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Abstract: We calculate the baryon asymmetry value generated in the Scalar Field Condensate (SCF)
baryogenesis model obtained in several inflationary scenarios and different reheating models. We
provide analysis of the baryon asymmetry value obtained for more than 70 sets of parameters of
the SCF model and the following inflationary scenarios, namely: new inflation, chaotic inflation,
Starobinsky inflation, MSSM inflation, quintessential inflation. We considered both cases of efficient
thermalization after inflation and delayed thermalization. We have found that the SFC baryogenesis
model produces baryon asymmetry orders of magnitude bigger than the observed one for the
following inflationary models: new inflation, new inflation model by Shafi and Vilenkin, MSSM
inflation, chaotic inflation with high reheating temperature and the simplest Shafi–Vilenkin chaotic
inflationary model. Strong diluting mechanisms are needed for these models to reduce the resultant
baryon excess at low energies to its observational value today. We have found that a successful
generation of the observed baryon asymmetry is possible by the SCF baryogenesis model in Modified
Starobinsky inflation, chaotic inflation with low reheating temperature, chaotic inflation in SUGRA,
and Quintessential inflation.

Keywords: early universe; models of inflation; SFC baryogenesis; reheating

1. Introduction

The inflationary paradigm for the description of the very early Universe is already
more than 30 years old; however, there still exist numerous models of inflation [1]. More-
over, the reheating process at the end of inflation that is believed to have provided the
transfer of the energy stored in the inflaton to other fields and thus enabled the beginning
of the radiation dominated stage of the Universe, could have also proceeded through
different mechanisms (perturbative [2], nonperturbative [3] (see also the discussion of
different reheating mechanisms in ref. [4])). Moreover, different decay channels and dif-
ferent decay rates of the inflaton and other particles, and different thermalization models
(instant or delayed) are possible [5]. Therefore, it is interesting to consider the possibility
for production of the observed baryon asymmetry β ∼ 6× 10−10 for different reheating
temperatures in different inflationary models.

In this work we analyze the baryon asymmetry generation according to the Scalar
Field Condensate (SFC) baryogenesis model for several inflationary scenarios and different
reheating models.

Baryon Asymmetry of the Universe

The generation of the baryon asymmetry of the Universe is one of the open cosmolog-
ical issues. Both cosmic ray data and gamma ray data indicate that there are no significant
quantities of antimatter in the local vicinity up to galaxy cluster scales of 10–20 Mpc [6–10].
It is most probable that our universe is made of matter.
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The baryon asymmetry is usually described by:

β = (Nb − Nb̄)/Nγ ∼ Nb/Nγ = η, (1)

where Nb is the number of baryons, Nb̄ is the number of anti-baryons, Nγ - the number
of photons.

The baryon-to-photon ratio η is precisely measured today, namely:

η ∼ 6× 10−10, (2)

the best baryometers being BBN and CMB measurements. Deuterium is the most sensitive
to η among the light elements produced during BBN. Thus, the most precisely obtained η,
based on BBN theory and D observations is [11]:

ηD = 6± 0.3× 10−10 at 95% C.L.

The CMB anisotropy data measures η with comparative accuracy, namely (see ref. [12]):

ηCMB = 6.11± 0.04× 10−10 at 68% C.L.

Although these independent measurements correspond to quite distant epochs, namely
BBN proceeds at z ∼ 109, while CMB at z ∼ 1000 they are in excellent agreement, i.e., there
was no change in this ratio between the two epochs.

At present there exist many baryogenesis models which successfully generate this
number at quite different epochs: in the wide range between the end of inflation and
before BBN. Just to mention the most popular ones: GUT baryogenesis [13,14], SUSSY
baryogenesis, baryogenesis through leptogenesis [15], Afleck and Dine baryogenesis [16],
Scalar Field Condensate baryogenesis (SFC) [2,17], warm baryogenesis [18], Gravitational
baryogenesis in Einstein’s gravity [19] and in modified gravity theories [20–22], etc.

In the next section we provide a short description of the SFC baryogenesis model.
In the third section we present our results for the calculated baryon asymmetry β in
different inflationary scenarios and different reheating models. In the conclusion we list
the main results and present a short discussion.

