the length of the fluctuations exceeds the horizon, they cannot be distinguished from a

homogeneous classical field vrith amplitude < 2 > /2. We denote the scalar field further with

0.

(ii) Baryon charge violation at micro distances at the inflationary stage:

As a result of the baryon charge violation (BV) at large due to BV self-interaction last term

in the potential U(O) a condensate of a baryon charge density (stored in < > is produced

during the inflationary stage - H3. Hi is the Hubble parameter at inflationary stage.

MY + Al W + A2 (04 o*4), (1)

2 4

where m < HI, Ai a, m - 102 104 GeV. The initial values: 0max _ HI 14 I-J2

4are assumed such that the ntural assumption that the energy density of at inflation is HI

can be fulfilled.

(iii ) decays and transfers its charge into quarks:

The amplitude of decreases due to particle creation till tb epoch. tb corresponds to the time

when the decreasing BV term becomes comparable and weaker than the B-conservation mass

term, i.e. - m marks tl..e beginning of the B-conservation epoch during which .0 decays

with nonzero average baryon charge into quarks and leptons 0 --+ qql-y. This baryon charge

transferred to quarks dictates the observed today baryon asymmetry.

4 EVOLUTION F AND AFTER INFLATION

We assume that at the end of inflation there existed 2 scalar fields: the inflaton �b and and the

inflaton density is the domir�ant one p > pp. These fields begin to oscillate about their global

minima, when < m. As fr as m > mo, the inflaton oscillations start first:

= MPL(37r)- 1/2 sin(mpt).

Then the Hubble parameter is given by H = 2/(3t).

It further diminishes with epansion according to p = m 2M 2 [(R,,,IR]'. Therefore, we make'P P
the natural assumption that the inflaton energy density dominates the Universe.

Then in the expanding Universe satisfies the equation:

a-249,20 +3H�+U' =0 (2)

where a is the scale factor arid H d1a.

At .0 >> m, oscillates wita a decreasing amplitude due to:

(a) Universe expansion
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(b) Particle production by the oscillating with frequency scalar field (Dolgov & Kirilova 1990;

Kirilova & Chizhov 1996), coupled to fermions gofjf2. We have accounted for the eventual

damping of as a result of the particle creation processes due to the coupling of the field to

fermions goflf2 using an adiabatic approximation. Then is damped: 0 --+ oexp(-rt), where

r = o.w, g 2/47 = a, _ 1120,(X).

B is damped correspondingly, as well, since = il\2 (04 - 0*4).

In case the damping process is slow enough (for example, if w is a decreasing function of time)

the damping is weak and the baryon charge contained in could survive until B-conservation

epoch tb, corresponding to - m when decays with this non-zero average charge, transferring

it to the quarks.

We have provided a numerical analysis of the baryon charge carrying scalar field evolution

after the inflationary stage till the field's decay. We have used the Runge-Kutta 4th order

scheme with step h = 10-7 _ 10-8. The following range of the model's parameters was analyzed:

10-2 < A < x 10-2, 10-3 < < 1-2, 106 < H < 1013, 10 < m < 2000.

In Figure 1, the evolution of the baryon charge carrying scalar field is presented. The upper

figure gives the evolution of the field neglecting the particle creation, the lower one - the realistic

case with the account of the particle creation processes. Depending on the value of - aH

the damping of the field may be more or less strongly expressed.

The evolution of the baryon charge contained in the condensate are shown in the Figures

2. The upper curve presents the evolution of the baryon charge in co-moving volume in case

particle creation is neglected, the lower one presents the more realistic situation, when the

particle creation processes are accounted for.

The generated value of the baryon excess is very sensitive to the level of damping due to

particle creation processes. As illustrated, particle creation may lead to a considerable decrease

of the field's amplitude for large a or/and large H values, which reflects finally into the decrease

of the baxyon charge carried by the condensate. This is easy to understand having in mind that,

r _aH.

It is obvious that the damping dependence on a is very strong. Large a > 0-1 leads to a

very early diminishing of the baryon charge during the BV epoch, so the baryon charge in the

condensate cannot survive till the BC epoch to be transferred to quarks, and hence, the observed

asymmetry cannot be generated. For smaller a the process of damping is not so strong, and for

certain ranges of model parameters enough baryon charge contained in the condensate survives,

so the model can successfully reproduce the observed baryon density value.

The dependence on H, through the dependence of Fon fields amplitude, is more complicated.

On one side higher H leads to higher oscillation rate, on the other it increases the length of the

BV-period.

Due to the oscillatory character of B, the value of the generated asymmetry is very sensitive

to the parameters of the model, as well as to the numerical methods used, and therefore, the
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Figure 1: The evolution of the real component of the field 1 is presented for Al Ct 10-2, A2 10-3,

35OGeV, Hi = 1012 GeV 0. == HIA- 1/4, andH 2, where �p(,r = 11HI and r (Hit) 1/3.

problem requires further precise numerical studies. In the first place, due to the extreme sen-

sitivity of the generated baryon value to r, it is necessary to account more accurately for the

damping due to particle creation. Here we have used the analytical estimation, obtained in ref.

(see e.g. Dolgov & Kirilova -.991) for the frequency of the field and accounted for the damping

due to particle creation adiabatically.

In future more realistic mdels of baryogenesis should obtain self consistently the frequency of

field's oscillations and correspondingly r from the exact numerical analysis of the fields evolution.

Our preliminary results concerning this show that the real oscillation frequency of the field may

be quite different from the assumed one, used in the adiabatical approximation of the particle

creation. Hence, we expect that these future improvements will allow to fix more precisely the

parameters' range for which this model can serve as a successful baryogenesis scenario.

5 CONCLUSIONS

We have provided a more precise numerical analysis of the postinflationary evolution of the

baryon charge carrying scalar field in the framework of the scalar field condensate baryogenesis
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Figure 2 The evolution of the baryon charge b(-r) contained in the condensate < > for A 10-2, A2
10-3, m = 35OGeV, Hi = 1012 GeVk = HA-1/4, and � = H2 is presented.

model using the exact kinetic equations. In previous studies it was studied semi-analytically.

The allowed range of model's parameters was updated according to the current observational

cosmological constraints.

We confirmed the most essential result of the original studies, that the SCB model can serve

as a successful baryogenesis scenario compatible with inflation and deserves further investiga-

tions. The analysis has shown that for a natural range of values of the model's parameters the

observed value of the baryon asymmetry can be obtained.

This toy model should be further improved by providing a more precise account for the

particle creation processes, which was found to play an essential role for the determination of

the final baryon value.
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