2. SFC Short Description

First ideas on the SFC baryogenesis model and the analytical construction of that
model were presented in Refs. [2,17]. In following publications an inhomogeneous SFC
baryogenesis model was explored semi-analytically, and was applied to explain the very
large scale structure in the universe and the quasi-periodicity found at very large scales
with typical period of 128 h−2 Mpc [23–25]. Since the first analytical considerations [2]
it is known that particle creation processes play an important role for the determination
of the baryon asymmetry generation in that model. Recently, a more precise numerical
account of particle creation processes and their role in SFC baryogenesis was provided in
Refs. [26–28].

According to theSCF baryogenesis model at the inflationary stage there existed the
inflaton ψ and a complex scalar field ϕ, carrying baryon charge. During inflation, as a
result of the rise of quantum fluctuations of ϕ, a condensate < ϕ > 6= 0 with a nonzero
baryon charge B is formed [29–31]. B is not conserved at large ϕ due to the presence of B
non-conserving (BV) self-interaction terms in the potential V(ϕ).

The equation of motion of ϕ is:

ϕ̈ + 3H ϕ̇ +
1
4

Γϕ ϕ̇ + U′ϕ = 0, (3)

where a(t) is the scale factor, H is the Hubble parameter H = ȧ/a. Γϕ = αΩ is the rate of
particle creation, Ω = 2π/T, where T is the period of the field oscillations. The analytically
estimated value: Ω0 = λ1/2 ϕ0, is used as an initial condition for the frequency.
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The baryon charge is given by:

B = −i(ϕ̇∗ϕ− ϕ̇ϕ∗). (4)

The potential is chosen of the form:

U(ϕ) = m2 ϕ2 +
λ1

2
|ϕ|4 + λ2

4
(ϕ4 + ϕ∗4) +

λ3

4
|ϕ|2(ϕ2 + ϕ∗2). (5)

The following natural assumptions are made: the mass parameters of the potential are
small in comparison with the Hubble parameter during inflation m� HI , the self-coupling
constants λi are of the order of the gauge coupling constant α, and m is in the range 102–104

GeV. The energy density of ϕ at the inflationary stage is of the order H4
I , hence

ϕmax
o ∼ HIλ

−1/4, ϕ̇o = (HI)
2, B0 = H3

I . (6)

At the end of the inflationary stage ϕ starts to oscillate around its equilibrium. Its am-
plitude decreases due to the Universe expansion and due to the particle creation processes,
resultant from the coupling of the scalar field to fermions gϕ f1 f2, where g2/4π = αGUT .

In the SFC baryogenesis model, B contained in the condensate, can be reduced consid-
erably due to particle creation at the BV stage [17,32]. Therefore, at the stage, when baryon
violation is large, B contained in ϕ condensate, is reduced due to particle production.

Here we provide numerical account for the particle creation processes of ϕ. BV be-
comes negligible at small ϕ. B which survives until B-conservation epoch tB, is transferred
to fermions and thus the excess of matter over antimatter is produced.

We have provided a numerical analysis [26,27,32,33] of the evolution of the real and
imaginary components of ϕ, ϕ(t) = x + iy, and of B(t) from the inflationary stage until tB.
We developed a computer program in Fortran 77 using 4th order Runge–Kutta method.
The system of ordinary differential equations, corresponding to the equation of motion
for the real and imaginary part of ϕ and B was solved calculating Ω at each step. The nu-
merical analysis included around 100 sets of parameters in their natural ranges of values:
α = 10−3 − 5× 10−2, HI = 107 − 1012 GeV, m = 100− 1000 GeV, λ1 = 10−3 − 5× 10−2,
λ2,3 = 10−4 − 5× 10−2. All HI values considered in our calculations are in agreement with
the observational constraint from Planck data, namely: HI < 3.7× 10−5MPl/(8π)1/2.

For each set of the SFC baryogenesis model parameters we have calculated the final B
contained in the condensate ϕ(t) before its decay. The dependence of the produced B on
the parameters of the models (namely m, HI , λi and α) were revealed in our analysis.

The produced baryon asymmetry β in SFC baryogenesis model depends on the
generated baryon excess B, the reheating temperature of the universe TR and the value of
the Hubble parameter at the end of inflation HI . Namely:

β ∼ NB/T3
R ∼ BTR/HI . (7)

The values TR and HI depend on the kind of inflation and reheating models.
Hence, in the present work we calculated the baryon asymmetry of the Universe pro-

duced in the SFC baryogenesis model, using the available results on B for all studied ranges
of model parameters from ref. [27] and for the considered different models of inflation
and reheating. In the next section we present the results of our analysis for the generated
baryon asymmetry β in several inflationary models and different reheating scenarios.

3. Baryon Asymmetry in Different Inflationary Models
3.1. Notes on Inflation

The idea of an exponential inflationary stage in the early evolution of the Universe
has been established as an extension to the standard cosmological model to resolve sev-
eral conceptional problems of the standard cosmological model, among which homo-
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geneity, isotropy, flatness of the Universe and the predicted overabundance of magnetic
monopoles [34].

Now there exist hundreds models of inflation (see for example the Encyclopedia
Inflationaris collection [35,36]). Recently the inflation models were probed by the Planck
data. Planck 2013, 2015, and 2018 releases have put strong constraints on several types of
inflationary models.

Chronologically, the first realistic inflationary model was created by Starobinsky in
1980 [37]. The model is in a good agreement with Planck18 data. In 1981 Linde [38] and
Albrecht and Steinhardt [39] independently proposed a new inflation or slow-roll inflation
model, where inflation occurred by a scalar field rolling down a potential energy hill,
instead of tunneling out of a false vacuum state, as in ref. [34].

In 1983 the chaotic inflationary model was proposed, which does not require an initial
state of thermal equilibrium, supercooling and tunneling from the false vacuum. This class
of inflationary models has a single monomial potential [40,41]:

V(ψ) = λM4
pl

(
ψ

Mpl

)p

, (8)

where inflation occurs at ψ > Mpl. Planck18 data disfavors potentials with p ≥ 2 but
models with simple linear potentials p = 1 or p = 2/3 and fractional power monomials are
more acceptable. Other popular inflationary model is the model of quintessential inflation of
Peebles and Vilenkin [42], which provides a unified description for both the inflationary
stage and the current acceleration stage of the Universe using a single scalar field potential.
Some model improvements were proposed lately to obtain agreement with the recent
Planck18 observational data [43].

Thus, recent Planck CMB data [44] put constraints on inflationary models.
We have considered here the following inflationary models: the new inflation [38,39],

Shafi–Vilenkin model of new inflation, chaotic inflation [40,41,45], Shafi–Vilenkin model of
chaotic inflation, chaotic inflation in SUGRA, Starobinsky inflation [46], MSSM inflation
and quintessential inflation.

3.2. Notes on Reheating

Moreover the great variety of inflationary models, there exist also different possibilities
for reheating realizations after inflation. During reheating the inflaton energy is transferred
to other dynamical degrees of freedom, which results in radiation dominated stage of
the Universe. However, there exist different reheating mechanisms [4]. The resultant
TR depends on the way reheating proceeds: namely reheating by perturbative and by
nonperturbative decay of the inflaton ψ, it depends also on the inflaton decay rate, on the
spectrum of inflaton decay particles, on the thermalization after inflation (instantaneous
or delayed), etc. [47]. There exist CMB and BBN constraints on the inflationary reheating
temperature TR. Reheating should proceed before BBN and TR > 5 MeV, so that low re-
heating temperature would not strongly affect the properties of neutrino and consequently
He production during BBN and CMB characteristics [48–51].

On the other hand, reheating should proceed at low enough energy so that GUT
symmetry is not restored and thus monopole problem is evaded. Moreover, in SUSY models
the reheating temperature should be TR < 107− 109 GeV to avoid gravitino overproduction,
which can destroy BBN predictions. This constraint holds in case gravitinos are in the mass
range (100 GeV–1 TeV) [52]. When gravitino mass is >10 TeV, another constraint holds:
TR < 1011 GeV, following from the constraints on gravitino number from overclosure
bound [53,54].

In the 1990s, preheating by perturbative decay of the inflaton ψ into fermions was
considered. See the pioneer works of Refs. [2,55]. Reheating takes place when H drops to
the value of Γ, the total decay rate of the inflaton, and inflaton decay becomes effective.
Using the Friedmann equation and assuming an instantaneous conversion of the inflaton
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energy at the end of inflation into radiation ρr = g∗π2/30T4 = ρψ and fast thermalization,
the reheating temperature is given by:

TR = (90/8π3g∗)1/4(MPl H)1/2. (9)

Reheating completes when H becomes less than Γ/2. Then an upper bound is obtained for
Γ = 2H in the case of efficient thermalization, namely:

TR = (90/32π3g∗)1/4(MPlΓ)
1/2, (10)

where g∗ is of the order 102, TR ∼ 0.1(MPlΓ)1/2. Then the typical TR is less than 109

GeV [56,57].
However, ψ may decay into other bosons due to broad resonance [56–59]. In this

case TR may be ∼1012 GeV, i.e., much higher than TR estimated in Equation (13). Nonper-
turbative preheating was discussed for example in Refs. [60–63]. On the other hand, TR
may be much smaller than these estimations in the case of slow thermalization when local
thermodynamical equilibrium is not reached until the beginning of the RD epoch. This is
usually the case for small inflaton couplings and very big inflaton masses. The conditions
for efficient or inefficient thermalization were discussed in ref. [5].

In conclusion, there are numerous possibilities for reheating resulting in a wide range
for the allowed values of TR. We have used in our analysis TR in the range [105, 1014] GeV.

3.3. Baryon Asymmetry in Different Inflationary Models—Results

Here we present our results of the baryon asymmetry value calculated for different
reheating possibilities and different inflationary scenarios. First consideration of SFC baryo-
genesis model in different inflationary scenarios and preliminary results were reported in
ref. [64,65]. In the present work we considered all B-excess values in the whole range of
studied parameter sets of the SFC baryogenesis model.

The results of our analysis on the calculated β for certain TR values corresponding to
different inflationary scenarios and different types of thermalization are presented below:

3.3.1. Inflationary Models with Overproduction of Baryon Asymmetry

In the case of new inflation [39,66] for HI = 1010 GeV and TR = 1014 GeV we have
found that the calculated baryon asymmetry for all sets of model parameters is several
orders of magnitudes bigger than the observational value βobs. (The same holds if one
varies HI within the range [5× 109, 5× 1010] GeV.)

In the new inflation model by Shafi and Vilenkin [67] for HI = 3× 109 GeV and
TR = 3 × 107 GeV, the calculated baryon asymmetry again is much bigger than βobs,
namely β > 10−7. (We have calculated β for all sets of the SFC model parameters and for
HI in the range [108 − 1010] GeV.)

In the case of chaotic inflation, for HI ∈ [1011, 1012] GeV, and TR < 3× 1014 GeV, namely
we have used TR ∈ [1012, 1014] GeV , the calculated asymmetry is β > 10−5.

For the simplest Shafi–Vilenkin model in chaotic inflation TR = 1012 − 1013 GeV again
β > 10−7. We have provided the analysis for HI ∈ [5× 109, 1012] GeV.

However, depending on the inflaton decay rate, decay channels, couplings, TR may be
lower, namely TR ∈ [108, 1011] GeV, thus allowing successful baryogenesis in these chaotic
inflationary models, i.e., even in the case of big HI ∼ 1012 GeV βobs can be obtained (as will
be discussed in the next subsection).

In MSSM inflation model [68,69] with HI = 1 GeV, TR = 2× 108 GeV, SCF baryogen-
esis model does not work, β >> βobs. Moreover, this inflationary model also has severe
problems with gravitino overproduction, violating BBN and the observational indications
for dark matter abundance.
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3.3.2. Inflationary Models with Successful Production of the Observed Baryon Asymmetry

We have used the values of TR and mψ for αψ = 10−11 from ref. [5] to calculate
the baryon asymmetry for the different cases and different TR.( Assuming Γ = αψmψ

the authors have calculated TR(mψ) from ref. [70] for different αψ and for delayed and
efficient thermalization.)

In the case of efficient thermalization we have found that the production of the ob-
served value of β is possible for HI = 1012 GeV, TR = 6.2 × 109 GeV and specific
sets of SFC model’s parameters, namely: λ1 = 5 × 10−2, α ∈ [3 × 10−2, 5 × 10−2],
λ2 = λ3 ∈ [10−3, 10−2], m = 350 GeV. For HI = 1011 GeV and TR = 1.9× 109 GeV the
production of the observed value of β is possible when λ1 = α = 5× 10−2, λ2 = λ3 = 10−2

and m = 100, 200 and 350 GeV.
In the case of delayed thermalization there appear possibilities for the production of

βobs, corresponding to HI = 1012 GeV, TR = 4.5× 108 GeV and several different sets of
model parameters in the following ranges λ1 ∈ [5× 10−2, 10−2]; α ∈ [5× 10−2, 10−2],
λ2 = λ3 = 10−3 and m = 350− 500 GeV. It could be easily seen that the strongest influence
comes from α parameter of the model and then from m. For fine-tuning λ1 can be used and
then λ2 = λ3 parameters of the SCF model. (We have studied HI in the range [107 − 1012]
GeV.)

For monomial potential of eqn. 8 we have calculated β for p = 2/3 and TR ∈ [108, 1011]
GeV. βobs can be produced for TR = 109 GeV and HI ∼ 1011 GeV .

In the case of modified Starobinsky inflation [37] TR = 0.1(ΓMPl)
1/2 = 109 GeV,

HI = 1011 GeV, successful baryogenesis is possible for the efficient thermalization as
well. Namely β = βobs was found possible for several sets of model’s parameters. (We have
studied HI in the range [5× 106, 1012] GeV.) For the simplest extension of the Starobinsky
inflation see ref. [71].

For chaotic inflation in SUGRA [72] with TR > 109 GeV it is possible to generate βobs.
In quintessential inflation with TR = 2× 105 GeV and decay into massless particles,

the production of the baryon asymmetry value is successful for HI = 1012 GeV and several
sets of SCF model parameters as well. When m = 350 GeV, the favored value of α parameter
is α = 10−3 within a wide range of λ1 ∈ [10−3, 5× 10−2] and λ2 = λ3 ∈ [10−4, 5× 10−3].
Again, strong dependence of α parameter may be mentioned since α reflects on the time of
the scalar field decay and therefore it has strong influence on the baryon excess and baryon
asymmetry values.

The particular parameters sets of the SCF baryogenesis model for which successful
production of the baryon asymmetry close to its observational value is possible, corre-
sponding to different inflationary models and different types of thermalization, are listed
in Table 1. Fixing the inflationary model it is possible to fix the parameters of the SFC
baryogenesis model.

Table 1. Successful production of the observed baryon asymmetry value βobs for particular sets of SCF model parameters in
different inflationary scenarios.

Starobinsky Inflation HI = 1011 GeV; TR = 109 GeV
λ1 = α = 5× 10−2,
λ2 = λ3 = 10−2, m = 100 GeV,
β = 9.3× 10−10

HI = 1012 GeV; TR = 109 GeV
λ1 = 5× 10−2, α = 3× 10−2,
λ2 = λ3 = 10−3, m = 350 GeV,
β = 6.6× 10−10

λ1 = α = 5× 10−2,
λ2 = λ3 = 10−3, m = 350 GeV,
β = 8.0× 10−10

Quintessential Inflation HI = 1012 GeV; TR = 2× 105 GeV
λ1 = 5× 10−3, α = 10−3,
λ2 = λ3 = 10−4, m = 350 GeV,
β = 4.6× 10−10

λ1 = 10−2, α = 10−3,
λ2 = λ3 = 10−4, m = 350 GeV,
β = 7.8× 10−10

Chaotic Inflation, Efficient
Thermalization HI = 1012 GeV; TR = 6.2× 109 GeV

λ1 = α = 5× 10−2,
λ2 = λ3 = 10−2, m = 350 GeV,
β = 7.4× 10−10

Chaotic Inflation, Delayed
Thermalization HI = 1012 GeV; TR = 4.5× 108 GeV λ1 = α = 10−2, λ2 = λ3 = 10−3,

m = 350 GeV, β = 9.5× 10−10

λ1 = α = 5× 10−2,
λ2 = λ3 = 10−3, m = 350 GeV,
β = 3.6× 10−10
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As it can be seen from Table 1 in the case of Starobinsky and chaotic inflationary
scenarios with successful production of the baryon asymmetry value for TR ∈ [4.5 ×
108, 6.2× 109] GeV and HI ∈ [1011, 1012], the SFC parameters can be approximately fixed -
they lie within the following ranges: m ∼ 350 GeV (with one exception) α ∈ [10−2, 5× 10−2],
λ1 ∼ 5× 10−2, λ2,3 ∈ [10−3, 10−2].

In the case of quintessential inflation, however, for HI ∼ 1012 GeV and m ∼ 350
GeV, the reheating temperature is much lower TR ∼ 2 × 105 GeV and the rest of the
SFC parameters - the coupling constants have lower values, namely α ∼ 10−3, λ1 ∈
[5× 10−3, 10−2], λ2,3 ∈ [10−4, 5× 10−5].

Quintessential inflationary models need the smallest parameters λi and α, by order
of magnitude smaller than the ones in other inflationary models considered here. If the
requirement for the value of α to be close to αGUT is imposed, SFC baryogenesis cannot
be realized in Quintessential inflation. Thus, from a fundamental physics viewpoint the
Starobinski model and chaotic inflationary model seem more realistic.

In Figure 1 we present in the α-λ2,3 plane the inflationary models in which the closest
to the observational baryon asymmetry value is generated. The other fixed values for model
parameters are: λ1 = 5× 10−2, m = 350 GeV and HI = 1012 GeV. Note that, however,
the models correspond to different reheating temperatures, as given in Table 1.

10-3 10-2 10-1

10-4

10-3

10-2

 

 
Starobinsky inflation
Quintessential inflation
Chaotic inflation, Efficient thermalization
Chaotic inflation, Delayed thermalization

Figure 1. The figure presents different inflationary models in the α− λ2,3 plane for which successful
SFC baryogenesis is achieved for the following parameters: λ1 = 5 × 10−2, m = 350 GeV and
HI = 1012 GeV.

We also have results for SUGRA inflationary model. In case of TR ∼ 1012 GeV the
obtained β are bigger than the observational value independent of the HI value assumed.
For TR = 109 GeV, the results coincide with the ones for the Starobinsky inflationary model.

In this work we have not considered inflationary models, such as power law infla-
tion, braneworld inflation, quintessential power law inflation,which require very high HI
values, namely higher than HI ∼ 1012 GeV, which was the upper limit used in our SFC
baryogenesis model. To continue the analysis of SFC baryogenesis model for such types of
inflationary models it is necessary to expand the numerical analysis towards higher values
of HI .

4. Conclusions

Based on the numerical analysis of the evolution of baryon charge B(t) produced
in the SFC baryogenesis model and the estimation of the produced baryon asymmetry
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β for different sets of model parameters and different reheating temperatures of several
inflationary scenarios we have shown that:

(i) SFC baryogenesis model produces baryon asymmetry by orders of magnitude
bigger than the observed one for the following inflationary models: new inflation, new
inflation model by Shafi and Vilenkin, chaotic inflation with high reheating temperature,
the simplest Shafi–Vilenkin chaotic inflationary model and MSSM inflation.

For these models SCF baryogenesis needs strong diluting mechanisms to reduce
the resultant baryon excess at low energies to its observational value today. (ii) SFC
baryogenesis model produces similar to the observed baryon asymmetry value in the
following inflationary models: Modified Starobinsky inflation, chaotic inflation with lower
reheating temperature, chaotic inflation in SUGRA and Quintessential inflation. In case of
delayed thermalization, when TR is much lower, a successful SFC baryogenesis may be
achieved more easily in the chaotic inflationary models. Curiously enough among these
are also models preferred by the Planck CMB data analysis.

It is intriguing that there is an overlap between the disfavored and favored inflationary
models from our analysis based on successful SFC baryogenesis and the ones from Planck
data. For comparison, the recent Planck data disfavors chaotic inflationary models with
monomial potentials with power p bigger or equal to 2 and constrains low scale SUSY.
It favors R2 inflationary models (Starobinsky-like inflationary models) and inflationary
models with monomial potential with p < 2.

However, choosing from fundamental physics considerations the value of α to be the
value closest to the αGUT , the number of realistic models reduces. Then Starobinski model
and chaotic inflationary model are more realistic, while the quintessential inflation is not
among the preferred models by SFC baryogenesis. The latter is in accord with the Planck
data which supports constant dark-energy density - a cosmological constant, which at the
present epoch dominates the energy density of the universe.

Vice versa, fixing the inflationary model we can fix the SFC model parameters which
provide successful production of the observed baryon asymmetry.
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